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CHAPTER 1

CONCEPTS OF THE GENERAL CIRCULATION OF THE ATMOSPHERE

1.1 INTRODUCTION

The general circulation of the atmosphere deals
with the description and causes of large:scale flow of
the atmosphere. To understand the wide range of physi-
cal processes that take place in our envifonment, we
must first take a very broad view of our planet suspen-
ded in space., The following observations would com-

prise the salient points of such a view :

(i) The rays of the sun fall on the spherical surface
of the earth with different angles of attack at different
places; further, the angle of attack at any place changes

as the earth turns on its axis.

(ii) There exists strangely irregular patterns of con-
tinents and ocean basins over the surface of the earth;

the continents divide the world ocean into compartments;

(iii) There exists broad patterns of flow of air and

water over the globe; of these, the atwmospheric motion
has an orderly belted pattern, whereas, the presence of
continents is seen to inhibit the development of a uni-

form planetary system of water motion.



(iv) The atmosphere is seen to move at a high speed
in contrast to the sluggish and often barely percepti-

ble motion of the ocean waters.

Since the motion of water and air is a means of
transferring ehergy from one region of the earth to
another, the above observations might lead to the follow-
ing counclusion: the continental surfaces, which afe
motionless, play the role of stafic receivers of energy
from this motion, as also from the sun., It is the
atmospheric motion that constitutes the dominant envi-
ronmental control. Fig. 1.1 gives a system of latitu-
dinal zones which is based on the latitudinal distribu-

tion of incoming solar energy.

As a first approximation, we now consider the
circulation pattern that would be set up on an earth
imagined not to rotate. Fig. 1.2(A) shows the setup
as a spherical earth surrounded by ap uniform atmos-
pheric layer with no horiiontal pressure gradient in
existence. Imagine now that heat is applied to the
equatorial belt, creating a net radiation surplus,
while longwave radiation to space over the polar zones
yields deficit and results in polar cooling. As shown,

a pressure gradient from equator to poles has been setup
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at high levels, causing poleward movement of air in
Fig. 1.2(B). The redistribution of mass then causes
formation of an equatorial belt of low pressure and
two polar highs at low levels as in Fig. 1.2(C).

Here the pressure gradient force is eguatorward and
causes surface winds to blow from the polar zones
towards the equator. Circulation is completed by a
rise of warmer air over the equatorial zone and a
sinking of cooler air over the two polar zomnes. This
simple model Fig. 1.2(D), although unworkable, does
provide a first step in explaining the global circula-

tion,

We now take into account the effects of earth's

rotation by postulating an apparent deviating force

PR

(see Fig. 1.3) called the Coriolis Force, which except
at the equator causes a particle to deflect to the
right of its direction of motion in northern hemis-
phere, and to the left in the southern hemisphere. It
is proportional to the velocity of the particle, the
angular velqcity of the earth about its axis and the
sine of the latitude. A highly diagrammatic represen-
tation of the pressure and wind systems of the earth
is shown in Fig. 1.4, as if no land areas existed to

modify the belted arrangement of pressure zones.
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1.2 EARLY THEORIES OF THE GENERAL CIRCULATION OF

ATMOSPHERE

The above picture of.atmospheric circulation is g
very idealized one. But the problem of explaining the
circulation of even such an idealized atmosphere becomes
difficult by the presence of advection, which is result
of the displacement of the fields of motion and tempe-
rature by the field of motion itself. When averaged
with respect to longitude, these advective processes
appear to transport angular momentum and energy across
the latitudes., Thus, the atmospheric advective proce-
sses carry these quantities towards the poles from the
low latitudes and distribute them at high latitudes.
This may be accomplisﬁed by a meridional circulation,
i.e., a net equatorward flow at some levels %Eggggggégg
and a net poleward flow at other levels., Thus a direct
meridional cell would carry angular momentum and energy
poleward, if it has equatorward flow in the lower 1levels

and poleward flow at the higher levels.

The notable work of the astronomer Halley (1686)
is the first detailed and methodical account of the
trade winds as observed in three -separate oceans., Seek-

ing a common cause for them, he ascribed the north



easterly trades in the northern hemisphere and south
easterly trades in southern hemisphere to the tendency
of the air to converge towards the most strongly heated
region, i.e, the equatorial belt. Hadley (1735) fur-
ther advanced Halley's idea. He noted that due to
solar heating,>air would rise in lower latitudes and
sink at the higher latitudes, the circuit would then
be completed with air moving towards the equator in
the lower troposphere and towards the poles in higher
troposphere, He also noted that in an absolute seunse,
the earth's surface moves most rapidly eastward at the
lower latitudes and thus if air were moving initially
towards the equator with no relative eastward or west-
ward movement, it would try to conserve its absoluté
velocity and arrive at lower latitudes moving westward
relative to the earth giving rise to the easterly
trades. To explain the presence of the westerlies, he
maintained that air moving directly poleward initially,
would soon acquife eastward relative velocity to con-
serve its absolute velocity. On reaching the poles
air would sink and become the prevailing westerlies

(see Fig. 1.5).

The above theory requires some correction,

because in the absence of eastward or westward forces,



Figuwi.g-—-A schematic representation of the
general circulation of the atmosphere
as envisioned -by Hadley (1735) '
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~air moving towards the equator or towards the poles
conserves its absolute angular momentum rather than
its absolute velocity. This fault arose, because
Hadley had no knowledge about the north-south compo-
nents of the Coriolis force. Also, he did not con-
sider the thermal differential caused by the conti-
nents, which could have destroyed the symmetry of

the heating or the presence of mountains and other
barriers which could have distored the flow. Further-'
more, he did not consider the presence of water

vapour, whose thermodynamic properties were in any

event not known in his day.

Dove (1835) accepted Hadley's theory only for
low latitudes, but stated that the south-westerly
winds in middle latitudes were a continuation of
the south-westerlies above the trades, as their
warmth and humidity demanded an equatorial origin,
Thus, the trades would be:Eontinuation of a refurn
current from higher latitudes. He rieglected the
possibility that this current could occur in the
upper troposphere as it appeared impossible for
oppositely directed currents to cross in the horse

latitudes without altering one another, He was
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thereby led to a scheme where south-westerly and
north-easterly winds in middle latitudes flow side
by side at different longitudes at the same level,
rather than one above the other, The warm moist
equatorial current was fed by the south-westerlies
above the trades while the cold dry polar current
fed the trade winds. He described the middle lati-
tude storms as resulting from the conflict of two

currents, i,e., the north and south currents,

Maury (1855) proposed a new general circula-
tion theory, according to which, instead of a single
meridional cell in either hemisphere, there are two
cells - a direct cell like Hadle}g within the tropics
and an indirect cell in higher latitudes. The Ilow
above the north-east trades is from the south-west
and the upper level flow at higher latitudes is
apparently supposed to be from the mnorth-east.

Maury was unable to give explanation for the cause

of the indirect cells,

Ferrel (1856) was the first to explain that
the normal pressure was not uniform over the Earth's
surface. It was highest in the horse latitudes, and

lower in doldrums, especially in the polar regions.
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He stated that meridional currents from opposite dire-
ctions do not cross but mix with each other and introdu-
ced a third cell in the general circulation theory. His
great contribution was the introduction of a new force,
the Coriolis force, appearing due to rotation of the
earth which accounted for the previously anexplained
features ndt ounly of the generél circulation but also

of cyclones ahd smaller disturbances. In this theory,

he proposed:

1. The pole-to-equatorward density gradient,
due to solar heating as proposed by Hadley leads
to meridional motions, and hence, through the action
of the east-west Co?iolis force, to easterly and

westerly winds.

2. Due to the action of the new force, the
easterlies in low latitudes and westerlies in higher
latitudes should be deflected away from the equator
and the poles toward the subtropics, thereby creating
the observed deficit of pressure at the equator and

the poles, and the excess in the sub-tropics.

3. To explain the poleward drift in the surface
"westerlies, he observed that due to surface friction,

the winds néar the ground would be considerably
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weaker +than the winds somewhat higher up, while

the horizontal pressure gradient would be reasonably
uniform, The southward Coriolis force near the ground
would therefore be insufficient to balance the pre-
ssure gradient and the westerlies would turn poleward

later to rise and return equatorward.

L, Ferrel also noted that, for hydrostatic
reasons, the latitude of highest pressure must be
displaced toward the equator with elevation. He appa-
rently felt that the opposing currents in the upper
troposphere meet at this latitude in order to main-
tain the high pressure and thus inclined bounda-
ries exist between low-latitude and middle latitude
cells., In 1878, he further explored the possibility
of deriving a mathematical expression for the general
circulétion (Ferral 1878), but was not successful

as he was unable to formulate the frictional forces
correctly. But this task was finally attempted by
Oberbeck (1888) who represented the effects of
friction by simple '‘co-efficients of viscosity. He
represented temperature by a simple analytical fun-
ction of latitude and elevation and sought to derive

the motion from the temperature field.
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Thomson (1857) suggested that the low pressure
at the poles resulted from the centrifugal force of
westerly currents, which could be treated as large
circumpolar vortices. Helmholtz (1888), deduced that,
in the absence of friction, there should be easterly
winds in low latitudes and westerly at higher lati-
tudes. He then tried to find out how this circulation
would change by the effects of heating and friction.
Surface friction would produce a poleward drift in
the surface westerlies. He maintained that the
returning air abové the trades must come into imme-
diate contact with the cooler and more slowly moving
air below, with the formation of a surface of dis-
continuity about vertical mixing. He thus conclu-
ded that the principal deterrent to stronger winds
aloft was not surface friction, but the mixing of
layers of different velocities by means of vortices

forming on surfaces of discontinuity.

After Helmholtz, many scientists like Bort
(1900) and Bigelow (1900) proved that only Ferrel's
and Thomson's schemes were dynamically acceptable
schemes. In 1921, Defant stated for the first time
that the motion in middle latitudes was simply

turbulence on a very large scale,



Another major contribution in the theories
determining the role of cyclones in the general
) Was ma
01rculationkby Jeffrey's (1926). He was concerned
with the manner in which angular momentum was con-
veyed from low to high latitudes. He noted that
1) On large time-scales, angular momentum need

not be considered, since its net transport is pro-

portional to the net mass transport.

2) He stated that the net angular momentum
transport was proportional to the product of the

eastward and northward wind components.

3) Assuming a Bonally symmetric flow with no
meridional motion except within the lowest kilome-
ters, or the friction layer,he found that the amount
of angular momentum carried northward across middle
latitudes was too small by a factor of at least 20
to balance the angular momentum transferred into

the earth.

4) He concluded that the bulk of the required
angular momentum transport was carried out by large-
scale eddies, which he identified as cyclones, and
pointed out that symmetric circulation is impossible
i.e., the circulation must always be accompanied

with eddies.
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Bjerknes (1933) stated that a symmetric
general circulation may be possible but would be
unstable in some respects., In 1937, he concluded
that the circulation which would prevail in the
absence of departures from zomal symmetry was essen-
tially the one given by Ferrel and Thomson, with a
large direct cell occupying most of either hemis-
pheres and a shallow indirect cell at low levels in
middle latitudes. This circulation was unstable
with respect to small zonally unsymmetric distur-
bances, hence the observed circulation would con-
tain fully developed disturbances, which would
assume the form of cyclones and anticyclones (see

Fig. 1.7).

1.5 RECENT STUDIES CONCERNING THE GENERAL

CIRCULATION OF THE ATMOSPHERE

As,towards the middle of twentieth century,
the coverage of upper obsefvations increased, many
observational studies became possible to verify the
earlier theories and also to postulate new concepts.
Starr (1i948) observed that the required northward

transport of angular momentum could be produced by
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Figure 4-F-— A schematic representation of the general circulation of the atmns%vhere

according to Bjerknes {1921)
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troughs and ridges with a general NE-SW circulation.
He stated that the shapes of the subtropical circu-
lations are found to be such as to produce transport
of angular momentum poleward. The dowﬁnard flow of
angular momentum in the westerly belts is effected
by the presence of surface cyclones of the Bjerknes
type in these regions. The upward flow -in the
easterly belts is effected through analogous mecha-
nism, the detailsthich were not clear owing to the
lack of data. Bjerknes (1948) stated that elongated
quasi-elliptical anti-cyclones with major axes
oriented WSW-ENE could produce the same effect of
transporting angular momentum poleward in the lower
latitudes. Priestley (1948) observed that both the
meridional circulation and eddies were important

in effecting the required transports of angular
momentum. He found no indication that the eddy
transports were in agreement with mixing length

concepts.

Convincing evidence of the importance of
large scale eddies in the angular momentum balance
was finally provided by Starr and White (1951).

They found a large poleward transport by the eddies,
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but very small amounts of transport of angular
momentum by the meridional circulation. In 1954,
the same authors made a distinction between standing
eddies and transient eddies. Van Mieghem (1952)

and Lorenz (1955) calculated the kinetic energy of
the mean motion, eddy motion, and also the Available

Potential Energy of the mean and eddy fields.

Lorenz (1960) also deduced an energetically
consistent set of atmospheric equations, both for the
non-divergent and divergent flow. Wiin-Nielson (1962)
separated the barotropic portion of the kinetic energy
associated with the vertical shear. The work of
Lorenz (1955, 1960)’in particular,opened a new era
in the general circulation studies considering various
forms of energy in the atmosphere and their conwersion
and exchanges. Due to presence of large oceans data
Cwenge, over the tropical region and the southern
hemisphere was rather scanty., The earlier studies
on énergetics of the atmosphere were mostly for the
northern middle latitudes (Wiin-Nielson/196'4,

Saltzman 1961, Oort 1964). A comprehensive work on
farious aspects of general circulation of tropical
region was undertaken at MIT, USA by Newell et al (1972).

The studies on the atmospheric energetics, based on
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different data, from different sources and for
different periods brought out some consistent
features in energy processes of the atmosphere.
Saltzman (1957) designed scheme for splitting up
atmospheric flow into Fourier components and also
transformed the equations of motion into their
spectral (Fourier) form. This made possible the
study of atmospheric energetics in terms of waves
of different scales of motion. More details on the
energetics of the atmosphere will be discussed in

a subsequent chapter,

1.4 MODELS TO STUDY THE BENERAL CIRCULATION

OF THE ATMOSPHERE

One of the recent and promising methods of
studying the General Circulation lies in the develop-
ment of "Mathematical Models" for the purposes of
experiments, hypothesis-testing, and prediction.

Thus the model i;xmathematicai formulation of the
physicalﬁtha£&20ve£ﬁ the interactive processes which
affect the behaviour of combined system of conti-
nents, oceans and atmosphere, The models could be

either (i) physical models, or (ii) numerical models,

In physical models, a liquid of known density and

TH~l059
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temperature profile is put in a rotating frame to
approximately simulate earth's rotation and thermal
field, Experiments with such physical models have
provided interesting features of hypothetical atmos-
pheres response to imposed thermal and rotatory

forcings (Fultz, 1961).

In numerical models, the atmospheric physics
is represented by a set of mathematical equations
which can then be solved by modern computers to
arrive at desired features of general circulation.
As atmospheric equations of motion are highly nwL
linear, one has to resort to approximate numerical
techniques for their solution. Owing to the tremen-
dous range of scales of interacting atmospheric
processes in relation to the limited spatial resolu-
tion of computational grids and data observing systems,
it is not feasible to explicitly calculate the effects
of small scale processes, in complete detail, There-
fore, it is mnecessary to either relate the statisti-
cal effects of small scale processes, to measurable
or explicitly computable conditions on larger scale,
or to specify their effects more or less arbitrarily.

The expression of the statistical effects of various
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small scale transport and transfer processes in

terms of large scale variables explicitly resolved

by the models is defined as parameterizations. Some
common example 6f parameterizations are, the relation
of net turbulent and/or convective transport of heat,
momentum and moisture through the planetary boundary
layer to conditions at the surface and at the top of
the boundary layer. An explicit dynamic model of the
atmosphere generally known as Genéral Circulation
Model can be used to study different features of the
atmospheric general circulation. A first poineering
attempt in this direction wa% Phillips (1963). A
comparison of results based on actual data and those
arrived at from general circulation models serve as

a useful test on the validity of computational schemes
and parameterization methods. Over last two decades
efficient general circulation models have been evolved
in different parts of the world, particularly in USA
(NCAR GCM, i.e., National Center for Atmospheric
Research General Circulation Models) and UK (The
United Kingdom Meterological Office General Circula-
tion Model),Geophysical Fluid Dynamics Laboratory
(GFDL) Model which have been able to s imulate vari-
ous features of general circulation to a fairly good

degree of accuracy.



24

1.5 SUMHMARY

We have discussed in brief the evolution of
research on the understanding of the atmospheric general
circulation., Even though man has lived in the atmo-
spheric environment from the beginning, his understand-
ing of various aspects of the atmosphere which envelopes
the earth became possible with the development of
mathematical and physical sciences like physics, chemi-
stry and gebphysics. The early understanding was based
on observation of the large scale flow of the lower atmos-
phere as observed by sea-men during their ocean voyages.
Towards the end of seventeenth century and early eigh-
teenth éentury,-with the development in the physical
sciences, the explanations of the observed features
started emerging (Halley, 16863 Hadley 1735). These
explanations, however, were not free from some fundamen-
tal discrepencies. Workers like Ferrel (1856), Helmholtz
(1888), Jeffrey (1926) and Bjerknes (1935) further refined
the concepts of the genmeral circulation of the atmosphere.
The availability of upper data over a larger part of
the globe, particularly the northern hemisphere, provi-
ded opportunity for further refinment in the theoretical
and observational studies of the general circulation

of the atmosphere. Works of scientists like Lorenz
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(1955, 1960), Wiin-Nielson/f1964), Saltzman (1957,
1961), and Newell/(1972) have put the understanding
of general circulation of the atmosphere on a firm
footing. The development of general circuiation
models of the atmosphere have provided further under-

standing to various observed features of the atmosphere.

The'features like conservation of angular momen-
tum, the transport of momentum and energy from lower
to middle and upper latitudes, conversion and transfor-
mation of energy on various scales of motion and between
mean flow and eddies are not fairly well known. However,
as data with better resolution, particularly over tropics
are becoming available, they will reveal more detailed
features of various aspects of general circulation of
the atmosphere. There is, therefore, an ample scope
for further research on general circulation, based on
both observational data and general circulation models
for better understanding of the atmosphere, which may
in the long run lead to its better prediction of

atmospheric behaviour,.
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CHAPTER II

THE EQUATIONS FOR GENERAL CIRCULATION STUDIES

2.1 INTRODUCTION

The characteristic features of the circulation
of earth's atmosphere vary in both space and time
scales. The atmosphere is in an ever changing state
resulting out of imbalances between different forces
acting on it., However, there exist certain equili-
bria between some acting forces to good degree of
approximation, The hydrostatic equilibrium defining
a balance between force of gravity and vertical pre-
ssure gradient is a familiar property of large scale
atmospheric flow. The balance between horizontal
pressure gradient and Coriolis force known as gestro-
phic balance is @another fumdamental approximate
property of the atmosphere which is valid mainly in
the middle and higher latitudes. Such approximate
properties of the atmosphere are useful in establish-
ing physical relationship between different atmosphe-
ric variablesin the course of observational or theore-

tical studies of the general circalation.

The general circulation of the atmosphere is

the description of various statistics of the
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atmospheric flow based on sufficiently long data.

The general circulation of the atmosphere ié, there-
fore, derived from instantaneous atmospheric motion
which is governed by the following fundamental laws

of physics.
i) The law of conservation of momentum, or

Newton's second law of motion.

ii) The law of conservation of energy or the
first law of thermodynamics.

iii) The law of conservation of mass or the con-

tinuity equation.

2.2 BASIC EQUATIONS GOVERNING THE ATMOSPHERIC FLOW

2,2.1 EQUATIONS IN (x, y, z) CO-ORDINATE SYSTEM,

The above laws defining the large scale flows
in (x, y, z) co-ordinate system can be expressed in

terms of mathematical equations:

%:_i—b-b -f-:{-\V-l'Fvc 2.1(a)

1
& 3y
@:,L(‘_}_E—-ﬁ“‘?z 2.1(c)
At S %

2.4(b)
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é@_?: —63 Q 2.1(a)

o) =0 2.1(e)

Equations 2.1(a) through 2.1(c) describ_e the
principﬂgyof conservation of momentum in zonal, meri-
dional and vertical directions respectively. The
acceleration in horizontal components of momentum is
the result of the horizontal pressure gradient force,
Coriolis force arising due to earth's rotation, and
frictional force,whiﬁm the vertical acceleration of

the momentum is caused by vertical pressure gradient,

the force of gfavity and frictional force.

Equations 2.1(d) governs the law of comserva-
tion of energy according to which, the change in
potential temperature occurs due to external diabatic

heat sources and sinks.

Equation 2.1(e) is the law of conservation of
mass of a compressible fluid. According to this, the
change in the density of air is caused by wind diver-

gence.
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2.2.2 HYDROSTATIC ASSUMPTION,

Large scale atmospheric flow isvcharacterised
by more or less horizonal motion, and the vertical
component of wind or its acceleration is very small,
As a result of this, an important approximation is
the hydrostatic assumption nwth@@gﬂ earlier. An
examination of comparative values of various terms
in equation 2.1(c) shows that the terms other than
term %%—E and 9 are much smaller. Therefore,
for large scale atmospheric flow, to high degree of

accuracy, there exists a balance between the verti-

cal pressure gradient force and force of gravity, or
5z - 4

This relation is known as hydrostatic balance.
2.2.3 EQUATIONS IN (x,y,p) CO-ORDINATE SYSTEM.

The hydrostatic approximation has great utility
in studying the equations of atmospheric flow. Due
to the diagnostic relationship d@%m&nﬁ the variation
of pressure with height as indicated in equation 2.2,
one can transform 2.1(a) through 2.1(e) from the
(x,y,2z) co-ordinate system to (x,y,p) co-ordinate
system, When this is done, the equation 2.1(e)

reduces to:



30

ou
o -

where 0¥ = gf is the vertical velocity in p system.
As an air parcel moves vertically relative to pre-
ssure surfaces, the rate of change in its pressure

is a measure of vertical velocity. This form of
continuity equation has advantage that the density
variation with time does not appear in the equation
explicitly. A compressible fluid like air in

(x,y,p) system can, therefore, be treated like an
incompressible fluid without any sacrifice in its

physics.

The pressure gradient terms %yz and

._L?i-b in (x,y,p) system take the :f.'orm B(b and _aﬁ
D% oy

where, C'):g'z- ~is the geopotential, Thus, in
the co~-ordinate system, the density of the air does
not appear explicitly in the horizontal momentum

equation also.

In (x,y,p) system the above set of equations

alonqwith hydrostatic assumption may be written as

%‘5’ z -(g% +1C\r+ £ 2.3(a)
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_aitl’.;—(éﬁé..)fu—f@ 2.3(b)
g(b'; - ,33 | 2.3(c)

a6, 8 é | 2.3(d)

k6T
Q)_f_& ra_\ﬁ" ?u& =0 2.3(e)

and if we add the eguation of state

_132_ = RT 2.3(£)

this becomes a close set of six equations in six
variables, u, v,0% , p, § and T, or § , provided
that the frictional force, F, and F’] and diabatic
heat source or sink éi are known or are expressed
in terms of the above six known variables. The
process of expressing physical processes like frict-
ional effects, diabatic heating or cooling, conve-
ctive processes in terms of measurable meteorologi-
cal parameters like temperature, wind components, etc.

is called parameterization.
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For many purposes it is not mnecessary to
study or solve these equations in their above form,
Often approximate equations retaining the essential
properties of the original equations are of much
practical utility. The method of scale analysis
based on an examination of comparative magnitude of
different terms of the equation of motion is useful
for arriving at such consistent approximétions. One
of the very useful approximation is that of geostrophic

approximation,
2.2.4 GEOSTROPHIC ASSUMPTION.

The scale analysis of horizontal momentum
eguation 2.3 (a) and 2.3(b) shows that atleast
in the middle and higher latitudes the pressure gra-
dient term ?{Q ) ?.TCD- and £v~ -PU— are of a

x Y ?

comparable magnitude and atleast an order larger
than the other terms. Hence there exists a balance
between the pressure gradient force and Coriolis
force to a good degree of approximation in the middle
and higher latitudes. Thus, for many purposes these

two equations may be written as

qu_._ __(%% ' 2.4(a)

_ d 2.4(b)
fr= 30
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This relation between pressure gradient force
and Coriolis force is known as geostrophic assumption
and is valid in middle and higher latitudes. However,
in the equatorial region where the value of -F becomes
very small, or in the atmospheric boundary layer where
the frictional forces dominate, geostrophic approxi-

mation is not wvalid,.
2.2.5 THERMAL WIED EQUATION.

Another useful relation is the relation between
the hofizontal temperature gradient and the vertical
shear of the wind, known as the thermal wind equation.
This can be derived by differentiating equations
2.4(a) and 2.4(b) with respect to 'p' and making use

of equation 2.3(f).

The thermal wind equation derive&thus,has the

form

J-P ay ‘ 2.5(a)

oV _ _R_oT 2.5(b)

This equation is useful in calculating the vertical

*  wind shear from horizontal pressure gradient or vice

e e e —

versa,
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2.3 DECOMPOSITION OF GENERAL CIRCULATION STATISTICS
INTO MEAN AND EDDIES

The atmospheric circulation exhibits variations
ranging over different scales, both in space and time.
In the time domain, besides the changes on seasonal
and longer scales, the atmosphere poses many varia-
tions of shorter durations. There are also varied
scales of motion in space ranging from planetary
scale systems to cyclones of relatively much smaller hori-
zontal extent. Thus, for a better understanding of
general circulation of the atmosphere in terms of
scale interactions of different waves, it is advanta-
geous to divide the atmospheric flow in terms of basic
flow and the eddies. An observed feature of the
atmospheric circulation is that the wind blows domiwnn-
ntly along the latitude circles. Thus, the basic
flow is taken as the zonally averaged flow élong
latitude circles, so that along any latitude an
atmospheric variable 4) may be assuomed to consist

=l

of two components q) and cP' such that

b= ¢+



viw)
Ut

_ 2T
where 4)-:-. 541-\: fcpd) is the zonal average of CP
5

and CP' = its local deviation from the zonal

average.

A similar process can be adopted in time domain

also. If we split the atmospheric_variable q) at

any time into two components, i.e., the time average

and deviation from it,
we may write

¢-[e]+”

2.7

+T
W\-le‘re, Ld)} :il:r (Cl)d-t’is long term average over
¢

time interval 2T, and

*
CP = the deviation of instantaneous value

from this average.

Combining (2.6) and (2.7) we decompose the

atwospheric variable 4) as

G=[F]+ ¢* 4 [d']+ P>

where, [&5:] represents time averaged zonal mean
field



gs* represents temporal variation of zonally
averaged field,

[Ej’j represents standing eddies, and
<¢¥’ represents transient eddies.

Using the same decomposition scheme the product

of two variables (as an example 79 and V* components

of wind) may be expressed as

UV = ([11] + W U 1+ LLW) .([\7J +V 4 [Vv] "‘VN>

and when both sides are averaged over space and time,

we get (Starr and White, 1952)
[6V]= [@1[9] +[w) v +[wv) 29

Left hand side of (2.9 gives the zonally and
time averaged meridional flux of westerly momentum,

which is contributed by

i) The mean meridional motion - [d] [v]
ii) Standing eddies - r_a,] ['{,‘:] and

iii) Transient eddies - [u/V;]

Thus, decomposition of meterological fields
into mean and eddy compounents, can bring out many
physical processes prevailing in the atmospheric

general circulation,
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One may further decompose the eddy motion into
Fi;ier components and also transform the equations of
motion in spectral or Fourier domain (Saltzman, 1958).
This procedure enables one to study the geuneral circu-
lation of the atmosphere in terms of different scales
of mofion. Further,.details on such decomposition

.wili be discussed in a subsequent chapter.

2.4 SUMMARY

Most of the General Circulation studies are
based on the set.of equations 2.3(a) through 2.3(f),
after decomposing the meteorological fields into
mean eddies as in equation 2.8 and 2.9. " A number of
observational studies have been made on these lines
using the global observations (White, 1951; Starr
1961; Oort and Rasmusson, 1971; Newell et al., 1972).
In the following chapters we will describe the various
features of the general circulation of the atmosphere
as derived from the analysis of these equations and
decomposition stchemes. It may,however be,not possible
to give full description of the complete analysis,

unless it is necessary.



CHAPTER 111

OBSERVED FEATURES OF ATMOSPHERIC GERERAL CIRCULATION

3.1 INTRODUCTION

The characteristic features of general circula-
tion of earth's atmosphere have got many heterogene-
ties, due to inherent instability in the atmospheric
flow system, the distribution of heat sources and
sinks and geographical distribution of oceans and
continents., If the atmosphere were completely steady,
the task of studying its general circulation could be a
straight forward matter of geographical exploration.
If the circulation patterns varied only with time of
the day or the season of the year, but not otherwise,
the task of general circulation studies would be
prolonged, but will not be still too complicated.

But the fluctuations in the atmospheric circulations
occur on all time and space scales to include simple

Jo
gust and lulls in local winds, the development and

A
decay of individual thunderstorms, the passage of
migratory cyclones and anti-cyclones, the extended
period oscillations in zonal index and changes corre-

sponding to global atmospheric system7like monsoons,



It is, therefore, difficult to describe all features
of atmospheric circulation to finer details. The
general circulation studies, therefore, concentrate
on the broad description of significant atmospheric
features and their variations with season or periods
of time, as well as their possible causes. In this
chapter we will be concerned with such broad features

of global atmospheric circulation and their physical

causes, as we understand them today.

3.2  LONG TERM ZONALLY AVERAGED WIND AND TEMPERATURE
PATTERNS |

If we move along a latitude circle we encounter
wavelike eddies of various scales. The meridional
wind froﬁ northerly and southerly directions associa-
ted with these eddies largely compensate each other,
so that, the zonally averaged wind bBecomes practically
zero. The zonally averaged wind field is, therefore,
described essentially by the zonally averaged zonal
(east-west) component of the wind and will be of

interest for our study.



40

3.2.,1 ZONAL WIND:

Fig. 3.1(a) and 3.1(b) show the long term
averaged of zonally averaged zonal component ( W )
of wind extending from north pole to south pole during
the northern winter and summer seasons, based on the
studies of Buch (1954) and Obasi {(1963). The follow-

ing features are evident from these figures.

i) The prevalence of easterlies over the tropi-
cal latitudes and westerlies over the middle and high

latitudes.

ii) Existence of westerly wind maxima in both
hemispheres in the upper troposphere during both

seasons.

At lower levels the easterlies extend between
about 30N and 30°S. The latitudinal extent of
easterlies shrinks with height and is only from 10°N
to 10°S in tﬁe upper troposphere during summer, while
during winter the easterlies in the upper troposphere
do not exist at all., During winter the strongest
easterlies occur in the northern hemisphere along
about 10°N in the lower troposphere. During summer
season easterly maximum occurs in the upper troposphere
near the equator corresponding to the location of

easterly jet over India during monsoon season.
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The westerlies in both the hemisphere
z;ye greater latitudinal extent in both hemisphere
and have maximum strength near 200 mb during both
the seasons. These wind maxima occur over the
region where westerly jet streams blow in the
two hemispheres, During the winter seasons of
each hemisphere 10°-15° and lies at about 45°
latitude. The intensity of westerly wind maxima
is more during winter than during summer, also
the southern hemispheric westerly maxima are

stronger than northern hemispheric maxima during

respective winter and summer seasons.

3.2.2 TEMPERATURE

Fig. 3.2(a) and 3.2(b) shows the zonally ave-
raged long time mean temperature during winter and
summer seasons after Palmen and Newton (1867). During
both the seasons the temperature is maximum over
equatorial region and decreases towards poles. The
equator to pole temperature gradients are weak over

equatorial region and became very strong in middle
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and higher latitudes. The zonally average tempera-
tures are more sﬁ?etric with respect to equator during
winter than during summer. During winter, highest
temperatures in lower and middle tropqsphere occur
near the equator,while during summer, the thermal
maximum occurs around 15°-20°N. The meridional tempe-
rature gradients at southern higher latitudes during
southern winter are also much stronger than those at

northern higher latitudes during northern winter,

The vertical variation of temperature has a
significant feature of separation of atmosphere into
the troposphere, where the temperature decreases with
elevation, and the stratosphere, where the tempera-
ture no longer decreases and even increases with
height. The layer separating these two temperature
regimes is called tropopause, and is not sharply
defined in average temperature fields as can be

observed in day-to-day vertical temperature profiles,

3.3 PHYSICAL CAUSES FOR OBSERVED ZONALLY

AVERAGED FIELDS

The above zonally averaged wind and tempera-
ture profiles are derived from daily observation and

hence must satisfy the zonally averaged relevant
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equations of atmospheric flow, The sources and sinks
of respective fields also play important role in deter-
mining these average fields. We shall outline below
the causes for observed zonally averaged wind, and |
temperature fields on dynamic and thermodynamic consi-

derations.

3.3.1 ZONAL WIND.

The zonally averaged wind is maintained by
dynasiic as well as thermal factors.v Due to molecular
and boundary layer friction there is continuous dissi-
pation of the kinetic energy of the atmospheric circu-
lation. Therefore, there must be some physical proce-
sses by which the momentum or Kinetic energy, is gene-
rated nearly at the same rate at which it is being
destroyed by dissipative forces. One way to look at
the maintanance of mean zonal circulation is from

the angular momentum consideratious.

The absolute angular momentum of a unit mass

of air at a latitude & is given by

M= (U. +.0. 0 CoS e)a,cose' 3.1

-
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Now there are two forces, i.e., the pressure
gradient forces and frictional force which can change
the angular momentum, Therefore, the torque of
pressure gradient force and frictional force must

be equal to the acceleration of angular momentum, or

%z(_—é-%—r&>aw59 3.2

whichyusing the continuity equation 2.1(e),may be
written as

%(QM): - V. (QM\/)_.?;(QQCDSE})—HQCDSG.FJC s

On decomposing the wind components into their zonal
mean’and deviation from them, the above equation when
integrated over a volume enclosed by vertical walls
along latitude circles @l and (9,_ extending from
earth's surface to the top of the atmosphere, takes
the form

62 00

53 M?d\” 2o ws’&ff(_(luacos9+uv+ w'v )Azd@'

f wcoa@o‘\*+f%aooseFow | 3.4



The second term_E£§9 vanishes except Qhen
there are large mountains along a latitude. In that
case, it is equal to the mountain torque due to

dif ference in pressure on eaét and west sides of
mountain. The last term is frictional dissipation
term, The three components of the first term repre-
sent respectively the meridional transport of earth's
momentum by mean meridional wind ( _2 vacws®), the
meridional transport of mean westerly momentum by
mean meridional flow (ULV ), and meridional trans-
port of zonal momentum by eddies ( IIRF ). These
.three processes are largely respounsible for maintain-
ing the observed mean zonal wind field., Fig. 3.3
shows the relative magnitude of angular momentum
fluxes due to these three components between 20° and
30°N as computed by Riehl and Yeh (1956). Of the
three components meridional transport of earth's
momentum is maximum and is known as the cause of
mid-latitude westerlies, The eddy transport of angu-
lar momentum has also been found to playkgreat role
in maintaining the westerly flow, particularly the
westerly jet. Figure 3.4(a) and (b) shows the meri-
dional transport of westerly momentum by eddies during

summer and winter seasons after Oort and Rasmusson
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(1971). We see that during both the seasons the
region of maximum meridional transport of westerly
momentum by eddies coincides with the location of
westerly jet stream (Fig. 3.1(a) and (b)). During
winter season the meridional transport of westerly
momentum by eddies is nearly twice of that during the
winter. The strength of the westerly jet during the
two seasons also has similar variations. Thus, the
meridional transport of angular momentum plays an
important role in wmaintaining the mid-latitude wester-
o

lies and their jet., The meridional transportkrela—

tive westerly momentum ( WV ) is.in the mean, rather

?
small,

Another factor responsible for westerly jet
is the sharp equator to pole temperature gradient at
middle latitudes. From the thermal wind considera-
tions, the westerlies should increase with height

till the tropopause, and decrease thereafter as,on

3
higher levels,the temperature gradient becomes very

weak or even reverses.

The angular momentum so generated at a latitude
by meridional fluxes and thermal effects is ultimately
destroyed by frictional forces nearly at the same rate.

This results in maintg nance of zonal wind field.
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5.3.2 TEMPERATURE FIELD,

The thermodynawic equation may be written as

WO AT 08, ¢
[ bx y ean‘*CPQ 3.5

9T _
ot
using the continuity equation and integrating (3.5)
Y7 W0 from bottom of the atmosphere to its top between You

latitude circles Qj and 6%/ we get at any

pressure level.

fm A8 (Q_z_;;% T)+(_:t’;‘{

where a bar indicates latitudinal mean:T’and‘v'in
the first term may be decomposed into zonal mean and

eddies so that equation (3.6) takes the form

G2 28
- == 0T . T 26
LT v DTv494-w + == Q
%'Té:—a‘i—ggdg & w ob-. (aF & op) G )
! !
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The termbon the right hand side indicate,

respectively, the contribution of

i) mean meridional thermal flux
ii) thermal fluxes by eddies
iii) vertical fluxes of temperature field, and
iv) zonally averaged external sources and sinks
of heat.
If we look at the zonally averaged heat
budget of the earth's atmosphere (Houghton, 1§54)

' . (Fig. 3.5) we see that in
the northern hemisphere,tropical and sqbtropical
regions upto 30°N receive more heat byZ%oming solar
radiation than they lose the same by long wave radia-
£ion. Over the higher latitudes on the other hand,
loss of heat by long wave radiation is more than
the gain by incoming solar radiation. Thus, the
tropics should have a net surplus heating while
higher latitudes should have net cooling. However,
over long periods)the temperature at various lati-
tudes remain nearly unchanged. This is accomplished
by meridional transport of heat from tropics to
mid-latitudes. Out of various transport processes

the meridional transport of heat by eddies is largely

responsible for removing excess heat for tropics and
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transferring it to higher latitudes so as to main-
tain the observed zonally averaged temperature field.
Fig. B.S(a) and (b) shows the meridional transport
of heat by eddies during summer and winter seasons.
We see that during winter ,heat is transported by
eddies towards pole, the strongest transport being
in the middle latitudes in the lower troposphere,
where prevailing equator to pole temperature gradients
are strm?. During sumimer season.,there is small
southward transport of heat between equator and 20°N
also. The poleward transport of heat in the middle
and higher latitudes is much smaller during summer

than during winter.

The cause for reversal of vertical temperature
gradient near the tropopause is both dynamic and
photocheiiical. The ozone in the stratospheric regions
absorb ultra-violet radiation and thus warm these
regions, Besides,; the cohvective processes in the
traé%phere change vertical temperature profile in
such a way,that we get a reversal of tenperature
gradient around 200 mb level which is the level of

tropopause.
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3.4 SUMMARY

‘We have examined above only the zonally avera-
ged features of wind and temperature fields and their
. causes. We find that both the westerly angular
momentum and net heat input in the tropics is more
than those in the higher latitudes. Unless some
mechanism exists to transport the excess of the
westerly momentum and the heat, the observed nearly
steady state zonally averaged wind and temperature
fields will , impossible to maintain. The meridi-
~ onal transport of angular momentum and heat is
accomplished both by the mean meridional circulation
and by the eddy fluxes. The westerly jet stream
is maintained both by the convergence of angular
momentum by eddies and the effect of meridional
temperature gradient through thermal wind equations.
The eddies also transport heat from the lower lati-
tudes to the higher latitudes so as to maintain heat
balance of the earth-atmosphere system. Thus, the
earth atmosphere system has developed an inbuilt
mechanism by which the momentum and heat are trans-
ported from the excess to deficit regions and are

simultaneously destroyed by frictional and radiative
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effects. The rate of generation and dissipation

of momentum and heat energy are in near equilibrium,
so that in.the long run, except for seasonal varia-

tions, there is no net gain or loss in the momentum

or heat budget of earth-atmosphere system, including
of course the oceans which we have not considered

in our study.
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CHAPTER IV

ENERGETICS OF THE ATMOSPHERE

4,1 INTROD UCTION

An important aspect of studying the atmospheric
system is through analysing its energy processes. The
atmosphere possesgfmany forms of energy,like potential
energy, kinetic energy, electrical emnergy and photo-
chemical energy etc, The energies like electric energy
or photo-chemical energy are of much smaller magnitude
and also exist over limited domain of the atmosphere,or
over limited periods. In the general circulation
studies, our concern with the atmosphere energetics

relate to three forms of energy only, i.e.,

i) Potential energy (P) due to the po sition of

the air particle in relation to some reference level,

ii) The internal energy (I) due to the temperature

of the air parcel, and

iii) The kinetic emergy (K) due to the motion of the
atmosphere,
The potential energy is given by the expression
P= 9z
and the internal energy by

T = CVTO



It can be shown that u
the P and I of entire
earth's surface to the

constant ratio or more

T

-
i\
<l

From (4.1) we see that

2P
P+T = f{lp

Thus, under hydrostati
column of air are not
relations (4.1) or (4.
to regard P and I as a
Margules (1903) as the
Wilh this considerati

of energy, i.e.,

i) The Total Poten
ii) The Kinetic Ene
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considerations have sh
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of the atmosphere, their relative magnitude being

the order of 2000: 1. Thus, the study of quantities
having so largely different magnitudes could not be
free from errors of relative approximation. Actually
there is a large amount of total potential energy
which does not play any role in the kinetic energy
balance of the atmosphere. Based on these considera-
tions, Lorenz (1955) put forth the concept of Available

Potential Energy (A).

4.2 AVAILABLE POTENTIAL ENERGY

According to Lorenz (1955),available potential
energy is that amount of potential energy which at any .
time is available for conversion to kinetic energy.

The available potential energy of the atmosphere is
completely determined by the distribution of its mass.
If the mass distribution is such that the atmosphere

has a statistically stable horizontal stratification,
which is possible if the pressure surfaces coincide
with the potential temperature surfaces, the potential
energy of the atmosphere is minimum, Thus, the availa-
ble potential energy is the difference between the actu-
al potential energy of the atmosphere and potential

energy which the atmosphere will acquire if its pressure



surfaces and temperature surfaces are brought parallel
to each other, Based oun these counsiderations, Lorenz
(1955) derived the expression for available potential

energy (A) as

2
K:-;:j (c‘ (I?,)oa/; 5.3(a)

o R of_q. -(-8 '59
or A=—'7;§f° JGF ( P)<&>d’l° ~ &.3(b)

T

The expression (4.3) shows that the available potential
energy is given by the variance of temperature or the
potential temperature,on a constant pressure surface.

If the temperature on a pressure surface is constant,

the variance of thermal field is zero and hence the
atmosphere at that level possesses no available potential
energy. The scale analysis considerations show that

the ratio of mean available potential to mean total

potential energy is

I
~J
A (P +1 /2000
and the ratio between kinetic energy and available

potential energy is

~K/i\" ~ 4/w
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Based on these magnitude considerations the
studies of atmospheric energetics generally relate to
the available potential energy and kinetic energy, and

their conversion and exchange processes,

k.3 EQUATIONS FOR STUDY OF ATNOSPHERIC ENERGETICS

The basic equations for studying the atmospheric
energetics are the set of equations (2.1) or (2.2)
given in Chapter II. However, we manipulate these
equations in such a form that they become the equatiouns
for the kinetic energy and the available potential
energy of the atmosphere., The horizontal momentum
equations of the atmosphere in pressure co-ordinate

system as given in Chapter II are:

b - [ul +v-ﬂv+w3‘q fr-28 ¢, x.4(a)

B\r-l \/3\/“ wo ] +f %,Q

- = + + w - -H’ 4,4(b)
ot x

Multiplying 4.4(a) by u and 4.4(b) by ‘v’ and adding
the resulting two equations, we get the equation for

the kinetic energy integrated over a specified domain



as:

i

oK
ot

3 e K+ 94V ]dp- lf o dpr f (R4
° by B 3 ) s

The thermodynamic equation is given by

. 8 T .
ae {%’% w% ]* A2 R *

Breaking E% and CQ into its zonal averages and
deviations, and presuming that the zonally averaged
91 and G{ do not change with time, the above equa-

tion may be written as:

e il PO QS

Multiplying both sides of (4.6) by 9; and integrat-
ing the equation over a specified horizontal domain
from the bottom to the top of the atmosphere,we get
after some manipulations)the equation for available

potential energy as:

— A Po

oA _ > — G «/
= VA)dp + -+ wxd‘o £ {8 Qd’
0 of(v\t )*H-%og\[, ‘*‘?‘51

(e) (F) (&) #8



In equation (4.5)7terms (A) and (B) represent horizon-
tal fluxes of kinetic energy and potential energy.
The term (D) represents the dissipation of kinetic

energy.

In equation (4.8) the term (E) represeunts the
advection of available potential energy and the term

(G) its generation or dissipation.

Term (C) in equation (4.5) for kinetic energy
and term (F) in equation (4.3) for available potential
energy,are equal but have opposite signs. This term,
therefore, represents the conversion of available

potential energy to kinetic energy.

We shall look into these terms in a more deta-
iled way. We see that?f;rm determining the conversion
of available potential emergy to kinetic energy is
given by JF(:):( oq) or it is the variance between
vertical velocity and the specific volume. If the air
rises over warm regions Ok sinks over cold regions,
this term will be negative and will indicate decreas-
ing available potential energy, and a corresponding
increase in kinetic energy. Thus, the conversion of

avalilable potential energy to kinetic energy takes

place by rising of warm air and/or sinking of cold



air. Such processes take place in direct Hadley circu-
1ation$yhere warm air rises over tropics and cold air
sinks over the mid and higher latitudes., If the cold
air rises and warm air sinks,the energy conversion is
in an opposite direction, i.e., from kinetic energy to

available potential energy.

The term%(G) in (4.8) representing the generation
or dissipation of applied potential energy is a measure
of co-~variance between potential temperature and diabatic
heating. Thus, if the warm regions get more heated or
the cold regions become mnore cool;xhis term will be
- positive and there will be a generation of available
potential energy. The warming of cold regions and the
cooling of warm regiorupn the other hand, leads to

decrease or dissipation of available potential energy.

Term (D) in equation (4,5) representing the
dissipafion of kinetic energy,gemerally contributes to-
wards decrease in kinetic energy. It is possible to
further split the eddy motion into various scales re~
presented by Fourier Compounents (Saltzman 1957; Saltzman
and Fleisher 1960; Murakami and Tomatsu 1965). Such
break up can provide insight into the energy exchange
processes and energy conversion processes between eddies
of different scales and the zonal flow,as well as among

eddies themselves,
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L4 OBSERVED FEATURES OF KINETIC ENERGY AND POTENTIAL

ENERGY DISTRIBUTIONS

Table (4.1) gives the values of Total Available
Potential Energy (A), Zonally Averaged Available
Potential Energy (AZ), the Eddy Available Potential
Energy (AE), Total Kinetic Energy (K) and Zonal Kinetic
Energy (KZ) and Eddy Kinetic Energy (KE) for four
representative months January, April, July and October

1962 after Wiin-Nielsen (1965).

Table (4.2) gives the ratios AE/AZ, KE/KZ, KE/AE, Kz/AL
K/A for the values in'Thble(h.i). Although various
energy statistics may differ with different periods
of data to some extent, the above statistics may be
regarded as representative for the northern middle

latitudes.

We see that the kinetic energy (K) is about half
of the available potential energy (A) during all the
four months., The K to A ratio in this case is somewhat
higher than the long term expected ratio of 0.1. We
notice that the eddy available potential energy (AE) is
from 25% to 40% of zonal available potential energy (AZ).
Eddy kinetic energy (KE) on the other hand is larger
than the zonal kinetic energy (KZ). It is also interes-

thal”
ting to note‘the zonal kinetic energy (KZ) is a small
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Tabledl: Monthly Mean Available Potential Energy

values during 1962 (units Kjm~2)

Month A AZ AE K - KZ KE

January 1962 5376 4054 1322 3013 1340 1673
April 1962 4006 3202 804 2014 798 1216
July 1962 1952 1356 596 1002 317 685
October 1962 3916 3046 870 1810 662 1148

Mean 3813 2915 898 1959 779 1180

Tablel2: Energy Ratios

Month AE/AZ KE/KZ KZ/AZ KE/AE K/A
January 1962 0.33 1.25 0.33 1.27 0.56
April 1962 0.25 1.52 0.25 1.51 0.50
July 1962 0.44 2.16 0.23 ' 1.15 0.51
October 1962 0.29 1.73 0.22 1.32 0.46

Mean 0.31 1.51 0,27 1.31 0.57
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fraction of zonal available potential energy (AZ)
while eddy kinetic energy (KE) is larger than eddy

available potential energy (AE).

From above,we see that whereas the available
potential energy is largely concentrated in its zonal
component, the Kkinetic energy has larger magnitudes

in the eddy component of the flow,.

When we look into the kinetic energy and
available potential energy distribution into wave
number domain we get further details. Figure 4.1
gives the distribution of kinetic energy over wave
number 1 to 15 during summer and winter seasons of
1969. VWe see that the kinetic energy during both
the seasons decreases with wave number. However,
during winter there appears to be a weak maximum at

wave number 4,

Figure 4.2 shows the ratio of spectral distri-
bution of available potential energy during summer
and winter seasons. In this case, we see that for
large scale waves upto wave number 7, the summer
season available potential energy is more than that
during the winter. For higher wave numbers, the
available potential energy during winter is larger

than during summer,
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4.5 ENERGY EXCHANGE AND CONVERSION PROCESSES

A number of studies have been performed to study
the energy conversion and exchange processes in the
past (Murakami{ and Tomatsu 1966; Saltzman and Fleisher
1962; wiin-Nielsen/1964, 1967; Qort 1964). All these
studies have,by now, established some well defined
features of atmospheric energetics, For the tropo-
sphere the results of these studies can be summarized
as in Figure 4.3 based on Oort (1964a). According to
this,the atmospheric energy process in the troposphere

is as follows :

i) Due to solar insolation there is a generation

of zonal available potential energy.

ii) A larger part of zonal available potential
energy is converted into eddy available potential
energy which,in turn,is converted into eddy kinetic

energy. .

iii) The eddy kinetic emergy is then converted into

the zonal kinetic energy.

iv) The direct conversion of zonal available poten-

tial energy ib zonal kinetic energy is rather very

small,

v) The dissipation of kinetic energy as well as

of available potential energy is largelyci their
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eddy components. The kinetic energy dissipation also

occurs in the zonal field.

The energy cycle in the stratosphere is VeTy
different and is. shown in Figure 4.4 (after Oort 1964b).
The stratospheric energy cycle may be described as

follows:

1) The stratosphere receives eddy kinetic energy

as well as eddy available potential energy.

ii) The eddy kinetic energy is converted into eddy

potential energy,which then is converted into zonal

potential energy.

iii) A part of eddy kinetic energy is converted

into zonal kinetic energy also.

iv) The direction of conversion between zonal
available potential energy and zonal Kinetic energy
is not clear. The dissipation of available potential
energy largely takes place at the zonal available

energy.

Thus, the energy cycle in the lower stratosphere

is in an opposite direction to that in the troposphere,.
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4,6 SUMMARY

From the above discussion,we notice the follow--

ing features of atmospheric energy processes:

i) The available potential energy is much
larger in magnitude than the kinetic energy of the
atmosphere. However, the eddy kinetic energy is larger
in amount than the eddy available potential energy.
Thus, the available potential energy largely‘resides
in zonally averaged field ,whereas the kinetic energy

is largely in the eddy motions.

ii) The energy cycle in the troposphere is such
that the troposphere behaves like a heat engine. The
availéble potential energy is generated in its zomnal
component due to heating by sun. This is then conver-
ted into eddy available potential energy

: Qnd.ﬁnaUyy
converts into eddy kinetic energy‘to zonal kinetic

which in turn,

energy. Dissipation of Kinetic energy takes place

both at its eddy and zonal components, while dissipa-
tokes place

tion of available potential energy‘fr m its eddy

field,

iii) The stratospheric energy cycle is such that

the atmosphere works as a thermodynamic refrfgerator.
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The source of energy for this region is the eddy
kinetic energy and ®ddy available potential energy,
which have been found to be transported from the
troposphere, The eddy kinetic energy gets converted
into eddy available potential energy which in turn is
converted into zonal available potential energy,

which ultimately is dissipated due to radiative proce-

sses in the stratosphere.
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CHAPTER V

SPECTRAL DISTRIBUTION OF THE KINETIC ENERGY IN

NORTHERN TROPICS AND SUBTROPICS DURING

ACTIVE AND WEAK MONSOON SPELLS

5.1 INTRODUCTION o

The wave like nature of global distribution of
wind and temperature fields which varies both in space
and time, implicates the presence of different scales

of atmospheric motion and their role in maintaining the

atmospheric circulation. These wave like patterns suggest

that the flow may be resolved into a spectrum of spatial
scales represented by harmonic cdmponents. Expressions
caﬁ bhen be derived for calculating kinetic energy and
available potential energy of th;se harmonic components.
Saltzman (1957) derived the formulae for energy exchange
processés in Fourier domain which involved both the
available potential energy (A) and kinetic energy (K).
Based on this formulation,a number of studies regarding
the energy distribution and the energy exchanges among
different scales of motion have been made (Saltzman and
Fleisher, 1962; Wiin-Nielsen, 1950; Yang, 1967). An

exhaustive survey o. such studies has been given by
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Salzman (1970). A number of these studies have used
sufficiently large samples of data and provide reliable

statistics of energy exchanges upto wave number 15.

The primary conclusions drawn from these studies
are sthat nearly all the components of eddy motion trans-

W/ﬁ‘/

fer kinetigkto the zonal motion. Also the wave number
5-10 (cyclone-scale waves) and the wave number 2 (large
scale wave) act as sources of kinetic energy for the
other wave components. The eddy available potential
energy is converted into eddy kinetic energy nearly at
all scales of motion through baroclinic processes, though
wave numbers 5-10 appear to derive maximum kinetic energy
through this process and transfer it both to the lower
and higher wave numbers, As far as potential energy is
concerned, the zonal available potential energy is the
source of eddy available potential enérgy for all scales

of motion.

5.2 PURPOSE OF THE PRESENT STUDY:

The studies made so far on the spectral distri-
bution of atmospheric energy and its exchange processes
have been aimed at deriving climatological features of
these processes and their seasomnal wariation for the

middle and higher latitudes. A few of the studies made
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for low latitudes relate to upper troposphere
(Krishnamurtf; 1978). The atmospheric wave due to the
momentum and heat transport processes associated with
them play an important role in influencing the large
scale tropical circulation like monsoons, The monsoon
season is not a continuous spell of good rain, but
there are périod/of heavy rain, poor rains or drought
conditions and normal rainfall activity witiﬁ%he same
monsoon season. There could be many factors, both of
local and global extent,which are responsible for such
variations in the monsoon, It is now well known that
the monsoon circulation is aséociated with zonal wave
number 2, as a result of differential heating associa-
ted with two continental (Eurasia and America) and two
ocean (the Atlantic and the Pacific) systems. The
purpose ogtzfesent study is to look into the spectral
distribution of mid-tropospheric kinetic energy during
a spell of active mounsoon and a spell of weak monsoon.
The monsoon activity is also influenced by the circu-
lation in mid-latitudes. The latitudinal belt selected

for this study therefore, exten@/}rom 5°N to 45°N.
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5.3 FOURIER ANALYSIS OF GEOPOTENTIAL HEIGHT FIELD

Before calculating the distribution of kinetic
energy into various wave components, the geopotential
height field at each latitude was decomposed into
Fourier components upto wave number 15, The Fourier
analysis is based on the following orthogonality proper-

ties of sine and cosine fuunctions:
20

fsénm{)sdn m ) =TT
0 ,

) ™my="My 5.1(a)
=0 m # ™My
2K
fsos macws mAdy=T 5 m =M 5.1(b)
0 =0 ’ m# My
2R 7
jsdn'm,)c:)s 'm,)d)m 0O » my=m, 5.1(c)
0 m,# Mq
The Fourier analysis involves the representa-
tion of any spaée variable LL()Q in terms of a

truncated series of sine and cosine functions as

K()\) = Qo+0\,cos)\+ @, tos AX+ . aw-aasfn)\

+hySnd +bsm2re b sin M2
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where the series in equation (5.2) is truncated at

wave number W . In our case Nn = 15.

In our case, we have to decompose geopotential
height available at 36 grid points along a latitude
circle)into Fourier components, so that an equivélent
form of relation 5.2 in terms of points 1 to 36 may be

written as

o=, rq0s L i a,0s Myt g sy
3 % 1% T
Sin I | siwali ¢ . bsmiT; 5.3
+ byst ‘%u-r‘%“",g““* " g

The Fourier analysis involves the determination
of co-efficients G,,Q,,4,... 04, cand blis"”'bnﬂ

To determine Q, , both sides of 5.3 are Swnwna£

over 1 = 1 to 36, so that
Y
- L3 h.
Qy = 3éé' v 5.4

an and Bn are determined by multiplying both
sides of 5.3 by Cos _’Y,\%rq, and st;w"_ﬂ.rb'
I

. 18
and summing up both sides over 1 = 1 to 36 so that

using orthogonality property 5.1, we get

3L
_ L - ni , )
a”l’ Ig%—hycos_'_g.‘la 55(3-)
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34 .
b - L2 kL sum NI ; whert =1, 2,...15

-

n 1€ (=1 18 5.5(b)

By this process we can determine the cosine and

sine co-efficients (Q,q, 2oy 5 by, by - b,‘ )

of Fourier series.

5.4  KINETIC ENERGY CALCULATIONS IN WAVE NUMBER DOMAIN

The kinetic energy of a unit mass of the atmos-

phere is given by
K:_I. (U +\ 5.6
2 )

where W and V are the zonal and meridional components

of wind.

For calculating ({ and V from the geopotential
(&£87

height we make use of geostrophic relationk so that.

0 =--£~w%%/ = j&' % (ao—r g:[‘ancos*n At b,\s&« W\J)

5
L [ dao oy by
=—-,C\a. %% _rnz:‘ [ﬁ%_cosnh-{»%ﬂs»m)])

5.7(a)

and

RPN A i)
Vs mb—; " facost 3) [Go-rnZ:l (anwsn)+ i >J

:f.l__g, %{l(%bﬂwsn) - ﬂans«,;v n))J
aLDS -

5.7(v)
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Thus, the sine and cosine components of zonal compo-

nents of velocity ( W ) are given by

an 5.8

m—

oo |
U = - 5 —En and W) Y

fo 0

and those for the meridional velocity ( W ) are

Vs("‘)’" —'ng—“- eun d Vc(Y\)= 'Z\__l?_n 5.9
facost facos &

It may be noted that the zonally averaged zonal velocity

is given by

1 9%
" fo 00

while, zonally averaged meridional velocity is zero.

The kinetic energy averaged over a latitude

circle is given by

L=t [ woyrwm+vimsvitn) 5

The actual computations involved the following steps:

i) The given geopotential data along a latitude
circle (36 values) was analysed into Fourier components

up to wave number 15
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ii) The sine and cosine amplitudes of zonal and meri-
dional velocity were calculated for each wave number

by relation (5.8) and (5.9),

iii) The spectral distribution of kinetic energy was
calculated from the sine and cosine components obtained

in (ii) above by relation 5.10.

5.5 DATA AND ANALYSIS FOR KINETIC ENERGY

DISTRIBUTION STUDY

An international Monsoon Experiment (MONEX-79)
was conducted as regional sub-programme of the First
GARP Global Weather Experiment during 1979 monsoon sea-
son. The data coverége during this period have been
very good. We have, therefore, selected this period for

our study.

Two phases of contrasting monsoon activity were
: bhase

selected for our study; an active _ monsoonkfrom
August 4 to 10, 1979 and a weak phase during the period
August 21 to 27, 1979. Both phases covered a period of
‘one week. The active monsoon week from 4 to 10 August
1979 had the following synoptic features :

The monsoon trough was active from the

beginning of the week. On August 6th a

depression formed in the Bay of Bengal
which developed into a cyclonic storm on
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7 August 1979, The system moved in land on

10 August 1979 and weakened. In association
with this system the monsoon remained active
throughout the wegk and there was good rain

in the country.

The weak monsoon week’21 to 27 August 1979 had the

following features:

The monsoon trough was very close to the
Himalayan foot hills. A relatively strong
ridge of high pressure developed over the
west coast of India and neighbourhood. No
depression formed in the Bay of Bengal
during the period. Overall break monsoon
conditions prevailed over the country and
rainfall was scanty. |

The data studied consist of the daily geopoten-
tial height field at 500 mb between 5°N and 45°N as
available on the northern hemispheric charts prepared
by Hydrometeorological Service of the U.S.S.R. The
data were manually interpolated from these charfs
at 5° latitude interval and 10° 1longitude interval.
The data were thoroughly checked before subjecting

them to further analysis.

The geopotential heights along each latitude
circle were decomposed into Fourier componeunts up to

wave number 15. The spectra of zonal and meridional



velocity components were then calculated by using
geostrophic assumption. From these, the Kinetic energy
for each component was calculated and mean values for

the.two periods determined.

5.6 DISCUSSION OF RESULTS

Figures 5.1(a) to (d) show the daily variation
of the amplitudes of wave numbers 1, 2, 4, 6 and 8 at
the latitudes 10°N, 20°N, 30°N and 40°N. The ampli-
tudes of higher wave numbers were much smalltfand
therefore are not presented. We see the amplitudes of
Qave number 1 and 2 are generally larger during the
active monsoon period than during the weak monsoon
period. Along latitude 20°N, 30°N and 40°N the ampli-
tude of wave number 4 are also larger during active
phase than during weak phase. There does not seem to
be much difference in the magnitudes of the amplitudes
of wave number 6 and 8 during the two phases. The
wave number 1 to 4 constitute planetary scale monsoon,
Thus the activity of the monsoon on a planetary scale
is reflected in the higher magnitudes of these comnpo-
nents during the active monsoon phase as compared to the

weak monsoon phase.
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Figure 5.2(a) to (d) gives the distribution of mean
kinetic energy for the two periods for the zonal flow and
wave components 1 to 15. For the latitudes 10°N, 20°N,
30°N and 40°N, the kinetic energy of the zonal flow and the
meridional flow as well as the total kinetic energy are

shown in thevfigure.

From Figure 5.2(#) we see that at 10°N the kinetic
energy contents for wave number 1 to 3 are more during the
active period than during the weak period. Along latitude
20°N (Figure 5.2(ﬁ3) also the total kinetic energy contents
for wave number 1 to 3 are more during the active period
than the weak period. We observe a minor kinetic energy
maximum around wave nuumber 8 to.10 particularly during the
active monsoon phase. The higher energy contents in the
planatary scale waves in these figures also reflect the
increased strength of planetary scale flow constituted by
wave numwber 1 to 3 daring the active monsoon period as com-
pared to the weak monsoon period. The maXimum around wave
number 8 may be associated with transient active low lati-

tude disturbances during the monsocon season.

The kinetic energy distribution between various waves
for latitude 30°N (Figure 5.2(y6) is nearly similar for the
two phases of the monsoon. This latitude is the transi-
tion latitude between the monsoon regiume and the mid-

latitudes where the effect of monsoon flow and the
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westerly systems both appear to be weak,

As may be seen from Figure 5.2(d), the kinetic
energy of zonally averaged flow at 40°N during the
active monsoon period is less than thét during the
weak monsoon period. The weak zonal flow indicates
low index circulation and is often believed to be
associated with weak monsoon. 1In the present case
the weak zonal index is associated with strong monsoon.
The reason for this is not very clear. We also see
that the kinetic energy of Rossby type waves from wave
number 5 to 9 during the weak monsoon is greater than
that during the active monsoon. This is consistent with
the general concept that migratory mid-latitude distur-

bances are not favogurable for an active monsoon.

SUMMARY

We have developed the method of Fourier analysis

—

of geopotential height field along a latitude circle.
Using this method, the spectral components of the

zonal and meridional wind have been derived through
geostrophic assumption and kinetic energy has been
calculated. The comparison has been made of the «.:....
amplitudes of geopotential height field and the kinetic

energy during active and weak monsoon phases. Although
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the data samples are very small,the results reveal that
the active monsoon over India on a regiomnal scale is
associated with the strong flow of planetary scale
monsoon components of wave number 1 to 4. Thus, the
Indian monsoon appears to be part of planetary scale
tropical circulation during the summer season. On
account of distribution of ocean and land over the
area and tr%}ing of moisture and heat by the Himalayan
barriers and other mountains over the region, copious
rain occurs over the Indian sub-continents. The
conclusions derived above are based on a very limited
set of data, and are only indicative but not conclusiwe.
There is a need ﬁarstudy of atmospheric energetics in
relation to the behaviour of summer mounsoon utilising

a large sample of data.
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CHAPYER V1

_SUMMARY

The thesis has attempted a brief survey of the
general circulation of the atmosphere. The study has

been divided into six chapters. The chief results of

various chapters are summarised helow.

1. Chapter I is devoted to the evolution of rese-
arch on the understandingi?he atmospheric general cir-
culation from sixtegqth century onwards. The basis

for the general circulation as postulated by early scie-
ntists like Halley and Hodley have been discussed.
Starting with Bjerknes,the studies'by recent scienti-
sts in the field have been discussed. Finally brief
details of various techniques and models which are use-

ful to study the general circulation of the atmosphere

are given.

2. Under chapter II, the equations for general
circulation studies are discussed. The basic equa-
tions governing the atmospheric flow togethe%ZﬁZcessary
assumptions have been counsidered. The equations rela-

ted to the general circulation of the atmosphere in

both (x,y,z) and (x,y,p) co-ordinate systems have been
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discussed. Finally the procedurevfor decomposition
of general circulation statistics into mean and eddies

has been outlined.

3. Under chapter III, some observed features of
atmospheric general'circulation are discussed. The
zonally averaged features of.wind and temperature
fields have been discussed together with their possible

causes. Primary conclusions from this chapter are:

(i) both the westerly angular momentum and net heat
input in the tropics is more than those in the higher

latitudes.

(ii) The meridional transport of angular momentum and
heat is accomplished both by the mean meridional circu-

lation and by the eddy fluxes.

(iii) The westerly jet stream is maintained both by
the convergence of angular momentum by eddies and by the

effect of meridional temperature gradient through thermal

wind equation.

It has been concluded that the earth-atmosphere
system has developed an inbuilt mechanism by which the
momentum and heat are transported from the excess to
deficit regions and are simultaneously destroyed by

frictional and radiative effects.
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L, Under chapter IV, the energetics of the atmos-
phere have been discussed. It describes various topics
of energles in the atmosphere, like kinetic energy,
potential energy, internal energy and available poten-
tial energy. Finally the observed features of atmos-
pheric energy cycle are discussed. The conclusions

drawn from this chapter are:

(i) The total as well as zonal available potential
energy is much larger in magnitude than the correspond-
ing kinetic energy of the atmosphere. But, the eddy kine-
tic energy is larger in amount than the eddy available

potential energy.

(ii) The energy cycle in the troposphere is such that
the troposphere behaves like a heat engine. The zonal
available potential energy is converted into eddy avai-
lable energy which,in turn,converts into eddy kinetic

energy and then to zonal kinetic energy.

(iii) The strotospheric energy cycle is such that the
atmosphere works as a thermodynamic refr;gerator. The
source of energy for this region is the eddy kinetic
energy and eddy available potential energy which have

been found to be transported from the troposphere.
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5. In the ﬁig@( chapter spectral distribution

of kinetic energy over low and middle latitudes during
an active and a weak monsoon phase has been discussed.
The method of decomposing the geopotential height field
into Fourier components and deriving the spectra of
zonal and meridional velocities from them has been
discussed. The amplitudes of geopotential height and
kinetic energy of different wave componeunts during the
two phases have been examined. The results show that
during an active monsoon phase the planetary scale
waves counsisting of wave number 1 to 4 contain more

energy than during the weak monsoon phase.

The study reported in the thesis covers only a
few aspects of the gemneral circulation of the atmos-
phere. The kinetic energy calculations for the active
and weak monsoon period are based on a very limited set
of data, and the results require to be rerified,hy using
a larger data set. In fulure, the author plans to extend
the study using more data and also to cover other aspects
of atmospheric energy processes. like barotropic and
barpclinic energy conversions, the generation of availa-

- ble potential energy and the dissipation of kinetic

energy. The variation of various energy processes in



relation to the monsoon activity c
interesting and useful to understa
cts of summer monsoon circulation

weather .
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TABLE A: LIST OF SYMBOLS

Mean radius of earth, 6.37 x 107 Km

Specific heat of air at constant pressure,

9.96 x 10° cu®secZdeg?

Specific heat of air at constant volume,
7.09 x 10° Cm2Sec"2deg"'1

Components of Frictional Force in the

X and Y directions respectively.

. Coriolis parameter, 2 sin

Acceleration of gravity, 9.8 m/:s'.ec"2

Unit vector directed upward
Pressure

Standard pressure, 1000 mb
Rate of heating per unit mass

Gas constant for air,

2.87 x 106 Cm2Sec"2 1

deg”
Absolute temperature
Time

Eastward Component of in the
X-gdirection

Wind velocity

Northward component of in the
Y-direction

Upward Component of in the Z-direction
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Specific volume

Vertical lapse rate of temperature

Dry-adiabatic lapse-rate,
9.8°/Km

Potential temperature

Latitude
Longi tude
Density

Rk? y 0.288
Geopotential, gz

Angular velocity of the earth,
7.292 x 1077 Sec™!

fbl. , vertical p-velocity.
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