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1. ATMOSPHERIC DYNAMICAL, THERMODYNAMICAL
AND PHYSICAL PROCESSES

¥Weather and Climete occur because air ia constantly in
motion., This motion occurs en & wide range of spectrum both
in time and space, from the microscale ¥p to the Rossby waves
and the general eiréﬁlatim of the atmosphere, Our under-
standing of motions on each of these scales relies on the
spplication of some of the physical concepts of hydrodynenics
and thermodynamica,

The three basic Principles governing the behaviour of the
ataosphere ere the conservation of (heat) energy, momentum and
mass,

Energy conservation allows the Study of the way and manner
in which the net heat energy from the sun is utilised, 1In
arriving at a balance, cognissance is taken of the roles played
by the various gases which make up the atmosphere in effecting
short~ters physical and thermodynamical changea, By combining
the mass and momentum equations with the snergy equations, the
way and direction of energy transformations in the atmosphere
can be studied., This is the aim of this section,

1.1 The Basic Dynamical squations

The first conservation principle is that of momentum,
For a non-inertia} (relative) frame of reference, it i
expressed as

& = ~x¥p —2.a.y 4 FR+F.. )

where

(25

= the velocity relative to the earth with com-
ponents (u,v,w),

= ‘the gravitational acceleration

= & unit vector in the vertical

the sarth's anguiar velocity

= the frictional force on a unit mass of ajp

= specific voluse (= ‘]:. § 1a density)

~ the pressure

- s b s
[ ]

Since large scale motions in the atmosphere are quasi-
horizontal and follow essentially the earth's shape, (1,1)
becomes, in component form in spherical co-ordinates ('a,é,z):

e N L

tfv 4R
% = —o\%.jﬁ — yu —;Lgtn,,,s —fu + &y - (1.2,b,0)
AN = 2P 4 e —q 4 2usesp
dt 0z v +

], fropnnnt longitude and latitude respectively.
Equations (I.ZI,b.c) satisfy the angular momentum principle
1f we ignore the elliptic shape of the earth bscause the
absolute velocity {u + r con¢) is not the true velocity to a
non-rotating observer,

WYhen terms of < IOJ &re neglected (e.g. uw/r), the
simplified *quations are:

%l‘i- = —“—g—xe + ({-'*-%_-hlﬁ(ﬂv + K
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Furthermore, for flows with Rossby nusber ¥, ('—' uf.FL) <4 |

geostrophic approximation Bay be obtained from (1,3a,b) an

”»
y’a = —i—:—' kth L X L X ] (loh)
and (1,3c) leads to the hydrostatic equation,on neglecting
frictional effects:

I+ «x28 <0 o (L8)

or, in pressure cordinates

28 - -x = ~-&T (1.6)

9
wvhere R is the ':u constant, T the temperature and Q, the
gecpotential, is given by:

A
é = ,[3"7- o (L7)

An alternative Justification for (1.4) comes from conside~
ration of the therasl stratification, When ehtropy S is used,
the Brunt-Vaisala frequency N, Bay be expressed as:
1 S

A R B P
where ]‘1 = 9/ and 'ﬂ“%{‘ are the dry adiabatic and
eavironsent lapse rates respectively, Cris the specific heat
at constant pressure. Por typical Yot 6.5°C/xa, N>~ | b2

But (™ 10108 % . ence N> 5 _a*

In the tropical and equatorial regions however, (1.3a,9
are invalid since ;-'z_m'sand hence , 7r 1. Moreover, dw/dt in

and very close to storms can be large (-~ Olm<?) while
W3 =10 ms? Thus equation (1.3) {s totally unrealistic in
the tropics and in Such regions where the horizontal scale
of the motion is leas than about 300Km,

The second ecmser\intion principle concerns that of maas -
the continuity equation, This may be expressed in the form
—35 + §VY =0 - (.8
When pressure 1a the vertica) co-ordinate, equation (1.3..!:).
with the quadratie and friction terms neglected, become in

vectorial form

2L = -V — (v.vly~wav - fhV

k14 dp (1.9}
and the conservation of mass then becomes
v‘ ! + .a—‘:; = © LX) (10)
2p
where W = AZ"__ and v -‘i‘.-—fgw. Sinea "‘_?f-n.l.-c <¢ wof
ox oz

A barotropic atmosphere is one in which there 18 no change
of wind with height., From the thermal wind equation (obtain-
able from (1.4) and (1,6))

¥ .
'PAIT = —-k,.v3? oo (1.21)
Unp s
we wust have that P
EAV 3-6 = ~
ﬁ - %_VT = O



hence VT = o

The remaining conssrvation principle 1a represented
by the First Law of thermodynamics, This wil] be expressed
in terms of the potential temperature © and entropy S as

%;E = c,%[ne = % e (122)

+
& = T(toofp) e (113)
where R = RIG

Q is the diabatic heating rate. If (1.13) is differentiated
as in (1.12) and combined with (1,6), we obtain

WG] = e -vg

'%%(P%‘g _'hé) e (L)

Equations (1.6), (1,9), (1.10) and (1.14) provide a set of
equations for the aix unknowns u,v,w,p, fand T, They are the
8o~called primitive equations (Equation of state is implicit
in (1.6)),

For mid-latitude 8ynoptic-acale aystems, the distribution
of the ge¢opotential §lufﬁ.cc to deteraine the fields of the
geopotential tendency (3!/%) and vertical motion 3. This is
pPossible because the mid-latitude atmosphere 1s barocliinic and
significant changes occur in z (orf ) aver short horizontal
distances, The tropical atmosphere is, on the other hand,

quasi-barotropic, However, the temperature field showa weak
{but sufficient) barcclinicity for the geostrophic approxi-
mation to be valid down to 10°N (Omotosho, 1976). Neverthe-
less, existing height fields {or @ ) vary very 1ittle and
equation (1,14) gannot be used as for the mid - and high
latitudes, 1In tropicsl areas, the observed wind fields are
Bore reliable than the geopotential heights (Burpee, 1972).
This is so because the tewperature error inherent in radio-
Sounde elemsnt makes it very difficult to anslyse the geo-
potential field in low latitudes fros the hydrostatic law,
The magnitudes of such errors (10°C error leads to about 20
metres in Q) are unacceptable as the amplitudes of synoptic

scale veather systems {n the tropics are rather small,

1,2 Yorticity Consideration

The relative vorticity 3 is highly correlated with
Synoptic-scale disturbances with large positive values asso-
cisted with cyclonic storms {in the Northern Hemisphere),
3ince the absolute vorticity i is conserved following motfon
in aid-troposphere, the analysis and evolution of absolute
vorticity forms the basis of dynamical forecast achemes. In
the middle latitudes where the field or}uurnce to determine

gl;' and @, the quasi-geostrophic vorticity equation is very
us‘:ful instead of the horizontal equations of motion, For a

Beta-plane Spproximation, this is;
29 = ~Yyp- V(v +4) + 4292 L (1)
3t ?P

w here

Y" = E&. V‘P ., V'-V-Y = O e s . U"‘)



and "l\-v‘\_’ = Vzlp = E3

+vzp= Vné R (N 1))

u/ 1s the atream function and }épthc non-divergent part of
‘\_[ (:-.V, +V1_),£ iraconstant value of the coriolis parameter -
for motions with small latitudinal scale compared to the
earth's radius,

(u'lv = _Bw/ay 5 Yy = aw/hx )
For these systems Yo % 80 that Vp o E.VP /{
Algo in such motions, I %-Y | < lg‘.v,y] since the Rossby
number R.is small,

In the case of the tropics, the vorticity equation
which 18 found to be very useful and of better appro ima-
tion to mid-tropospheric sy opticscale system outside con-
vective or precipitating regions is the so-called Barotropic
vorticity equation:

TV = -Nev(vtp 44) oo - -
This equation assumes that the flow is quasi-non divergent,
but does not require quasi-geostrophy, 1In this case, the
divergence and vorticity may be of same order of magnitude
but the latter is usually larger than the divergence,
¥riting (1.18) in the adnctivg form, neglecting f and

integrating over a closed domain & givea

j'% do = _fv.u,i)au- = —f?(y.,-ﬁ_)dt--(l-"i)

where ﬁ 18 a unit vector normal to the surface enclosed by

L. Denoting the averaged value or'g over the domain by:;-

whee & = 'J‘ﬁJU'/fdcr'

in (1,19} leads to a useful conservation properly of the
Rean vorticity;

2_%_ = o e (1.20)
?

It may also be shown (using Gauss's-piv Thezrem) after
multiplying the simplified (1,18) by "% that

“o_at'(.?/ll) =0 (2% is enstrophy) ., (1.21)

and that, additionally, the wean kinetic energy ( IP-9p/a)
of such flow 1s also conserved in the domain,

Thus when advection a)one 1s considered in (1.18), no

local time changes in the mean vorticity occurs,

The treatment presented here however allows no
vertical coupling and is useful only for the level of non-
divergence. However it 18 found to be a very good approxi-
mation of the motion in the tropies,

1.3 ENERGY CONSTRAINTS AND CYCLE

A very important 1ink between the momentum conserva-
tion principle and the thermodynamic eaquation is the ergy
transforsation process, This shows how thermal and kinetic
snergies are related through a conversion process, to
satisfy the energy conservation principle, This is an

important process for motions on all scales,



The Kinetic snergy tquation may be easily obtained
from (1.19) and (1,10) as

ﬁ +V.!K + _@_‘OK = —!.V@ +V.F se  (1,22)

Multiplying (1.10) by § and edding to (1,22) leads, after

BOme rearrangement, to a useful form of the energy equationg

2K (4] + 2 [wLK+§)] w‘Df Y- (L2

Again multiplying (1,10) by T and add.tng the result to
the thersodynamic equation gives

?_h.-t-y_vut,) +l_ wh = wa +a .. (.2

whereh = CfT is the tnthalpy. or simply potential energy,

Since d=a%’>(oquntion (1.16)), comparision of (1.23)
with (1.24) shows that Kinetic energy of motion is produced
fros potential energy through the term wd(" WRT, /p)

is commonly referred to as the energy conversion rate,

Integrating (1.23) over the entire atmosphere gives the

rate of incresse in mean Kinetsc energy:
2. _ ~
}tIKdM = —RI.‘%IAM +F .. (|.15)

{1.25) states that the direction of Kinetic energy change
would depend on the correlation betweenecsand T, If warm
air rises (as on the *quatorward side of the Hadley cell)
and cold air sinks, there will be an inceease in mean
Kinetic energy and this, by (1.24), will be at the eXpense
of mean potential energy since wrep. Consequently, the
Hadley circulation is called a thermllz direct cel}l,

"

(1.25) also implies energy dissipation by friction forces,
Finally, adding (1.23) and (1.24) gives

3t—(|<+h) + V.[y(u +9 +h)]

+ %[w(x+§+hﬂ= R+V-F .. (1ak)

Integrating over entire atmosphere with Cdcpat P =0 and
P P. {surface) and applying divergence theorem yields,

3

Thus the time rate of change of mean total energy is due

_L_JILK+h)de? = Q+F . a2n

only to diabatic heating and frictional forces, Hence
for adiabatic and frictionless flow

K+ b = oonstank .. (1.29)

and energy transforsations is always between potential and
kinetic energies,

Since only a very amall fraction U —2‘“ of atmospheric
potential energy is actually available for conversion into

Kinetic energy, the available potential energy, A (Lorenz,

1967) is introduced and may be expressed as

28 — QT
3t bt 1% oo (1.29)

is dry adiabatte lapse rate and T ia the departure of
temperature from the mean, The energy equations may now be

written simply as



?_‘__A_ —1 3 — C LI ('-30)
it

oK - c —d .. (-39
-ak Ql—r-”

where g = = (- -ﬁ)

18 the generation (source) of A

¢ the conversion (sink) of A

d the dissipation of K, —

A disadvantage of (1.29) occurs when ﬁ—? ]—' y & situation

frequently met in the low latitudes (Pearce, 1978), Applica-

tion of the concept to convection fn low latitudes is

possible from Pearg:g definition which partiE&gns A into

its baroclinicity (T‘") and static ltabinty('l"j:olpomnta:

S, i §

s A

uhere'f'ia & global average of T, T’ 1s associated with

lapse rate changes only whereas TV i1s associated with hori-
zontal temperaturs 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 atmosphere ia shown in Figure 1,

1.4  RADIATIVE TRANSFER

All the motions, energy exchanges and transfers dis.
cussed above would not be possible but for theradiative a
absorption and transter which take Place between the earth
and the atmosphere as a result of constant absorption of

8olar radiation and the emiasion of their own radiation teo
apace,

The rate of energy transfer by electromagnetic radiation,
the radiant flux F from the sun, 1s 3,90 x 10 gnqs
gives an {rradisnce E at the outer fringes of the sun
(€~ 7x10%) of

1 2,
E = F/41tr" = 6£:34x0 Wm
The irradiance E say be defined in terms of the NONo~

chromatic irradiance Ez(irradiance per untt wavelength
interval at wavelength A) as

E — J E),d.l\ .- (l-SS]

The radiance I, which is the irrandiance per unit solid

angle, is often very useful, ¥ and I are related as

319
E = I1w5¢ deo 0

de> is the solid angle, 1 cos¢ ia the component of the

radiance normal to the surface at zenith angle ¢b.

A curve of El g 2 is shown in Figure 2,

Figure 2 is also satizfied by Wien's displacement law

that the wavelength of peak emission, Mln higher at lower
emnission temperatures:

T’Amu = conskaunk «»  (1.35)

The dependence of (blackbody) emmission upon temperature is
obtained from Plank's Law for monochromatic irradiance at

temperature T to give Stefan-Boltzmann law:



%+

*E = oT? -« (1 36)

where E* s the integral of Planks *quation over all wave-
lengtha, that 1s,

ol
"o G
E' = LE'; = I ¥ e (S/a7)
Cy and C, have values 3,7 x 10726 a2 4pg 1.4y x 1072
’x respectively,

The ratio of absorbed to incidence irradiance on a body
is known as its absorptivity ),while the strength, of the
radiation emitted by the body depends on its enissivity £,

If a body radiates as wuch heat energy as it sbsorbs, it
is a blackbody, Kirchhoff's Law states that any body which
absorbs atrongly at a particular wavelength will alse radiate
strongly at that wavelength,

In this case

Ay = &, e (1.37)

Kirchhoff's Law g applicable to the atmosphers b;low 60km
height,

For a non-opaque layer, the incident monochromatic irrg-
diance at any wavelength may be absorbed, reflected or trans-
mitted, Thus Ea(ubaorbcd) + E](reneeted) +E](tranlllttod)

- E'o\ (1nc1dont).81nc¢E;(ubsorhed)/E) incident) -q) etc,
we have that

15

’t‘,‘ is the transmissivity of the layer. For an opague surface
T) = O, In a plane parallel atmosphere uniform in the hori-
zontal, absorption of radiation in the vertical is given by
Beer's (or Lambert's) Law:

C‘E-}] = -—Ealtaj’d'l. .. (1. 39)

where k‘ 18 the absorption coefficient at wavelength Aand is

related to the optical depth A as
1—; = I fk) dz. oo (1.40)

£
Integration of (1.39) yields

E) = E'a. C.X.P("'ia) e (1011-1)
rerre-trig; Radiation

The foregoing treatment applies to solar radiation th Jugh
the atmosphere for which atmospheric absorption ias important
but emission i negligible, Because of the diffuse nature of
terrestrial radistion, both emission and absorption are
important and calculations ususlly involve integration over a
solid angle, The problem simplifies to a one-~dimenaional one
1f we consider the upward and downward fluxes (e J‘I(ﬂ cosfdm)
at the downward and upward facing henizpheres, The assumption
of course i1s one of a Plane paraliel atacsphere, The resulting
equation of tranafer is then the difference between the
eaission and the absorptions



o

dI‘a — _ ka (‘TI] -p E') .o (1.42)

where the blackbody monochromatic emission E* is Ziven by
(1.36). From (1,40), (1.42) may be expressed aa

d1a

d¥ha
Equation (1.42) or (1,43) 1s known es the Schwarzchild's
equation,

The radiative treatment presented above for both

T g es  (1.43)

solar and terrestrial assumes a non-scattering atmosphere,
This is of course unrealistic since significant scattering
of radiation occurs in the atmosphere by air molecules and
dust particles, Alsc, a constant absorption coefficient is
assumed which again 18 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 the
radiation intenaity at any given level in the ataosphere
with any composition and vertical structure, This is

demonstrated in the lecture series on Satellite Meteorology.

When the necessary trangfer calculations are sade, it
is then possible to deduce the contribution of radiative
processes to the atwospheric energy budget and their role

in the conservation laws discussed esarlier in this section,

2, INSTABILITY MECHANISMS

Instability proceases are very important in the atmosphere

because they allow the origin of disturbances on various space
and time scales to be determined from the flow thermodynamics
and hydrodynamics, Ordinary diagnoatic methods of the quasi-
geostrophic theory only serve to account for the maintenance
of, and relationships between, velocity, pressure and teape-

rature fields,

2.1

The middle latitude atmosphere is baroclinic and (baro-
clinic) waves which amplify through the loss of potential
energy of the basic flow develop within the zonal flow,
Horizontal temperature advection plays a crucial role in the
development of baroclinie wavea, Baroclinic instability in
Zonal flows was studied independently at about same time by
Charney (194,7) and Eady (1949), the latter providing our
present 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 vorcicity, thermodynamic and
continuity equations in x,y,z,t (in which set Ro <« | and
}- 1a constant}, There are

-_‘:%_ +V,-V% ....[.%\:L = © e (2.1)

%_E- + Y Vs 4+ wp = o .e (2,2)



ML o e (2.3)
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The equation satisfied by the perturbation stream function Y
(assumed geostrophic) may be expressed by the single linear

equation:

|

(_?_ + u%)(v‘vq-j_‘ﬂ) - 0 o (2.4)

§1% 9 22~
where
g = L2808 _ s
T b T 37
= 8
‘P ¥ As oo (2,5)
3 = V¢
U ~3 3 (»as)
and o + 2y
2¥ = 2 2 (bs)
'3‘;_ L

(In terss of pressure, it can be shown that w J:AP).

Mith a solution of the form,

q) = @) Q.KP(il})uP[fk(x-d:)] v (2,6)

(|

representing a wave moving in the X=direction with phase

8peed C, (C Cy + C,), Eady showed that only waves with
wavelengths ') satisfying

A mH oo (2.7)
> T g

can amplify, H is the acale height (- IDKm). Thus )} increasea
with static stability, For typical values of p and f, the
lower cut-orr wavelength ]c = 4000Km, with an e-folding
time of about 2 days, 1In such waves, the trough axis tilts
westwards with height,

The characteristics of the cyclones waves of the middle
latitudes are very much similar to those of the theory, with
Buch the same transfer properties,

Channey's theory provided the upper cut-ofs wavelength
and thus completed the fundamental theory of baroclinic
instability (See also Holton, J.R, (1972) for 4 2-level quasi-
geostrophic treatment),

In baroclinic instability, the waves amplify because
the potential energy of the basic flow ia converted into
perturbation potential energy which is then converted into
eddy kinetic energy, via equations (1.30) & (1.31),

2,2 Barotrggic Instabilitz

A baroctropic atmosphere is one 1in which there is no
vertical shear of the wind - ie the thermal wind 1s zsro,
Unlike the ald-latitudes whrer strong latitudinal tempe-
rature gradients privide the Primary energy source for aynoptic



scale disturbances. temperature gradients in tropical regions
are small, leading to smail available potential Snergy storage,
Energy for disturbances thus comes primarily from latent heat
release,

Since most tropical disturbances develop in Situ, their
development cannot usually be accounted for hy baroclinie
1nstab111ty processes,

It 18 now estadblished thaet barotropic instability and
conditional Instability of the Second Kind (CISK) are two main
wechanisms for their initiation, The latter is treated in
section 2.&

Starting from the barotropic vorticity equation {1.18)
and 1ntroduc1n¢ perturbation velocities as for the quasi-~
geostrophic theory (but here, no assumption of geostrophy ) the

linearised pPerturbation strean function equation may be expressed
as

2 =9 1 =
L 2
( + WL V‘P'I'(B—d_u)_bfzo (2.8)
? X ayxfpi U '
Kuo (1949) showed that barotropic instability of the zona)
flow is possible 1f
F-’ d'a _ _CL(l;'.,. ) = O serewhem .. (2.9)
— — = 10 . s .
A y> dy ¥ ~
That is, the Profile of absolute vorticity must change sign
somewhere within the domain of 1ﬁterest {a ful1 treatment of
this 1s in Holton, J.R, (1972) P. 290), Suech profiles, take
from Resnick (1976), are shown in Figure 3 which shows that
the condition for instability ig met only tn the month cf
August at 700mb at longitude 5%,

a

Resnick has shown, however, that tropical zonal flows
do satisfy the conditions for both barotropic and baroclinic
instabilities, That is, that even though horizontal tempe-
rature gradients may be amall, they are nevertheless suffi-
cient to give some vertical shear of the wind in addition
to lateral wind shear, In fact, atrong vertical shear exists
over West Africa and Eastern Atlantic as evident on Figure 8b,

That this is $o0 was shown by Charney (1973) using the
internal jet theory of Charney and Stern (1962). The condi-
tion here i1s that the gradient of potential vorticity/must

be negative somewhere in the domain:

3 = _>_(g++) -1-3;(1"1&' 3_"1] .. (2.10)
By o W VS 0P

where f-‘ is the Coriolis perameter at the centre of the

region and O”1s static stability defined by g~ = Tb@/ 6op
The resulting field of ;1/b3 at 700mb is shown in Figure &
glving firm indication that although both types of instability
are important, the baroclinjc teres nevertheless makes a

spaller contribution,

2,3  Convective Instahilitz

Embedded within the Synoptic scale systems are mesg-
Scale convective eirculations 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, static instability occurs only when, for the lapse
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rate ¥ given

= — X128
%{- Z O

However, continuous parcell ascent will lead to conden-

by ? e (2011)

[

sation sand letent heat release, Inatabjility continues in this
saturated situation if thelapse rate is is greater than the
saturated adiabatic lapse rnteq. The stability condition f

such a moist atmosphere is then known as Conditional Instabilit

l

(1.o.r" P ]’ 7 ﬂ ). This 18 more conveniently represented
in terms of the equivalent potential temperature § which 1s
the teaperature an air parcel would have if all its moisture
were condensed out and then brought dry adiabatically down to
1000mb level, The process is irrevers ble, Ez is given by

& = Bep(y,/oT)

and conditional instability occurs ir

B&/az L0

It 1s atable (ahsolutoly) otherwise, This 1s also known as
convective inatability, Figure 5 shows that the tropical
atmosphere is conditionally unstable in the lower troposphere,
However, the release of the instability additionally requires
low=1evel convergence to ensure (forced) lifting to saturation,
This 1a because only air below about 900mb has sufficiently
high to bacoms convectively buoyance when forced to rise; much

more forced ascent s required for higher layers due to the
low .

2.4 Convectjve Instability of the Second Kind {CIsK)

In the previous two subsections, it was emphasised that,
unlike for the mid-latitude synoptic scale systems, latent
heat is the major ensrgy aource for many tropical ¢irculations,
The convective systesms are eabedded in and controlled by the
larger-scale flow,

In this type of srrangement, strong interactions exist
between the smaller and the larger circulations,

Charney and Eliasen (1964) had shown that ordinary condi-
tional {or convective) instability produces significant growth
rate only on the acale of individual cumulus clouds., This is
especially so for reasons given in the previous section, The
convergence required is on a larger acale and is frictionally
driven, With considerabie ascent thus ensured, attainment of
buoysncy by the rising air parcel 1s possible and the condensing
cloud air then supplies (latent) heat to the larger-saale flow,
The interaction is thus Co~operative: the larger scale motion
supplies needed moisture for cumulus growth through frictional
convergence and Ekman pumping while the cumulus clouds in turn
supply the latent heat required to drive the large scale
circulation,.

When such co-operative interaction leads the unstable
growth of the larger-scale system, the process is referred to
as Conditional Instability of the Second Kind (c13K),
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3. TROPICAL METEOROLOGY

The weather and climste of the tropics and subtropics are
influenced wainly by the trades of both hemispheres - the
north-east and south-east trades. The latent changes direction
on crossing the equartor to become southwesterly flow, populany
known as the southwest monscon, The wmarked contrast between
the airmass properties (direction and moisture} gives riase to
a kind of pseudo-frontal zone - the Inter-Tropical Convergence
Zone, ITCZ - where the two trades meet. In West Africa, the
continental manisfestation of the ITCZ is called the Inter~
Tropical Discontinuity, ITD,

It is the seasonal and daily meridional oscillations of
the ITCZ or ITD that essentially determine the weather and
rajinfall patterns of the semi-arid and disturbed areas of the
tropics. The location of this Zone is shown in Figure 6 for
both susmer and winter months, A mechanism of ITCZ formation
and maintenance was put forward by Charney (1967). Since the
lowelevel tropicsl air is highly moisture~ladden and is
convectively unstable (section 2.3), cumulus convection and
latent heat release depend largely on frictional pumping of
mass and moisture out of the layer, These are proportional to

the vorticity of the surface wind and may be expressed simple
as

W, = A?. .. e (3-[)

where A depends on the Kinematic coefficient of eddy viscosity
(K;Q and the cross-isobaric angle (A} of the winds, Thus in a
tropical atmosphere with positive vorticity imparted by a

disturbance, frictional convergence will lead to upward pumping

a5

of moiat air and cloud formation, The clouds in turn generate
condensational warning, fall of pressure and further intensiff-
cation of the cyclonic vorticity and hence convergence, leading
to a perpertuation of the system, This is the CISK procesas
discussed in section (2.4),

However, some of the characteristics of the ITCZ differ
significantly from those of the ITD, While weather and pre-
cipitation occur in the iomediate vicinity of the former, signi-
ficant weather is not encountered for about 150km south of the
surface ITD (Hamilton & Archbold, 1945; Ade jokun,1966),
Associated with the surface convergences ars low=pressure
systems whose intensity usually increases with height before
weakening, Also, much of the tropical reinfall is from convec-
tive clouds (see e.g. Glatnz, 1976; and Omotosho, 1985 for the
West African case) of varying dimensions and intensities and
are known to be associated with the aynoptic-scale pressure
disturbances and the monsaons,

In order to get full appreciation of the development and
evolution of each of the rain-producing systems and their rela-
tive contribution to the precipitation of the memi-arid regliona,
each system will be treated separately, This is because the
seni-arid zones, especially the continental areas, receive megre
but very vital precipitation when the appropriate flow region
around the ITCZ or ITD reaches and encompasses the zone, It is
als0 important to note that the meridionsl omscillation of the
ITCZ or ITD is 1tself dependent on the seasonal variations of
the subtropical enticyclonic centreas the failure of these
centres to shirt appreciably northwards have often led to dis-
astrous rainfall deficits in the semi-arid regions of West
Africa,
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Thus, we shall discusa the following groups of rain-
producing tropicel circulations
(a) the monscons
(b) synoptic-scale wave disburbances (essterly waves);
(c) meso-scale convective weather systems (thumd!rstorns,
8quall lines and cloud clusters)

{d) Tropical cyclones

3.1 THE MONSOONS

Siailar to the day nnd night cycles of the sea breeze,
we observe a sunmer and winter sonsoon. The summer monsoon
represents large scale cross-equatorial flow of air from the
oceans to the tropical areas of the Middle East, particularly
India, Southern Asia and also West Africa, It is a time of
wide-spread and prolong precipitation because, as shown by
Lettan (1956), large-scale flows with strong westerly compo-
nents are usually associsted with vertically increasing kinetie
L0Rrgy of the perturbation upward motion as:

_B—(N"') = JuSlces ¢

rza
whers w' is the perturbation vertical veloecity, U is the Zonal
component of the wind and *u the latitude,

The winter mansoon is a similar large scale flow but in
the reverse direction from land to sea from a belt of high
pressure which extends to cover the ahove rigions, Unlike
the summer monsoon, it 18 a period of complete dryness and

frequent dust over West Africa but is a *shirt! rain period

else here affected by the monsoon, The monsoon regions of

world are shown {n Figure 7, The ocean surtace temperature,
ITCZ positions, lend/sea temperature contrasts and the inter-
actions with the trade wind regzime are some of the important
Proceases which combine to determine the characteristics of

the monsoon circulations,

(2) 1he Indian_Monsogn

A primary factor which governs all synoptic weather
systems of the monsoon period is the very strong and rather
peraanent easterly circulstion &t the upper troposphere during
this aseason, The wind field is a9 atrong that no synoptic
systems are obsepved between 300 and 1oohfa. The monacon dep-~
ressions which travel from the Bay of Bengal through north-
central Indfa fall into this category. Their structure in many
ways resemble that of the African easterly wave perturbation
except that here the cyclonic vortex is deeper and the equa-
torial westerlies extend to about 5ookfa.

The major feature of the circulation over southern Asia
is depicted in Pigure 8. At the surface andg low level, the
monsoon 18 characterised by a semi-synoptic scale low pressure
(Figure9a) which 1s most intence in the 800 - Bookfllayer
(Ramage, 1971),

The onset of monsoon over India appeargto be in a "burst?,
often accompanjed by violent Squalls and occaszional intense
cyclones, Surfuce temperature fails with ®ONscon onset, The
disturbance lasts for upto a wesk, causing widespread rainfall,
at the peak of monsoon, Perhaps the most significant featurs
of the monsoon onset aver Indian is the appearance of an



equatorial jet at ISOl\rqwhich is connected with the formation
of an upper level high pressurs system over the Tibetian
Plateau during the summer wonths, In winter time, the
westerly jet more or leass cycles the southern rim of the
Himalayas(Figure 9 with the streamlines defining the montain
contour very well,

In summer however, a completely different picture emerges
with the westerly Jet now to the north of the mountains and the
appearance of the aforementioned etquatorial easterly jet at
lsohpnlevel. The southwest monscon circulation is thus rein-
torced. The strong low-level convergence combined with the
active divergence in the upper-level easterlies leads to strong
upward motion which is also intensified by the large latent heat
release due to the large moisture convergence,

Recently, the vagaries of the monsocon have been linked
with the Southern Oscillation Index and the E1 Nino events
(Wm0, 1987)., It has been shown by Shukla dnd Paoline (1983)
that weak monsocon years are assoclated with above-norsal
preasure and vice versa, and that most of the severe drought
years over Indis were associated with E1 Nino events, 1In
fact, only six of the El Nino years had anove-normal rainfall,

The retreat of the monscon from over northern India 1s

indicated by the weskening and eventual disappearance of the
easterly Jet,

{b) The West African Monsoon

The West African BONSOON occurs on a relatively smaller
scale than {ts Asian component, The seasonal shift of the low

pressure cnetre is only about 17° latitude compared to sbout

v

30° for that of the Indian monsoon, The depression here is

essentially a heat low, as the zones of maximum temperature

in both winter nd Summer are almost coincident with the low
He canlre of blida

pressurq*glwaya invariably denotes the surface position of

the Inter-tropical Discontinuity (1TD).

As steted at the beginning of this section, the two
airstreanms dominating the weather over West Africa are the
'south-west monsoon' in the suamer months and the dry and
dusty northeast trade from the saharan anticyclone in the
winter periocd, The eeridional variations in the depth of
the southwest monsoon layer is of great importance to the type
and intensity of the weather over the region, as the ITD moves
from its lowest latitude of 6°N in February to about 23% jp
August (Figure 10), following the movement of the sun, Hence
the regions surrounding and {nfluenced by the 1TD were zoned
88 A, B, C and D by Hamilton and Archbold (194S), as shown in
Figure lla, relative to the surface position of the ITD and the
depth of the moist layer, Details of the weather associated
with each zone are given in Figure 11b,

The vartical steucture of the monsoon ia intricately
linked to the dynamics of the flow and is basically governed
by the meridional temperature distribution over West Africa,
In summer, there is a general poleward temperature gradient
from the.uurface upto about 700hf¢- The implied easterly wind
shear (or theramal wind) results in the weakening of the south-
west monsoon with height and the eventusl change into
easterliies, leading to the appearance of the so-called African
Easterly Jet (AEJ) at the SSOL*llevel. The moist monsoon
depth may reach upte 700hpa in August, considerably weakening
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or completely leading to the disappearance of the AEJ and
preventing wave angd deep convective activity,Figure 1llc¢
illustrates the pPrincipal components of the Weat African
Monsoon Experiment (NAMEX} and shows the relationship
between the ITD, monsoon flow, the jets and the African

easterly wave perturbation,

The aquall lines and thunderstorms are the most intense
products of the interactions between the ITD, AEJ, the mon-
80on and the easterly wave perturbations, They are virtually
the only source of precipitation for the Sahelian subregion
of West Africa snd whenever they fail to deliver the required

rainfall as a result of the failure of the monsoon, we have the

attendant disaster - drought,

(c) The Monsgon of East Africa

The East African monsoons, unlike these over India and
West Africa, do net result from the differential heating of
land and sea surfaces but from the migrations of pressure
systems and the associated wind flow patterns following the
Rovements of the sun. The north-south movement of the ITCZ
bring, Seasconally, two monsoon winds over East Africa,

During the northern Summer, the asocutheasterlies bring
into the region a lot of moisture due to thefr long track
over the ocean, although they loose some of this woisture
over Madagasca, The western branch of this flow penetrates
further inland to fora the so-called Cengo Air boundary CAB
(Pigure 12), 1Tnys South/southwest monsoonflow is part of the

large«scale Cross-equatorial flow originating as far gg 35%,

>\

It arrives East Africa as a strong current in which ia
enbedded a low-level Jet at about 900mb level, The atructure
and dynamics of this very important Jet, together with its in
influence on East African and West India weather has been
extensively discussed (see for exanple, Findlater, 1977 and
HSU {1981). A five-day oscilletion has been observed in the
Jet stream intensity by Ngars (1977),

The second monsnon winds are the northeast trades -
localled celled Harmattan over West Africa - which invade
East African region during the southern summer, and become
northweasterlies on crossing the equator. There are tuo
branches to the flow: a dry continental track over Northern
Africa and & moisture-ladden track over the Indian ocean and
the Arabian Sea,

Because of the above differences in the seascnal monsoon

ch-ractcrlltica. East African rainfall is generally bi-modal

with two rainy and two dry seasons, The wet seasons are locally

known as the 'long' (concentrated within March to May) and
*short' (October to Decexber, in the Southern Summer) seasons,
It should be pointed out however, that the ITCZ over the
region is rather diffuse at low levels because of local modi-
tying influences, such as oragraphy, mpany large water bodies
(e.8. Lake Victoria) and the Indian Ogean to the eastern
Kenyan/Tanzanian coast, These local factors introduce varia-

tions into the seasonal rainfall pattern,

Rather surprisingly, it has been observed (Kiangi and
Tewu, 1984) the Indian ocean monsoon seazons are generally

dry periods over the East African region,
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3.2 The Easterly Waves

The Easterly wave i8 one of the best known tropical
weather system, First comprehensively studied and documented
over the Caribbean by Rieh} (1954), it is believed that mayy
of the smaller scale motions (tuunderstorms and swusll lines)
are associated with them,

The characteristics and structures of easterly waves are
not the same everywhere around 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 and Pacific

The model of waves in the easterlies as presented

by Riehl 1s shown in Figure 13,

The westward propagation speed of the waves is S.7ph,
The wave is weakest at sea-level and increases in
intensity upwards to sbout Gooqu(hxn) before
weakening upwerds thereafter. The trade wind
inversion is moat pronounced about 300km ahead of the
wave through leading to intense subsidence and fine
weather, The depth of the moist layer increases
rapidly to a maximum at a wave axis,

The X{nematica)l aspects of easterly waves may be

explained from the simplifted vorticity equation

%(g*” = ~G)vy |,

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 propagates weatwerds relative to the flow, Thus the area
of active and deep convection and heavy precipitation 1fes to
the rear of the trough,

This model appears to have been applied successfully to
the Weat Pacific waves,

(b} African Easterly Waves

Reihl's model cannot be applied piece-meal to the
easterly waves over west Africa and the eastern
Atlantic. This is because the wind regimes of the
areas differ significantly (compare Figure 8, b and

¢ for Venezuela, West Afin and West Pacific regions),

The Juxtaposition of two tropospheric jets over a
rather shailow layer of very moist and warm southerly
air is unique and are important over West Africa and
the eastern Atlantic., Hence the African Zone of wave
activity 1s unusual when compared to the lower trope-
sphere of the rest of the tropics because temperature
changes of 10°C cen occur within a latitude band of
only 10°; the resulting vertical wind shear leads to
the mid-tropospheric African eanterly Jet (AEJ),

The easterly waves develop south of the Jet (AEJ) core
in a region where the mean <onal flow is barotropical
unstable (Burpee, 1972). Wave structure (Figure 15)
shows a surface convergence zone only, a eyclonic
vortex at 850mb

and a distinct wave pattern at TOohfhn Wave intensity
decreases upwards thereafter, The instability of the
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flow haa been tested from Charney's (1973) extenaion of
the theory of Charney & Stern (1962) for barociinic
instability, This requires a turning point in the
meridional gradient of mean potential vorticity (q)
which is represented by

—

9 3 M, ol o (3.3)
,‘—}'- —ﬂ(sq) +5%(,R_£_P.) 3.3

where F 9 ln-é'
T = Fp

Charney showed that if surface temperature increases
northwards, as is the case_in northern Africa, then

for instability to occur;7%43 must be negative somewhere
in the domain, Some results, due to Resnick (1976} are
shown in Figure 4, It ia obvious that African waves are
due to both barotropic and baroclintc instabilities,

with the :or-er'min contributor,

Figure 16b & ¢ are the vertical profiles of vorticity
and divergence in a West Pacific and an East Atlantic wave while
Figure 17 whows the distributions of moisture, vertical motion
and rainfall amounts @round eastern Atlantic waves, There is
strongest convergence located ahead of the wave trough where
cyclonic vorticity is slzo strongest. Weather and precipita-
tion distributions are therefore a reverse of the canbbean
situation,

Reed (1984) has suggested fiou use of spectral analysis
of deta over East Africa, that another type of rein-bearing

wave phenomenon found not at the mid-troposapheric levela as in

Ty

West and Central Africa, exists over the East African
region, This wave is however not necessarily different from

that over central and West Africa,



3.3 The West African Squall Lines

To a large extent, West Africen aquall lies are dependent
on or controlled by the summertime monsoon oscillations, They
are absent when the monsoon retreats from most parts of Vest
Africa (Nov, - Mar,.), suppressed if the monsoon ia too deep
(giving way to Wmonsoon rain' over coastal regions in June/July
and very violent when the monscon depth is about 1-Zkm
eapecially north of 11°N. However, the variation of the
monsoon depth is not the only important factor determining
squall line/thunderstorm occurrence, Other basic conditions
such as

(1) the presence of a deep layer of convective or
conditional instability

(1i) & release mechanism for the instability,
usually in the form of low-level convergence
or topography

#ust also be satisfied, Even then, propagating convective
development is not guaranteed, Wwe shell address this aspect
later in this saction,

There are two squall line/thunderstors seasons for
regions upto 11°N but only one to the north, The monsoon
Precipitation in June and, later, the so0 called ‘Little Dry
Season' (LDS) of Weat Africa which affect only coastal areas
south of 10°N during July/August both occur between the two
storm seasons, Thus, most of the precipitation ts from these
deep convective Systems while the entire rainfall of the
sahel comes from the atorms, In fact, as has been shown
(e.g. Glantas, 1976; Omotosho, 1985} that squall lines and
thunderstorms deliver more than 60% of the total annual
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precipitation of areas south of 10°N and as much as BOX or more
north of this latitude, as shown in Figure 18, Alsoc, their
destructive capacity is manifested in the loas of millions of
dollars worth of food and cash crops and property by the
accompanying strong winds (gusts), The Eusts are much stronger
north of 11°N for reasons explained later, These convecture
systems are therefore very important to the socio-

economic politics of fu region as a whole,

(2)  Mechanisms of Storm Development and Sustensnce

Several re earchers have attributed tquall line forma-
tion to different mechanise . It was initially believed that
orography played a major role in their initiation and align-
ueéig A:Jtn ;E:ntil Omotoshe (1984) showed that although these
physical features do influence the intensity of the storms,
the atorss do not, in general,owe their existence to orography,
Later and even presently, the propagating storms are regarded
as the producta of low-level convergence associated with the
synoptice-scale easterly wavea in areas where the atmosphere s
convectively or conditionally unstable (see for example, Reed
et al (1979) and Adefolalu (1985)) because they occur during
the period (May - Sept) of wave activity, Figure 18b shows
squall lines are found almost anywhere on the easterly wave
although mostly ahead of the wave trough, Also, Omotosho (1981),
Mcbride & Gray (1980) have demonstrated that the waves only have
a modulating but not a forcing effect on deep convection over
the GATE area,

Nortwithatanding all these, it is to be emphasised that
the release mechanism is a crucial stage in thunderstorm deve=-

lopment, The required low-level convergence usually manifests
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itself as cyclonic vortices or convergence lines (often (v) Squall-line Movement
as asymptotes of convergence) at the or 850hpa level.
When the vortices are accompanied by easterly waves at the

isms for
700hpa level, the depth of convergence increases and hence yniike their initiation, the mechan

t 15 now reasonably well understood,
upw:ig notio? i; ‘f?':ﬁy '"h'"cif‘ V18:{°:; thu:de::lguda ;g:.t}t:in:o;::esfzyed!by the vertlca{ transfer of

ene proportion the Duoyence oyoileble potentia d aporative downdraft
energy{proportional to the buoyancy of the in-cloud rising {horizontal) somentun, termed evapo ’

and the AEJ are well accepted; so also is the requirement
of a relatively deep layer of dryer air between 00-600hpa,
Moncrieff and Miller {1976) have shown that the AEJ, Oy,

air parcel) is large. This iz the perceived role of the
easterly perturbation.

d the energy stored in the convectively unstable
So what is/are the forcing mechanisams for thunderstorms m ropagation
and squall linea? The answer(s) to this question has {have) :ag:; (EAPE) are relatdd to the squall propag
not yet been fully uncovered despite the extensive research peed, L5 as
on them, However, i1t is now very evident that the existence
of a mid-tropospheric wind maximum, the AEJy with reversed C.-, — U-]- + O'S’CﬁPE o (3.3
sheariinfthe io;er %:vcég is 1npor?an§1§f their development
ncrieff & Miller (197 ; Bolton (19 The systema are
in quasi-steady state with the denaity current (gust front) gAP§11' propg:ﬁis::l E;ozgﬁhﬁ°f§;§§§ :ﬁ:ﬁeﬁntﬁzi
feeding the cloud cells with warm and moist (high 0,) air of sphlgram. : ton gi 1iable values
the monsoon, as shown in Flgure 19. It is also suggested although the above exg;;;s1onagr::;e:tcumb.raome i
that the simulneous presence of positive boundary layer the determination of 8 tionally very helpful
vertical wind shear, a moist layer of at least one kilometre process and is therefore not operatio Yy Y ged .
depth and a distinct and or Anised AEJ are all necessary A new predictive but empirical expr;ssion)was propo
conditions for wldespread Eﬁunaers{orna to develop and be for some Nigerian station (Minna and Kano) as
elligned into a line (8ee, for example, Figure 20)., Most
recently, Omotosho (1987) has found that the storms occur b ‘IST (3.4)
most flx;equently when boundary layer Richardson Number Ri C = quﬂ' + . '
t;.w::dé?.t?;c,;::g;ers.‘ Al € 0 and also 1 €RL <L tn a and b are constants which are distinct for each
station and are obtained from the stations data:

The interaction between the clouds t front and , = \Te - / whery, Tg and ‘T
the boundary layer is easentially that Br%e Conditional AT L * -E) -l: : sb fore SJ uall
Instability of the Second Kind (CISK), §uch interaction ia are surface temperature about 2-3 eratune ropriate
possible only because of the peculair with regime over arrival and jet-level (700hpa) temperature approp
West Af{ica which causes the relative flow to enter the to arrival time, respectively,
stors clouds from the front. The storm cloud sucks in
cool, dry (low 8e) air from the front in the layer 800 - Notice that the two expressions a;e ﬁuneg;ona%;g
600hpa and becomes the evaporative downdraft ‘due to the Similar but (3.4) gxplicétlyt;elatezlzoe tg:nquZtion
drag of the falling precipitation. Some of the precipitation oad-tropospheric layers together, i expected from
is evaporated into the down~draft which is cooled and can be used to eatématelfheimaxig::igu: toxge given
then reaches the surface as strong gusts of wind, Because gny squall line,dt u; v :w nganiaatigns such as the
of the large temperature ~ontrast and wind shifts across to the public an 1re o d°E§ ctricity companies
the boundary of this c0ld dewaourd rushing air and the very Nevy, Airforce, ? "2’: anl . eas zantity to
wara, moist smbient {high 8s) air at and close to the ground, rurthermore, ﬁfi ese :hou:fgr:n-akoytge expression
a frontal zone (gust front) is formed, The warm, moist evaluate, Al dheso t:: 1ly more useful
boundary layer air 1s thus forced upward into the cloud, dvantageous and operaticnally .

Thiz way the storma are a°rured of the amuch needed Boisture

easil}
and hence the accompanying latent heat release, The Similar expressions to (3.4) above can y

adiosonde station,

precipitation into the large-scale fiow then enhances the ;:ugez:in:ger::n:n{izfztfgirégzgl:tion is too short

:3::::::c:on;e:gen:: at thetf?s:hrrgnt :ng thelcoztinued and a wéy must be found to predict surface temperatures
o e storms un ¢ iront travels too far to be more

Sucad of the storm cloud. At this stage, the melogor: versetile; X hours ahead for the wethod to

supply (and hence latent heat) is drast{cally reduced or *

cut-off and the storm begins to decay, (c) Comparison with Squsll line of Other Begions

Weat African squall lines are similar, in many
respects, to their counterparts over Venezuela although
they occur within dissimjlar flow regimes. They all
propagate through, and in general travel faster than



the basic flow at all levels in the convective cloud layer

as evident from equations (3,3) and (3.4); this property
causes inflow of air into these systems from the front. This
is in contrast to mid-latitude squall lines which are advected
aince they travel at nearly the mean wind speed in the
cumulonimbus layer,

Again, unlike temperate squall lines, tropical ones are
associated with larger values of the Richardson number, Ri
while tropical storms are characterised by values of Ri greater
than 2,0 in the convective layer, temperate latitude storms
are associated with lower Richardson number (R{ %1.0, high
wind shear). The transfer of momentum in tropical storms
of Venezuela and Weat Africa are distinctive and of large
magnitude. Also, thelr propagation speed {Cs is almost
constant over a wide range of the Richardson Number,

3.4 Tropical Cyclones

As nature's most destructive weather aystems,
tropical cyclones represent a special cleas of intense
atmospheric vortices, Although there is as yet no
universal agreement about the processes which lead
to the transformetion from tropical disturbances to
c¢yclones, Gray and his group at Colorado State University
(Gray 1979, Mcbridge 1979) have carried out extensive
observational studies on the systems. They suggest
that tropical cyclones develop in regions where

ga) there is a non-zero value of the Coriolis parameter
b} the sea surface temperature » 26,59
(¢) there 1s higher than normal teladie humidity

(d} there is zero or negligible vertical wind shear
near the centre of the system

(e) a weak warm-core System with a low-level cyclonic
circulation having a high value of relative
vorticity on the scale of about S0D-800km exiats
and the vorticity falls off with height,

The temperature constraint is necessary to maintain
a4 saturated adiabetic lapse-rate throughout the
troposphere with a tropopause temperature of -780(
(Pearce, 1981),

The origins and areas affected by cyclones are
depicted in Figure 22e while Figure 22b ahows the
latitudes of their tnitial detection. The latter
figure shows that cyclones do not form h-5°¢ from
the equator, are most favoured in the latitude helt
5-20°C, and are most frequent in the North West Pacific,

In a tropical cyclone, the balance of forces ia between
the centrigugal force of winds ating at speeds greater
than about 50m/s and the pressure gradient force over s
horizontal scale of about 100km. Motion is in hydrostatic
balance and there are large temperature deviations,

A tropical cyclone has a well-defined central region -
the eye~ whose formation depends on the angular momentum of
an annular ring of rotating air as:

Vef - constant .o (3.7)

where Vg is the tangential velocity and r the radial
distancé from the centre, As the centre of the storm ia
approached (r decreases) the tangential velocity increases,
But since the cylone kinetic energy ie finite, the wind
cannot increasge indefinitely and it thus tends to spiral
upwards round a central region of calm subsiding mot{ion.
Figure 23 is a typical vertical cross-section across a
tropical cyclaone, The eye is warmer than {ts environment

throughout its depth, making tropical cyclones warm-core
systenms,

Cyclone genesis would seem to depend on the strength
of low-level cyclonic and upper tropospheric anticyclonic

.circulations, Their ganesis may be thought of from the

conditions which lead to an increase in the abaolute angular
momentum, Mo. within e cylindrical area of the diaturbance
region out to about 6% radious,
This can be represented by:
e AT

‘)"'m: QM [ ——g— v-r MQ

»t
where mweo 3J

= NV ¢+ éi-F1'z

My
and I(;M _ J.f, f‘rj:. _;.gr SOSP

V} v fc represent raﬁial tangential winds and surface
piledhlire reapectively,

Sop 1-th-;

The term on LHS is the mean rate of change in momentum
within the disturbance. The first term on the right
Tepresents the {mport of mementum at the 6° radius bounda
into the region; the last term is the momentum dissipation,
Observational results have indicated that there i8 a much
value of second over last term in (3.8),
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The difference between the relative vorticity at lower
and upper troposphere, the so-called genesls potential, is
also an fmportant factor, Developing cyclones are found
to be characterised by large differences,

This difference is concentrated in the lower and
Upper troposphere ss shown in Figure 2,

Cyclone intensification have mostly been modelled
on the CISK theory, While the theory appears to give
satisfactory explanation of the later stage and inner-core
region intensification, {t does not explain how the deep
cyclone from which integrations startecd ia itself formed.

Much further modelling asaisted by results from

observational study are still required before eyclone under-
standing and prediction can be fully achieved.

4. BOUNDARY PROGRESS AND SURFACE ENERGY PUDGET
e ) SURFACE ENERGY BUDGET

In section 1.4, the radiative processes and
energy balance were discussed, This balance may be
expreased as:

] = @, 8 +a, (o)

where Q“ and Q @re the sensible and latent heat
fluxes out of the surface and the flux into the
ground. @ (the basic input of surface energy budget)
is the net radiation absorbed by the ground as a
consequence of which its temperature changes according
to time of the day (aee Figure 25}, When energy
storage, [\(Q, in the layer (or volume) ias considered,
{4.1) becomes:

@ = @y +Q. +& +aq, (4.2)

Theae equations expreas the concept
Energy Input - Energy output - Storage = @
Three possibilities exint;
(a) Input =) Output = flux convergence ( Aggr0)
v} Input < output == flux divergence { ﬁQ‘ <0)
(c} Input = Output ( ZSQ,- o).

4s

The temperature of a layer of air near the ground can be
changed by the convergence or divergence of one or more of

, B ,? and Qg (horizontal flux)., If the site is ussumed
free o %orizon al_advection and the air remains unsaturated,
then only and 4 effect the change in the air temperature,
Hence the atmosphere is warmed by day when is directeq
upwards and vertical turbulence mixing is erfrclent with
remaining effectiv ¥ constant with height, The right
eltuation is that # 18 directed into the ground and the
air is cooled by the vertical divergence of §,, (— HE
Upto about 50m above the ground variations in radiatively-
important agents (water vapour, CO,, dust) in neglible;
this is the constant-flux layer,

The rate of heat flow into and out of the 8s0i]l dependa
on the temperature gradient and the soil characteristics,
80 that the flux-gradient relationship is:

= - 3T
QG - k’ )z_ Tt (%.3)

where kyis the thermal conductivity (hlur'KJ); it 1s not
atrictly a constant as {t varies with depth and time,

Thus by day time uhen'b'l' 218 negative, Q¢ 18 positive into
the air (1.e, a surface energy losa), The general diumal
and semsonal cycles of s30il temperature at different depths
&re shown in Figure 26a and b while Figure 24c is for a
tropical continental statjon (Ile-Ife, Nigeris). The heat
wave penetrates to lower depths with decreasing amplitudes

The wave amplitude at any depth ([11;L‘ decreases exponen-
tially with time as:

(AT;],, = ATexP[-z(W/kP)]-- (h.4)

where P is the wave period,

The method of estimating heat flux Qq is to use heat
plate of known conductivity since the variability of &
renders squation {4,3) impracticable, The plates are
usually buried horizontally and at least 10mm below the
801l surface, The temperature gradient accross, and the
heat flux through, the plate (and hence the s01l) are
proporticnal to the output of the plate as measured by
the connected thermopile, Due to the plate's closeness
to the surface, over - {or under -) egtimation may occur,
This is accounted for by subtracting (addimg} the change
in heat storage(ARQ)1in the overlying layer,
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A similer equation to (4.3) is also valid for the
flow of water, M, from the soil:

My ='fk“3—2—‘ * (4.5)

¥here P is air density, k,, the molecular diffusivity
for water vapour@&mzonfﬂ,acﬂand qQ 18 the specific humidity,

Equations (},3) and {L.5) are strictly valid in the
830il or laminar boundary layer but not in the atmoaphere
where convective activity dominates and real molecular
transfer is hegligible, Despite this, the analogy of the
roles of molecules in conduction can be extended to that
Played by eddies in convection. The transfer of horizontal
momentum in the laminar boundary layer is given by:

T = fl"'-%?u— * o (4.6)

where T 18 the shearing stress (force per unit area) to
the kinematic viscosity(= 01510 ¥t » Uthe mean wind,
The analog for the turbulent surface layer above this
laminar layer ia

T = 3“"‘—3—:} e

where Km is the eddy viscosity (mis?), km is about 5§
orders of magnitude greater thar |

The study of momentum exchange is importent because
it 1s central to studies concerning tranaports of heat Qy
and moisture & and also to pollutant dispersal,

Under conditions of neutral stabllity, the variation of

wind with height is given by the logarithmic wind profile
equation:

T oL 3 I

where W\ {8 the wingd speed at height z,Ue (U] = t/_f)
is the friction velocity, k the von Kerman's constant

from (4,8)) the atress ¥ can be obtained which can then be
used for evaluating other fluxes,

The above discussion relates to neutral conditions
where buoyancy is unimportant, as in cloudy skies and strong
winds, In such situations forced convections due to
rrlctionally-generated eddies dominate, In unstable
conditions mémentum, heat and moisture exchanges are
enhanced, although forced convection are at11] dominant
bear the ground up to say about 2m, Above this level,
free convection becomes dominant and Stability effects on
verticel exchanges increases, Figure gives the wind

&°

profiles under different stability conditions, Vertical
wind gradients are largest under stable situations ang
weakest in an unatable atmosphere,

Lot Heat and Moisture Fluxes

The sensible heat Gi.pasaing through the laminar
boundary layer by molecular conduction ia:

@, ='§’Cr*«%§: C ()

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

& = -f6 Kn(%}_—r —G] <+ (4.10)

or, in terms of potential temperature o)

Ry = -fql(n-g—é o (a11)

Ky 1s the eddy heat conductivity (m®s”).The vertical

transport of sensfble heat is typicalised in Fipure 28

which shows the correlation between stability, temperature

and the heat flux, Large upward heat transfer end high
temperature are associated with unatable conditions (w positive),

Evaporation from the surface through the laminar sub-
layer i1s given by equation (4.5). The flux of the water
vapour in the turbulent layer is:

£E = —fl(...la:z. ., (4.12)
Dz

and the latent heat flux GQE ia

% =-pLkud . . aa
where K, is eddy diffusivity and L the latent heat of
vaporisation,

The exchange of moisture between surface and the
&tmosphere determines the humidity, 1In constrast to the
heat flux which ia upwards by day and downward towards the
surface during the night, water vapour flux i8 predominantly
upwards, Although water may return to the surface as dew
under certeain condlitions, this is almost negligible compared
to the daytime flux,

Figure 28 shows that the vertical transfer of sensible
heat is correlated with the upward motfon. The flux of a
quantity L with fluctuations ]l' about {ts mean can thus

be expressed as:
—_ J, w!-y_f

B
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where the overbar may be time or space average. Therefore
sensible and hawent heat fluxes may be given as:

R, = PGWT
@ = gtEy

However, instrumental rdaponse to turbulence is a great
problem especially near the ground and this direct method
of flux estimation is not widely used, With the present
technological advance, there is great hope of applying
this simple atraightforward technique which is independent
of nature of the surface (roughness) and stability,

The profile method,which is commonly used,is based on
the assumptlon ol'E =K, = RI" such cases, the ratios of
thd fluxes are; 1t~ "™ Ky

C )
Q /R = -t %ﬁ,‘ T Geke)
_ - AT L. .
Q/r = -L 4% (k. 14)

Even if the assumption was not made, a knowledge of the
behaviour of, say.K"l;(ﬂ would still allow the above method,

There are two techniques under the profile method -
the aerodynemic and Bower ratio methods, The asrodynamic
method is strictly valid for neutral conditiona only
under the assumption of steady-state, invariant fluxes
with height and constant Ka,

Yith these the various fluxes are estimated, With Ol = Uy
from (4.8), they are given by: or kz

Q =-pek=*(52-80). . 4y gy

QE = —ILI@.‘_& (,%% .%) c ll--“Sb)

The Bowen ratio method has the advantage of being
stability-independent, The Bowen ratio p is given by

= Q& _ A6
@"Et_%ﬁ" (h.16)

Bo thet from the surface energy balsnce equation (4,1), the
fluxes can be written in terms of as

G = Ble-Q)[(irp). . - (2170
Qe = (Q_Qq)/“_'.pl. -+ (har7v)

The partitioning of the energy over different surfaces
at various locations are shown in Figure 29,

Further discussion of measurementa is done under “Satellite
Meteorology",

1.

3.

'

5.

10,

1",
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