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Thls work is the- fﬁ»“sb athempt u.t Y ,Qm}a,ztehen,sive; sup~
vey of a hzjzhe”tq regiectsi part of the world, _B;éc-amae' of’

wartime necesss: by ws could not wait anothsr year to accum— o . E

ulate a more ext ensuae body of da:ﬁa;,. and consequently- the

work is incomptete lost, of the detailed analysis. congerns )

- The: Anglo~Fg@ n Sudan s ‘Whose weather, thodgh least sig=

nificant. aeronau’c‘*c—al" ke {neteorqlpg;iqall;y‘ most: dEfficult
to explain, Wherever possible the reas soning: was extended: to ) :

include other regions as well. The last chapter attempts
to broaden the range of the st 2dy by class;f:.»at..pn of the
reg:«.on mto five hemogenecus weat:he; zones and By bijef diae
cuss:.on of the problems of zach zone; we have callee hi_s

"Dynamic C;Ig;.mﬁo;:;ogy"; because Jis I8 an :‘unterpretafo;ign- of

ollmatologlcal data in terms-of the clrcula.t,lon.b . \-
-An effiort has ‘been: made to keep the text descriptive
and unlnterrup‘bed by discussions of techniques: unless they

contrlbute materlally to the comprehensiomn, Suclt m;a,i"it‘ers;

have been relegatéd to the appendices.

The results of this study may be generalized into five
fundamental principles: of tropical meteorology:
L. The diurnal, insolation progess is so powerful that. othen
effects are masked., It is: thercfore ﬁeces\sary to remove di-
urnal variations: in order"t\ov analyze J.mportant changes.
2. FXow is exbremely zgon—grachent both in dlrectlon and ve1-

-y lL -
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ocitys Indsed, it may be sbated bhat the assusption of gra= e
dfent mg,#_i;@._n:: Is least applziczabi&e- in iqw; i&titude;s:' and, since
the i.S.Qb.QI:ISf often do not reflect the real i“l*\qvn,,: refined meth-
ods: of wind analysis: are: ne.ce'ssarsr_.ro.. {

3 The usuzl description of the tropics as a reglon of cha- - i

otic convective circulations Iis: correct as fab as it gees bub

s incomplete and therefore misleadings The convecbive cirs

‘Gurations ave; superimposed on systemabic eddies of vaxying
degrees: of magnitude. The largest scale eddies ¢onstitube the
prevailing normal circullation which s here called the, :
"stabionary™ bype of circulitions Periodically there occcur
Widespread disbikbancés of the stationary cireulabion. lhese o
ave not always well. marked $n the isobarig éaqtizgms-, bu_J?;. thetr,
existence 1s gvidenced by changés- in the- m.nds aﬁicéft.m ,

k. Inberhentspheric exchange of fass and momentum is not, mere-
’ . \
1y an academic Q;.?ébllﬁm'g‘- but a\.f.ver:;f 3‘.('e«'a;!; and important phenom-
enons, ED determines the ‘cha.rac.te.;c of the intertrqéic-alé_ front ‘

and controls its fluctuations,,

5e. Iy the wirter seasén the westerlies of middle latitudés

':m 7 mmmmmammmmmmmm

. . . \ - - .
frequently invede the continent of Africa, and "polar® front;

activity sometimes extends almost to the equators,

\

Although ne information is available which preves pos~

IR RN AN L3 £ o

¥
itively that Eh.e. alr called "Indian Ocean air™ in this paper E
actually ariginates in the Indian Ocean, the probabilities: | %
ére- jn. favor of this hypqth_e,s.iés.:.f Hence, for lack 'o_‘_f' a bc’tt:ezr :

) name;, the: title "Indian: QQEQna adir™ is used throughout., . -
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This work was begun in November 1942 when Major Solot
vas aSsigoed to the Sudan Meteorological Service at Khartoum.

It pr:égres.s_e.d; slowly until the 19th Weather Region Weather

G0
TR R Y2 SN TR VAR Y

Research: Centier was: estoblished at Wadl Seidna, Anglo-Egyp~
tian Sudai in May 1943. In -Sephember 1943 the research cen—

p ' h . ter was moved to Acera, B.W.A., where the final draft of this

TRLXET TR

papsy was: compleébeds. The scientific staff of the research
center has varied from time to time, but the'bulk of the work.
N . was: performed bjt~:t~"he .-foll‘pw:‘uhg. technically trained w.ea.thér

- S df-fﬁi:c.era:; : .

Major Samuel B. Solot, Director of Rescarche : _ :

Ist L. Justus Chancellgr, EIT, Research Assotiates

a Lst Lt. Guy Le Fairbanks, Jr,.Research: Es.éqaia-te-,,
The fqrécau,s,ting_ staff of the Wadd Seidna base weather
Coffice deserve credit for their édw‘:rige and. criticism. The
enlisted persomnel of thie research staff worked hard and i ‘
fajthfully et routine tasks under trying chcuTnst’aﬁces. S/Sgts

W. H. Morse is especially cb_mm'e.ndédi for high quality of per-

formance of work not ordinarily entrusted to mén of his grade,

"The staff of the Royal Air Force, under the seniar meteorolo-

gical officer, S$/Ldr. R. Y. Hay, -and the Sudan Meteorological
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Service wnder the direction of Nr. W. Ireland are thanked for P
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their whole~hearted cooperatione. Acknowledgement is made to

Mre E. O. Nerris, assistant government meteorologist, for

the consistent courtesy and psticncé with which he acceded

E 7 oo s Ehagragapitiag, 1 S { £opsiy

o our réqu.e.st:s*,, F/Lt.. &rchbold, Royal Air- Force,. assisted fj
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| noted Egypbian meteorologist, was helpful with Sugfestions
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| only through the foresight and good will of Colsi R. Fe Fulton,
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ADDUENDA ’ i

During the full year which has elopsed since the completion

of this work & great amouvat of add.ltlonal ua.m;. together with a

' s‘igniﬁcan‘t inecrease ih forecasting eXperience, have resulted in
&, moxre o.eta,iled. u.ncterstewnd..lrg of the weathes

<

AfrlcQ. In addition, there has been a e;_c\c‘hange of Ideas with

prodlems of Ceatrc:.l

TS, o8 viell as. the suOmlrs

S Students of other tropics} reg

.~

)  phis ‘Qa.pei“ to rather extémsive arofessional cri:,tﬁ:c;i.sm:. These

fc:.CUO.LS Lo,ve vended %o conflrru the basd

.. A, 3
¢ Idea as e_xpre;s;s,ed. in this

- Fepdrt. However,: it wa‘s‘ found de ble to iaclude certain
modifigations in the fozm of: aédenda. . ' : )
1. Red Sea Trough (Par. 3). The concept of the Red Sea '

N

trough as an inacvive aynamic front is valid in the tropics.

- However, it has recently oéen discovered that 1ts nor’chern 6%~

tension in the vicinity of the, blnal Peninsuls of‘cen oecomes an ' E

- __,,':,g";C’t‘ifVef discontinuity between the \-.'arm angd. :fela ively moiss alr ta

the east a.nd. the cold, continental air %o the vest. Here the
froat would, of c-ourse, slope upward to the west.

’

, ' tais froat produces rain,

Activity al ong .

m.od.eraue to severe tnu;-o.ersto*‘ms and

turbulence in the winter season. . :
. , © &, Source-of Harmattan (Par. 5 ard Chapter V) Throughout.

‘ o the discussion of harmattan habe it is stressed that t

he source .
‘ : of cbld aixr is the duss:.c or Asiaﬁ‘i?b,, air mass, and thl .ir : . : j i\
§ - p;rr-;z,vc:c-. t‘o"b‘e true ia tne exemple c~':be<i., Further expeuience, ) ﬂ : \
- : : howéver, has shown thet wn ile this sourc» of colo_ alr produces,

) T . ‘ ] . ' -V - :

o
[

-'m'u LTI P

OEITR AL T S Y
¥ o 5



T
et iy,

-l

AR s e
- O Bk BRI 4

g w0
St Bt

P
k
k.
-
'

. c o

the most w:.despraad. form of” ha:cmairvan haze;,. thore s another type

whiich: :Ls assoclated Wi th, the prevalsnce of thi ~s' hellomonoax im

» <

higerde and West sfidca. This: avises from en ﬁnj;:e-nsizﬁiigai;;iegn, angd,
s,outhe‘e.s;twam; e_xit;;e.ns:lio;h off tﬁe~ A~zo,1:é.-s~.‘1~li‘gm=.,u Both the dynamic and
t:lig:t:m,o,c'tymuni-.%c; d?i'vs,cn-s_s.vi’;_qn, are s$ill appl¥cable~to this case as w.e.i-‘l..,
Of the two types of hermetten:haze the Labber ia the mome COmmOn, -
foxrm, olithough its efifcct hs Zu,q.Ca:Lizmc‘ﬁ. in, the woeshorn. gart of

Ce:xtr J. A‘*n LR

3. lvxgc:.t»rn.ncm- Low (Par. H). Reocent investigotiiond
h,.vé shown th;;,t [akey I:-':x@_(i_i:‘.t:cz:;::s;;my_.n, Low: is '.Q'r.-'.l?i.‘l}f‘ CI\-tQ& as an

QPC.... WEVC Cyclome™*, H,‘o:wf,-,w‘r.v:.'r;, sofiny as this affcis the
wootior of Ceutrel Africe, it morely cmpbosizes still fu;:-t_hei' the

imporde.:ce of the surge of colid air from the .orth,
38 E : & . ,

¢ ~
¢ L Brook i Int ViOpch.l Frount (Por.. 9= . "Dhe complete
brouk 1 tae i tertrOplca.L frout <long the R Se.. Goist" is a

tument which evidently requires clarification in view of

questions. vhich have been put to the anthor. .@he, discontinaity

certainly exists aloft, oubt because of the rugsed: topogragphy it
is somebtimes very difficult to lo_c,e-.t-e__ on the suxfazece. In such

cases some analysts omit this portion. of the front from the sea

ewsl charts.>

. &

* A otuay of armattaa Haze st Maidugurd, Sizeria, by Gapt.
Thoues. P. Condron, Research Section, 19th 'Ne-'"ther' fegion,

nepo;qt ko, b, Japaary 194, : , s

=% Forecasting Iaanv.d., ~ Tnipoli to kavachi - Part I - October:,

- novw.ber, Decempex;, Ru.’earchx Sectiion, 19th Wed.'bher ey o,
Octoner LU,

~
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! 5. Bastorly Wave (Rar. 11, 7L, 83). In the discussion of R
| ' > the circulation dundng the wainy season it is-shown that thexe

) are two cells, an enticycloale cell east of Bl Fasher, and a cyclon<

‘ic coll west of EL Gonoina. It is explained iIn: great detail that

i : © rainfsll in the Sudan ks produced by & distortion of the circul-

obton from anticyclonic to cycloanic. On the other nem. it is
pointad cub that generel reiafell (or "Line squalish) in the: ) - i
| ' westorn portio. of Contrel Africs is produced mercly by om &a-~ , :

x

, R tensification of the elxcady existlna cyclonic cifculation. The

AT
7]

cduced fom

()

Goscription is in terms of isentiopic flow and is

3 ‘."M:

| © tho observed thermodynemic .pz?dx;er-@tr,i;c,a of the vardous interacting

i
3

4!

T EERR ¥4

air nasses. It Is apparead, however, that the cyclonic cells
= - ¥ > ? ¥

T

=

K

(or "moist tongues! ) ere identic.l with casterly vaves, as des—

AT

cribed by Richie and other meteorologists. of tig Institute of -

SFIA

%

| Tropical Meteorotogy. Thus the theory of reiafsll in Centxal,

y
Fsy

Centrel Africs it roquircs & lurgo scele disturbance of the normed, o

| ~ -]':.
1 Africe moy be restated és follows: whereas in the western POt g
|- R . . . . . N ; ) - 5.
| ion of Ceatr.l Africa aid casterly wave is pv duced by on intous— - g
‘ 2 . ' = :
| e “Ificatlon of the existing circulation, in th: castorn part of - "

|

circuletion to producc an casterly wave.

—_— <
6. Hormatton Hazc Frout (Par. 32 ¢ and 55). The hermattan. B
hage frout, vhich is a discoutii.uity botwoen the coléd dry haze air

to the portly exd the relatively warmer maritime air to the south,

hes beew found to be so persistent during the dry season in West

Africa, cspccially in Nigeris, thaet it may be regardcd. as pract-
y s > y et Ax-ud y=3 5 . P B

tcelly o quagi-stetiosery front. _ . ) ‘ .

<

(S e

[
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7. Local stowkng Sand (Par, L40). The problem of Local blow-~

ing sand is indeed very .complex. . At Aden, alone, Four different -

tyoes: of Sandstorms were discovered. lany factors, such as soil

condition, insolation, hunidity, and previows rainfall seem to

‘affoct the critical velocity. It is bebter, therefore, to thinik
- - 1 ’
In texms: of & critical range ofrvelociyies than a single criti.el
veiogcity. This problem is being intensively studied at present.
§.. Habooh: (Rar. U2). “As precipitation folls from the cloud
base "It evapoiates: ané codls the air underneath to its wet bulb:

-t " temperature®., It has Deen pointed out by L. Col. B. Holzman thab
this is & controversiel point, and met & necessary condition to ) %
the tlieory of the habogbi.

« January 1945 i
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| GENERAT, CTRCULATTON. T THE LOVER TROPOSPHERE
\ 2 :

| L. - Rainfall vegime may be used as a Yogical basis for
‘ seasonal. classification of the annual weather cycle in Cemfral

: Africa. In addition to the Dry and Rainy Seasons it is poss-

l ible: to identify twe intermediabe perdods: which may be des=
o © ignated. as the Season; of &ppmé‘chding; Rains and.the Season: of’

Retreabing Reins.. The exadt perfods and durations of. these T«

| g vary with -each: jio.c.é:’iiity;,_, 'but,] im general, this claséification
- , - R -

agrees well with the seasonali trend of the g_.ene:s-a*j‘_ cirecula=—

ﬁ.iom.,‘ For' the Sudan: im particullar- Ghe: s-e.és’ons; are as fo:‘:]iloww; .

| ; *  Dry Season, November thnc[ugh;. Aprilk; Seasow off Approeluch'ing: | -
| ; Rains;, May and Junes Ralrfy’ .Se:a:sqm,_. Jully- and .l_&ugust‘-;: and S’é,asbr;- :
of’ Retreating Rains, S:e.gicghggjggp and Qctober, _

2. DRY SEASON. The Dry Season circulation is dominated -

by two large-scale éntﬁicycivbn:es.f GiEig:,ji)‘s;_;. both of these, the
& - Sahara and Arvabian. highs, are integral parts of_ﬁhe: general
hemispherie circulation. The Sshara high Is .an extension of

the Azores anticyclone and is thHerefore dynamic in character.

Hence the anticyclenic cireulation extends to high levels

) . : ~and, as a resulbt of lange-secale subsidence, the air is dynam-

.

- ically heated and dessicated, Thus the Sahaca high & the ul~

| . - timate cause of the hot, dry desert climate. :The Arabian dy=~

aamic high has a. sdinilar structure and produces the same; ef-

. 4
3 o

£ 01

o

fects over Arabia..
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3. The two anticyclionic circuliations converge boward
welimarKed:

Axthough,. because of” ;msufﬂlcq.ent

-.,+ vk . sysfe
data, the exact na:%ux:e of the'»\ SeORLS;

......

ua:t—:;& is not ﬁully uns-

L

“derstood, it seems probable that

|
|
|
|
|
‘ each other to form a trough,
|
|
|
|

. ermn Ol
| * Ic‘- -L-

“TRE, \\'Gh?k '
surfeee. slopes upward to the east. -Howevewy Since the t:hez:mu-«
. -f{vom (w‘rﬁ calls.
| : ) dynamic differences between the bwe ait masseq are very slkight,
- . Lomy. FrouT ,0X\5hua. “thane, wrould fel thachive’ Vo the Lower Lafrdidss.,)
mixing will readily take ‘place. and. the fronb is inactive. % It

is an accidental fact that this front Iies along ‘che;- 'Red.i Sea..

|
|
| . . coast and that. the topography adjacent to the coest is hi%g,hx
: and ruggeds. It sometimes: ha,_pnens -‘q:lf;‘;&’a the eastern current
1 has: had a long traj e,c.t,c;.ry' over: nne nortiwestern Indiam Qcean,
thus producing a moisture discontinuity in the surface layer.
_ The: meist. aip moving upslope wWill &t times produce oregréphic
| ‘ rain or :if‘o.g;,inc the Red Sea Hills, This must not be confused
: eda-ef@nber“trh"‘b
R opthy Treuph

i 3 . S ._'".:.: ) ,_‘.; gl ..~‘ 8 ¢ o, 8 b 0 pOSZ:tlQn‘ JS

. with t—ﬁé true dynamie fronk.

of great s1gn1flcance as a guide to the relative extensmn of

the two ant icyclones:.

v

|

L ‘ ‘
| L+ A low pressure area, characterized by extreme hori-
| )

| zontal convergence and in.t_-ense convective activily, is cen-
|

l

J

|

teped at 10 degrees north law.tude. Because the low is thep—

mal, its pos;Lt:Lon and intensity vary diurnal Ly, erd Ehe flow

is m@_r;_e,m,e_ly_ non-gradient.in character. Although the mstan-

taneous: flow patterns may at times: indicate strong fow in; N
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‘ some pér’cict{.lar direction, the diurnal wind variation tends
{ . to produce metion in the form of eddies.

5 Later in the Dry Scason wave cyclones tend to develop
in the Mediteri:anean Sea, move eastward and occlude very rap-

idly. This region is a potent zone of weme cyclogenesis; be=

.~'~‘Il'1,e‘n_ the outbreak of the

‘ N Asiatic air mass is of sufficient intensity a strong cold
front develops. vhich sweeps across Africa. This constitubes
| . a.. "disturbed” type of Dry Séa;s,o_n: weather and will be ic-’,urt;her
ciiscussed in Chapter V. o
| ' N 6. The mean January flow chart (Fig.2) agrees well
with the %ypical surface chart (‘Fig.,l). The Sahara and
| Anab:tan- highs as well as the trough line between them are
cloarly marked. There is also a very definite cyclonic cir-
\ e culation in the Mediterransan regi_on... The flow. patterns in=- '

o dicate intense horizontal convergence in the vicinity of the

thermal low.: The snailowness of the low aa&-tha-nen—geed—xen’b-

e W?vé’é)\ ev:.dgrme_d by the Lact that in a uen
‘ thousand-foot layer the circulation is actually anticycleaic
in spite of the existence of a low pressure center at sea

level, It is important to note that the air mass sources are

|

‘ the same on both sides of the low and that therefors ns fronmb h S -

| .

‘ exists here~. R&s—agaﬂ—bmw%e—mmwe -

‘ .k W%—th@maﬁh One qan zlse infer feom this chaxt -

‘ ;2 that? there is a net transf"ep of mm%n"’-z';un from the northern to :

| : : ' ‘ ‘
. -3 -

‘ _

|:
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the southern hemisphere during this seasons.

7. SEASON OF APPROACQ]JQG— RA;&. During the Season of Ap~ . .
proachingrRains the Sahara high, still a prominent feature of :

the circulation, has shi;ft_ed northward, t—};é axis now. be;‘ing-

'oriez;xted from northwest i;;o, southeast (Fig. 3)» .The Arailian' 5uY5o:.{,‘

high, howeve», becomes transformed into a shallow Thermal

|
|
i - Iaw; so that southern Arabia__ngw~ comes under the influernce
{ . of the Indian Monsoon ::system,, It can be seen that this low _ Co ,_ -
! . is already wél‘l developed by the middle of the season, as: B
| : ’\, . representied by Fig. 3. |

N o .- N N Gyclor}ic\ activity in the Mediterranean Sea during

this _S:easo.f_x 5 although of lesser intensity, iIs still charac~
teristics The cold continental air mass to the north has re-
treated considerably but is still potent. Undoubtedly the |
‘most. important change in the t-;-irc-ul,ai:ipn\ pattern is the a;d*-'r
vent of the intertropical front. This is clgarq,y. shown in
| f‘i‘g. L whe_;c; it appears as an abrupt wing discontinuity be=
E tween two distinctly different air masses in contrast o the
air mgsg__rhgmgg_eneity in Jansary. The exact nature of this
front will be discussed in Chapter III. How'eVe'zr, at this -

point it may be mentioned that it sl,o_p_esf upward ‘cowa:rdé the

south, Associated with the intertr;)piqal front there is a
! stationary cyclonic system which is centered in the Sudan.
! The trough slopes southward with the front and, immediately
! above the surface position of the low center, there is an
i o .anticyclonic circulation a_loft., As the saa;so_n- progresses; - —
' - b -
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t'h’e front, together with lts cyclonic system,, is gradually
displased uorbhward but not without marked peviodie fluctua-~
tions, which: are sometimes accompanied by minor precipitation
and blowing sand. This is the season of maximum izeméer;ture
in the Central Sudan and marls the first appee;.rancev of' con=~

vective clougs, dust. denls and other J.nstabllity pPhenomena ¢

The air, however s 1s 111 qulte dry and tnus cnnulus cloud

SEZER RS

i PO TV RN A

Iy
e

SIS A AR A PSS

o 43
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bases are observed om tlhe average at 352*,_000‘ feet, The strong

insolation: in this region undoubtedly intensifies the Sudan

low,.

lrs-

9. FPFig. 4 is peprese entative of conditions durihg mide : -

Aprid,

The Arabian

y &0

high is still presen’c as is also the trough between the two.

anticyclones., As was previously explained, there is no great
,thermgdjnam-ié- diiff‘erenr'e 'between the two air masses on either

side of bhe trough and the front represents a s_ﬁarp conver-

gence of two opposing circuﬁ:ations. As the &rabian cyclone

'de've_lops.:,. the ajr mass.es no longer oppose e,ach_ other but tenci

to converge in garallél streams, and the sharp front is re-

placed by a broad mixing zone. This is représ_en.ted, in Fig, - -
3 by the weak trough north of the center of the Sudan low, -
During this season the Sudan is 2 region of conflic_t between

three a¥r masse:j;_ ‘the warm dry air to the northwest. the. wamm -

Tivaass T

and somewhat less dry air to the northeast, and the cold moist

c

Ar g

air to the south. The cenfiguration of th isobars i importe=

dant. in determinlng the source region of the a2ir to tﬁe; north

<
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o.f‘ the intertrop:.cal front F:Lg 3 is typical of the Arg..u.c.n
regime; but é the Iuedluerranean cyclom.c system 4.5 displaced
~soward the northeast the Sahara“ a:.r beh:.nd it Spreads: south- ‘
ward and eastward ang i,‘,m,ally becomes. dominant . Toward the
end of this season when *he cyclonie actlva.ty ceases, the
Arabian air is Permanently displaced ea.stvvaz'd. Thus it may

_be seen that the Medite errensan Wave cysiongs, by their .effect, ‘
on the pos&tion and ori ntation of the Sahara hlgh -are the
prlnclmﬂ control of the flow patternss, A&ngover- thie: -re‘la—ﬁ
tionship is. i?und@m.enﬁa;lly skgnificant, because at this season
i:h‘e“ilﬁéﬁ:i}ét‘l s of the intertropical front are controlled by
the flow of &ir from the Saara mgh. .

,J,Q. The daily fluctuations in air masses are brought out - -
by Fig. 5. . “in comparlng the surface thermodynamic properties:
produced by the varlous tra,)ectorles it may ve sder @ that the

- temperature dlfferences are minor but that the moisture dlfi‘-

erences are qulte large.. There is a range of 59F, in morning ¢
temperatwres, and ‘9OR, in ma:amum temperatures, compared with

31°FR, in dew point temperatures. It is, in fact, a L general R
rule that during the warmer: part of the year the maximum temp-
erature- does not depend so much on the,~ source region or tras
Jectory as on the amount of" insolationsg

o Ale BAINY SEASON. During this season the Mediterranean

Gyclonie activity is negligible 5 thus, as shown by a typical

‘synontic chart (Pig. 65, the Sahara high has shifteg eastward:

with & north=-south ori:entati:on-. Argbian air no longer flows

R e G L S G RT3 6
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dver Gentral,' Africa angd qixly' two air masses meet along the

intertropicalk front. The Arabian luw now extends to greater

‘heights: and is aliso more mtenseei&flzg intertropical front
has: advanced to 20: degrees north latifude and swings norths

" ward: into the Sudan low. The t:op.og;}apﬁy of the Red Sea Hills
and: of the more rugged Abyssindan Mountains is the uitimate

| cause of this am.s%.c.n:ugm ‘and: i likewise responsible for ‘che

complete break in the front which oceurs along the Red Sea

W It %s important to note
(th 7 cousitvelebuwise
two diverging streams from the sou:feh. a csu&em Flow to uhe

R clockwise
: west and an articyctends flow to the east. These have a sig~

n-J;_fJ.:.Qant effect on the rainfall, regimes;, as will be shovwn, :
T Lhaltor L) : = -

later.,, hIn. contrast to the January flow chart, this chart . ;-

indicates a transfer Qf\.mom%mi from the southern to the

northern hemisphere.

12. SEASON. OF RETREATING RATNS., The sample synoptigc

chart (Pig, &) represents conditions at the very end of this

season, and is, ther

efore, not campletely typicale. The dyriamic

U TR L]

trough is already welk mgx:ke_d.,. and the ‘Arabian high is be-

1T oAmte
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ginning to develops The Sahara high again has an cast-west

orientation as it does during the Dry Season. The inter-

_ tropical front, already showing signs of disintegration, has

retreated sé.uthward:._. Mediterranean cyclones are again be-
coming actives’ N

13. The flow chart for October (Fig» 9) shows that:
there is now a conflict between tmo air masses in the Nor-

thern: Sudan,. D‘lr‘iﬂé:.ffﬁfﬁ season trajectories from Arabia . -

 _are, predominant, although the Avabian high is not yet fully b o

' established as a separate cell., It is interésting to note

t:h:e fiow over Arabia where the transition from cyc.onic to
antigyclonic clrculat:.on is just taking place.

I, SIMMARY, The Sahara high is present throughout the-
year, its pos:.t:.,,on and axis undergoing a cyclic change. - From’
a southerly position with an east-»Wes-t a.xis: in the dry Seasor’x—
it rotateé';;t;é;;;iénlcally to a northurly pos:.tlon with a
nort,h-s_outrh axis c’:m'mg the Rainy Season. It then- reverses
its rotation bac sk to the Dry Season position. It secms &ef*
initely established that there is a relationship be.:tweeﬁ the
position of thls cell and the cyclonic activity in the liedi-

terranean region. The intertropical front fluctuates north

and south in conjunction with th¢ latitudinal displacement of

the Sahara- high and in the Dry Season it disappears from the -

northern hcmlsphore., Over- Arabia there Is a completbe reversal

<

from a dyammio-high presswe cell in the Dry Scason to a deep: surﬁme

c¢yclone in the Rainy Scasons Thus the sys,tem of w.-ind’;é. over

e ’ 0 -9,- 8_ -
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Southern Arabia is part of the Indian monsoon. The inter-
action of the Sahara and :Arabian, high pressure cells induces

a trough of low pressure wh_i_ch lies roughly parallel to ‘the

) Red Sea: Frthe-Dry Scusom-thepe—ie—a—thermal-low just north
.'i.xe.a..*;c:.'.z{-..M Normally there is only one air .mass, the Sahar.‘an,_
Novt: '

ver&_Central Afr:Lca in ’che Dry Season. In the Rainy Season,
hm&everz{g there are two moist currents from the s_onﬁh » the

Atlantic and the -l?nd:“;ari anari,. and the dry Sahara. current.

from the norﬁh., Dumng the transitional periods the Arabian

air is present as well.
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_ CHAPTER II

AIR MASS PROPERTIES

15, ANNUAL VARTATION IN SOURCE REGION. _ The only available

data for this study were the upper air soundings taken at Khar-
toum. While this would seem to impose severe restrictions on
the generality of the conclusions, it is possible, by utiliz-~

ing the concepts discussed in the last chapter, to extent the

avea for which the findings ave velid., For this purpose a

_chart (Fig. 10) was prepared Whlch traces the mean path of a

on e ?ex-eml Xsrq:i'mn Of—ﬁe
ten thousand-foot kayer back from Khartoum ¥e—the source

. ,_ A i
reglons. m\s COWPW+W+|°“ M Pg‘ym\SSlel-? . )ﬂﬁsf. MDKT#S éﬂcause ﬂ‘

wind sfieay W Rmﬁ.k s Jaﬂ-‘wwnﬂy :ma”
v 16o As. Was preVlously pomted Out the Dry Season ]_S

characterized by an-ticyclonie flow from the Sahara‘. The chart
s};oms; that, beginning with November, thé source regions sb:j.i:‘t
rapidly ‘to this high -pr_egsui:e- cell and that the trajectories
adssume an extreme anticyclonic curvat..ure. The large shift
i‘rom March to April reflects the rotation of the axis of nhe
hi.gh, and the displacement northward in June and July is also
apparent, Another significant f’act is the beginning of cy~
‘clorlxic- curvature of the ‘trajectories as they approach Khar-

toum; this is first apparent in May and persists through Oct-

- obers '._f'he- July tr-aje.ctorry is-‘not entirely representative,

because the shear between the' lower southerly winds and the
stronger northerly winds aloft is not reflected in the mean

flow of the 10,000~foot Yayer. The intertropical front, by

...10 [y
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- August, is well nor't:m of. Khartoum,. ;!I}.d‘- the tz.fa-.j:ect;qz;y of the i ;
entire layer is from the south, The ¥ay and June trai:e,c;tcx:ieﬁ _ =
fail te indicate the occasional flow from the south but they |
are valid as a mean picture. The: September trajectory is not; | .
completely representative since the greab q,o,n,:i_?.ﬂl.ig-t between
the three air masses is smoothed out in the mean. It does,
hawevex, ahéw.ﬁhe.- transition from the soubherly to Avabdam - . 5
fiow. The October tz:aj‘.ec,p@y' shows; c,onéﬁiusiz.ueefly» that the afr “

© i fiows from the Avabian anticyclone. This accounts for- the-

‘ \ : 'secqngi,a;:y maximum temperature which otcurs in eardy Qc.‘erbelé,_, a

< P

two months behind the: second annual Qc,ct;.xzzzenge of verticall sur. .

17.. Great distances between consecutive monthly source , ?5'

: : «

regions may be interpreted as representing btransitional per- §

i iods. - Good examples of this are the distances b-etv:.eeils the source _ g
| regions of August and October, @ctober and Deceinber; March and :
) May, dnd hayand August.,.

- l:

vational technique the Khartoum wet~bulb curves have a tend-

18. LEANSEASOW‘;‘SOUNQ;-I-NGS' Because of faulty obser- ,
| 7 o e wpher Levels °C. %

ency toward excessiv% values be¥ T-the—+eveie—o po—Hete o %
. TAL (s especially ™t o #v Seundines Ffaken i dyy aw. g
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Mean monthly and season
~ pseudo~adiabatic charts:and Rossby diagrams: were then: construcs )
ted of which the seasonal charts were seiected for display

and; discussion.. ( Figse 1% bo-'i&)a-

e '19.. Among .;b—k“iéi:: peculiarities the intertropical. front.

is lacking in a normal, fromtal inversion: for reasons which

will be discussed: in the ne:i chapter (Par. 33). It has als
ready been shown that this front is c-ha_.rac;te’ri?ied’; by an: ab~
rupt wind shear. In the Raihy«Séason;the.sﬁiﬁt in wind has

a mean height of approximately 8,000 feet above Khartoum.

Correspondingly, at this Ievel there appears a slight decrease

in temperature lapsé rate (Fig. 15); on,&hevRstby diagzam,

- (Figa 1;2),) there is a<deetded discontinuity in c,t;mrs;.oti;ve:
stabiliﬁy~frqm-ah,ez#tzmziy unstable air mass below to a.
skightly stable air mass above SQQQQ-feet..vThe sounding
Thae represents a moist maritime current overrﬁn by Sahais

a i:I"'..

20. If it is assumed that the Dry Season sounding (Fig. -

12) is representativer of Sahara air, it is possible to compare

the thermodynamic properties of this air mass in both-seésonsm~
Since the air mass is extremely dry, condensation processes

5 : may be neglected, and the conservative properties which are

<
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the coordinates of the Rossby diagram will not be affected
by vertical motion. It follows, therefore, that the surface }
_properties cf‘the Dry Season may be directly compared with;

those of the base of the Saharc air mass which has been lifted

to 8,000 feet in the rainy season.

/’- 21. In the Dry Season the vel ue of specific humidlt?\

dedrossee-dwen 7.5 gn/kg. at the surface

L zess, and in the Rainy Season Sxom 7.8 at 8,000 feet tomdwie. |
M ny \ ot Dot -... =0 ‘,‘M A e

, [ =tse;000twees Thus & Aot the two sound-,

.ﬂmv.z. armilay St Hufase of Hhe SaRaran dv
x LI E A TS ES 362 moistine propertlesx FRe
e -/-(g. la'iif Cy owa. Surfnc.e’ia' Izwo ;‘Z.zf m‘tﬁedvy Season wflﬂ'tfg,enygr

i é\«m ?‘lbo f{ 2000 -fﬂ-l—’f” m_mz Ramy J.‘ea';on y i -fouul Tﬂaf
| the partial potential tsmperatm'es of the:Rainy Seéason sound-w

ing exceed those of the Dry Season by 8.52 C at the base ani
13.5° G. at the top, Thus preswmesiss the Sahara air is con-
.sidera;biy warmer at all levels in .th‘e.i- R;:yi.jny:~ Seagons . It has
“been. mé_n’cioned in the last ch‘apf;er- that dL;ring the Dry Season
- " there are invasions of cold air from the cortments of Europe
| ‘ and Asia, These are frequent enough to affect the average
temperature, For example, the average surface partial po-
tential temperature in January 1943, 2 month in which there
;were many cold outbreaks, was 301.0° A, compared with 308.0° A,
in February 1942, a normal month, Thus: at i_east part. of the

‘ tfference in potential temperature is .accounted for

' by the fact that the Dry Season sounding-is not representative

4
&
t
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22-\ In the transitional seasons- the data in the iowex:-

layers. represerrb a mean of- several different air ma‘sses, bub
A ﬁ»l&SoncU-& mean. ‘&&l J\ o;} t&p
aloft there is only the Sahara air mass. .

m‘h«-rhohcw( front 4@\’ - aeason of '.a,bbvoackm- yYains

BOTEE A Tofmac S pa

Wﬁw (Fige 1h). Assuming t‘w the base of the » .
- Sahara air has been, 1ifted frem 4,000 fee’c 1n the Season of »
Aoproachlng Raa_ns to 8,000 feet in the Ran.ny Season, thén the
May~June: dry 3I,Ld. wet bulb temp?rature‘@ at 4,000 feet, cooked
adiiaba,ti-c-ally,.: and p:seudo-aﬂdiabaticali},r,. feééectfvély, to 8,,JOQO \
feet, should agree with the 8;Q00-foot July- August values. .
Eerform.mg this operation results in a dry* bulkh ueu@eraburae -
of 129 ¢., and; a2, wet bulb ’Qemperature' o_f 7° C. as compared with

Ramy Season values of 12° C. and 8° C., z:espectively.f Fur-

~ ) thermore, the partial potential tempezjé,t\me and specific hu=
- midity values at the 4,000-foot level. are 314450 A. and 7.7
én/ kg, which agree well with the Rainy Season values at 8,000

feetis,

)
£ aﬂﬁv‘"’:xéufﬁ Wy . T

. < G

23. The sounding for the Season of Retreating Rains
(Figs. 17 & 18) is less satiéfactory, because there is a

wide divergence between September avdl October air masses as , 4

shovn: by the following tables o - ) : » c %
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H {ft.) q (gh/kes) RH-(Z) 84 (%)

Sépt, Octe  Septe Oct. Septe Octe

. 8foy 13,7 9.0 25 .37 320 310
14000 9.3: &5 42 42 - 3135 LS
Tg,000 7.0 LT . 52 39 3165 3140
12,000 - 53 3.8 67 51 318.,5 317.5
| The co-.“.u.;:gv:ie:- in the lower layers in September‘ are transis

tional between the moist unstable air in Aueust and: the Araw,
bﬁ:ap air in 'ch:obe_r_.. 'The October sound:mg représents a pres e
dominan;tlyr _Arab-i'an air mass to :8_,,00_0- feet vith Sahara air
overrunnmg aloft. X
2 REPRESENTATIVE ATR MASS cROPEETIES. By-baking-bire =

 usme T avm/a/ée oé.cewaf/w~
It is Ly possn’?{ale to con~

Hepreal Ras-ib ouﬂ“ $ov
struct five different dir masses from the surface to 12,000

feet as they would ai:peaz; at Khartoum: winteér -_Sfahaz:a;,_ -summeyr
Sahara, modified Indian COcean, Arabian, and modified poSLa_I;_ o

continental air (Fig. 19.).

25. As previously stated, Sahara air is a dry stable

air mass subjected to large scale subsidencelv, and its moisture

pbaracterlstlcs remain constant throughout the year. It cone

tains more heat in summer and hence the partial potential tem~
perature is 13° C. higher than in winter. Both soundings show

SllEht cenvect:)_ve :l_n‘s‘tphil'lt in. +h_e owar la:,r"'l e as a res

of turbulence and cc_mve_ction produced by intense heating;

this effect is more pronounced in summer, as shown by the mois=

RS
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: ture distribution. Relative humidities are extremely Xow;, ¢
a ) 5 ) ‘ : Lo
‘ ) and the amount of 1ift required to saturate the a‘ii‘ mess

varies from 260: mb. in winter- t0.'320 mb, in summer'.,. )

- 26. The curve labeled %\IPC, .(modifiedz polaf' continental )
is ‘derived from=a. ,s’s,ugly of seweral cold outbreaks, While it
may ‘seém strange to find p’olar ai‘r- at such: low I‘at:‘ifgdés_, this: '
sound:.ng unquestionably represents air o* qol‘“ origin, as:

ev:x.denced both by the abs_olt_xte: values: of the thermodynemic:

T properties and by the shap‘e_o:ﬁ'#t}he‘ chavacteristic: culves,
) e The lQWe,sf. 2,000 feet,. characterized by constant. equivalent. _

potential {‘;empeirature—,._:iih_dj;cates a Qbhireetj_:.vev Yayer which:

varies diurnally f_ro;n a s(fri?aee- i‘nVei?SiQn, in .*;%,he, early morning
. to an 'adiabat_ie lapse rate in, the a-i?\‘:,eiinoonm Above this there

is a normal subs:.denee inversion from 2,000 to 4,000 feet

wﬁ:h a sharp increase in potential temperature and a; corres—

ponding decrease in moisture., Aloft there is an extremely

which ‘ \
stable layer of zold air én—wh-:bel' ; e T b

® is definitely

éharaetefistic of real polar air. The great texﬁperat:w:e
difference between this air and the Sahara air mass is notable

and, as will be shown later (Chap. V), the polar air underruns

EXNAIE 1€ P10 2 SRR T
NI AR ok Dk SR

6

Sahara air as a cold front,

27. The Ind:r.an Ocean air is a typ:.cal example of a .
T4 s celday ouly Wy sutamesy Sakavawn iy,
warm, moist and wistable maritime air mass. Its normal state

1

over Khartoum is such that the surface la-yers require con-

siderable lifting in order to produce condensation. This: , .

- 16 -
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- ving required to re

' sho¥m in the Arsbian air mass sounding, itk

e

air mass is b:bth conditionally: and convectively unstableg

. Where,as;; the conditional instability is realized daily by par-

cel convedtion produecsd by intense insolation; the mass: lift-
convective instability is normally .
prevented by.the prevailing dynamici conditions {Par. 35).

28, Of considerable irterest is the orographic effect,

~te=t It is: probable that
‘hRQ Qowzs‘i‘ 8' 000 -f-uj J

in its orn.g:.nal state iahae—}eeyet was represented by a: stralght

N\

l:-.ne; with the l;,0,00_-qut point more or ll_es_s- ?q}.}ld_lﬁ‘b,&n.t f;.-om,

both ends. .From the fiow and trajectoby charts (Figss 9 &
"10) it is evident that the path of the air is not directly

: frem the east over the high mountain ranges but. from the .

nqrt.hee_at over the: fogthﬁ:i_.-ls. The turbulent flgw over the
Red: Sea H111§ 'produces a net tiz.’msﬁort* of moisture upward
and heat dowrward, resulting in a tﬁorouéhly .rmi:);;e:d. lager near
‘the ground and a corresponding stratification elof‘cf.'., Thi-.s;-'

process is reflected on the P..essby diagram by es—exbweme~ g

. shift of the 4,000=foot pomt to the right and by the constant

On account of
equivalent potentlal temperature in the lowest layer. the

A
low relative hum1d1’r.1es., averaging 35% in the first 8,\,000;
'feet, and the 1ift imparted by the Réd Sea Hills, whose .

average height does not exceed 3,000 feet, do not produce

Auﬁ;c«mn'l' o ubus -,Covm ron
an overturn:mg of the air mass = _
TRerxefove
3 Baaad ) the total amount of mo:.sture
{
-7 - ‘
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) 2% " The 'remesenta‘ézi:ve values of -teméer_-afbu‘z-'e and dew T
B pomt are uhe ~)m:'i‘ace values that exist aft the early morn-
o :mg stubile laye; has peevz 1~emo\reci by J.ns_o,;':_a.,’o_3.onQ and thus
they lie: between the dally :nim.ma ‘and maximae. For purposes ’ \
of comparison a table of representative temperatm'es and dew
% . . _points was. prepared as. follows: - . : .
) : .BEPIA{E\SIQZNTTA._TIVE' ATR MASS v;ms s ' )
“ : Temps - Déw Ponrﬁf
. (F.) . Temp. (F.)
o Modified Polar Continental | 54 30
e Sahara (Winter) | - &9 L8
. Sahara (Summer) 101 . 48 7 ‘
Modified Indian Ocesn -8y 72 :
-— 3
Avsbian (Coctober) ' 92 55 .. R 1
h Iﬂ':aftemn experiences a ver.tic-al sun twice a year, on May % and i %
| : D ; agai;l on fugust 10. Although the highest»hemperatures of the ’ ' ::E
: . 'i{eér oceur nqmally in HMay in -close accord with the march of‘\ . ;:
- f _’ the sun,. the secondary maximui temperature does not oceur unt:l;l i%
N : . : . 6-18‘-.--— BN | o ¢ g
eI PR S B £
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b o ce/.‘ . Y L f vgvd T u;c:.";e‘ R N T TR LT 50 i



October, and hence 1_§g8_ approximately two months: behing"i, the

second annual occurience ‘of vertical sun. The reason for

_ this lag-is apparent from an inspection of the above table,

_ The occurrence of first vertical sun coincides with the prev-
alence of the Sahara, (summer) air mass, which has the highest
représentative temperatiures Hence the occurrence: of the p’rff,---
mary mescimum temperatures. During August,. howe,nzér: , at the time
of the second vertical surm,, t}le.- dominant air mass is mod-.i.fiédf
Indian Ocean air which, although previously describsd as warm,,
is relatively colder than even the Sahara (winter) air mass.
Thus; the secoridary maxinvi is éel_ayed until the advent of
Arabian air in. Qctober which has ‘che_~ secong highest i.‘ep.xe.{

sentative temperature.,. -
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CHAPTER, IIL 3
y
‘ IHE_INTERTROPICAL FRONT %
=2
| 30, Theoretjcally the intertropical front is con- ;;
 sigered to be the boundsry be'ween bthe northeast and south-
east trades of the northern and southern hemispheres, re<
‘ ‘ spectively. It has already been pointed out ‘(Para. 6 & 1L)
o that, there is a large scale interhemispheric transfer off me=
Ferrbe&s over- the African continent, southward in the winter
and northward in the summer, Thus the boundery beiween the
flow f 'om each hemisphere does not remain stationary ab the
equator but Fluctuates seasonallyy lagging behibd the march
of the vertical sun (Fige. 20). At the Tongitude of Khartoum
this lag was$ found to~be-apprqximately=h9'daysi
31. It has also been shown that, the front digsappears:
from the northern hemisphere in November agd'réapﬁeans iq'.__
April. The flow chorts for April, July, and October (Figs:
L, 7, & 9) show the front as a definite discontinuity be-
tween two distinct air masses, one maritime and the other
continental; in January, however; in the region of the cen-
" tral low pressure belt,(Figez) there is-a_conVergenge be~
tween two streams that have the same éohﬁinental.origin;
The interifqpiqal front; therefore, is not associated with

this lows Furthermore, the October position of the inter~
tropical front on the flow chart (Fig. 9) is c,‘l'osre- to 5 de~

{ . grees: nqr‘t;h_l,atitude..,. and if’ in January the front were o B

| ) - w. 20 -
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plsoed through the line of converéenc.a- in the belt of ic.;w, ‘
pregsure (Fig. 2), its fluct_uétism would be in an })pposj;fc,e,
direction to that of the sun, a motion completely :erecor'-
cilable m‘tl:& that during the remainder of the year. ‘
32, In West Africa there are three cond:x.ta.ons which may
k .- ~a’c- t;,mes be ‘co,nfuse_d with the intertropical fronu.
‘ : , o As Throughout the year, especially im the ylmh’e hours,
- ‘the Yand is warmer than the, sea which gives rise to a per=-
ennial sea breeze 'which- ex!sénd‘s some distante iAlard and has,
‘ Pt the appearancc of a cold front wa.t.h the same direction of -
slope as 'the "‘:n-u'emrap:’cca;; Zpont (Pax., 83 -ConclL_S:LN.e, evi=
| ) . -dence that this phenomenon is, dlstlnct frcm ‘the :mtert,ropléa‘l
i‘r.o,nt may be found in thg upper air cbservations of west coast
stations. For example a typical S_éptanber sownding at A_cf{r.as
- shows: 4. soubimest wind hear the gr-oufld shifting to northeast
at 4,000 fsst, s‘nftmg to south at 8,000 feet and then: to:
nor-theast abdve 10 !OOO fee’c,. Cpnsn.derlng &he- fact that the )
front at the ground is in the vicinity cf Dakar , it is ob=
vious that the first.wind shift is in no way connected with
: the i.ntertroﬁical front. Thus it may be conckuded that the
lower wind shift is the "seabreeze front! and that f(he upper
| . wind shi-i"t is the true intertropical -fr;pnt.

B.. In the winter months there IS a ¥

‘ the- Sahara high along the west coast which may acquire enough

F
' . moisture in its lower layers to produce rain ( Par. 84). This
b ‘ 0 N e t ¢ o — .
| i is, however, a skightdx modified continental air mass and is
| i ~ - -
[ : -2
|
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far dif:fer.ent.‘i:'rcm the meritime air mass of the Ra-in’y, 'Se-asong,-
C. The imarmétté.n haze cold front tends to remain: stati,ona;‘y
for séxne- Yength of time in West: Aﬁﬁ'&ca, and is cha‘i‘écjtez;‘izeci
by a marked thermodynamic discontinuity with warm moist air
to the south and wes’o and cold dry air to the north ang east,
- This front ‘however,, slope,s in a direct:.on oppdsite to that. ) 2
of the inter trropicé.l front (Pars 55)e .
33 OVer ‘the: continent oﬂ ffrica: the mt;ertmp.mal fr_ont. L v
-bou_‘nst the Sahera air to the north and ~t:he- maritime air to -’rfhe - e
5 - south; the latter flows: in two streamss from the Atlantic -
~ ~ Ocean in the west and from the Inds;gn, Ocean, _in' the easte
From the dtscussion in Chapter II it is known that the nor-
thern cont"xental current is warmer than the souther.uy mari- .
svkially at Leest)
time aire SJ."xce the sIope of the fron’c is., de’cerm:nedAby the
difference in cLen_s.;».‘fbm between the two 2if masses, it may-vesds
435 be seeri that the front must sloiié_ upward to ’th south.. -
This preSent-‘s. the an',‘imalous‘ s‘ituati_o‘ni\of warm dry air aseen= .
5 ’ ~ding over cold meist aire The impii‘cabions- of the above
statement are profound, and therein lies the key to Central
Africén meteorologye, Gonsi,deripg the thermodynaﬁi@ ¢harac~

‘teristics of Sahara air, it is apparent that frontal precip-
wwi2ik
itat:.on produced by ascent of this air is ef.»z‘pe‘s:iz}e. This

air is so dry indeed that it is axiomatic in fOreé‘a;s"ting: t._o-
presume that no precipitation w:ul oceur at a’ g:.ven station
34 ' if the front is south of .its Thus the cloud base is usually

in the lower maritime air and the rainfall convective in char—
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acter.. ,\In its. tx:a,gect.ory northward the marl‘cn.me air is con~

stantly undergoing convection,. conienaationa and. precmpitzai‘a;on\... ;
These pmqésses= tend to decrease the laps_e.-' rate so that it is:
always approaching the ps_éud_cz*adiabatig.x, The northern current,
hawever,. undergoes intense insclatiom and dry adiabatic convecs

* tion: so that its lapse rabe tends to be steeper féh;an.'the- pseudo~.
adiabatic. Thus, althéugh the northern current is potientially
warmer, the process described above prevents the development

‘of & frontal inversion, but the frontal suwface i chavacter-
ized by a slight decrease in lapse rate (Par. 19). Fucther—
more;, sinc:a.- there is a moistune decrease instead of increase,,
t:hé\ charaéﬁ.é:is§ig~ appearance -of the f,'ronta;i; inversion on: the
Rossby, diiaérém is also lacking.. Hence, since there is no ab-
rupt discontinuity either ih moisture or in temperature, mixing
betwesn the o air masses takes place readily unde? the inm

_ a‘?lu@hce,_ oi‘ intense insolation., As the cumulud devalggnléné
increases during the a_.ftez:nooi_z, the cloud strugture penetrates

‘ through the front and becomes dess:.cateo. This daily phenom—-
enon' has begn verified by obse:rve_.—tlon. “ne effect of the

front, then, is to prevent the building up of cﬁm’uiqnimbus_:,

and thus it. actually inhibi’cs the occuxtr;ence of precipita=

tion., Only in these rgg.Lons far enough removed from the -~ '

ouficigntly
Front to _‘D__OéeSSAQEPD ]a.v_ - of mod ok unckable
" z
ulonimbus. clouds become fully develcped. Thus there cxists
a line approximately 200 miles scuth of the front which marks

the northern limit of precipitavion,
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364 Although the itfertropical front inhibits precip—
itation over the Iand mass of Africa, thié s not true aver
the o.C.e.ar'xs.:,' where maritime eurrents converge ob bebh sides of

[Py Yoy

the front and a. more normal type of discontinuity resulis.
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| 38, Anpthe% peculiiarity of the front is the extreme
! convergence at the frontal. surface. Whereas an Qrdinary?
‘ front usually has: some component of the; wind paral?ﬁel on,
| e winds infles +f0\€"‘ low ‘ovéd"wm“\l; 3&&5\. O
both s_id;es_-,% : % : . -
ofwimde Not iny is: there a tr:an&siep qf’ heat, and moisi:.ufe;
between the two adr masses, but. tharev is alsa transfer of
s s e ),w.rm,‘ ' uc:“uaﬂ‘(ms o-"‘— '&2
| mofentum., M e : ;
|
|
1 Tc swd es in the moist un-
‘ <" of the front, it can:
| g & general. qown, siope mo~}
|
\
|
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CHAPTER IV

HAZE, DUST, AND GANDSTORMS

' 37. Vast regions of the Africaw continent are covered
with .;‘l‘;oose sandy soil which, during all seasons of the year,
may be carried aloft. Turbulent flow with resultant verti-
cal i:;urrgnts,: over these regions is: an agency for the trans—

port of sand and dust . These phenomena. vary in size from a,

) single dust devil a few fée,t_ 1n dlameter to &4 well developed .

harmattan haze storm which may blarket an area the size of the

United States: The amount of sand -carried aloft depends: also.

<

_ on the Iooseness with which. the' send is packed, and this var-“

ies wisth the region and the sebsdh. The southern Sudan is an
éxampjié 6f seasbhal variation, being a ~so.ur:ce~ of loose sandy
soil in the Dry Season, bub having enough vegétation in the
Rainy Season to hinder rising sand. The average size of the-\
pa.i_‘ti;;le‘sv suspended in the atmosplere is an inverse function
of the length of thei‘rlfrajectories o5t S‘incfe:, according to

Stokes! Law, the largest sand particles will descend to

‘earth inr 2 few. hours whereas the fine dust remains for days.

38, In ascending order of magnitude, haze, dust, and

sandstorms may be classified as follows:

b Newoeh Moo
Y UDV JTVELILD -

[

2. Local Rising Sand.c
3. Haboob.

L. Rainy Season Cold. Front Type Sandstorm.
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5. Harmattan Haze (Dry Season Cold Fromt Type e

. em e < v m e pvwr e vt pe aiiae mmem o4

Of these, all but the dust devil present more or le.,s berlous

R EEEn s

hazards to aircraft operatlon, both by reducing visili lity -

g5

and by impeding engine efficiencys . T ‘ i
. . H : ) : ;?S
* : 39. DUST DEVILS, A dust devil is a small vortex from ‘ 3

ten to fifty feet. in diameter which rotates rapidly, either

XD

T

7 cyclenlcally or antlcyclonlcally. As it rises, the dust

. ' devil is caught in the cutculat:.on aloft and hence forms an )

=1

are¢ benihg in the dlrevtlon of the wind shea.r. This pheno=-
B menon is caused by intense locak ‘he‘_a'bing_, ‘in, dty air which p#o_-i
duces uper-adlabitlc, lapse rates and strohg convective ‘Currerits; .
o :  Pust devils are most frequently observed to the. north. of
the intertropical front ciuzhing the Seasons of Appx;oachiﬁg
and Retrea’omg Ralns o, cloudless. days. when there is a max=
imuy of 1nsolatlon~._ 1t is n_o_‘r: uncommon to- seé¢ three or four
forming simultaneously. While they serve as an interesting
visual demonstration of the convective p_rocess:' they are
: otherwise .inéonseque_ntialo

- - -5« LCCAL RISTWG SMD. EBach locality has a critical

surface wind velocity which, if exceeded, will result in ' )
rising sand. The critical velocity in the wicinit ty of Khare
toum is 'aﬁpr'o*:d,mately 25 mikes per hour; at Aden, 18 miles

per hour: and is at mrescnt 10

=SCni miles per hot
the Libyan Desert as a =313t of modern mechanized warfare.
Wind direction is alsc or =cme importance., The extreme loc=

»

‘ o -~ alization of this phenomenon is iXlustrated by tﬁe fact that:
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any southwert wind exceeding 18 miles per hiour will dbse the

‘ - o _' IShei:Léh chman airport near Adem, whils t_wg other fields in :
the v.xcim. Cy- will remgin oper u-der these corditions. Suc- i;g

‘ : | cessful foretasting of local rising sand requires’ t%mum .
inowledge, of Tocal canditfons and of diwrnal wind variabion. g

| ). Lt is necessary to empl-py, both . &

l - S ' temperature and: ;r;:m&d séundlngs in. deVeloplng an e"spini_;b. . . B

i - ‘bechnlque for forecasting critical wind direcbions and: vels

ocifb.le_s.-.;

‘ N ) hl. HA‘BOOB. "Habosb® is: an Arab #¢ word sometimes loosely '

‘ ' ' cons fined to a unique typs of’ storm. A fully developed haboob )

Waafﬁ\uur , = g
is a.n waRenal, sz.ght.

:"-qumgionmbmﬁ' -c‘l-oud* from which tkere arve usually viizga;trai_lq

I 1s .hnvarj.ablv observed undernea‘th a

ing.' The 1 isading edge reséables & solid ¥ vall of thick dust ’
o+ \ :}' and:has the appearance of a. tjrpi’éal cold frout with a char- E
< acteristic:bulging nose. (Fig. ‘:';_,). Toward, the resr it be-
comes dif:use a.nd appears to be an or -dinary blom.ng sand
' = ) storm, Pe.rh_a-ps J.ts most interesting. feature lS the visual
‘ : ' _evidence of the'co_ld front consisting of a; churm;.ng 5 tum=~
1 bling moticm as it advences. It varies in color frem black _
’ — to greyish red or yellaw depend:iﬁg- on its sowrce x:egiqn and '
:z trajectory. Its ISa-ssagé is marked by a sharp drop in temp- c
| c erature and a wind shift. Ih spite of all p‘x--ecaubion—s-,._ every- - o
st : :
- - o=
o Lo .
| | :
| , .-
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thing: indoors: becomes: coated with a layer of fine dust; and
‘a, very disagresable choking sensation is experienced while.

I =
one of these storms is in progresss As many as thiee haboobs

‘ ~ have been simultaneously: obser-Ved &t Wadi: Seidns (20 miles

north of Khartoum.). The usua.l dupation of an haboob is ap-
: K ‘ proximately thirty minutes, while severe ones have been known
| to last for several hourss It is sometimes accompanied by
o PR but if the thunderstorm is vislent caough, Tain will _.
” ‘ &i‘all dampenmg the ground, removmg the: dust source 5 washing ‘*
x: __ the partxcles fr:om the a:Lr, and thus. termnablng the haboob. %
- &2:.. In rts early stages of aevelopment the h boo’o is no %
' dif:i’grent f_ro_m a common: a;r mass thunderstorm, excep.t that. . | %
blowing sand is carried aloft by turbulent winds. within the §
convective cell. As precipitation falls from t._hé. Q_J_.ot.:',d base ' g
it evapbrgtes; and: éé).;)'ls the air underpeath: witty B ;
| <emper=twe (Figs 22). A discontinuity is quickly developed %
| ‘ ~ between this air and the air ah_ea;,d of the c-lo;.;ﬂd-.,_@rr.i- as: pre- - 'é
;' > o _gj;pitation b_ontinues- to fall the di_sc,ont-inﬁity builds down to
) the ground, 7 establishing a wvigorous pseudo-~cold front. Ac- _
cording to d. B:,jerknes‘, the momentun of the descenéing air
may be assumed to equal that of the ascending air., In this
case the descending current beccmes concentrated along the
. ‘ LYoss- d.zr,f/ou‘( area
: leeding edge of the Sysvem, and its re.l.aclvex_y smali ,.\mae-s- is
‘compensated for by strong wind velocitiéss This leads to a
| Yransfer of momentum downward, and since the upper layers of :
g ‘the system penetrate the northea§,térly qurrenf» ébov.e the ine~
3 & e e il
- 28 -
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tertropical front, the winds near the ground back from souths

west. to east, thereby causing the storm to mave: in a cyclonic

- path, Thus habocbs wﬁi.ch are observed east of south pass over
the s’t;atign. from. an easterly direction..
43+ Two exampl_e,s;: of heboobs are presented here. (Figs,.
23 & 24)., In the first case, that of July 7, 1943, although
some light rain fell to the ground, the air wa;s-' nq’c.. completely
S - saturated, and a true dry lf;ab,oob resulteds, The teinbenature,
decreased from 1029 Fi to 78% T in a few minutes, (Fige 25)
the wind shifting from southwest 18 mph- _tQ?south_-,-{s_o_}i:bheas,t -
3% mph. Had the air b.e.‘c’ic‘;.me; completely 'sa,t..ura.té_d; , ibs Yapse
-—;:a_’pe; would have become pseudo—adiabatic and ab the g:I?ouI-ld', the
'temperat;vre would have reached 720 Fo On July 2—2; 1943, t'hé-.

| _ entlre layer heeamg coimpl. er“ely satt.rated, dl’)d the haboob was:

transformed into a thunderzhocrm, w:u‘,h moderate rain. In this '
case the cooling was complete to 73° Fa It will be- nct-e‘fi ‘i“‘ha;.‘“ _
the general ns1b111ty did not decrease below 2% miles, another
{ £ 7 indication that the haboob had c_eas_e__d to. exist, The Aiff=
erence between these two o?a.:_sés-.illustrates- the d.eiica.’ce bal~
ance which must be maintained in order for the haboob to de-
*velgg and persist., On the one hand there mus%t ke sufficient
instability and moiéture tou insure the growth of the cumulow

1 L Pe

nimbus cioud, wiile on tho obther ha ad the wpper Llimit of
‘ ' moisture is fixed by ths rsquirem‘enfc. that alY¥ the precipi=~
. tation should be evapceraczl in the lower layers. The greater

the amount of moisture evascrated, the greater will be the

R
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temperature Qonfma-aﬁ at the: pseudOrfrovxit., and therefore the
more: violent the sﬁorm*., But. once: the: 1imit of saturation is
reached, the dust s.toz;m',, which is the distinguishing feature
of the: haboob, quickly cl\iisa?pears;.,l From a theoretical and
statistiical study of precipitable W&terl from the suwface to
I:’EI,,QQOJ feet. (Pars 75) the limiting values for the possible.
oceurrence: of an hahoobs were: lfo»uncﬂ to be 1,26 and 1.57 ir.x...
O Jul:;% Ty 1436 ine was computed. ancﬁ-onz July 22, 1,58 in =,
a, Vfa‘]lué Jjust. above: the uppex Limib..
" Bl Thex_ thermodynamic: e.cn&;&.ti_ons: outlined above .fix
the hedight. of ch;e; intertropical. front, since obviousl;r if the
front iis too high-there will be too much moisture and 'if
| too low, not enough riofisture. Although insufficie;lt data were
availiable to deferaine d;ei‘in:?‘;tel:;r the rt_alqgired levels, the
hedght of 8,000 feet, iis ‘cénﬁsaﬁ:iﬁyely s,ixg_ge'sted; as an optimum
value, Thus the: northern kimit of haboob activity cannoé i
be farther north than latitude 20 degrees. The desert samd

required further l:mm_ts the area of possible occurrence both

. longitudinally and to the south. Thus it may be stated that

haboobé may occur only in sandy areas of the Northern Sudan.
45. RAINY SEASON €OLD E-'EONT.'\TYP.E’ SANDSTORM, That th;.a in~-
tertro;pica_l front Is normzlly in a stable position bending
sharply to Uhe northeast. ia the é’udan has. been previously ;
showny, as has also the fact that f:hé aistortion, is ca:used by

the topography to the: soutscast (Par. ). It is also known

TN g o £ PO e SRRy 2
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that the wird shift -at the front‘ is very abrupt, and thus the . ¥

balance is main_taingéi‘ by two strong opposing currents: Besides

the normal ssasonal and diurnal fluctuations there also ocecur fg

decided deviations from the mean normal i’roﬁfal, position (Fig_. . .

L 20?. These can be ei@laimd by changes in the control cells: ~
the Sahar; a.nt'icycione s Aominatihg the northerly flow, and §

the Abyssinié.n- plat.éau high, which in turn controls the: south- 2

erly flow, Thus, for ‘examp'le._, when the northerly cur—rent i o ?

is relatively :s_tronger- the ;‘fon’c will havé a te}xd‘enc’y to be ’

. south of its normal position, and so long as the strong nor-
therly flow persists, .the frontal sJ::ope- will i‘e{naj‘n ia bal=-

ance at a high angle of inclinatiom, But, should the rela= R ' g

tive northerly fliow weaken at any time, the frbntal: gLope E

will av ‘once he oub of Lrtance, and the intertropisal front _ ‘

Will,ber'g;i_‘n fé §;rge no-Hiinrd as an:ac.tive colu—z"fom—.—“'i‘ne - -

thez;mai efféct of the abnormal southerly position of the in- ~ '

terfropical front is to bring warm air closer to the cold

\ -Source, which remains statio.gary on agcount of the topography, i

' ' and this in twrn intensifivs the cold front action. - -’T‘Fgf
o Convergence.of the southwest winds against the mountain bar- E ’33

rier increases their cyclonic ‘vorticity.mme the ”3

. Sudan lovovi ?rk.gnéhe?eb-y”inc?aases the pressure gradient. The g

| “incrsased wind velecillcy iuaw the bturbwlent cod Lrout ac-‘—-z »’?

' ) - tion i‘inally-r'esult in a‘ &3nwral sandstorm.. :*
- L6, _The synoptic ar.co Tor July 5, 1943 (Fig. 26) is ’ F;:
' an examz:)lve of a fully devencped .sandstorm of this type. In | o - %;
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unfortunate choice as a typ:.cal synoptic chart,,

contrast with the normal chart §Fig. 60, the pressure diff-
erence between cenbers: of high and low is 10 mb. instead of

6 mb. The closed circulation around the Sudan low is much

é_‘reat-er in; extent and the separation from the Arabian cyclon~

ic system more complete. A&t this stage the front is alraédy-
far north of its normal posibion.¥ IL will be noted that

there is a distinet gap between the front and the sardstorm.

R =ty

o T RIS S Taee %{Q, the west of
e queface winds ave., s#‘rouug.s‘* Fhezyafore - :
the mountamsA the blowing sand betomes: t‘thk@St insolation

becomes: greatly retarded, and the temperatwre. discontinuity
develops into a pseuds=cold fronta, Méfam_lhi}ie; the: intertrop=
ic;al front advances rxapidly with the cdjrcfwlationx a]loft. \'-Dur--
inténse, and the violence of me ‘S.an_c_i',sfaomu is ifn.cré_ase_d.,

57 A cqmp“ai?iis_c;n: of the July 35, 1943 soupdings (Fig.
27) further il.’-;u?s_traizes‘the d.ezvel’_oplﬁent:. of these sandstorms.,
Ot July 3 the entire sounding represents a homogeneous, Sahara,
air mass, and the front ig far south of' its normal position.,
Between 1000 GMT of the 3rd and Ath the front has passed
Khartoum and- is: indicated orf the sounding of the Lth by an

isothermal layer from 3,000 to 5,000 feet. Although the

[y

M

I A
210 nNOYMaLl, PESETISH oL

the du t,ervroplca.l. front. should be

gouth of Kareima, station 166. In thais‘ respect Fig. 6 is an
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lapse r.ate. in the cold air is quits unst"‘r.\.'l?; because of tur=
bulence, the .usuél insolation is mob achieved. and thus the
temperature contrast between the two air masses resuvlts in
an abnormal stébility of the surface of discornt itrr‘:f;uy‘. At
0125 GMT on July 5 the psesudo-celd fronit and sarx “storm have
reached Kbartoum, and the decided decre o': of temperature is

'

indicated on the sounding for that day, bke frontal surface

now appearing between 5,000 ani 7, Cod. f‘ee‘o For forecasting

purpeses the rap:.a northwaid advaase oi‘ the cold- .f-ront plusr
the appearance of an extremel 1y stable frontal dlscont:mu:.ty
are the i‘/Qre‘rﬁ?mefé of this type of sandstorm.

48, 1o was---ccnclizded.in Chapter III that large-scale
precipitation in the Sudén Eould not occur without a general
disturbance of the normal flow patterns. The processes :m- ;
volved in the development of this type of sandstorm lead to
Just such a disturbed state of the atmosphere. It has been
found that general rains invamably follow mthln 21; to L8

hours, Tkp.s- process will be further a.mplifie\d in Chapter VI
(Pa.r. 69);
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..CHAPTER ¥V )

. HARMATTAN HAZE

49¢  Periodigally in the Dry Season the Asiatic high

- becomes so intense. that. cold 'aiz% fram the northeast invades

the African continent, underrunning Sahare air to the south '
and quickly developing a vigorous cold i‘tontf., Three. :_Large—
scale effects. operate in such a manner that greatlrouantltles
“of s&hd are: carr:.ed eloft u.LthJ.n the polar air mass: scooping
action of thez‘;d.o_wn"s?!iope: 'e.urren.ts: at the: cold frout, strong
turbukent flew Behing the. front, and :.nstablllty caused by
heating from beliow, since t‘n.s, is definitely a MK¥ air maos
in-the Bergeron classification. As the. quantity «of sand 'in
the atmosphere ‘behind the front increases, iLnsolat.:.o., is re=
‘barded the temperature. contrast becomes. even‘ greater,, and
the cold front becomes progressively more, active. The coarser
sand particles soon Ffall to e,érth-, leaving a layer of dense
haze concentrated aloft, Subsidence inversions d‘evelpg within
the air mass, and these are greatly intensified by reduced in~

solation and radiation from the top of the haze at the base

- of the inversions. Thus the haze becones strati;’ﬁiedl in sev~

eral layers, and turbulent mixing is prevented. Ev,en though
end to sattle, the condition willl
persist until insolation finally destroys the inversions,

In this respect harmattan hage is similar to high inver'siionr

fog, and temperature sourd:x.ngs may be used in the same way




e = Y = = 7 AR J g S e
o= L oy T TETL o [aacew— - T - T e
o o R e ey T ey S Yo 7 T 5 w — 5% e

to forecast its teﬁminé%ion; -
.50; The Khartoum. soundings for February 22-2h, 1943
(Fige 28) illustrate the thermodynamlcs of harmattan haze,
‘The curve of the 22nd is typical of warm, dry Sahara aire
After the .Lrontal passage about 1900 GMT on the 22nd, the
sounding -for the 23rd shows the new air mass at the surface
' . With & temperature detrease of 7.5 C. It will be noted that
' there is an unstable layer in the first 3, 000 feet then an
\ exirgmelv stable layer to 7;aabﬂ§éet above whlch the soundlng
i { . mergés with that of the previous day. Ewcwhaze-layers are
| T - shown; uhe'lcwer one of which has the poorer Visibility. ™
‘ “the next day the air has codled uniformly in the lower layers .
} by 4° C., the height of the front has risen 1,000 feet, and
the stable layeg-has been:-divided into twé:subsidence ins
versions with,a haze top at. the base of’eaéh. The base of
the first inVersionlhas towered from B,OOO-to 2;000 feet.
| After the 24th the air begins to werm slowly, albhough bhe
inversions and the haze fema;p-for'sevefaljnore'days. rThus

the sounding of the 2Lth répyeseﬁts the maximum effect of

TRAIE

cooling, An important consideration here is the lag of tem~

<
IS

7%
TF

perature reaction o .the frontal passage. In contrast to

e L e
% nradnd

the wind, which increases and shifts abruptly, the tempera-

5L, The widespread'nature of hermattan haze is well il-

lustrated by the series. of synoptic charts {Fig. 29 to 33)e

The chart-for the 21st. (Fig. 29) is typical of the stétion-

e | . =35~

Enoxdica o 1‘ Ao ('_ T
2 o loe en t-ad] .




L SR e e e i DR a1 ey — - — e
e e e atim e e e Cares TUhr et R PR Y . s a

= e gl e, R - i e e e e P P A TS [T

- sl o LA ST e D BT R Ry S S W SR R TV W W Tk

-

a::y Dry Season pattern wi‘;‘ch the exception of the vigorous - - - -

“wave cyclone developing 1n the liediterransan Sea, and an oc-

‘ : cluding system farther to the sast, By the next day, hox'«:-_

ever, the cold air to the north has pushed rapidly south~

. ward, slmost completely displacing the Sahara dymamic high. |

‘ . o  The x-«rave cyclone Has deepened and moved eastward, “and the N

| : . pressure gradient behind the system I increzsing. The Red

. _ S.eglltro'ugh s though still present, is extremely weak., The |
area of hmattm haze Is beginning to develop and spread

- - behind the é.old front,

52. On the 23rd (Fige 31) the cyclonic wave, still with

an open warm sector, has split -inbo two centers,. P.t?es-;'
sure gradients ard wind velocities north of the fron

-have fzg-thér it’:xggcgaﬁéie, the high pressure center naving in-
tensified from 1020 mb. £6.. 1032 mba, ’in two duys. The cy—':
clonic sweep of cé;ld_ aiy has imparted an egstward surge to
the northern portion of the frori,ﬁ,, and a new surge soubhe

ward is developing which will appear on subsequent mapsS. The

P

Red Sea trough and the Sahara dynamic high have disappeared,
and the Arsbian high has been displacedl and weakened.
53. Fige 32 shows farther eastward movement of the
wave cyclone, whic-h has. become exbxjeme:,ly deép 'and has start- Coo
éd to occlude. The continental high is now splitting, with
waves on the front developing to the sOuﬁh». There is still

R " slight evidence of the Arabian high, and the harmattan haze

! - - ' =36 -
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| * —area has maintained its vastness.,

Shs By the 25th (Fig. 33) the cyclone hes‘moved out of .

| : the area of observation and is probebly filling. The 'split
in the high pressure is now complete with a separate center

to.the east which is becaning d&n.a-ni.@—in-. chavacher and wili
. =

later form the new Arabian high as part of the normal circula-
tion. A tongue of the western high is alse in the process of

separation and movement into the position: of the Sahara high,

S - while the Red Sea trough is beginning 5 %éégipgang Thls Qki.art

-~ " represents the ;mtlal stage of the return froin the disturbed

~

to the stationary type of circulation.,

~

C - . 554 It will be noted that tie harimattan haze is more

persistent~:in the west, where the front has become stationary.

As the front reaches its equilibrium position te the south,

/

. ' several factors create a situation favorahle for its maintes

nance. Since it is now ¢lose to: the éqear_x,_. thé ssouthwest:

flow becomes maritime in character, and thus a great econ=

o
’

trast in moisture as well as temperatwe develops.. The warm
moist air condenses a_.ks_ it ascends the ﬁontal slope, and
frontal clouds further retard insolation in the polar air,
so that the discontinuity is intensified, and the frc;nt re~
mains indefinit_é-lyi This process occurs sz:t::.Eequently in
, r_xortﬁerna and céntral Nigeria where polar ai. first ehcounbers
fresh maritime air, and therefore .harxqe-.ttan, haze is most per=~
.g,' sistent in this regions | ’ |

‘ A . : ‘ - i

' 56s. The above Series shows that it. is possible for poler - -
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Cair to advange to within 5 degrees of the equator,
trast to conditions in the western hemispher

be necessnv to overcame vigorous opposition

oi‘ tropical maritimg alr, there i3 no

this ‘case,

terranean-, It is free bo progress until its power is spent,

The rapidity with: which the i‘ront advances is explaa.ned by

the fact that both aip masses 'y, OIL elther side; of

, have northerly velocz.ty ccmponent Se.

R -stated that in this nype of storm the.

K circulaﬁion...

l&titudes invade the tropics and comp.e‘bely alber the normal

In con;-"

€, where it would
from a l‘az:g,e. mass

such Opposing forece in

Once the polar air nushes :Lts Y&y past the Med:n.--

To conclwde, it may be:

westerlies of tha middle.
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CHAPTER. VI
R RAINFALL IN THE SUDAN

57. The conclusion has been resched (Per. 33) that
rainfall in Central Africa is non-fromtal in character. Ex-
perience in other regions of the world proves that, besiiéleg
orographi_c precipitation énd l.oca!_.-air' nass thunderstorm§ s
there ds a third type of non=frontal rainfall} which, indeed,
is the cause of many floods. This may be described. .as. wide
g.px:read mass liﬂ;ing_; of rﬁoist and cohivectively unstable trop=

ical maritime air from which, as condensation is reached, an

enormous qtia,ntity of édxiirecﬁive. energy is released. Its gen-

eral -character and its systa_nat;j;.c:‘ notion di&-tiﬁgu-ish this;

type Irom the purely local convective stormi Hencefortlr the

former will be referred to ag a "genéral stdrm" and the latter
“as a "local storm". The selution of two importaxit problems

 was undertaken: to discover first whether 211 tropical rain~-

fall is local &nd sporadic or whether there are also evidences

of general storms, and, second, to explain the dynamic and

thermodynamic conditions which produce rainfskl in these re=

gionss For these purposes all é.:vailaﬁle data for the 1942

Rainy Season in the Anglo-~Egyptian Sudan were intensively ana-

lyzed.

58. P_t.AINFALL PA‘I‘TERNS. A complete set of daily isohy-

etal charts for July and August 1942 was compiled, and these

o .
<. showed that in several cases storms could be traced: systemas= g
g N ,
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tically-. However; the analysxs was quite difficult on ac-

count of the sparaty of rainfall stations and the differ-
ences in intensity in the various sections.- In order to
overcome these ciisadvant_ages, the Sudan was divided inte te.
egual areas within each of which the rainfall charactepistics
. Wwere approximately homogeneous. The average daily rainfall é

within each region was computed by the Thiessen mgthod, and
¥ ) these in turn converted inte parcentegss of ‘gl:e seasonal to-

tal £ for each regions Values thus obtalned were plotted at

A TERE M

. ‘ _ the geometribal centers of the regionss: Smoo"ch curves were
then dxa'wn bo represert isopieths of regional rainfall per-
'centage. In this way the accidental nature of point rains

. fall measurements was partially overcolme by cqnsic';e'ring ohly
the .averzgs ramfall over a. 51zeable area. By the reduction

of the resulits to a percantc.ge basis thev were made compar—-

able with each other.

S 59. Careful examination of these’ charts revealed a

i

number of recurring pa;‘c,‘c,erns and general cyclonic motion of |
the storm centers, ;The- remarka;ble day to day similarity be-~ B
tween the two series of Fig. 34 illustrates the typically ‘ "
recurrent pattérns, They leave no doubt as to their gene- |
ral -nature both becéuse of their exbensivenesé and their
systematic motions, In fact it was fouwnd that nearly all of
the more intense rain occurring in the Khartoum area was asso-

ciated w:ith general storms.

.

60. DINAMICS OF RAINFALL. From ’Che: rainfall data of sta=
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tions in the viciz;ity of Khartoun a classification was made N
. which included 8 days of heavy rai;x, 20 of light. rain, and 32
with no rain.. In order to discover the flow of air:existing
‘under various congdition pper winds for 13 stations
were also clq.ssifiaci as above and aﬂteirag_ed.,. Fige 35 shows
" the: re,svul.ﬁs of’ thif& work for- the Khartoum dabta and reveals
several, imi;;ortanb: points: ‘the striking diuxgnal, varidtion of
the winds in the air mass above the fromt, effective even dur-
ing heavy rain periodsy bthe diurnel variation in the height
of the inbtertropical front from 'S',;DOG feet at 0400 Local ‘b:‘]-.r_n.e
to 7,000 feet at 1800; and firally the contrast between the
normal, veering of’ the wind with height and the pronouhced
back:i:ng during rain periods. In connection with the last
pringiple the dominance of the vfe.aist vw_if.\‘ngl,_; especially before
and after heavy rains, is highly éig_niﬂiipant . Obher invest-
{‘ga,tO_I_"S: have also n\ote.d;‘bhe bazking of Ehe w.iﬁd during raine
stoms: in this region, but by means of a more deﬁ:aile;d study
of this phenom_enbn we have found that "’ohis: 1s -a necessary
but insufficient condition for the occurrence of rain.

6. The éignificance of the above facts could not be
fully appreciated the study at a single statién so that
a,‘ set of flow éhar-’cs foﬁ- an area centered:at Khartoum was
constructed (Fig. 36), using the date from all of the stas-

' Fige. 37, showing the normal flow, is the first of
thesey, Again there is the diuwrnal fluctuation of the wind

and the frontal position. . At 0400 the front is outhernmost
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and the slope greatest > the Khartoum winds being strong north

and north-northesst at 12,000 feet. Thus. the: aitr north of
the front is most active in the early morning. By IQOO the
12;000-1‘091: Khartoum winds shift to the .northeast, but the
s,loée of the front remaing, steep. As convective activity
reaches its ma}dmmn,' the upper air loses momentum at :t:hﬂe_ ex=
bense of the lower s 80 that its winds: shift tao eastexriy,. and

" the frontal Slope-becqmes~unsbable‘ani‘pushé§~ngnthward; This:
Is best seen on the 4,000-foot 1800 chart, A4 contributing
factor to the northward surge of the int ertropical front is

the temperature contrast produced at this fime by the increased

cloudiness in the moist air South of the front,. As this pro=-

cess contihues the froht becores. shallower,. The front reaches
its most northerly pos:.t:.on shortly after sunset; by which,
time, both convection and insolation having dlsappeo.red the
upper wlnds shlft back to north, the frontal slope becomes
unbalanced, and the front retreats rsouthward again, finally
attaining :Lts 0400 position,. 7

62, 4an interesting feature of the nemel circulation is
the anticyclonic cell éxisting at 12,000 feet above the Sudan
low, the frontal trough sloping with the fronrt.ﬂ__'l‘he fact

that the Khartoum winds in May ere northerly near the surface

anc southwest aloft has puzzled synoptie meteorologists, but -
can now be explaine_d, S:ane in May the entire system :Ls
displaced southward so that the antlcyclone is: q:rcctly shove

Khartoum, the southwest winds aloft are part of thig- upper
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c:zrculatlon. ) : . T
63w In order to bring out. tne greatest. contrast,, the ;‘
corresponding flow for days with heavy rain was then: computed %3
) (Fig. 38). In this case tine, first set of charts represenbs ’”
conditions prevailing several howrs before the rain, and the | :
: )
second set during and shortly a:fite.x.f the rain., GComparing the
) .~ normal charts with those fox: heavy raim, many distortions:
) | are apparent emd these are greatesb in the lower layers, The k
J,000-foot: Level shows that the in’qgmropiczalg front is north
- of it& normal position both before and after the rain. Ex-
- treme: convergence at 8,000 feet before the rain Is alsc viekd
i _mé:cke.d‘:.. The. 12;,000-foot; level sppears quite riormal except thab
‘ conditions both before snd after the rain resemble the
'0400 normal flow. Undoubtedly Atgh_et most intez}es-f'z-i‘ng'-:- feature
is ‘the: cyclcriic vortex appearing at 4,000 feet during é_ndz'
after the hea..vy'rain._ This shows how the east winds of Fig.,
| , /35 abe related to the general £lows. “
‘ : bL.. Singe- the d‘i;urna«];_wjén”.d varistion conbinues: even B
B in the midst of a large disturbange, it is :ﬁnportant to re—
move this- effect in order to ﬁnderst—and the pure effect of
the storm. - In Pigs 39,. the novmal flow has been subtracted - S
) from the storm flow ,,.and. the results represent. the deviation ' _
) from the normal in heavy rain periods., Bxtreme convergence
i of the two air masses is definitely ir;di_‘cat,ed'. by the. devia- '
tions beftzr:-e the rain begins. Thusthe greatly increased:
i - southerly fLow in the moist, afr at 4,000 feet issimulban= o
LT - Low
. ,
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eous with the qurésponding¢incredéed&northerly‘flow.ai,12,606
feet, and thé convergence of the two streams: at Ehattoum is
clearly evident at 8,000 feet., Both the 4,700 and &,000~foob
deviations, after the rain begins; show a strong backing %endenby'
and an incredse in ;:yclqni_c; varticity, Ib will also.be not-

ed that the center of convergence has been 1ifted to 12,000
feet, ‘ |

<658. Since the flow charts indicate 'b.h.e;t the winds undergo .

convergence and cyclonic vorticity during héavy rain,. t,he.‘vgl.‘
ues for a cqmbinatibn-of convergence and vorticity were com-—
puted and plotted on another set of chatts (Fig. LO)@ :Hepé

the numerical values are proportional to ‘the sum of the ihe
flow and rotatioha} velocities. Convergence and cyclonic Qore
ticity exist at all levels in the vicinity of Knartoun and
are~stroﬁgest,at 12,600 feet both before and after the rain.

66.. As a quantitative index of the relationship between
the opp'osi'hg. flow on either side of the front, the séuthwest
component of the wind at 4,000 feet was subtracted from the-
southwest component at 12,000 feet. By ad;pting the conven=-
_ti?n of southwest as positive and northeast as negative; the
frontal shear will Have a negati&e-value. On the shear Qéfrt
(Fig. 41) the zero line approximates the position of the front .
at 8,000 feet. It will be seen that .there is a decided in— 7
crease in negative shear_bgfcre heavy-raiﬁ, but that after
.hegyy;rain.tpe geviat%qn is reversed,. refléciing bhe_strqng

east wind at 4,000 feet..

RPN

e

PP ICY 3 ,;'..3.:'&._.'.. X t."i;.él"i);.

- 'rsﬁ'}_:"»[.

8]

W PRI R WA RV DR,

TR g . o wacaae Ak g o p R e o
Rrat-Aal ER2Y P 3 Add o I3 Y P -
g dAkT T D R R T 3T L IS S5 0T SR T3 & R T SR T e T TORTHIIT" T WISy (i An_Te "0 aToit s $5b
i T T3 . - 2

E

A R P




° 67. As was already shown (Par, 60), one of the most
striking features of the rain process is the extreme east~

. eerly deviation of the wind, To amplify this anslysis, the

- daily deviations from the normal of the mean west, component:
of the wimi in: the layer from the: surface to. L..OOO. fost was .

compubed and plotted, and :Lsopleths of wn_ncl CieVlatJ.o'L were
drawn., (Figs 42). In these charts the numerical values: are

proportignal to velocity, and a nega’cl Ve qp.an’clty represents

S an, ea-,stelzly QQVIQ;UIQH: ‘f»ro,m; normale The centers: of negative : : ‘ ~ '
t | deviation: show a systematic trajectory and, dwing rain per-
iods, are always to the -ee.,s{’:_ of the positive centers. .This ‘
indicates & greatér than normal horisontal convergente., l‘urw .
. thermore, there is a grem.arkeble resemblance between these :
) charts and the rainfall patterns for the sfa'me p,efio.d (Flge .
34). ’iihehever‘ the frontal shear Ze Iow, or in other wordsi,
i ~ when; thie winds: aloft. 82;.‘-8’. west-northwest or northwest instead
of northeast rainfall does not occur, and the certers of pos— :
! 7 ' ibive west wind deviation are east of the certers of negatlve,
’ - ' deviations, This represents an sbnormal hoi:iz.on,t:al divergence,..
N '68 . The following conditions, then,;may be enum,erafced ‘
‘ as associated with the rain process;
‘ . 2 ' l. The intertropical front at the surface is nerth
| ' of ib% normal position and aloft it is farther soubh . :
; “than normals, “ | _
% ) :é‘.' The shallow slope of the front is maint;@-iried by k
, an increased southerly flow Qi-’:“ moist-ajr near the :
T _ : -
' R
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. £

&
n'ev erwgm,w_\; RIS

TR TR R T an
e g LAY FHARITT ™ BT r o Rl

$ ik HANEES AR R Al RTINS Sy SR T RNt HAE S 13 T ALK B A AT b S A Y G R




- ground and a correspondingly strong northerly flow

aloft, the two currents converging at. about 8,000

feet.

3. Increased horizontal convergence and cyclonic

‘ vortidity occur at. all levelss
v Lis The winds back with .elé?atiqn, and there is &

-decided eais_'b,erly shift. abt 4,000 feets
69. It has already been shown (Par: k5-47) that the in-

‘tertropical front may become an active cold front which will

T £ S e PR B, R S R S R S T e 5 TS P T MY ST
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0 push its way north of its normal position under conditions

of. extreme convergerice and active eyclogenesis, _The extreme

: horizontal convergence of the s_pu_th&:xest_ flow against the
mounbain barrier to the ea-ét c_;aus.es- vertical stretching, Ac—
cording to the th_egrem of wvorticity, vertical streteching is -
in part. compensated for by the incfeased. latitude of the
nor_-t}_n&a:cdf\moving current,, but' so»ériérmous is the effect that

| - o & considerable increase in cyclonic vorticity also takes

‘( ‘ place: .. Thus the processes which produce. the coid front from

the south and its accompanying sandstorm, in their later

~ stages of development, fulfill &ll the conditions necessary
for heavy rain. Every obserwved occurrence of this type of
sandstorm vyasr followed within lf.8 hours by general. rain,
However, there is anobther way in which genérsl rain mey de-
velop, If th‘e intertropical front is already north of its

< normal position, then the southerly flow is relatively strong. -
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If the northerly fiow should suddenly weer to the northeast and .
increase in mtensity- aloft,, th.e.‘res.ulti;ng- convergence at ix’l°'
tezl'mediat;e levels viould 'c_r‘ea,te; an increase in cyclonic vortis-
city and rain would follow., The effectiveness o this pro=

Cess deperids ony the magnitude of the, comzerg,eni:e: and the ra=-

pidity with which it takeb place. It som

SRR

etimes happens: that

uhe winds al.oft at Khar o j, J.nsbead of' be::.ng northesast, are

T TR

West—n,orthwest or: nor»t.hw.est » In which ¢ase the frontal shear

i\
B3

has. 2 small negative value or- may even be positive, Thus a

subnormal frontal convergence exists, and rain is mot likely

A

&
&

i,

y

F Bl

to occur, . TWO ektreme examples of this type -of flow were
| . found, on July I9 and August 2, 1942, when no rain £oll any- :
where in the Sudan cast of EYl Geneina. o

| 70, IENTROPIC FLOY, General ss well es local reinfall

. . is lar:gely afi‘ected by convéctive processes: and is therefore

———

\ ) most intense in the lat:e afternoon and early evenl-ng'. . D,um.ng.
L . such times the flow in the lower layers > where the modisture
is concentrated, is non~1sent picf, Th_us. 7l?h.e zs.entropa;c sur=
- faces are destroyed during the daytimé and re-established at
| , night. ThJ.s process exists also in the United States. during
the summer but is greatly exaggerated her'e,’bec".ause o.f‘-: the in~ -
| ' fluence of ‘the intertropical fronte N‘everthele.ss;,. careful

study of the circulation indicaetes that, just as in ths Unifed

A !
LA

| , : : States, in this region also general rains. are a.sseﬁcij‘;a‘xted

with isentropic upslope motion.. .

P

| T 71. By fitting together the dynamic snd thermodynamic
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principles hitherto discussed, the current wind observations

over a corisiderable area; and the Khartoum soundings, isen-

R

tropic charts were constructed for July 13 and July 26 s 1942

(Figs. 43 & LL). Such a task would ordinarily be too diffi-

e SR

cult to. attempt, but in this case the number o}‘_ possible so-

l\xt:ions-‘i_s s_eyvereijr limited by the imposed r:éstrictions.: These

charts;;are- schematic inasmuch as the numerical values indicated-
C may differ considerably from the true valuds, bub the patterns
themselves are believed to be logical and.gori‘-éc.t. The sche~

‘matic chart for July 13 (Fige 43) repfeéen’cs the normal isen=- o

tropic: flcw.'i'n, 'the_,- Rainy Season. The cqld dome in the -south—

east: is associated with the -plateau high and the warm valley e

with the intertropical front., The moist tongue in the south

| © originates at the Indian Ocean, the flow being generally an-
_ T ticyclonic and upslope in the southern SuBlan. As it approaches

the front, 'nc.w.e_.v,e;.‘_; the flow is deflected into a cyclonic cell.

AR RATR

In this particul;rc case the cyclonic cell is somewhat west-of
oy R its ﬁormal position, since the front is.too far south in the
" vicinity of Ei'.Fas}':er-. The anomalous re_la.ﬁionship between
the pressure a-r_xd condensation petterns is x‘nost pronounced

| in the eastern dry cell, where dry air from the Arabian cy-

| = © clonic circulation i flowing upslope. The dome of dry air : -
‘, ) " in the northwest is ths Sahara air which move! e T

dovmslope. Originating as an anticyclonic current, it be=-

\

i f: : ) - comes part of -the cyclonic cell near the front. The most

| -' . _°  important factor in the rainfall regime is the aht{cyélonic :
| K 5
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shape of the southegstérn cold dome, which tends to produce

downslape motion in the northern Sudan. Here again is evi-

dence of the all important fact that, vlrhe‘reas in the south-
ern Sudan ,tl;'le normal circulation enhances the opportunity
for preciz;itation-, the ol;pos-ite is true father north. In
cther v:o-rds_:,— a d-i;_stwbed'state:of atmospheric flow is essen~-
tial for general rainfall to occur in the north. With fure
t-h_ér reduction of frontal shear, a;. on July 19 (Par. 69),

the dome- of -cold air becemes inore anticyclonic and the down-

-slope motion more pronounced.

72, In contrast to the ab::xy..e;, the schematic chart for
July 26 (Fig. 4L) shows the distortion of the normal patherns
which takes place dwing peiiods of heavy general rain. The
cold dome is situated farther north and is de.cide_d,l& cyclonic

in shape so that the southwest ficw is predominantly upslopes

o

Thé condensation area has the same shape as the cold dame an.c'i
advances in a cyclonic path;. It may be here pointed out that
the Sudan rainfdl 1 regime extends as far wes;c as El Fasher
and does not usually‘include El Geneina (Par. 86). Another
important fact to be noted is the greater wind velocity

i

throughout the aree in comparison with the normal chart,

73. THERMODYNAMICS OF RAINFALL, The modified Indian

Ocean air mass is extremely conservative in its thermodynam-
ic properties, and the modifications which take place during
its movement northward are gradual. Thus the amount of mois=-

ture in the air above Khartoum is a function of the height

R
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of’ the front and the strené',bh of thei équ@herly flow, both of

Wnich are autematically determined by the dynemic conditi.oné‘

previously discusseds. ‘}'-Ihen there exisf—s a dynamic s’cza_t;é- nec-.
| essary to produce rain, by the same token théz:é also exiists

a deep layer of moist unstable air.

The. Using the same classification as before, thr_je&
mean SQuhdingg- i‘or ng rain,, iight vain, and Leavy rain were
constructed (Figs. 45, 46, & 47). The tesults show a syste-
matic intensification from no rain to heavy rain of all of
the thermodynamic éz‘i,terisa for convective activity. The pog=
itive areas and the: quantities of precipitable m'a'bér-:l nerease;,..
while the negative areas and the cri‘tiqal’laﬂrel:.s'- d‘éiz?eaﬁe-o.

It is int-eres.’c.j;ng to note, however, that the curve wiich rep-

resents the temperature of the rising parcel regsirs tenstant.

“Since this curve is determined by the maximar “emrerature and

the average moisture in the un_satf_ura’_ced laycr > 1t is evident
that both the ma:x:imum temperature and the average wet bulb
potential temperature in the unsaturated layer do not change.
(The latter property henceforth will be; called the l‘:’um’.‘cing,
pseudo~adiabat.) When the individual daily soundings .were
examined, it was found that this limiting wet bulb potential
temperature is practically invariant,
75. In the thecry of effective

veloped by the Hydromsteorologic_al ‘Section of the United

States Weather Bureau, a model convective cell has: three

layers of equal height: the Jayer of net inflow, the layer
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of maximum: 1ift, and the layer of z;eﬁ.:outflo‘m 'Fhe effective
precipitable water lS Yhe amount. gva—ilé.bla for precipitation
and is campubed, as the difference in precipitable water be=-
tﬁ'e,en-, the inflow and the outflow ayers: Under conditions
of saturation, prec;ipit.able‘ water is measured a:l.qng the lim-
iting ps:e,u.clo,-adiabaiz..by‘ iriﬁggxa’ci’ng, the specific humidities
w:v‘s:’fih: résgeﬁt, to pressure. The vertical dimensions of the sy«
stem are a(s,:aume,d:i %0 be a direct function of éhe; limiting pseus -
i%idiab&* , since convective .energy‘_-depend;s on the amount of
| lzg-.tje.mﬁ heat. In this case, the limiting pseudo-adiabat is
fixed {wet bulb po;temb;z‘;al temperature 249C.) 5 and r:,on‘s\equemﬂ.y
the: effﬁec;t:‘s,ve precipitable water for- Saturation dis constant.
The value of the former is %e96 ine. in 12,000 feet and of
the Ia;’&izez: oliQ ine When the air mass is uasaturated. howe
exer:, ‘-t,he_e effective preci pitable water 18 -i‘e’ciw::.ed,; siuce less
mofsture is flowing into the convective ceil,_‘ while abt the -
same time, the Q.utﬁiézﬁ layer ;eing‘ s-afi;ﬁrated,_‘ there is the
same amount, of oubflows. Furthermore,; part of the precipita<
tion must be evaporated: into the unsaturated air below. Thus
the: egﬁ%ﬁe‘.&tﬁive; precipitable water is reduced by twice the diff-
erence between the precipitable water in a saturated inflow

layer, and the actual amount, of precipitable water in the in-

\

flow layers In this case, then, the limiting amount of pre-

cipitable water in 12,000 feet. is 1.26 in. In other words,

if the first 12,000 feet. contains less than 1.26 in., all the :« —

preciipiibation will evaperate before reaching the ground,
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west-northwest or nopthwest, ten such cases were not in-

7.'6‘._ "The amodnts’ of precipita'bie:water 'in the first
12-,-OOO=":fe'et were computéd for each dfiy-, and a i’feq}xency stﬁdy .
of this data was performed., Since it was :prev:iously found
(Par. 69) an air mass with high mcj)is't.ure contént could

"exist without producing\rain if the winds aloft veéred to

. i : ) -
cluded in this study. Fig. 48 shows the res‘glt—s that were.
cbtained. There were only two cases of rain with less than
1,57 .in-.-' of precipitsble water; in one of these the wet :bﬁlb-

curve wasg Quesﬁipnablé;, and in the other the. precipitable wa=

ter was 1,54 in. Three cases of no rain occurred with pre-

the method of observatioh, no further .refinements were cons

_ o . i .
cipitable water of 1.60 in. o higher and none with more
than 1,64 ins Sincé the tritical conditions for the contin=
uance of ari haboob are determined by evaporation into the

lewer layers; the vélues of precipitable water fof the two

~haboobs previously discussed (Par. 43) are shown on this

charte. The lover limit of 1.26 in. and the upper limit of ,
1,57 in. seem reasonable. The validiby of the curve of Fig.
48 '1s enhanced by the agreement between the two theoretical

limits and the observed valuee. Because of inaccuracies in
.

1]

- !
sidered adviseable,

77+ In conclusion, it is again emphasized that mest of

the thermodynamic properties of the air mass are nesrly in-

4

variant and that the variant properties bear an sutomatic re=-

lationship to the dynamic conditions.
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" culabions: of various .degrees of magnitudes. The inberaction - -

= ‘CHAPTER VII

. : | DYNAMIC CLIMATONOGY

78, TJ.:fe,- ic:!s:iima.’ce:'s-. of Central Africa, like the climates ‘
of all great. land masses, are controlled primarily by fo_m;-" ’
factorss: the annual march of the sun, “the general tropos~ | ‘ -
1;h_em'ic; cireulation, the relationship between land and sea,

magses;, and topography. The latter. two ptoduce-local. giv=

~ of two opposing arge-scale flows, from the north shd from

the, south, produces: the inbertropical front, which, unlike

normal, fronts, dnhibibs rather thah enhances the occurrence

) o_fﬁ'_-pre.ciipést&fcign over the African continent. On the basis

of the above discussion it is possible to explain the gen~ -
eralized annual isohyetial. pai:fé_i'n (Rige. 49). I# w:.ll be*

seen that the isohyets: t’"en& to parallel the position of the_'

intentropical frott, The ralﬁifall decreases northward fmz_n

naxina at the source region along the coast tc minima along -

the position of the front, with an orographic maximum on the

Abyssinian plateau.,
79« The air transport route from Dekar to Karac-hi, India
may be diviced inbo five ciimatic zomes: She maritime, Dakar
to Lagos (1744 miles); the ‘t;'an_’sitio-né:l, Lagos: to EX
Geneina {75 miles); the Sudan; zone, EI Geneina to Kassala
(952 miles); the ordgr§.phic- 2one, Kassala to the Red Sea

(235 miles); and the southern Arabian zone, from the Red Sea : B
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to Karachi (2117 miles), -

.80, South of the intertropical front in the Rainy Sea-

‘ gon, two large streams of cold maritime air underrun the Sa=-

hara air mass; the Indian Ocean anticyclénic current to the
east, and the cyclonic Atlantic current to the west, ..The'ée
. converée.infthe region o_i: El Geneina. (Fig. 7). The é,aﬁi:ém-
flow has already been fully discusgSed, The weste.rn, currenf,
continues to flow cyclonically, reaching the ©0&3! abt Accra
‘as a noftheast winds The normsl Iséntropic flow being in
this case cyclonic and, from Maiduguri soutiwestward, alse

upslope;is favoraﬁl-"e, to the occurrence of precip:‘:tation, 1n o
COIthI‘aSt to the Indian Ocean current. The shallow thermal
high extending off the south coaét of'weSt,ern Central Africa .
does not inflpen% ‘the flow patterns.to the sane:.degr_'ee as its
eastern counterpart, the plateau higi’l. -Sin¢e theére is no
mountain barrier, the :anticycl,oni;: c_ix;cgiation does not norm=
~aXly extend éb‘éje‘ i .,00\0 feet; nor more than 100 miles inland.
8l, .Along tﬁe west coast the rainfall maximum occurs
in August when the intex:trop'ical front is farthest north and
the tropical mari.time current is deepest.' Just.as in ‘t'h'e'. = )
Sndan, precipitation is gréatest when the front :i§ just far
enough north to produce both a deep maritime current ard
frontal coni/ergenéé a,lof'ti “Bvs:aeen Accra and Lag’os‘;. on the
other hand; ﬁh_e;'é are two maxima, in June and Gchober, with

a lull in August. The primary maximum in June occurs when
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| the intertropical iropt is advancing northward and is suf= (=
| ' ' ficiently far te the north ’Qé preduce maximwa convergence ‘g
aleft, and the secondary maximum in October occurs wnder rg’;;
similar c;ndit.igns with the retreat of the frent., '
| - 82, Precipitetién in the maritime zene is of two kinds,
' | local and general. The local rains are heaviest in Ererch
; ' . Guinea, Sierra Leone, and Liberdia, where well over one hund- : .
: . : ' : red inches fé‘lls during a year. At lEanovia.,_ L':‘béria » Preeip— _ g |
| itation is recorded, on the _qy‘e_rage-.,; 25 days a menth frem
| \ 1_ June thisugh Ocbober, and rain falls every movth out of the
' 7 years The lecal mabure of ‘éh@: rainfall in dhis zwe is aliso B
| '~ seen by the fact that at Accra thé:mnu'a'l precipit:gtion is
: enly 27 incihies:, whereas, because of" t.,h_e additional 13ft; it. .
| ' ‘ . ks px;ébéibly three bi;*nes_ as grest in the hills a few Tiles .
. inland. B N ¢
3. A.ng the entire weé‘t ceast there_ exists a perenn-
| ial sea breeze which produées a shear zloft that i5 sometimes
{ confused with the Jintertropical front (Pars 32). At Accra,
- . .
for example, leWw cumulus develop in the early afternosn, L
| drift.-inland under the influence__ of thre soutthwe.st sea breeze,
| '. o _ build up into. cumulonimbus, and flow back at night in the |
| northeast ¢irculation above 4,000 feets - Thus most of the léc— -
| . cal precipitatiin at Accra is necturnal. Unlike the L‘r,n,_f_Ll | , -
| S _ shear, the air a_.bové the sea breeze is alsc maritime, ard -
| therefore does nc;’c‘des.sicate the convective clouds. Ceneral’ :
| a ; rainfall in this regipﬁ is associated with the :cy'clonic: cell -
.

-, 5‘5.. - ’

TGV » =
TR S TR NN RN T
e T TR




‘aloft and can readily be traced from Maldugurl westward..

These are the ‘sowcalled "line squalls" and are simply axeas

of horizontal convergence s:imi_l_ar to those in the Sudan,

al-th_ou_gfx not vequirir'g as grea.t disturbance of the norm~

al flowe Since the 1sentroplc flow in Sept;emoer at Man.du-v .

guri is slightly downslope, an increase in hori-z.ontal con=-

vergence and cycionic; vorticity is necessary to gsnerate a -

—~a

storm of th:Ls character. I‘hus the normal: soa'c,hWecb-_wmd

at 6,000 to 8, OOO feet backs to ‘south with the avmroach of

. ) a general storm, The essential feature of these storms is
o o that they are no% frontal and theefore not Mline cquallsh,
but rather: that they are associated With isentyopi» flow

within a homogenecus air mass.

8l The prevailing air mass in this region 13 fnrie . -
time orly dwring he rainy half of the year. Luiring the reé=
- mainder of the year the Sghara antlcyclone definitly predom- -

J.nates. As previously stated, the sea breeze forms a shallow

{ ’ cold iront along the coast: An exception to the general con~

- tinental flow in the Dry Season occurs when the harmattan

front appears, and a strong maritime current develops (Par. -
L 55.). Along the west coast, moreover, the return flow of

the continental anticyclone becomes modified as it moves

m

over tHe oOcéan, and this accounts for the rainfall through-
out the year..

85. In general the maritime gzone is a reg:t,cm of low . [
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ceilings and fog, especially in the Ra:.ny Season. There us=
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‘ ) I s
ually exists an area of broken clouds adjacent. to the shore,
- and in bad weather pllots fly low along the coast llne » coming
‘ in uhder the overcast,
’ 86s Ipland from the ‘coast. in the transition Zone there is a %
| : Progressive decrease in. low stratus; fog, and poor visibi- : 1
lities, The maximum precipitation occurs in dugust when : a2
th\e‘r:e is enough moisture to produce' almost daily local rains,
- As the moisture decreases inland, s6 does the average height o 5
© of the thunderstorms J.ncrease, untll it is possible to fly . - ;
{ e gn,de;tgeath. a1l bub the most severe ones, Th_e 1i;g_htning in
. the large. ma jorit of these storms is of the cloud=toeloud=
i type, thls fact is generally true throughout Central Afriea, g
The general storms in the Maiduguri region have already been ‘&p
discusseds The rainfall at El Geneina is in g special class.
”by itself, The geéneral cyolonlc dlsturbance in the eastern
- ent (Chap. VI), although it extends ‘o El Fasher, 194
miles to the east, :rarely reaches El Geneina, On the other 5?}
i .., hand the general storms associa.ted with the western cyclonic
7 current do not usually oceur so far to the east However, - -
El Geneina is in a region of normal convergence between the “ |
antlcyclone to the east ang the cyclone to the west, 4dlso,
there is a small range of mountains with pesks extending o :
} over 10,000 feet between ,i Genedns and E.'L Fasher (Fig, so) s %
- - a natural birthplace of thu.nderstorm act:.v:.ty, which de=- o %
: velops and moves wegiward, f_
; ‘ | ' ~ 87. Since ‘the Sudan climate needs no further d-j.scussi,on,.’
— ‘ ' , e
‘ - 57 ~
: '
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the next region to be considered is the mountain climate '
. from Kassala to the Red Sea. The nature of this climate

can best be understood by an examinatiéri_ of ‘the cross-sec~

tion (Fig. 50). - From an average height of aboub 7,000 feet

the topography drops to sea level in approximately 50 miles.

These are not. isolated p’eaic's bt_fc present g réa}, barrier. It ' -

can be seen that the weather in this region is extremely lor

. ¢al; and conditions. of wind, bemperature and humidity must

be studied in .great detail in order to forecast succdessfullyd _
The orographic effect is also well marked on the isohyetal
chart (Fige 49). Almost daily rains ocew in July and Aug-

p.s‘t I -andr'f’éhef‘"Ra':i.‘ny S_'e_és_on endures from May to October. Early

- morning stratus throughout the yearl is also an inipcrtant fore~

" casting problem. The influence of the mountain barrier has

~

the: intercsting effect at Massaua s on the Red Sea coast, of
entirely Feversing the Rainy Season to the winter months.
This is, of course, c;aused by the upslope winds from the
Arabian ;hi'gh. _

88, Along the southern Arabian coast the monSo.ons con=
trol the climate, although, lacking the high mountains of Tn=
dia, they cause little rain, Salalah, from May to October
during the soutﬁérly regime, has considerable drizzle, fog, ’
and low visibility., Karachi, Imifia records only 7
rainfall per-year'.. . : C

89. As an index of rainfall regime, the cumulative.
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‘ . daiiy-maximnm;rainfall.percentages;for the greatest two month

| ' ' period'w¢re.plpttgd against. the number of days. (Fig.'Sl); Thus

o ah'arid'statipn_WiIl_have'a_vefy-steep curve, and a wet station

o flatter curve. The Wet regime at Roberts Field, Liberia, is.

oubstanding, The transitionak character of the regimes at Mai- .

duguri.and»Eleenein;,are;well.marke&, Also the difference

! . between El Geneina and El Fasher, only 194 miles: apart, is in

- ’ sharp=contraa@ to the: aimogi,completeridentit¥~betwee;.Kharﬂ-

toum and El Fasher, over:5ﬂb‘mimes:f&omaeach.cherm This

. shoWs clesrly that EL Fasher rainfall is part. of the -eastern

. gigculaﬁién@ to: the exclusion of Ek Geneinaw The Yabitudinal
progpesgibﬁ:offthe rainfa&l.regimezin;the;éudan.is.Wellxbrought
out by comparison of the Wau, Khartoum, and Kareima curves.

| : And finally, the individuality of the Gura_cunVe:shqwé-fﬁa

special.orégraphiQaeffecﬁ by.itgfextremé:steepnegs:in the be- =
| o - . - ginning agd:its abnormal.flaxteningtat.the end, This reflects

both the intense: character of the precipitation and its reg-

&

ular recurrence,
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APPENDIX T

SUGGESTIONS ON MAP ANALYSIS

¢ The surface synoptic weather chart in the tropics is

not always the same kind of forecasting tool that it is in

-

temperate latitudes, For the mdst pard, the systems are sta-

‘tionary, and, of course; the very bésis of synoptic forecast-

. . A . = . : 7
ing involves the concept of motion or change, The-above does

apparené shifts in position and orienbation? If real, these
are imporéant and must therefore be carefully gnaiyzé&; :ﬁure
thermore, as has been previously shown, the weather period&
ically changes from a stationary to a disturbed type.‘ Dur-
ing such periods the synoptic weather chart is of prime im~
portance as a forecasting todl. The usual aQruptnégg of the
tran§itiog demands alerﬁness on the pért of'thg férecastéra.

‘ The essential function of the surface synoptic chart in.
| this region is to serve as an ideal model of the gradient

! + flow patterns. Used in this ﬁay, it helps transform in the

‘ forecaéter's mind a jumbi; of disconnected and confusing

‘ - facts into an organized and logical whole. Combined with the
| winds aloft, it is a substitute for an isentropic or fixed

‘ level upper air chart. It is an excellent practice, by the
’way, to plot the winds. for at least two uppet levels on the |

% : surface chart, It is important to remember, however, ‘that

the synoptic chart represents the gradient, but that the

|
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not imply that the systems are dead. They frequently exhibit
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real flow deviates considerably from this, Thus the stream-
lines will have a tendency to intersect the 1sobars at a
“sharp angle. N ‘

In order to ubilize the Synoptic chart in the manner A
outlined, every effort should be put forth to receive an ex-~
tensive network of reports. Although practical forecasting

can be carried out with a limited set, of' data, real under-

possible under these cohditions. The accumulabion of extens.
¢ sive data will result inaAnkinewitabIe\delay in the. final
Shho 4 S g ¥ _ . - —_

p $sible-to Use bhe

. standing of the’ abmogpheric processes in this region is im=
""""" 2

completion of the charti Howsver, &t i

o .
(.ﬂ’
. ()

»Q-

chart for fOre_c.é,Sﬁ;ng; even before it is c.omplet , provided:
‘the continuity is good, Tt is important constantly to go
back and correct the analysis as more data becomes avalla-
bls., In extremely hot cln.ma.tes it will be dlfflcult to ]
‘ 7 erase lines, so that it is bet er to delay ﬂ(xnpletlon of the
chart u;xtil all ’che data has: been plotted, .
Since, at best, the station d’en:s_ity is quite i.ow,, each.
repé:rt must be welghed carefully in drawing 1qoba.rs. If iso=-
: ba:rs are drawn mechanlca.lly for each pressure value, a means
:mgles_s set of lines results, While, on the other hand, if
‘ too many values are ignored in order to fit a gﬁcgconce-ived‘
8, & rigidity of pattern results, which will tend to
conceal man& significant deﬂails_. Barometry st;a.ndard’s are

not high in Central Afrlcao Host, observa.tmn& are taken. by

¢ sem::.-tramed native personnel so that the percentage of per~.
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sonal error is greater than in the United States. Further—
more, many~éievate1 étatiqﬁé'ﬁave not been accurately sur-
veyed, so bhat reduction to sea level-is-another“sou;ce'of'error.
Also, for any considerabls aréa, there is an unavoid—~
able absence of simultaneity. Thus,' on the whole, the
analyst hpé-moré;fréédom of interpretation in isoﬁaric'anal~
ysi§1 ngeyéf, iﬁ‘afnumb@& of reports seem consistent with
each other, it i§ nog sefé Eo-devi&té too far from them.
w&ndedirections:aﬁ&'vel;cities are impertant criterda in
shépinézisqhars, The exceptions are coastal bigezes,.if
light, and orographic winds. \ . e

In frontal analysis, historical eyptinuity of pattern
and wind discontinuities are oy far the most.impgrian£.66ﬁr
siderations. In tracing winter cold fronts from the north,
the shift in wind direction away not be‘W§f§.greét,fbnx.theg§
will be considéraﬁle-discontiﬂhity in veloeity:. The 0600
GMT chart, for example, mizht show a station south of the
front to have a normal,sﬂrfaqe wind of nortﬁgggt, for;e 2,
and“'be'hin_d the front the wind v:r.ould be north-northwest,
force 4 or 5. Eoistune content reacts much more slowly to

'a frontal passage and is therefore of lesser importance as

a frontal criterion.’ In considering moisture discontinuities,
ture values are representative or whether they occur eniy in
the surface layer. It should be remembered that in Central

<

Africa, especially in the Dry Sgason,, large-hétural surface
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mo;l_.s!;u;'-e gradients. exist because of wiriation in wvegetation
and relative position with re_sPec";; to large bodies of w;a.tex‘.i
Témperatﬁre éisc_ontinui—ties alone should. never he used to

: determine frontal position. It has already:been; pointed out

that tempgratmses are largely a function of cloud cover, and

also that the diurnal cycle-masks. other effectss Even in the

s

may- Lag by as-much -as 12 to 18 hours, This is stressed be«

cause experience has shown that the most ¢oémmon errors in an-

face temperature discontinuitiese o -

In general, the shalysis should be simple, Complex double

front structures sht;ulg be studiously avoided, It is well
to remember that. this is a region thérmodynar_uicalll;;" unfavor~
able 10 the :deVelopinen,tl of fronts and that th.e;.y; exist at 411
only by virtue of large scale discontinuities in the general
circulations It may be iml;)ortant for. forecasting pwrposes
to-outiine ®ertain moVing boundaries or zones., These might
be areas of thunderstorm activity, or moist surface aire ‘.
This is perfectly legitimate yrovided such markings are’
differentiated from fronts, .Such zones do show systematic
motion, as has been shown in 'éha_pter VI, but they are not

fronts, and should therefore not be confused with fronts,

o
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SR o ] APPENDIX IZ
" - TECHNIQUES FMPLOYED IN THE STUDY ’
This appeqdix is an attempt at elarification of t'h’e less
: ) obvious methods of analysis and presentation of data v'gh'i'ch'
‘ . were -used in this study.
{ e o THE WIND COMPONENT DIAGRAM OR, UV C‘-IA.R‘I‘. The construc+
. ' +tion of ‘the UV chart, or wind 'componént diagram, is the pre=
{ ) . limin;u&' §ﬁé_§riﬁ ‘th_é process of detéﬁé& ;irzulat_ﬁm @1331-2’" B
| Q\ . . sis employed in the present _s1_:udy. £ the UV nh;ért i im=-
. - 'properly constructed ;;r Qareléssly anglyzed,. the construc-
tion of further, derived charts is compiet;aly‘ pointless.
¢ . : The compupation of tihe values to he entered on t,h_e_‘chart
| ‘3;§ , of c;;urse , -completely mechenieal. A 'log‘ic‘al a_rialy‘si's;
of the: chart, however, réquires that 't;he analyst have &
c conplete knowledge of the .g\enera.-l Qirculétion.aﬁd the _poss; '
ible ;devia‘.ti:;ons' “herefrom in the area under consideration.
\{:‘ ‘ The UV chart ;nay be c_dnstructed either for a 1ev;el o&r for a
. - layer ’ the essential technique involveci being the same in
: ‘either case.
,_:” Given a wind of velocity v and direction angle &£ , the
; two components of the wind, U (West—-ejas‘bi) and V(_sou{,;a—north) s
‘ are expressed as follows:
u . ' U=1v cosk . , ¥ = % sin L
! Thus, a. positive value of U results when 18.0:°4 £.£,3600, and a -
| ;{: ; negative value when 00¢ & ¢ 1800, Similarly, V is positive when

Rl R iy EA TN Ay ” X rTETE ~or =T
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90° & 42_7001 and. nega:tive.- when .2700:44; £360° and when 024 &

£ 90°, In cases where “the wnits ~é£ v a_a:_s taken from the ob=

served data, are different from those of U and V, as desired in
the analysis, a eonversion factor must be émpil:c_yed_.- The entire
computation may be greatly facilitated by the construction

of a table by means. of which the observed data in their ori-

ginal units are converted‘direqtly inPQ values of U .end 'V in

the -desired units.. .

When the values of U and V have been computed £or the

0

level desired or averaged by approiximate integration for the -

FeTs

" layer desired, they are. entered on the surfaée map, and iso=

. : ‘ plethe of U and V are drawn, by the analyst. A comprehensive

X . disc.u‘ssioh. of the technique of analysis of the UV diagram is

unnecessary here, it being merely necessary to point out that.
‘the analyst must exercise the same care that he would use, '

- -

, _ instance, in isobaric or isallobaric analysis of the sur-

face synoptic chart.
¢ Once thé analysis is canblete; grid points over the en.-'r
i:,ire ‘area are selectéd, their selection de_.pending upon the
degree of refinement justified by the data. To facilitate
;: further computations, the grid points should be at the cor-

ners of square areas of equal size. In an area near the equa~-

tor, such as the one in the present study, the grid points may

w

be chosen at the intersection of equally spaced lines of lati-

P R

tude and longitude without significant errory since a degree

of long:i,t.u_d,e:near the equator represents very nearly the same

IR R
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distance as a degree c;f latitude. ' Once the grid points have

been selected, values of U and V at' each grid point are de-

termined from the aria:lj's;-is by interpolation and are entered
directly on the chart.

THE FLOW CHART. The flow chart is derived immediately

from the »analyze_d UV chart, Using the values of U and V Pi'e«-
viously found by interpolation, the wind direction and veloc-
ity for each grid point-are found by entering the values of

’

U and V in a table which, except: for the absence of a units

factor, is exactly the inverse of the table originally used

‘to determine U and V. The Sub*o:'elqi;'eg’t;. précedure is at the dis-

cretion of the analyst and depends m:ainly weon t.he .degrée of

-

refinement desired. The simplest procedure is merely to com-

pute f_;hga.—wind travel quring a period of, suy, & hours by mul-
iplying the wind velocity in miles per hour by 6 and pletting

thé resulting distance as a vector emansfing from the grid

point; this waé the method employed in the cons’gruction;oi"

' Figs. 37 & 38, The wind travel vector pattern can be smoothed

out and made more representative of actual wind travel by
Y
using a second approximation. This process was employed in

the construction of Figs. 2, 4, 7, & 9; in which each arrow -

represents 2h-hour wind travel and' is the secordapproximation

to a secant to the true streamline of the air proceeding from’

the position of the grid point.

THE .MON"I_’HLY MEAN FIVE-DAY TRAJECTORY GHART. Fig. 10, the’

- /

" chart of monthly mean five-day trajectories e_n&ing. in Khartoum,
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‘ was constructed fm'méhs. .monthly mean UV charts 'repres_enting'
the mean wmd for a layer from tne suri‘ace to 10, OOOPi‘eet
above mean sea level. The trajectories are actually portions
of mean monthly streamlines passmg through Khartoum. Over
a period of & month, however, mean traaectomes ‘and. mean stream- -
lines should be practically J.dentlcal , especially in the ares

under cons:.derata.ono The trajectories were ‘constructed by

the uqual nethod ‘of suceessive approximavion except that the N :

uv chart 1ns ead of tﬁ,é Sﬁrfa:cermap or ordinary u;;per-wind

(4]
-
H
!
¢

hart; wss used to determine the wind: direction and véloeity

~ Ny

o o at .ézé.é'hf_f)éin.t encourt ered . .
t- . “I'HE DI\EHF@\ICE CHART. This chavt is a grjaph'i'cal repre=~
s.eritat:ipﬁ of horizontal divergence. The basic’ equatlon is: )
. R YV S [
. B S U T
] . " Thus s-in an aréa where this quant:.ty is pos:.uve 5 there is a
\ net outflow and hence a net subsidenece of.air, and, in an
c | area where this quantity is negative, bher‘e, is a n:at inflow.
(«~ ‘ ' and hence a net ascendance of dr. Thé V-Gmpu-tatj:on of this '
quantity. is ac_compliélhed as follows: .
Ua|V, O, 3
, Iy ‘ B . *
; , O
: - B ‘ -
: | : U |% UplVe ;
! N D} o C %
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 The figure reoreéents a portion-of the U¥ chart grid formeé

‘.!'.mes; V—alues- of U ahd V are shown, plotted at the four grid

points, A, B, G, De As previously poin*ce& out,, the Ligure

ation. If the length of the side of ths square is denoted

~p

by L
Au (along ¥ine AB) = = U'ﬁ “"L*a‘
&k ) ' ) '
= M.  f(elong Mine DE) = _..s; Q«.-‘-r
oV (along line DAY = - VA = Vd
& : _ .
\?' e o 'éalong line 6B) .+ e — V‘E

At Poin’c E the center of the square, )
Al U...b..._l*a.._. ndl V¥ R SER
ax = 2 E 'un'["’“ 3 (approximately)s

and ‘ﬁ% =% {Va T ° % C Vs J taprroximately)s

and 4y, = au -2 SRS i!.. = AW + M. (approximately)

oy ax oAy
= aLLub.au Uc=thd +Va=Va +Vp, =\e |

Since, however; the n**mnricaa. magnivude of dwergence is of

no practical interest except in the relative sense, the fac-

tor i!E may be omitted. The mechanical process of computation

is as follows: Uy, - U, WG, - Vg » Ug = Ugrand Vo~ Vy are

a ? (o

computed and plotited on a worksheet on which™ the grid-point

network has been reproduced on a smeller scale. These quan=-

4 2L

tities ave then added algebraicslly, giving the quantity
2L x div, which is then plotted at igoi;nt E on the divergence

chart. Lines of equal divergence are then drawn for conven~ .

B B ’ <

H

ient intervals by the analyst,

- i e
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( THE VC)RTIC‘]':T‘Y" C"IART:: The vortlclty chart is tonstiuc- N
. T ‘bedam a manner similar te that’ omnlcyed in the construct:.ox}m ' ' , o

T of the difergence chart,  The fundamental equatlon iss

| T
> Th.xs quantity’ 1: posibive in the case of Syelonic vorticity )

- and negative in the case of anticyclonic verbisity. Referring .

y : /\ to: the figure iﬁglude& in the discussion of the divergence
. chart, we have: ' | |
| o S =ay {VB “Vat Ve ~Va + U -Ued' W*u*’] S i
: ,:: L "The quantities, Vb~ VA Vc"Vo\ Ua:\i& WKes -ars <ol ) x‘ g:
| pu,te:d and plotted on th_e, sepapate viork-sheet as in the construc- I ;:
: fbignrl-oi%' the diveFgence chiart. These'?aiue:s. are then édc_ied al- ) ) é
| gebraically to give the quantity a4 §’ , which is pletted at po_in§ 5
‘1 = E on‘the {réz‘ti,cifb}z chér‘bl. L‘ines of equal vorticity are ﬁljxen - :‘j
= ‘ drawn by the analyst for comventent. intervals. ;&E
| THE CONVERGENGE PLUS  VORTTCITY CHART, This chart is con- )
‘1 ;o ‘ S.'brucfed from’ d»rresp:ondiilg, di-é'e‘i‘gence. and vorticity charts

4 o 4 by adding, for each grid"pointx,, the -ne_gr;x.tiﬂre value of divere
- gence, i e, c:iprﬁergence:_,‘ te the positive welue of vorticity, S
T e, cyclonic-verticiby. Fig. 4O is an example of this type .
5 : o | _ of -ch;art.' No examples of charts of" di;tergence or vorticity
alone are included in this studys, .

| , "“"‘:‘_’m@l‘_‘ .LD ~~=RAINY SEASON w. Two me:t,ilgds‘ " B}
ll g - of analysis of' the rainy season pseudo.—adlabatlc.'charts : .
! ? . were employed in this s,’cud-y«.,. In the first method, the con- 4 _ {;
‘l ) ’ vvectiye condensation_level. is: as;um'e'dg tp, be the int'erse_ptibn _-
| 9: [ - X -
h /
|
!
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.o=f f.;he average q line fér the first 1,000 feéet above the sur-
| . face with the environment c_urve; Thé “awir-erage; q 1s cemputed
from the surface aﬁd 1,000~foet values, giving double weigilt
to. the swface value. Negative and posifive areas and crit-
ical temperat;ux:e are determined in the usual mamner, The an+
| | .| alysis arrived at by the second method gives the actual therm~
| : .odynamic structure of the upper air at the time of maximum

‘ ' ¢ . conveetion as inferred from the somdiitag and fram the recorded
| maxmum temperature. The recorded maximum ée.mp,-eratur‘e is

« ' . : .
. plotted en‘the pseude~adiabatic chart at—_ the surface level,

and a .dry adiabat is drawn iip‘wérci from this p'mh’iﬁ;t theough,
the e,'nv-irérAime,nt curve. The adiabatic layer thus d.e,te_rminéd
is assumed te be theroughly mixed and te have a uniform sp‘ec--
' 4 . ific :llpﬁlidity ﬁhraugiqout. : Thus, the cOnVeci;;i.vje: condensation
' Lo . 1e§el is the intersection of the average q line for the mixed
layer thu:s. feund with the envirdinient curve or the maximum -
temperature dry adiabat > whichever it :li.nt,ersects first., Pes~
5 itive and negative areas are put in inl the Auéi;a]; manner.,
The superierity of the second method as a techniague of
anslysis is graphically illustrated by fig. 53, which shows
deily values of the surface dew point temperature at the time

of the maximum temperature compared to values corresponding

"to the average g values found by the two methods. The use

{ ; : of the first method results in 2 consistently large over-~
4 4 )
L .. statement of the moisture content in the lewer layers and
g hénce 3 in bracfically every case, an overstatement of the in -
§ ' ¢
: - xi -
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tensity of cenvective activiity.

The days of the 1942 Rainy S:e.aéqn were classified by amount
of rai_n.t‘-alil, into three g;;,'aups.::; no rain, light rain, and heavy
rain according, to recorded 2k-hour rainfall at Khartoum, Wadi
Seidna, and Shendi, -t:h_e; thres, clos‘e.st.\ra:’mfall sta’cic;ns to
the p_oin_ﬁ. where the airplane obse:z:-.vations; were made. A day's
rainfall was classified wnder heavy rain if, during the 24
hours frém 1000 GM’JI on théﬁ,'dayr to, 1000 GUT on: bhe follawing
day,. at ll_je_a,S,‘l‘::, a trace J‘:ell ‘at‘: each: of the stations and at
least 25 mm. fell at; ane; or: more of the st@’cim_éi, The re- _ -
maining rain aavs‘,, thr:c 3sy, the days on whdich at least a

trace fell at one or more of the Stations, were classified

under lIight rain. AIL the other days in the season were, of
course, grouped uider ne rain. Only heavy rain and né rain

days are compared: in this study. Averdge pssudo~adiabatie ~

TR

charts and Rossby diagramswere prepared for the two class-~

ifications, T T o - f;ﬁ:
K dally calculatmnx of the e.mount of prec1p1t able water e
in the first 12,000 feet. above the surface mwas also mad_;e: for
the days of the Rainy Seasons The formula. used was? .
. !"'hz o -
where Wp is the amount of precipitable wabter in inches in.
the Iayer from the surface to heiight h, g is the specific.
_ humidity in grams: per kilogram at pressure p ‘mdillibarvs,. and
K is & units factor, : :

RA-INFAEE;AN&’{EYSSES;-—-RAJIN!E‘AEE. PATTERNS,.  Rainfall pattern

NC)
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charts, as 1llusi:3 ated by F:.gse 314 & B.JB, were const“ucted

- from rainfall data supplz,ed by the Sudan Government Meteorolo- ‘ ‘ :7 |
gical Service. ' The data available consi'qted of 2h~howr Taine |
fail totals for each day of the year 1942 for each of the 30
rdinfall stations in the- Anglo—Egyptian Suda,nt Due te the in-

equ:z.table dlstrx.butlon of ‘che stations over the area (Flg. 523

!

| - - W= upper wind station, R ® rainfall statlon.) s it was necess-

. o ' ary to utll}.ze a modified Thlessen netwoxzk in order to a,zjr'_rgsn

at a Smooth picture of the actual patterne

The first step in the aﬁalysisz was the division of the

Ean

_Sudan into ten regions of equal area, this lelSiOu WaE carr-
ied: out in such & manner a$ to preserve the greatest possibile
degree of homogenelty of rainfsll within each regiona. Tha\t
isy the reglons were not chésen arbltrarlly but were selected
only after dué consi dera’clon of the effect of topography on

ra.lnfall the latltudlnal variation of rainfall intensity,

a.nd. the disrribution of rainfall with respectfﬁce the inter~

tropical front..

ol

Next’ a modification of the Thiessen networx .aiethod was
used to determ:me the we:.ght to be given each station within
or immediately adjacent to any particm.ar region in deter-
mining the average rainfall f’or'the region. An example of

the Thiessen netv'o*}f is shown in Fige 54 The average rain-

fall for the area ABCD is to be qetermlned approxlmately on

>

R

the basis of the rainfall data furnished by stations E, F,

Co ‘ G, and Hy The sphere of influence of any particular station, .

WK

.o -rng-‘ Bl ¢
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¢y the area of which the station may be assumed to be reps
' resentative, is ‘determined as being that area. in.which every

point. is c]:os_;sr- to the station under consideration tham to

any: Ot..her station in or adgj.ac:emt' to the region. Ac;.cording;

to a common; theorem of geometry,, the perpendmular t:isector
‘ _ ~ of a line joining two points is everywhera equidistant, ;Erom

the twe .§oiant:s& Hence the bou_ndaﬁ_r.‘aliné‘s: of the area repre~ -

- sented by any station are the pekpéndicular bisectors: of the:

‘ : lines: joining the &tation to sikfounding stations, Thus, in

P~

. Fig. 5, the connecting lines, EF, S, GH, HE, HF, end EG,

1 h ‘ _ were drawn, and their resPecblve perpendlcul bii_se,ctséi.z-s,i, '_ ' —
| . : o E}'F! Fl IG! t GJ H‘:l._’._ H__t t-. E_IQ. Hl l IF! ll and El Byt l*, were con— 7

| structeds The portiocns of region ABCD represented by stations

E, F, G, and H are then, respectively, ar_e,a§; AEvIEYY, EBJI,,

Bé_G"'J,, eandDE! 16, (It will be noted that ine EG amd it's

pex:peh&icdlarf bisectoar E"" IGIT! agre superfluous..) Thé maéni—

" tuiies of the four areas may be determined oy any convenient.

| ¢ ethod, ( In this study the entlre map of the Sudan was repro--
d_c_...d_- on flne%unared plotting paper, and the areas were de-
{ 7 7 termined by counting squares.) but they are, in any ewvent,,
| ' finaily expressed as percentages of the total area ABCD. The g
average rainfall, for the region is then computed as the sum
‘ - of the products: of the individual si::ai-ﬁon: rainfall Qbs_e;:a_r\a,-f-
tions and their respective weight percentages. . ' -
Due to the large labitudinal variation in the intensity -

T —

:
‘ g " of rainfall in the Sudan, the individual daily rainfall _
i i . - . .

- %Y -
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- amgggfc';;s; for each of tn’é Len: regions were expressed as per~
' centages of Rainy Season {July and Ai;,g-us’t)to%al for the re—
gion ,ijn'sté?_dﬂ of as actual amounts., F:j.};ally, isépl,eﬁhs_ of | .
- éercenﬁaég ivere drawn for each day of the Rainy Season, ami

: Figs. 344 & BAB were chosen for presentatlon( as uyplcal

N . i

seriess h : .
. - BAINGATL ANISIS-—-RANGD RANPALL, PERCPTACRS.  Fig
) 51 was prepa.red to demonsura‘ce- =uu;~r.u'ere_nce_s~ in rainfiadl yé= ] - s
| s glme between various stations in Centrak #frica. Iy was | '
i : :- . \prepared from 24--hour daily ralnfall amountis: observed at
B 5,. =°  €&ch of ’t’h‘é. Etéti’én_s- durigng; the Rainy Season. The first
- step it the method ¢ohsisted in rank:.ng the daJ.‘ly rains gt .
e o
N y_ mh station in destending order of magnitude, Next cum~
‘ i_w_‘__ ulatme.totals s startmg with, the largest 2b=hcwr rainfall
| _:_..‘:' amount as the first tota.;., were prepared and correspond:mg
i} : :‘ cumulatum percentages of the grand total were computed. -
::; The pesults were plotted on rectangular coordinate paper, o
L {0 _the coordinates being ranked against. c.x_;}nulat:}ve, percent ages, ]
| _—
T ‘
I |
: .-...4”,_ =T
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