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ABSTRACT. The generation and dissipation of kineticenergy by the mean meridional andzonal winds in
the free atmosphere have been estimated for the Indian region during winter. It is found that kinetic energy
is generated by meridional motion and consumed by zonal motion. TH® magnitudes of these are largest in the
upper troposphere. The results are in general agreement with those found by Kung for the American continent.

1. Introduction

The maintenance of the general circulation of
the atmosphere demands a continual replenish-
ment. of the kinetic energy which is lost by
frictional dissipation. The average rate af
which the kinetic energy of the earth’s atmos-
- phere is being dissipated was estimated long ago
by Brunt (1934) to be of the order of 5 watts
in a vertical column of 1 m? cross-section. He
also estimated that more than half of the dissi-
pation occurs in the first 1 km above the surface.
It is remarkable that these estimates remain, by
and large, to be of the right order in the light of
recent studies based on observational data which
were not available when Brunt made his esti-
mates. The frictional loss of kinetic energy has to
be ultimately made up by the conversion of heat
energy into kinetic energy by atmospheric proc-
esses.

2. Energeties of the atmosphere

2.1. The three kinds of energy with which we
are concerned in atmospheric energetics are, in-
ternal energy (I), potential energy (P) and
kinetic energy (K). Per unit mass of the atmos-
phere the values of these quantities are given by :
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Making use of the First Law of Thermodyna-
mics, the Equation of Continuity and the Equa-
tions of Motion, the time rate of change of these
quantities can be readily shown (Wiin-Nielsen
1968) to be
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In Eqns, (1) to (6) the subseript 1 refers to unit
mass and the remaining symbols have the follow-
ing meanings :

p, p,T :  Pressure, density and absolute tempe-

rature of the air

¢x : Specific heat of air at constant volume

V : Three dimensional velocity vector whose
zonal, meridional and vertical compo-
nents are u, v and w

H Heat absorbed per unit time

F Frictional force per unit volume

g Acceleration due to gravity.

2.2, The rate of change of the three kinds of
cnergy for the entire atmosphere is obtained by
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integrating over the total mass (M) or total
volume (V) of the atmosphere. Thus :
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= prdV — J- p7.VdV (7)
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When integrated over the entire nht&osplwre it
follows that,

HJV.VPJV = ---J [V(pV)— p7.V]dV
V

=|pV.Vd¥V
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Hence,
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2.3. The common terms with opposite signs
in Eqns. (7) to (10) bring out the link between
the three kinds of energy. The kinetic and poten-
tial energies are directly linked, the decrease in
kinetic energy being associated with a corres-
ponding increase in potential energy and wice
versa. The kinetic energy obtains its replenish-
ment from internal energy. The loss in internal
energy is replenished by generation through leat
absorbed.

2.4. The destruction of kinetic energy occurs
by work done against frictional forces and also
against gravity. The former is dissipated as heat
while the latter goes to increase the potential
energy. The generation of kinetic energy repre-
sented by the term — V.7p results from the
work done against pressure gradient force or by
cross-isobaric  flow.  Ageostrophic motion is
thus the directTmechanism for the production of
kinetic energy in the atmosphere to compen-
sate for its frictional dissipation.
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2.5. The term —J p7.VdV in Eq.(7) for the
| 4

rate of change of I gives the net contribution
from regions of convergence and divergence in
the atmosphere. Since divergence is generally
associated with areas of high pressure and con-
vergence with regions of low pressure, it follows
that the net value of the integral would be nega-
tive. This decrease of internal energy goes to
replenish the kinetic energy.

2.6. If the atmosphere is assumed to be in

hydrostatic equilibrium, Equations (7), (8) and (9)
hocomq :
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where 17, is the two-dimensional del operator and
U is the horizontal wind vector with zonal
component u and meridional component .  As
before, when the integration is performed over
the entire atmosphere we have :

- J-U.vzpdV= jpva.UdV
v v

Hence,

df]fln N fp?g-UdV+ f U.F vV (14)
v ¥V

Eqgns. (11) to (14) again show the link between
the kinetic and internal energies. However. in
the hydrostatic case the potential energy is
linked with the internal energy and not with
the kinetic energy as in the general non-hydrosta-
tic case. It is well known that in an atmosphere
in hydrostatic equilibrium the relation, PI -
(R/er)—(2/5) is always maintained.

3. Generation and dissipation of kinetic energy

3.1. In the hydrostatic case the rate of gene-
ration of kinetic energy per unit mass is
=(1/p)U./p. This can also be represented by
—U.V ¢, where ¢ is the geopotential and ¥/ is the
horizontal del operator on an isobariec surface.
Integrated over the entire atmosphere and for
a sufficiently long period of time, the generation
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term has to be positive to compensate for the
dissipation of kinetic energy by turbulent fric-
tion into heat. However, the sign of the term
—10.5/¢, which depends on whether the flow is
with or against the pressure gradient can vary
with location and with time. It is probable that
on account of geographically anchored features
in the planetaTy flow patterns brought about by
the land-sea configuration and orographical fea-
tures, there exist preferred regions of kinetic
energy generation in the atmosphere which
undergo seasonal variations.

3.2. In a recent paper Kung (1971) has repor-
ted the results of study of the generation of kinetic
energy over the area comprised of USA and
Canada. The generation term —U. V74 consists of
the zonal component —u(d$/3x) and the meri-
dional component —v( 24/ ay). Kung examined sepa-
rately the behaviour of these two terms as a
funetion of latitude and height for the area from
20° to 70°N and from the surface to 50-mb level.
The study, based on the twice-daily radiosonde/
rawin data of 144 stations for a one-year period,
showed that at the lower latitudes kinetic energy
is produced by meridional motion and destroyed
by zonal motion while the reverse conditions obtain
in middle and higher latitudes, The production and
destruction have their maxima at the level of
the jet stream. In the lower boundary layer of the
atmosphere, both zonal and meridional motions
produce kinetic energy at all latitudes.

3.3. Making use of the radiosonde/rawin data
of selected stations Holopainen (1963) estima-
ted the frictional dissipation of kinetic energy
(V.F) in the atmosphere over the British
Isles for a few days in January 1954 by integra-
ting Eq. (6) over triangular areas whose cor-
ners were at the locations of the upper air sta-
tions. He arrived at a mean value of 10-4 watts/m?
for a vertical column from the surface to 200 mb
with two pronounced regions of dissipation,
‘one bhelow 900 mb (surface friction layer) and the
other near 300 mb (just below the level of maxi-
mum wind).

3.4. Tt should be noted that the destruction
of kinetic energy brought about by the negative
value of the term —U.¥/¢ is quite different from
the frictional dissipation of kinetic energy. As dis-
cussed by Lorenz (1955) the available potential
energy of the atmosphere [which is a fraction of
the total potential energy (P-I)] is the source
for the kinetic energy. The production/destrue-
tion of kinetic energy indicated by positive/
negative values of —U.\/¢ represent exchange
between the available potential energy and kine-

tic energy. These exchanges are adiabatic and
thermo-dynamically reversible unlike the frictional
dissipation of kinetic energy into heat which is
irreversible.

4. Scope of the present study

4.1, Kung has remarked that the American
continent is the only part of the globe with the
required density of upper air network for eva-
luating the generation and dissipation of kinetic
energy by meridional and zonal winds. Although
from the standpoint of upper air observational
data the eastern hemisphere is less favourably
placed than the American continent, the meteor-
ological features over these two parts of the globe
differ considerably. As is well lknown, the mon-
soon circulation over South Asia is a unique
feature of this part of the globe. The orogra-
phical features also differ considerably over
the two parts. A study of the characteristic
features of the general circulation over the eastern
hemisphere is thus a necessary supplement to
similar studies over the western hemisphere,

4.2, As a first step in this direction, we have
attempted to investigate the behaviour of the
generation/dissipation of kinetic energy by meri-
dional and zonal winds over India and neigh-
bourhood covering the region between latitudes
8° to 30°N and longitudes 50° to 100°E. An
investigation of this type has become possible be-
cause of the replacement of the old radiosonde
instruments over the Indian aerological network
with new sondes of the audio-modulated type
with better performance characteristics. The
mean monthly zonal and meridional winds and
contour heights at standard isobaric levels from
850 to 100 mb at all the rawin/radiosonde stations
over India and adjoining areas have been made use
of in this study for evaluating the terms —u(ag/3r)
and —v(a¢/ay) along the meridian of 77-5°E
and along the parallel of 25°N. The results for
January 1971 are presented in this paper.

5. Method of analysis and computation

5.1. The monthly mean contour height fields
as well as the fields of » and v at standard iso-
baric levels were separately analysed by plotting
the data on charts. Isopleths of u, v and ¢ were
drawn at suitable intervals. Typical charts for
700 and 200-mb levels are shown in Figs. 1, 2 and
3. From the analysed charts the values of » and v
were picked out at 2-5-degree intervals along
77-5° E and 25°N. Values of ¢ at intervals of
2:5°E [W and NJS around these grid points were
picked out from the contour charts to evaluate
the gradients 3¢/az and a¢/ay. The values of
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u and v in metres per second at the grid points
were multiplied by the contour height diff-
erences in gpm in the zonal and meridional dire-
ctions for five-degree intervals centred round the
grid points. These products are proportional to
—u(a/9x) and —v(36/2Y) in arbitrary units.

5.9. For example, if v = 10m/sec at a grid
point and A¢=100 gpm for five-degree separa-
tion in latitude centred at the grid point, then
v/A$—1000 units. Over the area of the study
-degree ~ 5-5 x 10° m. Hence v(a¢/ay) =
wy(3z/ay) =(9/5 D) ergs/gm/sec. Mass in grams 1n a
column of 1 m2 cross-section and 50 mb thickness
is (b x 108)/g grams. Hence kinetic energy for
such a column is (5 x 10%)/5.5 ergs/sec ~ 91
watts. Thus 1000 units (arbitrary) corresponds
to kinetic cnergy generation/dissipation of 9-1
watts for a column of 1m? cross-section and
50-mb thickness. This gives the conversion factor.

5.3. The calculated values in arbitrary units
were plotted graphically as a function of latitude/
longitude and height and isopleths were drawn

MERIDIONAL SECTION

(77°5E)
{777 ENERGY GENERATION
(b)

\

at appropriate intervals. The results for the
meridional and zonal components of the energy
generation term are shown separately in Figs.
4(a), 4(b) and B(a), 5(b) along longitude 77-5°E
and latitude 25°N respectively. The total kinetic
energy generation obtained by adding the zonal
and meridional contributions is depicted in Figs.
6(a) & 6(b) for the zonal and meridional sections.

6. Results

6.1. Meridional Section (77-5°E) — Figs. 4(a),
(b) and 6 (b) show that north of 15°N the meridional
component of the mean motion generates kinetic
energy while the zonal component dissipates
kinetic energy, the production exceeding the dissi-
pation. The largest production and dissipation
occur near the level of the jet stream at about
200 mb. The maximum rate of production by
the op-component of the motion is about 18
watts/m? in a column of 50 mb thickness; the
maximum dissipation is about half this value.
Thus, the net maximum rate of production of
kinetic energy by the mean motion near the level
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of the sub-tropical westerly jetstream around tically over the entire upper troposphere from
latitude 25°N is about 9 watts/m? in a column of 50° to 100° E the meridional motion generates
50 mb thickness. kinetic energy: the zonal motion consumes kine-
tic energy over most of this region except to the
west of about 65°E where zonal motion also
contributes to the generation of kinetic energy.
This feature is due to the oecurrence of a quasi-
stationary trough in the eirculation with trough

6.2. Zonal Section (25°N) — The section is close
to the mean latitude of the sub-tropical westerly
jet stream over India and neighbourhood in the
winter months. Figs. 5(a) and 5(h) show that prac-




ADI ABATIC GENERAT

e
La) de
o0
(b) u—-al
1,90 d4¢
(C, (\f—"a’ +uax )

along 25 N

e I
D 8661060 7000

(a)
Fig. 7

axis near 65°E. Fig. 6(a) shows that the net produ-
ction of kinetic energy is positive over the entire
upper troposphere with a maximum of about 18
watts/m? in a column of 50 mb thickness around

200-mb level.

6.3, Fig. T(a) shows the wvertical profile of
the generation/dissipation of kinetic energy avera-
ged between 50° and 100°E along 25° latitude
circle. The contributions by the zonal and meri-
dional components as well as the total are
shown separately. Vertical integration from 900 to
100-mb level yields the following figures —

(i) Generation by w»-component : 38 watts/m?
(#) Dissipation by u-component : 9-5 watts/m?

(#57) Net generation of kinetic energy : 285
watts/m?
Fig. 7(b) shows similar profiles at 25°N and
77-5°E. The corresponding figures for (i), (4)
and (4i7) are 81-5, 29-5 and 52 watts/m?.

Average befweer oSOoE & I100E
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7. Discussion

7.1. The latitudinal zone covered by the present
study extends further towards the equator than
the American area investigated by Kung. Never-
theless, the results of the study are in general
agreement with Kung's findings. The largest
generation and dissipation of kinetic energy occur
at and near the jet stream level in the upper
troposphere. In the present investigation we have
not been able to consider the generation of kinetic
energy in the friction layer where there is ap-
preciable cross-isobaric flow. The lower troposphere
above the friction layer upto about 400-mb level
makes very little contribution to generation of
kinetic energy. According to Holopainen’s study
the frictional dissipation of kinetic energy is
also small in this part of the atmosphere.

7.2. Tt is necessary to draw attention to an im-
portant difference between Kung’s study based
on daily values of u, » and ¢ and the present study

based on monthly mean values of z:,?) and ¢. If
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%, v' and ¢’ are the departures of the daily values

rom the monthly mean, then

u_aqS = u . d u' id (15)
b ar r

L% _ -3 M :
- = i ol 16

* ay “ay i 2y i

.Kung‘s estimate refer to the left hand side of
Eqns. (15) and (16) while our estimates refer to the
first term on the right hand side. The contribu-
tion by the transient motion terms to the genera-
tion/dissipation of kinetic energy has not been
taken into account in our estimates. This is
possible only if the computations are made on the
basis of daily data. Nevertheless, it is possible to
make an estimate of the contribution by the transi-
ent component of the meridional motion as shown
below.

7.3. If u, is the zonal component of the geos-
trophic wind then :

2
- aj— = fuzxfu

Hence

Loy % sfev=f@o+av) (I1)

To see how far fu v agrees with v(3¢/ay) We
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