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Chapter 1

INTRODUCTION

AREA OF INTEREST. This study--the first of five
volumes that cover the entire "SWANEA" (Southwest
Asia-Northeast  Africa) region shown in  Figure
1-1-«cdcscribes  the  geography, climatology, and
meicorofogy of the Horn of Africa, an arca that is
politically divided among seven countrics: Somalia (SD),
Ethiopia (ET), Djibouti (DJ), Yemen-Sana (YD), and

Yemen-Aden, including Socowa Istand (AD) and small
portions of Sudan (SU) and Saudi Arabia (SD). For this
study, the Hom of Africa has been divided into the four
zones of "climatic commonality” (the Indian Occan
Plain, the Ethiopian Highlands, the Aden Coastal Fringe,
and the Yemen Highlands). as shown in Figure 1-2, next

page.

Figure 1-1. The Southwest Asia-Northeast Africa (SWANEA) Region.
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Figure 1-2. The Horn of Africa and its Four "Zones of Climatic Commonality".

GEOGRAPHY. From Jekaw, ET, in the west, to
Socotra Island in the east, the region described here as
the "Horn of Africa" is 1,360 NM wide. It contains
extensive mountain ranges, plateaus, and adjacent coastal
lowlands that extend 1,600 NM from the northern
Yemen Highlands ncar Mecca, SD  to Ras Chiamboni,

40 50

de_m Coastal
ringe™= ¢
)

Indian
Ocean

Ras
Chiamboni

Sl. The eastern border is marked by the Indian Occan
and Gulf of Aden coastline. Kenya and Sudan,
respectively, arc on the southem and western borders.
The northern borders from west Lo cast are formed by the
Red Sca on the west and the Rub al Khali Desert in south
central Saudi Arabia on the cast.
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The Alro-Arabian Rift System (or Great Rif System)
shown in Figure 1-3 dominates topography in the Horn
of Africa. This massive feature runs north 10 south
across 53 degrees of latitude from 20° S 10 33° N.
Numerous north-to-south mountin ranges avcrage ¢S
NM in lengih and 400 NM in width. The largest is the
Eritrean Mountain system in northwestern Ethiopia (sce
the Ethiopian Highlands, Figurc 4-1a). The Eritrean

Mountains run from 7,000 10 8000 feet (2,134-2,743

meters),  Numerous volcanic peaks rise above 12,000
fect (3,658 meters) on the Alrican mainland and above
10,000 feet (3,050 meters) on the Arabian Peninsula,
Mount Dashan, in the Eritrcan Mounutins, is the highest
at 15,158 feet (4,620 meters) MSL.  Several hundred
fresh water lakes, fed by numerous springs and scasonal
runoff, are found in the mountainous interior.
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Shaded Regions
Represent the

Afro-Arabian
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Figure 1-3. The Great (Afro-Arabian) Rift System.

The massive mountain complex formed by the Great
Rift System has a significant effect on Homn of Africa
climate by presenting a natural barrier beiween two
distinctly different air masscs; areas west of the Great
Rift System are dominated by maritime tropical and
continental tropical air masses, while areas to the cast arc

influenced exclusively by Indian Ocean maritime tropical
air masscs. Natural breaks in the Great Rilt System,
however, allow thesc air masses o converge below 850
millibass. The Red Sca/Gulf of Aden corridor and
northern Kenya's Turkana Channel arc the only outlets
for low-level air mass convergence.
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The rest of the Horn's surlice arca (about hall) s
semiarid alluvial plain, all lying below 3280 teet (1000
meters), Metcorology, topography,  and - atitude
contribute significantly 1o aridity. Orographic uplitt and
farpe-seale  circulation patterns provide  scant annual
rainfall (2-10 inches/82-254 mm) over these plains north
of 6° N, Between 656 and 3,280 fect (200 and 1,000
meters), the plains are eroded platcaus and rolling hills
cut up by intermittent stream beds. Lowlands below 656
feey200 meters border the Gull of Aden and Indian
Occan. The land surface here is dominated by lava beds,
salt descrts, and sand dunes.

STUDY CONTENT., Chapter 2 provides a detailed
discussion of the major climatic controls that affcet the
Horn of Africa,  These controls range from the
macroscale ("semipermancent climatic controls™), through
the synoptic ("synoptic disturbances”), to the mesoscale.
The individual treatments of cach climatic subregion in
subsequent chapiers do not include repeated descriptions
of these phenomena, but provide specifics unigue o the
individual subregion by focusing on mean distributions
and local anomalics of sky cover, winds, precipitation,
temperature, and visibility.  Metcorologists using this
study should rcad and consider the gencral discussion in
Chapter 2 before trying 10 understand or apply the
individual climatic zone discussions in Chapters 3-6.
This is particularly imporant because the study was
designed with two purposes in mind: first, as a master
reference to the entire Homn of Africa, and second, as a
modular reference to the several subregions of the Horn
of Africa. Chapters 3-6 discuss "situation and reliel™ and
"general weather” for cach the four subregions, by
SCASON.

The Indian Ocean Plain (Chapter 3) lics between 2° S
and 11° N and 41 to 51° E. The weather and climate
herc are controlled by the circulations of the Southwest
and Northeast Monsoons. The land-sca breeze ceffect and
southe:n hemisphere cold fronts (south of 4° N) are also
important mesoscale and synoptic weather features. The
Southwest Monsoon is characterized by phenomena such
as the surfacc Monsoon Trough and thc Somali Jet.
During thc Northcast Monsoon, southern hcmispheric
surges and local effects dominate weather patterns.

The Ethiopian Hightands (Chaptcr 4) span a large arca.
This cxlensive mountain system lics between 3 and 18°
N, and between 34 and 50° E.  Average clevation is
5,000 fcet (1,524 meters). Since the entire subregion is
affected by low-, mid-, and upper-level flow from the
North African contincnt and the Indian Occan thoughout
the year, Chapler 4 discusses a varicty of phenomena

such ax the surface Plonsoon Trough, cyclonic activity,
and monsoonal wind fow,  Complex mountain/valley
circukations are also important weather features,

The Aden Constal Fringe (Chapter S) ix o narrow strip
that lies olong the Guit ol Aden and Red Sca coastlines
between 1O and 137 N oand between 42 and 537 15 I
includes Socotran Island.  Since the entire subregion is
dominated by monsoonal  and  coastal  weather
phenomena, Chapter § deseribes the influences ol the
Southwest/Northeast  Monsoon  flow  patterns— and
land/sca brecze effects.

The Yemen Highlands (Chapter 6), the northernmost
subregion in the study arca, lic along the southcastern
cdge of the Red Sca basin between 13 and 21° N and
between 40 and 46° E. This mountainous subregion is
bordered by vast subtropical deserts--the Sahara and the
Rub ai Khali--to the cast, north, and west, Elevations in
the Yemen Highlands average 6,000 feet (1,829 meters),
From November 1o May, the northern Yemen Highlands
arc vecasionally alfected by Mediterrancan weather, As
a result, Chapter 6 stresses the Northeast and--to a lesser
extent--Southwest  Monsoon  fiow  patterns while
emphasizing cyclonic activity and mesoscale weather
lcatures,

CLIMATOLOGICAL REGIMES. Although the Horn
of Africa is dominated by monsoon circulation, weather
in cach of the "climatically similar" subregions is
distinctly different because of its Tocation and orientation
to prevailing airflow,  The length of cach monsoon
scason varices (rom subregion (o subregion because the
study arca covers such a wide latitude belu Typically,
the Hom ol Africa sees a 1- 1o 2-month transition period
between the Southwest and Northeast Monsoons because
the monsoonal flow must travel distances as great as
25-30 degrees. As a result, times and durations of
scasons and wansition periods vary from year Lo year and
place 10 place.  This study uses local names whenever
appropriate  to highlight variations in the monsoon
seasons, transition periods, and typical conditions in a
particular subregion,

Topography has an important influence on climate here;
orographic uplilt may accentuate the  scasons  and
transitions,  Since surface flow across the extensive
mountain ridges, depending on oricntation, may be moist
in onc focation but dry in another at the same time, the
presence of the Southwest Monsoon does not necessarily
mean wet weather everywhere in the Horn ol Africa.
The reverse is also truc--the Northcast Monsoon is not
"dry" cverywhere.
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CONVENTIONS. The spellings of place names and
gengraphical features are those used by the United States
Defense Mapping and  Acrospace Center (DMAAC),
Distances ore in nautical miles (NM), except for
visibilitics, which arc in statute miles.  Ceilings and
cloud bases are in feet/meters above ground level
(AGL)* but cloud tops are above mean sca level (MSL).
Elevations arc in fect with a meter or kilometer (kin)
cquivalent immediately following., Temperatures are in
Fahrenheit (F) with a Celsius (C) conversion following,
Wind speeds are in knots.  Precipitittion amounts arc in
inches, with a millimeter ;mm) conversion {ollowing.
Most synoptic chart times are given in Greenwich Mean
Time (GMT or Z), with a local standard time (L.ST)
conversion, When synoplic charts are not provided, only
LST is used.

*NOTE: The AGL cloud bases given in this sty are
generalized over large areas.  Readers must consider
terrain in applying  these  generalized values,  For
cxample, the AGL cloud bases given the Chapter 4
discussions of the Ethiopian Highlands are generally
representative of vailcy reporting stations, but not of
locations in surrounding mountains, where ceilings and
cloud hases would be lower, and where, in fuct, many
locations would be ohscured.

DATA SOURCES. Most of the intormation used in
preparing this study came from two sources, both within
the United States Air Foree Environmental Technical
Applicstions  Center (USAFETAC),  Studies,  books,
atlases, and so on, were supplicd, with rare exceptions,
by the Air Weather Service Technical Library, or
AWSTL, which is ithe only dedicited atmospheric
sciences library in the Deparunent of Defense and the
largest such library in the United States, Chmatological
data came direct from the Air Weather Service Clinmatic
Database  or  through  Operating  Location A,
USAFETAC--the branch of USAFETAC responsible for
maintaining and managing this database,

RELATED REFERENCES. This study, while more
than ordinarily comprchensive, is not the only source of
metcorological and climaological information for the
military metcorologist concerned with the Horn of
Africa. The United Suates Navy has pubiished several
excellent handbooks on this arca and the adjacent coastal
walters, USAFETAC/DS-87/034, Station  Climatic
Summarics--Africa, provides summarized metcorological
observational data for several major airports in the study
arca. Staff weather officers and forecasters are urged 0
contact the Air Weather Service Technical Library for as
much data on the study arca as is currently available,




Chapter 2

MAJOR METEOROLOGICAL FEATURES OF THE HORN OF AFRICA

The "major meteorological features” of the Hom of Africa arc listed below as they appear and are described in thi

chapter, Thesc features affect the weather and climate of the Hor of Alfrica the year-round. The sitme features m
be discussed in more dewil in subsequent chapters as they relate o individual subregions of the study arca.
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SEMIPERMANENT CLIMATIC CONTROLS

SEA SURFACE TEMPERATURES (S8Ts). Figures
2-1a-d provide mcan SSTs for Horn of Africa coastlines
on the western Indian Ocean, the Gulf of Aden, and the
Red Sca. Warm surfuce waters keep immediate coasts
mild all year, but the raarine boundary laycr rarely

extends more than 30 NM inland or above 3,000 fcat
(915 mcters).  The diumal temperature range is only
10-20°F (6-11°C) along the coast, but inland (outside the
marine boundary fayer’s influence), the range is 20-35°F
(11-19°C).
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Mean Junuary Sea Surface Tempera-
tures (°F). The largest gradients are in the Red Sca,
whore SSTs vary between 71 and 78°F (22-26°C). A
north to south increase is caused by cooler mid-latitude
January air masses. South of 25° N, Red Sca and Gulf

Figure 2-1a.

of Aden SSTs are 74-78°F (23-26°C). Along the
Somalia coast, water lemperatures range from 77 (o §1°F
(25 10 27°C).

a0 |
W R T

30 10

R4 'y 76
A 14 18
7 7. l» )
20 i
A . 0L

Figure 2-16. Mean April Sea Surface Temperatures
(°F). April SSTs are about the same (/8-81°F/26-27°C)
in the southern Red Sea, the Guif of Aden, and the
western Indian Ocean.  Although Red Sea SSTs arc
cooler (70-78°F/21-26°C) North of 23° N, they don't
influence the Horn of Africa’s coastal environment.

Figure 2-1c. Mean July Sea Surface Temperatures
(°F). In the Red Sea and Gulf of Aden, mean July SSTs
average 78-88°F (26-31°C). In the northeastern Gulf of
Aden (nicar Ras Fartak) and in Somalia coastal walters,
SSTs are {ower because of strong upwelting caused by
the Somati Jet,

Figure 2-1d. Mean October Sea Surface Tempera-
tures (°F). October SSTs range from 80 to 81°F (27°C)
along the Somalia coast and in the extreme northern Red
Sca, and from 86 10 87°F (30°C) in the central and
southern Red Sca.  As already mentioned, the cooler
northern Red Sca waters don’ affect the Horn of Africa.
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THE AZORES HIGH, The position of this
semipermanent high varics from 29° N, 29° W in
January (Figurc 2-2a) to about 37° N, 37° W in July
(Figure 2-2¢). Mecan sca level pressure varies from 1021
mb in January to 1025 mb in July. The high's influence
on the Horn of Africa is strongest between November
and April, but weakest between May and October, when

northwesterly outflow from the High rarely penctrates
south of 15° N. Typically, thc Yemen Highlands, the
northern Ethiopian Highlands, and the Aden Coastal
Fringe arc the only subregions affected by northwesterly
flow between November and April. Mean northwesterly
surface fTow in the cenral and southern Red Sea
averages 3-5 kts between December and carly April,

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

Between December and February, the Azores High
extends castward (as shown in Figurc 2-2a) over the
western Sahara. It joins a secondary high pressure cell
(the Saharan High) to form a weak high-pressure ridge
over the Sahara Desert.  Slight deviations in the High's
mean strength and position may temporarily tilt the ridge
axis from west-cast to northwest-southeast. A very
strong Azores High may ilt the ridge's castern edge
northward over the coastal waters of western Europe
while the Sabaran High remains fixed over the northern
Sahara, If the Azores High maintasins its surface position
along the west coast of Europe for 3 or more consceutive
days, a "blocking" pattern may be cstablished to allow
the 500-mb Polar Jet (which sce) to slide southward into
the north ccntral Sahara.  This Polar Jet position

produces cold weather outbreaks and severe duststorms
over the Sahara Desert, the Red Sca, and the castern
Meditcrrancan Basin,

Between March and May, the Azores High, with
central  pressure now 1021 mb, moves  slowly
west-northwest to near 30° N, 37° W (see Figure 2-2b).
Its spring migration 10 the west and away [rom the
African continent weakens the mean high-pressure ridge
over North Africa.  Cyclonic activity (sce “"Synoptic
Disturbances") dips  southward  over  the  wesiern
Mediterrancan Sca and Atas Mountains, reaching the
northern fringes of the Horn of Africa most frequently in
March. Normally, cold fronts produce severe samdstorms
along the western cdges of the Ethiopian Highlands,

2-3




Figure 2-2b. Mean April Position of the Azores High.

Between June and September, the Azores High's  Although the hot and dry desert air modifics the front
central pressure strengthens to 1025 mb.  Its mean  rapidly, strong mid-and upper-level troughs can cause
summer position s near 37° N, 37° W. Figure 2-2¢  significant weather in extreme northem scetions of the
shows the High at its northernmost position, where it Horn of Alrica.
celfectively blocks any significant cyclonic activity from
entering the Sahara Desert and Red Sea. When the ridge Between October and November, the Azores High
is weak and there is strong low pressure off leeland,  moves south 10 a new mean position at 35° N, 30° W,
however, cyclonic activity can penctrate southward, The  Figure 2-2d shows the Azores High and the mean high
prevailing WMW-NW mid-level winds arc weak. As a  pressure ccll developing in the Sahara. ’
result, surface cold fronts move slowly across the Sahara,

2-4




wes Liigh.

Figure 2-2¢. Mean July Position of the Az«

Figure 2-2d. Mean October




THE INFLUENCF. OF LARGE-SCALE METEOR-
MLOGICAL FEATURES ON GRADIENT FLOW.,
iradient-level flow over the Horn of Africa is controlied
by the Azores High (s2e page 2-3), the South Atlantic
High (not shown), the Southwest Monsoons (page 2-10),
and the Northeast Monsoon (page 2-20). The strengths
and docations of these four features determiine  the
tow -fevel low and resulting positioning ol the Monsoon
Trough.  The annual north-south Monsoon Trough
oscillation, in wrm, determines the types of air masses
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(and the resultant weather) that will alfeet the Homn of
Alrica.

Figures 2-3a-d show mean gradient flow over the Horn
ol Africa in January, April, July, and October. January
flow (Figie 2-30) west of the Great Rift System s
controlled by Azores high outllow, but flow cast of the
Rift System is controtled by the Northeast Monsoon. By
Aprit (Figure 2-3b), the Monsoon Trough is shifting
northward through southern Ethiopia and Somalia,

200
\ .
037 e ol
-';;A_ﬂ.
oy \

Figure 2-3a. Mean January Gradient Flow. Dashed fincs arc isotachs at 5-knot intcrvals.




Flow north of the Trough is still dominatcd by Azores
High outllow wast of the Rift, while Northeast Monsoon
flow continucs cast of the Rift Sysiem. South of the
Monsoon Trough, outflow from the Mascarene High
(page 2-13) influcnces the entire region. By July (Figure
2-3¢), Southwest Monsoon air prevails in all arcus cast of
the Rift. Equatorial westerlics--originatly South Adantic
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High outllow, but now recurved north of the ¢qumor--
dominate west of the Rilt. By October (Figure 2-3d),
Azores High outllow covers the region north of the
southward-moving  Monsoon  Trough,  shown here
runping from cast-to-west neur 10° N, Madilicd
Southwest Monsoon air--greatly warmed and dricd west
of the rift--new flows over all the region south of 10° N,
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‘igure 2-3b. Mean April Gradient Flow. Dashed lincs arc isotachs at 5-knot intervals.
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Figure 2-3c. Mean July Gradient Flow. Dashed lincs are isotachs at S-knot intervals,
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Figase 2-3d. Mean October Gradient Flow. Dashed lines are isotachs at 5-knot intervals,




THE MONSOON CLIMATE, The tcrm "monsoon”
(from the Arabic mawsim, "scasons”) is generally applicd
10 those arcas ol the world where there is a scasonul
reversal of prevailing winds, but the gencrally aceepted
definition of a "monsoon” climate includes satisfaction
of these four criteria (after Ramage, 1971):

sPrevailing seasonal wind direction changes by
al least 120 degrees between summer and
winter,

sSummer and winter mean wind speeds hoth
equal or exceed 10 knots (S meters/sec),

Wind directions and  speeds must remain
steady, and

oNo more than one cyclonelanticyclone couplet
may occur during January or July in any 2-year
period within any S-degree grid squore.

Figure 2-4 shows the extent of the "monsoon climate”
according to Ramagce's criteria throughout the world and
across the African continent.
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Figure 2-4. Extent of the Monsoon Climate (shaded area) Across the World.
THE SOUTHWEST MONSOON is at full strength Figure 2-5 is a three-dimensional view ol Southesn
between June and Scptember.  Rainfall near the Equator  Asia and the Indian Ocean (rom 40° to 100° E and from
(the southcrn Indian Occan Plain and southwestern 10° S 10 40° N; it shows the most important features of
Ethiopian Highlands) begins in April and cnds in  the Southwest Monsoon as it aficets the Horn of Africa. )

October.  Complex interactions among a number of
synoptic-scale  fcaturcs  during  northern  hemisphere
summer produce a marked interannual variability in
rainfall throughout the Horn of Africa. In Chapters 3 to
6, the Southwest Monsoon season is clearly defined lor
cach subregion. Note that Southwest Monsoon onsct,
duration, and wecather may vary in cach of the four
subregions from on: year (o Lhe next.

The western portion of the Ethiopian Highlands from 33°
0 40° E and from 5° to 18° N is alfected by tropical
casterlics  above  the  10,000-foot  (3,050-mcler)  or
700-millibar level, but low-level circulation is altogether
different. The surface Monsoon Trough discussion in
this scction describes the differences between  Indian
Occan and African fow-level circulations.
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Figure 2.5 Southwest Monsoon Circulation Over Southern Asia and the Indian Ocean (from Hamilton,
1987). The Tropical Easterly Jet (TEJ) is shown in Figure 2-7. The Southem Equatorial Trough (SET) is also

shown in Figurc 2-20a-c.

THE TIBETAN 200-MB ANTICYCLONE. This
semipermancent  upper-air cell acts nol only as an
upper-level heat seurce, but as an outflow mechanism for
sustaining surface Monsoon Trough convection betwecn
May and October. Latent heat of condensation from
widespread convection over Burma begins anticyclone
formation in late April and early May. Strong surfacc
heating on the Tibetan Plateau shifls this massive
upper-level high to Tibet in mid- (o late May. The mean
July 200-mb flow pattern over south central Asia (Figure
2-6a) shows the large-scale anticyclonic circulation
anchored over the Tibetan Plateau by strong carly and
mid-summecr surface heating.

By August, modcraic snow cover produced by
strong Southwest Monsoon convection begins to lower
surfacc temperatures on the clevated Tibetan Platcau.

The encrgy that normally goes into surface heating is
now used to melt the snowfall and evaporate the runoff.
Surface temperatures are  affected immediacly, but
cooling aloft is gradual because il usually takes | 1o 2
months for surface clfects to reach upper levels, Satellite
research shows that the Tibetan Platcau is snow-free 80%
of the time during the early Southwest Monsoon months.
The upper-level anticyclone weakens by October because
the surface "trigger” is climinatcd and upper-level
weslterlies move southward over the Platcau.

Note that the anticyclone [irst appears in May 1o the
southeast of the Tibctan Plaicau as intense convection
warms the upper troposphere.  The anticyclone forms
over northern Burma (sce Figure 2-6b) but moves
northwest with intcnse surface heating over the Tibetan
Platcau, the surface of which lics at about 500 mb,
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Figure 2-62. Mean July 200-mb Flow Over the North Indian Ocean and Arabian Sea. The "H" marks the
mean position of the Tibetan 200-mb Anticyclore. Dashed lines are isolachs (kts).

Figure 2-6b. Mean May 200-mb Flow Over the North Indian Ocean and Arabian Sea. Rescarchers belicve
that heavy convection initiates the anticyclonic couplet responsible for the Southwest Monsoon’s upper-level flow

’ pattern over the western Indian Ocean. The "H" marks the mcan position of the Tibetan 200-mb anticyclonc.
Dashed lines are isotachs (kts).
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THE TROPICAL, FASTERLY JET (TFJ). This
summer feature in the upper-level easterlies develops as
outflow {rom the southern edges of Tibetan 200-mb
circulation, The TEJ provides an outflow mechunism for

sustaining hcavy Southwest Monsoon convection, s
meun position s at about 11° N, but it oscillates between
7° 30" N and 18° N, Highest wind speeds (90 knots) are
found between 100 and 200 mb.
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Figure 2-7. Mean July 200-mb Zonal Flow. The dark arrow is the TEJ. The stippled arca represents casterly
flow. Dashed lines are isotachs in knots. Solid lines are westerly flow isotachs,

THE MASCARENE (SOUTH INDIAN OCEAN)
HIGH. This semipcrmanent southern hemisphere
high-pressure  cell provides cross-equatorial  flow
(through the Somali Jet) from April through October.
Figures 2-8a-d show mean large-scale surface pressure
patterns over the Indian Ocean during the Southwest
Monsoon. Note that mean surface pressure patterns (like
the ones shown in these figures) do not reflect actual
surface flow in the tropics. As a result, wind data and
streamline analyses are required to extract the Somali Jet
from the broad-scale llow pattem,

The Mascarcne High’s mean April position (Figure
2-8a) is 32° S, 83° E, with a central pressure of 1021 mb.
By July (Figure 2-8b), it strengthens to 1023 mb and
shifts northwest to a mean position ncar 28° S, 65°E. In
August (Figure 2-8c), mean central pressure peaks at
1028 mb and the High migratcs southeastward to 30° S,
68° E. Maximum low-level cross-cquatorial flow pcaks
between July and August. In October (Figure 2-8d), the
High migrates further castward to 29° S, 80° E; central
pressure weakens to 1023 mb.



=
T High
=T=toer] ;

Yy
RS
Z//M'

Va
@SN
N\NI=ui

Figure 2-8a. Mean April Surface Position of the Mascarene High
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Figure 2-8b. Mean July Surface Position of the Mascarene High
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Figure 2-8d. Mean October Surface Position of the Mascarene High.
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The Mascarene  High's  semiannual — oscillmion
provides low-level support [or Southwest Monsoon
circulation;  between April and October, it produces
ncarly all low-level flow into the Horn of Africa, cxcept
for extreme western Ethiopla, Cross-cquatorial llow is

concentrated between 39° and 437 E--sec Figure 2.9,
East Alrican lerrain compresses the low into what we
know as the Somali Jet--the most important Southwest
Monsoon weather feature in the Indian Ocean Plain and
Ethiopian Highlands subregions,

CONTOUR SHADING

97000 i (= 2000 m)
5000 h (= 1500 m}
3000 f {= 1000 m)
wa level

Figure 2-9. Entry Point for Cross-Equatorial Outflow from the Mascarene High into the Indian Ocean Plain
and Eastern Ethiopian Highlands. Insct detil shows actual 5,000-foot wind speed (kts) and dircction on 27 June

1964. The Somali Jel core is shown as the curved arrow.

THE SOMALI JET. From April to late Octlober, the
Somali Jet cnters the Northern Hemisphere between
4,000 and 7,000) feet (1,220-2,134 melers) MSL ncar the
Kenya-Somalia border at 39-43° E.  Mascarenc High
outflow is compressed inlo a high-speed jet core along
the castern cdge of Africa’s Great Rift System between

5° S and the Equator. The Jet has the usual low-level jet
diurnal speed variation. Rescarch shows that mean core
speeds are between 25 and 40 knots,  Large-scale
"Torcing" causes mean monthly jet core wind speeds 10
oscillate northward from April to July (sce Figure 2-10),
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) AGL Between April and
July (from Findlater, 1971). August-Scptember positions are not shown.

Day 1o day flow often shows more than onc
maximum wind speed core. As a result, mean monthly
850-mb flow patterns do not always depict the actual
daily Somali Jet core position. Figurc 2-11 shows a
single jet core cross-section between 1 and 2° S and

39-41° E. Typically, the jet loses moisture over land
north of the equator, bul meso- and synoptic-scalc
moisture conditions may produce cloud cover along the
entire jet axis,
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Figure 2-11. Observed Characteristics (Shear Zones/Cloudiness) of the Somali Jet (from Findlater, 1972).
Shaded regions represent zones of maximum shear.  Arcas enclosed in brackets represent typical cloud cover
patterns around the jet core, in cighths. Other displays arc scif-cxplanatory.

Normaily, thc Somali Jet crosses the equator as
moist southerly low that turns northeastward along the
Indian Occan Plain/Eastern Ethiopian Highlands from
the equator 10 11° N. It leaves the study arca near Cape
Guardafui.  North of 6° N, the Jet is very dry.
Differential  land-ocean  heating  and  jet-induced
upwelling  (positive "feedback” mechanism) olf  the
Somalia coast may further intensify it. A 100-knot wind
specd at 660 feet (200 meters) AGL has been recorded at
Cape Guardafui. Eastward-moving southern hemisphere
perturbations also cause 12-48 hour fluctuations in speed.
Height and spced variations in single or multiple
low-level jets are primarily produced by synoptic-scale
surges. Individual jet core wind speeds run from 40 o

65 knots.  Scveral branches often form south of the
cquator, but the East African Platcau compresses the
flow into one 4.000- o 7,000-foot (1,220- 1o
2, 134-meter) MSL jet north of the equator.  Other
low-level jets often develop below 2,000 feet (610
meters) MSL during the day.

Figure 2-12 illustrates the variable height and speed
in a single jet stream movement over the region,  Figure
2-13 shows multiplc low-level jets entering the northern
hemisphere; it does not represent a constant tevel or
pressure surface because jet cores meander vertically as
well as horizontally.
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Figure 2-12, Movement of the Somali Jet Core, 13-14 August 1966 (from Findlater, 1969). Notc thc maximum
wind specd Muctuation with height (nunsbered circles at point of wind arrow in thousands ol rect MSL) between

0500Z on 13 Aug 1966 and 1100Z on the 14th.

2-19




3s* 40° 45° 50° 55 60° 65]0,

5. / 50
N / N

J e

l 0. EQUAJ'Q* 0.
5. 5.
S S

10° : 10°

IS. |5.

[
20° fj ~{20°
Q
25° 25"
of . 30°
30°E 35° 40° 45° 50° 55¢ 60° 65°

Figure 2-13. Multiple Low-Level Jets on 26 July 1966 (from Findlater, 1969). Thick black arrows rcpresent
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Note that while the synoptic conditions shown below
in Figurc 2-14 favor Somali Jet flow "surges," they do
not necessarily cause all fluctuations in Somali Jet wind
speed. Research confirms that surges in cross-cquatorial
flow are rclated 1o southern hemisphere low-pressure

©

trough passages; the intensity of the Somnli Jet surge
lags passage of southern hemisphere troughs thiough the
Mozambiguc Channcl by a day to a day and a half,
Surges may produce sudden increases in cloudiness and

precipitation,

Figure 2-14. A Southern Hemisphere Frontal Passage Typical of 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-equaltorial surges in Somali Jet flow.
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Figures 2-150-b show 3-hour wind speed profiles of
sounding composites taken between 23 June gnd ) July
1977 for Burno (clevation 3,421 fee/1,043 maters) and

Ohbia (39 feet/12 meters). The diurnal oscillation cycle
is apparent. The relative locations of Burao and Obbia
are shown in Figure 3-1.
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Figure 2-15a, Composite 3-Hour Wind Speed (m/s) Profiles for Burao, SI. The strongest wind speeds aloft are
found ovemight, peaking at 40 knots by dawn ncar 2,500 fect (750 meters) AGL.
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Figure 2-15h. Composite 3 Hour Wind Speed (m/s) Profile for Obbia, SI. A nocturnal jet is also present at
Obbia. Maximum speed (S0 knots at 2,500 fect/750 meters) AGL oceurs at midnigh,

THE PAKISTANI HEAT LOW. This low-level
featurc  (normally  cloud-frec) is  present  over
northwestern India and southern Pakistan between May
and carly October. It usually breaks down in October as
insolation decreases and the Asiatic High becomes
cstablished over south central Asia. Intensification of the
Pakistani Heat Low forces the mean Somali Jet core

position (the 20-knot isotach) 10 oscillatc northward and
southward over the Horn of Africa between May and
October--see Figure 2-10. As shown in Figure 2-16a, the
low anchors the castern edge of the larger scale trough
extending from India 1o the Sahara Desert during
northern hemisphere summer.  Central pressure ranges
from 992 to 996 mb by late junc.
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Figure 2-16. The Pakistani Heat Low in Association with a Large-Scale Thermal Low Pressure Trovgh
(shaded) Over SWANEA Region During Northern Hemisphere Summer.

THE MONSOON TROUGH. Movement of the
surface Monsoon Trough over the Horn of Africa is
extremely compiex  because of topography.  The
Ethicpian Highlands, for example, form a natural barrier
1o airflow from the surtace to 850 millibars; they split the
surface Monsoon Trough into two distinctly separate
axcs. West of the Ethiopian Highlands, the convergent
wind fields that produce surface Monsoon Trough
oscillations  originate in  the equatorial  South

Atlantic/equatorial Africa and the Sahara Desert. East of

the Highlands, cross-cquatorial  outllow  from  the
Mascarenc High is the only factor in surface Monsoon
Trough movement and position. The Turkana Channel
(in northwestern Kenya/southcastern Sudan--see Figure
1-3) and the Red Sca/Gull of Aden corridor are the only
areas where both Trough axes (Interior Africa and Indian
Ocean) can temporarily link up along the Hom of Africa.
Figure 2-17 shows the surlace Monsoon Trough's mean
position and movcment over the region {rom  April
through November.
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Figure 2-17. Mean Surface Monsoon Trough Positions:  April through November. Grey shading represents
clevations above 3,000 feet (915 meters); dark shading, clevations above 6,560 feet (2,000 meters). Dotted lincs
over the Red Sca/Gulf of Aden corridor represent fragmented or discontinuous surface Monsoon Trough positions.

The surface Monsoon Trough lies across the African
intcrior and along the axis of converging wind ficlds
produced by the Azores and South Adantic Highs. This
"Interior Africa” Monsoon Trough is made up of a serics
of thermal lows oriented WSW 1o ENE across central
and west central Africa. Flow into these lows separatcs
subtropical  northeasterlies  from  cross-equatorial
southwesterlics. Typically, the “Interior Africa”
Monsoon Trough's northward migration (from April 0
June) is gradual, but the equatorward oscillation
(September to November) is abrupt.

Short-tlcrm  northward  surges  occur  continually
between laie March and late April, lasting for 12-36
hours. They occur when a burst of cross-cquatorial
moisture from equatorial Africa enters southwestern

Ethiopia. Another source of equatorial moisture is the
Turkana Channel. Weak (7- to 11-knot) southcasterlics
generated by the Somali Jet recurve through the Channcl
northward along the southern and western Ethiopian
Highlands. On rarc occasions, a dccp migratory
mid-latitude low-pressure cell induces swrong southerly
flow ahcad of a modilicd cold front between February
and May. Such frontal-type cvents may produce
Tarkana Channcl winds up 0 60 knots, with the highest
speeds in the morning hours.

The surfacc Monsoon Trough axis over the African
interior  produccs  abrupt surface  discontinuitics  in
specific and rclative  humidity.  The  Intertropical
Discontinuity (ITD) forms the boundary between moist
southwesterlics and dry northeasterlics aloft. The ITD
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slopes southward (as shown in Figure 2-18) to (00 mb
about 250 NM south of the surface Monsoon Trough
axis; the zone of maximum convergence, cloudiness,
and precipitation is found here, as well. Rugged terrain
in cast Africa disrupts the well-defined ITD above 3,000

feet (915 meters), but moist low-icvel flow often
penctrates the deep river valleys of western Ethiopia--sce
Figure 2-19, The maximum moisture influx into western
Ethiopia is in July and August, rcsulting in massive
orographic uplift and deep vertical mixing,
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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
rarely surge north of 16° N until the surface Monsoon
Trough merges with the "Indian Ocean" surface
Monsoon Trough in July and August over the Red Seca

and Gulfl of Adcn. When this happens, expect maximum
cloud cover and precipitation in the wesiern Ethiopian
Highlands. Figurc 2-19 shows favorable fow-level
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
arkened areas are above 2,000 meters (6,560 feet). The inset shows mean 85(-mb streamline flow.

The surface Monsoon Trough position over the
western Indian Ocean is controlled entirely by the Somali
Jet. Dry Sahara Desert air does not pencirate castward
across the Ethiopian Highlands; as a result, the "Indian
Ocean” segment of the surface Monsoon Trough over the
Horn of Alrica and adjacent Indian Ocean is withoul an
ITD. Furthermore, the Mascarene High is solcly
responsible for initiating and sustaining the Somali Jet
during the Southwest Monsoon,

In summer, there are two trough axis lincs in the
western Indian Occan;  these are referred 1o by some
meteorologists as the "Northern  Equatorial Trough”
(NET) and the "Southern Equatorial Trough” (SET).

The NET (the Indian Occan surface Monsoon
Trough) oscillates across 30° of latitude over the Indian
Ocecan during the Southwest Monsoon (sce Figures
2-20a-c). The Somali Jet (southerly low-level flow)
controls the position of the NET axis. By latc Junc, the
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“Indian Occan” surface Monsoon Trough is positioned
over the northern Arabian Sca. However, the mean SET
axis oscillates only 11° of latitude between 7° S and 4°
N, Wenk large-scale equatorinl Mlow oceurs over the
equatorial Indian Occun between 50° and 75° E.
Normully, a band of weak low-level equatorial westerlics
associated with broad cross-equatorial flow over the
cquatorial Indian Ocecan (not with the Somali Jet)
oscillutes atong and north of the equator between June
and August. These cquatorial westerlics lic between the
NET and SET. Cloud bands {requently develop along

the SET where cyclonic vorticity and convergence is
present, A double cloud band has been observed on
satellite imagery during  some  southwest  Imonsoons
between June and  August.  SET cloudiness  may
propagate westward over Somalia when the SET clowd
cover organizes into o significant synoptic - weather
system. Figures 2-200-¢ show NET and SE1 positions
during June, July, and August. Note that the surfuce
Monscon Trough positions shown in Figure 2-17 do not
differ  significantly  from  Findlaer's — 3,000-foot
(915-meter) NET positions in Figures 2-20a-¢.

Figure 2-20a. Mean June Positions of the 3,000-foot Monsoon Trough (NET) and the Southern Equatorial

Trough (SET) (from Findlater, 1971).
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Figure 2-20b. Mean July Positions of the 3,000-foot Monsoon Trough (NET) and the Southern Equatorial
Trough (SET) (from Findlater, 1971).
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Figure 2-20¢. Mean August Positions of the 3,000-foot Monsoon Trough (NET) and the Southern Eqguatorial
Trough (SET) (from Findlater, 1971).
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THE NORTHEAST MONSOON. Between December
and March, Northeast Monsoon circulation dominates
the Horn of Africa. Generally, the Northeast Monsoon
{(winter) is the "dry" season, and the Southwest Monsoon
(summer) the "wet” scason, But complex terrain features
can result in "wet" Northeast Monsoon conditions aiong
the Red Sea/Gull of Aden corridor. In Chapters 3-6,
Northeast Monsoon flow (December-March) is relerred
10 as the dominant weather feature. Rcaders should
review the "General Weather" scctions with core, since
Northeast Monsoon flow also affects both transition
periods (October-November and April-May),

Any discussions of the Northcast Monsoon must
include the Asiatic High, the Saharan High, and the
Saudi Arabian High. Surface outflow from thesc
high-pressurc cells combine with topography along the
Red Sca/Gull of Aden corridor 10 produce orographic
uplift and the Red Sea Convergence Zone (RSUCZ). The
Saharan High (by itsell) may also contribute to atypical
"Northeast Monsoon” weather in northwestern Ethiopia.

THE ASIATIC HIGH. This strong but very shallow
system dominates much of the Asian continent from late
September to late April. Radiation cooling is the primary
mcchanism  for its  [ormation  and  intensification,
Migratory Arclic air masses moving southward into
central Asia temporarily reinforce and intensily this high.
Mean central pressure (1035 mb) is over Western
Mongolia. Pressure is stronger in January and February,
but vertical extent rarcly excecds 850 mb.

Figure 2-2la shows the Asiatic High's mean
October position.  Mcan central pressure (1023 mb) iy
ncar 48° N, 90° E. Note that the Pakistani Heat Low
(1010 mb) and thermal trough arc also shown; the
broad-scale thermal trough (shaded) is much weaker
because global radiation levels are decreasing rapidly
from north w0 south. In wm, radiation cooling
strengthens the Asiatic High over south central Asia.
The transition [rom Southwest o Northeast monsoon
flow soon follows.

Figure 2-21a. Mean October Surface Position of the Asiatic High. The Pakistani hecat low and broad-scale

thermal trough (shaded) are also shown.
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The mean November surface pressurc pattern  result, low-level northeasterly flow penetrates into the
(Figure 2-21b) shows the mcan Asiatic High ncar 48°N, Hom of Africa. Northeast Monsoon {low is sustained
R0° E. Central pressure has strengthened to 1031 mb.  until late March, when the Asiatic High weakens and
The brond thermal trough that anchors the surface  intense surface heating again producces the broad-scale
Monsoon Trough, however, is no longer present. As a thermal trough and Pakistani Heat Low.

Figure 2-21b. Mean November Surface Position of the Asiatic High. Notc the surface trough in the mean
surlace pressure ficld at 50° E (dashed line). The trough axis scparates Northcast Monsoon flow from weak mecan
westerly flow from the Azores and Saharan Highs.
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Figurc 2-21c shows the Asiatic High at its mcan
penk strength (1035 mb) near 49° N, 97° E. Maximum
low-level northeasterly ow is in January and February
because south-central Asia is extremely cold.  The

Asiatic High may cxceed 1050 mb for 1-3 day periods;
the highest recorded surtuce  pressure is 1083 mb,
Extremely strong highs may intensily northcasterly flow
despite the "blocking” effects of the Himalayas.

Figure 2-21c. Mean January Surface Position of the Asiatic High,
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The meun March surface position of the Asiatic
High is 53° N, 82° E; mean central pressure is now 1029
mb. Since the cell migrates northward and weakens with
northern hemisphere  warming in the  mid-latitudes,
northeasterly flow over the Horn of Africa is reduced.
initially, the Northcast Monsoon retrcats along the

equator. By the cnd of March, northeasterly Now
penctrates southward o onty 10-11° N, The weak
Asiatic High surface pressure pattern andd  reduced
northeasterly flow over the Horn of Alrica is quickly
replaced by lower surface pressure (the shaded region in
Figurc 2-21¢) in the subtropics.

Figure 2-21d. Mean March Surface Position of the Asiatic High.




Arahia, and northcastern  Sudan, Northcasterlics

disappear allogcether,

In April, increasing solar radiation weakens the
Asiatic High's mcan contral pressure 1o 1022 mb. The
broad-scale thermal trough reappears over India, Saudi

Figure 2-21e. Mean April Surface Position of the Asiatic High. The broad-scalc thermal trough is shaded.

THE SAHARAN HIGH. The Saharan High (an Mcan global sca level pressure charts typically show

apparent exiension of the Azores High) provides weak
surface (low to the Yemen Highlands and northwestern
Ethiopian Highlands between December and carly April.
Acwally a mean position of transitory high cells, its
mcan January position (26° N, 20° E) is shown in Figure
2-22a: central pressure is 1021 mb. Thke mcan April
position (25° N, 22° E) is shown in Figurc 2-22b; mcan
April central pressure is 1018 mb.  Because moisture
advection and cyclonic activity rarcly affect the north
and contral Sahara south of 20° N, Saharan High outflow
is dry and cool. The dry desert air, along with radiation
cooling, intensitics the High and makes it a mean surface
feature from December (o carly March.

the Saharan High cxtending castward (rom the Azores
High. Undisterbed synoptic weather patterns in the
Sahara often produce an cxtensive high pressure ridge
over northern Libya and west-central Egypt, but the
Saharan High is actually a transitory cold core high-
pressurc cell. s transitory nature is most cvident
between late January and carly April when deep polar
troughs enter north Africa. The Saharan High generally
moves castward ahcad of the disturbance or disappears
from synoptic charts entircly. It usually reforms at the
surface within 12-24 hours after a frontal passage.
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In the rare case of a- strong transitory high pressure
cell that supports o deep mid-latitude trough pussage
across the central Red Sca  basin, northwesterlics
penetrate southward (to 8° N) over North Alrica. The
westcrn Ethiopian Highlands’ rugged north-south terrain
from 16° to 4° N normally prevents Saharan High
outflow from penctrating cast of 37 degrees.

Frequent undisturbed weather patterns along  the
central and southern Red Sca basin and the southeastern
Sahara Desert allow the persistent Saharan High 1o
gencrate weak west-northwesterly surface flow around
the Ethiopian Highlands. North of 16° N, (errain
averages only 2,000 feet (610 meters) MSL.; as a resull,
northwesterlics extend southward to 16° N over the Red
Sca’s open waters. The weak but persistent northerly
wind component and the associated shallow air mass
over open waler represent the Saharan High outflow
boundary's southcastern limit,

THE SAUDI ARABIAN HIGH, centered  over
northwestern Saudi Arabia, Is an castward exiension of
the Azores-Suhurun High pressure ridge in undisturbed
synoptic conditions, It is well-defined over the Saudi
Arabian peninsula on synoptic charts during extended
fair weather periods.  Itis surfoee  and  mid-level
anticyclonic circulation is common throughout the
December-March Northeast Monsoon, Westerly outflow
from the cell's northern cdges steers Meditereancan
low-pressure systems and their trailing cold fronts into
thc northern Red Sca and north central Suudi Arabia,
East-noctheasterly flow prevails along the cell’s southern
(lunks, helping to regulate Northeast Monsoon flow into
the Gulif of Aden and the castern Yemen Highlands. The
cell’s November position strengthens northeasterly flow
into the western Gull of Aden, through the Straits of Bab
al Mandab, and into the southern Red Sca. The High's
November and January positions are shown in Figure
2:23a & b, It rcaches its southernmost position in
Murch, as shown in Figure 2-23c,
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Figure 2-23a. Mean November Gradient Flow and Position of the Saudi Arabian High. Dashed lines are

isotachs (kts).
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Figure 2-23b. Mean January Gradient Flow and Position of the Saudi Arabian High,
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Figure 2-23c. Mean March Gradient Flow and Position of the Saudi Arabian High.
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THFE RED SEA CONVERGENCE ZONFE. Terrnin
along the Gull of Aden channcls Saudi Armbian High
outlllow and Northeast Monsoon flow surthwestward
into the Red Sea. The Now becomes southerly north of

the Straits of Bab al Mandab, where it converges with
weak northerly flow (rom the Saharan High o produce
the Red Sca Convergence Zone (RSCZ), shown in Figure
2-24,

<3

1a High

Figure 2-24. Interaction of Saudi Arabian and Saharan High Surface Flow Produces the Red Sea

Convergence Zone (RSCZ) (from Fett, 1980).

As shown above, The Red Sea Convergence Zone
(RSCZ) forms a continuous band of stratocumulus
(oricnted WSW-ENE) over open water, but mountains in
the Yemen and Ethiopian Highlands break up the fcature
over land.  Figure 2-25 shows the October-April
scquence of this fcature. Weak surface convergence first
appears as a trough line between 18° and 20° N in carly
October. Between October and April, the Saharan and

Saudi Arabian Highs usually sct up weak convergent
flow, with Northcast Monsoon circulation supporting
daily and monthly oscillations in the trough axis position.
October and November flow is shown in the figurcs by
wind specd increases north of the Straits of Bab al
Mandab. The RSCZ’s mcan monthly position is shown
by the thick dashed lines.
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Figure 2-25. RSCZ Positions: October-April.
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The trough oscillates livle  during  undisturbed
weather periods because of weak winds, The RSCZ,
however, oscillales under three conditions:

(1) When a southward displacement--on the order
of 1-3 days--occurs as shortwave troughs pass over the
Red Sea. These shortwaves, with strong northwesterly
flow, move the RSCZ 16 between 13° and 15° N,

(2) When warm air advection from interior Africa
produces northward movements in the RSCZ. Typically,
decp upper-level troughs penctrate low latitudes in
January and Fcbruary.  Warm cquatorial air and
southerly  flow--ahead of the cold  [lront--surges
northeastward into the central Red Sea. Low-level (low
lifis orographically along the north Yemen Highlands
subregion. Convergence between the warm front and
RSCZ also occurs. The RSCZ may shift 10 20-22° N
with strong southerly flow, but it recovers to its normal
position quickly after the upper-level disturbance drifts

over Saudi Arabia,  Depending on its strength, an
upper-level shortwave following the frontal passage may
push the RSCZ southward ngain,

(3) When there is an increase in Northcust Monsoon
flow through the Straits of Bab al Mandab, possible
during cxtended fair weather periods. — Southerly
flow--deflected through the Straits--may increase with o
strengthening Saudi Arabian or Asiatic High.

RSCZ oscillations olten converge with lond/sca
brecze circulations along Red Sea Coasts. The additional
convergence may trigger  orographic  showers  and
thundershowers on the ncarby slopes ol the northwestern
Ethiopian and Yemen Highlands.

MID- AND UPPER-LEVEL FLOW PATTERNS.
Figures 2-26 through 2-29 show January, April, July, and
October streamline flow at 850, 700, 500, 300, and 200
millibars over the entirc SWANEA study arca,
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Figure 2-26a. Mean January Upper-Air Flow Patterns, 850 mb.
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Figure 2.26d. Mean January Upper-Air Flow Patterns, 300 mb.
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Figure 2-26e. Mean January Upper-Air Flow Patterns, 200 mb.
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Figure 2-27b, Mean April Upper-A

2-43




T AN \*_lr‘. 7

20%4

10%.

40°4

30

20

10L

Figure 2-27¢. Mean April Upper-Air Flow Patterns, 500 mb.
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Figure 2-27d. Mean April Upper-Air Flow Patterns, 300 mb.
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Figure 2-28a. Mean July Upper-Air Flow Patterns, 850 mb,
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Figure 2-28¢. Mean July Upper-Air Flow Patterns, 200 mb.
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Figure 2-29c. Mean October Upper-Air Flow Patterns, S00 mb.
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Figure 2-29d. Mean January Upper-Air Flow Patterns, 300 mb.
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Figure 2-29¢. Mean October Upper-Air Flow Patterns, 200 mb.

THE SUBTROPICAL RIDGE. This upper-level
fcature, represented  graphically by  the  200-mb
anticyclonic ridge axis line, is the division between
upper-level  westerly  and  casterly  low. During
transitions  (October-November and — April-May), the
Ridge allows both westerly and casterly upper-level low
over the Horn of Africa. Its july position [inds it
anchored by the Tibetan 200-mb anticyclone north of the
study arca.

The Subtropical Ridge oscillates from 6° N in
January (Figwe 2-30a) o 24-27° N in July (Figure
2-30b). These oscillations result in aliernating periods of
westerly and casterly upper-fevel flow. Westerly flow
(December through late February) supports occasional
Mecditerrancan cyclonic activity across the northern Horn
of Africa. Although January's and July's arc the only
Subtropical Ridge positions provided here, readers may
infer April and October positions from Figures 2-27¢ and
2-29c.
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Figure 2-30a. Mean January Position of the Subtropical Ridge. The |
position. Dashed lines are isotachs (kis).

Figure 2-30b. Mean July Position of the Subtropical Ridge. The jagged line denotes the mean ridge
position. Dashed lines are isotachs (kt).
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SYNOPTIC DISTURBANCES

JET STREAMS. The dominant jet streams that alfect
the Hom of Africa are the Polar Jot (P)) and the
Subtropical Jev (STJ).  The former's position and
movement control cold air advection and  mid-level
direction for developing Mediterranean cyclones, while
the STJ provides stecring, shear, and outllow in the
upper laycrs,

Mean daily PJ position deviates north-to-south from
the mean by 10-300 NM. Maximum wind speeds from
December 0 March vary from 60-160 knots. The PJ is
usually  found near 30,000 feet (9,146  meters).
Southward deviations (to 30-45° N) are most frequent
between December and March, but on rare occasions in
April, May, or June, the P} enters the castern Sahara and

Saudi Arabian peninsula.  The April-June PJ s found
between 30,000 and 34 (00 feet (9,146-10,365 meters),
maximum wind speeds are between 60 and 140 knots,

Although the ST) shows less variability in its duily
position, its scasonal variability is greater than that of the
PJ. Mcan STJ positions over the subtropics range from
25.30° N (Figure 2-31a} (0 40-45° N (Figure 2.31b).
Maximum wind speeds between December and April run
from 80 10 200 knots at a mcan height ol 39,000 feet
(11,890 meters) MSL.  Speeds between May  and
November arc from 30 10 60 knots at 39,000-43,000 fect
(11,890- 13,110 meters) MSL. The ST) is weakest (30
knots) in July and August, but it may exceed 50 Knots
north of 309N,

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

The greatest effects of cither jet strcam are secn
between December and April, when cyclonic aclivity in
the Mcditerrancan Sca basin is most common. Surface
low-pressure cells develop when a strong Polar Jet digs
southward of 30° N and forms a deep upper-level trough,
Northerly flow often develops on the east side of a
blocking high-pressure ridge over the eastern Atlantic.
The PJ and upper-level trough may intensify surface
lows over the Mediterrancan Sca and in the lee of the
northwest Africa’s Atlas Mountains. Northerly flow
insurcs that the trough and the surface cyclonc move
southeastward into the central (sometimes eastern)
Sahara Desert, but other lactors are necessary for strong
surfacc cold (ronts to penetrate 1o the central and
southern Ked Sca. Surface cold fronts usually affect the
Homn of Africa north of 15° N when the STJ moves
northward to join the PJ and intensily lows over the
Sahara Descri still further. The preferred arca of surface

low-pressurc  center  intensification  during  PJ/STI
imeraction is ofien under the southcast gquadrant ol the
upper-level wough.  The low often decpens in the arca
between the two jet streams.  Jet stream interaction most
frequently  occurs  with  Atlas  surface  low-pressure
formations because they are generated between 25 and
30° N--ncarest the mean position of the ST).  Figures
2-32a, b, & ¢ illustrate generatized PJ/STI interaction
and low-pressure intensification arcas.

Neither jet has much cficet on the Horn of Alfrica in
the sumimner, but on rare occasions, a strong Polar Jet may
push a mid-level trough southward into the ST as late as
carly June. For significant weather to reach the Horn of
Alfrica, the deep castward-moving trough must move
over the Red Sca. Otherwise, only a temporary increase
in mid-levet ctoud cover extends imo extreme northern
sections of the Yemen Highlands subregion.
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Figure 2-32a. Typical Jet Positions During Formation of Genoa Low. Surface low
formation/intensification arca is marked by the "X."

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

2-54 }




s,

CYCLONIC ACTIVITY. Thrce primary cyclogenesis
regions in  the Mediterrancan  Sca  basin affect the

Figure 2-32¢. Typical Jet Positions During Formation of Cyprus Low. Surlace low
formation/intensification arca is denoted by “X.”

“igure 2-33. Mediterranean Cyclogenesis Regions. (1) The Genoa Low in the Gull of
Genoa and Adriatic Sea, (2) The Adas Low in the northwest Africa interior, and (3) The
Cyprus Low in the castern Meditcrrancan Sca. Arrows show general direction of movement

away [rom cyclogenesis arcas.
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northern Horn of Africa between December and April,
Their locations and movement are shown in Figure 2-33,



Low-pressure systems and surface cold fronts affect Typically, one or two (ronts and their upper-level
weather in the Hom of Africa between December and  troughs pass through the region between December and
April. Synoptic considerations dictate sysiem movement — April. Intense upper-level polar troughs, moving to the
in the northern [ringes.  Associated weather varics  southeast, often support isolaicd thundershower activity
significantly with esch frontal passage. along the northwestern Ethiopian Highlands and Yenen
Highlands subregions, -
Although Atlas and Cyprus Lows may move cold

fronts into the region, very decp low-pressure systems On rare occasions, a cold front may reach the Gulfl of
with upper-level support are nccessuiy for heavy showers  Aden, us shown in Figure 2-34,
or thunderstorms.
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Figure 2-34. Mediterranean-Generated Cyclonic Activity and Traiting Cold Front Entering the Gulf of
Aden. The Cyprus Low in this case developed along a cold front cxtending from southern Europe. The solid arrow
shows the path of the southern European cold front, while the dashed arrow represents movement of the Cyprus .
Low.
‘The Genoa Low. Transient upper-level and surface  The Atlas Low. From March (0 April or between .
disturbances intensify in this low beforc migrating into  October and carly December, transitory lows form in the
the Mcditerrancan and north Africa. Genoa Lows seldom  north-central interior of Algeria southcast of the Atlas
affect the Horn of Africa, however, because the trailing  Mountains near 30° N, 62° E. Atlas Lows generally

cold front is modificd significantly before reaching the  form when a mid-or upper-level  wrough  (oriented
north Alrican coast and central Sahara. Genoa Low cold  NE-SW) over Spain is positioncd over a surface low
fronts usually rcach the northern Horn of Africa as weak  moving southcastward across Europe. In March and
surface wind shifts with little or no cloud development. April, the mean Azores High position moves north-
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westward,  The result is a subtle shift in the mean
mid-level Mlow pattern from zonal to  meridional,
Meridional (northerly) flow favors a  southward
movement of transient European disturbances along the
Polar Jet, which often digs along the backside of the
50(-mb wough o produce uplift wlong the Atlus
Mountains. Mid-level cold air and moisture crosses the
Atlas range as a cold-core “cut-off” low or shortwave,
These storms seldom develop or penetrate very far into
the Eastern Sahara Desert and northwestern Ethiopia
without strong northerly flow and cold mid-level support,
But if this ftow persists for more than 3 days and inlense
polar air surges south of 30° N, the Polar Jet and the
mean Atlas Low storm track temporarily shift southward
into the north central Sahara. As a result, slorms move
duc cast across the northern Sahara into the central Red
Sea. Steep pressure gradients along the frontal boundary
increasc the warm and dry southeasterly Sahara surface
flow ahead of the developing surfuce Auas Low.
Without sustained northerly flow, Allas Low movement
is northeastward over the south-central Mediterranean
along the polar-subtropical jet axes (WSW zonal flow).
Very deep upper-level troughs produce severe polar
outbrecaks over the Sahara Desert in either case, but
northerly {low insures that the surface polar air mass
pushes the Atlas Low cold front deep into the Sahara
Desert.  The surface trough is often followed by strong
surface high pressure that accelerates the frontal
boundary southcastward across the central Red Sea. An
Atlas Low cold front cannot move southcastward into the
central and southern Red Sea Basin without sustained
northerly flow. A well-defined cold front that remains
intact and moves into southeastern Egypt (22-25° N)
may also develop a secondary surface fow-pressure cell
along the surface cold front.

The Subltropical and Polar Jets may intensify
disturbances at mid-and upper levels. A mean wind
speed maxima (80 knots in the Subtropical Jet) occurs
over wesl Africa in March and April. Strong outflow and

divergence aloft is often coupled with a southward surge
of the Polar Jet, adding cold air and instability (o the
system. A significant southward displacement in both
jets must occur for a swrong Atlas Low (o continue
tracking castward toward the Red Sca basin,  Withow
Polar Jet support, the strong Subtropical Jet produccs
upper-level shearing over the central Sahara and prevents
(urther easterly movement of the surface trough.

Intense Aulas Lows scldom track castward across the
entire Sahara Desert because many synoptic variables
must combine perfectly 10 sustain continuity over the dry
desert.  When such combinations oceur, however, Atlas
Lows and their trailing cold fronts produce surlace winds
greater than 25 knots and widespread dust/sandstorms
across the northwestern  Horn of Africa.  When an
intense Atlas Low rcaches the Nile River Valley intact, a
secondary or "cut-off" surface low-pressure cell ollen
develops along the primary Atlas Low cold (ront,

In Figurc 2-35a, the 16 April 1964 (1200Z/1500
LST) synoptic chart shows an Atlas Low (1001 mb) over
west central Saudi  Arabia.  To the southcast, the
plateaus of western Ethiopia and extreme cast contral
Sudan have produced a transitory theemal trough feature,
or Sudancsc Low (which scc) that appears on mcan
pressure charts as an inverted low-pressure  trough.
Although the map (typical {or this time of ycar) shows
the inverted trough (solid lines extending to the south
and west of the Sudancse Low) looking much like a
mid-latitudc fron, it is only a resemblance.

Figurc 2-35b shows the synoptic paticrn 24 hours
later, on 17 April at 1200Z/1500 LST. The Atlas Low
storm track has turned northcastward and a sccondary
low has formed along the cold front. The Sudanesc Low
remains stationary. The high-pressurc ccll centered in
the south central Mcditerrancan builds into the Red Sea
and pushcs the cold front southcastward.
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Figure 2-35a. Synoptic Surface Chart (16 April 1964, 1200Z/1500 LST)
Showing an Eastward-Tracking Atlas Low. The surface trough (Atas Low)
c¢xtends a well-defined cold front across the central Red Sca. The deeper 998-mb
Sudanese thermal low enhances the surface trough.

\ / —

Figure 2-35b. Synoptic Surface Chart (17 Aprii 1964, 1200Z/1500 LST)
Showing Secondary Low Formation Along the Active Cold Front,
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The Cyprus lLow. This migrtory low may spawn
intense thunderstorm activity over the castern Sahara
Desert, central Red Sea, and northern Horn of Africa
between December and March,  The two factors
contributing 10 Cyprus Low cyclogenesis are:

sLow-level (below 850 mb) inflow of north-
westerlies from the Aegean Sea over warm
eastern Mediterranean waters (63-65°F/18°C).

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

From December through March, onc or two active
surface cold fronts accompanying a Cyprus Low move
into the north Horn of Africa. These fronts may produce
extensive thundersiorm outbreaks in the northern Yemen
Highlands and Ethiopian Highlands subregions.

A thunderstorm outbrcak with significant rainfall
requires celd air between 700 and SO0 mb, usually
15-18°F/8-10°C  colder than the  cnvironment.
Occasionally, very cold polar troughs penctrate northern
Egypt with moist low-level support gencrated from
Mecditerrancan and Acgean Sea moisture. Warm Saharan
surface air--with Red Sca moisture advected ahead of the
surface cold front--may set off severc thunderstorms,
Significant positive vorticity advection (PVA) can allow
a cold mid-or upper-level rough 1o deepen and sct off
thunderstorin activity in the northern Horn of Africa.

Cyprus Lows most frequently track eastward or
southcastward into northern Saudi Arabia. These tracks
maximize southwesterly surface flow and moisture
advection into the Cyprus Low ahead of the cold front.
A dcep trough with strong southwesterly surface flow
produces greater orographic uplift and offers a better
chance for thunderstorm activity 1o spread southward
along the Red Sea to 16° N,

STORM TRACKS. Figurc 2-36a shows typical
Dccember-February storm tracks as they affect the Horn
of Africa. Primary tracks (thick lines) pass through the
Gulf of Genoa and castern Mediterrancan  Basin,
Sccondary tracks (dashed lines) over the northern
Arabian Peninsula reflect surface cyclogencsis along
active Cyprus Low cold fronts,

‘igure 2-36a. Primary (solid arrow) and Secondary
(dashed arrow) Mid-Latitude - Storm  Tracks,
December, Janvary, and February.

Figure 2-36b shows ihe storm tracks that affect the
Horn of Africa in March and April. Leeside troughing
along the Atlas Mountains initiates Atlas Low cyclo-
genesis infand over northwest Africa. The Adas Low
track produces all mid-latitude frontal-type weather in
the Horn of Africa in March and April. Sceondary storm
tracks over the subtropical Sahara reflect surface cyclo-
genesis along active Atlas Low cold fronts, which remain
strong whilc migrating castward into the Red Sca basin.

Figure 2-36h. Primary (solid arrow) and Secondary
(dashed arrow) Mid-Latitude Storm Tracks, March
and April.




Mid-latitude storm tracks between May and October
are so rare that an attempt to produce a mean or "typical”
track would be impractical. Upper-level troughs only
migrate into the northern Horn of Africa once cvery 4-7
years during this period. The mean November storm
tracks shown in Figure 2-36¢ reflect the southward
movement of the Polar Jet. The primary November rack
(not shown here) results from Genoa Low lormation and
runs east-northeastward across southern Europe. Most
November cyclonic activity in the northern Homn of
Africa involves secondary cyclogenesis only along active
Genoa Low cold fronts moving through the central and
castern Mediterrancan Sca.

igure  2-36¢. Mid-Latitude Storm  Tracks,

November,

SOUTHERN HEMISPHERE POLAR SURGES.
Southern Hemisphere cyclonic activity between May and
October produces fluctuations in Somali Jet flow. This
dircctly affects the Somali Jet's intensity because frontal
passages temporarily displace the Mascarene High's
position and alter its cross-equatorial outflow.

A low-level wind shift along the cold front increases
low-level flow through the Mozambique Channel
Gencrally, the frontal boundary docs not cross the
cquator, but flow “surges” affcct the Northern
Hemisphere and castern Hom of Africa 1-3 days after the
front leaves the Mozambigue Channel.

This "causc and effect” relationship is shown in
Figurcs 2-37a-k, in which satellite-derived wind vectors
(kts) over the western equatorial Indian Occan auring a
"surge" cpisode arc compared with surface charts, This
6-day scquence  shows how  southern  hemisphere
cyclonic activity and polar surges affect Somali Jet
intensity and location over the easiern Horn of Africa.
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Figure 2-37a. 11 July 1978 Satellite-Derived Wind
Vectors Over the Equatorial Western Indian Ocean
(from Cadet and Desbois, 1981). Strong {low at 20-35
knots is evident between 40-45° E and 1° S-4° N, This
is the "normal” Southwest Monsoon cross-cquatorial
flow pattern for the period.
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Figure 2-37b. 12 July 1978 Synoptic Chart
(1200Z/1500 LST) for the Southeast African Coast
and the Large Island of Madagascar (from Cadet and
Deshois, 1981).  The Mascarene High (1031 mby is
firmly cstablished at 37° S, S6° F.
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Figure 2-37c. 13 July 1978 Synoptic Chart
(1200Z/1500 L.ST) for the Southeast African Coast
and Madagascar (from Cadet and Deshois, 1981).
The low-pressure system moves northeastward toward
the Mozambique Channel, causing the Mascarene High
to shift castward. The Mascarene High weakens to 1025
mb; its center is at 32° S, S8° E.
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Figure 2-37d. 14 1978 Synoptic Chart

July
(1200Z/1500 LST) for the Southeast African Coast
and Madagascar (from Cadet and Desbois, 1981).
The low-pressurce cell and cold front prepare 10 enter the

Mozambique Channel.  The Mascarene High wcakens
further 10 1023 mb.  High pressure behind the frong
reinforees surface flow into the Channel,
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Figure 2-37e. 14 July 1978 Satellite-Derived Wind
Vectors Over the Equatorial Western Indian Qcean
(from Cadet and Deshois, 1981). Circulation north and
wesl of Madagascar is disorganized, while flow over the
Indian Ocenn ncar 29°S, 50° E s 20-30 knots. The
Mascarene High's castward shift alters the "normal”
entry point for cross-cquatorial flow into the Horn of
Africa.
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Chart

1978 Synoptic
(1200Z/1800 LST) for the Southeast African Coast
and Madagascar (from Cadet and Desbois, 1981).
The Mascarene High is shown as a broad and weak

Figure 2-37f, IS July

pressure cell in the lower right-hand comer. The low
(and the high o its southwest) concentrale  cross-

cquatorial Now into the Mozambigue Channel,
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Figure 2-37p. 158 July 1978 Satellite-Derived Wind
Vectors Gaes the Equatorial Western Indian Ocean
(from Cadet and Desbois, 1981). Note the concentra-
von of 20-knot wind vectors from 27-157 S, A cross-
cquatorial ow surge into the castern Horn ol Africa is
apparent, but it oniginates in the Mozambique Channel
(trontal passaged, and not with Mascarene High outfiow.
Notice the weak. disorganized flow cast of Madagascar.
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Figure 2-37h. 16 July 1978 Synaptic Chart
(12002/1800 LST) for the Southeast African (Coast
and Madagascar (from Cadet and Desbois, 1981),
The 1014-mb low at 36° S, 49° E, moves southcastward
aver the high pressure ridge (o its right.
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Figure 2-37i. 16 July 1978 Satellite-Derived Wind
Vectors Over the Equatorial Western indian Ocean
tfrom Cadet and Desbois, 1981), Looking back o the
low surge through the Mozambique Channel on the 15th
(Figure 2-37g), iU's apparent that the surge has crossed
the equator. Lighter winds in the Channel on the 16th
reflect a southeastward movement in the low-pressure
trough.
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Figure 2-37j. 17 July 1978 Synoptic Chart
(1200Z1500 1L.ST) for the Southeast African Coast
and Madagascar (from Cadet and Desbois, 1981). A
weak (1022 mb) Mascarene high  reestablishes its
position southcast o! Madagascar.
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Figure 2-37k. 17 July 1978 Satellite-Derived Wind
Vectors (Over the Equatorial Western Indian Ocean
(from Cadet and Desbois, 1981). The wind ficld
reflects the reappearance of southcasterlies to the north
and cast of Madagascar.

TROPICAL DISTURBANCES.  Muassive Monsoon
Trough convection  organizes  into  intense  topical
disturbances over the southern Arabian Sca and western
Indian Occan.  On rare occasions, these disturbances
propagaic westward into the castern Gull ol Aden and

Somalia.

Squall Lines. Synoptic-scale squall lines occur only
along the Monsoon Trough over southern Ethiopin and
the Somalia Coast; they usually migrate westward at
20-30 knots. Mcsoscale squall lines may occur anywhere
in the region, but the Red Sea/Gull of Aden corridor are
preferred regions for development.  Squall line clusiers
that develop off the Somalia Coast may also propagate
westward and move inland. These are short-lived north
of 6° N, however, because dry air and subsidence aloft
over the Indian Occan Plain dissipate heavy convection
rapilly, Thrce conditions are necessary for squall line
development:

sConvective instabilitv  along  the  Monsoon
Trough and Intertropical Discontimdty (11D),

«The Monsoon Trough well to the north (15-20°
N) over Africa and between 10-15° N over the
Indian Ocean during summer.

Convergence ocenrring through a deep laver of
the mid-troposphere.

Typicalty, the leading edge of a squall line assumes
the form of a shaply-detined convex are aligned noith 1o
south.  This line contains cumuus or cumulonimbas in
various stages of growth, as shown in Figure 238,
Clouds build atong outliow boundarics created by old
copvectve  hines  at vanous  levels, and upper-level
portions of the outflow boundarnics fuse into a mikssing
precipitating anvil.

100 kM

]

&

-]

ANVIL REGION *

Figure 2-38. Schematic Cross-Section Through Squall Line System (from Gamache and Houze, 19825
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Air temperature gradients are not important for
squall line development in the tropics and subtropics.
tnstewd, air mass convergence and local vorticity maxima
derived by mid-tropospheric winds trigger these violent
weather systems, which are fucled by Monsoon Trough
moisture, Squall lines are  strictly  summertime
phenomena south of 16° N, There are winter squaldt lines
ussociated with intense mid-latitude fronwl passages, but
these are not tropical systems,

Tropical squall lincs are different in at lcast two
important respects: First, the anvil cloud extends behind.
(not in front of) the squall linc. Second, new convective
squall lines develop w the west of the downdralt zone
(outllow boundary).

The thunderstorm cluster produced by tropical and
subtropical squall lines creates intense downburst and
outflow boundary winds bencath individual convective
cells.  Cold downdralts (rapid temperature decreases)
produce strong gust fronts that can lift large amounts of

dirt and dust into the aumosphere and drop visibilitics 1o
less than half a mile, Briel, intense rainfall is common,
but extremely variable in coverage.

Downdralts average 21-30 knots over flat terrain,
and 40 knots in the deep valleys of the  Ethiupian
Highlands. Strong winds of the outtlow boundarics
range from 5-150 NM north to south,

Tropical Cyclones. On very rare occasions, tropical
cyclones move into the castern Gulf of Aden during
scasonal transitions.  These cyclones propagate westwand
along the Monsoon Trough at 10-25 knois. Heavy rain
and high winds occur over the open indian Ocean, but
isolated  showers  and  gusty  winds  (30-40  knots)
embuedded in the cyclone's spiral ¢loud bands may allect
Socotra and the cxtreme northeastern sections ol the
region.  Figures 2-39a-¢ show tropical depression and
cyclons tracks over the western Indian Ocean/Arabian
Sca.

TRACKS OF CYCLONIC STORMS

MONTH MAY
PERIOD 1891-1960

Deprestion —_— 1IN o Sevarg Storm

Figure 2-a. May Tropical Depression and Cyclone Tracks, 1891-1960 (from Indiun Met Dept, 1964).
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s ) TRACKS OF CYCLONIC STOR
MONTH OCTOBER '
PERIOD 1891-1960

e—ee= Depression — BOIM s SOVEre Storm
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RACKS OF CYCLONIC STORMS
MONTH NOVEMBER
20 PERIOD 1891-1960

~—--. Depression — S1OIM s SavereSicrm

Figure 2-39c. November Tropical Depression and Cyclone Tracks, 1891-1960 (from Indian Met Dept, 1964).
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TUERMAL LOWS, Large-scale thermal (heat) low formation arcas affecting the Hom of Africa arc shown in

Figure 2-40),

Four well-defined thermal low circulations directly or indirectly affect Horn of Alricye surlace (Tow

during diffcrent parts of the ycar; they are the Suharan Heat Low, the S-danese Hewt Low, and the Saudi Arabian

heat low. Al arc discussed in this section,

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

The Saharan Heat Low. Bctween late March and
mid-October, the Saharan Low develops over the Sahara
desert near 25° N, 3° E.  Dry low-level easterlics
(varying between (40 and 170 at 8-15 knots) dominate
the west and central Sahara Desert. The low anchors the
surfwwe Monsoon Trough over the African interior and
draws cquatorial moisture into westem Ethiopia.  In

March and April, this tow sends hot, dust-laden air
masses into the northern Hom of Alrica. By July, it has
a mean surface pressure of 1004 mb and anchors the
western edge of the massive thermal trough  that s
present during the Southwest Monsoon.  Figure 2-41
shows a well-developed Saharan Heat Low during July.
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Figure 2-41. Mean July Position of the Saharan Low.

The Sudanese Heat Low. Varying from 1004 10 1012
mb, this low often marks the castern edge of large-scale
cquatoriad African low pressure in winter. The Sudancse
Low is responsible for advecting moist warm-sector
southwesterlics shead of Atlas Low migrations into the
Red Sca basin. The Sudancse Low lies over the clevated
plateaus of southwestern Ethiopia and southcastern

Nt

2

Sudan (7° N, 32° E) between December and March
(Figure 2-424), but it migrates northward io 15-20° N in
April and May (Figure 2-42b). Between Tunc and
September, it becomes the broad, poorly delined low-
pressurc arca shown in Figure 2-42¢, bul reappears in
October as the closed circulation shown in Figure 2-42d.

40 ﬁ

Figure 2-42a. Mean January Surface Position of the Sudanese Low.
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Figure 2-42d. Mean October Surface Position of the Sudarese Low,
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The Saudi Arabian Heat Low e¢xicnds to 650 mb from
April 10 latc October. Its mecan July position and strength
is regulated by intense surface heating over the Rub al

Khali Desert. Since the feature does not appear on mean
surface charts for July, gradient-level streamline fow
over the Horn of Alfrica is provided in Figure 2-43,

Figure 2-43,
Arabian Low. Dashed lines are Isotachs (kts).

The mean position (20° N, 48° E) of the Saudi
Arabian Heat Low varies little, but its vertical persistence
and strength varies diurnally because of an extensive dust
layer aloft. Weak low-level convergence associated with
the Saudi Arabian Heat Low circulation is capped by a
region of subsidence between 850 and 700 mb;
convergence dominates above 700 mb. This
phenomenon (unlike warm surface lows with high
pressure aloft) is unique to the Saudi Arabian Low

Mean July Gradient-Level Flow Showing the Position of the Saudi

because the dust layer prevents anticyclonic development
aloft during the day.

During the night, subsidence is present at all levels,
Except for very weak convergence ncar 750 mb,
divergent flow dominates from the surface to 550 mb.
Descending flow produces northeasterly surface flow at
5-15 knots along thc northern and castern Yemen
Highlands.
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MESOSCALE AND LOCAL FEATURES

MOUNTAIN-VALLEY WINDS are common in the
Yemen Highlands and Ethiopian Highlands subregions.
Orographic uplift may accentuate mountain-vatley
convergence  above  6,000-7,000-feet  (1,830-2,134
meters), producing short-lived convective cells with
isolated rainshowers.  Isolated mesoscale convection
caused by orographic uplift and mountain-vallcy
convergence is common in the Yemen Highlands and
Ethiopian Highlands’ coaswl ranges, where sca brecze
moisture is available.  In the western Ethiopian
Highlands west of 39° E, the surface Monsoon Trough
over the African interior combines low-level moisture
with complex diurnal mountain-valley circulations 1o
result in massive orographic uplift and heavy convection
every day between June and August.,

Two lypes of terrain-induced winds affect the Horn
of Africa; these are the mesoscale mountain-vatley wind

and the localized, microscale  “"slope”  (upslope/
downslope) wind. The key dilfcrences lic in (heir
temporal and spatial scalcs.

Mesoscale Mountain-Valley Winds average 6-12
knots,  Daytime valley winds (Figurc 2-44a) arc
strongest, averaging 10-15 knots between 200 and 400
meters (660 and 1,310 fect) AGL. Nightlime mountain
winds (Figure 2-44b) average only 3-7 knots at the same
level. Decp valleys develop more nocturnal cloud cover
than shallow valleys becausc nocturnal  air  flow
convergence is stronger.  Mesoscale mountin-valley
circulation has a maximum vertical exient ol 6,560 cet
(2,000 meters) AGL, depending on valley depth and
width, the strength of  prevailing  winds  in  the
mid-troposphere, and the breadth of microscale slope
winds. :

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
boundary laycr (0-500 feet/0-152 meters) of mountains
and large hills. Mcan daytime upslope wind speeds are
6-8 knots; mean nighttime upslope speeds are 4-6 knots,
Thesc speeds arc found at clevations no higher than 130
fect (40) meters) AGL. Downslope mountain winds arc
strongest between November and March, while upslope
vatley winds are strongest between April and October,
Upslope winds arc strongest on slopes with southerly
exposurcs. Figures 2-45a-h (from Geiger, 1961) show
the life cycle of a typical moumtain-valley wind
circulation. The light arrows represent microscale
circulation; the dark arrows, mesoscale circulation.

Figure 2-48a. SUNRISE. Sunshinc  almost
immediately starts upslope wind development, but the
downslope mountain wind persists becausc mesoscale
flow overrides microscale flow. Generally, the ransition
between Figures 2-45a and b is 0700-1000 LST, but local
terrain  determines how soon sunlight can stan the

microscale upslope wind, which is not fully-developed
until the entire valley surface is heated enough 10 stop the
mesoscale downslope mountain wind.

Figure 2-45b, LATE MORNING. Widcspread surface
heating centinues to generate microscale upslope flow,
and cuts off any downslope support 1o the mesoscale
Mounuin circulation; downslope mountain circulation
stops.

Figure 2-45¢c. MIDDAY. Sunshinc covers the entire
valley (loor, and upslope flow feeds valley circulation.
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Figure 2-45d. LATE AFTERNOON, Easl-facing
slopes begin to cool; upslope flow weakens,

Figure 2-45e. SUNSET. Although microscale
downslopc wind components  dominale  the surface
boundary layer, mesoscale upslope valley flow retains
weak momentuni.

‘igure 2-48f. LATE EVENING. Downslope winds
dominate,

Figure 2-45¢. MIDNIGHT. Downslope winds fced the
mountain circalation.

Figure 2-45h. PRE-DAWN. Winds arc calm just
before surface hcating begins at the microscale;  the
mesoscale downslcoe mountain circulation retaing its
momentum. Microscale downsiope winds end just alter
sunrise; upslope winds Login again at lirst light,

Mountain inversions develop when cold air builds
up along wide valley {loors where nocturnal downslope
wind convergence is weak. The cold air descends from
the slopes above the valley at 8-12 knots, but foses
momentum when it spreads out over the valley floor. A
macroscale example of this situation occurs in the central
and southern Great Rift Valley, where steep terrain
brackets a level, gently-sloping vallcy 10-15 NM wide,
By the ume nocturnal downstope flow down both stopes
can converge, wind speeds average only 2-4 knots.  The
cold air replaces warm, moist valley air at the surfuce and
produces a thin smoke and fog layer ncar the basc of the
inversion.  First light here initiates  upslope  wind
components by warming the cold air trapped on the
valley floor. By latc morning, morc than 70 percent of
the valley surface is exposed o sunfight.  Warming of
the entire boundary layer commences near the 500-foot
(152-meter) level AGL.

MOUNTAIN WAVES, Mountain wave turbulence is
usually moderate to scvere.  Rotor clouds produce the
strongest turbulence duc to sudden directional shears, but
they arc rarely seen over the Horn of Africa. Between
Dcecember and  Marck, the Taurus and  Himalaya
Mountains in Turkey and northem  India  block
large-scale southward movement of cold air from Asia
into the Arabian Sca and western Indian Occan, but
occasional mid-and upper-level troughs in the westerlies
may produce potentialty dangerous mountain waves over
the Ethiopian and Yemen Highlunds,  Decp troughs
rcaching these subregions may form leeside  gravity
waves,  Criteria Tor mountun wave lormation includes
sustained speeds between 15-25 knots with flow within
30 degrees of perpendicular to the ridge. Waves develop
when air at iower levels is forced up over the windward
side of a ridge, as shown in Figurc 2-46.
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WINDWARD

LEEWARD

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
and lapse rate above the ridge. Light winds follow the
contour of the ridge with little displacement above and
rapid dampening beyond.  Stronger winds displace air
above the stable inversion layer; average upward

displacement is 10 timces the ridge height. Downstream,
the wave propagates for an average distance of 50 times
the ridge hcight. Figurc 2-47 illustrates the lecside
gravity wave formation.
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Figure 2-47. Vertical Cross-Section of Mountain Lee Wave (Gravity Wave) Formation (from Barry, 1981),

DUSTSTORMS. Given the right conditions, duststorms
dominate tcrrain below 4,000 feet (1,220 meters) MSL.,
They occur primarily in the Great Rift Valley, along the
Red Sca/Gulf of Aden coastline, and in interior sections
ol Somalia and castern Ethiopia.  Duststorms carry
suspended particles over large disances, often reducing
visibility to less than 30 feet (10 meters).  Scason of
occurrence, wind direction, and amount of particulate
matter vary by locality. Large-scale duststorms often
persist for 1 or 2 days before a frontal passage (such as

with an Atlas or Cyprus Low) or with synoplic-scale
squall lines. Mesoscale squall Tines may reduce visibility
to less than 172 mile for a few minutes to an hour along
sandy coastlines.,

Dust devils are, in cflect, mimiature tornados set off
by intense summer heating.  Diamcters range  from
10-300 feet (3-91 meters).  Dust devils may Jast §-5
minulcs.  They occur most frequently along the sandy
coastal zones of Somalia, Yemen (Aden) and Djibouti,
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Surface tcmperature inversions tend o dampen
turbulent mixing in the lowest layers and reduce the
ellects of sand/dust storms from day to day. These
inversions are the diurnal control observed with most
duststorm activity. Typically, inversions brcak down
several hours after sunrise, allowing turbulent mixing in
the lower layers; however, large-scale  synoptic
diswurbances may override the nocturnal duststorm
minima.

The origin and nature of duststorms depend on
general synoptic conditions, local surface conditions, and
diurnal/scasonal considerations, as shown below:

Synoptic Conditions--

Active cold fronts. Between November and April,
duststorms may develop with frontai passages in the
western and northern fringes of the Horn of Africa.
Gusts of 15-20 knots are enough to lift dust and
sand, but a pressure gradient of 6 10 § mb/100 NM
produces widespread airborne dust/sand over a 100
sq NM arca. Stronger ironts may carry Sahara
Desert dusy/sand across the Red Sea into the western
Yemen  Highlands  subregion. (See  Chapter
4--Southwest Monsoon Visibilitics).

Convective activity. Convection produces local cumulus
downdralts up 10 30 knots, while squall lines
organize over a larger area, producing cloud bands
up to 100 NM long and 10-20 NM wide, with
easterly winds. Wind speeds in Indian Ocecan squall
lines are much greater; these sysicms suspend
particulates in the atmosphere for longer periods of
time and reduce visibilities to 4-7 miles over a larger
arca. Organized convection may transport dust/sand
100-200 NM inland from the Somali coastline.

The Somali Jet. Between late April and carly October,
the Somali Jet may produce strong southerly flow
(15-25 knots) over the westem Indian Ocean Plain
(Somalia and castern Ethiopia). When it docs,
visibility is 2-6 miles during the day in this isolated,
sparsely-populated area. The air and the surface are
abnormally dry, and a thin haze with 4-to 7-milc
visibilitics may persist for up to a week.

Local Surface Conditions--Soil type and condition
control the amount of particutalc maticr that can be
vaised into the atmosphere.  Dry sand or silt, for
cxample, is easily lifted by a 10-t0 15-knot wind.
From December Lo February, thin haze is a persistent
feature north of 6° N and cast of 43° E because of
sustaincd 15-knot northeasterly flow along the Aden
Coastal Fringes and Indian Occan Plain. Although
larger particles guickly sctile 1o the surlace after a
duststorm, fincr sediments remain suspended in the
atmospheie for days. Fine dust, sand, salt, or silt
may travel hundreds of miles from its source.
Distant, large-scale sources of matcerial provide most
storm debris over western Ethiopia/Ycemen (San’a)
and the Red Sea.

Seasonal Considerations--

November to March. Thin dust or haze arc the most
freqnently observed obstructions: to vision, Scveral
weeks ol fair and dry weather allows surface heating
and sca breeze o put an accumulation of fine silt
into thce air.  Duststorms associated with frontal
boundarics arc uncommon but severe;  visibility can
be 1-3 miles over large arcas.  Every other year
between November and March, 20-knot  winds
lasting for 3-9 hours occur in northwest Ethiopia,
Similar conditions occur with abnormally strong
(15- to 25-knot) Northeast Monsoon flow in the
castern and southern Gulf of Aden,

April to October. Latc-April frontal boundarics, thermal
convection, and mesoscale squall lines produce most
duststorms and low visibilities.  The Somali Jet
Strcam is another source.,

Diurnal Considerations--

Daytime. Hol and dry surface conditions in Junc, July,
and August across northern Somalia, Djibouti, and
the northern Great Rift Valley of Ethiopia produce
considerable dust and haze. Persistent dryness raises
dust 10 10,000 feet (3,050 meters) MSL.

Nighttime.  Cooler surface temperatures  result in
stability; turbulent mixing is minimized, along with
the thrcat of duststorms.
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LAND/SEA BREEZE. Differential surface heating
along coasts generates this diumal phenomenon. The
marinc boundary layer rarely extends above 2,000 fect
(610 meters) AGL or 1S NM inland without synoptic
assistance. Two types of land/sea breezes arc found in
the Hern of Africa: "common,” and "frontal.”

"Common' land/sea breezes affect Gulf of Aden
and Somali coastlines. The southern Adcn Coastal
Fringe is an exception because of the Somali Jet that
produces persistent southerly winds that overrides the
“common” sca breeze. All coastal areas arc affecied by
the land/sea breeze during the Northeast Monsoon, but
wind dircctions 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 influcnces. Onshore
(A) and offshore (B) flow intensifics in proportion o
daily heat exchange between land and water. Cominon
land/sca breezes always reverse at dawn and dusk.

A o — - Day
ll'lIGl‘-l qu
Sea Breeze
8 o ——— - Night
H"“*w)
fmw— Lusﬁa
Land Breeze

Figure 2-48. The "Common" Daytime Sea Breeze (A)
and Nighttime Land Breeze (B). Thick arrows
represent pressure gradient and direction of low.

"Frontal” landisea breezes arc the product of the
“front" between the land and sca air masses.  The
transition for wind reversal is delayed by 1-4 hours
because gradicnt flow prevents the sca brecze boundary
fayer or "front” from moving ashore.  Figures 2-49a-f
show a typical "frontal” land/sca breeze sequence. Solid
blocks denote (he fand surface, while dashed lines
represent water.  Vertical lines show the sca breeze
boundary laycr and arrows represent wind circulation.
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Figure 2-49a. Gradient Flow With Offshore Wind
Component Slopes Gently Over Dense, Conler
Marine Boundary Layer. Shearing action along the
"front,” or land/sca air mass intcrface, compacts the
tayer. Gradicnt flow strength determines the magnitude
ol compacting.
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Figure 2-49b. Increased Compacting  Tightens
Pressure Gradient Along Land/Sea Interfuce. 11 the
gradicnt is weak, land surfaces heat rapidly. As a result,
the surface pressurc gradient and winds resemble those in
Figure 2-49a.

Figure 2-49c. Maximum Compacting of the Marine
Boundary Layer. At this insunt, the surlace wids
inside the marine boundary layer show onshore direction.
The marine layer surface flow may take several hours to
rcach the coast. Momentum accelerates wind specd with
time.
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Figure 2-49d.  Frontal Sea Breeze Accelerates
Towards Shore. Initia! "(rontal" sea breczes may
sustain 20-knot winds for 15-45 minutcs.

Figure 2.49¢. Sea Breeze "Front" Reaches The
Coast. Note the increased depth of onshore flow in the
marine boundary layer. Compare with Figure 2-49¢.

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

Topugraphy perpendicular io shorelines modifies the
land/sea breeze in several ways.  Ovographic uplift
induces sea breeze-stratitorm/cumuliform cloudiness and
deflects surface  winds,  The  mesoscale  mountain
circulation accelerates the land bresze over open water,
Elevated coastal topography praduces steep nocturnal
temperature gradients.  Strong offshore grudient (Tow
produces frontal land/sca breezes like those illustrated
above;  the Ethiopian and  Yemen  Highlands  are
cxamples.  Socotra Island is another example, but on
smaller scale,

Coastal conliguration also bas an ¢llect on land/sea
breeze--the most obvious with the onshore scea breeze,
Coastlines paradlel to sea breezes impede the progress ol
onshore flow 1o produce  localized  upwelling and
low-tevel divergence.

Coastlines perpendicular o onshore {low promole
maximum  sca breeze penctration and  fow-level
convergence,  However, hot and dry ftand  surfaces
madify moist onshore flow within 20 NM of the coust,
Without orographic filt, cumulus rarcly develops beyond
immediste coastlinges.

Synoptic-scale effects on land/sca breezes are best
exemplified near Cape Guardalui, as shown in Figures
2-50u-¢. This unique location combines topography and
complex coastal configuration with low-lcvel synoptic
flow--the Somali Jet. '
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Figure 2-502. Local Topography at Cape Guardafui (Ras Asir) (from Findlater, 1971),
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Figure 2-50b, Synoptic Scale Winds at Cape Guardaful (Ras Asir) (from
Findlater, 1971). Lsotachs (dashed lines) arc in meters/sce.
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Figure 2-50c. Mean July Surface Streamline Flow {from Findlater, 1971).
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WET-RBULB GLOBE TEMPERATURF (WHBGT)
HEAT STRESS INDEX, The WBGT Yeat stress index
provides values that can be used o coicutate e clleets
ol heat stress on individuzls, W3GT is vomputed by
using the fermula:

WBGT = 0.7 WR + 0.2 BG + (.1 DB,

A complete description of (e WEBGT heat stress
index and the appundus used 1o derive it s given in
Appendix A of 'TB MED 507, Prevention, Troatment
and Comrod of Hear Injury, July TOR0, published by the
Army, Navy wnd Aw Force.  Yhe physical activity
guidelines shown i Figure 2-51 are based on thuse used
by the three services. Note that the wear of body anmor
or NBC gear adds KI°F 10 the WBGT, and activitics

where: WB = wet bulb iemperature should oe adjusted accordingly.
BG = Vernon black globe temperature
DB = diy bulb temperature
WATER WORK/REST
WBGT ("F) REQUIREMENT INTERVAL ACTIVITY RESTRICTIONS .
a0-up 2 quarts/hour 20/40) Suspena all strenuous exereise.
88-90 1.5-2 quarts/hour 30/30 No heavy exercise for troops with less than 12
wecks hot weather training.
R5-83 1-1.5 quartsfhour 45/15 No ircavy exercise for unacclimated troops,
no classes in sun, continue modcerale trairing
Ird week.,
82-85 .5-1 gquart/hour 50/10 Use discretion in planning heavy exercisc (or
unacclimated personnel.
75-82 .5 quart/hour 50/10 Caution: Extreraely intense eccrtion may causc

heat injury.

Figure 2-51. WBGT Heat Stress Index Activity Guidelines.

Figures 2-52a-d, on the following pages, give average
maximum WBGTSs for January, April, Tuly, and October,
They were traced from the full-color WBGT charts given
in Global Climatology for the Wer Bulb  Globe
Temperarure (WBGT) Heat Stress Index, published by
the U.S. Army Rescarch Institute of Environmental
Mcdicine, Natick MA 01760-5007. Quoting fromn that
document:  "This climawlogical atlas was compiled

using a varictly of sources because the WBGT index is
uniquc and no single data base or publication containcd
this type of inlormation,
degrees fahrenheit.

Units used in this atlas are
Four paramcters [sic| have been

the average maximum dry-bulb
femperature,  the  average  muximum  wet-bulb
tcmperature,  the  average marimum  black  globe
temperature and the average maximum WBGT. These
parameters were cliosen becaikse tirey reflect the nverag

of the greatest heat siress that would be encountered by a
combat  soldicr during the day, and arc  most
representative of the 1300 o0 1500 tocal iime fraine. A
local, diurnai temperature curve should be taken into
consideration when atemrling 0 gauge heat stress for
other times of the day, o for a 24 hour period.”

mapped in this atias:




AVERAGE MAXIMUM
WET-BULB GLOBE .
TEMPERATURE INDEX (°F)

JANUARY _

Figure 2-52a. Average Maximum WBGT--January. The Ethiopian Highlands sce January WBGTs between 70°
F (21°C) and 75°F (24°C) because of lower dry-bulb temperatures above 5,000 feet (1,524 meters) MSL. Along the
Somalia coastline, WBGTs reach 85°F (29°C) as ovcan moisture taises wei-bull emperatures.
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 AVERAGE MAXIMUM
WET-BULB GLOBE
TEMPERATURE INDEX (°F)

APRIL

Figure 2-52b. Average Maximum WBGT--April. By April, the 85°F (29°C) WBGT isolinc surges northward
and westward over Somalia and extreme castern Ethiopia, Only mountainous arcas above 8,000 feet (2,439 meters)
MSL scc WBGTSs between 75°F (24°C) and 80°F (27°C). The expansion of higher WBGTs across the Hom of
Alrica are caused by northward movements in the surface Monsoon Trough and Somali Jet core.

2-80 !




AVERAGE MAXIMUM
WET-BULB GLOBE
TEMPERATURE INDEX (°F)

JULY

, Figure 2-52¢. Average Maximum WBGT--July. In July, there arc large WBGT variations across the Horn of
1 A.iica. The higher WBGTs (above 80°F/27°C) arc found in those arcas with scant rainfall, scaring heat, and high

humiditics. Elevations above 7,000 fect (2,134 meters) MSL are humid, but heavy rainfall, extensive cloud cover,
and low temperatures cause average maximum WBGTS (o remain below 80°F (27°C). Average maximum WBGTs
over the entire Yemen Highlands and Aden Coastal Fringe arc consistently above 90°F (32°C) in July.
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AVERAGE MAXIMUM
WET-BULB GLOBE
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OCTOBER

Figure 2-52d. Average Maximum WBGT--October. There is litle change in average maximum WBGT from
July. The only differcnce is a smalier arca of 90°F (32°C) in the Gulf of Aden.
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Chapter 3
INDIAN OCEAN PLAIN
’ The "Indian Ocean Plain" encompasses most of Somalia (S1) anda parts of castern Ethiopia (ET). After
] describing this area’s situation and relief, this chapter discusses “iypical weather conditions” by scason. Local
names for the scasons here ("Hagai," "Der," "Gilal," and "Gu"), arc as shown,
SHUation and RelIef.............c.ocooviiiiiiei e e e et TR PR 1.2
The Southwest Monsoon ("Hagai" )--July-8eptember ... e s s 3.7
GENCTAT WEALNCT ... ottt ittt et s e et a s bt e bbbt bbbk e s e e b 12 b sneseb s s bbbt R abab b sebns s 3.7
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Southwest to Northeast Monsoon Transition (" Der")--October-November, ... 34
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Figure 3-1. The Indian Ocean Plain. The Indian Occan Plain includes most of Somalia and part of southcastern
Ethiopia. It slopes gently upward from the Indian Ocean to the foothills of the Eastern Ethiopian Highlands. Tts
castern boundary is the Indian Ocean from just south of Cape Guardafui to the Kenya burder. The southern border is
the Kenya-Somalia political boundary. The western and northemn voundarics arc SSW 10 NE from the
Kenya-Ethiopia-Somalia border at 40° E along the 3,280-foot (1.000-meter) contour o about 1 1° N, 50° E before
extending duce cast along 11° N to the Indian Ocean 30 NM south of Cape Guardafui. The northwest corner of the
region includes the Juba and Shebele River Valleys of Ethiopia.  Insct tables provide climatological summarics for
Chisimaio and Mogadishu; periods of record were varied.
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INDIAN OCEAN PLAIN SITUATION AND RELIEF

—a— .

described below, are the "coastal dunes and lowlands”
(Figure 3-2a), the "dissceted hills" (Figure 3-2b), and the
"clevated western platcau” (Figure 3-2¢).

ZONES OF RELIEF, The Indian Occan Plain s
sepurated into three distinct zoncs of relief, cach of
which wili be discussed in trn. Thesc zonces, shown and
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Figure 3-2a. The Coastal Dunes and Lowlands. This low coastal zone lies below 656 Teet/200 meters along the
Indian Ocean Plain’s eastem fringes. Portions extend inland or 160 NM. The coastline from 30 NM south of Cape
Guardafui to the Kenya border spans 1,200 NM. This coastal lowland zone is oricnted NNE 0 SSW over 13

degrees of latitude from 11° N 102° S.

The northernmost sections (8-11° N) of this zone arc
extremely narrow; flat coastal duncs and lowland plains
range from 2 to 10 NM in width. The Indian Occan on
the east and the stecp bluffs of the Ogo Platcau on the

west arc the boundaries. The Giahel Valley, just north of

the Nogaal Valley, runs west to east toward the coast and
cxtends 20 NM inland to the plateau. The Nogaal Valley
(Nogaal is Somalian for "fertile land") runs WNW 10
ESE 1o the coast for 120 NM. It is well-watered, but
contains no permanent streams.

The central scetion of the lowlands, known as the
Mudugh Plain, cxtends infand 160 NM (rom the coast.
This arca (4-8° N) contains extensive dunc formations
oricnted NNE 10 SSW along the Indiare Ocean shoreline.
The dunes’ heights rcach 600 fect (195 meters): they are
1-3 NM in width and may stretch continuously for 20-20
NM. The intcrior Mudugh Plain contains ancicit sand
duncs, low hills, and a poor intermittent  drainag.
network. Shatlow streamm beds average several miles in
length and only 33 feet (10 melers) in width,



INDIAN OCEAN PLAIN SITUATION AND RELIEF
u The southern sections of the lowlands (from 4° N 10 southern lowlands average 70 NM in width and 700 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 Mudugh Plain,
valleys lies the Benadir, 4n cxtensive marshland. The
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Figure 3-2b. The Dissected Hills. This zonc compriscs 15-20 percent of the Indian Occan Plains. The hills lic
exclusively withie the 656-to 1,620-foot (200-500 meter) range and mark the transition zone between the western
platcau and castern lowlands. This zone is extremely narrow and rugged in the north, gradually widening near the
Ethiopia-Somalia-Kenya borders. Here, the gently rolling hills are croded by scasonal rains that create wide gullics
and narrow (33 fee/10 meters) canyons.  Several long valley systems run northwest to southcast through the
dissccted hills. The Juba and Shebele river valleys parallel cach cther and extend 200 NM into Ethiopia.

34




INDIAN OCEAN PLAIN

4
KENYR 7~

2

SITUATION AND RELIEF

8 50 100 208 360

Naut.:'.cal I'Tiles

Figure 3-2¢. The Flevated Western Plateau. This zone comprises highlands with clevations from 1,620 to 3,280

feet (500 to 1,000 meters).

The Elevated Western Platcau ¢.n be divided into
three distinet platcau formations:

The Haud Plateau forms the southem foothills of the
Ogo Highlands, an castern range paratleling the Gulf of
Aden. This is a level, largely alluvial plain that slopes
gently southward.  About 330 NM long and 100 NM
wide, the plateau extends eastward 1o within 30 NM of
the Indian Occan near 9° N,

The Ogaden Plateau is 250 NM long {west to cast) and
180 NM wide.  Elevations average 1,620-3.000 feet
(500-915 meters). 1t lies to the immediate south of the
Haud Platcau, inside the borders of Ethiopia. s
southern and  southwestern edges are defined by the
Shebele River Valley.

The Gurra Plateau, in southeastern Ethiopia is bordered
by the Shebele River valley on the north and the Juba
River valley on the south.

RIVER SYSTEMS. The Shebele and Juba Rivers
originate in the Mendebo Range of Ethiopia (77 N, 38°
30" ). They provide the only perennial water sources on
the Indian Occan Plain. Their courses run for 1,200 and
545 NM, respectively. The rivers parallel cach other 1o
within 3¢ NM of the Indian Ocean. They Now northwest
o southeast toward the Somalia-Ethiopia border. then
south through Somalia.  The Juba (average width 500
fec/152 meters) Nows into the sea at Chisimaio, while
the Shebele (average width 200 (eet/6) melers) turns
abruptly southwestward 30 NM from the Indian Occan
coastine e mn along the coastal dunes towards the
Benadir lowlands.  During wet scasons, the Shebele and
Juba arc connected by a wide flood plain. Both rivers cut
broad, extensive valleys through the western plateaus.
Below 1,620 teet (500 metevs), they create nanural levees
along their banks that reach 33 feet (10 meters)y in height,
Numerous small depressions called "descecks™ flank the
river Aoodplains daring wet scasons.
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INDIAN OCEAN PLAIN

VEGETATION.  The platcaus of the Indian Ocean
Pl ave pnimarily covered by open bush, with scattered
doecnbuous trees. Savannah grassiands are concemtrated
south of 67 N, where adequate raindall supports them.
The dissected  hills contain - smatl sheubs and  grass
ciumps.  Intermittent stream beds and the Saba-Shebwele

SITUATION AND RELIEF

River valleys contain scattered open woudliand along the
river edges. The coasta! fowlands north of 8° N contain
short grasses with isolmed trees and brush.  Southward
towards the Kenya border, the land is grass-covered, with
mangroves concentrated south of the Eqguator.
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INDIAN OCEAN PLAIN
SOUTHWEST MONSOON ("Hagal")

GENERAL WEATHER. The low-ievel Somali Jet
(sec Chapter 2) has the greatest single influcnce on
Southwest Monsoon weather.  The jei's daily position
determines prevailing surface winds, cloud cover, and
rainfall across the region. Instability showers near the jet
axis are common south of 6° N, but moisture in the
fast-moving Mow is squeezed out before the jel leaves the
Indian Ocean Plain near 11° N, Except for local land/sca
breezes, southwesterly surface flow dominates.

SKY COVER. Moist southerly low-level flow
convergence near the Somali Jet determines mean
svasonal ard diurnal cloud cover distribution. The daiiy
jet position regulates cruss-equatorial moisture across the
entirc region.  Diurnal cloud cover distribution is
determined by the jet's core speeds. A distinet nocturnal
witkl spced maximum produces patchy stratus and
stratocumulus south of 6° N. These clouds ofien paratlel
the SSW-NNE Somali Jet exis and seidom extend to
more than 20-30 NM on cither side of the maximum
wind speed core. Nocturnal cloud distribution decreases
north of 6° N because of decreasing low-level moisture.

July-September

Mid-afternoon cloud cover is controlled by surface
heating.  Occasionally, morning stratus develops into
stratocumulus with 2-6/8ths sky cover along the Somali
Jet,  Clowd cover decreases rapidly along the jet axis
north of Galcaio, Somalia, where very dry air aloft
inhibits development.  Midday sca breeze cumulus and
patchy  stratocumulus  develop  along  the  immediate
coastline north of Mogadishu; 10 the south, the coastline
is often clear. Shattow cumulus baads arc aligned north
to south farther inland where the Somali jot enters tie
southern Indian Ocean Piain, These cloud bands result
from sea brecze moisture convergence with Somali Jet
flow over land.  Cumulus mixed with strats  and
stratocumulus covers 4 10 6/8ths before RXN-TI00 LSY,
By late aftemoon, coverage averages 1 to 3/Bths.

Figurc 3-3 shows large variations in notth-south
clowdiness,  Mear cloudiness is better than 55% in the
south, but less than 45% in the north.  Midday ¢loud
cover (1100-1500 LST) dominates in the north, but there
is extensive cloud cover around the clock in the
south--up o 71%  at  Chisimaio--duc 1o persistem
low-level instability in the Somali Jet.

6%’!

10
->

1 Mean Cloudlnese

KENYA

ETHIOPIA

4
4

4
,’dclul.

5

Indian Gcean

Figure 3-3. Mean Southwest Monsoon Cloudiness

Freyuencies, Indian Ocean Plain. [solines are in 5%

intervals. Data was derived by calculating the grand mcan for National Intelligence Summary (NIS) mican
cloudiness percentages for specific sites between July and Scptember,
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INDIAN OCEAN PLAIN
SOUTHWEST MONSOCN ("Hagal")

* Predominant Southwest Monsoon cloud types are
stratus and stratocumulus.  Bases average 1,000-3,000
feer (305-915 meters) AGL: iops are 3,(00-5,000 fect
(915-1,220 meters) MSL.  Diurnal convection produces
isolated cumulus with 3,(X0-foot (915-meter) bases and
5,000-10 6,000-Toot (1,524-10 1,830-meter) tops near the
Somali Jet. Towering cumulus rarcly develops over
land. Dry air aloft and subsidence may inhibit vertical
cumulus growth. Low-level shear along the jet may also
prevent substantial cumulus development.  Most high
cloudiness approaches the coast from the east, and the

July-September

interior from the west or cast.  Both are the resull of
thunderstorm "blow-off from heavy convection over the
Indian Occan and the castern Ethiopian  Highlands,
respectively.

Percent frequency  distributions of  ceilings  below
3,000 fect (915 meters) in Figure 3-4 show a distinct
daytime low cciling maximum north of Belet Uen, and a |
slight divrnal increase at Chisimaio. At Mogadishu, low
ceiling frequencics are greater at night,
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Figure 3-4. Southwest Monsoon Frequencies of Ceilings Below 3,000 Feet (915

meters), Indian Ocean Plain.

VISIBILITY. High frequencics of low visibility (Figure
3-5) arc associated with duststorms or heavy rainshowers
over the interior. On the coast from Mogadishu to Ras
Hafun, shallow nocturnal marine inversions and thick

localized sca fog, mist, or haze account for most
visibilitics bclow 3 milcs.  Strong upwelling produces
scasonal temperature  contrast  between  the  sed
(74-80°F/24-26°C) and the land (78-83°F/26-27°C).

3-8
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INDIAN OCEAN PLAIN
SOUTHWEST MONSGON ("Hagai")

Dense carly moming sca {og forms off the coast as a
result of the nocturnal land brecze, then moves inland
with the sea breeze. These fogs can be thick along the
entirc coastal region, extending, in rarc cases, as lar
inland as 200 NM.

Blowing dust/sand is common with sutface winds
greater than 15 knots. The highest occurrence of
dust-related low visibilities is in July and August when
the Somali Jet is strongest.  Localized duststonms

July-Septamber

frequently Jower visibility to less than 2 1,2 miles north
0of 6° N duc to the much dricr surface conditions there.

Morce than half the low visibilities af Belet Lien are
dusysand reluted but moderate to heavy rain/rainshowers
are also common south of 6° N, Fog and occasional
haze arc reporied in only 5% of all obscrvations beyond
30 NM inland. Low visibility in rain or rainshowers is
encommon north of 6° N,
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figure 3-5, Southwest Monsoon Frequencies of Visibilities Below 3 Miles, Indian Ocean Plain,

WINDS. Mean surface wind speed and dircction reflect
the Somali Jet's dominance. Figure 3-6 shows mean
surface wind speeds and prevailing dircctions  shown in
at least 85% of all surface observations for the entirc
Southwest Monsoon scason. Prevailing winds veer from

southwesteriy at Gardo (9° 31 N, 49° 05" E). There is a
noticcable speed maximum in August. The strong, dry,
and hot southwesterlies at Galeaio (6° 51° N, 47° 16° E)
and Gardo also support moisture deplction at low levels
and result in higher duststorny fregquencices.

southerly at Chisimaio (0° 22' S, 42° 26’ E) 10 wesy and
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INDIAN OCEAN PLAIN
SOUTHWEST MONSCON ("Hr7al")

July-Sepiember

SSE-SEW
WW=-5
WSW-8
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JUL 1 OAUG | SEF
Chisimaio Q.90 10,50 ¢ .50
lsoia Raidoal 10.00 © 10.70 - 10.0¢
Galeaio 2470 24.20 1 18.30
Gards 20.80  22.10  15.50

Figure 3-6. Mean July-September Wind Speed {kts) and Prevailing Direction,

Indian Ocean Plain,

Jet core wind npeeds average 25-35 knots, but inay
exceed 70 knots for 12- 1o 36-hour periods. Core heights
are extremely variable becausc the flow is sensitive 0
tcrrain and  thermal envrgy exchanges.  Jet core
oscillations of 1,000-2,000 feet (305-610 mciers) over
200 NM are common. Typically, the broad southerly
current is found between 3,G00-7,000 feet (915-2,134
meters) with one or more wind speed maxima.
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The inadequate appur-air data network in this region
is supplemented by the mean wind direction profile
Mandera, Konya (3° 54° N, 41° 52" E), on the
Kenya-Somalia-Ethiopia border.  Meae annual winds
here (shown in Figure 3-7) provide an rccurate
representation of conditions below 500 millibars over the
ontire  Indian Ocean Plain.  Notc the south o
southwesterly flow at all levels in July. Mcan Southwest
Monsoon wind speeds are shown for cach level.
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Figure 3-7. Mean Annual Wind Direction for Mandera, Kenya.
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INDIAN OCEAN PLAIN
SOUTHWEST MONSOON ("Hagal")

PRECIPITATION.

The Somm! Jet eswblishes a
low-level south «© north moistuie gradient across the
region throughout the Southwest Monsoon. The jet core

July-September

and sufficient tropical moisture ncar the cquator are the
main reasons for a wet Southwest Monsoon scason south
of §° N (Figure 3-8).
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Figure 3.8,
Precipitation, Indian Ocean Plain.
totals (inches).

Southwest Monsoon precipitation usually occurs
bencath the zone of maximum winds, as shown in Figure
3-9. However, cquatorial moisture and rainfall decreasc
significantly north of the jet core. Sea breezes help
support  standing  convection  lines  (oriented
southwest-to-northeast along the jet axis) south of §° N.
Storm movement is northcasterly, with moderate (o
heavy rainfall concentrated in narrow bands. Thesc

Mean Southwest Monsoon Monthly/Maximum 24-Hour
[sohyets represent mean scasonal rainfall

convection lines often form 10-20 NM cast of the Great
Rift System--mountain ranges immediateiy south of the
Equator in Kenya--but dissipatc before reaching 6° N.
South of Mogadishu, moist sca brcezes cause inland
convection during daylight hours, with individual cclls
moving NNE at 15-30 knots. These convective cells arc
often sheared by the Somali Jet.
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July-September

40°F
A

wﬂ 7100 eou

Figure 3-9. Mean July Flow Pattern at 3,000 Feet (915 meters) AGL (from Findlater, 1970). Speeds arc in
knots. Note that the Southern Equatorial Trough (SET) lics just cast of the Somali coastline hbetween Chisimaio and

Mogadishu, See Chapler 2 for more or the SET.




INDIAN OCEAN PLAIN
SOUTHWEST MONSOON ("Hagal")

North of 5-6° N, the Southwest Monsoon hecomes a
"dry" senson because of upwelling along the Somalian
coastline and a reduced sea breeze effect. The "dry”
Somali Jet produces little cloud cover of significance.
Deep convection and thundersiorm activity are rare as
convergence aloft and large-scale subsidence cap the
shaliow cumulus. Maximum 24-hour rainfalls are
associated  with  thunderstorms, Thunderstorm
development occurs with either isolated squall lines or
weakly organized tropical disturbances propagating
westward along the Southern Equatorial Trough (SET)
shown in Figure 3-9. Southern hemisphere polar surges
(see Chapter 2) that intensify Somali Jet flow into the
Indian Ocean Plain may also wigger isolated
thunderstorm activity.

TEMPERATURE. The high (55-71%) Southwest
Monsoon mecan cloud cover frequency, along with

July-September

continentality--thc¢ dcgrce 10 which & climate has
continental qualitics--regulate temperatures,  Coastal
locations in the cool sea breeze boundary layer average
82-88°F (28-31° C), whilc continental (inland) sites
average 90-102°F (32-39°C). Highs reach 108°F (42°C)
infand and north of 6° N, while the lowest record high
along the coast is only 87°F (31°C), at Chisimaio,
Inland daytime temperatures vary with Ltitude from day
1o day because the Somali Jet distributes a narrow
(50-150 NM wide) SSW-NE cloud band. South of 6° N,
mean daily highs arc at their lowest of the year during the
Southwest Monsoon.

Average lows range from 70°F (21°C) a1 Bardcera to
77°F (25°C) at Scusciuban. A low of 59°F (15°C) at
Mogadishu has occurred in July, but lows ncar
72°F/22°C at Chisimaio in September are more common
south of 6° N.
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Figure 3-10. Mean Southwest Monsoon Daily Maximum/Minimum Temperatures (°F), Indian Ocean Plain.
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INDIAN OCEAN PLAIN

SGUTHWEST TO NORTHEAST MONSOON TRANSITION ("Der")

‘ERAL WEATHER. The teansition from the
-wuthwest 1o the Northeast Monsoon (locally, "Der," or
“short rains”) is marked by the cessation of
cross-cquatorial flow into the region.  In October,
southerly low-level flow weakens north of 4° N.  As
shown in Figure 3-11, mean maximum winds in the
Somali Jet core shift to south of the cquator. Weather
associated with the jet occurs near the equator. The
surfacc Monsoon Trough moves rapidly southward

QOctober-November

without sustined southerly flow to support its previous
Southwest Monsoon scasonad position.  Northeasterly
flow along the Monsoon Trough's north axis begins to
advance into the northern Indian Occan Plain when the
Trough oscillates equatorward, A bricl wel scason ("the
short mins") occurs as the Trough moves quickly through
the region. By November, only the extreme southern
Indian Ocean Plain has not been affected by Northeast
Monsoon flow.

Figure 3-11. Mean October Flow Pattern at 3,000 Feet (915 meters) AGL (from

Findiater, 1971). Specds arc in knots.
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INDIAN OCEAN PLAIN
SOUTHWEST TO NORTHEAST MONSOON TRANSIT!ON ("Der")

SKY COVFR, Mcan clowdiness on the lndian Ocean
Plain (Figure 3-12) is dependent on the Somali Jet and
the Monsoon Trough. Highest mean cloudiness (greater
than 60 percent) during the transiiion is oriented
SSW-NNE from the Kenyan border to 5 N, 42.46° E.
Cloud cover is typically stratus, swratocumulus, and
isolated cumulus. Mean cloud cover decreases

October-November

northeastwazd where the Somali Jet lacks sufficient
moisture  for  stratus  and  dense  strocumuluy
development.  North of 5% N, mean cloudiness it less
than 50 percent; sky cover is mostly shallow midday
cumulus generated through intense  diurnal  surlace
heating.
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Figure 3-12. Mean SW/NE Monsoon Tramsition Cloudines; Frequencies,
Indian Ocean Plain. Isolines are in 5% inicivals. Data was derived by calculating
the grand mean from Natioral Intelligence Summary (NIS) mean cloudiness data
{or specific sites during October and November.

North of 5° N, shallow cumulus cover averages
dhe botween 0000 1500 LST. Cover is 2/8ths or kss
at alt other times over the interior. Thin cirrus from
thunderstorm "blowoff” in thc Ethiopian Highlands is
often seen over the Ogaden Plateau.  Although deep
convection forms along the Monsoon Trough, it is
concentrated 100-200 NM offshore and rarcly reaches
the northem Indian Ocean Plain coastline.  Coastal sca
brecze stratus and stratocumulus (3-5/8ths  coverage)
oceurs from 0600 10 0900 LST. These clouds seldom
penctrate more than 20 NM inland. All clouds normally
dissipatc by 1000 LST.

South of 5° N, carly morning stratus and
siratacumiulus dovelop i ihe sca brceee buuidary. Souii
of Mogadishu, sca brecze moisture often intcracts with
Somiali Jet low-level southerly Mlow. In contrast, coastal
locations north of Mogadishu arc rarely affected by the
jet core after carly October. Skics arc 6/8ths o overcast
between 0600-1000 LST, bui only 3/8-5/8ths between
1100-1500 LST because of the deep wrbulent mixing
below 5,000 feet (1,534 meters). North of Mogadishu,
however, cloud cover is 3-5/8ths from 060 to 1)
LST, decreasing to lcss than 2/8ths sky cover betweer
1100 and 1500 LST.  Surfacc turbulence rapidly
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INDIAN OCEAN PLAIN
SOUTHWEST TO NORTHEAST MONSOON TRANSITION ("Der")

dissipates  stratus/stratocumulus  except  immediately
atjacent to the Somali Jet core or along a well-defined
aml unstable swiace Monsoon Trough axis.  Stratus
bascs are near 1,500 fect (457 meters), while bases of the
thin scautered stratocumulus average 3,500-5,000 fect
(1,067-1,524 meters). By 1100 LST, isolated cumulus
with bases near 4,000-5,000 feet (1,220-1,534 meters)
and tops to 8,000 feet (2,439 meters) develop inland near
the Somali Jet.

October-November

Occurrence  of  broken-to-overcast  ceilings at  or
below 3,000 feet (915 meters) across the Indion Ocean
Plain averages 39%. Ceilings ator below 1,000 teet (305
meters) account for only 13% ol all Indian Occan Plain
ccilings. Figure 3-13 gives diumal low ceiling freyuency
differences for selected stations.  The highest frequency
of low ceilings is found between Chisimaio and Galeaio,
an arca that shows the mean transition position ef the

Somali Jet.
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Figure 3-13. SW-NE Monsoon Transition Frequencies of Ceilings Below 3,000
Feet (915 meters), Indian Ocean Plain.
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INDIAN OCEAN PLAIN
SOUTHWEST TO NORTHEAST MONSOON TRAN

VISIBELITY. Precipitation is the main obstruction to
vision during the transition; at least 72% of all visibilitics
below 3 miles are in rain and/or rainshowers. Because of
the wetter soil, blowing dusysand causes only 13% of all
reported low visibilities. Fog is most (requent at Belet
Uen, while misvhaze is more frequent at Mogadishu.

SITION ("Der") October-November

Radiation invers s and local terrain make ground log at
Belet Uen coniaon between 2100-0300° LST, while
misyhaze frequencies ai Mogadishu reduce visibility to
less than 3 miles about 10-14% of the time between
2100-0300 LST. Figure 3-14 gives low visibility
occurrence frequency at selected stations.
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INDIAN OCEAN PLAIN
SOUTHWEST TO NORTHEAST MONSOON TRANSITION ("Der")

WINDS. Mean surfuce wind speed and direction (Figure
3-15) illusrates severzl important transition flow
characteristics. During the transition, mean wind speeds
are decrcased at all locations, reflecting the weakening of
the Somali Jet. At Chisimaio and Iscia Baidoa, south 0
cast flow decicases slightly through the transition, but
speeds at Galcaio and Gardo--3-4 times less than those of
the Southwest Monsoon shown in Figure 3-6--show a

October-November

stight increase from October o November as Northeast
Monsoon flow begins to affect these two northern Indian
Occan Plain stations. Note that prevailing dircetions at
Gardo are E and NE, while Galcaio flow is SW and SE in
October, E and NE in November. The surface wind shift
shows the surfacc Monsoon Trough axis moving
southward from Galcaio/Gardo (7-9° N) in October to
Galcaio/Iscia Baidoa (3-7° N) by latc November.

S-E Chisimaio 8.60  7.00

S-E lzcia Boidoa| 7.20 0 850

SW-SE/E-NE

E-NE  [corde

Galcaia 730 7.70

GCT - NOV

590 6.40

Figure 3-15. Mean October-November Wind Speed (kts) and Prevailing
Direction, Indian Ocean Plain.
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INDIAN OCEAN PLAIN

SOUTHWEST TO NORTHEAST MONSOON TRANSITION ("Der")

PRECIPITATION. The "Der" (or "short rains")
season consists of insiability showers concentrated in
low-level wind convergence zones. Localized showers
often develop near the Monsoon Trough, with
northeasterly winds at 5-8 knots. There arc also showers
at the northern tip of the Somali Jet, where winds are
southerly at 15-20 knots.

North of 6° N, October rainfall is 4-20 times greater
than in Scptember (latc in the Southwest Monsoon), as

October-November

the Monsoon Trough and the mean Somali Jet wind
maximum migrate through the arca together.

Instability moves  rapidly  cquatorward by
mid-November as the Somali Jet weakens considerably.
November rainfall distributions fotlow the southward
migration of both feawres.  As shown in Figure 3-16,
only Chisimaio is alfccted by instability and rainfall in
November because of ils proximity o the surfuce
Monsoon Trough axis.
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Figure 3-16. Mean SW/NE Monsoon Transition Monthly/Maximum 24-Hour
Precipitation, Indian Ocean Plain. !sohycrs show mean seasonal rainfall wtals
(inches).




INDIAN OCEAN PLAIN

SOUTHWEST TO NORTHEAST MONSOON TRANSITION ("Der")

TEMPERATURE. Mcan duiiy highs range from 8S°F
(29°C) at Chisimaio 1o Y7°F (36°C) at Bardera. Daily
highs are 5-9°F (3-5°C) cooler on the const than in the
intcrior.  Absolute highs have reached 107°F (42°C) at
Bardera, but only 89°F (32°C) ut Chisimaio. Mean daily
November lows average 66°F (19°C) at Scusciuban, and

Octaber-November

up o 76°F (24°C) at Chisimaio.  An extremely rare
mid-latitude cold front resulted in Scusciuban's absolute
low of 57°F (14°C). The absolute low of 73°F (23°C) at
Chisimaio shows the Indian Ocean’s ability t0 moderate
coastal locations.  Figure 3-17 gives mean daily highs
and lows for selected stations on the Indian Ocean Plain.

4Q°s “2'E 44°E L6°E &8'E S0°E
% 'j * v v
' /
mm~yf Gulf of Adey'\n—-"‘“““/
/’ -
10°N ' .
- Scuscivban
0CT NOV
97191
66
[
. i ) o gey
"/‘lf‘ \l Ethiopia 7
s/
- ,TGaleeio
on L7 crcgjgov )
95194
» m»
// 3! Y @ 6°N
7
4
R SN -
‘t‘\- - eoTes gy
AR ,-—"’ 86 95
i i
’6CT NOV“‘."I ) . 4'W
- S1191  * Somalia
/
'{ /Indian Ocean
] Bacdara
! 0(():‘_'1 g;)V fegadishu
| 3 OCT NOV * 2
Kenya | 86188
|
| C/
| T NOV
I 85187 Manth
! hisimaio Mean Dldy Max
l\ Mean DailyMin | | | |
\V % Missing data

Figure 3-17. Mean SW/NE Monsoon Transition Daily Maximum/Minimum
Temperatures ( °F), Indisn Ocean Plain.




INDIAN OCEAN PLAIN
NORTHEAST MONSOON ("Gllal")

GFNFRAL WEATHER. Northcast Monsoon flow
results in the southward migration of dry conditions
across the Indian Ocean Plain. The northeasterly flow
converges into the surface Monsoon Trough--the only
weather-producer  of  significance--and  strengthens
through Fcbroary.  Initially, modcrate (7-11 knots)
northeasterly surface flow sweeps over the northern
Indian Occan Plain in December, but doesn’t rcach the
Equator with similar force until February. As a result,
surface Monsoon Trough instability is located near and
south of the Equator. Rainfall is irregulasly distributed
along the Monsoon Trough, which is oriented west 10
cast; instability rarely remains stationary for morc than
12 hours.  Briel, southward-moving showers are typical
Northeast Monsoon features.  Locations affected by
Moansoon Trough instability receive light showers for
only 1-3 weeks during each Northeast Monsoon season.

SKY COVER. Northcasterlics dominate the entire
region excepl for weak low-level easterly low south of
the Equator.  Northeasterly flow, nearly parallel 10 the

December-March

coastline, results in limited moisture transport from
occan to land, and there is less overall  cloud
devclopment. Generally, skics arc clear ta partly cloudy,
with no more than 3/8ths coverage. 1 daytime surface
heating is accentuated by light northeast brecres, fair
weather cumulus develops by 1400 LST and thickens o
4/8ths coverage; bascs are at 2,500-3,000 fect (762915
meters), and ops to 8,000 feet (2,439 meters).  Cirrus
above 15000 feei (4,573 mcters) is also ol the "lair
weather” varicty. All clouds dissipate by sunsct.

Mean cloudiness at the sclected stations shown in
Figure 3-18 reflects the Northeast Monsoon's southward
migration. Highest mean cloudiness--greater than 55
percent--is concentrated south of 2° N December and
March cloud cover is greaiest because of  weak
cross-cquatorial flow, a strong sca breeze, and the
presence of abundant cquatorial moisture.  In January
and Fcbruary, Northcast Monsoon circulation extends to
the Equaltor.

e o' ot .
] .

Indian Ocean

Figure 3-18. Mean Northeast Monsoon Cloudiness Frequencies,

Indian Ocean Plain.

Isolines arc in 5% intervals. Data was derived

by calculating the grand mean from National Inwclligence Summiuy
(NIS) mean cloudiness data for specific sitcs between December and

March.
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INDIAN OCEAN PLAIN
NORTHEAST MONSOON ("Gllal")

Frequency of ceilings below 3,000 fect (915 meters)
averages 20%, but ceilings at or helow 1,000 feet (305
meters) average only 3%. Low ceilings at Chisimaio
result from stratus/stratocumulus decks;  cumulonimbus

December-March

may be cmbedded during disturbed weather periods.
Figurc 3-19 gives frequency of ceilings below 3,(KK) feet
at sclected Indian Ocean Plain stations,
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figure 3-19. Northeast Monsoon Frequencies of Ceilings Below 3,000 Feet (915

meiers), Indian Qcean Plain.

VISIBILITY. The land/sea breeze circulation produces
shallow sea fog, mist, and haze, but low visibility
frequencics in tog are caly 0-5%. Coastal fog frequency
decreases from south to north.  Dante, on the northern
coast, rarcly sces fog during the Northcast Monsoon. In
Dceember, visibilitics below 3 miles occur with carly
morning  ground/sca  fog between  Chisimaio  and
Mogadishu,

Dry weather and soil conditions inland allow blowing
dusi/sand 10 be the major obstruction 1o vision. Blowing

%

dust/sand accounts for visibilitics below 3 miles in 79
of cascs, excepi at Belet Ucen, where a lucal moisture
source (the Shebele River) produces fog and cxtremely
high (55-85%) frcquencics of visibility below 3 miles
from 2100 LST through dawn. Located ncar an
cxtensive lowland marsh, and with hills on three sides of
the station, Belet Uen is in an ideal location for stable,
calm cvenings and fog formation. Figure 3-20) shows the
relatively low frequency of low visibility across most of
the Indian Occean Plain,
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INDIAN OCEAN PLAIN
NORTHEAST MONSOON ("Gilal")

December-March
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Figure 3-2. Northeast Monsoon Frequencies of Visibilities Below 3 Miles, Indiar (Ocean Plain.

WINDS.  Mcan surface wind speeds and

directions (shown in Figure 3-21) show the distinctive
Northeast Monsoon circulation,  Light northeasterlies at

the Northeast Monsoon at higher latitudes. Wind speeds
above 5,000 fcet (1,524 mciers) MSL are casterly at
10-15 knots.

prevailing

Gardo in March indicate a gradual targe-scale decrease in

E-NE
ESE-NE
E-NNE
E-NE
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Iscia Baide 7.20 0 8.60 B.40 S.60
Galeaic 10.60 11,20 . 12,10 9.50
Garde 220 0 9.30 790 480

Figure 3-21. Mean Northeast Monsoon Wind Speed (kts) and Prevailing Direction, Indian Gceean Phain,
3.23




INDIAN OCEAN PLAIN
NORTHEAST MONSOON ("Gllal")

PRECIPITATION.  Northcast Monsoon ("Gilal")
precipitation is light 10 non-cxistent. Rainfall averages
less than 0.7 inches (17.5 mm) a month. Only Bardera,
in the south, receives some rainfall every month. Figure

December-March

3-22 indicates a slight precipilation maximum (oriented
southwest (0 northeast) over Bardera,  This arca lics

under a wecak wind maximum, the remnants of

cross-cquatorial tlow in Decembper and March.
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INDIAN OCEAN PLAIN
NORTHEAST MONSOON ("Glial")

TEMPERATURE. The Northcast Monsoon is a very
wann season, especislly in March when northeasterly
flow decrcases in strength. Mean daily highs range from
85° 10 104° F (29-40° C). Because of the intense
sunshinc there, only southern inland locations (south of
4° N) reach 100°F (38°C) on a daily basis. Coastal air
temperatures remain below 90°F (32°C) because of the
extremely moist boundary layer air and sca breezes that
moderate climate and produce small diurnal temperature
ranges. The marine layer is very shallow (less than 1,000
feet/305 meters) and extends 5-10 NM inland. Absolutc

December-March

highs range from 89°F (32°C) in January at Chisimaio o
113°F (45°C) in March at Bardera.  With litle ¢loud
cover or precipitation in the northern Indian Ocean Plain,
low temperatures can reach 53-55°F (11-12°C), except
on the coast, where 70°F {21°C) or less is extremely
rare.  Mcan daily lows range from 64°F (18°CH
Scusciuban to 78°F (26°C) at Chisimaio. Absolute lows
from 53°F (11°C) in Fcbruary at Scusciuban o 73°F
(23°C) at Chisimaio in March. Figure 3-23 summarizcs
Northcast  Monsoon temperatures across  the  Indian
Occean Plain,
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Indian Ocean Plain.




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

GFNERAL WEATHFER. Prolonged rains, extensive
¢loud cover, and southerly flow associated with the
return of the Somali Jet dominate the transition from
Northeast to the Southwest Monsoon, referred to locally
as "Gu," or the "long rains." Significant weather occurs
ncar the Somali Jet core as it flows SSW 10 NNE across
the region by mid-May,

Precipitation initially develops in the south where
low-level Monsoon Trough convergence and Somali Jet
flow is strongest. Moderate shower activity migrates
slowly northward, with a resurgence of strong southerly
flow into higher latitudes. In many locations, the
transition is the wettest season of the entire year.

Aprii-June

SKY COVER. The mean scasonal cloudiness increase
shown in Figure 3-24 is a direct result of the Somali Jet's
strong  low-level southerly  component, Moist
cross-cquatorial flow returns in April 1o push (e
Monsoon Trough axis northward. Low-level instability
and cloud cover parallels the jet core axis. Weak
northcasterly flow and Northcast Monsoon cloud patterns
are evident 100 NM north of the Monsoon Trough, but
Southwest Monsoon flow dominates south of the Trough
axis, Mecan cloud cover ranges from over 75% in the
Southwest 0 less than 50% in the northcast.  Mcan
Monsoon Trough instability, rainfall, and Somali Jct
flow remain south of 6° N until carly May. Higher
percentages in the south reflect heavy April rainfall, thick
cloud cover, and strong low-lcvel Somali Jet Tow.
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Figure 3.-24,

Mean NE-SW Monsoon Transition Cloudiness

Frequencies, Indian Ocean Plain. Isolincs are in 5% intcrvals. The
data is derived by calculating the grand mean from Nationallniclligence
Summary (NIS) mean cloudiness data for specific sites during April,
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INDIAN OCEAN PLAIN

NORTHEAST-TO-SOUTHWEST MONSOON TRANSITION ("Gu")

At the sclected stations shown in Figure 3-25, low
ceiling frequencies range from 21 to 62%. Immecdiately
north of the mean surface Monsoon Trough position,
ceilings are below 3,000 feet (915 meters) AGL
primarily during daylight hours as light northcasterly
winds let diurnal convective heating and fair weather
cumulus development mix with Somali Jet flow. South
of the Trough axis, the diurnal cycle is present except at
Mogadishu. The higher frequency of nocturnal tow
ceiling observations are associated with the Somali Jet.
Ceilings below 1,500 feet (457 meters) AGL are not
uncommon al Belet Uen, Chisimaio, and Mogadishu,

April-June

where high humidity and calm winds prevail at night.
Cloud bases near the Somali Jet average 2,500-3,000 lect
(762-915 meters) AGL. Stratocumulus is the dominant
cloud type. Tops only reach 8,000 feet (2,439 melers)
MSL. Short-lived cumulus squall lines usually move
onshore with the sca breeze between 0800-1100) LST.
Squall line cloud bases average 2,000 fect (610 meters)
AGL, and cloud tops may rcach 15,000 (cet (4,573
meters) MSL over water. Strong low-level shear ncar the
Somali Jet dissipates squatl lines and hcavy cumulus
development.
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Figure 3-25. NE-SW Monsoon Transition of Ceilings Below 3,000
Feet (915 meters), Indian Ocean Plain,




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

VISIBILITY.  Although low visibility frequencies
(Figure 3-26) increase slightly during the Lransition, they
remain low everywhere except Belet Uen, where the
topography and moisture produce thick ground fog that
usually dissipates by 0900 LST. Heavy rainshowers,
dust, and fog are the principal visibility restrictions.
Early moming sea fog is responsible for most visibilitics
below 3 miles along the coast, but shower activity and
squall lines can raise dust along coastal dunes. Dust and

April-June

haze account for most low visibilities in the northern
Indian Occan Plain interior under stable conditions,
Convective activity near the Monsoon Trough/Somali Jet
increases surface wind speeds. Il rainfall is sparse,
tocalized dustsiorms oceur;  however, visibility rarely
drops below 3 miles for more than an hour. Heavy rains
rarcly drop visibility below 3 miles for more than 30

minutes.
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INDIAN OCEAN PLAIN
NORTHEAST-TO-SOUTHWEST MONSOON TRANSITION ("Gu")

WINDS. Surface wind convergence into the Monsoon
Trough produces the "Long Rains” or "Gu”. Figurc 2-27
gives mean surlace wind speeds and prevailing directions
during the transition.  An important transition featurc

April-June

shown here is the steady increase in southerly flow, In
April, only Gardo has light ESE-NE winds, while
southcasterlies dominate the rest of the region. By May,
strong southerly winds affect the entire region,
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Figure 3-27. Mean NE-SW Monsoon Transition Wind Speed (kts) and Prevailing

Direction, Indian Qcean Plain.

Somali Jet speeds average 25-40 knots at 4,000-6,000
feet (1,220-1,829 mcters) MSL, but speeds in excess of
50 knots arc not uncommon. The jet core may split into
two or three ill-defined wind maxima. Typically, thes»
wind maxima occur at different levels between 2100 and
0700 LST when the jet is at maximum strength.
Daylight jet speeds are 10-15 knots weaker than at night,

Above 10,000 feet (3,050 meters) MSL, light
casterlics (10-15 knots) dominate south of thc Monsoon
Trough. In junc, 15,000-foot (4,573-meter) flow shilts
bricfly to southerly.  North of the Trough, casterlies
increase with height above 10,000 feet (3,050 meters)
because the Tropical Easterly Jet ncar 200 millibars
flows cast 10 west across the region; mean speed in Junc
is 40-60 knols, but spceds greater than 70 knots may
oceur,

PRECIPITATION. This is the wetlest period of the
ycar. Because the Somali Jet migrates from south to
north, and because the Northeast Monsoon retrcats
northwards with increased Somali Jet flow, surface
convergence along the Monsoon Trough and  Indian
Occan Plain is persistent.  The northern edge of the
Somali Jet increasces insiability above the surface trough.
Heavicst rainfall is located beneath and to the immediate
cast and north of the jet core wind maximum, but
isolatcd heavy convection and showers may be present

along the entirc surface Mensoon Trough, where weak
northeasterlics  and  persistent  southerlics  coaverge,
Normally, Apri! and May arc weltest in the interior,
while May and June are wetiest on the coasts. Thiis s the
result of subtle shift in mcan Somali Jet oricntation,

By the end of May, the mean Somali Jet core is over
the southern Indian Ocean Plain from the Kenya-Somaiia
border to 4° N, as shown in Figure 3-28.  Hcaviest
rainfall occur:, south of 5° N, beneath the jet core.
Steady showers and occasional moderate rainiall prevails
for 3-7 weeks.  Thunderstorms are rare, but they may
form benvath or cast of a southern Somali Jet core wind
maximum between 3-6° N

Rainfall amnounts stacken North of 5° N, but light
rainshowers along  the Monsoon  Trough  persist {or
sceveral days.  Heavy showers are (riggered by [low
surges in the Somali Jet.  Normally, a 10-t0 25-knot
increase in Somali Jet tlow lets moisture and instability
surge northwaerd into the Monsoon Trough,  Heavy
rainfall is focalized ncar where the northern edge of the
flow surge and surface Monsoon Trough intersect. Such
events can be forecast by observing a SE o S wind shift
in the northern  Mozambique Channcl--sce Figures
2-37a-k. Although this {igure represents a July moisture
surge, a mid-or late Junc synoptic situation is also very
common.
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INDIAN OCEAN PLAIN

NORTHEAST-TO-SOUTHWEST MONSOON TRANSITION ("Gu") April-June
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Figure 3-28. Mean May Flow Pattern at 3,000 Feci (915 meters) AGL (adapted from Findlater, 1971).
Heaviest precipitation areas (Shaded) are shown (o the immediate north and cast of the Somali Jet wind core.

The isohycts in Figure 3-29 show a broad transition
rainfall zonc of more than 7.2 inches (183 mm) between
Bardera and Mogadishu, and another in the extreme
southern tip of the region. Both regiuns lie bencath
persisient Soinaii Jet flow z2nd abundant moisture.
Between 4-7° N and 44-50° E, and north of 9° M to cast
of 49° E, less than 2.4 inches (61 mm) of rain fails

during the transition. In the extreme north, Somali Jet
moisture is insufficient to produce as much rainfall as in
the south. Nearly all rainfall in the extreme north is
caused by surface convection generated by the Monsoon
Trough. On rare occasions, orographic uplift of Somali
Jet flow in the castern Ethiopian Highlands gencrates
light showers in the interior.
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NORTHEAST-TO-SOUTHWEST MONSOON TRANSITION ("Gu")
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Figure 3-29.

24-Hour Precipitation, Indian Ocean Plain.

rainfall totals (inches).

TEMPERATURE. Maximum temperatures here result
from the clear skies, light winds, and intense solar
radiation in carly April, before Somali Jet/Monsoon
Trough cloudincss migrates northward. The absolute
maximum (122°F/ 50°C) was recorded at Lugh Ferrandi
in April; the record high on the coast was 93°F (34°C),
recorded at Mogadishu in June. Mean daily highs range
from 91°F 0 105°F (3341°C) in the interior. Most

100°F+ (38°C) temperatures occur north of $° N. The

Mean NE-SW Monsoon Transition Monthly/Maximum

Isohycts give mcan seasonal

coastline up to 10 NM inland is moderated by the marine
boundary layer.  Avcrage diurnal temperature ranges
inland cxceed 30°F (17°C) in April and May, but they
rarcly exceed 14 FO(8°C) on the coast. Mcan daily lows
range from 72°F (22°C) at Galcaio to 78°F (26°C) at
many coastal sites. Record lows range from 61 °F (16°C)
in April at Scusciuban o 70°F (21°C) in Junc at
Chisimaio. Figurc 3-30 gives mean daily highs and lows
for selected stations.
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Chapter 4

ETHIOPIAN HIGHLANDS

The "Ethiopian Highlands” region encompasses most of Ethiopia (ET) and small portions of Djibouti (DJ),

Somalia (SI), and Sudan (SU). After describing the area’s sitcation and relicl, this chapter discusses typical weather
conditions by scason. Seasons here have local names ("Krempt,” “Tsedia,” and "Belgh™), as shown.
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Figure d-1a. The Ethiopian Highlands. This region includes mosi of Ethiopia, northern Somalia, extreme castern
Sudan, and wesiern Djibouti.
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STATION: ADRDIS ARABA LIPIQRIA ;

LAT/LON: Q8 89 N . 1Y I S— ELKV: 7833 FT

ELEMENTS |JAN |FEB |MAR [APR {MAY [JUN |JUL |ADG | 8K |OCT |NOV TDEC | ANN
KEXT MAX 82 | 88 | 65 | 88 | 95 | P4 | 68 | 04 | 81 | 91 | 81 | 82 95
AVG MAX T4 | T8 | T [ 7T [ TT | T4 | 68 ( 60 | TL | TA [ 7Y | VI TA ‘
AVG MIN 43 | 48 | 4D | 50 | 49 | 49 ) £1 | B | 490 | 46 | 41 | 42 47 '
EXT MIN 27 | 32 ( 34 | 37 [ 96 | 38 | 57 | 41 | 38 | 38 | 29 | 28 27
AVG PRCP 0.6 1.7] 2.8 3.4 3.7 5 4(11.1;11.7] 7.8/ 0.8| 0.8/ 0.2] 4u.8

MAX MON 4.1] U.9] 9.8(12.4/11 9114.8{18,7/18.7{22.4] 5.6 3.8 2.7| 6.3
MIN MON 0.0] 0.0/ 0.0 0.0] 0.1 0.2] 4.8] €.8] 2.0 0.0] 0.0/ 0.0] 38.7
MAX DAY 1.4 2.9 3.2| 2.4] 3.1, 2.1] 2.8 3.0f 3.0 2,9 1.4’ 2.0/ 3.2
DOST DAYR (] o] 1, 0 o o] 1 [+] [+] Q 0 » 1
T8 DAYS 1 i 8 7 7118 172 | 16{ 6| 0| O] 886

* = LESS TBAN 0.05 INCHAS GR LESS THAN .5 DAYS

STATION: ASMARA ETHIONIA.
LAT/:.ON: .LLL’L.B.._..__ .39 B4 E ELEYV: 782€C FT .
ELEMENTS | JAN | FEB ‘mn APR |MAY |JUN |JUL (AUG |SEP |OCT {NOV |DEC | ANN ‘
EXT MAX 85 ( 88 | 88 | 88 | 38 | B6 | 85 | 81 ) B2 ) 87 | 79 | 82 | @#
AVG MAX 131151?7]71'75 7O | T2 | T2 | T4 | 72| 72 1 712 | T4
AVG KIN 48 |, 48 | 50 | 52 | 54 | b4 | 53 | 53 | 51 | 48 | 4B | 46 | 50
EXTHIN | 32| 32 | 34 | 39 | 41 | 41 [ 41 [ 43 [ a1 [ 37 [ 38 | M 31
AVG PRCP | », « | 0,3] (.20 1.9' 1.3] 6.8 8,1 1.3] C.4] 0.4] 0.1] 20.0
WX BON | 0.9] 1.2 1.4] 4.2] B.2| 4.8]16.6{14.3] 4.7] 0.9] 3.0{ 0.8] 35.8
MIWHON | 0.9] 0.0] 0.0] 0.0, 0.0/ 0.0{ 1.1 2.4] # | 0.0 0.0[ 0.0/ 12.4
MAX DAY | 0.5/ 0.7 1.C| 2.2 3.6/ 2.4/ 2.8] 4.2| 2.5/ 0.8] 1.3! 0.5 4.2
DOSTDAYS | O ( s | ») s *| 1] | O0Of O] O O O Of
TSDAYS | #| 0] 4| 7) 8 719 | 17| 6] 2] 2] 1] 73]
* - LESS THAN 0.05 INCHES OR LESS THAN 0.5 DAYS
STATION: DIBK DAWA ETHIOFIA
LAT/LON: 00 38 N __ _. 41 5L E___ ELEV: 3759 FT
ELEMENTS |JAN |FKB IMAR |APR [MAY |JUN [JUL [AUG |SEP [OCT [NOV [DEC | ANN
EXT MAX 95 | 98 ; 100] 102] 102{ 100 100] 99 | €8 [ 99 | 87 | 83 | 102
A7G MAX b [ 86 | 90 | 88 | 93 | 95 | 91 | 88 | 90 | 91 | 88 | 84 | 80
AVG MIN 59 | 61 | 64 | 66 | 68 | 88 | 64 | 63 | 63 | 83 | 61 | 57 | 63
EXT MIN 41 | 43 [ AB | 48 | 48 | 50 | 43 | A1 | 4B | 46 | 46 | 43 | 41
AVG PRCP | 0.8{ 1 1} 1 7| 3 3] 1.2| 0.8 4.3] 6.5/ 2.8 0.5 0.7 0.4] 24.2
MAX HON 3.4{10.7] 6.7| 7.4] 5.1| 3.8] 9.0] 9.5 5.3 1.7] 4.4] 2.7| 30.3
MIN MON 0.0{ 0.0{ 0.0 0.0] 0.0] 92.%| 1.0 3.3 .1] 0.0 0.0] 0.0/ 14.5
[ MAX OAY 2.0 2.7] 2.5] 2.11 1.0{ 1.2| 2.6 2.0 2.6] 1.0 1.8/ 2.1| 2.7
T6 DAY 0 1 4 2 2] 1 3 4] 6 1 0| O 2

* = LESS THAN 0.05 INCHES OR LESS THAN 0.5 DAYS

STATION: HARGEISA SOMALIA )
LAT/LON: Q0 29 N ___ _1.1._Q.LL.__ BLEV: 4423 FT =
ELEMENTS | JAN | V§B THAR LAFR_|HAY | JON JON 190L | |AUG [SKP {OCT |NOV_|DEC | ANN f
EXT MAX 88 | 90 | B1 | 91 | 94 | 93 | 93 | 82 | 91 | 88 | BB | B4 | 94
AVG MAX 75 | 61 | 84 | B4 | 87 | 88 | B6 | 84 | 88 | 82 | 79 | 17 | 83 4
AVG MIN 54 | U5 | 61 | 83 | 64 | B4 | 63 | 64 | 63 | 59 | 65 | 54 | 59 |
EXT HIN 37 | 37 | 39 | 44 | 52 | 53 | S0 | 50 | 50 | 45 | 39 | 40 | 37 !
AVG PRCP | 0.1| 0.3! 1.0j 2.4; 2.4| 2.3) 1.7{ 3.2 2.3] 0.4] 0.3] = | 184!
M/X MON 2.7 4.7{ 9.0] 7.4] 4.8] 7.4] 4.8{ 7.0| 5.3 2.5 2.8{ 0.7{ 32.0
MIN HON 0.0{ 0.9 0.0 0.0 0.2 0.7 0.5] 0.5{ 0.7{ 0.0[ 0.0 0.0 10.2|
MAX DAY 1.8] 1.7| 2.4] 2.3) 1.9 2.0] 2.0 2.4] 1.9 1.3{ 1.5/ 0.8] 2.4
TE DAYS | « 2| 4§ 7T 91 17 8 7 1 1 0| 48 ¢
* = LESS THAN 0.05 INCHES OR LLSS THAN 0.5 DAYS ﬂ
! Figure 4-1b Climatolological Summaries for Selected Stations in the Ethiopian Highlands. 1
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ETHIOPIAN HIGHLANDS

SITUATION AND RELIEF, The Ethiopian Highlands
Region includes all land above 3,280 feet £ 1,000 meters),
as well as a 100 by 20 NM portion of the area hetween
1,620 and 3,280 fcet (500 and 1,000 meters) in the
northern Great Rift Villey where the Awash River deains
into Lake Abbe. The westera boundary cxiends fiom the
Kenya-Ethiopia border northward into Sudan, 20 MM
west of the Red Sea. The northern boundary ol the
region includes all mountainous terrain parallel (o the
Red Sea and Gulf of Aden i about 50° 30" E. The

SITUATION AND RELIEF

cesten boundary  arcs  northeast to southwest  over
northern Somalia and castern Ethiopia 10 the Kenya
border.

ZONES OF RELIEF. The Ethiopian Highlands region
contains enough  distinetly different relicl features 10
warrant its scparation imto three zones;  The Western
Highlands (Figure 4-23), The Great Rift Valley (Figure
4-2b), and I'he Eastern Highlands (Figure 4-2¢).

e
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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 arc characterized by volcanic
peaks and rugged escarpments. It contains sevceral large
lakes and waterfalls. Volcanic ranges run south 10 north,
from Kenya to the Red Sca and Sudan, for 950 NM.
Elcvations avcrage 8,000 feet (2,440 mcters), and
numerous peaks rise above 14,000 feet (4,420 meters)

MSL. The extremely rugged terrain keeps low-level
flow from intcrior Africa from reaching the Indian
Occan. Western Highlands weather is influcnced only by
synoptic wceather features common 10 the subtropical
African continent.
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ETHIOPIAN HIGHLANDS

The major ridge system runs from north to south
along the western edge of the Great Rilt Valley. The
Eritrcan Mountains (10-15° N, 39-40° E) form the
northernmost portions of the Westerm Highiands. The
highest clevation in thc Hormm of Africa (15,158
fect/4,620 meters) is here, at Mount Dashan, Average
clevation is 11,000 feet (3,354 melers) along the central
Great Rift Valley's westem edge.

SITUATION AND RELIEF

Isolated interior ranges to the west ol the valley
include the Choke Mountains (11° N, 38° E), which
contain Mount Birhan (131,625 (cet/4,154 meters) and
Mount Amedamit (11,870 feet/3,619 meters).  The
Scshia  Mountains (8° N, 36-37° E) occupy the
southwestern fringes of the Highlands., Mount Dulla is
the highest peak (12,093 feet/3,686 meters).

U

12 o]
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Ly ¥ 14 :h”
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Figere 4-2b. The Great Rift Valley. The valley is a flat, V-shaped depression that slopes upward from NNE to
SSW. Elcvations average 4,000-5,000 feet (1,220-1,315 meters).

The Great Rift Valley ficor grudually narrows from
250 NM ncar the Red Sea-Gull of Aden coast o 10 NM
southcast of Addis Abgba, Ethiopia. Near the Red
Sca-Gulf of Aden coast, the broad valley floor is an
ancient sea bed of sand and rocky stubble. It is
cxtremely arid and desolate, with several small deserts.
The small movntainous portion of the Danakil Descrt
covers 800 sq NM between the esstern slopes of the

Eritrean Mountains and the Djibouti border near 13° N,
41°E. A chain of large, brackish fakes (sce "Lakes and
Rescrvoirs”) in  the southcrn  valley  scparates  the
extensive voleanie ridges of the Western Highlands from
the older, weathered Eastern  Highlands, The
lakes--oriented NP .E to SSW along the valley [loor--arc
soring-fed.




ETHIOPIAN HIGHLANDS

SITUATION AND RELIEF

1§~

{LL

129

NORTH

10e

————h
0 50 100 150 200 300

[J -8 By K
u % 2 @

‘igure 4-2c. The Eastern Highlands form the castern boundary of the Ethiopian Highlands region. Orientd
SW-NE, they extend 900 NM from south central Ethiopia to northeastern Somalia. Elevations average 7,000 fect
(2,745 meters), but scveral peaks reach 13,000 feet (3,963 meters).

The Eastern Flighlands contain three distict
mountain ranges: the Mendebo Mountains, the Ahmar
Range, and the Ogo Highlands of northern Somalia.

The Mendebo Chain is the highest and most rugged
in the Eastern Highlands. Mount Koka (13,747
fcet/4,190 meters) and Mount Batu (14,131 feet/d4.307
melters) rise near the source of the Juba and Shencle
Rivers, both of which flow southeastward toward the
Indian Occan. Spectacular gorges and waterfalls arc
common.

The Ahmar Range consists of weathercd volcaric
pcaks with gradually sloping terrain on both sides of the
ridge crests. Located near 9° N, the range runs west 10
cast from 40 o 43° E. Many streams radiating from this
ranges become  scmipermanent  waierways  over the

semiarid Ogaden Platcau (sce Figure 3-2¢) ansk the Great
Rift Valley. The highest pcak (8,212 feet/2,503 melers)
is Mount Assabot.

The Ogo Highlands arc ihe highest in Somalia; their
highest poini (7,900 fecy/2,408 metors) is at Surud Ad.
The Highlands cxtend 470 NM west (o cast along the
Gulf of Aden o within 75 NM of Cape Guardalui. [n
northern Somalia, they become eroded, discontinuous
ranges 50-75 NM wide with several pcaks that reach
7,000 feet (2,134 meters). Ridge lines are scparated by
weathered plateaus that average 1,900 feet (579 mclers)
high and 5-10 NM widc. Platcaus contain one or inore
shailow intermittent stream beds. Northern slopes of the
Ogo are steep, but southem slopes descend gradually o
the semiarid Haud Platcau.
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ETHIOPIAN HIGHLLANDS

RIVER SYSTEMS. The Ethiopian Highlands contain
numcrous river systems and mountain lakes, Most rivers
originatc in the Westem Highlands;  three of ihese
(Nowing from south to north) are the Omo, the Awash
and the Blue Nile, The Omo flows 5(X) NM south from
ihe Seshia Mountains into Kenya. The Awash originates
along the western slopes of the Great Rift Valley and
flows northcastward through decp gorges south of Addis
Ababa into the Great Rift Valley towards Lake Abbe, a
wial run of 500 NM. The Blue Nile begins at Lake Tana
(12° N, 37° 20’ E) and flows southeast, south, then west
around the Choke Mounains before entering Sudan.

The eustern Ethiopian Highlands contain the Juba and
Shebele Rivers.  Both originate in the Mendebo
Mountwins. Their flow cuts decp gorges, some 4,920 feel
(1,500 melers) deep. Many small strcams originate on
the southern slopes of the Ogo Higblands, all flowing
intermittently below 3,280 feet (1,000 meters).

LAKES AND RESERVOIRS. The southern Great Rilt
Valley conwins numerous lakes, all above 460 leet
(1,220 melters). Lake Tana, at 6,04 feet (1,829 melers)
MSL. is the largest, covering 1,400 sq mi. Lake Zwai
(150 sq mi), Lake Lanagana (80 sq mi), and Lake Shala
form a chain of lakes ncar the apex of the Great Rift
Valley. These lakes contain natural hot springs located
above the 5,000-foot (1,620-meter) level. Lake Zwai
(clevation 6056 feel/1,846 n.cters) coutains five
inhabited islands; the largest (Tulugudu) is 2 NM long.
Near 6° 20 N, 38° E), Lake Abaya (485 sy mi, clevation
4,160 fcet/1,267 meters) and Lake Chamo (210 sq mi,
clevatopm 4,045 feet/1,231 meters) form a wide elevated
basin containing hot springs and marshlands. During the
rainy season, these lakes are connected by a
scmipermanent river,

VEGETATION. The Ethiopian Highlands contain
varicd vegetation types. Tropical forests flourish above

SITUATION AND RELIEF

6,000 feet (1,829 mciers); alpine forests grow above
8,200 feet (2,500 meters), Semiarid shrub and savannah
grasses cover lower clevations,

Above 6,560 fleet (2,000 meters), the Weslern
Highlands contlain a mixture of tropical cvergreen forest
and deciduous woodland,  Scautered alpine vegetation
grows above 8,200 fcet (2,5(K) meters), especially in and
along the decper clevated gorges of the Eritrcan and
Choke Mountains, To the south, tropical savannahs
dominate below 6,560 fect (2,000 meters).  Along the
western stopes and high platcaus bordering Sudan, there
is a transition to a semiarid zonc that containg scattered
open woodland and thorny shrubs.

The Great Rift Valley has two distinet vegetation
zoncs. The narrow southern valleys containing the lakes
have savannah grasslands and scatiered open woodland.
Some aquatic grasses inhabit the lake fringes and
scasenal swamplands.  As the Rift Valley widens,
vegeution reflects the distinetly semiarid environment
within 50 NM ot the Red Sea-Gult of Aden coastal plain.
The savannahs in the south become short thorny scrub
and grass clumps as moisture decreases toward the north
and northesst.  Only short, isolated trees grow north of
12°N.

The Eastern Highlands south of 7° N have tall grass
savannah  intcrmixed with thorn  trees  between
4,920-6,560 fect (1,500-2,000 meters).  Above the
6.,560-foor  (2,000-meter)  level, isolated  evergreen
vegeation grows, but it is confined primarily to the decp
valicys in the rugged ridges of the Mendebo Range. The
Ahmar and Ogo Highlands contain short savannah
grasses and thorny acacia trees above 4,920 feet (1,500
melers). Below the 4,920-foot (1,500-meter) level,
vegetation becomes  the  scmiarid  scrub  familiar
throughout Africa.
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ETHIOPIAN HIGHLANDS
SOUTHWEST MONSOON ("Krempt")

JENERAL WEATHER.  Widcspread convection
dominates the Western Highlands and the Mendcho
Mountins of the Easiern Highlands. Monsoon Trough
moisture "surges” into the numerous canyons, ravines,
and valleys, where orogrephic uplift forces moisture 10
the 700- to S00-mb layer. Heaviest rainfall,
thunderstorms, and occasional smafl hail affect the
highest ridges immediatcly, while moderate rainshowers
or continuous drizzle fall downwind from massive cloud
clusters. The Ethiopian Highlands region's complex
terrain produces widely variable precipitation patterns
because synoplic circulation and moisture distributions
below 850 mb are so complex. Moist low-level currents
only affect certain sections of the Ethiopian Highlands.

SKY COVER. Extensive cloudiness in all of the
Western Highlands and in the extreme southern portions
of the Eastern Highlands and Great Rift Valley is
produced by heavy Monsoon Trough convection. Moist
southerly flow from the African interior produces
orographic convection along the Choke, Seshia, and
Eritrcan Ranges. Low-level moisture comes from the
African Monsoon Trough and the Turkana Channcl
through the western branch of the Somali Jet, which sce.
Heavy convection drilts stowly northcastward into the
southern Circat Rift Valley. Although strong surface
heating assists in convective cell intensification,
upper-level casterlies often prevent eastward movement
of conveclive activity in the Western Highlands beyond
43°E.

East of 43° E, the Somali Jet and dry low-level flow
(rather than the African Monsoon Trough) dominate the
Eastern Highlands. The Mendebo and Ahmar Mountains
are consistently cloud-covered because of abundant

June-September

Turkana Channcl meisture. Orographic uplift on west,
south, and cast slopes arc continuously fucled by moist
low-level flow between June and August. A reduction in
Turkana Channel Mow cnds widespread convection
abruptly. By mid-Scptember, an intense surface heating
mechanism temporarily replaces the broad low-level
moisture source.

Orographic effects provide only isolated convective
activity cast of the Ahmar Mountins and Hargeisa,
Alrican Monsoon Trough moisture rarcly penctrates
castward beyond the Western Highlands,  As a result,
only the fast-moving Somali Jel or intense surface
heating can gencrate orographic showers.  The dry
low-level flow is deflected castward and upward along
the Ogo Highlands southern slopes.  Stratocumulus
forms above 5,000 feet (1,524 meters) AGL, then moves
ENE with the Somali Jet. I upper-level casterly flow is
less than 15 knots, and if there is cnough low-level
heating and deep vertical moisture, cumulus develops.
Otherwise, cloud development atong the Ogo Highlands’
southern stopes is rapidly sheared at the mid- and upper
levels.

In general, mean cloudiness shown in Figurc 4-3 for
the entire Ethiopian Highlands varics from less than 45%
in the east to more than 70% in the west. At remole
elevations above 10,000 feet (3,050 meters) MSL,
Southwest Monsoon mean cloudiness is much higher,
running from 78 to 95%. Since orographic cloud cover
depends on oricntation to prevailing flow and availabic
moisture, mcan cumulus/stratocumulus cover in the
Great Rift Valley may vary by 25-35% over a distance of
25-30 NM.




ETHIOPIAN HIGHLANDS

SOUTHWEST MONSOON ("Krempt") June-September
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Figure 4-3. Mean Southwest Monsnon Cloudiness Frequencies, Ethiopian
Highlands. Isolines are in 5% inicrvals. The data is derived by calculating the grand
mean from National Intelligence Summary (NIS) mean cloudiness percentages for

specific sites between June and September.

Dominant cloud types throughout the region are
cumulus and cumulonimbus. Intense surface heating
along the platcaus of cxtreme western Ethiopia and Great
Rift Valley (all above 6,000 fcet/1,829 meters MSL)
produce diumal cumulus or cumulonimbus development.
Midday (1100-1500 LST) cloud bases average
6,000-8,000 feet (1,829-2,439 meters) AGL, with tops
exceeding 40,000 feet (12,195 meters) MSL.
Thunderstorm tops reach 50,000 feet (15,244 meicers).
Cirrus and altocumulus most often occur over the Great
Rift Valley and Eastem Highlands as the result of
thunderstorm "blow-off" from heavy convection along
the Eritrcan/Choke Mountains and the Mendebo/Ahmar
Mountains respectively,

Exlensive stratus or stratocumulus decks form in the
early morning along the southemm Great Rift Valley.

Light mountain brecees and residual moisture  from
heavy precipitation  produce  strong  inversions ot
1,(00-3,000 feet (305-915 meters) AGL.  Bases below
1,000 fect (305 meters) are not uncommon, but they give
way o extensive cumulus buildup after 1 1) LST.

Diurnal variation in ceilings below 3,000 fect (9i5
meters) is apparent from Figure 4-4,  Although nnt
apparent in the figure because there are no weather
reports (rom the Great Rift Valley, the numerous large
lakes there result in a high frequency of low ccilings
between 2100 and 0900 LST. Ceilings in the Great Rift
Valley fall below 1,000 feet (305 meters) on 1 day in 3.
Frequencics of ceilings below 3,000 feet (915 incters) are
shown in Figurc 4-4; they range from 44% at Neghelle
o only 1% at Dirc Dawa, both at 09(X) LST.
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Figure 4-4. Southwest Monsoon Frequencies
Ethiopian Highlands.

VISIBILITY. Southerly flow results in an influx of
moisture during the Southwest Monsoon. The rugged
terrain produces crographic uplift and heavy rains or
thundershowers. Figure 4-5 shows the highest frequency
of visibilities below 3 miles 1o be 6% (at Asmara), but
most visibilitics below 3 miles occur in remote locations
over rugged terrain, in heavy orographic cloud cover. A
high incidence of greund fog and heavy mist can also be
expected along remote Western Highland mountiain tops,

of Ceilings Below 3,600 Feet (915 meters),

ravinies, and valleys where light early morning winds and
residual moisture from heavy conveetion lower visibility
between 0500 and 0800 LST. "Dust haze” is a focalized
low-visibility phenomcnon in the northern Great Rift
Valley. Since the region has so few reporting stations,
conditions there must be inferrcd by analyzing coastal
data, soil moisturc conditions, and soil type. Minimum
visibilitics here arc belicved to average more than 3
miles; in isolatcd cases, they may go as low as 1/2 mile.
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‘igure 4-5. Southwest Monsoon Frequencies of Visibilities Below 3

WINDS. Complcx  interactions  between  local
mountain/valley circulation and prevailing synoptic flow
produce  widely  variable  surtace  wind - patierns

throughout the Ethiopian Highlands. Elevation and ridge
orientation are important in determining 1o what degrce
low-and mid-level circulation will affect a specific area.
Only general trends can be inferred from the low-density
surface observation nctwork in this region.  Forecasters
should be most concerned with prevailing synoptic low
paiterns  because increased boundary layer moisture
penetration significs deep recurving southerly flow and
Southwest Monsoon conditions (sec Chapter 2).

Miles, Ethiopian Hl;,hlnnds

Normally, Monsoon Trough and Somali Jet position
determine low- and mid-level circulaiion. The surlace
Monsoon Trough lies between 17° and 20° N in June,
between 19° and 22° N in July, and between 12° and
18° N in Scpleshber. However, 90% of the Ethiopian
Highlands region lics above 850 mb; only the peripheral
platcaus and the northern Greal Rift Valley arc below
850 mb. As a result, ihe surface Monsoon Trough is
discontinuous over the rugged mountainous interior and
ill-defined when joined over the Red Sca and Gull of
Aden.
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Southwest Monsoon surface flow below 850 mb is
southerly, but the Western Highlands, the Eastern
Highlands, and the Great Rift Valley receive unsqgual
amounts of southerly fow during the Southwest
Monsoon because the surface Monsoon Trough s
divided into two distinct scgments by (opography.

Above 760 mb, which is Addis Ababa’s mean pressure
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during the Southwest Monsoon, weak casterlics
dgominaic.  Aloft, there is a 27- 10 48-knot wind
maximum at the 200- and 100-mb levels--see "Tropical
Easterly Jet," Chapter 2. Easteriy synoplic flow prevails
throughout the region untif deep southerly Now migeates
northward. Even then, mean southerly flow only persists

below 760 mb during July.
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Figure 4-6. Mean Annual Wind Direction, Addiz Ababa, Fthiopia. Addis Ababa
is al 7,624 feet (2,324 meters) above mean sca level.

Southerly fMow enters the Western Highlands [rom
points immediately south or west at 5-11 knots. The
Seshia Mountains receive initial sustained Southwest
Monsoon southerly "moisture bursts” from the Turkana
Channel--the Somali Jet's western branch--tirough late
Junc. Turkana Channel flow alone seldom penetrates
into the Seshia Mountains north of 8° N, but normally
recurves into the Monsoon Trough over southcastern
Sudan. Decp low-level moisture from the Monsoon
Trough’s northward migration across equatorial Africa
seldom penetrates east of 40° E because of the barricr
presented by thc Western Highlands. Normally, the
primary Monsoon Trough current slides northward
around the Eritrean Mountains (north of 16° N), but
southwesterly fTow at 6-10 knots eniers the deep gorges,
river valleys, and low plateaus that dissect the Western
Highlands. During daylight hours, local mountain-valicy
winds accentvate orographic uplift and deflect
southwesterly flow at the microscale, Local valley winds

average 8-11 knots and may deflect Monsoon Trough
flow in the deep Omo, Bluc Nile, and Atbarah River
valleys to westerly or northwesterly.

Nocturnal  mountain -~ winds  opposc  prevailing
Monsoon Trough flow, but do not override them.
Nocturnal convergence with light and variable winds are
common to most Western Highland valleys between
2300 and 0600 LST. These winds may become casterly,
but speed is usually less than 5 knots.

Figurc 4-7 gives mcan annual wind dircctions lor
threc levels at Asmara.  Asmara is in the extreme
northern part of the Western Highlands. The winds here
illustratc  the  10.000-foot/3,050-meter  deflection  of
mid-level flow t¢ northerly. By September, mcan
northcasterly  flow  signals  the Monsoon  Trough's

southward migration.
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Figure 4-7. Mean Annual Wind Direction, Asmara, Ethiopia. Asmara is 7,627

(cet (2,325 meters) above sea level,

The Greai Rift Valley gets a shallow SSW stream of
Southwest Monsoon air at 4-7 knots through the high
platcaus dividing the Seshia Mountains in the Western
Highlands and the Mendebo Mountains in the Eastern
Highlands. This moist southerly flow doesn’t regularly
override  prevailing  mid-fevel easterly  flow  until
mid-July. Normally, southerlies increasce to 8-11 knots
before casterly flow is reversed. The Great Rift Valley is
affected by mesoscale mountain-valley winds as well as
synoptic flow. The northern half of the Great Rift Valley
is in a rain shadow, sheltered from Monsoon Trough
southerlics by the Western and Eastern  Highlands.
Daytime valley winds are dry northerlics that travei
upstope along the valley floor. This surface flow (6-9
knots) produces hot and dry conditions in the northern
Great Rift Valley throughout the Southwest Monscon,
The high-altitude southera Great Rift Valley is a surface
wind transition zone. By day, moist southerlics ana dry
but weak northerlics converge near Addis Ababa. Wind
directions are variable, but average 8-9 knots. At night,
mountain winds are southerly or casterly at 4-7 knots.

The Eastern Highlands are also affccted by Monsoon
Trough flow, but the mechanism is diffcrent than in the

Great Rift Valley or Western Highlands. The Somali Jet
provides southerly flow o the Mcndebo, Akmar, and
Ogo Ranges, but available moisture decreases rapidly
northward as the Eastern Highlands deflect the Somali
Jet ENE toward the Indian Occan.  As a result, moist
southerlics (9-13 knots) produce massive uplift along the
Mendebo Mountains, but only weak (7-11 knots) Somali
Jet flow cnters the southern Great Rift Valley between
July and September.

The southern Ahmar Mountins also get Somali Jet
flow (SSW at 10-14 knots), but it is very dry. The swifl
low-level current deflects towards the Indian Ocean--cast
of Hargeisa--before leaving the region in the southcastern
Ogo Highlands. Wind speeds near tne exit region arce
17-25 knots by day and 25-35 knots at night. Figurc 4-8
gives mean surface wind speeds and prevailing directions
at four Ethiopian locations. At Addis Ababa and
Asmara, mean direction shifts (o casterly in September,
while prevailing dircction at Neghelle and Dire Dawa
remains southerly throughout the Southwest Moensoon.
These  regional  differences  iflustrate  the Monsoon
Trough’s effect on the Western and Eastera Highlands,

4-13




ETHIOPIAN HiGHLANDS
SOUTHWEST MONSOON ("Krempt") June-Septemnber

JUN . JUL | AUG | SEP
S—SW_. E |addis Ababal 9.10 8502 9.10 - 9.60
NW_E [Asmora 9.10 1 10.20 . 8.60 | 5.70
S—W |Neghelle 3.10 - 7.30 B.30 © 5.20
<5 |Dire Dawa 920 10.30 850 . 7.90

: : o \

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

Figure 4-9 shows gencralized late  Southwest Channel flow and interior African Monsoon Trough
Monsoon scason 850-mb moisture  flow over the  (low. The Monsoon Trough's position in late July and
Ethiopian Highlands. The dashed flow arrows represent  carly August results in the maximum moist southerly
Somali Jet low, while the solid arrows denote Turkana  flow into the region.
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Figure 4-9. Generalized Soutiwest Monsoon 850-mb Streamline Flow Pattern and Low-Level Moisture I
Inflow Trajectories. Dashed linc is Somali Set flow; solid lincs arc Turkana Channcl and interior African Monsoon '
Trough flow.
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PRECIPITATION. Between 55 and 909% o Ethiopian
Highland total annual rainfall occurs during  the
Southwest Monsoon--see Figure 4-10. Heavy isolacd
conveciive aclivity develops daily along the rugged,
sparscly populated western and southem slopes of the
Western  Highlands' Choke, Scshia, and Eritrcan
Mountains, as well as the Eastern Highlands® Mendebo

June-September

Mounuins. Sontherly low-level  flow  is  lilted
orographically 10 produce massive convective cctls: that
form, dissipatc, then regencrate in mid-and upper-level
casterlies aloft.  Widespread arcas  of  continuous
rainshowers or steady drizzic spread downwind from the
Mendebo Mountains into the southern Great Rift Valley
when mid-level casterly Row is from 12 1o 18 knots.
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Figure 4-10. Mean Southwest Monsoon Monthly Precipitation, Ethiopian Highlands.

represent mean scasonal rainfall lotals (inchcs).

In the Great Rift Valley and adjacent mountain slopes,
rain occurring on 90-105 days per Southwest Monsoon
season is not uncommon. In fact, Addis Ababa (a1 7,624
fcet/2,324 meters) reported rain every day from 2 June
1948 (o 14 Scpiember 1948. Few reporting stations,
however, get more than 4 inches (102 mm) in a 24-hour
period.  Even 2 inches (51 mm) from individual cells
over reporling stations is rare, mainily because the
hecaviest convection occurs over unpopulated  terrain
above 10,000 fect (3,050 meters) MSL. But Bahar Dar

Isohyets

(at 6,037 fee/1,850 meters) on the south end of lLake
Tana and just north of the Choke Mountains, once
received 8 inches (203 mm) in just 2 hours, in spite of
the fact that it is not in a tue windward location.

Addis Ababa records 15-20 thunderstorms a month
during the Southwest Monsoon, with peak activity in
July and August. Asmara averages 19 thunderstorms in
July, and 17 in Aungust.  Most thunderstorms reach
maximum intensity between 1500 and 1900 LST, but
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ridges above 10,000 feet (3,050 meters) have a greater
frequency of 0900-1300 LST thunderstorms because the
initial convective activity develops at thesc higher
clevations before moving downwind, July and August
are also the primary thunderstorm months in the central
ard northem Western Highlands as strong  surface
heating and decp moisture penetrations (south of the
Monsoon  Trough) from interior cquatorial  Africa
consistently invade from the southwest, Peak
thunderstorm days in the southern Western Highlands
(the Seshia Mountains) arc in Junc and July. As aresult,
the Monsoon Trough's migration along the western
periphery of the Ethiopian Highlands produces a similar
migration of pcak thunderstorm frequency northward.
Hail occurs on 6 days during the Southwest Monsoon,
but is extremely variable in size and duration.

June-September

TEMPERATURE. Typically, mean daily maximum
temperatures (see Figure 4-11) are lower during the

Southwest Monsoon than in any other period because of

the hcavy convection that prevents intense  surface
hcating. Mean daily highs range frem 6Y°F (21°C) at
Addis Ababa, where rain falls nearty every day, 10 95°F
(35°C) at Dirc Dawa, located on the lecward (north)
slopes of the Ahmar Mountains of the Eastern Highlands.
Record highs range from 86°F (30°C) at Asmara to
112°F (44°C) at Burao, both recorded in June. Elevation
determines diumal iemperatere ranges;  normally, there
is only a 10 10 20°F (11°C) range during the Southwest
Monkoon.  Mcan daily lows range from 49°F (9°C) at
Addis Ababa to 68°F (20°C) at Dirc Dawa. Record lows
include readings of 36°F (2°C) at Addis Ababa in June
and 50°F (10°C) at Hargeisa in August.
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GENERAL  WEATHFR.  Trunsition weather s
characterized by a gradual large-scale wind reversal. The
Monsoon Trough's rapid southward migration confines
southerly flow and moisture 1o the Western Highlands
south of 8° N during October and carly November,
However, dry casterlics prevail north of the Monsoon
Trough, and the effects--decrcased  moisture  and
rainfall--move southward with the Munsoon Trough. By
the end of the transition in November, fair weather
dominates, with isolated showers and significant cloud
cover found only in the southern parts of the Western and
Eastern Hightands.

The Somali Jet rapidly wcakens in strength by
mid-October. The Monsoon Trough--positioned north of
the Somali Jet's southerly flow--is backed by decp but
weak (4- to 8-knot) northeasterlics that migrate slowly
southward into the southern Eastern Highlands.  Dry
conditions and fair weather dominatic by early
November. The only significant weather occurs when

October-Novembar

seattered  shower  activity  occurs along  the  surface
Monsoon Trough's western axis (Indian Occan segment)
on the castern slopes and adjacent Eastern Highlands'
platcaus. The Great Rift Valley is dominated by dry
costerly Mow at all levels.  Signilicant weather only
occurs in the extreme southem Great Rill Valley
whenever southerly Mow temporarily penctrates to 7° N,
Orographic uplift produces bricl alternoon showers over
this area. Clouds arc mostly stratocumulus and cumulus.

SKY COVER, Mcan  cloudiness  (Figure 4-12)
decrcases from south 10 north across the region with
reduced southerly flow and available moisture.  The
northern parts of the region sce less than 35% mcan
cloud cover during the transition; most is from isolated
convection produced by diurnal surface heating.  Higher
mean cloudiness pereentages in the south are attributed
to the clfects of the Somali Jet and Monsoon Trough that
nay persist through the ransition,
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! Figure 4-12. Mea: SW-NE Moasoon Transition Cloudiness Frequencics,

Ethiopian Highlands, Isolincs arc in 5% intervals. The data was derived by P
calculating the grand mcan from National Intelligence Summary (NIS) mcan

cloudiness data for specific sites between june and September.
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The mean cloudiness shown in Figure 4-12 ranges
from 27% at Asmara to S8% at Neghelle. Mid-afternoon
cuinulus and cumulonimbus are the main cloud types.
Bascs average 4,000 fect (1,220 meters) AGL. Tops
occasionally reach 40,000 fect (12.2 km) MSL in carly
October along the Western Highlands,  In November,
tops scldom reach 20,000 feet (6.1 km), but towering
cumulus and isolated thunderstorms, associated with
strong mid- and upper-fevel wroughs, may occur in the
Eritrcan Mountains; ops may reach 35,000 feet (10.7
km). Maost clouds dissipate by 10O LST.,

Qctober-November

Low ceiling  frequencies  (Figwe  4-13)  vary
throughout the Ethiopion Highlunds.  Typically, the
highest fregquency of ceilings helow 3,000 leet (915
meters) is between (MO0 and 1500 LST because of
orographic lift and surface beating along the windward
slopes of the Seshin, Choke, and Mendcbo Mountins.
Ceilings betow 5,00 feet \152 meters) due o thick
stratus formanon after sunrise ir Wesiern Highlands
valieys are most common between 0600 and 0900 LST.
High mountin pesks and their edjacent slopes and
valleys see low clouds, ur are 2ven obscured, cvery day.
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(915 meters), Ethiopian Highlands.
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VISIBILITY, Visivilities in the Etiopian Highlands
aie greater than 6 miles more than 95% of the time
during the transition, they are below 3 miies less than
3% of the time. Figure 4-14 shows the frequency

October-Navember

distribution of low visibilitics across the Ethiopian
Highlands. Note that rcmote mountain vallevs and
ridges may sec visibilitics near z¢10 for 2-4 hours during
heavy rains or carly morning ground fog.
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Figure 4-14. SW-NE Monsoon Transition Frequencies of Visibilities Beiow 3 Miles,

Ethiopian Highlands,

WINDS. The Monsoon Trough moves rapidly
southward througn the Ethiopian {lighlands during the
wransition, preceded by light and variable winds and
followed by dricr air currents from the northeast. The
northcasterlics  affcee tne nerthern Ethiopian
Highlands--the Cgo, Ahmar, and Erirean Ranges--and
northern Great Rifi Valley sites by mid-October. Weak
southerly flow still dominatss the southcrn Ethiopian
Highlands and its Choke, Seshia, and Mendcebo Ranges.

Mcan surface wind speeds and prevailing dircctions
(Figure 4-15) show prevuiling ecasterly flow in the
4-

Western Highlands {Addia Ababi-Asmara).  Speeds
average 7-11 knots. At night, local mountain winds
average only 3-7 knots. The south to cast prevailing
winds at Dirc Dawa and southcast to cast winds
Ncghelle show the Soinali Jet's influence in October. By
'ate November, wind direction is northcasierly. At Dire
Dawa, the northerly wind component represents
localized upsloping daytime circelation.

Northcasterly Tow produces local orographic uplift
along the northern Ogo Highiands, as well as in the
Ahmar and eastern Eritvcan Mourtains,  Low-level
13
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easterly flow is relatively dry, but mid- and upper-level
casiorlics accentuate orographic uptift ino the northern
ha!f of the Ethiopian Highiands, Cumulus deveiopment
through orographic uplift now occurs on the north and

October-November

castern slopes but is less extensive durirg the bansition
occuuse of the relative dryness of the low-level
northeasterlies.
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Figure 4-15. Mean SW-NE Mounsoon Transition Wind Spced (kts) und
Prevailing Direction, Ethiopian Highlands,

PRECIPITATION. October raints!l at Aba Segub {in
the southern Seshia Mountains) is 5.5 inches (140 mm);
Neghelie gets 3.3 inches (8¢ mm); Gondar, 2.1 (53 mim).
The cther stations shown in Figure 4-16 get 1 inch (514
mm) or less in Gctober. Moderate to hcavy precipitation
rarely occurs belew 16,000 {feet (3.050 melers), bt
heavy convection, generated by moist  southerly
low-level flow ncar the Munsoon Trough, builds along
the southern Seshia, Cheke, and Mendebo Mouatains.
Convective cells move slow!l: svestward with light camn
showers and continuous drizzle spreading downwind
from the main convective cells.

The eastem Erirean Mountains and  nonhern
Ahmar/Ogo Ranges see orographic showers  with
norihcasterly flow. Isvlated towering cumulus brings
light showers 10 the northern Great Rift Vailey, but the
low-izvel noril.easterlies lack the moisture ¢ form
massive conveclive cells. Convective cloudiness and
low-level moisture are nomally confined to the first
mountzin slopes that lift the flow, By November,
rertheasierly low-level fiow penetratus to 6° N, and

significant tocalized Cutf of Aden moisture ascends the
northern ygo/Ahmar and castern Eritrean Mountains,
Howaves, orographic rainshowers are ligit becanse the
large-scale air mass is cxtremely  dry. Isulated
comvective activity rarcly regenerates o massive cloud
clusicrs.  Giwen, the origingl convective cell dissipates
with only a wace or G.01 inctes (0.023 iam) of rainfall
below 5,000 feet (1,524 mceters) MSL. From 0.25 10 0.50
inchies (6-13 mm) rany fall wiong higher ridge cvests.

in Novembter, moist southerly low alone  ths
Monsucn Trough pencirates only o the exirerie southern
Mendebo Scshin, and Choke Mountains. Normally, the
Trough is oo far south for widespread heavy convection
and significant ramnfali o persist for more than 12 hours.
November rainfall is prisnarily gererated by diurnai
conveciive heating and isolated orographic uplift of
localized moisture from lak s and marshlands. Moderate
showers ikay occur above 10,000 feet (3,650 meters), but
they are extremely variable 1n dusaon and inicnsity.
Light rainshowers ard drizzle arc common downwind
frem convective activity.
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Figure 4-16. Mean SW-NE Monsoon Tramsition Monthly Precipitation, Ethiopian
Highlands. Isohyets represent mean seasonal rainfall totals (inches).
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ETHIOPIAN HIGHLLANDS
SOUTHWEST-TO-NORTHEAST MONSQON ("Krempt") October-November

TEMPERATURE, Mcan daily highs average 72-91° F  Ababa, Asmara, Combolcha) than at 4,000 (cey/1,220
(22-33°C). Record highs range from 86°F at Asmara in  meters (Buruo, Dirc Dawa). Mean daily lows average
October to 100°F at Neghelle, also in October.  43-63°F (6-17°C) with record lows of 29 FO(-2°C) wt
Radintion cooling, clear skies, and low mid-level air Addis Ababa and 46°F (8°C) at Dirc Dawa, both in
tcmperatures result in lower mean daily minimum  November.

temperatures above 7,000 feet/ 2,134 meters (Addis
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Figure 4-17. Mean SW-NE Monsoon Transition Daily Maximum/Minimum
Temperatures (°F), Etiiopian Highlands.




ETHIOPIAN HIGHLANDS
NORTHEAST MONSOON

GENFRAL WFEATHER, Northeast  Monsoon
circulution dominates most of the region during [uir
weather, but the Wesiern Highlands and its complex
terrain crente o unique low-level transition zone for
African and Asian flow.  These two low-level
circulations--the Northeast Monsoon and Sghara Desernt
westerly flow--converge in the southern Red Sea. The
Westeen Highlands force the recurvature of low-level
westerlics around the northern tip of the Eritrcan
Mountins. The Rcd Sea Convergence Zone
(RSCZ)--scc  Chapter 2--rcpresents  the  low-level
trangition zonce.

When cyclonic  activity and  disturbed  weather
migrates castward across the northern  Ethiopian
Highlands, low-level westerlies temporarily override
Northeast Monsoon flow in the northern Great Rift
Valley and Eastern Highlands. Mid-level flow lunncls
southward through the northern Great Rift Valley.
Normally, the low-level Northeast Monsoon [low
cxtends westward to the western cdge of the Great Rift
Valley in fair weather. However, a frontal passage may

SO0 -

Decenmoer-March
temporanly  reverse  the  flow  for  4-12 howrs,
West-northwesterlics  may  reach  the  casiern Ogo

Highlands before the Northeast Monsoon regains its
momentum and reverses low-level flow,

At the upper levels, the Subtropical Ridge is oriented
WSW-ENE above the region during the Northeast
Monsoon.  This splits upper-level circulation  into
westerly and casterly branches, The southernmost extent
of westerly upper-level flow affects the  northern
two-thirds of thc Western Highlands and Great Rily
Valley, as well as the extreme west cdge of the Eastern
Highlands, between mid-January and laic February. By
March, only the extreme northern tip of the Western
Highlands arc affected by westeriy upper-fevel flow
bhecause the Subtropical Ridge has migrated o 15° N,
Sce the mean monthly 200-mb How patterns in Chapter 2
to understand the  Subtropical  Ridge’s  scasonal
oscillation path over the region. A three-level wind
direction profile at Addis Ababa (Figure 4-18) illusuraies
the upper-level wind shift ver the Ethiopian Highlands
between mid-January and late February.
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Figure 4-18. Mean Annual Wind Direction, Addis Ababa, Ethiopia. Nolc the consisicnt
mid-level easterly flow during the Northcast Monsoon, as well as the mean upper-level
(30,000-foot/9,146 meter) westerly flow during mid-January through late February.
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SKY COVER. Orographic uplift and diemnal surface
heating produce nearly all daytime low-and mid-level
cloud cover. The southern Great Rift Valley secs the
most daytime cloud cover, but low clouds (scattered
cumutus and steatocumulus) average 6,000 o 8,000 feet
(1,829-2,439 meters) AGL and cover only 2-3/8ths,
Evening sces stratus and siratocumulus forming as strong
ridliative  cooling produces shallow temperature and
moisture inversions; bases average 4,000-6,00 feet
(1.220-1,829 mcters) AGL. Most nocturnal cloud cover
is thin, except for occasional thick ground fog that
develops near large lakes, The numerous water bodics in
the southern Great Rilt Valley often produce fog or very
low stratus in the carly moming hecause the water
temperatuie is often 10-15°F (4-6°C) warmer than the
land.

December-March

orographic uplift only occurs along the Western/Eustern
Highlands' north- and cast-fucing slopes, which are
perpendicular 10 the prevailing flow and produce the
greatest uplift,  Extensive cumulus developnient s
limited to ridge cresis above 10,000 fect (3,080 meters)
MSL in the Ahmar Mountins ncar Dire Dawa il
castern  Eritrcan Mountaing between Combolenn and
Addis Ababa. Thin cirrus is also common,

When the ware cyclonic storm extends o wenk cokd
front into the southern Red Sca and Guli' of Adcen,
westerly (ow produces strong orographic uplilt against
the westem Eritrean Mountaing between Asmara wnd
Gondar. Howcever, most of Asmara’s scant Northeast
Monsoon cloud cover and precipitation occurs /ith
low-level convergence along the Red Sca Convergenee
Zone (RSCZ)--sec Chapter 2--rather than from weak

Figurc 4-19 shows mecan Northeast Monsoon  frontal passages.
cloudiness across the Ethiopian Highlands. Typically,
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Figure 4-19, Mean Northeast Monsoon Cloudiness Frequencies, Ethiopian Highlands,

Isolines are in 5% intervals. The dala is

derived by calcubating the grand mcan from

Navional Intclligence Summary (NIS) mean cloudiness data for specific hours between
December and March.
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Ceilings at or helow 3,000 feet (915 moters) AGL
averuge less than 28% (scc Figure 4-20). Note thit
sevcral swutions (Hargeisa, Dirc Dawa, and Neghelle) do
not report 0300 LST ceiling data. Hargeisa's 24% low
ceiling frequency (Figure 4-20) at 0900 LST is mostly
stratus and stratocumulus that dissipate by 1100 LST.
Ceciling frequencics at or below 1,000 fect (305 meters)

December-March

AGL arc only 1-5%, and occur most frequently in the
morning. Typically, ceilings a! or below OO0 TeetM s
meters AGL occur at mid-morning (0900 LST) in the
southern Ethiopian Highlands and ag night in the northern
Eritrcan/Great Rift Valley. At Dire Dawa, low ceiling
frequencies are higher in afternoon and carly cvening
than at night because of upliftin the Ahmer Mounuwins,

16°N =

14°N »

12°N e

°Ne

2
38°E

| i
36°E 40°F

L
42°E

WINTER

Local Time 03 | 0915]21

% CIG >3,000 P
# Missing data

L]
44°E

» ]
46°E 48°E

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

meters), Etkiopian Highlands.

VISIBILITY. As shown in Figure 4-21, visibilitics
below 3 miics arc very rare during the Northcast
Monscon. Radiation fog (trom 03(Y) to 08(X) LST) is the
primary cause of low visibilities in high mountain
valleys

above 00,000 fect (3,050 melers).

Dust/sandstorins may limit visibilitics in the lowcr
clevations (below 5,000 feet/1,524 meters) as high winds
lift the drier soil. Locai visibilities below 3 miles occur
in the Western Highlands with most frontal passages,
regardicss of strength.
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December-March
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Fipure 4-21. Northeast Monsoun Frequencies of Visibilities Befow 3 Miles, Ethiopian

Highlands.

WINDS. Prevailing wind directions and spceds shown
in Figure 4-22 vary significantly because of the complex
topography in the Eihiopian Highlands. Low-level
convergence between Nonncast Monsoon and Sahara
Desert flow accurs in the southern Red Sea north of the
region. It also affects the Eritrcan Mountains’ northern
tip, near Asmara. East of Asmara, wind shifts are often
dramatic. East-southeasterly flow at 8-11 knots during
fair weather shifts 1w northwesterly (5-10 knots) with
frontal passages. By March, west southwesterly flow

affects Asmara regularly. The rugged western interior of
the Eritrean, Choke, and Scshia Mountain Ranges have
complex mid- and upper-level flow patterns.  These arc

the only places in the Ethiopian Highlands where mid-
and upper-level conditions deviate from casterly flow,

Through February, weak upper-level westerlics at
10-15 knots may migrate southward w 7-8° N and
penetrate to the western edges of the Great Rift Valley.
Fair-wcather mid-level flow is casterly at 10-15 knots.
When upper-level  troughs move over the interior
Western Highlands, weak west-southwesterlics  and
orographic uplift are tcmporarily cstablished at the
mid-levels, bui easterly flow is rcestablished afier the
trough passes,
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NORTHEAST MONSOON December-March
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Figure 4-22. Mean Northeast Monsoon Wind Speed (kts) and Prevailing Direction,
Ethiopian Highlands.

a relatively moist Gulf' of Aden current and a very dry

The Eastern Highlands (shaded in Figure 4-23) spht
low-level Indian Occan current. .

the persistent low-level northeasterly Monsoon {low into

EAST

Figure 4-23. Generalized Low-Lovei Flow Across the Eastern Highlands (shaded) During the
Northeas: Moasoon,
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The dry current shown in Figure 4-23 flows along the
southern Eastern Highland slopes of the Ogo, Ahmar,
and Mendebo Ranges and the plateaus ol southcastern
Ethiopia. The moist current advects west-southwestwardd
along the northern Oge and Ahmar Ranges in the
northern Eastern Highlands, then recurves southward into
the northern and central Great Rily Valley as far as Addis
Ababa. During (2ir weather, Northcast Monsoon Mow
crosses the entire northern Great Rift Valley and ascends
the eastern Eritrean Mountains between 12° and 14° N,
To the north and west of the eastern Eritrcan Ranges,
northeasterlies recurve northward into the southern Red
Sea, 1t is mre for low-level Northeast Mensoon {low to
penctrate the rugged Western Highlands interior.  The
Western Highlands are a transition zonc for airllow
below 5,000 feet (1,524 meters) MSL. The castern

December-March

Eritrcan Mountains between Asmara and Addis Ababa
block low-level northeasterly flow from entering the
Scshia, Choke and interior Eritrcan Ranges.  As a result,
a Northeast Monsoon/Sahara descrt/Meditcrrancan Sca
low-level airflow boundary is cstablished along these
ranges.  In the western and interior Western Highlands,
Mediterranean low-level flow, modified by the desert,
can dominatc the Northcast Monsoon,  Light westerlics
at the surface, 10- to 15-knot casterlics between 8,400
and 20,000 fect (2439-6,097 meters) MSL, and
westerlics  (15-20 knots) above 30,000 fest (9,146
mcters) MSL arc common in the Western Highlands
when the Subtropical Ridge is south of 12° N, Figurc
4-24 shows mcan low-lcvel (850 mb) Northcast
Monsoon flow across the Western Highlands,
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Figure 4-24. Generalized Low-level Flow Across the Western Highlands (shaded) During the

Northeast Monsoun,
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Mean mid- and upper-level wind spceds average
10-20 knots.  The Subiropical Ridge is oriented
WSW-ENE across the region during the Northeast
Monsoon. North of the Ridge axis, westerlies (at 15-20
knots) reach Addis Ababa by latc February. To the south
of the Ridge, casterlies (at 10-15 knots) dominate
upper-level flow. By March, the Subtropical Ridge
migrates northward. Only the extreme northern Lip of the
Western Highlands is influenced by upper-level westeriy
flow.

December-March

PRECIPITATION, Decembe: is the driest month of
the yecar in the Ethiopian Highlands, but northcasierly
Mow produccs some locatized convection along the
Eastern Highlunds and northem Great Rilt Valley.  As
shown in Figure 4-25, mcan precipitation increases are
most dramatic in the Great Rift Valley as broad-scalc
Northcast Monsoon flow becomes well-established in the
western Gulf of Aden between January and carly March,
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Figure 4-25. Mean Northeast Monsoon Montaly Precipitation, FEthiogian Highlands.

represent mean scasonal rainfall totals (inches).

Mid-lcvel casterlies increase orographic uplift over
the Eastern Highlands and eastern Eritrean Mountains at
the lower lcvels. In the extreme southern Ethiopian
Highlands, mcan March rainfall is greatest as abundant
cquatorial moisture begins o surge northward with the
Monsoon Trough and Somali Jet Stream. The heaviest
rainfal! is normaily confined 10 the north-jacing ridgc
crests of the Ogo Highlands and Ahmar Mountains, out
rainshoweis and drizzle can spread westward with the

Isohyets

casterly mid-level  flow along the northem  Ogo
Highlands and Ahmar Mountains into the northern Great
Rift Valley. Normally, precipitation in the Western
Higblands only occurs when weak cyclonic activity
moves southcastward across the Sahara Desert or when
low-level northeasterlics reach the northeastern Entrean
Mceuntins. These fronal passages affect Asmara most
ofiza, bui they produce tittle rainfali beyond 39 F--the
eastern cdge of the Western Highlands,  Approaching
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troughs normally intensify low-level casterly flow and
moisture into the western Great Rift Valley,  Figures
4-26a and b show a trough approaching Asiman from the

December-March

northwess during the Mortheast Monsoon.  Although
cnough snow ocears 1o praduce shillow snow depths, the
snow line is above 12,000 feet (3,659 meiers) MSL.
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. 13 19‘:&“ -,

2‘

!8!.

Figure 4-2%a, Surface Streamline Analysis, 19 December 1979, (0600Z/0900 LST).
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December-March

Figure 4-26b. 700-mb Analysis, 19 December 1979, (0000Z/0300
LST). At 0300 LST, the trough line extends 10 120 NM WNW of

Gondar, Ethiopia.

TEMPERATURE. Although Ethiopian Highland
tecmperatures  arc very  high  during  the  Northeast
Monsvon, they decrease 3-4°F (2°C) for every
1,000-foot (305 meter) increase in elevation--see Figure
4-27. Mean daily highs range from 71°F (22°C) al
Asmara in Dccember to 90°F (33°C) al Dirc Dawa in
March. Above 10,000 feet (3,050 meters), mean daily
highs are at or below 70°F (21°C). Elevations between
3,280-6,560 feet (1,000-2,000 mcters) are consistently in
the 80-89°F (27-31°C) mange. Record highs range from

86°F (30°C) at Addis Ababa in February to 100°F
(38°C) at Dire Dawa in March. The highest divmal
temperature range found in the Northeast Monsoon
(40°F (22°C) is at Aba Scgub. Mcan daily lows range
from 40°F (4°C) at Aba Scgub to 64°F (18°C) at Dire
Dawa. Lowest temperatures arc in January, The 27°F
(-3°C) reading at Addis Ababa and the 41°F (5°C) at
Dire Dawa are the record lows in the Western/Eastern
Highlands.
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Figure 4-27. Mean Northesst Monsoon Daily Maximum/Minimum
Temperatures (°F), Ethiopian Highlands.




ETHIOPIAN HIGHLANDS

MORTHEAST-TO-SOUTHWEST MONSOON TRANSITION ("8elgh")

GENERAL WEATHER. The wansition from the
Noitheast to the Southwest Morsoon  is a 2-month
period during which northeasterly flow diminishes in the
nortiicrn Ethiopian Highlands and moist, southerly flow
patierns reappsar in the scuthern Scshia and Merdebo
Mountins.

The surfzce Monsoon Trough and Somali et Stream
oscillatc northward--with a coatinuous [low of tropical
moisture--into the southem Ethiopien Highlands by carly
April. The Monscon Trough supplics southerly Mlow and
abundant moisture to the Seshia and southern Choke
Mountins, while the Somali Jet Suream brings southerly
flow and moisture into the Eastern Highlands' Mendebo
Mountains. The northern Great Rift Valley is usually
sheltcred from southerly flow until late May because the
Monsoon Trough and low-level moisture remains south
of §° N.

The Monsoon Trough and Somali Jet transport
moisture in uncven 3-7 day "bursts”. By early April,
thesc bursts affect the southern Fritrean Mountains, the

April-May

central Great Rift Vatley, and the Ogo Highlands, Weak
Northcast Monscon conditions continue prior 1o the
arrival of the Monsoon Trough and Somalt Jet in the
north. Typically, the onsct of persistent southerly flow is
preceded by a 1- to 3-week period of light and variable
winds mixcd with short (1-6 how ; bursts of strong (10-to
15-knot) southerly Pow,  Southerly flow eventually
persists,

SKY COVER. Cunulus and convective cloud clusters
form cver the Ethiopiai Highlands duc to the orographic
lifting of the moist southerly flow. The Seshia range in
the Western Highlands and the Mendcho Mountains in
the Eastern Highlands arc initially aifected. As shown ir:
Figure 4-28, arcas affected by southerly Mow  and
cquatorial moisture throughout the transition show high
(greater than 55%) mcan cloudincss frequencics.  The
steep south-to-north gradient in mcan cloudiness (63% w
Neghelle, 34% at Asmara) illustrates the stow northwal
migration of Monsoui Trough mossture through the
Ethiopian Highlands.
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Figure 4-28. Mean NE-SW Monsoon Transition Cloudiness Frequencies,
Ethiopian Highlands. Isolincs arc in 5% intervals. ‘The data is derived by
calculating the grand mecan from National Intelligence Summary (NIS) mean
cloudiness data for specific sites during April and May,
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ETHIORIAN HIGHLANDS

NORTHEAST-TO-SOUTHWEST MONSOON TRANSITION ("Rolgh")

Sky conditon during the transition deterionates (rem
nord 10 south. Teepical moisture influx 1o the Basiern
Highlands is caused by the Somsii Jet. Low-level flow
splits along the Mendebo Mounwins inte twe branches,
A westward brapch of Somali Jei Povy pasees through the
Turkana Channe! aud akosg the wetaem siopss vl he
Mendedo iiountiins. Main Somani Jet Dow  shides
northward atong the southessiern slepes of 1< tAendebo
and  Ahoar Mouvnbins,  QOrogriohic  uplint  occurs
fequently ‘0 these mountainous weas, tut heavy
orugruphic convection dissipsles into atocumulus and
altostrpus when individual coll movement is to e east
af socheast,  Southern and casiern slopes of the
Mendebo ond Ahmar Scuntaing average 4-5/8ths sky
covrer al alf hours beeause the Sumali set is stronger'at
nignt,  Cumedus, towerinog cumulug, and cumulonimbuas
predominute,  Bases ave 36004000 feet (915-1,220
metersy AGL; 0ps, 16,00 feet (3,050 metres). The et
is the sote source of aseruding air that converges with
mountajn brec:es at night, while diarpal niountain slope
heating assizts U weeker Yot auring the day.

Eayt of the Abmur Mountans, Somali Jet Jlow is
nearly paralle) w the sowthern Ogo Kighlands, and much
dricr. Cumubas sky cover averapes 2-5/8ths in May, but
in early Aprii, the Northcast Monsoon (low-levei
northeasterly flow) stdl al*cets the Opo Highlands’
northern sfopes. As a resull, osographic upliiv in May
reverses aloag the Ogo Hightonds from the ronhera to
the sohem slopes. Simalar <loud cover distributions
affect the Abmar Mountams, These clouds form ar about
5,000 ¢et (1,524 meters) AGL

In the¢ Western Highfands, sonie Turkana Channe!
fiow veaches the southcasiern Soshia Mountains and
extreme southern Great Rift Valley  The Monsoon
Trough, however, indvces most orographic uplift.  In
carly April, maist but shalow low-level southerly flow
consistently penetrates the sinuous Omo River Valley in
the Scshis Mountains. Heavy convection builds through
latc morning.  Sky cover is consistently 5-7/8ths,
decreasing 1o 4-5/8ths overnight

April-May

In Aptil, inis i conveetive clead clusters that develop
batwean 0600 wad (W00 LST have. basces between §,000
and 4,000 feet (385 and 1,220 meters) AGL, with tops Lo
J0,00r foon (9,144 meters) MSL. By midtay, most
comvective  clusters  dissipace  as orographic uplift
squeezes ot moiztisy. By mid-altemoun, exiensive fair
wenther cuttiulus with tops to 15 000 feet (4,773 melers)

covers  the  Seshic ond  sowhern Choke/Eritrean

M rains.

Dy May, thy Mongyon Troagh migrates northward
aleng the Western Highlands to $2-15° N and establishes
a cecper mossture layer into tic Western Hightands;
heavy convective cloudiness begins Lo enter the southern
Great Rife Valley and north-central Eritrean Mountains
The. pew Trougk  position increases low-level moisture
penctradion irto the somnem Great Rift Valley as well as
into the Blue Nile Valley of the Choke and cenual
Evitregn Mountains. Widespread convection continues to
develop tirough miidday in the Seshia Mountains, bul
avw the Thoke and southern Eriircan Mountains also
develop heavy cenvection between 0600 and 0900 LST,
Cloud bases run {rom 4,000 10 6,000 feet (1,220 to 1,829
meters) AGL:  tons may exceed 20,000 fect (6,097
meters)

The mean frequency of ecilings below 3,000 feetfH S
meters AGL (os shown in Figure 4-29) is 7% lor the
entire Ethiopian Highlande, Higher frequencies occur af
Negrelle, as well as at othee Ethiopian  Highlands
locations <outh of 8% N Normally, peak fow ceiling
frequencies at 0900 LST indicate that a sustained
low-level flow mechanism is helping 0 sustain heavy
convection. A low ceiling frequency peak at 1500 LST,
on the other hand, implies a diurnal heating mechanism,
Asmara, Dire Dawa, and Addis Ababa sce more radiation
ground fog than other locations because local terrain
produces a high number of noctumal inversions with
calm and stable conditions.
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Figure 4-29. NE-SW Monsoon Transition Frequencies of Ceilings Below 3,000 Feet

. (915 meters), Ethiopian Highlands.

VISIBILITY. Ground fog is the main cause of low
visibilities recorded during the transition. The overall
frcquency of visibilitics below 3 miles is low, as shown
in Figure 4-30. Radiation fog appears in the Greal Rift
Valley with caim conditions during the night and carly
moming hours, In the northern Great Rift Valley, light
northeasterly winds allow nocturnal radiation inversions

to occur, In the central and southern Great Riflt Valley,
the warm valley floor combines with wcak, moist
southerly Mow (o produce a moist, 3-knot upslope wind
during undisturbed wcather conditions.  The moist
upslopc flow condenses in cooler air o producc
mid-afternoon fog or mist during April and carly 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 shilts occur in the
Eastern Highlands as thc Somali Jet  surges
spontancously into the region. Figure 4-31 shows that
April-May wind shift phecnomenon at Neghelle and Dirc
Dawa. Prevailing wind direction at Addis Ababa reflects
its location on the castern edge of the Western Highlands
where it is sheltered {rom the Somali Jet and Monsoon

Trough. Surface flow at Addis Ababa is dominatcd by
prevailing flow in the cenwal Great Rilt Valley.
Prevailing surface winds reflect the sustained Northcast
Monsoon circulation through May. Northeasterly flow
channels through the Gulf of Adcen--over open
walcr--into the arca before the surface Monsoon Trough
reaches this {ar north,
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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
complicated, it is best described in three categories: (1)
Northeast Monsoon circulation that affects the northern
Ogo Highlands, the northern and central Great Rift
Valley, and the castern Eritrean Mountains; (2) the
Transition Zone--a narrow cast-to-west band of light and
variable winds that represent the surface Monscon
Trough and boundary between the Northeast/Southwest
Monsoons; and (3) the Southwest Monsoon, which
accounts for all southerly flow and which migrates
northward along the Eastern Highlands much faster than
the Western Highlands.

Northeasi Monsoon Flow. Although the Asiatic
High (sce Chapter 2) is no longer producing low-level
northeasterly flow across the Arabian Sea, the final flow
surge in Northeast Monsoon flow enters the Gull of
Aden in late April or early May. Low-level Northeast
Monsoon flow passes westward across the northern Ogo
Highlands and into the northern half of the Great Rift
Valley. After a final northeasterly surge, winds become
light and variable on both sides of the Ogo Highlands
and Ahmar Mountains.

Transition Zone Flow. The transition zone between
northeast and southwest flow is an east-to-west belt of
light easterly to southeasterly flow at 4-7 knots. This
wind shift zone marks the surface Monsoon Trough
along the Ethiopian Highlands’ periphery, but the surface
trough is often ill-defined. The zone does not exist
above 5 000 feet (1,524 meiers) MSL because of terrain
in the Highlands. The surface Monsoon Trough und
wind shift zone migrates rapidly northward (from

Neghcelle in mid-April 10 Burao in carly May) along the
Eastern Highlands as the Somali Jet produces a synoplic
scale burst of scutherly flow. The light and variable
wind belt affcets Eastern Highland platcaw locations for
less than a 2-weck period during cach transition,  The
wind shift zone along the Westem Highlands has no
cross cquatorial jet streams Lo concentrate southerly flow;
as a result, surface Monsoon Trough axis movement 1o
the north is a gradual broad-scale event.  Light and
variable winds may persist over a Western Highland
plateau location for 2-4 weeks belore southerly flow is
sustained.

Southwest Monsoon flow along the southern Eastern
Highlands (10-20 knots) and the southern Wessern
Highlands (7-10 knots) is separated by rugged terrain.
Although the transition begins in the south, the
Southwest Monsoon docs not affect the entire Ethiopian
Highlands until latc May. When synoptic scale southerly
flow is sustaincd, there is an immediate incecase in
relative humidity, cloud cover, and rainfall, a signa! that
the wansition from the Northeast to the Southwest
Monsoon is complete.

PRECIPITATION. Rcferred 1o locally as "Belgh” (or
"small rains”) thc NE-SW Monsoon Transition sces
precipitation becoming a daily occurrence with  the
south-to-north oscillations in the Monsoon Trough and
influx of moist southerly flow. Figure 4-32 shows mean
April and May rainfall across the Ethiopian Highlands,
Note the large 2-month rainfalls (greater than 19.2
inches/488 mm) across the Mendebo, Scshia, and
southern Choke Mountains.

4-37
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Figure 4-32. Mean NE-SW Monsoon Transition Monthly Precipitation,
Ethiopian Highlands. Isohyels represcnl mean seasonal rainfall totals (inches).

Precipitation begins south of the Trough axis along
the region’s southern fringes in early April. In extreme
cases, Neghelle and Aba Segub see heavy rainfall even
sooner when the Monsoon Trough moves temporarily
north from its mecan late March-carly April position.
However, statistics show that April is the "true"
beginning of the transition {rom the NE to SW Monsoon.
By late April, the southemn part of the region secs daily
periods of moderatc 10 heavy nrainfall from heavy
convection that originates on the southern slopes of the
Mendebo and Seshia Mountains.  In May, orographic
uplift fircs convection on the Choke and southern Ahmar
Mountains with the northward surge of low-lcvel
moisture behind the Monsoon Trough and Somali Jet,
respectively.  Lower mecan precipitation it Asmara

indicates that thc Monsoon Trough is not consistently
north of that city during the transition. In fact, cyclonic
aclivity provides most transition rainfall. In the northemn
Great Rilt Vailey at Gombolcha and Dire Dawa, mcun
transition rainfall actually decreases from April to May
as northeasterly flow wcakens through the period and
terrain prevents moist southerly flow from rcaching thosc
arcas,

Thunderstorms are frequent in the Mendebo and
Seshia Mountains, occurring on 6-8 days a month during
the transition.  Maximum frequency is between 0600
and 0900 LST. Haii is rarc in the southcrn Ethiopian
Highlands, but lightning and thunder arc reported
frequently.
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TEMPERATURE. Mcan saily highs (sce Figure 1-33)
range from 76°F (24°C) at Neghelle 10 Y3°F (34°C) wi
Dirc Dawa. Pccord highs across the region include an
86°F (30°C) reading at Asmara in May) and a 102°F
(39°C) at Dire Dawa, also in May. Mosu absolute highs
aceur prior o the onsct of moist southerly Tow, but
northern Great Rift - Valley  lovations  reach  their
maximun temperatures of the year in May when winds

Aprii-May

are light and sunshine is intense. The lower mean daily
highs in the southern Ethiopian Highlands are the result
ol moist southerly flow that increases cloud cover and
rainfall,  Mean daily lows range from 49°F (9°C)
Addis Ababa to 68°F (20°C) at Dire Dawa.  Absolute
lows range from 36°F (2°C) at Addis Ababa in May to
S0°F (10°C) at Neghelle, also in May.
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Figure 4-33, Mean NE-SW Monsoon Transition Daily Maximum/Minimum
Temperatures (°F), Ethiopian Highlands.




Chapter 5
ADEN COASTAL FRINGE

The "Aden Coastad Fringe" includes coastal portions of Somalia (S1), Djibouti (DJ), Yemen Aden (AD) and il of
Socotra Island (ADj.  Aher describing the area’s situation and relief, this chapter discusses typical weather
conditions by scason, Scasons here have local names ("Hagat," "Der,” "Gital," and "Gu"), as shown, Note that the

local numes here are the same as those uscd in the Indian Ocean Plain (Chapter 3). Note atso that, beeause of
rainfall, Junc in the Aden Coastal Fringe is a part of thie Southwest Monsoon proper, rather than of the (ransition.
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STATION: ADEN KHORMAKSAR_YEMEN
LAT/LON: 12 50 N 45 02 E ELEV: 12 FT .

1
i

ELEMENTS |JAN FEB MAR |APR |MAY |JUN |JUL [AUG [SEF |OCT [NOV {DEC | ANN
EXT MAX | 92 , 91 | 98 | 102] 107| \12] 109! 107 105, 191] 97 | 83 | 112

# i AVG MAX | B0 : 81 | 84 | 88 | 93 | 95 | 83 | 32 | 93 | 40 | &5 | 81 88
TTAVG MIN | 73 : 73 | 75 | 78 | 82 | 84 | 83 | B1 | 83 | 78 | 15 | 73 78 |
] TEXT MIN | 56 | 61 | 58 | 66 | 70 | 73 | 70 | 63 | 71 | 59 | 61 | 58 | 56 {
TAVG PRCP : 0.2, 0.1, 0.21 % | %! %1 0.1f % 0.11 * | 0.1) 0.1] 1.0i

MAX MON | 3.3/ 2.3 6.6 3.9/ 1.4; 1.3/ 0.9{ 2.0; 1.9i 2.2i 1.3 1.6, 8.6

. MIN MON | 0.0; 0.0 0.0! 0.0: 0.0; 0.0{ 0.G! 0.0y 0.0] 0.0/ 0.0! 0.0] 0.1
{ MAX DAY | 2.2, 2.3, 3.0, 2.6; 1.4. 1.0: 0.6; 1.4] 1.8] 2.2 0.8 1.1| 3.0

. DUST DAYS | 4 | T i :0 i 8 12 | 24 | 29 @ 25 | 13 5 @ 5 | 4 | 146
' TSDAYS | 01 O | *| %} x| *%; 2| 24 1| x| 0] 0 5 4
{AVGRHEX | 70 | 73 | 73 | T4 | 72 | 65 | 65 | 65 | 63 | 68 | 71 | 70 | 70 |
{ APP TEMP | B3 | 83 | 90 | 100, 105, 106, 104 104| 102| 100| 90 | 84 | !

STATION: BERBERA SOMALIA
LAT/LON: 10 24 N 44_57 E ELEV: 3Q FT _ _

ELEMENTS |JAN |FEB [MAR |APR [MAY [JUN |[JUL |[AUG [SEP |OCT |[NOV |DEC | ANN
EXT MAX 94 | 92 | 95 | 108 112 117| 116] 116| 114| 107| 98 | 96 | 117 |
AVG MAX 84 | B4 | 86 | 89 | 96 | 107| 107| 106] 103 92 | 88 | 85 | 94 |

AVG MIN 68 | 71 | 73 | 77T | 8O ( 86 | 88 | 87 | 84 | 76 | T1 | 68 | TT

EXT MIN 58 | 60 | 62 | 66 | 69 | 72 | 69 | 68 | 64 | 62 | 61 | 59 | 58
AVG PRCP | 0.3/ 0.1] 0.2] 0.5 0.3] * | * | 0.1 * ! 0.1] 0.2]{ 0.2] 2.0
MAX MON 2 6/ 2.2| 5.7| 3.5| 2.6] 0.8] 0.7] 0.7| 0.7{ 1.2] 1.9 2.7] 7.0
MIN MON 0.0/ 0.0{ 0.0 0.0] 0.0{ 0.0{ 0.0] 0.0| €.0| 0.0] 0.0] 0.0] 0.1
r MAX DAY 1.8] 1.5] 5.2| 2.3{ 2.6/ 0.9] 0.8] 0.6! 0.7 1.1 1.9] 1.3 5.2

TS DAYS * 1| 1] 2| 2| 1 1] 1| 1 1{ x| o] 11
APP TEMP | 80 | 90 | 90 | 100[ 117] 127| 126) 126] 125] 105/ 99 | 89 | |

STATION: BOSASO SQMALIA
LAT/LON: 11 17 N ___  _ .49 11 E _ ELEV: T ET______
{ ELEMENTS |JAN [FEB |MAR [APR |MAY IJUN |JUL |AUG [SEP [OCT |NOV |DEC | ANN |

{ EXT MAX 101{ 99 | 101| 108) 113] 113] 113] 114] 112| 113| 97 | 97 | 114
AVG MAX 85 | B6 | B8 | 94 | 99 | 106] 106/ 104| 102] 91 | 86 | 85 | 94
AVG MIN | 69 | 69 | 70 | 74 | 77 | 85 | 86 | 85 | 82 | 73 | 68 | 68 | 76
EXT MIN 54 | 57 | 59 | 62 | 66 | 70 | 73 | 75 | 70 | 57 { 53 | 52 | 52
AVG PRCP * | 0.0 * | 0.1{ 0.1] 0.0/ 0.0] 0.0] 0.0[ 0.1] 0.3] 0.1| 0.7
MAX MON 0.1 0.0] 0.2{ 1.2] 0.9/ % | 0.0] 0.0f{ 0.0f 0.7 1.3] 0.9 2.3
MIN MON 0.0/ 0.9 0.0{ 0.0| 0.0] 0.0} 0.0/ 0.0] 0.0{ 0.0{ 0.0 0.0] 0.5
MAX DAY 0.1| 0.0 0.2| 0.8{ 0.9] = | 0.0/ 0.0] 0.0| 0.8/ 0.8] 0.5] 0.9
AVG RH X | 70 | 71 | 68 | 66 | 64 | 52 | 47 | 48 | 56 { 69 | 76 [ 73 | 63
APP TEMP | 92 | 93 | 100{ 120{130+|130+| 128{130+[130+| 110/ 86 | 90

# * = LESS THAN 0.05 INCHES OR LESS THAN 0.5 DAYS

Figure 5-1b. Climatological Summaries for Selected Stations in the Aden Coastal Fringe.
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ADEN COASTAL FRINGE

SITUATION AND RELIEF. The narrow coastal arca
that surrounds the Gull of Aden is aboutl 650 NM long. It
includes all the Yemen (Aden) coast west of Ras Fartak
that lics below 1,620 fect (500 meters). The region is
dominatcd by sand and lava-covered coastal plains
backed by steep volcanic hills and mountain ridges. The
coastline widens only where isolated semipermanent
stream beds (wadis) cut deep canyons into the mountains
and hillsides. Two volcanic peaks on the penisinula at
Aden, Yemen, rise above 1,000 fest (305 meters) MSL
and are connected to the mainland by a narrow strip of
land several miles long. Aden has the only natural
harbor on the northern Aden Coastal Fringe. Most of the
plein from Wadi Mayfa’ak to Perim {sland in the Straits
of Bab al Mandab is stone and gravel, but from Ras
Fattak 10 Wadi Mayfa’ah there is mostly sand. The
entirc northem Aden Coastal Fringe is backed by lava
hills and plateaus incised by an cxicnsive system of
wadis running north to south from the Yemen Highlends
to the Gull of Aden. The wadis have steep slopes and
broad, fertile valleys varying in width from 1-4 NM
wide. Wadi Hajr is the only permarncnt stream flowing
1o the coast; its valley floor width averages 3-8 NM and
1s below 1,620 feet (500 micters) up to 40 NM inland.

The arca called the "Guban,” as shown in Figurc S-1,
is a region of barren lava ficlds surrounded by the
volcanic hills and mountain ridges of the Ogo Highlands,
which sce,  The Gulf of Tadjoura (Djiboutt) and
neighboring lowlands arc surrounded by volcanic hills
rising to 2,000 feet (610 meters) MSL. Marsh flits and
caustic swamplands, some below sea level, dominate the
interior sections of Djibouti where the coastal fringe is
widest at 40-60 NM.

To the cast, the coastline gradually narrows o 1-10
NM ncar Berbera. This narrow section of coastline is
paralicied by steep ridges 1o its south. The 1,620-fom
(50C-meter) contour is runs only about i-3 NM inland
from the coast.

East from Bertcra to Bender Cassim (Bosaso), SI, the
coastline gradually widens from 10 10 40 NM newi 49° E,
but becomes very narrow again between Bender Cassim
(Bosaso) and Cape Guardafui, SI.  This scction of the

Aden Coastal Fripge is backed by clongated plawcaus and
broad vallcys intersperscd along the castern Ogo
Highlands which lic (o the south of the Coastal Fringe.

SITUATION AND RELIEF

The Island of Socotra lics 150 NM ENE of Cape
Guardafui, at the casternmost point in the region,
Socotra is 72 NM long and 22 NM widc, and covers
1,200 sq NM. The highest clevation is 4,931 feer (1,503
meters) MSL.

DRAINAGE AND RIVER SYSTENS. The region is
dominated by dry strcam beds (wadis) that low
insermittently from the surrounding, highlands toward the
Gull of Aden. Wadi floors provide most of the arabie
land. In the northern sections--(rom west (o cast--major
wadis include: the Bana (20 NM nontheast of Aden): the
Mayfa’ah (its mouth ncar 14° N, 47° 15" E). the Hayr
(the only stream considered perennial, near 149 100 N,
48° 56" E) and the Wal Masilah (15 N°, SI17 E). All the
wadis originate in thc Hadhramaut (Yemen Highland
platcau) and have steeply terraced slopes. They drain
from west to south, with minor systems draining (o the
cast.  There are no significant wadi svsiems in the
southern hall.  Strcam beds run perpendicular 1o the
shoreline inland, but within & mile of the coust they e
indistinguishable,

LARGE WATER BODIES. The Gull of Aden s S50
NM long and 330 NM across between Ras Fartak and
Cape Guardafui, It encompasses nearly SO oy NAY
The only lake of sigmticance s Lake Asalom oot
Djitouti. This is a salt water fake 1O NA Tong and 4 NAM
wide.  The adincent brackish marshland fics SO0 fees
(-154 meters) below sea level at s toveest pemt - The
lake, which scrves as s own omternal 150« S\
drairage basin, is wodged between sevend obned
volcanic peaks in the Great Rilt Valley

VEGETATION.
doted with covonat palms and sparse grsse,
major wadi valleys and canyons, the floor. e soatteaad
with thorny shrubs and palms. Some cropre dispersed
along the wadi fringes.  On adjax et sdopes, nolsted
pockers of open woodland cocvist with scattered terky
agricalture, but  the majority o  thewe  slopes are
uncultivated and contain small grass Clumps

The northern halt of the sepen
In tw

The southern hadl is dominated by isolated therny
brush and acacia trees inland for 3 NM or more. Sl
chrubs dot the slopes of most bluft walls, but along the
coastline the vegewtion is hmed 10 solited  grass
clamps and shallow sootcd shrubs.




ADEN CQASTAL FRINGE
SOUTHWEST MOMSOON ("Hagal")

GENERAL WEATHER. Somali et Stream flow and
Giulf of Aden sce surface temperatures (SSTs) ae the
primary climatic features. Except for isolated tocations
in the cast, this scaron is extremely dry. Scant rainfafl,
high temperatures, and wesierly surface winds dominate
west of Berbera and Aden--arcas where the Somali Jo
docs not alfect the weather.,

Somali Jot Swcam flow has a significant cffect,
however, on the southern hall of the region. Its
WSW.SW flow leaves the mainland ncar Cape
Grardafui and passcs over the extreme southeastern Gulf
ol Aden and Socotra Island. The Jet is detlected by the
Ogo Highlands, which paraliel the eniire southern Aden
Coast2l Fringe. Terrain cswublishes a complex surface
circulation pattern (which includes vortices) between
Cape Guardafui and Socotra Island. This patiern brings
descending motioss and adiabatic warming to the north
side of the Ogo Highlands between Bender Cassim
(Bosaso) and Berbera,

8§ distributions, which grow warmer (rom cast o
west in the Gull of Aden, accentuale surface moisture
and (etmiperature patterns.  The immediate coastline to 2

June-September

NM inland stars cool during the day. In the northcast,
the Somali Jet causes strong upwelling near Ras Fartak,
where there is a high incidence of carly moming coastal
stratus,

SKY COVER. In carly Junc, surges of strong
southwesterly flow in the Somali Jet affect the southern
part of thc Aden Coastal Fringe. Persistent southerly
flow descends from the Ogo Highlands and warms
adiabatically. The flow opposcs a weak sca brecze by
day and reinforces offshore flow at night.  Both diurnal
circculations  arc w0 dry for  significant  cloud
devclopment, but  southwesterly  Somali  Jet  flow
produces extensive cloud cover on Socotra Island.  Moist
air is lifted along the west and south sides of Socotra’s
only mountain range (the Haggicr). Maximum ridge
crest clevation s 4,931 et (1,503 meters).

Southwest Monsoon mean  cloudiness  disteibution
(Figure 5-2) varies from 44 percent near Ras Fartak in
the north (¢ 17 percent at Berbera, in the south,

Percentages arc probably cven lower in the "Guban”
between Djibouti and Berbera,

SOMAL1A

SOCOTRA

Figure §-2. Mean Southwest Monsoon Cloudiness Frequencies, Aden Coastal Fringe.
Isolines are in 5% intervals. The dat is derived by calculating the grand mean from
Mational Intelligence Summary (NIS) cloudiness data for specific sites from June 0
Scptember.
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ADEN COASTAL FRINGE
SOUTHWEST MONSOON ("Hagai"}

1' The northern and southern halves of the Aden Coastal
Fringe region sce different mean cloudiness. Somali Jet
flow docs not normally reach the nosthern half, but a
: strong daytime sca breeze produces fair weather cumulus
: on the immediate coastline. A weak surface Monsoon
' Trough (scec Chapter 2) over the northern Aden Coastal
' Fringe strengthens onshore Mow, but inland emperaturcs
' arc oo high, and the boundary layer too dry, for
extensive cumulus development.

The southcrn half averages only 1-2/8ths sky cover,

! mostly cirrus blowoff from convection over the Ogo

Highlands.  Thin stratocumulus and swratus (rarcly
constituiing a cciling) appear between (400 and (0700
LST between Djibouti and Bender Cassim (Bosaso).
Near Cape Guardafui, cloud cover averages 2-o/8ths
stratus - and  stratocumulus  during  land/sea  breeze
transition hours (Q6G0-0800 LST and 1900-2100 LST).
Bascs average 3,500 fect (1,006 mcters) AGL. On
Socotra, southern mountain slopes sce 3 o 5/8ths
cumulus by mid-aftemoon, but litle  cumulus
development on northem  slopes. Bases  average
2,500)-3,000 feet (762-91S meters), but tops rarcly exceed
RANX) feet (2,439 meters). Strong Soinati Jet flow over

June-September

Socotra produces distinet windward/lceward cloud cover
patterns. '

The northern hall sces moderate (2-4/8ths) cumulus
development along immediate coastlines by day. Bases
average 4,000 fect (1,220 meters), but tops rarcly exceed
6,(00-7,000 fect (1,829-2,134 mcters).  Early morning
stratus and stratocumulus bases range from 2,000 (o
3,000 feet (610 10 915 meters). These clowds develop
olfshorc between Riyan and Ras Fartak duc to upwelling.
Low stratus moves onshore between 0500 and 0700 LST
with bases at 1,000-2,500 feet (305-762 meters). Clouds
dissipate rapidly away from immediate coastlines. Near
the city of Aden, there is localized convection near the
twin volcanic cones of Shamsan and Thsan.  Cumulus
carcly covers more than 2 or 3/8ths of the sky during
daylight.  Bases average 3,000-4 (XK) teet (915-1.220
meters), with tops o 8,000 fect (2,439 meters ).

Frequencics of ceilings below 3,000 feer (915 meters)
vary widely because of wind flow and wopography.
Highest frequencics seem to be in mid-morning and carly
cvening (Figure 5-3).

c J/f’ls

Red

Sea Riyan
e mloqlxs'zx
ETHIOPIA Aden SOCOTRA

I~/ 03]05j15]21
e /61180 n :
» Gulf of Aden
ibouti
| 03|09|15|21
[ B .
03]09)15]21
A} w
10° . '
" \ Local Time 03]09|15] 21
\\‘\ SOHALIA % CB >3.00° ' I I
N * M data

Figure $-3. Southwest Monsoon Frequencies of Ceiiings Below 3,000 Feet (915 meters),

Aden Coustal Fringe.

5-6



ADEN COASTAL FRINGE
SOUTHWEST MONSOON (“Hagal®)

The extreme northeastern and southcastemn parte of he
Aden Coustal Fringe are affecied by sirong otffshore
upwelling that procduces coastal stratus.  The cold waler
uad surlace Monsoon Trough are responsible for most
low ceilings {15%) at Riyan in June and September.

During luly and August, the air over land is too dry
for cxtensive low cloud anywhere but around Ras
Fartak's immediate shoreline.  Predominant low clouds
arc carly moming stratus and stratocumulus. At Berbera,
low cloud (17% at 0900 LST) is ulso suatus and
stratocumulus, now caused by land/sca brecrze
convergenee.

VISIBILITY. The frequency of vistbilities below 3
miles (Figurc 5-4) 15 less than 5% across the cntire

June-September

region, all the result of strong sca brecze winds that rise
sand and dust. The extreme dryness of the Southwesi
Monsoon normally resufts in thin huze with visibilites of
4.7 miles. In the southern part of the Aden Coastal
Fringe between Cape Guardafui and Berbera, weak
southerly fow from the Somali Jot descends from the
Ogo  Highlanls;  warming  adiabatically, it carrics
dust/sand onto the coasial piains below. I downsiope
flow is strong (15-20 knots), visibility may drop o a milc
or less for brief perinds,

East of Riyaa, carly morring iog und stratus arc the
main obstructions Wy vision.  Strong coastal upwclling
aiong the northern shore cast of Riyan may produce
extensive thin fog thay may persists along the water und
immediatc coastiine until 160X)- 1760 LST.

FTHIOPIA

SOMALI

ETHIOPIA "

- 3
4
(Y44 4 (Y% 4 Ll “8°L $O°E $2°t
. L v! Pl L) v
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; ’//
YEMEN (SAN'A) 7 A
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Red ( SOUTH YEMEN (ADEN)
o
Sea \' ; Riyan
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Figure S-4. Southwest Monscon Frequencies of Visibilities Below 3 Mites, Aden

Coastal Fringe.




ADEN COASTAL FRINGE
SOUTHWEST MONSOON ("Hage\")

SVINDS. Surface  wind circulations along the
southcasten Aden Coasial Fringe shoreline between
Beader Cassim  (Bosaso) and Cape Guardafui  arc
extremely complex because the Somali Jet and Ogo
Highlands produce ar anomalous low-leve! Mow pattern,
Figurc 5-S5a shows surfuce streamline flow during a
typical July over the southeast tip of the region. The
vortices that develop from topographic effects on Somati

Juha-September

low produce wide variations in local surface winds
between Cape Guardafui and Bender Cassun (Bosaso),
Local  diurnal  land/sca breeze  circutations  further
complicate diurnal  speed  and  direction  slong  the
immediatc coastline, at Bender Cassim in particutur
Figure 5-5b is a closeup of a vortex dirceily above Cape
Guardafui. The mecan wind speed (in the center of the
circle) is in melers per second.

-

7

z

r /
B/ £/

—~=Meon wind speed isea) im/s)
~p Surloce sireamiines

—e— Mos! frequent wind direction {lond|

+ Doy-time surface How, in areas ol
pronounced diurnol chonge

Figure &-5a. Complex Surface Circulation on the Southeastern Aden Coastal
Fringe. Surface streamlines were created by Fiadlaer (1971) to show mecan July

surface flow along the northern Somalia coast.

stightly with circulation.

Locat cloud cover patierns vary

el




ADEN COASTAL FRINGE
SOUTHWEST MONSOON ("Hagai")

Juneo-Septemder

F21> 1000 m
0 100 km
| S

— "‘“> Estimoted streamlines

Figure 5-5b, Closeup View of Individual Vortex Over Cape Guardalui, Somalia
(from Findlater, 1971). Dashcd lines with arrows represent estimated strcamline
between 1,000-2,000 feet (305-610 meters) AGL. Circicd numbers give wind speed in /s,

Figure 5-6 gives mcan monthly wind speeds and
prevailing wind dircctions for Aden, Djibouti and Riyan
(Riyan is on the northeastern edge of the Aden Coastal
Fringe). The prevailing surfacc wind direction at
Djibouti shows the combined influence of northerly
mid-level flow and the low-level sea breeze circulation.

Aden and Riyan data shows that a moderate sca breeze
(7-10.5 knots) is dominant at the surface. Strong surface
west-southwesterlics  (15-20 knots) occurs at Cape
Guardafui. However, wind speed rcaching 60 1o 70
knots are not uncommon in July and August.

JUN | JUL | AUG

w
m
o

SE—SW
E-SW

Riyan 9.00
Aden 7.60
W Djibouti 8.70

COo

1650 ©.70 ¢ 7.80
10.30 © 9.90 ¢ 7.80
12.20 { 11.90 | 9.20

Figure 5-6. Mean Southwest Monsoon Wind Speeds and Prevailing Directions, Aden Coastal

Fringe. Prevailing discctions in boldface on left.
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ADEN COASTAL FRINGE
SOUTHWEST MONSOON ("Hagal") June-September
A\
Figures 5-/a and b give mean annual wind dircctions  moisture and rainfail during the day must be drawn from -
for three lcvels at Aden and Djibouti. Therc are striking  sca breezes.  However, mid-level monthly Southwest
differences between the (wo stations in June and  Monsoon wind dircction shows offshore  (20-70)
Scpiember. The Somali Jei rarely affects the northern  components, and dry air aloft suppresses widespread sca
Aden Coastal Fringe because it is deflected by the Ogo  breeze cumulus between Riyan and Aden.
Highlands. As a result, Southwest Monsoon low-level
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Aden 3-level wind direction
Figure 5-7a. Mean Annual Wind Direction, Aden, AD. Note the abrupt wind shift at 5,000 fect
(1,524 meters) from casterly (87%) to west-northwesterly (280°) by Junc. In Scptember, the mean
5,000-foot wind direction backs to south-southwesterly (200°) just before the transition 1o Northcast
Monsoon flow. The fow-level wind shift is not present at the higher levels.
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Djibouti 3—level wind direction
Djibouti’s wind profile shows a \E

Figure 5-7Tb. Mean Annual Wind Direction, Djibouti, D.).
northerly (340-015%) component 10 10,000 feet (3,050 meters) MSL throughout the Southwest

Monsoon. This 10-15 knot flow doesn’t provide much mid-level moisture along the southwestern

Adcn Coasual Fringe, but it reinforces orographic lift of sca brecze moisture.
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ADEN COASTAL FRINGE
SOUTHWEST MONSOON ("Hagal")

PRECIPITATION, The Southwest Monsoor--known
locally as "Hagai"--is extremely dry because the Somali
Jet is now confined 10 the extreme. southeastern parts of
the Aden Coastal Fringe. Many locations across the
region get only a tracs of rein during the entirc
Southwest Monsoon. Bender Cassim (Bosaso) normally
sces no rain at all during this scason. Even though
orographic lift in the southern Ogo Highlands produces
thundershowers, very litlle rainfall reaches southern
Aden Coaswi Fringe coastlines between Cape Guardafui
and Djibouti. This region is also a rain-shadow zone
with southwesterly flow from the Somali Jot.

Along the northern Aden Cogstal Fringe, strong
upwelling cast of Riyan produces spotty carly morning
drizzlc. Most of the population here is conlined o the
tertile wadi valleys 200-300 NM west of the strongest
olfshore upwelling. Most of the drizsle falls cast of

June-September

Riyan. Surface casterlics are rare and woak, and do not
push signilicant amounts of stratus west of Riyan. On
about 1-3 days & scason there is a trace 10 0.01 inch (0 2§
mm) from low stratus with light southeasterly or casterly
winds.

Thunderstorms reach their highest frequency (3-3 a
month) during the Southwest Monsoon.  Although
thundcr is heard along the southem Aden Coastal Fringe,
rain stays south of the Ogo Highlands.  Frequent
thunderstorms with light rain occur after midnight near
the city of Aden. Lightning is frequently scen to the
north of the Yemen Highlands between 17(X) and 2100
LST. Strong sea breeze uplift triggers thunderstorms
over high terrain 30 NM north of Aden.  Anvil ciouds
spread south o the coast, with light rain rcaching Aden
by 1900 LST. Figure 5-8 shows Southwest Monsoon
rainfall by month.
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Figure 5-8. Mean Southwest Monsoon
Aden Coastal Fringe. Isohycts represent e

Monthly/Maximum 24-Hour Precipitation,

an scasonal rainfali {inches).
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ADEN COASTAL FRINGE
SOUTHWEST MONSOON ("Hagui")

TEMPERATURE. Mcan daily highs range from 90°F
{32°C) at Riyan 10 107°F (42°C) at Berbera. The record
high at Riyan was 111°F (44°C) recorded in June, and
117°F (47°C) a1 Berbera, also in June. The record for
the region is 121°F (49°C), set at Djibouti. Mcan daily

June-September

lows arc conuolled by Gulll of Ader sca surlace
temperatures;  the lowest lemperatures arc found near
coastal upwelling regions between Riyan-Ras Farak and
just south of Cape Guardalui (77-79°F/24-26°C). The
highcst mean daily low is 88°F (31°C) at Berbara,

SOCOTKA
106]106§1041102
Guli{ of Aden
Bender Ln:-s’ly'/
10°
N * \
\\
. SUMALIA
. Month
~e Mean Daily Max
S~ - Mean Daily Min | | b
o - ~ -~
ETHIOPIA RO - ( #* Missing data

52°F

Figure 3-9. Mean Southwest Monsoon Daily Maximum/Minimum Temperatures (°F),

Aden Coastal Fringe.



ADEN COASTAL FRINGE
SOUTHWEST-TO-NORTHEAST TRANSITION

GENERAL WEATHER. A subtle shift in low- and
mid-level circulation results in light and variable surface
winds throughout the region. Along the southeastern
Aden Coastal Fringe from Bender Cassim (Bosaso) to
Socotra Island, strong southwesterly flow diminishes as
the Somali Jet migrates south. To the immediate north of
the Jet, the surface Monsoon Trough produces weak,
low-leel convergence that results in a short-lived period
of showers as the Trough moves rapidly south of the area
by mid-to late October.

From Bender Cassim (Bosaso) to Perim Island, the
Monsoon Trough’s southward migration produces weak
casterly flow that is easily lifted against the Ogo
Highlands o produce light showers along the highest
ridges. These showers occasionally fan out onto the
adjacerit coastal plain. On the northem Aden Coastal
Fringe, weak easterv flow allows sea breeze cumulus to
form, but dry air inland prevents cloud development past
5 NM iniand.

October-November

SKY COVER. Mcan cloudiness over the Aden Coastal
Fringe ranges from 18-26% (Figurc 5-10). Low- and
mid-level cloud cover (thin stratus and stratocumulus) is
greatest from 0800 to 1100 LST and accounts for most of
the Aden Coastal Fringe's mean scasonal cloudiness,
Between Bender Cassim (Bosaso) and the city of
Diibouti, however, most cloud cover occurs in the
afternoon (1300-1600 LST) as strong sca  breezes
produce orographic lift. Cumulus development along the
northern Ogo Highlands rarcly c«cceds 2/8ths, Bascs arc
3,000 feet (915 meters) AGL with tops to 8,000 feet
(2,439 meters) MSL. Clouds imove wesiward along the
Ogo Highlands because the southern Aden Coastal
Fringe coastline is parallel to northcasterly [Mow--sca
brecze deflection is very strong. Maximum development
(2-3/8ths) is ncar Djibouti where the coastline is
perpendicular o the sca breeze and downwind from Ogo
Highland cloud cover.  Isolated convective activity
occasionally produces 4-5/8ths sky cover al Djibouti,
Tops may rcach 30,000 fcet (9,146 meters) MSL.

N._
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Figure 5-10. Mean SW-NE Monsoon Transition Cloudiness Frequencies, Aden Coastal
¥ringe. The dawa is derived by calculating the grand mean rom National Intelligence
Summary (NIS) mcan cloudincss data for specific sites in October and November,  Tsolines
are in 5% intervals,
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ADEN COASTAL FRINGE
SOUTHWEST-TO-NORTHEAST TRANSITION

Stratus and stratocumulus forms only during the
morning land-to-sea breeze wansition (0600-0800 LST):
offshore flow is stronger and S-10°F cooler than the
twilight (1900-2100 LST) land breeze, resulting in
greater instability over warm coastal waters in the
morting. Coastal stratus and stratocumulus have bascs
between 2,000-2,500 fee: (610-762 meters) AGL, but arc
short-lived as the land-to-sea breeze reversal pushes
cloud cover inland. The dry air mass dissipates the cloud
cover by 1000-1100 LST. Along the northern Aden
Coastal Fringe, synoptic flew and sea breezes rarcly

October-November

produce anything but light divrnal cloudiness.  Isolated
fair weather cumulus develops almost cvery afternoon
near the city of Aden along Mt Shamsan and Mt thsan.
Bascs are 3,000-4,000 lect (915-1,220 meters)-- tops
may reach 7,00 feet (2,134 melers).

The frequency of ceilings below 3,000 feet (V15
meters) ranges from O 1o 13% (Figure 5-11), The highest
frequency is just south of Berbera (12% at 0900 LST)
and at Bender Cassim (Bosaso),

Aden
03]09[15]21
5

Gulf of Aden
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Figure S-11. SW-NE Monsoon Transition Frequencies of Ceilings Below 3,000 Feet

{915 meters), Ader Coustal Fringe.
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ADEN COASTAL FRINGE
SOUTHWEST-TO-NORTHEAST TRANSITION

VISIBILITY. The frequency of visibilities below 3
miles (Figure 5-12) is only 0-2%. Nearly all low
visibilities during the transition arc caused by blowing

October-November

frontal passage almost always produces widespread dust
along the cold front. Visibilily drops to less than a milc
for up to 4 hours after a {rontal passage.

dust and sand along immediate coastlincs. The rare
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Figure $-12. SW-NE Monsoon Transition Frequencies of Visibilities Relow 3 Miles,

Aden Coastal Fringe.

WINDS. Figure 5-13 shows the persistent strengthening
of cast to southcasicrly flow ncar the surface. When the
surfacc Monsoon Trough migrates south of 8° N.
Northeast Monsoon flow strengthens in the castern Gulf
of Adcn. The Northeast Monsoon normally arrives in the
castern Gulf by the first week in November, but noitheast
surfacc {low in the western Gull of Aden doesn't become

organized until the third or fourth week in November.
Mid- and upper-level wind flow is almost duc casterly
(080-100°% at 10-15 knots during October  and
November.  On rare occasions, a deep mid-Latitude
upper-level wrough reaches Aden and Riyan.  Pouk
surlace winds are north-northwesterly at 20-27 knots.



ADEN COASTAL FRINGE
SOUTHWEST-TO-NORTHEAST TRANSITION

October-November
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Figure 5-13. Mean SW.NE Monsoon Transition Wind Speeds (kt) and Prevailing

Directions, Aden Coastal Fringe,

PRECIPITATION. The Aden Coastal Fringe averages
fcss than 1 inch (25 mm) of rain a month in October and
November, but mean rainfall amounts arc greater than
during the Southwest Monscon because of northeasterly
surface flow, Guli of Aden moisture, and orographic
uplift.  As shown in Figure 5-14, the castern Aden
Coastal Fringe is drier than the western portion, where
topography, coastal  configuration, and low-level
moisture result in more diurnal convection.  Rain{all
amounts vary widely across the region. Except for Aden,
all extreme maximum  24-hour rainfalls occur in
November, when strong  rortheasterly surface flow
penctrates the western Aden Coastal Fringe.  Moist
onshore flow is available to fucl convection between

Berbera and Djibouti, where topography favors
orographic lift.  But an unusual mid- or upper-level
trigger must have been responsible for the rare 6.1
inch/155 mm 24-hour rainfall maximum recorded at
Djibouti. Possible triggers:  an upper-level trough or a
northward surge of moisture through the Great Rift
Valley.  November maximum  24-hour rainlalls at
Berbera (1.9 inches/48  mum),  Bender  Cassim
(Bosas0)--0.9 inches/23 mm, and Aden (0.8 inches/20
mm) were probably the resutt of isoltated convection.
Riyan's 24-hour maximum (4.1 inches/84 mm) occurred
with an extremely rare tropical cyclone that made
landfall near Ras Fartak.
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Figure $-14.

Mean SW-NE Monsoon Transition Monthly/Maximum 24-Hour

Precipitation, Aden Coastal Fringe. Isochyels represent mean scasonal rainfall totals (inches).
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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 (20-27°C).
range from R5°F/29C° at Aden to 92°F/33C° at Berbera.  The record low (53°F/12°C) was recorded in November
Record highs include 101°F (38°C) at Aden and 113°F  at Bender Cassim (Bosaso). Djibouti’s November record
(45°C) al Bender Cassim (Bosaso), both in October.  low was 65°F (18°C).
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Figure 5-15. Mean SW-NE Monsoon Transition Daily Maximum/Minimum
‘Temperatures (°F), Aden Coastal Fringe.
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ADEN COASTAL FRINGE
NORTHEAST MONSOON ("Gllal")

GENFERAL WEATHER. Low-level northcasterly ftow
dominalcs. Coastline configuration and tcrrain
oricntation in the southern half of the region produce two
distinct rainfall and cloud cover patierns during the
Northeast Monsoon. The southwest and southeast parts
arc cloudier and wetter than the south-contral pottion
because surface flow is reinforced by the sca breeze and
lifted along coastal ranges. There is a narrow leeside
rainshadow zone between Bender Cassim and Berbera,
where surface flow is parallel to the coast. Upper-level
flow (west-southwesterly at 20-30 knots north of the
Suburopical Ridge) is dry.  Poor upper-leve! outfiow
mechanisms  do  not  support  widespread  low-lcvel
convection; as a cesult, there are very  few
thunderstorms, cven with northeasterly low, favorabic
low-level moisture, and uplift.

SKY COVER. Northeasterly flow into the Gulf of Aden
and Aden Coastal Fringe is persistent.  Surface Mlow
paralicls the northern coastline from Riyarn 10 Aden;

December-Mach

synoptic scale moisiuee transport froim the Gall inland 0
the clevated interior is minimal.  Howcever, Cape
Guardafui/Socotra Island and the wesiern Aden Coastal
Fringe (Djitouti 10 Perim Island) ave oricnted ncirty
perpendicular to the Mow; these arcas are the Cloudiest in
the region.

Figure 5-16 shows mean cloudiness 10 be lowest
(229%) at Berbern, highest (44 pereent at Diibouti,
Stratus and  stratocumulus with bases near 2500 feet
(762 meters) AGL. are the dominant Northeast Monsoon
cloud types. Maximum frequency of ocoureence s in
mid morning.  Afternoon (1200-1500 LST) cumulus with
bases at 3,000-3.500 feet (915 1.067 metersy AGE and
shallow vertical develpment (tops to 70000 [cet/2 134
metess MSL) contribute o mean scasonal sky cover
conditions, which average 3-4/8ths in the mommg and
2-3/8ths in the aftemoon  The only exception s near
Cape Guardafui, where sky cover averages 3-58ths, all
hours.
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Figure $-16. Mean Northexst Monsoon Cloudiness Frequencies. Aden Coustal Fringe. The daws
is derived by caleulating the grand mean lor National Intelligence Summary (NIS) mean ¢loudiness
data at specific hours from December through March. Isolines are in 5% intcrvals.
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ADEN COASTAL FRINGE
NORTHEAST MONSOON ("Gllal")

The frequency of ceilings at or below 3,000 feet (915
melers) AGL averages 14% (or the eatire region (Figure
$-17). Regional (requencies vary from 17 to 32 percent
between 2100 and 900 LST at Djibouti to 0 percent
between 1500 and 0300 LLST at Berbera, Late evening 10
mid-morning low  stratus/stratocumulus - ceilings  are
common along most of the Aden Coustal Fringe; they

December-March

are the result of weak surfuce convergence (land/sca
breeze teansition) and wann coaswl waters,  “lerrain
around the Gull of Tadjours helps increase low ceiling
trequency ground Djibouti. Frontal passages rarcly resill
in little more than slight increases in mid-and upper-ievel
cloudiness.
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Figure 5-17. Northeast Monsoon Frequencies of Ceilings Below 3,000 Feet (915

meters), Aden Coastal Fringe.

VISIBILITY. Dust and haze arc the main causcs of low
visibilitics during the Northeast Monsoon, but
frequencies (Figure 5-18) are lew. Visibility is below 3
miles on only 8 days during the entirc scason. On 6 of
those 8 days (75% of observations), the obstruction to
vision is dust. The rest arc accounted for by radiation

fog, haze, or smoke. Most dust-related obstructions o
vision occur when strong sca breczes push inland.
Coastal dunes and extended fair weather pericds--with
dry surface conditions--arc lavorable for sandstorm or
duststorm development,
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ADEM COASTAL FRINGE
‘ NORTHEAST MONSOON (“Gllal™) Decembet-March
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WINDS. Figure 5-19 gives mean Northeast Monsoon  that Djibouti’s prevailing wind direction changes from

surface wind speeds and prevailing directions for several  B-S 10 E-NE in March; the slight shift is caused by an

Aden Coastal Fringe stations. Eastlerlics prevail, local  increase in weak cyclonic activity (northwesterly (Tow) !
variations ar¢ a function of sea breeze deflection. Note  thal penctrates the southem Red Sca in March,

DEC = JAN | FEB | MAR

-

0! 710 £.20
40 1050 i 11.20
401 10.50 | 10.30

E—SE |Riyon | 750
E—SE Aden | 11.00 1
+ E—-S. /F—NE Djibouti 1I./.40§ |

Figure 5-19. Mean Northeast Monsoon Wind Speed (kts) and Prevailing Direction,
Adén Coastal Fringe.
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ADEN COASTAL FRINGE
NORTHEAST MONSOON ("Glial")

A decp upper-level trough and a surfuce cold frunt
may temporarily (6-24 hours) shilt winds in the western
ang! northem Aden Coastal Fringe 10 northwesterly, with
maximum speeds of 25 knots along the cold front.
Strongest winds occur near Perim Island and (he Straits
of Bab al Mandab., The surface front weakens in the
central ard castern Gulf of Aden, and northwesterly
winds become less than 10 knots.

PRECIPITATION. Mcan monthly Northcast Monsoon
rainfall {Figurc 5-20) is controlled by topography and
coastline orientation. Moslt locations get at least 0.1 inch
(2.5 mmj a month. The exception is ncar Bender Cassim
(Bosaso), where localized low-level divergence along the
coast produces only trace amounts in January and March,
and no rain at all in February.

The southern Aden Coastal Fringe has two zones of
maximum Northcast Monsoon precipitation. Near Cape
Guardafui (including Socotra Island), the coastline i¢
perpendicular o onshore flow.  During early morning
(0500-0800 LST), stratus and shallow stratocnmulus
develop almost every day. Light or intermittent drizzic

Decombet-March

falls every third day somewhere along the Cupe, and
above 1,000 fect (305 melers) MSL on Socotra's
ncothiern mountain stopes,  More than 0.01 inch (0.2%
mm) 1alls ncar Cape Guardiafui about 9 davs in cach
Northeast Monsoon scason.  Just infand from Cape
Guardalui, nocturnal rvinfell may oceur if thick coastal
stratus  and  stratocamulus move  inland  between
NC0-0600 LST. Between Cape Cuardalui and 46° E,
litle daytime precipitation ocews because the coastline
orientation is parallel 10 the flow. Forty nautical miles
west of Berberit, the coastline turns northwestward and
perpendicular to prevailing northeasterly [low. From this
point west and north 10 Perim Islaud, sainfall s more
frequent, and moderate rains arc not uncommon.

Half the region’s 1otal mean annual precipitation falls
during the Northezst Monsoon, bt an entire monthly or
scasonal mean can occur in only o or three
rainshowers.  Thunderstorms are rare, with only one or
two a scason. Since the Aden Coastal Fringe gets only
2-4 inches (51-102 mm) of rain a ycar, just one isolated
thunderstorm could provide. that much, or more.
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Figure 5-20. Mean Northeast Monsoon Monthly/Maximum 24-Hour Precipitation,
Aden Coustal Fringe. Isohyets represent mean seasonal rainfall totals (inches).
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ADEN COASTAL FRINGE
NORTHEAST MONS(ON (“Glial")

Occasionally, a mid- or upper-level disturbance brings
above normal rainlail w0 the western parts of the region.
Such mid-lutitude disturbances most often aflect the
Aden Coastal Fringe when the Polar Jet moves
southward into the central Red Sea. As shown in Figure
5-21, the 300-mb Polar Jet temporarily "shares energy”
with the Subtropical Jet.  Because both jets deviale
southward into the Red Sca, o cold trough aloft descends

December-hlarch

abnormally southward, In the ligure, the Polar Jeu (PJS)
and Subtropical Jet (ST have two wind specd maxima:
the first over the Persian Gulf (PJS/STI-1) and o second
in cast central Egypt (PIS/STJ-2). Rarce thunderstorms or
heavy  showers  developing  over  the  northern
Ethiopian/Yemen Highlands move into the western Aden
Coastal Fringe.

Figure §-21.

The Polar Jet (PJS) and Subtropical Jet (STJ)) Interact Over the

Subtropics. The PJS/STI-2 position is critical to abnormally heavy Aden Coastal Fringe
precipitation.
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ADEN COASTAL FRINGE
NORTHEAST MONSOON ("Gilal")

TEMPERATURE, The Northeast Monsoon s the
coolest scason of the year, but mean daily highs (Figure
5-22) still average 80-88°F (27-32°C). Rccord highs
range from 96°F (36°C) at Berbera in December 1o
101°F (38°C) at Bender Cassim (Bosaso) in January.
Daily highs typically occur just after noon. By 1300

December-March

LST, well-developed sca breezes start to cool the coastal
plains, The lowest temperatures of the year oceur during
the Northeast Monsoon, when mcan daily minimums
range from 67 o 76°F (19 (0 24°C). The record lows
were recorded in December: 52°F (11°C) at Bender
Cassim, and 63°F (17°C) at Djibouti.
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Figure 5-22. Mean Northeast Monsoon Daily Maximum/Minimum Temperatures (°F),

Aden Coastal Fringe.
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ADEN COASTAL FRINGE

NORTHEAST-TO-SOUTHWES T MONSOON TRANSITION ("Gu")

GENERAL WEATHER. The most important feature
of the trunsition is the surface Monsoon Trough's
northward migration into the region in carly May. This
produces o subtle surface wind  shift from  moist
susterly-southeasterly (Figure 5-23a) 10 dry southerly
(Figure 5-23b).  Thick arrows arc primary streamlines,
thin arrows sccondary streamlines,  Arrows through
circles depict surface wind direction, and numbers inside

April-May

circles are surface wind speeds in knots, Dashed fines
are S-knot isotachs. The suface Monsoon Trough
(dash-dot-dash line) produces weak convergence along
its axis, along with showers and increased low- o
mid-fevel cloud cover,  fsolated convective cells are
short-fived, but  occasionally  build  into  towering

cumutus,

Figure 5-23b. Mean May Gradient Flow, Aden Coastal Fringe.
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ADEN COASTAL FRINGE

NORTHEAST-TO-SOUTHWEST MONSQON TRANSITION ("Gu"}

SKY COVFER. Mean cloudiness varics across the
region {from 18 1o 35% (Figure 5-24). April surface low
in the Gulf of Aden is casterly (ENE-ESE). Western
and northern coasts are oriented perpendicular 10 the
moist flow, resulting in higher frequencies of diurnal sca
brecze cumulus and carly morning stratus  and
stratocumulus along immediate coastlines. The southern
Aden Coustal Fringe between Bender Cassim (Bosaso)
and Berberu is sheltered from thesc casterlies by the Ogo
Highlands; this is reflccted by lower (20-25%) mean
cloudiness here. Less than 2/8ths isolated mid-afternoon
fair weather cumulus is typical between Bender Cassim
(Bosaso) and Berbera. This cumulus results from intense
surface heating, but there is not enough sca breeze
moisture for vertical development.  Most carly and

April-May

mid-morning cloud cover is stratus and stratocumulus
(3-4/8Lhs).

Along the western Aden Coastal Fringe (near Adcen
and Djibouti) in late April and carly May, stratocumulus
may develop into  cumulus  (and  occasionally
cumulonimbus) by mid-afternoon  as the  surlace
Monsoon Trough provides weak low-level convergence.
Sca breeze moisture penctrates into interior Djibouti with
casterly flow to the north of the Trough. Cloud bases
average 2,000-2,500 feet (610-762 meters) AGL for
steatus and 3,000-4,000 fcet (915-1,220 meters) MSL for
cumulus and stratocumulus,  Cumulonimbus bascs are
similar to those of the cumulus and stratocumulus, but
tops reach 35,000 feet (10.7 kie) MSL.
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Figure 8-24. Mean NE-SW Monsoon Transition Cloudiness Frequencies, Aden Coastal
Fringe. The data is derived by calculating the grand mcan from National Intetligence
Summary (NIS) mean cloudiness data for specific sites in April and May. Isolines arc in 5%
intervals.




ADEN COASTAL FRINGE
NORTHEAST-TO-SOUTHWEST MONSOON TRANS

As shown in Figure 5-25, ceilings at or below 3.000
fee/915 meters AGL occur less than 16% of the time
throughout the region.  Low ceilings at Riyan (16%) arc

ITION ("Gu™) April-May

mostly duc 1o coastal stratus, but at Berbera (12-13%),
they are causcd by stratocumutus/cumulus  buildups
afong the surface Monsoon Trough.
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Figure 5-25. NE-SW Monsoon Transition
(915 meters), Aden Coastal Fringe.

Frequencies of Ceilings Below 3,000 Feet
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ADEN COASTAL FRINGE

NORTHEAST-TO-SOUTHWEST MONSOON TRANSITION ("Gu")

VISIBILITY. The Aden Coasia? Fringe has a very
small (dess than 294} frequency of visibilities below 3

April-May

the Aden Coastal Fringe are duc to duststorms, some of
which may reduce tocal visibility 1o 300 fcet (97 meters)

miles. Nearly all low visibilities in the southern part of — for up 10 30 minute 5.
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Figure 5-26. NE-SW Monsoon Transition Frequencies of Visibilities Below 3 Miles,

Aden Coastal Fringe.

WINDS. In Figure 5-27, mecan surfacc wind speed
decrecases through May cxcept at Riyan, where there is a
small incrcase. Prevailing directions reflect diurnal
land/sca brecze circulation, not the synoptic flow shown
in Figures 5-25a and b.

Upper-level flow is casterly at 10-15 knots. The mean
position of the Subtropical Ridge is immediately north of
the region, but an upper-level rough may sweep through
once or twice during the transition. Weak troughs do not
create detectable surface wind shifts.

APR | MAY

E—S Riyan
E-S Aden

E—NE Djibouti| 93.50: 7.40

5.80 1 7.10
10.90 | 8.60

Figure 5-27. Mean NE-SW Monsoon Transition Wind Speed (kts) and Fievailing

Direction, Aden Ceastal Fringe.
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ADEN COASTAL FRINGE

NORTHEAST-TO-SOUTHWEST MONSOON TRANSITION ("Gu™)

PRECIPITATION. Most transition rainfall occurs with
irregular and isolated diurnai corvection triggerced by
briel northward surges of the surface Monsoon Trough.
The southwestern Aden Coastal Fringe (Berbera to Perim
Island) is affected by localized convection originating in
the Ethiopian Higlilands to the south and west.  Mcan
April rainfall (0.5 inches/13 mm) at Berbera and Djibouti
arc the highest in the Aden Coastal Fringe. Liule rain
falls across the Gull near the city of Aden. This supports
the notion that the isolated Ethiopian Highland
convective clusters that move into ke southwestern

April-May

Aden Coastal Fringe are supported by northward surlace
Monsoen Trough movements and sustained by low-level
sca brecze moisture concentrated at the Gulf's west end.
The dry southcastern Aden Coastal Fringe is controlled
by the Somali Jet's low moisture content.

Maximum 24-hour April rainfall at Djibouti (7.1
inches/180 mm), at Aden (2.6 inches/66 mm), and at
Berbera (2.3 inches/S8 mm), illustrate the potential but
extremely rare case of Monsoon Trough conveetion
penetrating the western Aden Coastal Fringe.
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Figure 5-28. Mean NE-SW Monsoon

Precipitation, Aden Coastal Fringe. Isohyels represent mean scasonal r.

(inches).
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ADEN COASTAL FRINGE
NORTHEAST-TO-SOUTHWEST MONSOON TRANSITION ("Gu™) April-May

TEMPERATURE. As shown in Figure 5-29, mcan  Mcan daily lows range from 74°F to 82°F (24-28°C).
duily highs range from 88 10 99°F (31-37°C). May is the  Temperatures rarcly drop below 65°F (18°C)--record
warmest month of the year, averaging 63.99%F  Jows are 62°F (17°C) at Bender Cassim (Bosaso) and
(33-37°C). Record highs are 104°F (40°C) at Riyan in 70°F (21°C) at Djibouti, both in April.

April and 113°F (45°C) at Bender Cassim in May.
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Figure 5-29. Mean NE-SW Monsoon Transition Mean Daily Maximum/Minimum
Temperatures (°F), Aden Coastal Fringe.




Chapter 6

YEMEN HIGHLANDS

The region discussed here &~ the Yemen Highlands includes inzludes Yeraen--San'a (YD), as well as small portions
of Saudi Arabia (SD) and Yemen--Aden (AD). Alter describing the arca’s sitaation and relicet, this chapter discusses
its "typical weather" by season, as shown below.
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for San’a, Yemen.
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SITUATION AND RELIEF. The southern boundary
ol the Yemen Highlands follows the 1,620-foot (500
meter) contour from the San'a-Aden political boundary
ENE 1o 50° E, or 110 NM WSW of Ras Fartak. The
castern cdge includes the Hadrhamaut Plateau, which is
defined by the 1,620-foot (500 meter) contour on the
south and the 3,280-foot (1,000 meter) contour 10 the
north. The 3,280-foot (1,000 meter) contour exicnds
westward along the northern Hadhramaul Plateau and
back to the San’a-Aden border. From there, the 6,560
foot (1,500 meter) contour runs northwest into Saudi
Arabia 10 21° 50’ N or 30 NM NE of Mecca, SD. The
western boundary follows the 3,280-foot (1,000 mceter)
contour south to the San’g/Aden border, then rejoins the
1,620-foot (500 meter) contour on Yemen's border.

The wesltern part of the region (the upright bar of the
"L"} contains rugged terrain produced by massive
geologic  uplift along  Africa’s Greal Rift  System,
Volcanic ridges (the Asir and Yemen Mountains) are
aligned NNW to SSE for about 630 NM between 13° N
and 21° 30" N. These ridges have a significant cffect on
climaic in the Yemen Highlands. An extensive network
of dendritic river systems dissect the ridges, but no
permanent strcams cxtend westward 1o the Red Sca or
castward to the Rub al Khali.

In the north, the eroded Asir Mountain ridges extend
into Saudi Arabia north of 17° N, The Asirs arc only
10-20 NM wide and average 6,890 feet (2,100 meters)
MSL in height. The Asirs end just northeast of Mecca,
Saudi Arabia. Western slopes are covered by alluvium,
while castern slopes (above 4,920 feet/1.500 meters) are
rolling hills, a desert steppe environment. The surface is
a mix of rocky stubble, boulders, and isolated sand hills.

Further south, the rugged Yemen Mountains average
8,100 fect (2,500 meters) in height and 100 NM in width
between 13° 30° N and 17° N, Numerous volcanic
peaks surround San’a and Ta’iz; the highest is Nabi
Shuayub at 12,333 feet (3,760 meters).  Terrain s
isolated; Wiere are few roads or even foot trails in the
interior. Western slopes paralle! the Red Sea coast and
ascend at the rate of 492 feel/150 meters per nautical
milc. Termain rapidly transitions from lava-covered hills
to rugged canyons with steep vertical walls that may rise
LOOO feet (305 meters) above the canyon floor. The
irtcrior ' Yemen Mountain network  containg  rugeed
granilic mountains with minimal vegetative cover. The
dry and desolatc eastern slopes trend gradually down to a
barren platcau that transitions abruptly to the Rub al
Khali Desert--the second largest desert in the world.

SITUATION AND RELIEF

The southermost portion of the Highiands (the bottom
of the "L") is known as the Hadhramaust Platcau. It
parallels the Gulf of Aden and averages 3,937 feet (1,200
meters) in clevation, Smaller volcanic ridges are aligned
WSW-ENE along the platcau’s southwest cdge, The
platcau conwins o network of deep and sinsous canyons
where numerous scmipermanent stream beds  (wadis)
have cut steep vertical cliffs into the platcau.  The
tablelands above these canyors are ievel and barren. The
platcau’s southern fringes extend 10 within 20-30 NM of
the Gulf of Aden coastline, and arc composed of igncous
rock, sandstone, and limestone.  The arca bears a
rescmblance to South Dakola's Badlands.

The extreme wesiern edge of the Hadhramaut Platcau
is an exiension of the southeastern Yemen Mountins,
Jabal Mirmal is the highest point at 6,360 fect (1,939
mciers).  To the east, the platcan is flat-topped with
isolated hills and sinuous ridges cut by an intricaie
network ol Mat-bottomed  valleys, gullies and  decp
canyons.  The highest point (40 NM northwest ol
Mukalla, South Yemen) is Jabal Sarab at 6,980 feet
(2,112 meters).  The northem and castern cdges of the
platcau disappear into the deep sand dunes and barren
landscape of the Rub al Khali.  The outstanding feature
of the platcau is the Wadi Hadhramaut, running west to
cast through the center of the platcau. It watershed
drains 1,000 sq NM of adjacent wadis. The largest
tributary (the Wadi Masilah) carrics water towards the
Gulf of Aden during heavy rains. Wadi vallcysare 1103
NM wide, with level, arable land abruptly cdged by
natural sandstone and limestone terraces.  These slopes
can rise to 1,200 feet (365 metcrs) above the valley floor.

DRAINAGE AND RIVER SYSTEMS. There are few
permanent water bodies on the Hadhramaut Platcau
except for isolated permanent groundwaler sources in
deep wadi canyons, The Wadi Hadhramaut is the largest
intermittent river valley, extending 350 NM SSW (o the
Gull of Aden. As it turns south, the valley becomes the
Wadi Masilah.  The Wadi Mayla’ah and Wadi Hajr
originate along the southem ridges of the Hadhramaut
Platcau and form deep canyons along their courses. Each
stream runs about 100 NM northwest to southeast Lo the
coast. The Wadi Mayla'ah flows throughout the ycar on
a 10 NM stretch of its course, but surface water docs nol
rcach the Gulf of Aden. The Wadi Hajr is the only
perennial - stream  that flows  through  the  southern
Hadhramaut from its source 1o the Gulf.  The wadi
system is shown in Figure 5-1a.
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VEGETATION. The western and northem [ringes of

the Hadhramaut Plateau are covered sparscly by short
shrubs and grasses. These regions are transition zones
between alpine and desert environments.  Above 6,7(¢)
fect (2,043 meters), isolated acacia trees, thorn shrubs,
and alpine grasses thrive. The canyons and valleys of the
Hadhramaut contain diversified vegewtion. Palm, acacia
aid ariga (an ornament tree or shrub with feathery
branches) thrive in the moist sands of the wadi channcls,
Valley flocrs contrast the barren slopes of canyons.
Some isolated agricultural terracing is atteipted on the
slopes, but most are dotied by shallow rooted shrubs.

SITUATION AND RELIEF

Along the wesiern slopes of the Yemen Mounuiins,
theve is an evergreen zone between 4,000 Lnd 6,700 leel
(1,220-2,(43 mclers) MSL. Deciduous and mixed forest
cling to the rugged terrain, hut they thin appreciably
aorthward into Soudi Arabia and the southern Asirs.
Below the evergreen sone, acacin trees, small shrubs and
grass clumps thrive, but above the evergreen zone, the
terrain is trecless.  Alpine Mowers, grasses and lichens
are seasonal forms of vegetation.
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GENEFRAL WEATHER. Sea breeze circufation and
the surfnce Monsoon Trough are the two most important
Southwwest Monsoon weather features iin the Yemen
Highlunds. As the sca breeze surges inland against the
Asir and Yemen Mounuins, orographic hft produces
cumulus between 4,000 and 8,000 feet (1,220 and 2,429
meters) (rom 1a’iz northward w San'a.  The uplift
occasionally produces a continuous line of conveclive
activity some 400 NM long from SSE-NNW along the
southern Asir and Yemen Mountains, with moderate
rainshowers and cmbedded thundershowers,  Rainfall
often occurs beiween 1400 and 1800 LST.

The surface Monsoon Trough and its weak low-level
convergence occasionally produces isolated convection
ncar the Straits of Bab al Mandab, but the Trough's
primary role 85 & Southwest Monsoon weather-maker is
to provide hot and dry northcasterly (low to the
Hadbramaut and castern Yemen and Asie Mountains, A
strong thermal low--part of the broad scale thermal
trough discussed in Chapier 2--anchors the surface
Monsoon Trough over the Rub al Khali Desert during the
Southwest Monsoon. Dry northeasterly flow ascends the
castern Yemen Highlands and mixes with ascending sca
breeze moisture 10 the west of the highest ridge crests.
The result is a well-defined diumal  cloud and
precipilation paticrn west-to-cast across the Yemen angd
Asir Mountains. Hol, dry, and cloud-frce skies dominaic
castern slopes, while moderate convection, substantial
rainfall, and cooler daylime temperatures dominate
western slopes.  Light rain falls on castern slopes above
8,000 lcet/2,439 melers, the product of convective towers
originating along western mountain slopes.

On rarc occasions, a strong high-pressure ridge
disrupts the typical synoptic surface pressure patlern.
Cooler and moister Mediterranean-type  air  masses
descend across northern Saudi Arabia. The abnormal
synoptic paticrn produces temporary (3- to 12-hour)
moist mid-level flow along the eastern Yemen

Highlands. Nearly all eastern slope rainfall below 8,000
fect (2,439 meters) occurs with high pressure ridging.
Note that high pressure ridges are early and late scason
phenomena only.

June-September

SKY COVER. The Southwest Monsoon produces the
highest pereentage of tnean cloudiness for the entire year,
but ke highest trequencies shown by the isopleths in
Figurc 6-2 arc still less than 45 percent. Most cloudiness
is over the southern and central Yemen Mountains,
where  low-level  Red  Sea moisture  and  weak
convergenee along the sarfavce Monsoon Trough gl
orographic uplift. The sea breeze insures a diurnal cycle
of maoderate convection all day.  The cycle begins
between 0900 and 1OU0 LST and cnds before 1800 LST.
Orographic uplift occurs along the western Asirs, but to o
lesser degree;  the convective cycle here stops at 1600
LST.

Mean cloudiness decrcases considerably downwind
(on lecside slopes) and over the Hadhramaut Platcau as
sca breeze moisture is unable to penctaate into the
interior. Most iceside and platcau cloud cover here is the
result of convective blow-off,  while most mid and
upper-level cloudiness is determined by synoptic (Tow,
Hot and dry air frome the Arabian inerior and Rub al
Khali keep skics clear cust of the highest ridges. With
sasterly flow aloft, only cirrus or shallow altostratus
clouds develop above 15,000 fect (4,57 meters).  Sea
breezes  produce most  carly  moming  siratus,
stratocumulus, and cumulus, but these are confined o
immediate  coastal slopes below 6,560 feet (2,000
meters).

Skics are clear in the carly moming except for the
patchy stratus that devclops along immediate coastiines
and pushes inland during the land/sea breeze transition
between 0600 and 0800 LLST. Patchy stratus or shallow
stratocumulus rarely constitute a ceiling, and  both
dissipatc quickly with hcating. Tiin stratus and shallow
ground fog may develop in remois canyons and rugged
valleys in the southern and western Yemen Mountains
These thin clouds appear along the inversion laycr with
strong radiation cooling in the evening. Thin cloud cover
may persist for scveral hours if winds remain calm
overnight and into mid-morning above 10,000 feet
(3,050 mcters). Most ground fog and swratus develop at
or above 300 feet (91 meters) AGL, but are seldom more
than 190 fect (30 meters) thick.
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Figure 6-2. Mean Southwest Monsoon Cleudiness (Isolines) and Frequencies of Ceilings Below 3,000 Feet
(915 meters), Yemen Hightands. Isopledhs are in 10% intervins. The nusncrical data is derived by calculating the
grand mcan of National Intclligence Summary (NIS) mcan cloudiness data for specific sites between Jure and

September.

Shallow cumules develops over ridges by laic
morning or early afternoon during (aximum sea breeze
penetradon into the interior.  Rain seldom falls on the
lecsides of mountains unless cold pockets of air aleft or a
nertheasterly surface circulation over the interior riggers
more convergence along the highest ridge crests, At
Khamis Mushait, prevailing winds are northeasterly, but

here is cnovgh extensive orographic cumulus for this
leeside location o have mid-afternoon cloud cover.
Typically, northcasteriy flow is too dry for orographic
cloud cover to form on the Asir or Yemen Mountains’
castern slopes.  Most cumulus dissipates by midnight,
with some isolaled altostratus or altocumulus drifting
castward in the residual moisture provided by the sea
brecze. Tyvical fair veeather cumulus may form a bioken
cloud line along th. western Asir and Yemen Mountains
between 7,000 and 9,000 fcet (2,234 and 2,744 meicrs)
MSL, but tops rarely exceed 12,000 feet (3,658 melers)
This fair weather cumaulus rarely continues castward

along the leeward slopes. When northeasterly flow from
the Rub al Khali is weak, a corzimious cloud line oxtends
from Ta'iz 0 Abha. Much of the diurnal cumulus is
observed at 2.000-3. (00 feet (670-915 meters) AGL on
the western slopes of these mountain ranges;  tops may
exceed 15,000 feet (4,573 meters). With a strong surge
in the Southwest Monsoon, convergence over the peaks
beiweer  Aden and  San’a  may  produce  scvere
thunderstorms  with wops 0 50,000 feet (152 km).
Mid-level cloud cover increases temporarily in carly June
whencver a rare southward surge of the Polar Jet stream
brings a weak cold front into the central Red Sea.

Low ccilings arc common with sca breeze cumulus or
when a high-pressure  ridge  creates  northeasterly
circulation with somc Mediterrancan moisture.  Low
cciling frequencics are highest between 1500 and (000
LST. At San’a, the frequency of ceilings between 1,000
and 3,000 fect (305-975 meters) rcaches 54% in August
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vetwaen 1600 and 0000 LST. Most ceilings between
2,500-3,600 feet (700-915 meters) at Khamis Mushait
and Tu'iz occur when prevailing wind  dircction s
southerly or westerly.  On rare occasions, low ceilings
occur with northerly flow at Khamis Mushait,

VISIBILITY, Visibititics during the Southwest
Monsoon are greater than 3 miles more than 90% of the
time, but dust and haze often restrict visibility to 4-6
miles (60% of the time in July) with strong afternoon
wirds. Thesc winds are generaily caused by mountain
and valley breezes, but sca breezes also stir up large
amounts of dust and sand., AL 1500 LST, Ta’iz
visibilitics are 4-6 miles 82% of the time.

Visibilitics below 3 milces (Figure 6-3) occur less than
7% of the time and arc rarely below a mile, Duststonns

June-September

and sandstorms that lower visibilities (o less than @ mile
along coastlines may become  so widespread  hint
jocations at elevations between 3,280 and S,000 deet
(1,000 und 1,524 meters) MSL are also affected.

“Dju Farak" is the local name for a duststorm in the
Yemen  Highlands caused by localized  diflerential
surfoce heating,  Although "Dju Farah” may occur at
other times, they arc most severe during carly August, in
the alternoon.

Fog is extremely rare during the Southwest Monsoon,
but it may occur on 1-2 mornings a scason with calm
carly morning conditions along the southwest facing
slopes south of Ta'iz. Visibility in fog is normaltly less
than 2 1/2 miles.
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Figure 6-3. Southwest Monsoon Frequencies of Visibilities Below 3 Miles, Yemen Highlands.
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WINDS. Figure 6-4 shows mcan monthly surface wind
speeds and prevailing directions lor three stations in the
Yemen Highlands.  Note that while the prevailing
direction at Khamis Mushait (Kh's Mushait) and San'a is
northeasterly, it is westerly at Ta'iz.  ‘The surface
northeasterlics originaic in the northern or northwest
guadrant of the Saudi Arabian Hcat Low discussed in
Chapter 2. The weslerlies near Ta'iz are sea breczes at

June-September

9-10 knots. Northeasterly ow is also present along the
northern Hadhramaut Platcau.  Mid- and upper-level
winds (Figures 6-Sa-¢) during the Southwest Monsoon
do not necessarily reflect surface conditions. Mean
mid-level speeds  show  little  variation  during  the
Southwest Monsoon, averaging 8-11 knots at 10,000 feet
(3,050 meters);  12-18 knots at 15,000 feet (4,573
meters); and 10-14 knots at 30,000 et (9,146 meters).

JUN JUL AUG SEP

NNE—-—ENE |[Kh's Mushait] =52 @ 5.20 8450 0 @ ED
N—-NE |[San'a a0 00 210 .20 TLAD
WSW—W |[Ta'iz .60 ¢ 220 10,30 D.ED

Figure 6-4. Mean Southwest Monsoon Wind Speed (kts)

Direction, Yemen Highlands.
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Figure 6-5a.
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direction at San’a is northcasterly at 10,000 and 15,000 fcet (3,050 and 4,573
meters), but casterly at 30,000 feet (9,146 mcters).
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PRECIPITATION. The heaviest Sonthwest Monsoon
precipitation is  confincd o the western  Asir and
western/southern Yemen Mountains, as shown in Figure
6-6). Moist sca breczes fucl orographic convection cvery
day in these arcas. Moderate rain showers lasting for 1-2
hours in late aftemoon scldom occur norith of 177 N.

June-September

Only an isolated seetion of the western Asir Mountains
{west of Abha) gets more than 4 inches (102 mm) of raio
during the Southwest Monsoon.  Highest scasonal
rainfalt (more than 9 inches/229 mm) is along the Yemen
Mountains ncar 44° E and 13° 45" N, 157 30" N,
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Figure 6-6.
Isohycts show mcan scasonal rainfall totals (inches).
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Mean Southwest Monsoon Monthly/Maximum 24-Hour Precipitation, Yemen Highlands.
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TEMPERATURE, ‘The highest temperatures are in
June. Mecun daily highs (Figure 6-7) range from 75 (o
96°F (24-36°C). 'The rccord highs in June arc R6°F
(30°C) at San’a and 104°F (40°C) a1 Ta'if. The Rub al
Khali, in northcasiern Yemen, is much hotter;  intense
surface heating and clear skics can produce temperatures
greater than 125°F (52°C). Surface air temperutures may
drop by S5°F (30°C) in an hour when a northerly wind

June-Septembeor

shift oceurs before mid-afternoon eains along the Yemen
Mountains' leeward stopes.  Mean daily lows range from
52 to 77°F (11-25°C). September is coolest, with record
lows of 39°F (4°C) st San’a und 57°F (14°C) at Tu'if,
both above 5,000 feet (1,524 mcters). Although Ta'iz is
only at 4,629 fect (1,411 meers), the persisieni sca
breeze and a marine climate resulied in its record low of
65°F (18°C).
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Figure 6-7. Mean Southwest Monsoon Daily Maximum/Minimum Temperature (°F), Yemen Highiands.
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GENFRAL WEATHER. The two most imporiant
weather-mukers during the transition are the surfuce
Morsoon Trough's southward migration und changes in
surfoce circulation over the Rub al Khali. The southerly
retreat of the Mofsoon Trough reduces southerly inflow
into the Suudi Arabian Heat Low vy nud-Culober, As g
result, the sea breeze cannot push inland with enough
force to induce massive orographic uplit along the
southern Yemen Highlunds,

The Saudi  Arabian Heat Low's  disuppearance
decreases the amount of hot northeasterly Now in the
castern Yemen Highlunds and northern  Hadhramaut
Platcau, In fact, the Heat Low is replaced in November
by the Saudi Arabian High, which induces weak casterly

QOctober-November

outllow into the Gulf of Aden and produces fuir weather
and lower temperatares,  The Soudi Arabiun High
strengthens in November and increases subsidence at the
middle levels.  Subsidence further reduces the effeey of
orographic upliit on sea breeze maisture above 6,000 leet
(1,829 meicrs) MSL on the Hadhramaut Platcau and in
the southeastern Yemen Highlands.

SKY COVER. Mcan cloudiness during the transition is
less thun 209 exeept for a small portion of the extreme
western Yemen Mountains between 14 and 16° N, Mcan
cloudiness (shallow fair-weather cumulus and cirrus) on
the castem slopes of the Yemen Highlands and the
northern Hadhramaut Plateau is 15% or less--see Figure
6-8.
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Persistent  high  surface pressure over the  Saudi
Arabian peninsuly produces weak casterly low-level flow
into the eastem Yemen Highlands and  northem
Hadhramaut Platenu by carly November,  Light sea
breezes may generate shallow convective cumulus clond
cover along the Yemen Highlands' western  and
southwesiern slopes.  Stratocumulus with embedden
cumulonimbus occurs with the divergence that precedes
upper-level troughs.

Westerly or southwesterly flow signals 2 weak frontal
passage.  Such shifts iacrcase altocumulus and cirrus
cloud cover, but may also produce stratocumulus in the
valleys and plateaus east of the Asir and Yemen
Mountains. Although only cirrus is present with weaker
troughs, well-organized systems produce  isolated
altocumulus, altostratus  and  stratocamulus.  Bases
average 5,000-7,000 feet (1,524-2,134 meters) AGL, and
tops reach to 15,000 feet (6,097 meters) MSL.

October-November

Along the southern Yemen Mountains ond the southern
Hadhramaut  Platcau, & southcast  wind  increases
orogeaphic uplift and the amount of low cloud. Ceilings
of 3,500 feet (1,067 meters) are common at Khamis
Mushait; tops reach 10,000 feet (3,050 meters) MSL.
Most low ccilings are in diurnal cumulus resulting from
orographic 1ift, but they occur during late evening, Loo.
Evening cloudiness is the result of local mountain and
vallcy wind convergence on the westein slopes of the
Yemen and Asir Mountains.  Along castern slopes,
cvenitg air is 100 dry lor local mountain and valley wind
convergence 1o produce low cloud cover.

VISIBILITY. \Visibilitics arc cxcellent. They are 6
miles or more 90% of the time, and frequencies below 3
miles are fowest of the year (Figure 6-9). Best chance
for visibility below 6 miles is 090(0-1200 LST. AL Ta’iz
and Khamis Mushait, 3- 10 6-milc visibility Irequency
rcaches a high of 8% ir Novomber, Vigibilitics belew
miles, although extremely rare, arc usually reported with
ground fog.
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Figure 6-9. SW-NE Monsoon Transition Frequencies of Visibilities Relow 3 Miles, Yemen Highlands,
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YEMEN HIGHLANDS
Southwest-to-Northeast Mcnsoon Transition

WINDS. In October, the surface Monsoon Trough
produces light and variable winds along its axis, but by
November, weak casterly synoptic Mow develops at the
lower levels.  Figure 6-10 gives mean surface wind
spceds and prevailing directions for Khamis Mushait
(Kh's Mushait), San’a, and Ta'iz. Winds arc weaker
over the intcrior Yemen Highlands because the sca

October-November

brecze cannol rcach that far uniess reinforced by synoptic
flow; i.c., southcasterlics in the Gull of Aden or
westerlies in the Red Sca.  Figures 6-11a and b give
mcan annual mid- and upper-level wind dircctions al
Khamis Mushait (representative of the north) and at
San'a (representative of the south).

E~S|Kh's Mushait| £.20 | £.5¢
INE |San'a 5.00 0 510
S [Ta'iz 2.90 :39.00

OCT | NOV

Figure 6-10. Mean SW-NE Monsoon Transition Wind Speed (kts)
and Prevailing Direction, Yemen Highlands.
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Figure 6-11a. Mean Annual

Wind Direction,

T ' T T T 1 T T T Y
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV ?EC

Khamis Mushait, SD.

Upper-fevet (30,000-fool™.1 km MSL) westerlics incrcase from 14 knots in

Oclober 10 25 knots in November.
northeasterly to west-southwestcrly.

AL mid-and upper-levels, winds shilt from

The upper-level shift is caused by the

southward movement of the Subtropical Ridge.
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YEMEN HIGHLANDS
Southwest-to-Northeast Monsoon Transitlon
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Figure 6-11b. Mean Annual Wind Direction, San’a, YD. Winds remain casterly
(050-120°) in the south, but average only 12-16 knots.

PRECIPITATION. The transition from the Southwest
10 the Northeast Monsoon is the driest period of the year,
thanks to weak convergence between the surface
Monsoon Trough and the sca breeze. Mcan monthly
precipitation averages 1.2 inches (30 mm) or less; most
locations get less than 0.5 inches (13 mm). The weak sca
breeze doesn’t regulasly penetrate to the Ycemen
Highlands;  orographic lift, diumal convection, and

rainfall arc minimized in October and November. On the
rare occasion that sea breeze moisture docs gencrate
orographic lift, moderate to heavy rainshowers can occur,

The arcas of heaviest rainfall are shown (in Figure
6-12) by the closed (2.4 inch/61 mm) isohyets in the
western Yemen Mountains.  Upper-level troughs may
trigger additional rainfall in November, but these
disturbances only occur on 1-2 days a scason.  Heavy
dew is common on clear, cold momings. Expect snow
above 10,000 feet (3050 meters) by the end of
November. Snow depth rarcly exceeds 6 inches (152
mm} unless an unucually high number of upper-level
troughs (2-4 a month) penetrate the Yemen Highlands
during November.,
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Southwast-to-Northoast Monsoon Transliion October-November
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Figure 6-12.

Mean SW-NE Monsoon Transition Monthly/Maximum 24-Hour Precipitation, Yemen

Highlands, Isohycts represent mean scasonal rainfall totals (inches). Maximum 24-hour precipitation values were

available for San'a, Mukayris, and Ta'iz only.

TEMPERATURE. Transition temperatures shown in
Figure 6-13 depend on clevation and topography. Mcan
highs range from 68 to 87°F (20-31°C). Record highs
include 78°F (26°C) at Mukayris and 93°F (34°C) at
Ta'if, both in October. Mean daily lows range from 38
10 S8°F (3-14°C), but locations ncar the marinc

boundary layer (such as Ta'iz) are greatly modificd
(69°F21°C) by the sea breeze. Record lows al San’a
and Ta'if were 27°F (-3°C) and 45°F (7°C), both in
November. The record low at Ta'if was 63°F (17°C), set
in October,
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Southwest-to-Northeast Monsoon Transition October-November
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YEMEN HIGHLANDS
December-March

NORTHEAST MONSOON

GENFRAL WFEATHER. Periodic cyclonic activity, Nottheast Monsoon flow ito the Straits of Bab af
migratory  upper-fevel  troughs,  and  fow-level  Mandab converges with weak northwesterly  outllow
convergence afong the Red Sca Convergence Zone  irom the Saharan High afong the southern Red Sca.
(RSCZ--scc Chapter 2) produce most of the Northeast  Weak low-lfevel convergence combines with sca breezes
Monsoon’s significant weather. Every 5 to 10 days, a  along the western Yemen Highiands between 16 and 21
surface cold front moves southeast or castward across the N 1o produce the RSCZ.  Isolated rainshowers and
Asir and northem Yemen Mountains,  Light rain,  occasional  thundershowers  are common  along  the
incrcascd mid- and upper-level croud cover and  RSCZ's castern edge.

southwesterty-to-southerly surface flow precedes the

front.
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Figure 6-14. Mean Northeast Monsoon Cloudiness {Isolines) and Frequencies of Ceilings Below 3,000 Feet
(915 meters), Yemen Highlands. Isopleths are in 10% inrervals. Numecrical data was derived by calculating the
grand mean of National Intelligence Summary (NIS) mcan cloudincss dawa for specific sites from December 1o

March,

percent  over  the  Hadhramaut  Platcau, where
northeasterly flow provides litle low-leve! inoisture.
Although the platcau gencrally secs less cloudiness (now

SKY COVER. Northeast Monsoon mcan cioudiness
(shown above in Figurc 6-14) averages 20-3G percent
along the Yemen and Asir Mountains, and less than 20
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NORTHEAST MONSOON

anostly  chrrus  and  cirrosuatus), northeasterly  flow
induces some orographic fair-weather cumulus along the
southcastem Yemen Mounleins between Mukayris and
Dhala,

Along the Western Yemen and  Asir Moun:ains,
cyclonic activity, the Red Sca Convergence Zone
(RSCZ) and persistent westerly synoptic flow produce
morc orographic iift. The uplift produces cumulus as
well as mid- and upper-level cloudincss.  Bascs arc
5.000-7,000 fect (1,524-2,134 meters) AGL, and tops
reach 10,000 feet (3,050 meters) MSL.

Ccilings below 3,000 feet (915 meters) gencrally
occur with south or southwest winds.  Southeast winds
only produce low clouds (cuinulas and siratocumulus)
along the southern Yemen Mountains in mid-alternoon,
and over the southwest Hadhramaut Plateau in carly and
mid-morning. Ceilings of 1,000 and 1,500 {ect (305-453
meters) are possible along the western and southern
Yemen Mountains, Ceilings at or below 1,000 fect (305
meters) are most common between January and March,
from 0600 10 0900 LST. Ceilings from 1,000 to 3,000
feet (305-10 9i5-meter) are most common in the western
and southcrn Yemen Highlands betwzen 1600 and 2100

December-March

LST. Clear skics are commmon with undisturbed weather
during the Northeasr Monsoon.  However, infrequent
mid-latitude cold fronts (Cyprus Lows) pass the aren on
2-3 days a month and increase mid-and upper-level ¢loud
cover for 6 to 18 hours. Weak [rontal passages produce
scattered 10 broken ceilings. Skies include a mixture of
cumutlus, stratocumulus, and altocumiulus over the Asirs,
while exiensive cumulus forms along, the westermn Yemen
Mountaias above 10,000 teet (3,050 meters) MSL.

Strong cold fronts occasionatly penctrate the northern
half of the region (0 18° N, Above the surface cold front,
the Folar Jeu (PJS) and Subtropical Jet (ST may merge
und "share cnergy” over the northern Asirs, as shown in
Figure 6-15.  Moist low-level  southwesterly  flow
develops along the surface warm front.  Common warm
front sky conditions include multilayered clouds with
isolated cumulonimbus embedded in Tow stratus decks.
Isolated cumumulus bases qun from 6,000 o £,000 1cel
(1,838 10 2,439 meters) ACGL, with wops 10,000-15000
feet (3,050-4,573 metersy MSL. Stratus deck bases run
from 2,000 1o 4,000 feet (G10--1,220 meters) MSL.
Surface cold fronts moving over the Red Sca have
isolated cumulus and/or cumulonimbus  immediately
ahead, but little or no cloud behind.

Figure 6-15.

Upper-Level (300-mii) Flow Supporting an Intense Frontal

Passage into the Northern Yemen Highlands. PJS = Polar Jet Sweam; STJ =
Subtropical Jet Swream. The map shows two arcas of jel stream intcraction, but

PIS/STI-2 is important to this discussion.
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NORTHEAST MONSOON

When the Subtropical Jet is ttie only feature present in
the flow pattern, dznse cinus covers the region
Scattered oltosirutus with bases detween 15,000 andd
18,000 fect (4,573-5 487 meters) AGL is possible,

Retween 16° and 21° N, the Red Sca Convergence
Zone (RSCZ--see Chapier 2) produces weak fow-level
convergence and cloud cover along its axis. At the
custern cdge of the RSCZ axis, convective cells
conceatraie development along a 10-30 NM section of
the western Axir and northem Yemen Mceuntains in
mid-morning. The precise location for isolated cumulus
development varics from day o day and month o month,
If an upper-level trough ties 1o the west of the RSCZ,
cumulus with tops 10 20,000 feet (6,097 meters) MSL
may form paralicl 10 a large (200 NM north 10 south)
portion of the western Yemen Highlands: they may spill
1020 NM cast of the highest ridge fines by late
afiernoon.  When they do, leeward slopes see scattered

December-March

ahtocumulus aith ceiliegs at or above 5,000 leet (1,524
meters) AGL. Cloud cover on windward slopes remains
for up w 6 hours after irough passage;  the line of
cumulus and cumulonimbus with tops o 18,000-20,000
feet (5,487-6,(07 meters) MSL and bases at or above
3,000 feet (915 meters) AGL dump heavy rainfall on the
western Yemen Highlands.

VISIBILITY. Dust and haze arc the primary visibility
restrictions.  Afternoon visibilitics are between 3 and 6
mites 36 percent of the time al Ta'iz (January ) and San’a
(March). Visibilites below 3 miles are rare; frequencics
at'fa'iz are 5% at W00 LST. Morning haze is the most
{requently observed obstruction to vision at Ta'iz. Most
taland and high-alutede locations sce a lew dust- or
haze-related low visibilitics, but the mean [requency s
low. Lowest visibilitics occur with strong southwesterly
flow immediately ahead of a surface cold front.
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Figure 6-16. Northeast Monsoon Frequencies of Visibilities Below 3 Miles, Yemen Highlands.
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NORTHEAST MONSOON

WINDS.,  Surfuce winds vary from northwest to
southeast as two-large scale surface circulations.-
Northcast Monsoon (low and northwesterly Saharan
High outlow--converge in the southern Red Sea. Yemen
Highlands topography limits this convergence to the Red
Sca arca between the surface and 5,000 feet (1,524
meters) MSL.

Figure 6-17 gives mean surface wind speeds and
prevailing dircctions at Kh's Mushait (Khamis Mushait),
San’y, and Ta'iz. Winds arc southcasterly in the western
Yemen and Asir Mountains below 5,000 fect (1,524
meters) MSL and south of thc RSCZ. Northcasterly
low-level  flow deflects 10 the right (o
southerly/southcasterly) upon entering the Straits of Bab
al Mandab and southern Red Sea. Wind speeds in Lhe
Straits  and foothills of the southecastern  Yemen
Highlands (Ta'iz) average 15-20 knots over water and
10-15 knots in the foothills.

December-March

As Northcast Monsoon surface (Tow enters the Straits
from the south, nonthwesterly-to-northerly flow cnters
the Red Sca from the Sahara.  The Saharan High (sce
Chapter  2) produces  this  northerly  surface wind
component. Northwesterlics arc weak (3-5 knots) in the
central and  southern Red  Sca during  undisturbed
weather, but surface flow reinforees the sca breeze along
the western Yemen Mountains. Resultant synoptic wind
dircction (Saharan High/sca breeze flow) along the
cxtreme northern Yemen Mountains and the Asirs is
southwesterly, although surface wind dircction along the
extreme eastern cdge of the RSCZ may he variable.

When  cyclonic  activity cnters  the  Red  Sca,
southwesterlics at 8-15 knots precede frontal passage by
A 10 36 hours, depending on the speed of the Iront. Some
move eastward or northcasiward guickly (10-20 knots),
but others move only at 5-10 knots.

JAN FEB : MAR

S—SW [Kh's Mushait| #.40F 7.70: &.60 . 850
SW—~—W |[San'a £.00 ¢ £.00F 850 A.90
SE—SSTE |Taiz 10.50 0 11,50 0 10.60 | 13.30

Figure 6-17. Mean Northeast Monsoon Wind Speed (kts) and Prevailing Direction, Yemen Highfands.

Although mid- and upper-level wind directions arc
less affected by terrain, some southern Yemen Mountain
locations arc in a transition zone between subtropical
African mid-level wesicrlies and casterly mid-level flow
during differcnt months of the season. Mcan mid-level
flow averages only 9-12 knots regardless of direction.
Upper-level flow is westerly because the Subtropical
Ridge is south of the region. Mean upper-level flow
averages 18-26 knots in the southern Yemen Mountains
(at Ta’iz and San’a), but 38-47 knots in the Asirs (at
Khamis Mushait).

The mid-level flow transition zone is best illustrated
by comparing mcan annual wind directions at Ta'iv

(Figure 6-18a) and San'a (Figurc 6-18b). At Ta’iz, the
mean December direction at 10,000 feet (3,050 meters) is
southcasterly; at 15,000 fect (4,573 meters), it's
northeasterly. Mcan wind dircction at 15,000 fect (4,573
melers) reverses in January (300°) and February (205°).
In  March, both levels arc south  southwesterly
(190-210°).  Note that surface wind dircction s Ta'i,
{clevation 4,629 fect/1.411 mciers) is southerly 1o
southcasterly. At San'a (clevation 7,237 feet/2,206
melers), 15,000-foot (4,573 mcter) wind dircction is
west-southwesterly 0 westerly between December and
March, southerly at 10,000 feet (3,050 meters) from
December to January. and southwesterly in February and
March,
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NORTHEAST MONSOON December-March
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Figure 6-18a. Mean Annual Wind Direction, Ta’iz, YD.
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Figure 6-18b. Mean Annual Wind Direction, San’a, YD.
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PRECIPITATION, Ncarly all Northeast Monsoon
scason rainfall occurs north of 14° N as cold upper-level
troughs pass over the Yemen Highlands.  Significant
rainfall (0.05 inches/1.3 mm or greater) falls when the
Polar Jet descends into the central Red Sca and Saudi
Arabian Peninsula. The Polar Jet's southward surge of
cold air aloft into the sublropics may merge with the
Subuopical Jel. When the two jets interact (or "share
energy"), moisture increases al the upper levels, If a
low-level cyclonic circulation develops bencath the
upper-level trough, southwesterly or southerly winds
push warm moist air from the Red Sea deep into the

December-March

Highlands, Thice or four upper-level troughs move into
the central Red Sca during cach Northeast Monsoon
scason, but only onc or two superimpose themselves over
a surface cyclone or cold front.  Snow oceurs above
10,000 feet (3,050 meters) with most cold upper-level
troughs, but accumulations of 6 inches (152 mm) or more
are extremely rare.  Snow below 6,000 feet (1,829
meters) has not been documented.  Figure 6-19 shows
mcan monthly precipitation across the region,  Only
Dhala, Mukayris, and Taif get more than 0.2 inches (8
mm) in cach month of the Northcast Monsoon, Dhala
and Mukayris rainfall is caused by cold upper-level

western Asir and Yemen Mountains. The cold air in the  troughs, but by northcasterly  low-level  Northeast
upper-level trough helps generate isolated thunderstorm  Monsoon flow and orographic lift.
activity and moderate rainfall on the western Yemen
3 A \J )
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Figure 6-19.

Mean Northeast Monsoon Monthly/Maximum 24-Hour Precipitation, Yemen Highlands.

Isohyets represent mean scasonal rainfall Lotals (inches). 24-hour data was not available for Abha and Ta'iz.
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TEMPERATURE, Above 5,000 feet (1,524 metcers),
temperatures vary with clevation and topography, but
prevailing low-level wind dircction has an clfect below
500 feet (1,524 meters). On southern Yemen Mountin
hillsides below 5,000 feet (1,524 meters) between Ta'iz
and Mukayris, temperatures arc moderated by sea breeze
moisture.  On castern Red Sea hillsides, the sea breeze
moderates temperature, but does not normally affect
nighttime wmperatures above 5,000 feet (1,524 meters)

Mcan daily highs range from 64 (0 82°F (18-28°C).
The record March high at Mukaryis (elevation 6,720
fce/2,049 mceters) is 77°F (25°C). At Ta'if (clevation

December-March

4,500 fee/1,372 meters), the record is 90°F (32°C),
Extended (3-7-day) periods of undisturbed weather allow
larger diumnal wemperature ranges at higher clevations,
For cxample, the January diurnal range at San’s
{clevation 7,237 fect/2,206 meters) is 35°F (19°C), but at
Ta'iz (clevation 4,629 fec/1,411 meters), the rnge is
only 7°F (2-3°C). Mcan daily lows range from 36 o
56°F (2-13°C). Absolute lows below freezing arc rare,
but 22°F (-6°C) was recorded at San’a in December,
Ta'iz, on the other hand, has never recorded o
temperature below 60°F (16°C) during any Northcast
Monsoon month.
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Figure 6-20. Mean Northeast Monsoon Daily Maximum/Minimum Temperature (°F), Yemen Highlands.
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NORTHEAST-TO SOUTHWEST MONSOON TRANSITION

GENERAL WEATHER. Cyclonic activity, the surface
Monsoon Trough, and the Red Sca Convergence Zone
(RSCZ) arc the most important transition wcather
features. By early May, the surface Monsoon Trough
(with weak low-level convergence) replaces sustained
notthcasterly flow in the Gulf of Aden. Northeasterlics
weaken rapidly in the Straits of Bab al Mandab during
April. The end of the Northeast Monscon also marks the
end of the Red Sca Convergence Zone. Although the
surface Monsoon Trough is inactive along the Guif of
Adcn and southern Red Sea, southerly itow is established
south of the Trough axis. As 4 result, persisicat onshore
low-level low along the southern Yemen Mountains and

April-May

somthern Hadhramaut Pliteau intensifics the sea breese,
Light and vanable winds dominate the southern aid
central Red Sca.

SKY COVER. Transition cloudiness  frequencies
(Figurc 6-21) arc highest (greater than 309%) in the
southwestern corner of the Yemen Mountains, where
clevations arc below 6,000 feet (1,829 meters) MSL.
Cumulus is the predominant cloud type.  Over the
southern  Hadhramaut  Platcau, (he interior  Yemen
Mountains, and the southcrm Asirs, mean cloudiness is
20-30%. Mecan cloudiness (mostly cirrus) in the northern
Asirs is Icss than 20%.,
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Figure 6-21. Mean NE-SW Monsoon Transitior Mean Cloudiness (Isolines) and Frequencies of Ceilings
Below 3,000 Feet (915 meters), Yemen Highlands. soplcths are in 10% intervals. Mcan cloudiness data was
derived by calculating the grand mean for National Imelligence Summary (NIS) mean cloudiness data for specific

sites in April and May.
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YEMEN HIGHLANDS
NORTHEAST-TO-SOUTHWEST MONSOON TRANSITION

Stratocumulus and isolated cumulus develop along the
extreme eastern edge of the RSCZ as light und variable
winds along the surface Trough axis converge with local
sea breezes. The resultant flow ascends the western
Yemen and Asir Mounwin foothills, The RSCZ'’s daily
position along the foothills and local sca breeze
oricntation determincs the type and extent of cloud cover
and rainfall. The RSCZ disappears from the region by
late April or carly May.

During a typical April, RSCZ cloud cover develops
north of 18° N, but convection may deviate from this
mcan location pattern when other synoptic features alier
the low-level convergence pattern.  Synoptic conditions
that affect RSCZ cloud cover are migratory surface low-
pressure cells and cold upper-level troughs. With either
feature, isolated towering cumulus with tops 1o 15,000
fect (4,573 meters) MSL may extend south to 15° N.

April-May

Cyclonic activity with southerly or southwesterly fow
ahcad of a cold front produces more ceilings below 3,000
feet (915 mcters) than any other synoptic or mesoscale
weather featurc. This southerly flow pattern can push
sca brecze iaoistdre 0 the 8,000-foot Ievel along the
western Asir and Yemen Mountains,  Orographic il
produces rcaltered cumulus and cumulonimbus with
bases at 2,000-3,000 fect (610-915 meters) and tops o
15,000 feet (4,573 meters) MSL,

In the seuthern Yemen Mountains and on the southern
edges of the Hadhramaut Platcau, southerly fTow results
from a strong sca breeze reinforced by the surface
Monsoon Trough in the Guil of Aden. At San’a, ceilings
are below 1,000 feet (305 meters) AGL less than 1% of
the time, but between 1600-2000 LST, ceilings arc
between 1,000 and 3,000 feet (305-915 meters) ncarly
40% of the time.  Clouds arc mostly cumulus and
towering  comulus, but strong  southerly flow  may
produce severe thunderstorms with tops above 40,000
feet (1,220 meters) between Aden and San’a.
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YEMEN HIGHLLANDS
NORTHEAST-TO-SOUTHWEST MONSOON TRANSITION

VISIBILITY. As shown in Figure 6-22, transition
visibilitics are gencrally good. In early moring, haze is
most [requently observed along the southern and western
fringes of the region below 6,000 feet (1,829 meters)
MSL. Blowing dust or sand occurs along the castern

Aprll-May

Asirs, castern  Yemen  Mountains, and  northern
Hadhramaut Platcau in mid-afternoon.  Mid-aliernoon
moderate to heavy rainfall in the southern Ycmen
Mountains results in a 1-3% frequency of lowered
visibilities during that time.
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Figure 6-22, NE-SW Monsoon Transition Frequencies of Visibilities Below 3 Miles, Yemen Highlands.

WINDS. Figure 6-23 gives mean surface wind speeds
and prevailing direction for Kh’s Mushait (Khamis
Mushait), San’a, and Ta'iz. Easterly components for

these stations reflect Northcast Monsoon low-level low
during April, and wcak cyclonic outfllow from the Rub al
Khali in May.

S—SE
S—ENE San'a
S—-SE |[Ta'iz

APR | MAY
Kh's Mushait| 7.00 ' E.6G
510 6.40
12,60 9.40

Figure 6-23. Mean NF-SW Monsoon Transition Wind Speed (kts) and
Prevailing Direction, Yemen Highlands.
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! YEMEN HIGHLANDS

NORTHEAST-TO-SOUTHWEST MONSOON TRANSITION

Upper-level (30,000-foot, 9,146-meicr) MSL flow
over the entire region is westerly. Mean speeds in April
range from 19 knots in the south (0 33 in the north,
Meun May speeds range from 11 knots in the south (o 23
knots in the north,

Mid-level  (10,000-15,000-foot, 3,050-4,573-mctcr)
wind direction is southwesterly at Khamis Mushait and
San’a in April, but cast-southeasterly over both locations
in May. Speeds avcrage 9-11 knots in April and, 11-13
knots in May. AL Ta'iz, mid-level wind direction is
cast-northecasterly at 12 knots in  April, becoming
southcasterly at 8 knots in May.

Very weak (3-10 S-knot) northwesterlies may appeir
briefly over the castern Hadhramaut Platcau in carly May
with the passage of an upper-level trough. The cold
upper-level rough is ieflected by a weak surface trough,
but the wind shifi line is negligible except in the lowest
clevations of the northern Asirs and castern Hadhramaut,
Northwesterlies affect the easiern Hadhramaut Plateau
for 3-12 hours. The sca brecze initiates a rcturn to
southerly flow, bul easterly or northeasterly flow may
replace the northwesterlies if the shift in in the evening.

April-May

The southwesterly-to-westerly flow at low  levels
provides moisture and induces orographic lift in the
extreme southern/western Yemen Mountains and western
Asirs. The southwestern Yemen Mountains (Ta'iz in
particular) get the highest rainfall amounts of the year in
April and May. Late afternoon convection produces
cxtensive light to moderate  rainshowers,  Isolated
thundershowers arc common above 8,000 feet (2439
melers) MSL.

PRECIPITATION. As shown in Figurc 6-24, April
rainfall is greater than May’s at Taif, Mukayris, and
San’a. There arc several rcasons for this. At Tail, wetler
Aprils arc the result of a higher frequency ol cyclonic
activity. Mcan April rainfall at Mukayris is greater than
May’s because the prevaiting low- and mid-level wind
dircction is southcasterly,  In May. southcasterlics
prevail to 10,000 feet (3,050 meters) MSL, with mecan
northcasterly  flow at 15000 fect (4,573 mcters).
Orographic convection builds atong the southeast Yemen
Mountains  ncar  Mukayris, but  moves  westward
(downwind).
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Figure 6-24. Mean NE-SW Monsoon

Transition Monthly/Maximum 24-Hour

Precipitation, Yemen Highlands. Maximum 24-hour rainfall not available for Ta'iz,
‘ Abha, and Taif. Isohycts represent mean scasonal rainfall otals (inches).
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YEMEN HIGHLANDS
NORTHEAST-TO-SOUTHWEST MONSOON TRANSITION April-May

FTEMPERATURE. Mcan daily highs range from 72 to

91°F (22-33°C), mcan daily lows from 49 (© 73°F
(9-23°C)--sce Figure 6-25. Warm coastal waters keep
nighttime temperatures pleasant, but below normal May
nighttime  temperatures  can be  expected  with
northcasterly low over the Hadhramaut Platcau. Record
highs include an 84°F (29°C) at Mukayris, to 100°F

(38°C) at Ta'if, both recorded in May. In unpopulated
portions of the northern  Hadhramaut  Platcaw,
temperaturcs may cxeeed 100°F (38°C), and soil surlace
temperature may  exceed  120°F (49°C).  Lowest
temperatures occur in April. A record low of 37°F (2°C)
at San’a is in contrast to the 60°F (16°C) recorded at
Ta'iz.
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Figure 6-25. Mean NE-SW Monsoon
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