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1. ATMOS kel DYNARICAL ARD THEAMODYNAMICAL AKU PHYSICAL rHOCESSES

Weather and Climate cccur because alr is usually in motion, This
ngtion oceurs on a wide range of speetrum both in time and space,from
the microscale up to the dosgby waves and the general circulation of
ithe atmospnere. Our understanding of mutiong on each of these scalesn
relies on the application of some of the physical concepts of hydrodynamics
and thermodynamica.

The three basic principles governing tne behaviour of the atmosphere
are the conservation of (heat) energy, momentum and mass,

Energy conservation allows the study of the way and manner in which
tne net heat vnergy from the sun ig utilised, 1In arriving at a balance,
copnissance is taken of the roles played by the various gases which
make up the atmosphere in effecting short-term physical and thermodynamical
changes, 3y combining the mass and momentum equations with the ENErgy
equations, the way and direction of energy transbrmations in the

atmospnere can be studied. fThis is the aim of this section,

11 The Basic Dynamical equations

The first conservation principle is that of momentium, For a

non~inertial (relative) frame of reference, it is expressed as

d! = g-'\-g _ IL“Q_A\-I ""NVP +E “e (1.1)

where \'s ~  the velocity relative to the earth with components (u,v,w).
4 - the gravitational acceleration
E = & unit vector in the vertical
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the earth's angular velocity
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the frictional force orn & unit mass of air
= Specific volume (= 2P ) fb is density)

the pregsure
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Since large scale motions in the atmosphere are quasi-norizontal and
follow essentially the earth's shape, {1.1) becomes in component,

form in spherical co-ordinates (], ¢, Z):
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'h, ¢repreaent longitude and latitude respectively,

Equations (1.2a,b,¢) satisfy the angular momentum principle if we

ignore the elli,tic Bliape of the earth because the absolute velocity

{uw+ rcos @) ip not the true velocity to a non-rotating observer,
When terms of rz IO"B are neglected (e.g. uw/r), the

simplified equations are:

AU = — o 4 (f+ ubnad)y 4 £,
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0 = -0P —9 + E
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Furthermore, for flows with Rossby number Ro (:u/.FL) <L |, He
Moy e

geostrophic approximation) obtained from (1.32,0) as

V, =

.O_(_R,\V . o ()
T VP

and {1.3c) leads to the hydrostatic equation
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where R is the gas constant, T the temperature e.nd§ the geopotential
is given by:
=

d = jgdz o (1D

0

An alternative justification for (1.4) comes from consideration of
the thermal stratification, When entropy S ls used, the Brunt-
Vaisala frequency W, may be expressed api

2 g
o= 237 = AT

where G = S/Cp OMA\ ]S ;—_—%I are the dry adiabatic and
environment lapse rates res;nectiv.re-ly.CP is the apecific heat at
constant pressure. For typical L of 6.5°c/Km, I\)'lﬂ lD"'“s"l
Bt R o~ L0 WS ™. Hence N7 57

In the tropical and eguatorial regions however, (1.3&.b,c)
are invalid since&’Zlo—sand hence Rg?j |. iforeover, dw/dt in and
very close to storms can be 1arge(_'v0-im5"9' hile W 9" \"-101\'\3'!
Thus eguation (1.3) is totally unrealistic in the tropics and in

guch regilons where the horizontal scale is less than about 300Km.

The second conservation principle concerns that of mass -

the contimuity equation. Tpise is

d .
E)cﬁ -+ fv'-i = 0 (1.8)

.
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when presgure is the vertical co-ordinate, equation {1.3a,b), with

the quadratic and friction terms neglected, become in vectorial form

oV
_= = -V - LN — 3!_ .
== $ - (oY coaP fRY 09

The conpervation of mass 1B

V.y + 22 =0 . (10
2P
vhere (0 = dp/d‘c and (O A~ PAW, Since
LP/ox etc <L W /2.
A barotropic atmosphere ig one in which there is no change
of wind with height, From the thermal wind equation (obtained

from (1.4} ang {1.6))
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The remaining conservation principle is represented by the
the First Law of thermodynamics., This will be expressed in terms

of the potential temperature e'and entropy Si

o3
_a_i = G zah_.\“eu = & oo (12)

T

Q = T(\Doo/p}t e (113)
where A = RG
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Q ie the diabatic heating rate. If (1.13) ie @ifferentiated as in (1,12)

and combined with (1.6}, we obtain

2(28) _ 928 _ &

£\ 2p op Y

_%_%P(P%% _'k@) e (1.1)

Equations {1.6), {1.9), {1.10) and (1.14) provide a set of equations
for the six unknowns u,v,w,p, f and T. Theyare the so-called primitive
equations (Equation of atate i# Implicit in (1.6)).

For mid-latitude synoptic-scale systems, the disiribution of the
geopotential g suffice to determine the fields of the geopotential tendency
(Bﬁlat) and vertical motion #% This is poseible because the mid-tatitude
atmosphere is baroclinic and significant changes occcur in z (oré) over
short horizontal distances. The tropical atmosphere is, on the other
hand, quasi-barotropic. However, the temperature field shows weak
(but sufficient) baroclinicity for the geostrophic approximation to be
valid down to 10°N (Omotosho, 1976). Nevertheless,existing height
fields {or g) vary very litsle and equation (1.14) cannot be used
as for the mid - and high latitudes. In tropical areas,the observed
wind fields are more reliable than the geopotential heightsa
(Burpee, 1972). This is so because the temperature error inherent in
radicaound@ element makes it very difficult to analyse the geopotential
field in low latitudes from the hydrostatic law. The magnitudes of
such errors (1°C error leads to about 20 metres in é) are unacceptable
ap the amplitudes of synoptic scale weather gysiems in the tropice are

rather small.

—

Yorticity Conaideration G

In the middle latitudes where the field of (b suffice to
determine b@/bt and {{}, the quasi-geostrophic vorticity equation
is very useful instead of the horizontal equations of metion.

For a Beta-plane approximation, thie is:

l

2
%viy) = —Vo V(PP +§) +-{°%’“§ v (115)
where

Y.‘P = E,\V\P 5 v'yy = O o (1.16)

and

o {107

LP is the etream function and \-I‘V the non-divergent part of y (: \)‘Vy \/.l)
’JC is 8 constant value of the coriolie parameter - for motions
I3

with small latitudinal ecale compared to the earth's radius,
For these syatems,\Pg @/fo Bo that _\Z‘# ~ l_:hv‘@'/j(;

Also in such motions, IV= __\-/ , L (g.ﬁy_’ since the Rossby

runber R is small.,



In the case of the tropics, the vorticity equation which is found

to be very useful and of better approximation to mid-tropospheric gynoptic-

scale system outside convective or precipitating regions is the go-called

Barotropie vorticity equations

2 vty = =Y V(T +£) L om
ot
Thig equation assumes that the flow is quasi-non divergent, but does
not require quasi-geostrophy. In thie case, the diveréence and vorticity
may be of seme order of magnitude but the latter is usually larger than
the divergence, Writing (1.18) in the advective form, neglecting f and
integrah‘.ng over a closed domain ( gives

[ as = - [VAWDAs = f5lyta b

~

where A& ie a unlt vector normal to the surface enclosed by L. Denoting

the avaraged value of “Z over the domain by i u‘)t\’-’A’Q.

s, = Jade / fdry
in (1.19) leads to a useful conservation properly of the mean vorticity}

ey
’b%_t.% = (O . (1.20)

1t may alec be shown (using Gauss's-Div Theorem) after multiplying

the simplified {1.18) by “F ok
2 (;‘? 3 = O ( >y ' (1.21
ot /:l = ? is enstrophy) .e 21)

and that, additionally, the mean kinetic energy VlP-VsD} ;2) of

guch flow is also conserved in the domain.

This when advection alene is considered in (1.18), no local time

changes in the mean vorticity osecurs.

1.3 ENERGY CONSTRAINTS AND CYCLE

A very important link between the momenium conservation

principle and the thermodynamic equation is the energy transformation

procese. This shows how thermal and Kinetic energies are related

through a conversion process, to satisly the energy conservatlion

principle.

The Kinetic energy equation may be easily obtained from {1.19}
and {1.10) as

K ? — Y
’ﬂ:—+v‘yk +§}°°k = —V.Jd +V.F .. (.22

Multiplying (1.10) by @ snd adding to (1.22) leads, after some

rearrangement, to a useful form of the energy equationt
?.‘;_' + Ty (k)] + %\)[@(K"‘@ﬂ: WO L\ F.. (1.2
op -

Again multiplying (1.10) byl T and adding the result to the

thermodynamic equation gives

_%% + g-v(y\ng%wk = wx + & .. (.

where 1\ = (T isthe enthalpy, or gimply potential energy.

Since O = b@/bp fequation (1.6)), comparision of (1.23) witn

(t.2L) shows that Kinetlc energy of motion is produced from potential
703

energy through the term (ool (_= L‘...‘;RT/P ).Ais commonly referred to

as the energy conversion rate.
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Integrating (1.23) over the entire atmosphere gives the rate of increszse

in mean Kinetie energy:

5 . _
2 1l KdMv = RJ&’EIAM + F e {1.25)

ok

{1.25) states that the direction of Kinetic energy change would depend on
the correlation between @and P, If warm air rises (as on the equatorward
side of the Hadley cell) and cold air sinks, there will be an increase in
mean Kinetic epergy and thie,by (1.2h),wi11 be at the expense of mean
potential energy mince coOM £ ()« Consequently, the Hadley circulaton

is called a thermally direct cell. (1.25) also implie® energy dissipation

by frictional forces,

Finally, adding (1.23) and (1.2}) gives
2 (kh) + [y (kB ]

+ %[a(méﬂ)] = § +V.f

oo (1.26)

Integrating over entire atmosphere with(@ = 0 at p =0 and p = P, (surface)

and applying divergence theorem yields

2 {[(kimdodp = @ +F . o

Thus the time rate of change of mean total energy is due only to diabatic

heating and frictional forces. Hence for adiabatic and frictionleas flow

E "\“T\ == constant v (1.28)

and energy transformations is alwiys between potential and kinetie energles.

0

Since only a very small fraction (_\m'l“l\,) of atmospherie
potential energy is actually available for conversion into Kinetie
energy, the available potenti enercey A (Lorens, 1967 ) im

introduced and may be expressed as

pr——t

28 = 2[ef T
S T e

.o {1.29)

u ig dry adiabatic lapee rate and T" is the departure of temperature

from the mean. The energy equations may now be written simply as

DA
on _ — C as (1-30)
ot 3

:bi( — c _—a\_ e {1.31)
oF '

g o= AT [F (0 -P)]

is the generation (source) of 4
¢ the conversion (eink)} of A
d the dissipation of K,

~
A disadvantage of {1,29) occurs when EI —— r,..._q_ situation
frequently met in the low latitudes (Pearce, 1978). Application
of the concept to convection in low latitudes i3 possible from
Pearces definition which partitions A into ite haroclinicity&:?)
and static stabnity(:r\’ﬁ:omponents:

W3 _iii)]
’at[' ( 2 . (L)

2

where Jﬁ is a global average of T. '12'1I ig associated with lapse
rate changes only whereas ™ ie asgociated with horizontal temperature
gradients.

Thus {1.30) and {1,31) each contain terms for zonal and eddy
components of the flow. The directions of the complex energy

exchanges in the atnosphere is shown in Figure 1.



1.4

RADIATIVE TRANSFER "4

All the motions, energy exchanges and transfers discussed above
would noi be possible but for the radiative absorption and transfer
which take place between the earth ané the atmosphere as a result
of constani absorption of solar radiation and the emipsion of their
own radiation te space.

The rate of energy transfer by electromagnetic radiation, the
radiant flux F from the sun, is 3.90 x 1026W. This gives an

irradiance E at the outer fringes of the sun (r‘~'7x108m) of

E = F/4rrr°~ = b34x0 Wn?

The irradiance & may be defined in terts of the monochromatic

irradiance E)(irradiance per unit wavelength interval at wavelength

) as

E = rEw d e (1.33)

The radiance I, which is the irraniiance per unit solid angle,

iz often very useful. E and I are related as

aw
E = T cec bdeo e {1.30)

o |
|

W is the solid angle. I cus P is the component of the radiance

Zen
normal te the surface atjangle ¢,

A curve of E’a ve W is shown in Figure 2.

Figure 2 is aleo satisfied by Wien's displacement law that

the wavelength of peak emissicn,rhkﬁxt ip higher at lower emmission

temperatures:

j_\__ 73 LiLEN 4 =

Ceng¥ank . (1 25)

4

The dependence of (blackbody) emission upon temperature is obtained from
Plank's Law for monochromatic irradiance at temperature T to give

Stefan-boltzmann law:
m E* = TT4 . (1.36)

where &' is the integral of Planks equetion over all wavelengtha, that is,

" =

o o <
. Efg— = &/" 7f GlX{)(fla/ 3_r)

é yu~2 and 1.4lx10™% n% respectively.

¢y and C, have values 3.74x10""
The ratio of absorbed to incidence irradiance on a body is known
as ite absorptivity CL) while the strength, of the radiation emitted by

the body depends on ite emissivity ﬁi} .

If a body radiates as much heat energy as it absorbs, it is a
blackbody. Kirchhoff's Law statea that any body which absorbs strongly
at a particular wavelength will also radiate strongly at that wavelength.

1n this case
Ay = £ - (137

Kirchhoff's Law is applicable to the atmoephere below &0km height.
For a non—opaqpa layer, the incident monochromatic irradiance

at any wavelength may be absorbed, reflected or transmitted, Thus

Ea(absorbed) +lE}(reflected) + Ep(tranenitted) = EL)(incident)

Since Em(absorbed)/Ed(incident) = (L) etc, we have that

]% is the transmissivity of the layer. For an opague sarface }% = 0,
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In a plane parallel atmosphere uniform in the horizontal, abscrption of

radiation in the vertical is given by Beer's (or Lambert's) Law:
dF_:) _— - t_'h\l'] P dZ oo §1.39)

where t&h is the absorption coefficient at wavelength 'h and is related

to the gptical depth }L as

Yo T [ phkdz

. (1.50)

Integration of (1,39} yields

(1.41)

Ey = E’h.,QKP(." Fa)

Terrestrial Radiation

The foregoing treatment applies to solar radiation through the
atmeaphere for which atmospheric absorption is important but emission
is negligible. Fecause of the diffuse nature of terrestrial radiation,
both emission and absorption are imcortant and calculations usually
involve intesration over a solid angle, The proﬁlem simplifies to a
one=dimensional one if we consider the upward and downward fluxes .

(e, j"lCQb) wsdde> ) at the downward and upward facing nemispheres.
The assumption of course is one of a plane parallel atmosphere, The
resulting equation of transfer is then the difference between the
emission and the absorptions

dT; = -~k (T - pEY)

e (1.02)

where the blackbody monochromatic emission E' ie given by (1.36).
From (1.40), (1.42) may be expressed as

dh, - 1T — E* .. (i-42)
d¥a

2.1

Ak

Equation (1.42) or (1.L3)} is known as the Schwarzchild's equation.

The radiative treatment presented above for both solar and
terrestricl assumes a non-scattering atmosphere. This is of
course unrealistic since eignificant scattering of radiation
occurs in the atmosphere by air molecules and dust particles.
Also,a constant absorption coefficlent is assumed which again 1§
not the case since absorber gas concentration varies in the
vertical, Major absorbers are water vapour, clouds and ozone.

A more realistic approach is to be able to find Hweradiktion
intensity at any given level in the atmoephere with any composition
and vertical structure, This ie demonstrated by Dugdale

under Satellite Metecrology

When the necessary transfer calculations are made, it is
then possible to deduce the contribution of radiative processes
to the atmospheric energy budget and their role in the conservation

laws.
INSTABILITY MECHANISMS

Inatability processes are very important in the atmosphere
because they allow the origin of disturbances on various space
and time scales to pe determined from the flow thermodynamics and
hydrodynamice. Ordinary diagnostic methods of the guasi-geostrophic
theory.only serve to account for the maintenance of, and relationships

between,velocity, pressure and temperature fields.

Baroclinic Instability

The middle latitude atmosphere is varoclinic and (bareclinic)
wavee which amplify through the loss of potential energy of the

basic flow develop within the zonal flow.
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Horizontal temperature advection plays a crucial role in the
development of baroclinic waves. Baroclinic instability in zonal
. flowe was studied Independehtly at about same time by Charney {1947)
and Ewdy(1949), the latter providing our pregent understanding of the
origin of cyclone waves while Charney's work dealth with longer waves.
Eady's treatment may be summarised very simply by starting with
the simplified vorticity, thermodynamic and continuity equations in

%,¥,2,t (in which set Ru <2\ aond ..g_ is constant), These are

2% + V,.V3 ~;%_w_ =
z

>t o oo {2.7)

S

%E_ + Vo'Vs 4 wd = o .o (2.2
ou + OV = s (2.

The equation satisfied by the perturbation stream function y/

(assumed geostrorhic) may be expresged by the single linear equation:

o )/ 2
e U)o+ By e
I8 2

where
R = L2% = »s
B’fbl_ oya
= 9 ac
LP { &S .o (2.5)
5 = V'V
and

g1
vz
DV _

—t —_—

{in terms of pressure, it can be shown that \P o AP ).

With a solution of the form.

b= Fe) eplil)explik-ad] .. .o

representing a wave moving in the x~direction with phase speed Cq

(C = ), Eady showed that only waves with wavelengthe 7 satisfying
 t

f) > 11‘{_\-&@ v (2.7)

can amplify. H is the scale height (~ [Qkm). Thus A increases
with static stability. For typical values of B and f, the lower
cut-off wavelengzth l‘hc = 400OKm, with an e~folding time of about
2 daye. In such waves, the trough axis tilts westwards with height.
The characteristics of the cyclones waves of the middle latitudes
are very much similar to thosze of the theory.
ChanneY's theory provided the upper cut-off wavelength and
thus completed the fundamental theory of baroclinic instability
{See also Holton, J.R. (1972) for a 2-level quazi-geostrophic treatment)
In baroclinic inetability, the waves basic amplify because the
potential energy of the basic flow is converted into perturbation

potential energy which is then converted into eddy Kinetic energy.

2,2 Barotropic Instability

A barotropic atmosphere ig one in which there is no vertical
shear of the wind - thermel wind is zero, Unlike the mid-latitudes
where strong latitudinal temperature gradiente provide the primary
enexrgy source for synoptic scale disturbances, temperature gradients
in tropical regions are small,leading to small available potential
energy estcrage. Energy for disturbances thus comes primarily

from latent heat release,



-|‘-

Since most tropical d¢isturbances develop in situ, their development
cannot uswally be accounted for by baroclinic ingtability.

It is now established that barotropic instability and conditicnal
Instability of the Second Kind (CISK) are two main mechanisms for their
initiation. The latter is treated in section 2.l

Starting from the barctropic vorticity eguation {1.18) and 2.3
introducing perturbation velocities as for the quasi-geostrophfc theory

(but here no assumption of geostrophy!) the linearised perturbation

stream function equation may be expreeced as

2 4+ w2 lgdy 4 —4a* T\
\‘P+Lﬁ d_gi)—'b-;—o - Q@8)

[:1% D%

Kue {1949) showed that barctropic instability of the zonal flow is possible

—dra
P5s

That im, the :rofile of abeolute vorticity must change sign somewhere

= g:j_ ((% -\—{—) = [Jsomewhere - (2.9

within the domain of interest [ a full treatrent of this is in Holton,
dere {1977} o 290).  Cuch profiles, taken from Resnick {1976}, are

chown in Figure 3 wnich shows that the condition for instability is

met only in the month of Ausust at T00mh at longitude GOE,

ltesnick has shown, however, that trepical zonal flows do satisfy
the conditions for both barotropic and baroelinic instabilities,

'het ig, that even though horizontal temperature gradients may be small,
they are nevertheless sufficient to give some verticsal shear of
the wind in addition to lateral wind shear.

Thzt thie is so was shown by Charney (1973) using the internal jet
thecry of Charney and Stern (1962). The condition here ig thzt the
‘radient of potential vorticity Ei muet ve negative somevhere in the
Aomaing

8 =

= (2-10)

2(s- R T
L5 ) +,5};(%£__9 :g%) ‘

\..«here..}'--‘J is the Coriclis péﬁameter at the centre of the region and
¢ ie static stability defined by " — T%@/@'_‘Bp

The resulting field of‘O@/’by at 700mb is shown in Figure |,
giving firm indication that both types of instability are importan:,

buty the baroclinic terms makes a smaller contribution.

Convective Inetability

fmbedded within the synoptic scale systeme are mescecale
convective circulations whose initiation and evolution are
determined by the stability control of the larger-scale flow
and the release of latent heat. 1In an unsaturated atmosphere,
atatic instability occurs only when, for the lapse rate ?f given
oy

_,___:{__‘_’@_@. o (2011
6 vz ’

bﬁ'/bz L. O

However, continuous parcel ascent will lead to condensation

Y =1

and lalent heat release. Instability continues in this eaturated

situation if the lapse rate ?r is greater than the saturated

adiabatic lapse rate r!.

5 The stability condition for such a

moist atmosphere iz then known as Conditional Instability

(e [f > X > 1 ).

in terms of the equivalent potential temperature Et'which in

Thig is more conveniently represented

the temperature an dir parcel would have if all its meisture were
condensed out and then brought dry adiabatically dewn to 1000mb

level. The process is irreversihle, g)é'is given by

EEQA = E}.QJLP (.Li$3 /C? ! )
Thus conditional instability occurs if

26 /92 4 ©
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It is stable (absolute}y) otherwise. This is aleo known as
convective instability. Figure 5 shows that the tropical atmosphere
is conditionally Wnstable in the lower troposphere, However, the
release of instability additionzlly reguires low-level convergence
to ensure (forced) lifting to saturation. This is because only alr
below about 900mb has sufficiently high B to become convectively
buoyant when forced to risey much more forced ascent is required

for higher layers due to the low B@_ .

Convective Instability of the Second Kind (CISK)

In the previous two subsections, it was emphapised that,
uniike for the mid=latitude gynoptic scale systems, latent heat
iz the major energy scurce for many tropical circulations.

The convective systems are embedded in and controelled by the
larger-scale flow,

In this type of arrangement, strong interactions exist
the smaller and the larser circulations,

Charnesy  eand BEllosen (1868 hod Shown
Hixt ordinary conditicnal (or convective} instability produces
significant growth rate only on the scale of individual cumiiue
ciouds. Thisg i especially so for reascns given in the previous
cection. The convergence required is on a larger scale and is
frictionally driven. With considerable ascent thus ensured,
attsinment of buoyaney by the rising air parcel is possible and
the condensing cloud air then suprlies (latent) heat to the
larger-scale flow. The interaction is thus co-operatives the
larger scale motion supplies needed moisture for cumulus growth
throuahfrictional convergence while the cumulus clouds in turn

suprly thesheai required to drive the large scale cireculation.

o
When such co-operative interaction leads to th e unstable growth

of the larger~-scale system, the process is referred to as Conditional

Instability of the S®cond Kind (CISK).

RAIN-FRODUCING SYSTEMS OF SEMI-ARID TROPICS

The weather and climate of the tropies and asubtropice are influenced
mainly by the tradee of both hemiepheree - the north-east and south-east
trades. The lafer changes direction on crossing the equsrtor to become
gouthwesterly flow, popularly known as the southweet monsoon. The marked
contrast between the airmame properties (direction and moisture) gives
rise to a kind of peeudo-frontal zone - the Inter-Tropical Convergence
Zone, ITCZ - whera the two trades meet., In Weast Africa, the continental
manisfestaticn of the ITCZ is called the Inter Tyopical Discontinuity,
ITD.

It is the seaspnal and daily meridicnal cecilletions of the
ITCZ or ITD that essentially determine the weather and rainfall patterns
of the semi-arid and disturbed areas of the tropics. The location of this
zone im shown in Figure 6 for both summer and winter monthg, A mechanism
of ITCZ formation and maintenance was put forward by Charney (1987),

Since the low-level tropical air is highly moisture-ladden and is
convectively unstable (section 2,3), cumulus convection and latent
heat release depend largely on frictional pumping of mase and moisture
out of the layer, These are proportional to the vorticity of the

surface wind and may be expressed simply as

w, = K<

oo (301

where A& depende on the Kinematic coefficient of eddy viscosity fa) and

ere
the cross-iscbaric angle {of) of the winds. Thus in a tropical atmosph

with positive vorticity imparted by a disturbance, fricticnal convergence

will lead to upward pumping of moist air and cloud formation,
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The clouds in turn generate condensational warming, fall of pressure and
further inten#ification of the cyclonic vorticity and hence convergence,
leading to a perpertuation of the system. This is the CISK process
discussed in section {2.1).

However, some of the characteristics of the ITCZ differ significantly
from those of the ITD. While weather and precipitation occur in the
immediate vicinity of the former, significant weather is not encountered
for about 150km south of the surface ITD {Hamilton & Archbold, 1945;
Adejokun 1966)., Associated with the surface convergences are low-pressure
systems whose intensity usually inoreases with height before weakening,
Also, much of the tropical rainfall ie from convective clouds (see
e,g. Glatnz, T9763and Omotosho, 198l for the West African case) of warying
dimensions and intensities and are known tc be associated with the
synoptic—seale pressure disturbances and the monsoons,

In order to get full appreciation of the development and evelution
of each of the rain-producing systems and their relative contribution to

the precipitation ef the semi-arid regions, each system will be treated

H, aintakid ouRed, BURuR  PRasg but

separately. This is because the semi-arid zcnes, especially e very
vital precipitation when the appropriate flow region around the ITCZ or
ITD reaches and emcompasses the zone, It is also important to note
that the meridional orcillatien of the ITCZ or ITD is itself dependent
on the seagonal variations of the subtropical anticyclonic centres; the
failure of these centres to shift appreciably northwards have often led

to disastrous rainfall deficits in the semi-arid regions of West Africa

Thus, we shall discuss the following groups of rain-produding
tropical circulations:
{#) meso~scale comvective. systems (cumulus clouds ineluding
thunderstorms, squall lines,cloud elusters etc);
(b} rynoptic-scale wave dicturbances (easterly waves);

{c} Tropical Cyclomes and Monscon depressions;

3.1

The Sasterly Waves t By

Easterly waves are the best known tropical weather syrtemg. First
comprehencsively studied and documented cver the Caribbean by liiehl
(195h). it is believed that many of the smaller scale motions (thunder-
stormes and squall lines) are associated with them,

The characteristics and structures of easterly waves are not
the same everywhere round the world, even though attempt had been made

to apply the same concepts to waves everywhere. The important differences

will be brought out clearly here,

(a) Waves in the Caribbean snd Pacifie

The model of waves in the easterlies as presenied by
kiehl is shewn in Figure 7,
The westward propagation speed of the waves is 5-Tm/s.
The wave is weakest at sea-level and increages in intensity
upwards to about £00mb (4Em) before weakening upwards there~
after. The trade wing inversion is most pronounced about
300 km ahead of the wave through leading to intense sube
sidence and fine weather. The depth of the moist layer
increases rapidly to a maximum =t a wave axis,

The Kinematiecal asrects of easterly waves may be

expleined from the simplified vorticity equation

(540 = —G vy - 02

Since air flows westwards through the wave in the
lower layers, the equation implies low=level convergence
behind and divergence ahead of the wave axis., The reverse
takes place at upper levels where the basic easterlies are
weaker and the wave prepagates westwards relative to the
flow., Thus the area of active and deep convection and

heavy precipitation lies to the rear of the trough.
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This model appears to have been applied successfully to the West Pacific
wdves,

(b) African Ensterly Waves

#eihl's model cannot be applied piece-meal to the easterly waves over
“est Africa and the eastern Atlantic. This is because the wind regimes of
th: sreas d!ffer eignificantly (compare Figure 8a, b and ¢ for Venezuela,
#a2at Pacific and West African regions)., The juxtaposition of two tropospheric
Jets over a rather shallow layer of very moist and warm southerly air is
unique and are important cver West Africa ani the eastern Atlantic. Hence
the African Zone of wave activity is urwsual when compared to the lower
troposphere of tha rest of the tropics because temperature changes of 10°¢C
cim oceur within a latitude band of only 10%; the resulting vertical wind
shear leads to the mid-tropospheric African sasterly Jet (AEJ).

The easterly waves develop south of the jet (AEJ) core in a region
where the mean conal flow is barotropieally unstable {Burpee, 1972).
Wave Ftructure(Figure 9)shQWS a surface convergence zone only, a cyclonic
vortex at B50mb and a distinet wave pattern at 700mb. \‘ave intensity
decreases upwards thereafter. The instability of the fiow has been tested
fram Charney's (1973) extension of the theory of Charney & Stern (1962) for
caroelinic ingtability. This reauires a turning peint in the meridional

#raiiont of mean potential vorticity (§) which is represented by

g = = 2 (M0
b—;f C\j 7 +4) Tﬁ’(‘m U\") e (33)

where — ~

00 = =2 W%
Chrrney showed that if surface temperature increases northwards, as is the
case in northeen Africa, then for instability to occur;?ﬁb/zly must be
negative somewhere in the domain., Some resulis, due to Kesnick (1976) are
Thown in Fimre 4 Tt ir obvious that Afriean waves are due to both
tarotropic nnd baroclinic irstabilities, with the former «  >the main

eontributor.

[}
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Firure 10 W& €& are the vertica] profiles of vorticity and divergence
in a YWect Fucific »nd an Wact Aftlsniic wave while Figure 11 shaws the
distributions of moizturs, vertical motion =2r3 rainfall amounts arcund
eactern ttlantic waver, There in gtrongest conver-erce logated ghead
of the wave troush whers ayelenic vorticity ic alco strenpest, Westhar
ond precipitation dis ributione are thersfare a veverse af the earbbhean
sity=tien,

keed (19R)) hag suggected from use of epectral,arslysic of data over
Fast ifrieca, that rnather type nf rain=bearire wave rhenomenon found not
at the mid-trepasrheric lavels as in Weet =né Central Alrica, sxirts
over the cast £frigan resion,. This wave is however nnt necsrrarily

Aifferent from th-t over rentrsl =nd best *Trina,

Squall Tinmes & Thunderstom

Cutride the mid-latitudes, sanall lines ara gererally detfined as a
belt nf intense tynnderstoras of 100-306 ¥ Yenr, SO=100ky wide, orientated
roushly northegouth and moving westwards a1 abont 18m/s o sverage, They
ATe st compan in wert Africa, Cariubeans -nd Venezuelan reglons,
Together with thunderstorss, th-y rreduce more thon BOW of total rainfwil
of the affected avens (see for exazpte Fisure 193 from Omotosho, 1328),
Fary af thece meso-scale canvertiva sreters are widely helisven to ré a
result of the low-level cernversence arssciuted with the aynoptic=ronla
easterly waves where the :tmng:hore iz conveetively or potentially
unstahle.  igure 12b shows that trey ave found almost arywnare slon, thao
wave tut moetly nahead of the wave treugh, They are therefore not
initiated ny wave activity (Febride =nd Gray, 1980). Seme zre aleo
arrociated with asymE:tntes of converpence in the low=lavel streamline
pattern (Houve 1977) and are then r:ferred to as Listurbsnce Line.

While the mechanism of their rovagntion and meintensrnce zre now

nrererly underctood, thut of their initi-tien is =till unclesr.



Howevar, wgnerieff & bilder (1976) 2nd Folton (1984) heve chown that the
evicterce of a tropnspheric wind weximmm with revercad wind cshear in the
lower lavelrs s importernt to their devolopment., The rystema are in quari~
steady otate wi<h the denzity current {zurt front) feeding the cloud cells
with warm, moist (hich Oi) air for sustenance (see #igure 13), It is alse
el suegested thet the =jimulitonecus presence of positive poundary layer
verticsl wind ehear, a moi.t lzyer of about ons kilometre deen znd a

are
distinet snd orpunives mid &— 3 tropospheric wind maximum (A.‘.’J)Aaﬂ
negeseary eqnditions for widespresd thunderstorms development snd their
slidonmen’ into a linegar rshown in cigure 14, The interaction betwesn
tre elonde, wust front and the :oundzry luyer is escentially one of 215K,
“uch intercetion ir poscsible only because of the reculiar wind regimes

wWhiinh

ares Tne relative flow to entar the storw elouds {rom the {ront,

'ty
Lo

voncrieff & Xiller pave the speet of rropa~ition of

trorical squall lines Cg as

fi

C.

Up + O3 cCaet’ (3

where U ie the miA=level wind speed in the cum:lonimbuc Pnyer, TAPE is

the convective twveilable potentinl erergy wnich is proportionsl to the

preirive apen on the Tef rems ranztion (3.1) wae found tn zive npeeds

noeapriceratle agreenent with obrerviatinog for squall Vines over
Yenszuels {veltret al, 1976} ird reuncrably so over weat Afrjes [Omotcrho, 1976)
b oae pointed oot by Omotoeko (19%&), evali. tinn of CAFR i3 nnt

treetie Aly eonveniernt {or operatior~?! rurpores, He qu Fested A predictive

relation (Urov agtnal dats wrd hared on similar interactiorn rringiple) of the

Surrm,

Cs = al 4 b AT ee {38

Y
. AT = [( TE& "T\\'\) ‘lsa

i /‘.l

-E;l is the surface temperatvre twe hours refore snouall arrival, a & b
~re conrtants determined For individual stations.

The manner in which the interaction iz uced tn the ad.

n-ara nf the
equall line ic summoricetd in ri.ure 13, Conl dry air - imeked from
the front inte the clout at the level of the fLJ, roches down ar

evarorstive downdralt to fores the routhwest worm moict sir up Into the

cloude o* the Lurt frumt crested -5 a2 rerult cof their temperature oondtraets,

Me evact role cf the ur-ar trepiesl sasrerly Jet (TEI) is howsver not

yot clear.

Feansaon liepreacsisng

Fonroons are 0 ced hy the A{fferont rerponse of 4 =l prennr

te nfined Yirgely to the trepicgend are perieds of

rancertrated nrpeipitation,

Cver lappe tropical nceorns, simal phomeree in o] reglutjon: are

Timited to minar Tatitodirs? ohilfte ¥ Ale winde ard oloud distritutiones,

with the reneps! pattern remaining virtually th sare =1) yerr round,

An entirely different situstion prieta over tropical contirents nnd
adjarent oceane where lurge seasons! temperaturse voricotiono ceccur. The
rarerqueree is thot the reciong of the semi-permancnt anticycloness over
the oceang, and which extend over the l:nd aress of ihe tropics in
winter, asre auickly trinsformed atl the bepirning of the summner into
arear nf low rrersure over the rontinents, leading te the eptaklishment
of the ITCx {or ITD) come distancd from its winter porition.

The trzde (%.E) winde of the southern hemigphere crc

the enuator,
chanee Airection due to the reversal of the Coriolie Feres 2n become
sonth-werterlies, “'hig mesns thet trepical continents wnd 24 scent

acexn:s exnericnce a soni-nanmal wind reversal krows ag the monsoons,



The monsocen, eppeciatly the summer tyrz, therefare reprevents large-scale
P

air flow from the aceans to the tropieal recions af the Figdle rast, particularly

fiey Douthers dgia snd West Africa. The areas of mongoon circulations are

do-isted in ¥imre 15, The winter monsenon over Tndia ang Southern isia is a

cind of Tohort! pain whereas it is entirely o dry period over West Africa.
Trosontrest, the cummer monzesn is e time »f wideepread and rrolong preecipitation
svomrrhinre afferted by the ransann., This is because larre-geale flows with
stren werterly components are susncisted with vertically increasing ¥inetic

orereg af the nevturbation upward motion (Tettru, 1056) ar
12 d;
_?__(w) = 21O u cos e (3.8)
‘oz
vhara vl s the pertirhation vertical velnclty and u is the zomal componient

ST tNe wind,

L, ke lonsoon ieprerciong ef Snuthern dsia

The mrjor features of the cipenlsting over southern Asim is depicted
ir Yiccre 14, At tre eurface snA Tow lﬂvnir, the moncoon ia charaetarised
Yy o remiseynoptic senle Tey rreseure (Sigure 17} which beromes mnst intense
in the BEDN-AOODD 1o yer {Ranage, 1971}, The disturbances last for upte a
weeaty ecuring widesrresd rainfell, Fest rigrificant ie the anpearance of
the pactarig) Jet oAt 180rt whick dg cotneeted with the farmation of an
reeer Taval vi W opreceure cyetap apen the Titatan Plateay during the Gummar
frevdlie 41 rontihivie~t menanon te very setive Anring this rerind. The
Tetmuat Al the monmeon frem aver northern Tndia ir indigated by the weakening

and Fieappearance of {he enrterly det over Wasteyn Tniia Ocean,

The =trong low=Tavel conwercence combined with the setive divergence in
the wpper=layel wasterlice, leads to strong upward motion which is intersifieg

ty tre Jarge Tatent heat releare,

the asanciated Erecipitation is heaviest over the hatched area in

Fimra 17,

e G

1P

(b} The West African Monsocn

The Weat African monsoorn oecurs on a relatively emaller scale. The
seagonal shift of the lowepressure centre (ITD) ie only about 179 latitude
cotmpared to about 30° for the Indian monsoon. The depressicn here is
essentially a heat low as the zones of maximum temperatures in both
winter and summer are almost coinecident with the low pressure areas,

The meridional variastion in the depth of the monseon layer is of
great importance to the type and intensity of weather over the region,
as the ITD moves from {ts {lowest) latitude of %N in February to about
23% in August, Hence the regione surrounding and influenced by the
ITD were zoned as &, E, C and D {Hamilton & Archbeld, 1945), depicted in
F:Igurel’a,relative to the ITD and the derth of the meoist layer.,

Details of the zones and associated weather are given in Figure \§b.
It is obvious that the most active weather does not occur where the
ronsoon flow iz deepeste khe mpecific humidity (Figure 19) is maximum
along latitude 120N whereas the moist layer is despest much further
south, The January situation is in complete contrast with no rainfall
at all over continental West Africa as the convergance zone is over
coaptal areas,

The moneoon over West African is believed to have a periodicity of

progressively
L-6 daye (Adefolalu, 197L). Because of the A shallower moist
layer depth as one approaches the su:face position of the ITDH contragting
weather and cloud typee with varying rainfall intensity and amount are
encountered,

The dynamics of the flow is basically governed by the northesouth
temperature gradient, which is positive pelewards at this time, The
Implied easterly wind shear therefore leads to the weakening of the monsoon
vith height snd the eventual change inte easterlies. The monsoon depth
Mmay resch sbout Jkm (700mb) in Avgust, ccnsiderably weakening or completely

preventing wave anpg deep convective setivity,
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Tropical Cyclones 2_?

is nature's most destructive weather systems, tropical cyclones
represant a special claes of intense atmospheric vortices. Although
there is as yet no universal agsreemsnt about the processes which
1~ad to the traaaiormation from tropical disturbances to cyclones,
Cray and nis group at Unlorado State Upiversity (Gray 1979, Mebride 1979)
have c=rried out extensive observationa) studies on the systems. They
sugrest that tropical cyclones develop in regions where
(=) there is a non-zero value of the Coriolis parameter
(o) the sea surface temperature > 26,5°C
{¢) twera is hirher than normal relative rumidity
(d) there is zero or nerlivible wertical wind shear near
the centre of the syetem
(e} a weak warmecore sy:ter with a low=level cyclonic circulaticn
havings a high value of rel:ztive vorticity on the scale of
about 500~800km exists and the vorticity falls off with heirht.
The temperature ccustraint ie necessary to mrintain a saturated
adiabatic lopee-rate throughout the troposphere with a tropopause
temrerature of ~789C {Pearce, 1381},
by
The originse and areas affectedkcyclones are depicted in Figure
Aba while FiguredQb shows the latitudes of their initial detection.
The latter figure shows that cyclones do not form 4=5° from the
enuator, are mort favoured in the latitude belt S-QOO,Aére most
fremuent, in the North West Facific.
in a tropical cyelone, the belance of forces is between the
centrigugal force of winds rotating at sreeds greater than about
Som/s and the pressure gradient force over a horizontal scale of
about 100km. Motion is in bydrostatic balance and there are large

temperature deviations.

Jo

h tropical cyclone has a well-defined ceniral region - the eye -
wheose formation depends on the anpular momeatum of an anmilar ring of
rotating air as

VST‘ = constant . (3.7
where \Jg. is the tangential velocity and r the radial distance from the
centre. 4s the centre of the storm is approached (r decreases) the
tangential velocity ingreases. But since the cycleone kinetic energy is
finite, the wind cannot increase indefinitely and it thus tends to spiral
upwards round a central resion of calm subsiding motion.
Figure Q| is & typical vertical crosg-section acerosg a tropical cyclene.
The eye is warmer than its environment throughout its depth, mz ing trepieal
cyclones warm-core systems.

Cyclone genesir would seem to depend on the strength of low~level
cyclonic and upnrer trepospheric andicyclonic eirevlations, Their  enesis
may te thought of from the conditions which lead to an increase in the
abaolute angular momentum,ﬂ\u, within a eylindrical area of the disturbance

region out to about 69 radius.

‘This can be reprerecnted by

B
DMabn = J f\’r%msfe»%'w rhom (39

where “\L\ _

+-%¥T1

Ny *
S ar 08

S KL [ 8 T80

ino v “L ‘ﬂ
\/P',\JS'J PS represent radial tangential winds and surface pressure
respectively.

The term offi LHS is the mean rate of change in momentum within the

disturbance, The first term en the right rerrecents the import of momentum
at the 6° radius boundary into the region; the last term is the momentum

dissipation. Ubservotionsl results have indicated that there is a much
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vaiue of seeond over last term in (3,3)

"he difference between the relative vorticity at lower and apper
troposphere, the me—called'penesis retential', i= also an important factor.
teveloning cyclones are [oung to be characterised by large differences

Thir difference ir congentrated in the lower and upper troposphere
= rhown in Figure 29,
Gaelane intencification have moestily been modelled on the GISK theory,

FHile dhe tresry cpoeers to pioe swtiof-elory c¥plen-tion of the later

siae i inner-core ve; fan intencificatior, 1t does not explain how the
deep cyelona from wnich inte;srationn started ie ites] [ tormed,

neh fupthor medelling anecicted by results from observational study

dare ctill o reauired Lefare swelone 'mAerstsnding and prediction can te fully

e ievad,

BOITNDARY FHO0w:

AYD BURFACH =URROGY EUDGET

In =action 1,4, the radiative nrocoeesss and enargy halance were discussed.

This b Tanes may be exrreased nr

@ = &y + e o+ g (u-)

wrinps Q.‘ apd QE Aare the sensible and 1atent heat fluxes out of the surface

e G[L! the “lux inte the ground, G (the basic ingmt of surface energy

Ciptan ) the net »adisztion abrorbed ‘¥ the ground ar a cunsequerce of

which is terperature changes according ta tine of the day (see Fi ure23&)

Shen eperey ntara ~n

; AQS’ in the lryer {ov ddune} [c congi dered,  (L.1)

e

@ + G + B, + 09 . .

3

There equations express the concept

snergy Input =« Energy output - Storage = 0

Three poseibilities exist?

(s} TInput > Output == flux convergence ( LRy 0)

{b) Input & Output .ewp flux divergence { AG, < 0)

{c) Input = Output { ARg= 0).

The temperature of a layer of mir near the ground can be chanred ty the
convergence or divergence of one or meore of Q, Q“ ) QE and QP
(herizental flux)., 1If the zite is assumed Free of horizontal advection
#nd the air remaine wnsaturated, then only (@ and (3, effect the
change in the air temperatura, Henze the atmorphere is wamied by day
when Q“is directed upwards and verticel turbulence mixing im efficient
with § remaining affectively conetant with height., The might situntion
is that Q“ is directed into the ground and the air is cooled by the
vertical divergence of Q“ {(-£GQ.). Upte about 50m akove the' ground
varisztione in radlatively-important agentr {water vapour, {05, dust)

iv negiible; this is the conezant~flux layor.

The rate of heat flow into and out of the roil depends on the
temperature gradient and the goil charzcteristics, so that the fluxe
grndient relationghip ie

Q’GI = - L:s .é_l_. . . (h_})
where Ke is the thermal conductivity (Nm" K" V3 it is net strictly
A constant as it varies with depth and time. Thus by day time when 'D'ﬁ_’/'a,_
is negative, Qq iz poasitive into the air {i.e, a sufface energy lors).
The reneral dyurnal and seasonal cycles of roil temperature nt
different depthe are shown in I-‘igureﬂhand b while Fipuredje is for a
tropical conkinental etation {Ile-Ife, Nigeria). The heat wave
penictrates to lower deptihs with decreasing amplitudes and the
maximum =nd minimum temperatures are time=lagped. Foth features are

dependent on the thermal diffusivity i’.s (= ‘K_,, /C_., N (_s iz the thermal cagarity)



The wave arplitude =t any depth ( 651;)2_ decreases exponentially with

(ATS)'L = (AT QX\)\_:Z(-E/JQ:»P)] © o (h.L)

where P is the wave period,

The method of estimatin,: heat flux @q is to use heat flux plate
of known conductivity since the variability of ﬁa renders equation {li.3)
impracticable. The plates are usually bygried horizontally and at least
10mz below the moil surface. The terperature pradient aceross, and the
heat flux through, the plate {(and hence the g0il) are proporticnal to the
output of the rlate as measured by the connected thermopile, IDue to the
plate’s closeness to the surfage,over - (or under-) estim=tion fray oceour,
Thir is accounted for by subtracting (adding} the change in neat storage
(AlQﬁ) in the overlying layer.

A similar equation to (h.3) is alsc valid for the flow of water,

My from the soil:
M, = - ftw?_qr_ . . (4.5)
o2

where J} is alr dernsity, {{w the molecular diffusivity for water vapour
(200000 %) and q is the specific humidity.

Equations {4.3) 2rd (L.5) are strictly valid in the soil or
laninar beoundary layer but not in the atmosphere where convective
activity dominates and real molecular transfer is negligible, Despite
tris, the analogy of the roles of molecules in conduction can be extended
to that played by eddies in convection, The transfer of horizental

momentum in the laminar toundery layer is given hy

T o= ph2E gy

z

-

3¢

where o is the shearing stress {force per unit area) to the Kinematic
viscosity (= 0iSxig *wm>a'), Th the mean wind. The analog for the

turbulent surface layer above this lamimar layer is

i

T e f) Km ?__\_L } . .9
Z
where Km is the eddy viscosity { mae-! Y. Km iz about £ ordere of

magnitude greater than +m,

The study of momentum exchange is important because it ic central
te studizs concerning transports of heat (,) and moisture (§g) and
aleo to pollutant dispersal.

Inder conditions of neutral stability, the variatien of wind

with height is given by the lorarithmic wind profile eguetion:

1 = W, " . .
vy 'S l (Z/Z“) (1.8

where W is the wind speed at “elght 'A,u‘_(u?; = "’;/_P Y ir the
friction velocity, k the von Karman's constant {0.0), and Z, iz the
roughners length (m), Bince {J, can be evaluzted from wind proffle
measurerents (slope is k/u* from (':.8)) the stress “}- can be cbtaired
which can then be used for ewvaluating other fluxes.

The above diszcussion relates to nentral ennditions where buoyancy
is unimportant, as in cloudy skies and strong winde. Tn such situstinons
forced convections due to frictienally-generated eddies dominate.

In unetable conditions momentum, heat and moirture exchanges are

enh=neced, althonsh forced cnpvection are still deminant nerr the

ground vp to say about 2m. Above this level, free convection hecomes
dominant and stability effeets on vertical exchanges incremser, Figure 25
gives the wind prof iler under different stability conditions.

Yertical winu eradicnts are largest under stnble situations and

wenkert in oan uredable sdmagrhara,
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o1 Heat and kointyre Fluxes

The sengible heat Q“ prssing through the lorinar boundary layer

by molecular aonduction 1=

al

Q“ = - fCP)QHL - - {4.9)

N

and the flux of sensible heat in the overlying turbulent layer is given by

Qy = ‘fcpkn(% ““1&) . (ha0)

or, in terme of poteniial temrerature 9-'

QJ —_ __F(‘P KHg_g . . (h.11)

H

KH te the eddy heat conductivity ( m™> S“|). The vertical trrasport
of serrcible heat {s typicalised in Pigur%&rhich shows the correlation
hetween stability, tewperature ~nd the heat flux. larse upward heat
transfer and high temperatnre are associated with unstable conditions
(w poritive),

fivaporation from the rurface turough the laminer sub-layer is riven

by equation (4.5). The flux of the water vapour in the tufbulent layer is
E = ""P K\,g, .Bi . . (4.12)
el
and the lstent heat flux QE i

Qe = hfLKN__a_ay Ce (a3)
2z

whare |<w ir eddy diffusivity =nd T the Tntent heat of varorisation.

3¢

The exchange of moisture between surface and the atmosphere determines

the humidity. In cornstrast to the heat flux which is upwards by day and

downward towards the murface during the night, water vapour flux is

predeminantly upwards, Although water may return to the surface as dew

under certain conditions, this is almoct negligible compared to the daytime

figx,

26
F‘ig-ure* shows that the vertical tranefer of geneible heat ig

correlated with the upward motion. The flux of a quantity L with

I ——
fluctuations ). about its mean A can thue

—_
Fy

=Pwl

where the overbar may he time op space average,

be expressed as

Therefore sensible and

latent heat fluxes may be given as

QH = 'PCP'N’TI
@ = pLwg G
E =

However, instrumental responise to turbulence is a great problem especially

near the ground and this direct method of flux estimation is not
widely used. Wwith the present technolopieal advance, thers is sreat
hope of arplying this simple straightwforward technique which is
independent of nature of the surface (roughnese) and stability.

The profile method which is commonly used is based on the agsumption

of km = K“ — KN - Tn such rages, the ratios of the fluxes are

QH/OE = _C'E_ %;_‘/ (ly.tha)
a (L 1uw)
)y = -L 5

fa\tN
Even if the assumption was not made, a knowledge of the Lehaviour of,
say,\-(m’KH would still allow the above method.

There are two techniques under the profile method - the aercdynamic
and Fower ratio methods. The aerodynamic method is strictly valid
for neutral conlitions only under the assumption of steady-state,

invariant fluxes with ko ight and constant Ke.



= Y

3} Adefalalu, D.C. 97t On feale interaction and lower troporpherie
_ summer easterly perturb-tjorn over tropical west
With these ths various fluxes are estimated. With Buhz = \,\*’kz from £frica, Ph,D. Theeis, Derartment of Metecrclogy,

Flerida Ctate University, U.S,4,
3 iven byt
(hf), they ave piven by Adejokun, J.A, 1966: The Three dimersiona) structure of the Inter
) _ _ tropical Discontinuity cver Wigeria, Techm, Nntr
Q PC L2 a ( AU g) No. 19, MNigerian Neteorolozy Department, lagoe.
= -k o2 AP (b.15a)
“ . .
L2 bz ‘ Rabatunde, F.B. and Balogun, Z.k. 1983: "The diurnai temperature
vatiation near the pround surface at a tropical
— = station, Nigerian Meteorology Journal, 2, GEufp,
Qe = -plir> {88 84\ | (i)
2 .P Dz Oz Betts, f.K., Grover, R.W. and Monerieff, k.w. 1976: Structure ard rotion of
tropical squall lines over Venazuela, .uart J.x, Vet
Soclety, 102, 39c.,0l,
The & i =2thod has the advantage of being stability-independent .,
he bowem ratio metho N Burpee, %.W. 1972: The origin and structure of eastarly waves in the lower
The howen ratio 5 is given by trepoephere of North Africa, J. Atm. Sei., 29, 17-90,

Charney, 1.5, 19473 The dynamice of long waves in a baroclimic wostierly

~ & A current in J. ietecralosy, L, 136-167,
tﬁ = oL = '_C_F———D' . - {k.18) ‘- ; : ;
Q N e Charney, J.7, and Eliacean, A, 19AL:  On the prowth of the herricare
= depression J, Jtm, Ici,, 21, 1802175,
8o that from ths surface energs brlance equntion (4.1), the fluxes can be Charney, J.5. »nd Stern, M,F, 19421 On tre stability of interesl barocelinic

Jete, TU Atm, feil, 10, Coa1yp,

Cherney, J.3. 1967: The Intertropical Canvergsine Zine sng tho Y odler
cireulation of the atmagphere, WYO/TUGT [ wovndinge
on Bameries) leathor Prediction Tokyn,

— 4 .1
F“ (Q Qq}/( k Te’) (L17a) Faty, 1.7, 1949 Tong waves and eyelone waves Tellus 1, 3370

written in terms of @ Y

i

Qil

Tlants, M., 1974 s vange elimate Sarecipt Fov the

L.17b ‘ Cahels [ pr‘elimfnur}'l freerenent, TRTAT copmierioned ctrnls
QE = (Q—' Qu)/{\l‘\'?’) (4. 170) hepert, h

Gray, w.M. 1979: Hurricenes: their formation, etrustire and 1velr roe
in the trapfas] zirewlaticn, In "Wetesrole-r Cuver
Tropical Oreang®

The partiticning of the ensrgy over different surfaces at various

ocations are shown in FiguredT. . . ) L L.
locati = familten, T.4, and irehbold, J.k. 1945: Meteorilogy of Nizeris ard adineent

) . . + R T J. ", et 7 PLELDE
Pfurther disecussion of msasurements ic done under "Gatellite Keteorology™. ATTIieIy. Twaft J0 T eet, leg,, 71, PLELDEC
Holton, .. 1972: !n Tntrodustion tno dynaric metaoralogy. dcadery rerr,

Houze, 4,7, *977: Ctructure =nd dynamies of a trepical Squall=line
syriem. Mon, “Wea, Hev,, 10%, 15L0-1567,

Lercux, M, 1983t The Cyimate of Tropieal Africa, %5a:tinne Cheapion,

Lettau, H. 19%6: Thecretical notes on the dynamics of eguaterinl atmerphore
Beitrage Zur Physik der Atmosphare, 29, 107,

Lockweod, J.5. 1974: World 02 imatology: £4n ¥nvircnmental Lrpronch,
Fletener % Son Ltd,, ¥orwich, B.itain.

iorerz, E.N. '3A7:  The ¥ature and theery of tha fencral Cireylstion of
trie atmogphere W.¥.0, - ¥og P18 TF 115, dsnuve,

Menerieff, o, and Filler, o3, 1976: The dynamics sad nimuletion of
b

cumlonirbus wnd rquall lirce,  uert, Lk,
tey 107, 7320,

tropi
Wat,




- 35

sprvey of the termeeat sl add wind fielda pyer
tropical Weaet M0

10T I

roompd 4

rorelating to the Tane
cqually Bue ivGiect, Lept, nf pet, "nivarsity of
ftamding,

mazerhie, Ty Maye 19823 Prediction of mavimum juets in Went Afrienn Tine

Squalls,  Yirgri-na Fet, Jrprnal, !, GL-100

oo Hepo 1984 Cnothe  initiotion wnd evpanisatien of deep

conveetive syatess sver Wect A7 jca.  lnvited Pyper,

W.M,0 conference on Tropical Meteorology in Africa.

Dakar, 15l-1C7,

Tratoeho, J0 Bars, 1988: Tha reparate cotributions of line equalis, thunders

storms ard ‘Yo Monsnan tn the total rainfall over

Figeria. . of Climatelocy (in orint).

Vauwss, P,

"97R: On the concept of availahle ratentiad enerey.

wuart,
J.EL Met. Snc,, 0l 737-785%,

ol ey evaniat, B0, and Rearar, <, 1077 The strocture aud nroperties
of Afrinn: wove Aicturbanses, lon, wWes, Few,, I0E,
3T,

vy BTl Ly Vasbwardeteaye i, opticencule distrrbances of the
northern hertinrhere sumrer in tropicnl northern
Africa and the adisecent ftlontiec, Invited brper

Tanfararce oo lronjoal Lotorrelogy in Africs,
12t

vty BN Trapiaal Peterrolopy, FMehrawatill, 'iew=Tark.

wenvier, oLt 974

The fenevation o7 Sfeiian Waves, . tim, FEa
19RE 1067,
Faltaor, UL ars

Habbhe AT, SR LT-E L T

ferzer  n Intreductory Lurvey,

Sonderic Tyeoe Maw Yopl,

intar:
AT 41 e,
; s O

patinn, lepurtrent nf

Para s Ttate Urivereity,

Availabte
Potentlal
Ensrgy
of the
Mean flow

Eddy

Gvailable Eddy
Potential Kinatie
Energy

Energy

Fig. la Direstion of Energy flow in an amplifying Baroctinic wave.

ow-—lwel Heating
High - level Cooling

Horlzontel temparature

Ordinary
Conveotive

tnstabllity

AVAILABLE POTENTIAL ENERSY

114
forced motioms instab ity

KINETIC Engney
OF BMALL- SCALE

MOTIONS

KINETIC ENERGY OF

v

\ Ensrgy
¢

LARGE-SCALE MOTIONS

OF RANDOM
MOLECUL AR
MOTIONS

Shaar insteblility
boundary stfech

Fig.th Kinactic anergy cycle

scheme |n etmesphacic genaral clrculation
(From Wallace

& Hobbs, 1977)




Fig. 2a

Fig. 2

E pl-'?

£l W

0+ i
TA0O" K
i !
T |I
r 1
8o |- |
$000" K
~ \
o
\
1 + + t
[} 0.8 2] 1e [ ]
Black -body aemission ot Indigoted temperatures.

The

solid

angie

dw

F ¥4

Al am }

Fig. 3.

Fig. 4,

°  ee*  20* ¢ 10° " e

Aus.

- 20" 20" 1

.-
&
2
o

0 e

w L1 0" s

Absclute vorticity { x10°%¢') varsys

115! yoo!
1 2]

latitude at

Gradient of pseudo-potential

vorticity versus lotitude ot

5"E, 700 mb

8°E, 700 mb




Fig. 3.

Flg. 6.

Typicai

temperature @, aquivalent

Pressure (mb}

sounding

o0

0o

1000

1.1 3Ra

in the atmosphare

showing the vertical

prefiles

of potantial

potential temperature €e (odapted from Holton,i972.)

idealized

surfoce wind cenditions.

A January. B

: August.{ After Gray, 1960,

L]

/J
rwo&y ~f
8 — N

re=NEAYEAN )

M %

1

lllo [T>9] []
Ahsad of wove trough

Direction of
wove fravel

Rear of wove through

Flg.7. Schamotic illustrations ot
major features of 'sasterly wave'
type of tropical disturbonce

A: Surface streamiines of week-to—
moderate amplitude wove, which
typicaily moves moves wesiward in
direction of Neavy arrow at o speed
slightly slowsr than prevalling trade-

wind,

of the

The area of cloudiness ond

rain is commonly dound 10 the resr

trough .

B: 300mb streamiina patlern in
typical moderate sosterty wave.

€: Vartical cross-section from west {lett) to sost lrigmt) . Gloud forms are shown

shematicalty ond not jo scals.

D : Schematic picture of o very deep easterly wove, showing streolines and major cloyd

lands.




me km [ o mb
la}
200 |- e +ig
ul e
00 |-
+4 -
g z
400 [
u e o ; °
- -
soob |, J ¥ e-ee- v < 5
Y d s
ooa}— ]
100 - -8 _»
%00 |-
00 - | L -1
1000 et L -1
-20 -na]‘ -0 -8 o s o !
CATEADRY (B)
(Bl (¢t
L T T T T T T 1a0 1] r T T T T 100
. -
L \ ; 3 -
| / ! i R 7 4 toom
- ,’ - - “\ E
[ wfeaTLANT 4 '\_:-.puam 4 zoo
! ~
. t B I \\ 4
-5 o 1
L . ATLANTIC 4300 . ‘\\ 1 200
~ - ’ =
¥ Al
- ! - 400 — 1 -1 490
E I ' N
L]
4 so0 - 1 - soo w
L3 " L ! - g
- - 1] - (] 4
h.nm Jj oo s r
- 100 - 1 4 100 = -
1 " -«
- so0 d \ 1 #oo “ -
hd )
- N -1 %00 - ) EELL] 4
1 1 Il 1 Ya L L h S <
M T T ™ [ il ° -0 -@ -l- -4 -2 ° ; 4'“
WiND sPrEED (m o) WiND SPRED (m o)
Fig.®. WIND COMPONENT PROFILES FOR {A) VEMEZUELA, {B) WESY AFRICA ,» AND ¢ ¥ & & & T @
(N} (r} (s) {r)
(c) WEST PACIFIC REGIONS . - £300 KM > 2500 KM
cATRESORY lc) cATESORY (D)
Fig. 9. Streomiing onolyses of the total wind fisld associcted with the waves of (A)surfo
(e} 830mb, (c) 700mb, and (D) 200mb. The plotting convention has baean dasigned so t
one half barb equais 2-Swme-! and a full bark equals 3 me-!.

The O latitude is approeximately 11°N  (taken from Reed ot al, 1377}




{ [8] 10 jo pasy woyy PeIfposdes ) Asp wu U spunowo lIejutes o daw | o)
1-4 QW ul Kjooiea 1DD14INA (4)

10a0aed ) AQpiwny SALDIBN [0) 40 N L1 ABRU  RUDIIOBS  stouD 1DIEISA [ D) 11 “B14
(9N} JunEsINd
o Q o -3 o o Q
$t: g8 =& g% s =
T T T T T T - T T T
$ 2 3'e ' / _ -
-
-~ -
a L !
!
d~ !
h;
/
3 o> > »
e ] x
(=3 o
Jaw ° ° o
E 3 u ™ w
- - \ ol
- -« \ d
o 1
i . '
- i
= / ]
dw o |
e -
Sl 8.3 2 2| 3 N\ c -
) - o - ] o ﬂ -
- )
{AM) LHBIIH {NMY LHOtAMW

“IHI0G ISOM PUD TIJUDIY  UJSIEDD JeA0 £J191440A

SAYIDIRL PUD SIUSBIBAID |D4UDZYIOY

10 wosriodwo) o) $13

[,-9 -01) FINTRUTAID TYANOZINOH ,-8 01 ALSNOA BMIYYRN
o1 ' 0 o- o1- i _
B L e e e e e e Y et L] o L o1
5 - A §l
o009 { E ooe |
eoL E coLl
oo |- 1 cos|
g »
008 [ 1 & n ooef x
A F w3 { = s E s aya) :
Boorf 4 3 £ oo} H
= | 4 - H E
- - T oo -
Foot |- 4, - i - H
- - [ -
T | ] v
oox | 1 ooz}
[ diaves v .
00 A e ) 2§ 1 J Aed & b 0 4 g 4 4 [ 1Y) 11 1 T T T T I 'l




zoo’»

R tMm)

NUMBER OF SguaL. s

-_Boginning
of squal| T

Fig. 12b. Location

J

e
Fig. 12a Monthly variation of precipilation from line lquoll...,.R'
Thunderstorm . . R'&
The monsoan . RR

(From Omotosho 1985}

WAVE CATEGORY

ot beginning ana end of 48 squalis cbserved by satellite during

o BATE and the previous interphase Period, plotted 1o the waye
hed diagram; Resd, Payne & McCarty.}






1Y

“

O

.
’4

YTl 255G ..
AR
[ LI .
-] 40 - [ -] B ]:0 180 l:ol

Fig. 18 . Areas with monsoon circulations (ofter Ramage, 1971, p. &)

SENERALLY B
BURFACE WINDS

& — = HOME EQUATORIAL EASTERLY JAT ATREAN
ey 200 ME BUBTROPICAL WESTERTLY MT l"llhﬂ

Fig. 16. Schamatic iltustrations of the major
faaturss of Asion mansoon. Upper: northern
winter. Lowar : northern summer.

(adapted from Lockwood, 1974}




Km
- 7 dopris M. LEROUX_ 1370
. >

10

s

Fig. 18a. Vertical cross-seetion aecross the |TD .

Fig. I An axample of a monsoon depression
over the Bay of Bengal. O0CG-mbo contours in
decometres for 12.00 GMT an August 20th,i987.
Halchad oreas; continuous rainfalr,

lodopted from Nisuwoit, 1977},

20°% | 1o*w
|- ‘ -] }a‘n
1%
t ind, hot d ¢ool night, ne rain, /
Zone A Dusty & easterly wind, hot day, cool night, Y atom |
—_—
o 1
— —— VTO kar i e
e — ——
Shaltow cumulus during ofterncons, clsor 200 T ——, “ ,"
Z n B night. Littis or no precipitation SW wind in nlqm7\ \ "
one morning , sosterly afterncon / evening C6 and 1501 thunder ! ~ .
on high grounds. e 10* \
Iu'" = 7] \\'\ .
Desp active convective clouds. Thunderstorms & squall linas|
T o— §.W. winds fhroughout. Heavy pracipitation. ¢, o L
ZOI’]e C TMostly Thundsrstorms with piongsd rainfoll, \"/W
Squall lines unfrequent. C,
Zone D overcast  oecasionol ight raln vary cool. o*
etw o oy
Fig. 19 Humidity mixing ratio l9/kg} ot esOmB In July L from Omotosho 1976},

Fig. 18b . ITD position and weolher ditribution in  Augusi. { most active waather iy not whers
monsoon i deepest — compare  Fig. 19.)




29

T T At (3]

T T RANTLANTIC S yer}

oe

LATiTupe

o : LA

“' \ 3 4 Fig. 2!  Cross~ssction of o tropical cyclons . Verticol esagerotion about
b A Lot per ey 50 times.
Fig 20b. Latitude at
g '.,3‘. Yot a 'h:eh initial disturbences

r
Tor The verious gavarohioo! srorms mers first detecind

- Wumbar of yeors in date average in parenthesis.
]
a
&
=
3
2
Jo l 3 i
(-]
-] n ,--"'" 13
H -~
i 5 . {
- = T T T u ~
3 s s! z 2 3 o
¢ 1% 8|3 : h H 5 i
= o ° ! & - 4]
] = i LR 2 [
E -4 . |||
§ | - 4 ! % = H 2
£ ) [ | | "
= ] -4
z £ H . ] ontput | ¥ e
-]
H 1 % | & H ( : E T A
L] o -
© > i1 ] 11 tnput
] _ S 0o oe it T 24 ; s
-}
-
. .'i v B surrLus P oericit E *
al ‘ 4 g o - LT
= e r ™ ¥ v
5 2 v |2 Flg. 23 The relationship between surfoce snergy 44 'é” _'” £ '_ i
i E R - e exchanye ond tw divrnel surface temperature regims. —r——————— =t
v @ ! ot -lo-8-8-4 .2 0 R & & OB 4
- N % g g Ttio-%er!) reag-g°
] 3 3 %
IS Q < E & 3 Flg. 22 . Macn relative vortictty within the areo
E o - - N, ra0-8" (squivalent to mean tangential winds In
L 2 L - - o
'S

re8-7° band ) from Zehr's (1978} developing
(stogs 2) and non- developing (stags 0C } dishurbonces.



-
24

- AN

£

»

H

-

L3

L3

" o) s}

OPEN COUNTRY w.“ CITY caNTRE
soo [ - —yz4
40D

:
- [
2 =
L ]
w
E H
g
E [ TUT R T T p—
r (e} {e}
" () —— UNsTABLE
TIMR (min,) 5| O .
T, | -
Fig. 24 (0 &b} Generolized cycles of soil temparature t:'ue" ¥ g O
al different depthe far {g) daity and {b)annuat paricds. -l .'-Az 2
o0 F Q
AW -.. l!-.- Al g
- P |
£ (4 evasus (o)
s ™ NEUTRAL
H & [ el
= "ne
26 ’e) i )
. . o H L
Y o z‘
WIND  BPLRD,

Fig.25. The wind epeed profile near the ground showing tha
2T + affect of stability on profils shope and addy siructurs.

TEMPERATURE *¢
]
L ]

R e S S S
O 04 0808 & IT M WM I8 202 00 02 04 08 OB 10

SURRISE NooN BUNSET

LOGAL  TiMg

Fig. 26¢  Temperoture variation below the ground at lie-ife, Nigeria.
Lafter Babotunde @& Baltogun, 1983},




koo

Tima i)

T T T T T T T T Energy ballance componenty for 23 July 1976, with cloudiass
shies of Pitt WMeadows, B.C. overa 0-26m stand of irrigofed
mixed orchord ond rye grass [after Block & Goldgte ln, 197 T},

{8}

(mel}
» o »
T L |
FF=
%
;4
é
-

VYERTICAL
YeELogITY

»
o
o

oENBITY
y iz 102 wu-2)
»
(-]
T
TEMr (*c)
-]
-]

ENEASY FLUX

o
-

3
3
3
al
§'
]

Ting {s)

ENEASY PLUK DENBITY (W a8}

Fig. 26. The relationships betwsen varticet velocity {w) and o0
tempearature (7} fluctuations, and the instantonsoul sanaible
haat flux.

-

-
v
L

.\-

\ S lay + gy

SN T
-/ -

A e e

<
)

<

._\-.“. ]

ENERSY PFLUX DENSITY {wa-2)
]
M

3

i Il 1 i L L

T T
Timg (n}

Fig. 27 (a,b & ¢) Diurnat varigtion of the anergy ballance componants
In and above {b) o shaliow water loyer on o clear September day in
Jupan lafter Yabukl, 1987}, and (o) 1ne tropical Atlantic Ocean bosed
on measurements from the ship Discoversr fn the period 20 Juns {0
2 July 1989 lafter Holtand 1e71).




