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ABSTRACT

A SUGGESTED RAINFALL MODEL OF WEST AFRICA
by
Jacob Emmanuel-Pppong

The thesis proposes a three dimensional model

based upon the horizontal and vertical components

3

of the atmospheric circulation:for the déscriétioq
and explanation of both the general patéerns and thé
finer details of weather and climate of West Africa;
The writer argues and -demonstrates that the existence
of upper level subéidence, particularly within;the/ggfst
MmoRsooOn éirmass,and its seasonal and Spaﬁial variations
explain all the appérently "anomalous" features.of‘_
weathef in West Africa. The incorporétion of this
large-scale subsidence within the ITC2 model thus stands
as the central theme of the thesis.

The second part attempts to validate the model
by using it to account for recent developments'in the
climate of West Afric; viz; thehgbuthward shiff in the
general circulation showing that such an event ‘should
generate drought in the Saheléan Zone and increased

rainfall at the equatorward portions of ‘West Africa.

The method of measuring proportional change by the

use of index numbers is employed to compare the relative

ii i



circulation of West Africa are relaged to the
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change during th& time of the shift in the general . '

¢

circulation with the normal (1931-60) climatic cond-
itions, using Ghana‘s weather (rainfall) records for

the case study. The average percentage change is

then used to prepare maps by drawrng isolines

2z

through statlons with the same proportlonal changes.

,Results obtained confirm all the theoretical

¢

postulations that are derivable - from the model and which

have actually been observed in West Africa, and

. . a
suggest that the recent trends in weather and

(2——

weakening of the mid-latitude upper—levelleasterlies
and the subsequent southward shift in the general

circulation..
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PREFACE"
. \-\ ]
The present thesis is an attempt at j

organizing the essentidl features of the West Afrlca

cllmate,and to demoné%rate the hOllSth ﬁhlty that

! |

underlies the'elements of the said climate. Far .

from being simple and conservative, the climate

of West Africa has proved to be a climate of .
- -2

T -

contradictioqs_ehd Seemingly irreconcillaple complex
tendencies, a reelizatiOn that has served as the motive
fo:ce-for the preparation and execution of the

presen£ study. It is hoped that researchers and
teachers will find the model a usefﬁl tool in the-
identification of areas for further studies and in

the organization and presentation of climatological

-

e

facts about Weét Africa.-
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CHAPTER ONE

INTRODUCTION

The implication of climatic change on the socio-
economic arrangements of the world both from historical
evidence and present day expe;ieﬂces givéssufficient
grounds for.mankiné to show concern over the ultimate
state of world climate. Particularly in the develqgipg
-countfiés;where there is- generally greater intimacy
between human activities and climate, persistent unfavor-
able trends have always been costly in terms of human
plants and a?imal loss. . |

Even when unfavorable trends in climate have
occured elsewhere, the chain effects on these areas

have been most profound in.view of the growing inter-

countries of the world.l In

relationship amongst th
these areas, therefore/, the concept of climatic change,
regardless of the areas directly affected, has always
involved anxious questions for their governments and
peoples. From the mid-1960's to the early 1970's,
West Africa experienced drastic change in climate by
way of drought along its northern margin, the Sahelian
1 This point has been well illustrated by the recent
rainfall failures and low wheat yields in the USSR
and their subsequent effects on domestic wheat prices
in the United States (Janick, et.al,,1974) and on wheat

Supply cuts to the famine striken areas of the Sahel
in Africa and India (Mesarovic, et,al, 1973).



Zone. It may be observed that whilst the Sahel was de-
ssi cating many areas along the éouthern coastal margins
were experiencing significant gdins in rainfall. Thus,
Ghana, for example, experienced serious floods-in'1968
(Hookey, 1970). (Appendix 1, {js 21 )

The.oddity of the situation perhaps is sébn in
the light of the explanationg'that have been offered for
the drought by Bryson (1973). To Bryson, the éiought had
resuited from a southward shift of the main position of
the sub-tropical high pressﬁre belt and the inteitropical
discontinuity (XTD). According- to his illustrations, if
the mean position of the sub-tropical high moved southward
by half a degree rainfall in the Sahelian Zone could
decrease by 10-14 inches. Viewed in the larger perspective
particularly with respect to development at the equatorial
or southern margins, it is not vé%y apparent how this
theory éf Bryson's could accomodate all of the observed
variations in West Af;ica.at:theltime of the drought.

Why should a shift in the mean position of the
ITD over a contiguous region such as West Africa result
in Aridity in one part of thq region and increased rainfalil
in the other parts? Whilst the simultaneous occurences
of the floods and drought in West Africa may be confusing

it however has revealed one significaqt fact namely that

the climate of West Africa and its underlying mechanisms

L k™ L R e e P e e = e g e —_— s
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are still far from being completely understood. In

other words, the weather and ciimate of West Africa may
be relqted to the general circulation characteristics

of the region as universally held, (Griffiths, ed., 1972 ,
Cochemé . and Franguin 1967 , H. Church 1957),

builép'is clear from these cbmplexities that the exact
nature of the relationsﬁi§§ may not be so simple. Clearly
a re—-examination of the observed relationships is called
for.

Aims and Objectives: It is this ‘need for a complete

understanding of the patterns of weather and climate of
West Africa that has motivated our present research effort,

It is an exercise at climatic modelling. To begin with,

therefore, we attempt to synthesise all of the known
factg\gbout the general circulation that are immediately
relevant to the climatology of West Africa into a three

dimensional rainfall model that describes and explains

the seasonal and spatial distribution patterns in West

Africa in the entirety.
That done, an initial verification oé the implications.
of the model is made using Ghana's rainfallvrecords. The
model, it will be realised is definitely a useful toél in
research and Eeaching, singe it readily points to other -
;;Eas where fufther research may be conducted to enhance our

knowledge about the region's climate. (See Chapter 5)
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With the publication of Riehl's .(1951) Tropical Me-

teorology and Flohn's (1960} discussion of the ITD and

the meteorological equatof, there has been an inéreased
interest in tropical meteorology in general. The resulting
proliferation of ideaé on tropical meteorology has only
tended to make more difficult thg teaching of the region's
climate in High Schoo; geography. It is hoped that the '
‘ sggéested model has fulfiled the need for organising

these iddas into a simple and internally consistent model
that explains the processes and mechanisms that control

the regidT's climate. | . \

In other words, the new knowledge about the region's
climate has made understanding and tegching more difficult.
In spite of all the new ;nformation becoming available on
the'climate of West Africa there has not yet been a clear
and concise {and correct) presentation of this information
in a form useful to the geographer, researcher, teacher‘
and student. We are doing just that with this thesis.

Operational Hypothesis of Research: Two omerational

hypotheses underly the present work, viz,(l} that all
of th&isignificant features of the weather andlclimate
of West Africa are a direct conséquence of the general
circulation of the atmosphere, varticularly the effects of

the activity within the airmasses that circulate within the

region; and (2) that the airmasses that prevail over West -

L I R L e e e S N T S



Africa are structurally arfanged-such that an& signif-
icant shift in the general circulation’bver'West Africa
has diametr;cally opposite effects on ﬁhe rainfall at
the northefglmargins as agéinst the southern margins.
Thus, the simplest procedure for tesFing the validity

of the hypothesis is thyough the examination of the

spatial variations from the "nofmal" weather conaitions
over the whoié\territory during'kﬁownperiods of persistent
southward or northward shifts in the general circulation.
Following the works of Lamb (1966, 1973) and
Winstanley (1973 b) the observation that there has been
a southward shift inp the general circulation is ndted.
- Matching this with our suggestedamodel, it can be shown
that such a southward shift should generate drought in
the Sahelian Zone, as conceived by Bryson (1973}, but
should induce increased rainfall in thé southern margin
(hypothesis no. 2). This is demonstrated by comparing
the climatic period prior to the shift with that .during
and after the shift. _ '
Following the World Meteorological Organization
(W.M.0., 1960, 1967) the 1931-60 period is accepted in
our analysis as "normal" and is taken to represent the -
period prior to the shift. It islalso to be noted that
as early as 1963 drought had already affected many parts
of the Sahelian Zone (Bryson, 1973} lasting up until the
early 1970's.




Since the drbught is presumed to be a fgnction
of the southward shift of the circulation it ?as been
necessary to take the whole 14 year period, 1961-74. » A

to represent the sub-normal period during which the

' said event (the shift in circulation) occurred. The

two time-periods selected for.our analysis thus make
fhe year 1960 to seem to mark the critical point in
time when the net southward shift in thé circulation,
began to have observable and specific climatological '
significance.

The ;érification of our model has therefore-involved
the comparison of the 1931-60 mean weather conditions
with the 1961-74 mean conditions as explained above.

‘ In the West African situation rainfall is tﬁe only
climatic pérameter which shows cbnspicuous and readily-
demonstrable seasonal and spatial va?iationq (Griffiths,
1972) so that climatic variation is virtually synonymous
with or, better still, is more expressible in terms of
rainfall variation. Our climatic model has therefore
been based primarily on rainfall - hence the title.

"rainfall model". .~

Method of Analysis: The method of measuring and depicting

proportional 'change by the use of index numbers has been
found to be the most appropriate method of analysié for

the defined objective. These index numbers. express each
figure as a percentage 3% the base year so tha£ comparisons

of growth and decline, or increases and deficits, can
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easily be made, (Hammond -and McCul%agh, 197&). The
Qz/gfeéi advantage of this method is that the index numbers
are independent of the initial magnitude of the data.

L4

and of the units in which they are measured.
° 4
Using the 1931-60 average rainfall values as our
base values, the mean monthly and annual rainfall totals *&P

1y

fér the 1961-74 period (inclusive) were individually
expressed as percentages of thei; corresponding }§é§—§o
" average values. The ralative chénge'in rainfall in éhe
1961-74 period with respect to.the normal conditions is"”
thus given.by tﬁe value of the average index number of
each station for the month or year in question.
We are basica;}y intérested in the spatial aspects
. of these changes, consequently the idea of using isolines
to depict the ;patial dimensions of the ghange was also
introduced into our analysis. Our aveérage indeces weré
thus used to prepare percentage éhange maps (Fig., 22 - 24 .
Isoclines on these maps show areas of gqual orlproportionai o
rates of change from their "normal" mean rainfall values.
Areas crossed by isolines with index of less than 100
may thus be interpreted as having received less rainfall
than normal. Isolines with values exceeding 100 define

areas which received more rainfall than normal, whereas

isolines with index of 100 connect areas which experienced

no change in rainfall.
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By this eﬁtension in our analysis,-therefore,
the spatial dimensions of "the rainfall éariation thus
become appareht. This later method of analysis is
similar to that used by Sabbagh and Bryson (1962, figures
2 and 3) in their study 'of the precipitation climatology
of canada. The first aspect of .analysis too is similar
to that used by Bunting (1976) in his study of the trends
in the Sahelian mean annual-rainfall. However, sincé
he (Bunting) was prima:ily imterested in tracing trends
and i deteéting periodictiés from the succession of rain-
fall,*he workea\from the reverse direction to ours and_fm
'instead computéd zonal averages of the mean annual rainfall
qfér each of the number of years of the period he studied.
Theééﬁyear}y zonal averages of the mean annual rainfall
were then plotted and analysed with a regression modei
for their trends. He hid not finq significant long-term
negative tﬁends, which led him to doubt the hypothesis
that the weather aﬁd3Circulation systems in the lawer
latitudes are related to that of'the‘middleband high
létitudes.‘ ,

It may howéver be noted that the shift of the
circulation stemﬁing from the weakening of the A&d—iatitude
upper level easterlies had disproportional spatiéi

repercussions on the climate of West Africa (see chapter 5

for i;ﬁtancef. Hence areas of - slight magnitude of change

b ]
]
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would reduce the magnitude of the pvé;all zonal average
and thereby diminisﬁ/;BE\level of sigpificance in the
'neéative trends of the meén annual rainfall as represented
by the zonal averages. Besides, rainfall during the dry
period is not directly related to the ITD (Illesanmi, 1972},
therefo;e any existing rélations"p beﬁween the weather
systems of %he tropics and the mid~latitude regions
should be reflected more in the average rainfall during
the rainy sdason. This is particularly significant as
a southward shift wghld increase the significance"of
thel"dry_season". Finally,‘the possibility of a time lag
existing between sthe shift (of the circulation} and its
fepercussion in the lower latitudes does not seem to favor
a sear@ﬁtfor negative trends in a direct cause—effect'
manner, SO that th; search of significant trends should
have been studied with respect to the period during
which the effects of tﬁe shift had "materialised". A
far toéflong a period would only reduce the level of
siénifiéance in the negative trends, viewed in this context.
Be that as it may, it is seen that the ratiOnéle‘l
behind his appfoach up till the point where averages
are computed is definitely the. same as ours. (His
podification_waé introduced to accomodate his aifferent
point 6f emphasié). Indeed it is that as recommended by

the W.M.O. (1966 a).

1

-
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CHAPTER " TWO =

* %

THE BACKGROUND (LITERATURE REVIEW) T

The climate of West Africa has generally been
portrayed as ﬁipple in its spatial and seasongl
distributiaﬁ:pgtferns. Temperature which is high
throughout the year is a rather canservative elément1
here whilst wind speed is generally low compared wi;hﬁﬂ
the temperate regions. Like the rest of Africa, tﬁe
climatic feature of most significance is rainfall
(Griffifhs, 1972). In this area, therefore, the availability

% ' .
of an effective rainfall model is a necessary tool in the

analysis and study of the region’'s climatology.

* The ITCZ Model(s):

The Intertropical convergence Zone (ITCZ) model,
like its counterpart the " ITD rainfall model"”
(Illesanmi, 1972) agree with this point of view. These

models see in a very broad manner the existence of
only two climatic seasons™, the 'dry' and 'wet' seasons.

lThe designation "winter" as opposed to "summer is therefore

not strictly applicable here. Where these terms are used
in the text they should be considered as collective terms
referring to the months of December-February and June-
Auqgust respectively. - '
%Qn the basis of the relative humidity and temperature
the dry season could be further subdivided into the

"Hot season" (March-April) and the "Harmattan season”
(November-Februarv), Ayoade (1975). - ~

10
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which they associate with the seasonal alternation of
dry and moist airmasses over the region. (Fig. 2)

The dry airmass is a continental tropical (CT)
airmass which originates in the heart of the Saharan
éésert. Being an extension of the northern hemisphere
trade winds, its Drevailina direction is northeasterlv.
(Fig. 2). Since its route is wholly over land which is
desert or semidesert it tends to be dry and \dusty.
tocally. it is referred to as the "Harmaéta:kﬁ_j

From the south comes the moist maritime
tropical (MT) airmass across the south Atlantic Ocean.
Being tropical,'it is also hot though its long route
over water results in some cooling (one to two degree s)
as Well as a galn in water vapour content.~ ‘Beginning
as a southeast trade wind 1£ tends to be deflected to
the right on crossing the equator reaching West
Africa as the southwest monsSoon.

Walker (1957) identifies a third airmass which
he designates as the easterlv "Eqguatorial Airmass".
Apparently} he was making allusion to the Disturbance
Lines of West Africé which traverses the area in a
generally easterly direction. Discussion of the
Disturbance lines By Eldridge (1957} shows that the
disturbance lines of West Africa éan no where be

. o
equated with an airmass, which means that easterly
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equatorial airmass may not exist in reality. According
to Ayoade (1975) the disturbance lines are formed by
convection due to local heefing (op cit, ». 17). For
all intents and purposes, however. it does not appear
the DL ; have any effect on the general rainfall
distribution pattern: Accagdina to Cocﬂeme and Franguin
=
*(1967) it serves asa'trigger mechanism' which merely
disturbs the rain-bearing airmass to result in heavy
rain storms. In effect the DLs merely influence the
intensity of rainfall as -a result of its passage
through the monsoon airmass and has no effect on the
total amount of rain an area recéives. Besides, since
they move parallel to the equator with decreasing
frequency of occurence towards the north (Eldridge.
1957}, their. presence does not distort the general
north—south gradation in the dlstrlbutlon patterns of
the mean annual rainfall. Consequently the vari\us
ITCZ models have not explicitly incorporated the\\’%
DLs within their frame of reference.

It will be observed that the ITCZ model has
two significant merits. To begin with it ie able to
explain the general spatial distribution patterns of
the rainfall in West Africa, attributing the south-

nor%h gradation in the mean annual rainfall to the

decrease in the amount of precipitable water as the

&



southerly airfylow advances northwards. It is also able
"to explain the seasonality of the rains by reference
~to the alternations in the monscon and harmattan winds

across the region.

Failures of the ITCZ model:

Déspite-these successes in accounting for the
seasonality as well as the general distribution patﬁerns
of rainfall in West Africa the ITCZ model presents some
serious difficulties. The monsoon and the harmattan, as
we have seen, approach the tropics from opposite sides qf
the equator flow}ng towards each ofher. As a result of‘
the maxim from tﬁ;'equation of continuity, namely,
‘"horizohtal convergence should imply vertical stretching"
it had been thought that the meeting of the two airmasses
would result in vertical ascehding.motion of the air which
would cool adiabatically with height to produce rain.
Consequently, the belt into which the two airmasses flow
has been referred to as a cdnvergen9§ zone, hence the name
(ITCZ). The ITCZ was thus conceived as a region of ascending
air and maXimum precipitation (Walkér, “1957).

Contrary to expectation, howéver, it is realized "\
that the region of maximum convergence (Barry and Chorlev,
1969), maximum cloud zone, (MC2} (Sadler, 1975) and
maximum precipitation (Illesanmi, 1971) do not even occur

within the convergence zone but., rather, many miles to
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ﬁhe'south of it. Illesanmi, for example, put his resion
of maximum. precipitation at 9% south of the surface
position of the meeting place of the two airmasses.

In efféct. the ITCZ model is unahle to explain why

the region of maximum rainfall should occur so manv
miles outside the ITCZ, which is supposed to be a region
of maximum convergence and, hence. precioitation; |

Another difficulty it encounters is how to
exélain the presence of a dry equatorial climate at
the south east coast of Ghana through southern Togo
to the Republic of Benin, fofmefly. Dahomey, (see
Fig. 3). Considerable difficuity has b:;gﬁéhcountered
in the search fora valid explanation to the existente
of this climatic region (Walker. 1957 : Trewartha, 1968)
without success. However in the absence of any vying or
alternative explanatory model it was merely branded as
"anomalous" situation and‘allowed to stay as if it were
above rational explanation.

_However, the most difficult problem was how it
was to explain why there should be a "check" ox break
in ratrifall in July and August at a time when there
is maximum solar energy for convective éctivity and an
abundant supply of moisture in the presence of the

monsoon airmass.
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This was attributed to the displacement of a
"rainfall belt" northward (Il{esanmi, 1571). Yet the
more important factor of explaining why there should
be a rainfall belt, if any; was surpriéingly glossed
over. Indeed, the ITCZ model does not explicitly nor
even by implication suggest that a rainfall belt
should exist within the rain bearing airmass, which
in effect means that the mid-summer dry weather stands
unéxplained by the ITCZ model.

Despite these grave difficiencies. the ITCZ
model has been allowed to stand unchallenged. We have
already suggested tlat this ‘was probablv because there
was no alternative :2gel to replace it. Besides, the
model was useful in, at least, pro&iding some explan-
~ation for the broad seasonal and spatial distribution
| pat?ernsk,and could thus be used even if as a temporary

tool for explaining and describing the West African

-
DY

weather.
With the rising demands of scientific research

and teaching of tropical climatology and in tﬁe face

of abundant information about the weather and circulation

features of the region, it is felt that the ITCZ model,

as it stands, ought to be replaced (if not improved

F 4
upon) since it is evidently outmoded.
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- The Period after 1960

The various aspects of the ITCZ model have been

. intensively studied since 1960 and the wealth of
information now avhilable should be sufficient for

the construction of a new rainfall model for West Africa.
We shall take these subject by subject and analyse the
current state of knowledge as is now available in the

literature. -

The ITCZ as a Heterogeneous Climatological Entity
(J. €. Sadler, 1975)

That the term ITCZ is evidently one of the most
profusely used terms in the literature need no further
emphasis. As Sadler points out, the term has been used
and misused to represent a variety of parameters so
that it is now virtuallv ambiguous. Generally speakina,
the term is used either .to represent some features.of
the wind field. or to represent a feature of cloudiness
and weather. R. H. Simpson (1967). for example, defined
the term as "the fluence asymptote associated with the
equatorial trough without regard to cloudiness". It has
also been def;ned by reference to wind observations only
(Stechnovsky and Krouzkova, 1970).

Using the August mean position of the ITCZ as
defined bv these and other definitions Sadler (1975)
easily demonstrated that "none of these definitions
are synonymous" (Fig. 4) bv which he implied that they

do not refer to the same phenonenon. In the light of this
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semantic confusion over the term (ITCZ) which has
increased the uncertainty as to what it actually
represents, he (Sadler) decided to avoid using it
altogether. In its place he chose to use the term
trough, definéd as "the line or region of lowest
atméspheric pressure”. This region also coincides with
the line of maximum cyclonic curvaéure of the wind

field", he explained. Based upon wind circulation

ke

he suggested that the trough may be further stratified

into (a) a region of generally westérly circulation to

be referred to as Monsoon Trough, and (b) an area
of predominantly easterly circulation known for the

lack of a better term at this time as the Zonal Trough

in the easterlies.

The monsoon trough then refers to both the

pressure field and the wind field since it is a

regioﬁ of-lowest pressure as well as an area of

maximum cyclonic curvature of the wind field. In August
(summer) the mean position of the monsoon trough extends
south westwards from Africa to a wind col péint just
west of 30°W; westwards of this point the trough is
within an easterly flow, hence the term "Zonal flow

in the easterlies". (Fig.‘ﬂ). It is therefore evident
from the work of Sadler that the use of the term ITCZ

is not strictly correct since the implication of the
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existence of a climatologically homogeneous zone within
which a'westerly wind component predominates throughout
the tropics, (inter-tropical), 1is unjustifiable. This
point is quite significant. What it means is that the
southeast trade winds on crossing £he eantor are
"deflected to the right' only in the areaﬁpgggaﬂﬁf the
30°W meridian. To the west of this meridian; towards
the Americas, no such deflection appears to take place

-

and the winds maintain their easterly component. This
is contrary to classical modéTSﬂiixzhe general \\_9/)
circulétion. {(We shall not attemp o explain this findiﬁg
for our present purposes since it is outside our defined
objective);

The trough terminology is thus delineated into
the region of westerly .component flow east of 30% aﬂd B
a region of predominantly easte®™y component west of 30°w.
,As Sadler (1975) explails these two segments of tﬁe trough
possess significant physical difference in the relation-
ship betﬁeen the positions of the trough and the cloudiness
{and hence, rainfall).‘Using evidence from satellite
pictures he showed ﬁhat the maximum cloud zone is,
within the westerly flow, south of the monsoon troﬁgh
line. No such relationéﬁip has yet been determined for

the zonal trough in the easterlies.
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Our present dissertation thus refers to the '“‘;7
monsoon trough (MT) region and doés not necessarily
apply to the wgg}e of the tropics since the region
is.obviously not homogeneous climatologicallv. In
view of this realization we shall follow Sadler and avoid
i the use of the term ITCZ in the rest of our present
\/’i7work. Instead ye have adoéted his terﬁ, monsoon trough.
The monsoon trough then refers to a region of
lowest pfessure and maximum cyclonic curvature of the
wind field in West Africa within which the mOnsooné and
the harmattan winds meet. This trough oscillates widely
across‘West Africa and reaches its most southern position

in January and its most northern position in August in

. \ -
consonance  with the apparent movspent of the sun.

The ITF as a Moisture Boundary(ITD}:

As we have already indicated above, the airmasses
of Fhe monsoons and Q$ the harmattan may be differentiéted
from one another mainly by reference to their humidity
characteristics. Their tgmﬁgggfure characteristics are
nearly identical as both‘afe tropicai in origin. Influencéd
by ﬂhe airmass climatologists of the Norwegian School,
the very early tropical climatologists assumed that the
region where the two airmasses meet is frontal and

therefore referred to this region as the intertropical

front (ITF). This view was disputed by Forsdyke (1949)

- e e e e v e = === et e e am o ma A e
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‘who pointed out that the region where the hot ana dry
northern air is separated from the moist southern air

is neither frontal nor converqe?}}/?g%F is primarily)

a region of maximum moisture grddisgt. As paraphraséd by
Illesanmi (1969), the boundary | ought be seen as.

a line marking out 'the region of greatest moisture
grad;ent."'(Fig. 5 }. As illustrated by this same
figﬁfe. (5), the hot and dry northern air,.the.harmattgn,
is characterised by very low, and sometimes even by
negative dewpoint temperatures. To further illustrate :
this point it will be noted that at Navrongo (11° 34'N,
OO) in Ghana the mean January dewpoint temperature is

as low as 1.7°% (35°F), February 4.2° (39:56F) and
that of December 5.6°C (42°F. (see Fig. 6), yet their
corresponding mean air temperatures (1952-70) are as
high as 27.3°C (81.1°F), 29.4°% (85.0°F) and 27.1%
(80.7°F) (Table -2). The corresbonding meén monthly
(1946-70) relative hﬁmidity of the said station and
months range between 14% at.1500 hrs. G.M.T. and 32%

at 0600 hrs G.M.T. (in January), 15% and 34% (for -
February) and 17% and 42% (in December) (Table 1}.

The characteristically dry nature of the harmattan airmass
should therefore be obvious. For the harmattan airmass, .
therefore, considerable cooling is necessary before dew

may be realized.

ATy T = = o o T Tl o T e e e e e
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Tbe-monsoon airmass on the other hand is
characterised by high relative humiditieg. hence very
slight cooling may be required for dew to be realised
(Fig. 6, Table 1). Thus in August when the whole
Qf Ghana is covered by the monsoons the mean- (1946-
1970) relative humidity at Navrongo for example
is at a maximum of 94% at 0600 hrs and a minimum

of 70% (Table 1).

TABLE 1l: MEAN MONTHLY RELATIVE HUMIDITIES(%Y
NAVRONGO (1947-19740)

HR 'y " F- M A M J J A s 0 N D YEAR
GMT .

00 29 29 38 57 70 82 88 .91 92 84 58 36 63
03 29 31 43 64 73 8 91 93 94 89 65 39 66
06 52 34 48 70 81 89, 93 94 95 92 69 42 70
09 . 21 26 39 57 66 75 81 85 83 73 48 27 57
.12 1s 18 27 41 51 63 69 74L\~41 57 33 19 45
15 14 i&ﬁ 20 32 43 56 64 70 66 50 26 17 39
s 21 20 ‘24 37 49 61 70 77 76 65 39 26 4
21 26 26 .32 49 63 72 83 83 8 77 50 32 57

Source: Ghana Meteorlogical Serq‘ies Devar tment
Accra, Ghana ’

Note: the verv low value in December, January, February as agalnst

the high values in July to September
From Fig. 6 too it is observed tha£ aewpoint temperatures
during qﬁe rainy season and time of the monsoons, at Navrongo
are as high as 720F (22.2°C) throughout the rainy {monsoon)
season (May - September), with the mean monthly temperature

fluctuating between 78.5°F (25.80C) in August and 86.29F

7

(30.1°C) . (Table 2)

- L TA e e Xt
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It will be seen from Fig. 6 that dewpoint_
temperatures during the time of the monsoon are
greater than 160C (60°F) all throughout Ghana, and -
indeed all throughout Weét Africa. Based upon_analyses
similar to this., the term intertropical discontinuity

(ITD) has been proposed by the WMO Provisional Guide

to Meteorological Practice, to refer to the region of

maximum humiditf gradient (WMO. 1960) separating the
two airmasses. On the ground the ITD is therefore
‘marked by the 16°c (60°F) ‘dewpoint isotherm Qith the
regions within the harmattan, and lying to the ﬂorth'
of the (ITD) having dewpoimt temperatures persistently
below the 16°C. Regions within the monsoons or to the
south of the ITD are .on the other hand marked by
persistently high dewpoint temperatures exceeding 16°c.
Conditions in Navrongo amply clarify  this state of

- affairs. (Fig. 6) -

TABLE 2: MEAN MONTHLY TEMPERATURE (_C), NAVRONGO, GHANA
(1951-1970) .

;7 F ™M A M J J A S © N D YEAR

°c  27.3 29.4 31.5-31.6 30.1 27.8 26.6 25.8 26.6 27.8 28.2 27.1 28.3

Source: Ghana Meteorological Services Department
Accra, Ghana
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The iTD, thus defined, provides a more objéctive
means for the’identification of the zone that separates
the monsoons from the. harmattan.

It will also be noted that the occurence of
rainfall is closely associated with persistentlv ﬁigh
aewpoint temperatures. As Sellick (1960) found out in
his research at Salisbury, the dhancés of rain oce;;xpg
are dreatly enhanced to about 75% as the dewpoint temp-
eratures exceed 60°F whereas at lower dewp&int temperatures
the probability of rain occuring is reduced to 31%. The
use of dewpoin£ temperatures to idenﬁify the iTD is
therefore justified in view of the observed close relation-
ship between the two parameters.

It has also been suggested that of all the measures
of the contrast between the é;o airmasses.\EPL huﬁidity
content of the air in terms of its dewpoint is the most
representative (Illesanmi, 1972). Besides the dewpoint temé—
eratures have the added advantage of being readily
available.

The relationship betwéen the ITD and the monsocon
trough may now be. stated thus:‘the monsoon trough'represenﬁs
the zone of lowest atmospheric pressure into which the
two principal airmasses flow, whereas the ITD marks the
boundary of the zone of mois;uré discontinuity that
separates the tﬁo airmasses from each other. Hence, the
ITD is alwavs located within the monsoon trough. In other

words the position of the ITD is a function of, and is
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\\ﬂetermined by that of the-trough. Consequently, the
movement of the ITD like that of the trough follows the
apparent movement of the sun with a time lag of four
to six weeks (Coche me and Frahquin. 1967). This lag 1is
explained by the ‘fact that the monsoon trough is
primarily thermal in origin so that the tfohgh would

" coincide more with the thermal equator rather than the
sheer position of the high sun..
The rate of movement of the ITD may %hus be
estimated roughl? as follows. The southernmost limit
of the ITD reaches %s far south as 6°N w?ilst t@e‘
northernmost limit is generallv believed to reach as
far north as 20°N (Trewartha, 1961; Avoade, 1975;
Walker, 1957, iéGO). This means that the nor£hernmost and
;outhernmost positions of the £TD are separated by an
interval of 14°. Since an interval of one degree latitude
is equivalent to 111 km. it follows that the ITD covers a
distance of 1550 km (roughly 1000 miles) each way north
and south. This distance is covered in a total time
period of 5 months (September to January, inclusive)//// '
during its southward journey, ie. at a mean southerly speed -
of 10.3 km dav '} (6.4 mi day © or 193 mi month ). On
the réturn north, the same distance (of 1550 km ) is

covered in seven months (February to August, inclusive),

which gives a rough northerly average speed of /7.4 km
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1 1, .3

day—lﬂ(4.6 mi, day— , 140 mi month™ ) ;~ the southward movement

is thus about 1.4 times faster than the northward movement.
As noted above, it is . the position of

- the highest temperatures more than the position of the
high sun that directly controls the relative
direction of the movement of the ITb. Thus the relative
northerly ox southerly positions of the thermal equator
dictates the northerly or southerly movements of éhe
ITD respectively. As a result of the variation in the
rates of movement of the }TD and ‘in view of the close
relationship of the latter and the incidgncelof rainfall,
the.southward "retreat" of the rainy éeason is about
one and a half times faster than the northward "advance".
This should explain Ayoade's (19275) observation about the
Nigerian rain, viz, that the onset of the rains is
more gradual than the retreat.

The Vertical Slope of the ITD

On meeting the northerly harmattan airmass the
monsoon airmass un%ércuts the harmattan while the latter J//_\\h4}7
airmass flows freelb\o to the top of the monsoons.
Vertically there€gre e ITD slopes upwards to the

south as indicated in Fig. 7.

3 The northward average speéed of 7.4 km. day_l as calculagfd

above agrees with Illesanmi (1972) figure of 4.5 mi dav
(7.2 km day ~)but upderestimates Walker's (1957) fiaure _
of "100 miles per mfonth". The southerly speed of 10,3km day
on the other hand agrees with Walker's estimate of "200
miles per month” but conflicts with Illesanmi's figure
of 8 mi dav -

1
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Observations of the vertical variation in the
humidity content of the atmosphere with height within
t+he monsoon may thus provide us with direct evidence
for this arfangement of the ‘dry' and 'moist{ airmasses.
in West Africa. Thus Walker (1957) observed that
along the coast, (in Ghana ) in August, when
the ITD is at its northernmost position, relative -
humidity in the moist airmass remains constantly high
up to a level of 3.7 km (12,000 feet) along'latitude
5°N but falls off sharply”above this. From Fig. 7 it is
seen that the height at which the relative humidity falls
off reduces gradually northwa:dé till one has reached
the sufface position of the 1ITD (at about 20°N in August).

The location of the region of maximum cloud cover
may also be used as evidence of the validity of the
described vertical and horizontal arrangement of the
airmasses, and hence of the slope of the ITD. This is
because the amount of cloud cover in the atmosphere, other
things being equal, is a function of the humidity content
in the atmosphere.(which, for the West African situation,
is directly related tﬁ‘the ITD and the depth of the
monsoon airmass under the ITD). It is easily seen that
the maximum cloﬁd zone (MCZ) would have to occur south of
the trough line (ie. south of the surface position of the

ITD) as has in fact been observed by Sadler (1975) .

kad
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In the same vein, it is clear that the areas
of méximum convection or areas of maximum rainfall
should similarly occur "many miles south of the moﬁsoon
frough" {(Barry and Chorley, 1969). -

The ITD is of great climatological significance
in West Africa. As Clackson (1957) has observed, it
sefves as a reference line for the normal weather
s&stems and structures associated with the two-dimensional
bounda;y between the harmattan and the monsoon. Besides,
the annual march of rainfall amount and the onset, advancé
and refreat of the rainy season deﬁend primarily on the
position and seasonal displacement of the discontinuity
(Illesanmi, 1971). This then should explain our
preoccupation with the ITD so far. We shall further

explore the observed climatological éignificance of the

ITD in chapter four.
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CHAPTER THREE

RECENT DEVELOPMENTS LEADING TO AN IMPROVED
RAINFALL MODEL FOR WEST AFRICA

Our objective of building a three dimensionai
rainfall model implies the need for a firmer under-
standing of the horizontal and vertical components of
circulation. Indeed, as we have already indicated, the
cornerstone of our present thesis rests on our
dissatisfaction with the exclusion of £he vertical
motion of air in the various climatic models of West
Africa. It is our conviction that the difficulties
encountered by the various raiﬁfall models stem from
this particular state of affairs whereby the vertical
component of circulation has been under emphasised.

The Vertical Component of Circulation in the Tropics-

a re-appraisal:

The detailed de:iﬁation of the equation of motion
has been exhaustively discussed elsewhere (Panofsky 1968.
McIntosh and Thom 1973, Petterssen, 1969). The summary

of the accelerations in the x. y, 2z axes are:

du _ 2
- r Q(,.._E + f‘r ........ (1)
dv aP

= -Oh—ir - fFu e {2)
dw ~ P
=2 Lk =z L (3)

L, L LT T Tt T alrmRaee amee e, ¥
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where u, v, w are the . velocitie s in X, Yy, 2 axis
o, = specific volume
Q = angular velocity of the earth
¢ = latitude
g = acceleration due to gravity

il

dt = change in time

9p = pressure gradient in the x., y, 2 axes \

w|ar
LG
Qe
|
e
Nn

f = 2nsind is the Coriolis parameter, which is the

function of the earth's latitude

The qeneral consensus is that the net vertical

movements come to about zero so that it is the accei—
erations in the u and v components that have attracted
the attention of various élimatic models expl;citly.
It is however to be noted that such results which aoply
to zonally averaged gquantities are not necessarily
representative of conditions over smaller regions.
Commenting on similar problem with the vertical component
of circulation over the North American continent, for
example, Benton-{1960) noted that "although mean
_(ie time averaged) vertical circulations in the zonally
avefaged floﬁ ... may be extremely weak (and could be
approximated to zero) there is reason to Believe that
substantial mean vertical circulation exist ... over
limited areas..." This statement is even the most
appropriate for the West African situation.

Since mean vertical circulations are not of

-~

sufficient magnitude at the surface level to be measured
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directly from observational data, indirect techniques ™

have been used to obtain evidence for their existence

3 .

'Benton (ibid, p. 58) for example, suggested an investig-

ation of the energy balance of the earth's atmosnhergfu/‘

system within the region of interest a; one of the
most powerful of these techniques. In 1969 Brummer.
(et al, 1974), also resolved thg, equation of mass
continuity and then measured the various horizontal
components qf the equations of motion” (as exovressed by
equations 1 to 3) and obtained a fairly good idea
about the vertical motion of winds over the north
Atlantic (tropical West Africa) in connection with

the GARP Atlantic Tropical Experiment (GATE}.

The equation of mass continuity is expressed as

follows: 1 de _ u v W
7 I = —( = F 57 + 5;) .............. (4)
where: f = density of air parcel
u, v, w = velocities of air in x. y, z directions

t time

If the mass of the parcel of air is to be conserved

ie. with a rate of change equivalent to 0 then

equation 4,may be resolved into

Ju v o, _ W
( X + 'a—y = -2'-2— ................. (5)
in which case i
I L A 4
P (5% + .By)az .................... (6)

i m—————
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For any given thickness layer of the atmosphere,
say from the ground to the 500 m. level, equation

(6) may be approximated to

; 2% 3
" Psoo | 2% Sy 92500 ... nnnn. (7)

WU
=1

where the tilde denotes the vertical average between

the surface and the 500 m level. The horizontal
gradients in eqﬁationsl aﬂd 2 may be given difectly by the
observed subcloud layer averaqes of the wind vectors

at the surface. The vertical gradients of U and v

at 500 m height may be derived from the respective
profiles of the zonal and meridional wind variation
between the given layer (Brummer, et.al, 1974}.

Thus, with data about the wvarious c0mponenté of
the equations of motion such as the p?essure gradient
force and.the equivalent horizontal components of the
qeostrophic wind measured, a fairlv good idea of the
vertical motion of winds may be derived from the geo-
‘strophic wind equation. Using this method of analysis
duning the Atlantic Experiment (ATEX) of 1969 Brummer,
Angstein and Riehl, for the first time. determined
-vertical component of circulation in the tropics
(West Africa) and obtained net subsidence which
confirmed Riehl's (1951) postulation of the existence
of divergence and sinking vertical motion in the

equator-ward moving trades. It would be noted that

-
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various partial verification of the existencé of

. divergence in the trades have been made to support

Riehl's point of view.4 However, the first measure-

ments had not been made until 1969 dﬁring ATEX as

described above.5

4

Riehl (1951) postulated horizontal divergence and
sinking vertical motion in the trades by integrating
the vorticity equation about the vertical axis

around a latitude circle for steady state conditions,
and drooping all terms as small except those depending

on-'the cordolis parameter (or the planetary vorticiy
itself).

The equation be used is

BV* = f{W*/H)
where B = variation of the coriolis parameter with
latitude.
f = co¥iolis parameter
W*, V*, the asterisk denote the average W and V
around a latitude circle

By this therefore Riehl successfully challenged the

concept of the trade wind conversion as a material
boundary.

Observations made for a five-day period during -~
the Barbados Oceanogravhic and Meteorological
experiment (BOMEX) of 1969 (Holland and Rasmusson.
1973) also revealed divergence and sinking motion
over the area of their ship array.

Rl PR L S
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vet the role of this component of circulation has

not yet been explicitly incorporated in the various

~rainfall models in +West Africa. (See the very recent

discussions of the ITCZ model by Illesanmi 1972, and
Ayoade 1975, for e#ample).

Flohn (1960) has observed that within the
northéasterly t;ade winds vertical motion is
positive within the first 3 km of the suxface and
thatlabove this level subs;dence prevails. He also
suggested that vertical wind.speed increases from
zero at the surface to a-méximum upward motion of

about 0.34 cm sec _1(300 m dayul) at the 1.5 km.

level decregging agéin to zero values at the 3 km

k fing
level. Beyopd this level vertical motion becomes

—

-
negative. In effect, apart from being a dry. airmass,

[

the ha&mattan is also of shallow and relatively

weak 1ift, so that it is this combined effects of

both factors that accounts for the relative dryness

~

that is associated with this airmass. In the .

southern. trades howgver Flohn found upward and

A

much stronger mofions extending from the surface

to 3-5 km. A typical maXimum value of vertical

ascent was about 1.5 cm - sec™t (1300 m.- day—l

)

at 500-600. km Bout he mohsoon trough, meaning

/



thaf upward rising motion increases steadily south-
wards from a surface minimum at the surface position
of the ITD. Even thouéh Flohn did not apparently
realize it the occurance of the region of maximum ..
upward motion within the_ﬁonsooghairmass.(which

he put at 500-600 km south of the monsoon trough)

is evidently due to the vertical slope of the ITD

as previously éxplained (Fig. 7, 9).

B;t the question that Flohh failed to answer
was whether or not there could belsubsidence‘associated
with the moist monsoons aiso. Evidently.'Flohn
discounted or at best underemphasised the existence
of subsidence within the monsoons. Thus works based
on this work, while emphasising the relative difference
between the strengths of the vertical.qp-moving currents
within the two trades fail to make similar comparisons
of the relative strengths of their subsidence. Yet
a1l of them show their familiarity with the fact that
within the harmattan subsidence prevails right down
to the 3km level. (Fig..B8) . .

T+ need not be pointed out that upper-level
divergence and subsidence are not confined to the
northern trades alone but are associated with the
southern trades as well. Indeed, Riehl"s postulation-of

"

the phenomenon in l§5l_was general enough.to include

BN

L3
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_both of the equatorward moving trades. From

+he works of Riehl and,Flohn cited it coqld be
said that while subsidence'occuré within both the
harmattan and the monsoon airmasses it tends to
occur  at lower altitudes in the harmattan than
in the monsoon. The climatological significance
of subsidence (p. 54) may thus tend to ge more
conspicious in the harmattan generally thén in
the monsoons. This should thus explain why much
emphasis has not been.laid on the sﬁbsidence within
the monsoons, perhaps. -

] Measurements of thetwo dimensional divexrgence
of the surface win%/ﬁade during the 1969 ATEX
experiment (Table 3) appear to indicate a relationship

between subsidence intensity and the movement of the

ITD, It is seen that subsidence in the monsoons shows

seasonal variations which seem to depend upon the

surface movements of the‘ITD. Indeed the~ATEx

researchers in discussing‘their results did

observe that subsidence is largest "when the (S.E.) trade
winds prevailed” but smallest when the érbugh touched

the experiment site. In other words subsidence is

largest when the ITD and the surface trough are

farthest to the north from a given spot. and is

generally emall within and around the monsoon trough.



43

In the terminblogy of our suggested.model, we may
say that, as the ITD migrates southwards the axis of éhe
subsidence shifts south and its Elimatological significance
to those areas it is moving away from accordingly diminishes.
Larger subsidence values are observed,again, further to
Fhe-north of the trough_ie. as one gets farther to the centre
of the northern hemisphere subtropical high pressure belt.

Axis of the Monsoon -Subsidencer

Conceptually, therefore, the sﬁbsidence within the
monsocn may be:represented by anrakis which slopes uowards
and northHwards (Fig. 9). In this figure (9) the length of arrowsy
on top of the axis represent the p;oportiohgl intensity of the
subsidence and, hence, the_general'spatial va;iations of the
monsoon subsidence. It is seen that at any given instant subsid-
ence is largest in the south and decreases as one approaches .
the surface position of the ITD. The corollary of this statement
is that the monsoon subsidence.over any given area intensifies as
the equatorial trough moves northwards away from the said
" location. As the trough migrates farther and farther to
the north the regions to the south experience increasingly,
£he effects of the monsoon subsidence. Thus, by July-August
when the trough had reached its northernmost-position
subsideﬁce within the monsoon would have sufficiently
intensified as to have perceivable climatdlogical
conseguences (p. 52). .

According to Griffiths (1972), in July an "850 mb

contour extends from the'South Atlantic ocean and

7
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reaches the West African coast near Ghana".
This contour obviously is a High pressure cell,a ridge,
hence, it would induce horizontal convergence
' and net downward motion, thét ‘ is, net subsidence below
whereas above this level the mean vertical motion
woulé be positivé(Griffiths, 1872). .
This further confirms khe'notion of seasonal

variations in the intensity of sﬁbsidence, and the
relationship between subsidence intensity and the
north-south migrations in the circulation across the
region. _ |

| From the works of Barry and Perrf (1973) and
Lamb (1972) it ig seen that we require, further, the
examination of daily surface and 'upper-level
weather charts of West Africa at each of the standard
éynoptic hours over a considerable length of time
in order to obtain direct evidence fof this hyoothesis.
In other words we need to have incorporated basic synopfic
climatélogy in our methodology.6 Unfortunately such

daily synoptic maps (of West Africa) could not

L]

6The operational hypothesis of synoptic climatology
presupposes that each of the various circulation

systems :zonal and mendienal flows, cyclonic and

anticyclonic systems and their associated trowal,

etc., bring along with them clearly identifiable states

of weather. So that, if for a given span of time the various
circulation systems that cross a region could be identified
then an insight may be had about the usual or 'average'
state of weather for agiven region.

S T e T o



45

M

.

e

mm_.zm.__&___ aoiapIsqNs aA1je|a) BYEIINU] SMOLlY :3J0N -

1sngny Ul uoosuow 3y} ulyIIMm
8:%.23 ay) Jo __5353:_3_ lepl g 9I4

GRS T
JONVLSIO 67 0T Gl Ol g °" |
m . 7 g0l
. @ syy roool
[0 u013IS0G aaejing
-058
0L
-005
( qu) JuBI8H -

1nojuoy




be obtained by the writer. The few average surface
maps which were examined together with Gregory's
(1964, p. 4-7) daily surface weather maps did show
that the area of the anomaloué dry climate tended .
to be 2-3 mb. above the. zonal average of the
surface pressure distribution (Fig. 10). This weak
cell of high pressure at the surface7 should be
a reflection.pf‘tpe 850 mb. ridge that Griffiths
(op cit) talks about.
Under such anticyclonic conditions at the
Accra Plains relative extremes of temperatures
are also to be expected §ince the relative calm
weather conditions associated with higﬁ pressure
cells would promote added surface rqdiational
coolingl— intense enough to possibly exceed the
warming that could result from the vertical subsidence
at }xight .
7ﬁrom the Equation of Continuity it would be expected
that where there is "Vertical contraction" of the
surface - 850 mb. ridge at the surface would be more
conspicuous. Where there 'is "vertical gtretching",
on the other hand, and the depth of the layer expands
a condition of low pressure at the surface should be

expected as faintly represented on Gregory's (op cit)
daily ‘surface weather map of 24th February, 1961L.

T S AL T T A N ST e m e L Tl pamiemn . - e e me e oo
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During the day, on the other hand, the
combined effect of the solar radiation warming
and the warming resulting from the vertical sub-
sidence would generate highest surface temoeragures
within the anticyclone. Along the coast of Ghana,
therefore, the Accra Plains have the lowest minimum
temperatures (Fig. 13 ) and the highest maximum
temperatures (Fig. 11 ). However, it is seeﬁ that
the spétial variation in the mean minimum temperatures
were not remarkaﬁly different.Consgquehtly the
highest mean annual teméeratures here {(along the
coast of Ghana) during the 1960-74 period was highest
almost by 2-3°c at the southeast Accra plains. (Fig. 12 ).
This does contradict Trewartha's (op cit)claim that
temperatures in the dry Ghana coast are the loﬁest
and thereby creates doubt as to the validity in his
inference that an upwelliqg of cold current occcurs,
at the southeast coast of Ghana which, as he has'
suggested, should be causing the anomalous climate. In
effect, therefore, the analvsis of the mean annual minimum
and maximum temperatures provide%another indirect evidence
to the hypothesis of the existence of above-surface (éSO mb)
ridge that, compounding the effects of the vertical
circumpolar subsidence in the tropics (Riehl,1951) would
be responsible for the existence of the dry equatorial

climate of the Accra Plains.
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It needs to be gmphaéised that subsidence

f%; may be found within tﬂgftradeslthroughout the year,
ie. it is not a July.(summer) phenomenon only. Té '
reﬁef to Table 3 again it is seen, fo£ example,
that mean vertical motion was still negative even
lwhen the ITD was oveflying Fhe ATEX aré; though
the magnitude was very small. The additional presence of
~the 850-mb ridge in_ngy-August, therefore mkrély
reinforces the existiﬂg subsidence in the affected
regions at this time of the year, making the mid-summer
drought in these areas to be more severe than the
neighbouring regions to.the west and east.(TreQantha.
1962, Griffiths, 1972).

Finally it should be noted that subsidence within
the trade wind belt shows considerable spatial
variations. For many areas within the belt the
observed subsidence appear to be stronger than
the climatic average for the circumpolar trade wi£d 

.belt (Brummer,6 et.al., 1974). Considering the extreme
dryness of the Ghana dry belt and in view of the
stranq obdections offeréd against Trewartha's |
1961 explanations (Seerp. 44) it is being suggested

e _J
.here that the existence of this aﬁomalgus ‘climatic

_region mav be due to the effects of oné“og these cells

of above-normal subsidence within the tropiééuxon the
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basis;\B?%this speculation it is shown in Chapter
5 tyat our sugégsted model is le to accoung

for all of the fea urés of weaZﬁgk and climate of

West Africa within its framework without invoking

any extranﬁgus paraméﬂérs for the said purpose.

To summarjre the arqﬁmentsathuaffar: . B
(i) L ge—scale'subsidegdé'within the trade wind

belt conjectured bv Riehl *in 1951 has nows~

| bgen shown to exiét in the course of the

A

ATE? investigations.: '
(ii) This tropicéinsﬁﬁéidenqe appears.to'extenq to
far lower elevations within the horthern tradls'
than withig\gfé southern trades., Thd§ its ™
presenée_;ithinJthglharmattan tends to be more
obvious than it is within the%ﬁqﬁsoons. -
(iii) However. the intensity of the sﬁbside?ce in - the
monsoon airm%ss tends to increase the farther
away from a locality the ITD is situated. In~
July-August when the ITD has reached 'its farthest
position to the nortﬁ, subsidence is stfongest 7
and it. becomes g0 -intense as to reflect on the
rainfall amounts rggg;yed at the southern marqgins.
of the region. As a result of the genefal northward”

displacement of the general circulation theABSQ mb

level‘high pressure ridge centered south of Eﬂe i

7

T
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equator is able to reach the West African
coast which further intensifies the intensity’
of subsidence around this region. Thus, the
"July-August aridity at the Accra plains tend
, to be more severe than in the adjacent regions
to the eas£ and wést (Trewatha, 1962).
(iv) It is thus suggested that aﬁy rainfall model
based upon the general circulation can never
-
be complete unless it is linked up with the
uiarge—sca;e downward- moving vertical -currents
within the monsoon.
Before we show how we kave managed to fit
these\facts into a comprehensive and interlocking @

whole. the suggested model., we may ff?gt\discuss the

specific climatological significance of %he vertical !

subsidence on rainfall.

Climatolog}cai Significance of the Monsoon Subsidence:

Sin¢e subsidence involves adidbatic warming

it tends to suppress rainfall (McIntosh and Thom,’
1973,‘p.‘1h4, 146, etc.) Subsidence also damps out
the vertical motions from lower -layers of. the

atmosphere and prevénts drift situations in depth_.

to occur. In the West African 'situation where a dry

airmass overlies the moist airmass there is also the
added possibility-that subsidence would result in the

entrainment of drier air from the upper levels of the -

wd

&
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atmodphere and thereby reduce the relative humidity
at the lower tlayers of the atmosphere. Thus the
season and regions,of strong.subsidence wili\tend

R
. anﬁﬁ

Subsidence is therefore very significanQ/{n -

to be drie%.
relation to rainf

, 7
ot thus be exclu%iigt
from any rainfall model of an/area where its exidkence

has been established beyond floubt. _ '

The Suagestéd Model

The suggested rainfall model for West Africa

follows from or organizesvarious facts about the

", structure of the West African atmosphere and its

horizontal and vertical circulation into a coherent
whole. The principal aspect® of the model are shown
in Fiqure 14.

Into a region of lowest atmospheric pressure

"referred to:as the Monsoon Trough, the two tropical

+rades flow from opposite sides of the“gquator. On

meeting, they are separated from eac by a

region of steep moisture qradient o rred to

as the Intertropical discontinuity (ITD) and defined

by the mean 16°c dewpoint temperature. The ITD
slopes upwards and equatorwards, with the moist monsoon
undercutting the harmattan. Consequentl&} the depth

of humid air subjected to convective activities and

rainfall similarly increases from the gsurface position

%

e
gt i T



57

of the ITﬁ southwards. At the southern end of the

ITD, is an axis of subsiding currents which

J

slopes in jhe opposite direction to the slope
of th? ITD, ie upwards and northwards. The presence
of this large-scale subsidence act as a suppressive
mechanism which check convection and inhibits rainfall.
As a_ result of thenature of the slope of this axis
of the monsoon subsidence, the incidence of dryness
?;;gﬁltingqfrom its Dreéenge woﬁld increase southwards.
Together the whole system migrates slowly N
up and down across West Africa in perfect Harmony
with the apparent movement of the sun withalag of
4'tob6 weeks. The southbound movement of the ITD

tends to be nearly one and a half times faster than

its northbound rate of movement as explained above

(see p.29) \\\\
Simple as the model is, it enables us e N

account for all of the appaéent seasonal and

spatial "anomalies"of rainfall distribution (and

seasonal variations in weather) in West Africa.




CHAPTER FOUR

HOW THE MODEL EXPLAINS THE NORMAL
RAINFALL (WEATHER) PATTERNS OF WEST AFRICA

The annual march of rainfall amﬁunt. i.e. .
the onset, advance and retreéf of the rainy season
in West Afr%ca depend primarily on the position and
seasonal replacement of the discontinuity (;TD)
.;%1ative,to a station, Fig. 18 (Illesanmi, 1971).
This indeed, is the most obvious fact from the sug-
gested model and stems from the peculiar arrangement
of the dry and moiét’airmasses that circuléte over
the region (West Africa).

At anv given moment and fgf any given location
in West Africa. then, the position of the ITD is
verv important.)§his, as Clackson (1957) had causge to
point out., is_ not bépause there is any part-icula‘(e
weather activity at this airmass boundary, as it is
usually the case at the boundary fegion's of airmasses‘
(fronts) in the temperate regibn. Tn its (ITD) special
éircumstance its solé'significance lies in the fact
that it serves as a deference line for the normal

weathet system and strycture associated with the .
!

4

.three-dimensional boundary between the harmattan and

monsoon. To the north of the ITD, $.e.within the
harmattan airmass, the weather.is entirely dry and

rainless.

58
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Within the monsoon, on the other hand, the
‘weather as described by the amount (and frequency)
of rainfall is determined by the depth of monsoon
airmass below the ITD as well as the horizontal
surface position of the ITD to the north of the
station. In view of the slope of the ITD it is
immediately obvious why the distribution of mean
annual rainfall is heaviest in the south and
declines steadily northwards except where local
relief such as the Futa Jalon highlands (Gregory,
1965) distorts the general pattern.

As the depth of the monsocon og;rlying'a éiven
location steadily increases the location subsequently

comes to experience different phases of weather, or

what Walker (1957) refers to as Weather Zones, (Fig. 15)

defined primarily by the variations in atmospheric
dryness, amount of land cover, frequency and ihtensity
of rainfall. . e
The characteristics of the various weather zones
(shown in Fig. 7, 15) have been extensively described
elsewhere (Hamilton and Archbpld, 1945; Garnier, 1967;
Walker, 1957, 1960; Trewartha, 1961l). We shall thereforé
merely point out their prigcipal features and show
how our suggested model ciarifies them (weather zones).

Based primarily upon the depth of monsoon under the

ITD and on the passage
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of the DLs as well as the incidence of the monsoon
subsidence five weather zones, A—E may be identified
in West Africa. Tt is clear from Fig.15 and 16 that
the weather types of zone D and E may be éxpefienced
only in the southern parts of West Africa, ie.
south of about 9°N.£zoneE&s experienéed only in
areas to the'south of 6°N (Fig. %ﬁD. The Zone A
or dry harmﬁttan weather has its southern boundary
marked by the farthést southward surface penétration
of the dry harmattan air. Being completely under
~ the influence of the dry harmattan airmass, this
weather isvdry and rainless with very little cloud,
usually the cirrus type, found at great heights.
Occasionally extensive haze caused by the fine dust
suspended in the atmosphere may be observed. The
absence of clouds and moisture encourage intense,
radiative cooling at night, 18-21°C (65-76°F in
. northern Ghana) but intense warming at the daytime
40-43°C (104-110°F).

7one B: This weather extends from the Zone A
weather through 2—3°southwards, however its exact
southern boundary tends to be ill-defined. This -
weather éccurs at the wedge-end of the monsoon so
that vertiéally the bulk of the atmosphere is primarily
taken by, the dry harmattaﬁ aloft. Consequently the
weather is mainly dry though relatively more humid

than Zone A, Generally speaking. it is a zone of
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scattered showers , the total réinfall in the
month being usually less than 3 inches. bue to
the présence of shallow depth of monsoon air at
the lower layers of the atmosphere the amount

of cloud cover tends to exceed that of Zone A

PN

weather as patches‘df fog of low stratus cloud
develop usually at night. ‘
Zone C: is bounded to the north by the
- Zone B weather and extends through 9-10 degrees
(1055 km) to the south where the depth of the monsoon ,
is on the average, betweeen 10-12.009 meters
(Fig. 7).'Tﬁis is a zone of scattered showers
and thunderstbrmé and of disturbénce lines-
The disturbance lines and the thunderstorms are
héwevér the most significant features. Norhh of
BON, ie. in the semi-arid West Africa, over 90%
. of the mean annual rainfall is accounted for by
May to September and by thé Zone C weather
(Fig. 15 and 151. The depth of the monsoons under the ITD is g
sufficiently high, (Fig. 7)hence rainfall tends
to be heavy, with the monthly total hovering around
127 mm (5 inches). Rainstorms are of high intensities
gnd are generallv of short duration) due to the

influence of the disturbance lines.
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zone D: The zene D weather extends‘through
3-4 degrees southwards £rom Zone C. It coincides
with the areas of the greatest depth of the monsoon X
airmass under the ITD. As Seen from Fig. 7 the depth
of the monsoon everywhere within thislweether zone
exceeds 4 kilometersdreaching even 6 kilometers at
the very southern portions of the weather. Within
+this zone therefore the ITD loses its significance,
for all intents and purposes, as a controllinq)factor
on.the amount of rainfall received sieceit is'then
so high that maximum convection is possible within
tﬁe monsoon airmass. {(In our ;uggested model (fig.I;) v
therefore thehITD'over these regions has been represented
by the dashed line instead of the firm line in the B
and C Zone. This is to underscore the‘fact that deépite
its presence maximum‘convection of the moist air
is possible here). Thus, within the Zone (D) “"days with
rain are the rule rather than the exception” (Walker
1957}, Rainfall also tends to be more prolonged and
less intense than in Zone C due to the absenee of
the DLs. Thus in the coastal regions where it is | ~
referred to as “"mgnsoon rain", for example, rain may
occur in showers: fox periods of up to twelve hours and
bring substantial am unts.

The most northern eftent of the weather zone D

is- about g%N in Julv-August but during the rest of the

r
rainy season the Zone D weather may be experienced only in
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thg southern parts of. the region. This situation

is due to the fact that the most northern position of the ITD
extends only £020-22°N whereas the B apd C weather zones”
extend from the ITD southwards through abont: -10-12 degrees
as indicated above. This then, should

clarify why maximﬁm rainfall tend to be situated

between 10-13° south of fhe surface position of thé

ITD as,sgated by the various descriptions of the

climate and weather of West Africa. TQese regions

{(of maximum rainfail) coincide with tﬁe areas where the
greatest depths of the ﬁonsoon airmasg under the

ITD are to be found. Further south. ho%éver,'rainfall
begins td'deciinelas we shall soon explain. Further

! .
northward, too,rainfall again decrease$ in gradual

gradations in accordance with the decreasing

slope of the ITD, as we have explained, through the

o
C and B weather zones until a totally dry and rainless
harmattan weather is encountered farther to the north,
ie. beyond the surface position of the ITD.

ZONE E: This is the most southerly zone of all the
weather zones of West Africa. It penetrates a relatively
short distance inland even in July and August. The
weather is relatively dry and cool with day temperatures

in Ghana between 80°F and 85°F and night temperatures

about 70°F. This weather zone coincides with the periods
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of July-and August when the influence of the subsidence
in the monsoon is at its peak. Conceptually. the

axis of the subsidence may be said as having_ been
"pulied';noqthwards as to make its presence to be

felt iﬁ the southern (coastal) regions. (Fig¥ ).

Due to the peculiar nature of this slope,
aécreases in rainfall in the Zone E weather tend to
be greatesf toward the.equator (Chapter 2). | a4
Sum@arx:

The suggested model is t@erefore able to_
rationally explain all the sigyificant feath:es of
the normal rainfall (weather) disfribution'in fime
and space over West Afriea. At any.given instant \
. maximum rainfall shoufékii\xezeived in 10-13° sqﬁth
. of ITb and éécrease both to the north and south.

(Fig. 17). '

‘In July and August, south of éoN but
particula;iy south of BON, rainfall totals drop
sharply as a result of the increasing<'dam§—out'
gffect of the large-scale subs%dence on 16w—ievelw
verﬁiggllmotion during this season. This is the basis
' of_thélénbﬁalous situation whereby thefe'is a break
'Tih;réinfall totals iﬂ mid-summer in the presence
of abundé?t moisture qnd mak%fthsolar enerqgy.

Partial support for this—hypothesis

R .
icition of upper-level subsidence within the monsoons

attributing the "little dry season" to the intensif-

AL - T ’ «
] g e
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may be seen from Fig. €. It is seen.that the mean
monthlv dew-point temperatures for both of the
stations south of G%ON decline dluring July-August
which means that the atmosphere here was drier. This
can only be attributed to the mixing of drier air
ﬁgom.higher layers of the .atmosphere, or to the
dryinag of the atmosphere as a result of the‘adiESatic
wafming of the atmosphere, bdth of which phenomena
ghould be the result of large-scale subsidence |
in the affected region (as explained in Chapter 2).
It is interesting to note that Navrongo (11°N, 0°w)
where the influence of the monsoon subsidence is not
felt has higher relative humidities than the mor®
southern stations as the mean dewpbint values indicate.
Hence our model is able to account for all ﬁhe
éeasonal and spatial features of rainfall except the
presence of the dry équatorial climate which we”
héy% delibeiately ;eft out of our discussion;to daté.

It is felt that it need be treated separately.

Climatic Regions of West Africa

By a combination of the frequency of the weather
zones experienced across the region three main broad
climatic types may bé identified in West Africa. The

Sahel Climate north of 15-17°N is basicallv composed of

the A and B weather zones (though the very southern

parts receive small amount of the C’ wedther).

T

T i

2 LI e
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The semizarid climate (comprising the Sudan

and Guinea Savannah's) and lying between 8- 15°n
consists of A, B and C weather zones. A and B weather\

constitutes the DRY seascon and C. the WET season.

The Humid Tropical climate experiences all
of the five weatherLZOnes. Two very distinct seasons
the dry and humid seasons, ma} be identified (See
Fig. 3, 15, 19) but the dry season tends to be short.
Besides the Wet Season (C.D,E) is such that there
is sufficient moisture for greater part of the year.
This climate is thus generaily characterised as a

Wet climate (Fig. 19).

The Anomalous Drv Equatorial Climate
As early as 1957 Walker (1957), writi r the
Ghana Meteorological Services Department atgemp

to rationalize the existence of this climatic region

outside the framework of the ITCZ model. Trewartha
(1962) endorsed Walker's afqument sugéestina that the
real causes of the arldlty oﬁ/_h\é\area are-‘ 1} the
winds are parallel to the 'shore so that frictional
~divergence occurs:'(é) there is a cool poSl or currént
of water in the region, an idea borne ouﬁ by the"lower
August temperatures here than along/the rest of the

ol ' 9
Guinea -Coast. "
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Rejecting the assumption about the direction °
of winds in relation to the reduced mean annual
’rainfail,Dickson and Benneh {(1972) have pointed out .
that winds are generally onshore everywhere along
the coast of Ghana. o )

| As to the arqument about the presence of cold
water and the upwe}ling of cold eurrehts may be
disputed as follows. From Dankwa 's (1974} rainfall
distribution maps of Ghana and Griffith's (1972) map
of mean annual isohyets along the coast of central
West Africa (Fig. 15) 1t is seen ihat the Accra plalns,
the dryest part of Ghana,recelve only about a third
of thedmean anpual rainfall total at the adjacent aréas to
the:eastﬁandﬁest. If we are to attribute such a drastic
(67%) detline in mean'annqal rainfall to the existence

L £
of a cold bodv of water then ‘the water temperature would

be expected to be sufficiently low as to drastlcally

reflect in the temperatures of the statlons in the

coastal drv belt. Yet temperatures throughout Ghana are -
virtually the same (Dickson and Benneh, 1970).. (Fig. 12) It's
evidently on thie realization that prevented Walker

L~
(1957) himself to press this explanation any further

Ly

and to concede that this explanation-'is less likely'
(Walker, 1957 ». 7) . : 'y

Indeed as Dickson and Benneh

none of the explanatiodgjoffered
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for the Accra Plains is entirely satisfactory. As

% tempérary solution to the problem, therefore,

this dry belt was merely branded "anomalous" and

left to stand as if it were beyond rational explanation.
Within the framework of our suggested model

we have hybothesised that the dry equatorial ciimate Yb.

of thé Accra plains coﬁld be the cohseqﬁence 6f

aﬁove normal subsidenée. In other words it is

: _ - ‘
caused by subsidence.

. We are,
in effect saying by this that no climagzé region
nor season in West Africa is anomalous to the A

circumstances of the circulation patterns and

structure of the region's atmosphere.

_ ) .
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CHAPTER FIVE

A FINAL TEST OF THE MODEL

—_—
The pu;ﬁbse Qf the preceding chapter was to

demonstrat e validity of our suggested model by .

using it to explain the normal spatial distribution

patferns of weather in West Africa as well as the

variation or zonation of the weather as the whole

system migrates across the region. By that we have

beerjable to confirm our first operational hypothesis

fhat every significant feature of weather is explainable

in terms of the circulation of the region, which led

us to our conclusion that no climatic region nox

season in West Africa could be said to be anamalous.

But More importaﬁt perhaps, from the point of view of

making some contribution to the climatology of the

region is our inferential statement that the Dry

Equatofial'climate (otherwise referred to as the

"Accra Plains" climate)} should be due to the presence
of above-average subsidence.

In this £final chapter we shall complete our
efforts.to establish the validity of the model by
examinfﬁ' the second 6f our fundamental hypotheses
(seepé.qiﬁ ) namelf-that abnormal southward shift
of the main features represented byﬁour model would

generate drought in the Sahelian Zone but increased
74
et
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rainfall in the very soﬁthern margins of West Africa.(?‘ﬁfll)-
The method of analysis and the rationale behind this.
method have already beérldescribed in chapter one. We
shail thus only present our results hefe.
Table 5 provides the mean monthly and annual
rainfall data of some 1% stations in Ghana. Table g
gives the mean rainfall distributioﬁ of these same stations
" for the 1961-74 period, whilst Table 7 represents the
. mean f1961-74 rainfall totals expressed as a percéntage
.of the 1931-60 means. The map of the percentage change
in the mean anpual rainfall (Fig. Z7' shows that our
expec@ations are largely suupogted by the énalysis. It
is seen that over a greater pari~of the country to the
north, the mean annual rainfall showed deficits in the
range of about 2%. Frim these regions, of rather low

net deficits, the hagnitupe of the negative change

in the mean apnual rainfall increased farther north-

e

wards]to the Sahelian Zohe where really large deficitlk
occured to constiéute the Sahelian drought. The lower
absoiute values of the negative change index in
nortﬂern Ghana is thus to be expected-since the net
defi¢itg shbuld steaqily decline from the main center
of the drought in the Sahel southwards to areas with
zero deficits (1ndex of lDQi) where no change wag L\
{ﬁbxperlenced durlng the time of the shifts, !

Further south from these areas, then positive chanées

-



should be observed. as seen from our map.

The negative change over . Ghana
however shows that the Sahelian drought extendéd
farther to the south (affecting the whole of the .
Sudan and Guinea Savanas). than it has ever been
récognizeﬁ.

The 100% index of the mean annual rainfall
(the thickened isoline on Fig.22)) runs through

1
the northeast ough Ho, ' . To the south. and

southern Ghana so thwest from around Half Aésini:to
54

southeast of this isolingfﬁie. towards the equator.

positive chahges are obéerqed reaching as 'high a

magnitude as 130% which iﬁplies an increase in rainfall

of as much as one-third of the normal. ,

At the northeast coagef the Gambéga scarp is
seen to have distorted the gené{al pattern; a similar
distortion is seen in the central part of ﬁhe country
along the Mampong-Scarp. This highland regions were
responsible for inducing ébout'lO% more rain than is
expected. However. this notwithstanding, the general
pattern is largely preserved.

We af; primarily'concernéd with the ITD raiﬁfallf
For a more, valid picture. therefore, we could exclude

the rainfall during the drv season (November - April) .

from our analysis since rainfall in the dry season
o -
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is not necessarily due to the influence of the ITD '
<But may be due to other factors (Illesanmi, 1971).

Fig. 23 shows the average ché;ge for the rainy season

(Méy'to Octoberf. It is seen that the egbectatidns,

of éhe model are more clear%y portrayed as the

local relief effects in. distorting the areal pattern.
. which aremore apparpnt during the dry‘season, are

now eliminated.

It will also be observed that the 100% index
which marks the limit of the Sahelian drought was aqafn
runniné from the southwest to the'noriheast and it was
still as far south as 11°N.northern Ghana is seerr
to. have experienced some g;in in rainfall of generally
less than 5% so that for all intents and purposes this
region could be regarded as having experlenced no
change in rainfall durlng the time of the Shlft The
main areas where substantial p051t1ve chanoes occured
are to the south of 7°N, or thereabout Here the 1nd1ces
of net ralnfall are as large as 140% which represent an
increase in- ralnfall in the recent perlod of rnearly
50% over the 1931-60 normals. Thus, the net percentage
chiﬁge in both the mean annual rainfall, but particularly -
dufing the rainy season, sufficiently confirm the
validity of our suggested model.

It has also been shown from the nature of the

model that an abnormal southward shift in the model

should result in decreased intensity of the monsoon
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subsid%pce ds the horizontai‘divergence at 1.5 km
'height declines and the 850 mb. ridge contour fails

. to reach the West African g¢oast. This .would thus *

: result iﬁéincreased rainfall i@ Augqust particularly
in the region of the Acc£a Plains. ng percentage
change in August méan monthly rainfall-was tﬂus
analysed. (Fig..24 ) |
‘A logk.éf this ﬁap eloquentlf confirms this
fact. It is seen.that the greatest "increase in rainfall
with indices ranging between 140% and 214% occured
within this dry belt.
. To further bring out this point, "the monthly
o 2onal averages were computed for the three rainfall
regions of,Ghana'(Téble 10). The. zonal average for

- the dry belt region (Southeast Ghana) was 169% for

August.
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CHAPTER SIX

A CONCLUSION

Simple though this method of analysis may eeequ
to be..we have shown suffieiently well that, in so
far as net changes in ralnfall are concerned the
hypotheses derived from our .model are supported by
the rainfall data of Ghana.(see Apvendix 1). Thus‘
it may be concluded that the recently observed changes

1

in weather and circulation pattern ovexr West-Africa are I"

Pil

Irelatedatp the generally recognized (Lamb, 1972)
_weakening of the mid-latitude upper—level easterlies.
and the resulting southward shift in the general
circulation. .

Oﬁerod (1976) hae attempted to attribute the -
Sahelian drou;ht‘to the'destruction of vegetation
due to the 1ncreased cattle (and human) population
which haa resulted in high surface albedo (and hence,
reduced energy for convective activities). However. 4 ‘

o

~since he did not present the model he clalms'to have
used to arriye at his COhClUSlonS,\lt is not possible
for a thorough evaluatiou of his work here. It may
however be safely affirmed in view of our results,
that uhe Sahalian ;;Bught was indeed caused'hy the
shift in the ITD as previously suggested by earlier

workers.. (Bryson. 1973, for example)

83
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The model also confirms Griffith's observation
that the little dry season in July- August is
attributable to enhanced subsidence. But more
important than that it al3o attributes the so-called
"anomalous" climatic region-of the Accra plains
also to a 16cally large degree of subsidence, and *
thereby sh?ws'that no climatic season nor ragioﬁ
ia West Africa could be said to be anomalous - they
are the perfect expression of the characterﬁstlc
features of the horizontal and vertical components
of circulation gf the rEglon.

The model. it will be observed, achieves our
ebjective of simplifying.thé facts abou£ éhe
climatology .of the fegion into a coherent whole
for the description and explanation of all the various
features of,/the region's climatology. It's simplistic
nature embhasises its great potential as a teachihg

i aid.

That the model is highly "suggestive", to

borrow Harvey's (1967) terminology, need not be over

emphasised; in fgct it does not take much effort for

e one to notice the very many areas it directs attention

of researchers to for further study. For example. the

. determination of the exact empirical relationship between-
rainfall amounts and the depth of monsoon under the ITD; the

direct measurement of sea temperatures along the Gulf of Guinea

o wmf

S T . U
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to résolve, once and for gli; the existence or other-

wise of the cold body of water here,'Lhe intensity of

the coldness of this body of dold_wate (if it actually

ex1sts) and the’ extent to which it 1nﬁib1ts rainfall: '

the analysis of surface and upper- level weather charts
~

on routine basis during the next decade at the standard

contour heighté and s&noptic hours for .the proper

confirmation of the existence and nature of the above-

surface ridge on the Accra plains; the méan monthly dew-

p01nt temperature maps'for the whole of the sub-region

"to enable us to estlmate more spec1f1cally the rate

of movement of the ITD. etc. are seen as aspects of

the West Afrlcan climatology that the model readlly

isolates for further investigation. As an 1n1t1al

(and original)} attempt, then. the proposed three o

dimensional model is obviously of great value. The

student, teacher, and researcher will for a long time

find it very, useful. We should only hope that these

and the many other aspects of the regions climate

it isolates for further research would actually be

taken up by other workers in order that thé model

would be improved upon and,ultimately, empirically _

formulated to allow more precise description and

prediction of both the .short- and long—te . limatic

fluctuations of West Africa.
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APPENDIX 1

TEST OF SIGNIFICANCE BETWEEN ‘THE 1931-60 (x), and the
1961-74, (y), ANNUAL RAINFALL MEANS AT ACCRA, GHANA.

A,

1.

10.

11.

1931-60 mean, x = 31.04 in{Tandoh S.E., 1973, p. 11)

.Standard Deviation, £ = 6.88 ins.(Tandoh S.E., 1973, p.1ll)

2
T .O = X- _X
Since ul ji___l_ and n = 30 years,

S (x=%)° = 1420.03

Il

1961-74 mean, y = 38.03 in. (from Table 11)
: 5 = 8.8l ins. (from Table 11)
— ﬂ-
s (y-7)% = 1086.80 o exv,whm 3 omd WQ"?—'Q o

The POOLED BEST ESTIMATE of the standard deviation of
the populations, (R} may be computed using the formula

— 1

A -, 2 -, 2
P = (x-%X) "+ (y=-y)
n +n, -2 (see Hammond &
x tMcCullagh, 1974,

Pp. 162-164)
(1420,03 + 1086.80) .
42 .

\’ 59.69 = 7.73

9. The standard error of the 1931-60 sampie -

1
a8
sE; = PATE = -59,59/(?,’(_)1 = 1.99" = 1.41

The standard error of the 1961-74 sample

SE; = (o/\[‘” =W/J§? - 4.26” = 2.06 ‘

The’ standard deviation of the sampling distribution
of the difference between means (i.e. the standard
error of (x-y) is obtained from the formula

E(x-1) =J i(SE}—{)?‘ + (SE§)2.25
(1.99 + 4.26)™
(6.25)"

2.50
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l2. .. the calculated value of 't' is givegﬁby

"from the table to be. equal to

oy o= XY - 6.99 _ 2.80

.‘Atfthe 90% confidence level and |a degree of freedom

equivalent to 42, the Critical Yalue of 't' is read
= 2.02

Since the calculated t is more #4han 2.02 it follows
that the difference between the \1961-74 and 1931-60
means is significant. QED. :

-
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TABLE 3: DAILY YERTICAL,MOTION AT 500 m (w500,
in 10 ° m-sec ~) OVER THE NORTH ATLANTIC
DURING ATEX :

DATE: FEBRUARY - w500(1073 m-sec™y
W, 7¢h -2
~  8th , -2.5
" 9th ' ~2.9
10th o =3.7
1lth | -3.0

12th -3.7 "
13th -2.0
_ l4th . 4.5 .

* . *15th ' -0.2
' *16th ) - ~1.3
*17th - -
18th : -2.9
19th -3.0
20th - \0-8

Note that all values fit the time céntinuity well
except for 14 February which appears too large.

- SOURCE: Brummer et al (1974)

*when the monsoon trough touched the ATEX region
(see discussion in text) N

?

v
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TABLE 8

.1961-74 MEAN ANNUAL RAINFALL EXPRESSED AS PERCENTAGE
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OF THE 1931-60 MEANS (also see f1g 16)
STATION %
Aburi 113

- Accra 123
Akuse 108
Axim J 101
Bawku ' 102
Bole 107
Ho 100
Kete-Krachi 98
Kumasi 105
Nkawkaw %\ 99
¢da ; 98
Saltpond o129
Sunyani 99
Tamale /// Ilds
Wa 98

.. Wenchi 95
Yendi ) 113
Zuarunga 105
Nsawam 115
Asuansi » 107

T AT T LRGN X ST ———— ey -



TABLE 8

AVERAGE PERCENTAGE CHANGE OF RAINFALL DURING THE
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RAINY SEASON, MAY TO OCTOBER

Station May  June July Aug. Sept. Oct, Average
Aburi 90 154 164 214 120 102 141
Accra 8l 166 184 192 ' 189 65 146
Akuse 108 126 164 139 139 89 128
Axinm 61 122 218 171 114 68 126
Bawku 105 102 97 75 95
Bole 87 . 102 . 144 101 9 117 103
Ho 103 137 106 13% 108 78 110
Kete-Krachi 89 88 157 164 104 72 112
Kumasi 1046 100 158 143 94 87 114
Nkavkaw 98 117 - 127 161 98 71 112
0da 97 102 122 138 96 95 108
Saltpond 119 179 175 169 159 80 47
Sunyani 106 116 126 128 83 81 10
Tamale 92 117 104 120 109 79 104
Wa 92 107 138 977 48 : 90 102
Wenchi 113 96 113 128 91 91 105
Yendi 125 118 129 121 112 89 116
Zuarungu 93 110 119 97 96 91 101
’ N
.




TABLE 10

~
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AVERAGE WET~SEASON MONTHQY RAINFALL FOR THE
1961-74 EXPRESSED AS A PERCENTAGE OF THE
1931-60 NORMALS FOR THE MAIN CLIMATIC ZONES

Climatic Climatic Mean Monthly Percentage Change
Region Type May June July Aug Sept. Oct.
. Northern Ghana Savanna 96 107 128 114 100 90
S. E. Ghana Dry Equatorial 100 152 158 169 143 83
S. W. Ghana Humid Tropical 96 107 147 142 96 83
@
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TABLE 11: MEAN ANNUAL RAINFALL

1950
1951
1952
1953
1954
1955
1956
1957
1958
1959

1960

27.83
32.78
36.40
31.31
32,05

47.12

29.49

29.69

27.84
41.26
32.10

-

(1950-60 and 1961-74),

1961 40.38

"1962  48.40
1963 53.12
1964 34.08
1965 41.47
1966 22.61
1967 « 31.94
1968 55.68
1969 26.25
1970 35.18
1971 36.18
1972, 29.14
1973 38.60

1974 39.30
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