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Study of Heat Sources and Sinks and the Generation
of Available Potential Energy in the Indian Region
During the Southwest Monsoon Season

K. V. RAOQ and S. RAJAMANI—/ndian Institute of Tropical Meteorology, Poona, India

ABSTRACT—The total vertical velocity and the heating
field were evaluated for a portion of the Indian region for
a typical monsoon day in July 1966 using a two-level
geostrophic model. The generation of zonal and eddy avail-
able potential energy was computed with these values of

heating and cooling. Both forms of available potential en-
ergy seem to be generated by diabatic processes. The gen-
eration of eddy available potential energy may be due
to the released latent heat of condensation.

1. INTRODUCTION

Available potential energy is a measure of the potential
energy available for conversion into kinetic energy and can
be defined as that part of the total potential energy above
the amount that would exist if isentropic surfaces were
horizontal. The generation of available potential energy
depends on the atmospheric temperature field and the
distribution of atmospheric heat sources and sinks. This
concept of available potential energy, introduced in the
classical paper by Lorenz (1955), led to several investiga-
tions, both theoretical (Phillips 1956, Smagorinsky 1963)
and observational (Wiin-Nielsen and Brown 1962, Krueger
et al. 1965, and others) on estimates of generation, dissipa-
tion, and conversion of energy in the atmosphere. A critical
review of these investigations has been given by Oort
(1964). In the present investigation, an attempt has been
made, following Wiin-Nielsen and Brown (1962), to study
heat sources and sinks and the generation of available
potenital energy of the atmosphere over the Indian region
during the southwest monsoon season. These computa-
tions have been made for 1200 ¢mT on July 25, 1966, be-
cause computations regarding energy conversion were
already made for this synoptic situation (Rao and Raja-
mani 1968). Further, the rainfall on this day was a little
above normal, and this day can therefore be considered
as a typical monsoon day.

2. COMPUTATIONS OF HEAT SOURCES
AND SINKS

From the definition of the potential temperature
0="T(p/ps)®/cy, the first law of thermodynamics may be
written in the following form:

)
dp

Introducing the hydrostatic relationship, we can write eq

H=— c,,T(l ilv. Vot (1)

(1) for the 600-mb level as
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where the subscript denotes the pressure in decibars, H is
the diabatic heating per unit mass per unit time, g is ac-
celeration of gravity, R is the gas constant for dry air,
¢, is the specific heat of air at constant pressure, & is the
thickness in geopotential meters, P is the pressure differ-
ence (cb) between the 800- and 400-mb levels, w is the
vertical velocity in the z, ¥y, p-coordinate system, « is the
specific volume, and s, the static stability at the 600-mb
level, is given by os=04(0 In 6/0p)s. Thus, from eq (2),
we see that the diabatic heating is proportional to the
difference between the adiabatic vertical velocity (the
first term on the right side) and the total vertical velocity
(last term).

To solve eq (2), we must first evaluate w;. For this
purpose, the geostrophic vorticity equation in the fol-
lowing form is used:
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where ¢ is the geostrophic relative vorticity and f, is the
Coriolis parameter at 20° latitude. It is also assumed that
the w-profile is parabolic with the absolute maximum at
600 mb and «=0 at 1000 and 200 mb. The assumption
w=0 at 200 mb was made because earlier computations
of @ by the geostrophic baroclinic model (Rao and
Rajamani 1970) showed very small values even at the

300-mb level. Applying eq (3) to 400- and 800-mb levels
we get, by subtraction and manipulation.

o= { 51 VT (20§ P )+, A } )
where

26:% (24+28)
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Ficure 1.—(A) the 800-mb chart and (B) the 400-mb chart for
1200 gMT on July 25, 1966.

and

(E+Pe=g [(E+Hut G+l

The values of w computed from eq (4) are substituted in
eq (2), and the value of H/c, is evaluated.

Procedure

When we transformed eq (2) and (4) from the differential
form to a finite-difference form, we used a time increment
of 12 hr, which is the interval between two consecutive
upper air observations. Further, to have the heating fields
valid at the map time (i.e., 1200 amT on July 25, 1966), we
prepared charts for 800- and 400-mb surfaces with data
from 0000 and 1200 ¢mT on July 25, 1966, and 0000 GmMT
on July 26, 1966. Charts for 800- and 400-mb surfaces at
1200 eMT on July 25, 1966, are given in figure 1.

The gridpoint values were smoothed by Shuman’s
method with »=0.5 (Shuman 1957) to eliminate large-
amplitude short waves. The values for 0600 and 1800 gmT
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have been obtained by algebraic averaging of the smoothed
fields. The time differences and the Jacobians in eq (4)
were then computed from these fields, and the total
vertical velocity field was computed. Because the fields
of total vertical velocity and heating were computed from
the averaged 0600 and 1800 emT charts, these two fields
will represent an average for the period from 0600 to 1800
GMT.

3. DISCUSSION OF RESULTS

The field of total vertical velocity and the field of heating
and cooling are shown in figures 2 and 3. One sees that the
pattern of the heating and cooling field closely resembles
the field of total vertical velocity, thereby suggesting that
the dominant contribution to the heating or cooling in
eq (2) is by the third term. The maximum heating of
22.3°C/day is near the head of the Bay of Bengal (20°N,
88°E) and the maximum cooling over India (approx. 6°C/
day) is near Bombay (20°N, 74°E). To get the values of
heating or cooling in units of joules per gram per second,
we multiply the values by the conversion factor of 11,72
X107%J.g7*.deg~'-s7!, and the value of maximum heating
becomes 261.36X107%J.g71.s™L,

In a study of the normal distribution of the heat
sources and sinks in the lower troposphere over the
Northern Hemisphere, Asakura and Katayama (1964)
get a value of 200 ly/day, or 19.0X107¢J-g~1-s7!, near
the head of the Bay of Bengal for the month of July by
the dynamical method of computations. Because this is
the mean value for the month of July, our computed
value of 261.36X107%J-g7!-s7! for an individual day may
not be unreasonable.

The computed values of the three terms in eq (2) are
given in table 1. The second term is found to be one order
of magnitude smaller in most instances than the first and
the third terms.

From the computed values of heating and cooling, the
average value of heating of a unit mass of air for the area
studied is 9.82X107°°C/s or 8.5°C/day. This value is
compared with the heating that will be available from the
release of latent heat by the precipitation, keeping in
view that, according to Jacobs (1949), ‘“‘the amount of
energy released to the atmosphere through condensation
of water vapor can be obtained completely from data
concerning precipitation amounts.” From the 24-hr
rainfall reported at 0300 emMT on July 26, 1966, by 70
stations in the region, the average rainfall was computed
to be 2.34 cm/day. If we assume that the latent heat
liberated goes to heat a column of 1-cm? area and 500-mb
thickness (i.e., cloud base at 800 mb and top at 300 mb),
the average heating per unit mass of air is 11.5°C/day.
[The latent heat of water vapor at 0°C (2.5 kJ/g) was
used.] If we assume a radiation cooling of 1.7°C/day
based on the study by Kelkar and Godbole (1970), the
net heating would be about 9.8°C/day. Thus, our com-
puted value of 8.5°C/day seems to be in fair agreement
with the value computed from the latent heat, thereby
confirming the validity of estimates of heating by this
diagnostic method.
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Fiaure 2.—Vertical velocity (107% ¢b/s) at 600 mb at 1200 GmT on July 25, 1966.
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Ficure 3.—Field of heating (+) or cooling

4. ON THE GENERATION OF AVAILABLE
POTENTIAL ENERGY

Since the distribution of atmospheric heat sources and
sinks has been evaluated, it is now possible to compute
the generation of available potential energy.

As shown by Lorenz (1955), the generation of available
potential energy depends on the volume integral of the

(—) in °C/day at 1200 ¢MT on July 25, 1966.

product of deviations of temperature and heating from
the area averages of these quantities. The temperature
field is known, and the heating on an individual day has
also been estimated. Therefore, it is possible to compute
the required integral.

As in the case of the heating computation, the com-
putation of the generation of available potential energy
has been based on the same two-level geostrophic model.
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TABLE 1.—Magnitudes of term 3g(dh/0t) /2R, term 3g(V « Vh)/2R, and term 305Pws/2R of eq (2).

Units are 1079 °C/s.

Term Lat./Long. 74° 76° 78° 80° 82° 84° 86° 88° 90° 92°

292 19 21 24 26 29 32 35 35 31 25

20 20 22 25 28 31 34 36 3¢ 30 22

3g oh 18 23 24 25 23 31 32 30 27 21 12
7R 5 16 26 25 25 27 28 28 23 17 10 2
14 22 22 23 24 24 22 16 8 1 —7

12 15 17 19 19 19 15 9 1 —~7 -5

29° 2 —4 —7 —9 -8 -5 1 8 1 11

20 —1 _7 -3 16 14 B 15 26 29 26

3g 18 —2 6 ~10 14 ~10 5 24 37 40 37
RV Vb 16 -1 —1 -2 -3 -1 7 20 31 37 37
14 3 5 5 3 0 0 7 15 23 25

12 7 9 8 3 -3 —6 —5 1 6 10

29° 43 ~52 — 82 —56 87  —124  —107  —172  —179  —158

20 87 48 —14 _52  —125  —119  —203  —198  —183 72

304 18 37 56 9  —112  —181  —109  —125 44 —53 —27
JREws 16 —113 —30 17 —96 —63  —151 —92 —15 —48 —o7
14 —18 18 —53 — 56 —35  —116 —89 -3 —15 82

12 68 ~31 85 ~38 —34 —36 _48 25 32 137

The thermodynamic equation is written in the following

i@ (@)

As defined by IL.orenz (1955) and Wiin-Nielsen and
Brown (1962), the expression for rate of change of availa-

ble potential energy is
) ]d sdp. ()

1 Jala G

An area average is defined as follows:

= [ s @)

and a primed quantity indicates the deviation of the
quantity from its areal mean.

If we multiply eq (5) by 02’/0p and integrate over a
limited volume of the atmosphere, we get an equation
for the rate of change of available potential energy in that

volume as
Do 62’ 2
f f {at > ]} dsdp

f”"fsv V(a )dsdp f fw —dsdp
— " f <62>Hdsdp ()

The first term on the right-hand side represents advection
of the available potential energy into the volume. The
second term on the right-hand side represents trans-
formation of available potential energy into kinetic
energy. The last term is the generation term of the
available potential energy.

e O
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Generation Term, G

Since (—0z’/0p) is related to temperature, the gen-
eration term [the third term on the right-hand side
of eq (8)] will be positive if the atmosphere is heated in
regions that are relatively warmer than others and cooled
where it is relatively colder.

With our assumptions that vertical velocities are zero
at p=1000 mb and at p=200 mb, the effective depth of
the atmosphere becomes 800 mb or 80 cb and the genera-
tion term becomes

R p ,
UCP4OX6thHds kthds ©)
where
R 80
= o6, 4060

and where b’ is the areal deviation of the thickness
between 800 and 400 mb. Because the heating applies to
600 mb (60 cb), 1/p has been set equal to 1/60. An average
along the latitude circle is defined as

(=1 [

where L is the length of a portion of the latitude circle.
Hence, we may write

(10)

=7L'+h”; H’:;J'—%-H” (11)
where double primed quantities are the deviations from
the zonal average and denote eddies.

Substituting eq (11) into (9), we get

~ o~ r
G=k fh'H'ds+th'fH"ds (12)
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TaBLE 2.—Values for generation (@) and conversion (C) of avatlable potential energy (W-m=?) obtained by various investigators (from Oort 1964)

Suomi, Shen, Starr, White
(Northern Hemisphere)

Saltzman, Fleisher
(Northern Hemisphere)

Wiin-Nielsen, Brown, Drake

Krueger, Winston, Haines
(20°-90°N) (20°-90°N)

Gw
G® 0.58 (13 days)

C(Pu, Kp)* 0.25 (yr) 0.35 (6 winter mo)
C(Pg, Kp)t 3.02 (6 winter mo)

1.94 [yr (9 mo)]
2.81 (7 winter mo)
1.07 (6 summer mo)

2.32 (yr)
3.30 (winter)
1.34 (summer)

—0.94 {yr (9 mo)]
—1.57 (7 winter mo)
—0.32 (6 summer mo)

—0.77 (yr)
—1.10 (winter)
—0.44 (summer)

0.10 (Jan. 1959)
—0.11 (Apr. 1959)

—0.66 (yr)
—0.79 (6 winter mo)
—0.53 (6 summer mo)

1.46 (Jan. 1959)
1.10 (Apr. 1959)

2.21 (yr)
2.98 (6 winter mo)
1.44 (6 summer mo)

*C(Py, Ku)=rate of conversion from mean available potential energy to mean kinetic
energy by mean meridional circulations.

or G=GW+G®

where G denotes the generation of zonal available
potential energy and G® is the generation of eddy
available potential energy. G and G®' have been
computed from the expressions in eq (12) and the values
obtained are as follows:

GMH=12.21X10"*kJ-m~2.5~!
=1.221W.m™?
and
G*»=21.44X10"*kJ-m~%s™!
=2.144W.m2,

The positive values of G and G® show that, both
meridionally and zonally, relatively warm air masses
were heated and cold air masses were cooled as a result
of the various diabatic processes of heating or cooling.

Table 2 presents available potential energy generation
and conversion values obtained by other workers. Al-
though our values relate to a single day and a very limited
region, the value of 1.221 W.m™? for G is in good
agreement with the values 1.07 W-m™ computed by Wiin-
Nielsen and Brown (1962) and 1.34 W-m™ computed by
Krueger et al. (1965) for the summer periods.

In the case of generation of eddy available potential
energy, Wiin-Nielsen and Brown (1962) and Brown (1964)
have obtained negative values indicating a destruction of
eddy available potential energy by diabatic effects, al-
though Suomi and Shen (1963) found a build-up of eddy
potential energy due to the influence of infrared cooling.

In our case, we have obtair ed a positive value indicating
generation of eddy available potential energy by diabatic
effects. This may be due to the release of latent heat of
condensation which leads to the generation of the eddy
available potential energy. This feature is consistent with
the view of Dutton and Johnson (1967), namely, that
generation of available potential energy by the release of

tC(Pg, Kg)=rate of conversion from eddy available potential energy into eddy kinetic
energy by large-scale eddy convection.

latent heat is important on the zonal scale and is of pri-
mary importance in the energetics of disturbances, most
notably cyclones, especially in the Tropics. Also, according
to Manabe and Smagorinsky (1967), in the moist model
atmosphere the generation of eddy available potential
energy by condensation and convection dominates in the
Tropics. From figure 4.4 of Manabe and Smagorinsky
(1967), one sees that the generation of eddy available po-
tential energy due to convection and condensation lies
between the values of 11072 and 2X1072J.em~2mb™!
-day~!. The value of the generation of eddy available po-
tential energy in our study is 2.6 X107%4J.cm~2mb~!.day~!
when we convert to the units adopted by Manabe and
Smagorinsky. We see good agreement in the order of
magnitude between our computed values and that of
Manabe and Smagorinsky.

Conversion Term, C

The second term on the right-hand side of eq (8) is the
conversion term which is given by

g 0z’
- + %% g
C j; £ w ap sdp

— 3052 [ wrhds,

40773 ), (13)

In view of our assumption that w is parabolic with the
absolute maximum at 600 mb and w=0 at the 1000- and
200-mb levels, the average vertical velocity for the layer
1000-200 mb will be two-thirds of the maximum value at
600 mb, and, hence, the factor 2/3 appears in eq (13).

As in the case of the generation term, the coaversion
term has been split up into zonal conversion and eddy
conversion and the values obtained are as follows:

CMe=—7.84X10"*kdJ - m~2.57!
=—0.78W.m™?
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and
C®=—12.04X10"*kd m~2.5~!

=—1.204W-m™2
Thus, both zonal and eddy available potential energy are
converted into zonal and eddy kinetic energy, respectively.
From a comparison of the values of these quantities ob-

tained by other workers (table 2), the values above appear
to be reasonable.

Advection Term

To facilitate computations, we transformed the advec-
tion term in the usual way to the form of the flux term,
and this was further transformed into a line integral
using Gauss’ theorem as follows:

9 (" (v. <22_>
2 ﬁv V(Op dsdp
AN
_ 2oﬁ fsv [v(ap dsdp (14)
as the other term,

Do az' 2
ﬁ ﬁ(a;) v - Vdsdp,

becomes zero due to the geostrophic assumption.
Thus, the term takes the form

A ai)

5 J; fL <ap V.dLdp
where V, is the velocity along the outward directed nor-
mal. The computed value of this term is

(15)

0.1X1074%kJ -m~2.s7L

The value is very small and, because this is a study for
only 1 day, it may not be possible to infer anything from
this result.

5. SUMMARY

The field of total vertical velocity has been computed
for the synoptic situation of July 25, 1966, at 1200 Mt
over India. The field of heating and cooling as well as the
generation and conversion terms of available potential
energy have been evaluated. There is a net generation of
available potential energy of 13.77X107* kJ-m~2.s7* over
the region studied.
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