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ABSTRACT. In this paper a study has been made of available potential energy ond its trans-
formation into kinetic erergy of the different weather systems for the region of scuth Asia for the
typical monsoon month of July 1963. Energetics of the standing eddies and transient eddies have been
separately computed. Interactions amongst themselves and with mean zonal flow have been studied

It is inferred that zonal current is the source of available potential energy for both standing and
transient eddies; standing eddy is the source of kinetic energy for zonal current and transient eddies.
However, when the region of monsoon trough is considered, standing eddy gains kinetic encrey from
transient eddy suggesting the importance of monsoon depressions in strengthening the monsoon trough.
Available potential energy is converted into kinetic energy in the cases of both zonal current and the
standing eddy. The generation of available potential energy and the cnergy advected into the area of
interest, together exceed the losses due to dissipation of kinetic energy.

1. Introduction 2. Data

From the daily aerological data of July 1963 from
about 90 siations (Details given in 1), the following
quantities were calculated for the standard isobaric
levels, viz., 1000, 850, 700, 500. 300 and 100 mb .for
each of the stations.

This study pertains to the enzrgy aspzects of the mon-
soon circulation. In the first part of the paper (here-
after called I) the diabatic heating and the generation
of available poteniial ensrgy computed over the mon-
soon region have been discussed. In the preseat paper
which forms part Il of the study, the energy terms,
their fluxes, the energy conversion terms and the dissipa- o )
tion of Kinetic energy are computed for the typical (if) Mean zonal and meridional wind componeats,
monsoon month of July. As mentioned in I, monsoon u and v,
circulation is considered as the mean zonal flow with
the standing eddies and the transient eddies superimpo-
sed on it. The energetics of the standing eddies and the
transient eddies have bezen separately computed and
studied, to understand the interaction amongst them-

(i) Mean monthly temperature, T

(iii) The variances, 77, v, and y

(iv) The covariances, w v, « T, and v 17

The parameiers «% v2 o v, v’ T° and y 7

selves and their interactions with the mean zonal flow.
As only a limited region is considered, the various
energy fluxes have been computed. To complete the
energy flow diagram a rough esiimate of the f{rictional
dissipation of kinetic energy also has been made.

were not computed for 1000 and 100 mb levels for
want of reliable data. The above nine pdrameters were
plotted on separate charts for all the levels and analysad.
The values at the grid points at the intervalsof 2. 5°
latitude and longitude were picked up from the

(405y ' i3




406 S. RAJAMANI

analysed charts. These grid point values have been
used in the computation of energetics of the monscon
circulation.

The mean temperature of July 1963 for all stations
in the northern hemisphere published in *“‘Monthly
Climatic Data for the World” were used to compute

~
the hemispherical mean of time mean of temperature, T
at all standard levels which were used in the computations
of zonal available potential energy.

3. Computation of energetics
3.1. Energy terms and their fluxes

Following Lorenz (1955), we write for the total
available potential energy, A4 :

1 2~
A=f :(_@,) 772 dM )
9=\ F
M o

where,
Ly

~ ~ ~ ~ \2
T T ()
o a % In# and T T—T

() represents hemispherical mean (Symbols are
explained in Appendix). Considering mixed space-
time domain (Qort 1964), from Eqn. 1, the expressions
for zonal, standing eddy and transient eddy available
potential energy can be written as :

Az = f 2; (%)2[ f]"sz @
M

- [ [ o

Q

l

M o
1 2 __

e [T e

M o

where,

[F)% = ([T]—T )% (5a)
(T2l =UT—[TP] (5b)
and ™ = (1-T ) (5¢)

In Eqn. 5, 7 1'% is the mean north-south temperature
variance and is proportional to zonal available potential
energy, [7*2] is the east-west mean temperature
variance and is proportional to the standing eddy available
potential energy and lastly 7= is proportional to
transient eddy available potential energy.

In order to calculate the hemispherical mean of the

monthly mean temperature, 7' for July 1963
(used in Eqn. 5a), the mean temperatures for July 1963
at all standard levels for all stations in the northern
hemisphere published in “Monthly Climatic Data for
the World” (Sponsored by W. M. O. in cooperation
with U. S. Weather Bureau) were used.The temperatures
at any level for those stations within 10° letitudinal

belts, like eguator to 10° N, 10° to 20° N etc were
algebraically averaged to represent the respective zonal
belt. These zonal mean temperatures, [ 7] were
further averaged meridionally using the following
formula to get the hemispherical mean of time mean

~

temperature, T :

a® [T] cos ¢ dé.

As we have considered a limited area and not the
entire globe, following Smith (1969) and Vincent and
Chang (1973) we have split the expression for Az into
two components Az, and Ay representing baratropic
and baroclinic contributions, so that

Az = Az + Az, (2a)
where,
] s (B3 o
M o
= = (F)(@-@)m e
M o

In this study, A4z, the baroclinic contribution to zonal
available potential energy, the standing eddy and
transient eddy available potential energy [ Eqns. (2a),
(3) and (4)] are computed using {o} the mean static
~
stability over the area, instead of ¢, the hemispheri-
cal mean static stability in order to avoid some unim-
portant extra terms entering the expressions for the
conversion terms.

Zonal, standing eddy and transient eddy kinetic
energy are represented by the following equations:

Ka =f VAR R) am ©
M

Ky— j (@2 + [ %2 dM ™
M

K J' } @4 73) dM ®)
M

Available potential energy and kinetic energy in the
three forms were computed using appropriate equations
given above, for all the standard isobaric levels. Fig. 1
depicts vertical cross-sections for the integrands of
these equations. The various energy terms correspond-
ing to layers like 1000-850 mb, 850-700 mb etc
were calculated and integrated vertically to obtain
the values for the troposphere from 1000 to 100 mb.
For this purpose the area is limited to 5° N in south
although the values are available upto 20°S (as the
analyses south of 5°N have been based on meagre
observations).
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Figs. 1 (a-f). (a) Zonal available potential energy, (b) Standing eddy available potential energy, (c) Transient eddy available potential
energy, (d) Zonal kinetic energy, (e) Standing eddy kinetic energy & (f) Transient eddy kinetic energy (units : m*/s?)

TABLE 1
Flux of energy terms (Units : 1072 J m™ s7)

1000 - 850 - 700 - 500 - 300 - 1000 -
Term 850mb 700mb 500mb 300mb 100 mb 100 mb
Az —2.6 0.1 2.2 4.5 —41.3 -—37.1
As —2.2 —0.5 0.9 —2.2 —5.8 —9.8
Ar —1.4 2.8 5.1 8.7 3.9 19.1
Kz —1.4 0.7 1.5 6.2 10.3 17.3
Ks —1.0 0.9 3.4 1.1 —58 —1.4
Kr —3.0 3.1 0.2 —3.6 —3.8 —13.3

Since only a limited region is considered in this
study, the fluxes of the available potential energy,
and kinetic energy (e.g., Smith 1969) have to be compu-
ted. Flux of x (where x is an energy term) is given by
the following equation :

Flux of x = (J; Va x dL ©

L

where ¥, is the velocity along outward directed normal.
Computation of the fluxes of the energy from Eqn. 9
involves triple correlations in case of transient
eddies. In order to avoid this, the fluxes by mean

wind ¥, have been computed, i.e., by the expression,
!{‘ VaxdL . Table 1 gives the computed values of the
'L

flux'of energy terms.

3.2. Energy conversion terms

Having computed the energy terms, we now compute
the conversion terms, in order to study the entire
energetics of the system. The various energy conversion
terms were computed using the following relations,
Eqns. 10-17 (Oort 1964; Holopainen 1970; Newell et
al. 1970, 1974; Murakami 1960, 1963 and Krishnamurti

et al. 1976).
C (4z, 45) = f{ i (7 ) [+ 7]
ay [T]1d (10)
C (42, A7) —J = (—‘,’f‘—)2 T
a—i [T] dM (§8))
C(AsrA:r)=“‘f{a-i g )2
( T g*+ﬁ:’ aaTy )dM (12)

(=3

RES

€ (Kz, Ky =— [ (L5 a
M

—i—[F“]a—i[;])dM (13)
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Figs. 2(a-h). (2) Conversion of available potential energy from zonal current to standing eddy (m?/s*) 1073, (b) Conversion of available poten-
tial energy from zonal current to transient eddy (m?*/s*) X 107, (c) Conversion of available poteniial erergy from standing eddy
to transient eddy (m#/s*) <1077, (d) Conversion of kinetic energy from standing eddy to zonal current (m?/s*) > 107%, (e) Con-
version of kinetic energy from zonal current to transient eddy (m?/s?) x 1072, (f) Conversion of kingtic en=rgy from standing
eddy to transient eddy (m?*/s*) x 107, (g) Conversion of zonal available potential energy to zonal kinetic energy (m®/s?) = 105 &
(h) Conversion of standing eddy available potential energy to standing eddy kinetic energy (m?/s?®) < 1072

@ [m Fig. 2 plots the integrands of the above equations.
C (Kz Kg) = — J (u’ vy T
M 3.3. Frictional dissipation of kinetic encrgy
B 3 i In addition to energy terms, their fluxes and their
+ 0 %y conversion terms. the dissipation of kinetic energy
B o is” also required in order to discuss the energy fiow
7 = A T : )
C (Ks, K1) = _f (:F (%“ diagram. A rough estimate s made here of this term :
M 100
p=| ¥ -f;_‘;” (18)

oy 0 v?
i A et
G T ))dM 10C0

The frictional force F can be expressed in terms of the

~

C 4z, Kz)=—j(%) G~
(T—{T}] dM

C(4s, Kb’)=‘“‘*J‘(%)[E* T*dM
M

wind stresses + as follows :
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Within the planetary boundary layer, upto 900 mb
the wind stress over land is compuicd using the rela-
tion

To = C_lr)[‘)] VO Vﬂ (20)

where Cp is the drag coefficient. Cp is here assumed
to be 2.5 <1072 over the land region and over the ocea-
nic regioin, the empirical formula

Cp=2>5.1 x 10— po-4 (21)

is uszd to evaluate th: dragcozfficient (Garratt 1977).

For the layer 1002-900 mb, w2 rewrite Eqn. (18,) as:

Di1eo6—300 = V- (71000 — Touo) (22)

is small compared to (V. 7yg9)

The term (V. 7900 )

(less than 10% according to Holopainen (1963) and
hence Eqn. (22) can be written as

Dypgo—ono & V - Tyyeo
~ N~

or Diggo—9w = Cp pottg* 4+ Cp py v

where p, is the density of air, w, and v, are
the ¥ and v components of wind at the surface.

For the layer above the planetary bouadary layer,
the wind stress is computed from Ega. (23) assuming a
constant eddy viscosity, having a value 1.0 x 10° ¢cm?
sec—1 (Holopainen 1962)

= —kgp ~ (23)

Expression for dissipation for the layer 900-100 mb
is obtained from Eqas. (18), (19) and (23) (Gilman 1964)

100
2 9p ou ou
_— 2 2 —_—— ——)y .
900
2 gp ov 2% \ dp .
— — — 4 . y | — (24

In order to facilitate the computation of dissipations
of zonal, standing eddy and transient eddy kinetic energy
separately a simplification has been introduced by

assuming F to be time invariant.

l.e., F=F

with this assumption, the values of the dissipation
terms particularly that of transient eddy would be
underestimated. Hence the estimate of frictional dissipa-
tion is rather approximate. Table 2 gives the dissipation
of kinetic energy at different layers.

TABLE 2

Dissipation of Kkinetic energy (Units : J m™® s or Watt m™)

1000~ 850- 700- 500- 300-- 1000
Term 850mb  700mb  500mb  300mb 100mb  100mb

D(Kz) 0.02 0.49 0.03 0.39 0.38 1.31
D(Ks) 0.05 0.62 0.28 0.34 0.17 1.46

D(KT) — 1.10 0.07 0.05 e 1.22

4. Discussion of results

4.1. Energy terms

The values of energy terms obiained here are given
below :

Az : the barotropic coniribuiion to zonal A.P.E.
=1833kjm™2

Az, @ the baroclinic coatribution to zopal A.P.E.
=154 kjm" 2

Ay ¢ the standing eddy A.P.E. =136 k j m—2
Ay : the transient eddy A.P.E.=255kjm-2
Ky : the zonal K.E.=277 kj m—2

Ky : the standingeddy K.E.=61 k jm—2

Ky : the transient eddy K.E. =141k jm™2

Although, the total zonal available potential energy
is one order higher than zonal kineiic energy, the
baroclinic contribution to the available potential energy
is of the same order of magnitude as zonal kinetic
energy.

Figs. I(a—c) depict the vertical cross -sections of
zonal, standing eddy and transient eddy available
potential energy. Zonal available potential energy here
and in subsequznt discussions means Ay, defined above.
From Figs. 1(2) and 1(b), it is clearly seen that there
is more energy in the region between 10° N and 35°N
with two maxima at 850 mb and 300 mb. As the warmest
region is between latitudes 30° N to 35° N, at this region
and to the south, the north-south temperature variance
is large, and consequently zonal available potential
eaergy is also more. In the case of standing eddy availa-
ble potential energy the easi-west temperature variance
is caused by the warm regions over Iran. Arabia etc
compared to the cool northeast India. It is interesting
to note that this is the region of monsoon trough as
also of the formation and movement of the monsoon
system. Fig. 1(c) suggests that the maximum value of
transient eddy available potential energy is at 300 mb
around 37.5° N. The figure does not show significantly
high values over the region of monsoon trough or
around 15-20° N latitudinal belt where most of the
depressions form and move. This is possibly because
there is no significant temperature gradient in the field
of monsoon depression and other transient systems,




410 S. RAJAMANI

The vertical cross sections of zonal, standing
eddy and transient eddy kinetic energy are given in
Figs. 1(d)-1(f). From Fig.I(d), the existence of
easterly jet around 10-15°N, the subtropical jet
of northern hemisphere near 40°N and that of
southern hemisphere near 20° S is clear. In the lower
troposphere there are two maxima, one between 10° N
and 20° N and the other between 10°Sand 20° S. Fig.
1(e) suggests that in the upper troposphere over 15° N
and also over 15° S there are high values of standing
eddy kinetic energy. In lower troposphere also, the
higher values are seen in the region of seasonal trough.
Fig. 1(f) shows a region of significantly high values
around 20°S at 300 mb. It is difficult to explain this,
but it may be mentionsd that possibly the temporal
changes of the westerly jet of the southern hemisphere
cause such high values. This figure also shows rather high
values over the region around 30° N at 300 mb and
over the region around 20° N at 700 mb where the
extratropical systems in the westerlies and the monsoon
depressions respectively move.

From Table 1, it can be inferred that in cases of all
energy terms excepting transient eddy A.P.E. and zonal
kinetic energy, there has been influx of energy when
the entire region is considered. There is an outflow of
a small amount 2.6 %1072 J m—2s~1 of kinetic energy
and inflow of 27.8 x10—2J m—2g—! of available potential
enrgy. Hence the net gain of energy is 25.2 x 1072
ImZstor0.25Wm2

4.2. Conversion terms

Figs. 2(a-c) represent the vertical cross-section of

conversion rate of available potential energy between the
zonal current and the standing eddy between the zonal
current and the transient eddy and between the two
types of eddies. The conversions are due to meridional

transport of heat.

These figures plot the integrands of the expressions for
energy conversion terms. Fig. 2(a) suggests that in
most parts to the north of 10°N, there has been conver-
sion from zonal current to standing eddy. There are
two maxima — one at 850 mb level near 22.5° N and the
other at 100 mb near 27.5° N, suggesting gain of avail-
able potential energy by the standing eddy or the
semi-permanent systems in those regions. The monsoon
trough is situated between 20° and 26 N and therefore,
it could be inferred that the monsoon trough gains avail-
able potential energy from the zonal current (from north-
south temperature variance). There is a small region
at 300 mb near 35° N where zonal current gains from
the standing eddy. For the layer 1000-100 mb in the
area under study, there is a conversion of 257 x 16—2
J m—2s-1 of zonal available potential energy into the
standing eddy available potential energy.

If we consider the region north of 5° N in Fig. 2(b),
it is seen that between 700 mb and 400 mb levels
generally, the transient eddies lose available potential
energy to zonal current, but when the entire tropos-
phere is considered, transient eddy gains 42.3 x 1072
Jm—2s—! from zonal current. Fig. 2(c) shows the con-
version rates are rather small. In general north of IO°‘N
upto 30°N the transient eddy loses available potential
energy to standing eddy, although further north of 30° N
the transient eddy gains. There has been a conversion

of available potential energy from transient eddy to
standing eddy by a small amount (2.2 x1672J m™2s7")
when the entire region is considered.

Figs. 2 (d-f) plot the vertical crosss-sections of the
conversion rates of kinetic energy among the various
systems. This is essentially accomplished by the meri-
dional transport of w-momentum. Fig. 2 (d) shows
between 1000 mb and 500 mb, over the region between
10° N and 30°N zonal kinetic energy is converted into
standing eddy kinetic energy. In the remaining region
above 500 mb north of 5° N, the standing eddy kinetic
energy is converted into zonal kinetic energy with a
maximum conversion near 30° N at 100 mb. In the entire
region, there is a conversion of 18.3 1072Jm—2 s~ from
standing eddy kinetic energy to zonal kinetic energy.

From Fig. 2(e), it is clear that between 12.5°N and
30°N, from 850 to 500 mb level, transient eddy gains
kinetic energy from zonal current; north of 30° N and
south of 10° N conversion is generally reversed. In the
entire region, zonal current loses kineticenergy to tran-
sient eddy by a small amount of 0.3x 1072 Im—2~1,
Fig. 2 (f) shows the conversion rates between the eddies.
From 850 to 500 mb over the area between 15 N and
25° N, standing eddy gains kinetic energy from transient
eddy. In other words, the monsoon trough gains energy
from monsoon depression. Thisexplains the commonly
observed feature that when the monsoon activity is weak
or when there is a break in the monsoon activity, reacti-
vation of the monsoon takes place with the formation
of a depression in the Bay of Bengal, or the passage of
a depression/low from Indo-China area into the Bay of
Bengal. Another region of maximum conversion rate is
at 300 mb where the ridges and troughs of westerlies
prevail. When the entire region is considered, transient
eddy gains 2.8 x 1072 Jm—2s~! of kinetic energy from
standing eddy.

The available potential energy is converted into
kinetic energy when the warm air rises and /or cold air
sinks and kinetic energy is converied into available
potential enzrgy when the warm air sinks and/or the
cold air rises due to dynamical or orographical forcings.
Figs. 2 (g & h) depict the vertical cross-sections of these
conversions. Fig. 2(g) shows that north of the equator,
zonal available potential energy is converted into zonal
kinetic energy, except over region between 20° N and
30° N from 850 mb to 600 mb level. Fig. 2(h) shows
that standing eddy available potential energy is con-
verted into standing eddy kinetic energy north of
equator except from 850 to 700 mb level over the region
between 10° N and 30° N. It is interesting to note
that in the region of monsoon trough and the associated
cyclonic circulation, kinetic energy is converted into
available potential energy in both the cases of zonal
current and standing eddy. Possibly dynamical
forcings have forced the rising of cold air or the sinking
of warm air or both. This is obvious in the case of
standing eddy as there is upward motion over cooler
northeast India compared to downward motion over the
warmer regions of Iran, Iraq and Arabia ascan be seen
from the vertical velocity field in Part I of this paper
(Rajamani 1985). Keshavamurti and Awade (1970)
have obtained similar results. When we consider entire
region, we see that 17.6x 1072 Jm™2 s~ 1 available
potential energy is converted into kinetic energy in the
case of zonal current and 21.1 % 102 Jm 257! in
the case of standing eddy.
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Fig. 3. Energy flow diagram (Energy terms : k J m™@,
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4.3. Energy flow diagram

Fig. 3 rapresents the energy flow diagram for the layer
1000-100 mb over the area from 5° N to 35° Nand from
35° E to 115° E. The values obtained in this study are
comparable with those obtained by Newell et al. (1974)
for the northern hemisphere for the season June to
August. The flow diagram suggests generation of both
zonal and standing eddy available potential energy
(computed in Part I), their magnitudes being 1.3 Jm™*
g land 3.7J m—2s1 respectively. Zonal current is the
source of available potential energy for both standing
eddy and transient eddy. Standing eddy has also gained
available potential energy from transient eddy but has
been the source of kinetic energy for zonal current as
well as for the transient eddy. This feature is consistent
with the belief that the semi-permanent systems supply
energy to transient eddies in addition to their contri-
bution to the maintenance of the zonal current. Avail-
able potential energy is converted into Kkinetic en-
ergy in both cases of zonal current and standing
eddy. )

Dissipation of kinetic energy is roughly estimated to
be about 4 Jm—2s5—1 (W m™2) while the generation of
available potential energy is about S Jm=2 s71(Wm™%).
With about 0.25J m™2 s~ (Wm™2) of energy advected
into the area of interest there is a marginal excess in
the energy gained compared to the energy lost due to
dissipation. Added to this there could be positive
generation of transient eddy available potential energy
(Rao and Rajamani 1972).

5, Concluding remarks

Discussions above, lead to the following picture of
the monsoon circulation. The differential heating of the
Asian land mass and the Indian Ocean causes the north-
south temperature variance, which is proportional to
zonal available potential energy. This is the source of
available potential energy to semi-permanent systems
and transient systems. In addition to, a part of it 18
directly converted into kinetic energy of the zonal
current. The diabatic heating generates standing eddy
available potential energy. This is converted into
standing eddy kinetic energy. The semi-permanent
systems which are formed due to the orography of the
region are the sources of kinetic energy for transient
systems as well as for the zonal current.

Over the region of monsoon trough between 17.5°N
and 27.5°N from surface to 500 mb level, the semi-
permanent system gains Kinetic energy both from zonal
current and from transient systems. The latter feature
suggests the importance of depressionsin strengthening
of the monsoon trough and in increasing the monsoon
activity. The transient systems gain kinetic energy from
zonal current, however, the amount is small.

In this study, the frictional dissipation of kinetic
energy and the advection of both available potential
energy and kinetic energy estimated are rather very
approximate and the generation of transient eddy avail-
able potential energy has not been computed. Hence
the energy balance of the monsoon circulation is not
attempted here. However, the study brings out the direc-
tion of energy transformation, i.e., the interactions bet-
ween the various monsoon systems and the order of
magnitude of the dissipation of kinetic energy, the gene-
ration of available potential energy and the advection
of both.
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Appendix

A — Total available potential energy

Az — Zonal available potential energy

As — Standing eddy available potential energy
Ar — Transient eddy available potential energy
Kz — Zonal kinetic energy

Ks — Standing eddy kinetic energy

Kr — Transient eddy kinetic energy

M — Mass of the atmosphere over the area under study
s — Static stability

R — Gas constant

P —Pressure in mb

T — Temperature

u — x-component of wind vector (eastward)

y — y - component of wind vector (northward)

w — vertical component of wind ( @p ) in isobaric co-
ordinates. di

¥V — Wind vector.

pp
Q — Rate of heating.
g — Acceleration due to gravity.

cp —Specific heat at contant pressure.

— Coriolis parameter.
— Relative vorticity.
— Absolute vorticity.

f
4
7
k — Unit vector in the vertical.
r_J
I

— Eddy viscosity.

7 — Wind stress vector,
‘_J

Cp —Drag coefficient.

dL — Increment in length.

L — Length enveloping the arca under study,
8 — Potential temperature,

a — Specific volume

F — Friction
~

1 — Dissipation,
P — Density of air.
(=) —Hemispherical mean.

(T}—Time mean (mean of July 1963),

| 115°E
[x] — Zonal mean of x = T f ¥ di

di 35°E

35%E
{r]— Mean of x over the area under study.

1 35°N 115°E

:--351 N7 R xa® cos ¢ d) dip

ateos ¢ dr dp ¥H a5rE

5°N 35°E
(") — Deviation from hemispherical mean.

(") — Deviation from time mean.

(*)— Deviation from zonal mean,




