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ABSTRACT

In continuation of a previous study, the global monsoonal response of the atmosphere
1s computed within the framework of a quasi-geostrophic model. The input parameters
are the ground temperature, mountain heights and the zonal mean state at 45° N, A
parameterized heating function given in the earlier work is utilized. Lateral friction,
conduction and mountains are also taken into account. It is found that the computed
global monsoons are closer in phase and magnitude to the observed ones. The ener-
getics and the other interesting results are discussed.

Introduction

In a previous paper by Sankar-Rao & Saltz-
man (1969), hereafter to be referred to as
Paper I, a steady state theory of global mon-
soons was presented within the framework of a
drastically simplified linear model. A heating
function comprising of two parts was proposed.
Computations of the atmospheric response only
for the first part of the heating function were
presented. The main result was that the com-
puted global monsoonal systems, though of
right magnitude, were displaced towards the
east of the observed climatic systems. It was
conjectured in the same paper that the phase
discrepancy will be remedied to some degree
by including the second part of the heating
function. The main purpose of the present paper
is to give the results obtained by including the
complete heating function, mountains, the lat-
eral friction and the lateral conduction. The
notation is the same as in Paper I. The follow-
ing values are given the respective parameters:

A, =100ergs g-1sec ! deg-1.

A, =15x10" ergs g~! deg-!. (For a surface
wind velocity of 100 c¢m sec-! and for
a surface temperature gradient of 8 x
10"® deg cm-1, this value of 4, givesa
boundary heat flux of the order of 0.3 x
10% ergs em~—2 sec—1.)

Ky = Kyr = 10° em? sec 1,

1 NRC-NAS Resident Research Associate.

The mountain amplitudes were taken from a
previous paper by Sankar-Rao (1965). All other
parametes are the same as in Paper I. In addi-
tion to the usual computed maps, the energy
conversion terms at 45° N will also be discussed
in this paper.

Discussion of the results

Figs. 1 to 4 give the winter results (Experi-
ment 1), while the Figs. 5 to 8 give the summer
results (Experiment 2). Because the mean zonal
parameters at 45°N were utilized in these
computations, the results over the Southern
Hemisphere cannot be discussed. As far as the
Northern Hemispheric results are concerned,
it can be seen that the positions as well as the
magnitudes of the global monsoonal pressure
gsystems for both the seasons show a closer re-
semblance to the observed climatic maps, both
at the surefac and at the 300-mb level. Strong
heating off the east coast in winter can be noti-
ced in Fig. 4. Strong heating towards the lee-
ward side of the Himalayas may be due to
the limitations of this linear model in the in-
corporation of the mountain effect. In summer
strong heating over the desert regions can be
noticed in Fig. 8. From Fig. 7 one can notice
that over these desert regions, descending
motion prevails, in spite of general heating.
This may be a partial explanation of the desert
regions over the globe. The Tables 1 and 2 give
the energy conversion terms for winter and
summer. The meaning of each term is the
following:
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Fig. 1. Geopotential of 900-mb level in 10-® cm? sec—?, which corresponds approximately to millibars at
sea level. Experiment 1, 15th degree map.
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Fig. 2. Same as Fig. 1, but for 300-mb level.
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Fig. 3. The rate of change of pressure, wx, in 10-1 g em~! sec=? 300-mb level. Experiment 1, 15th degree map.
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Fig. 4. Vertically integrated heating, Q*, in 10% ergs cm~—2 sec~1. Experiment 1, 15th degree map.
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Fig. 5. Same as Fig. 1, but for Experiment 2.
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Fig. 6. Same as Fig. 2, but for Experiment 2.
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Fig. 7. Same as Fig. 3, but for Experiment 2.
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Fig. 8. Same as Fig. 4, but for Experiment 2.
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Table 1. Energy conversion terms (winter) expt. 1

m n 1Q, 4y) 14, A) 4, K,) I{A, Fr) Ik, Py) K, Fg) 1K, Fp)
1 1 31.10 —12.43 18.05 0.63 —12.95 4.99 0.02
1 2 335.52 145.36 178.26 11.91 —41.48 134.48 0.78
2 2 —15.49 20.65 3.52 1.68 21.65 17.86 0.11
1 3 117.84 -65.90 46.96 4.99 0.12 46.30 0.52
2 3 612.99 —354.84 241.95 16.20 —94.65 144.53 1.76
3 3 3.60 -0.11 2.76 0.72 8.86 11.50 0.07
1 4 0.53 -0.31 -0.16 0.05 0.31 0.45 0.01
2 4 555.96 —380.92 153.21 22.35 —21.46 127.42 3.66
3 4 560.00 —405.59 149.46 4.97 —88.00 60.25 1.01
4 4 22.36 ~14.99 6.75 0.62 6.61 13.23 0.10
1 5 67.37 —53.39 8.49 5.49 0.91 7.29 2.06
2 5 71.73 —58.37 9.22 4.13 2.17 10.16 1.17
3 5 962.13 —838.24 108.64 15.26 —10.46 92.90 5.02
4 5 962.40 —846.04 107.33 9.04 -0.42 103.74 2.97
5 5 45.79 —40.45 5.04 0.30 —1.05 3.86 0.11
1 6 —58.58 81.93 15.31 8.04 25.09 37.41 2.94
2 6 —30.41 38.80 6.32 2.07 -0.50 4.78 1.00
3 6 - 74.29 88.44 12.41 1.74 1.95 12.32 2.03
4 6 146.78 —167.03 —20.81 -0.57 105.78 81.92 3.03
5 6 52.83 —59.90 -~17.37 0.31 17.41 9.60 0.44
6 6 6.25 -7.08 -0.87 0.04 1.67 0.76 0.04
1 7 —0.60 3.92 2.28 1.03 -0.65 1.05 0.59
2 7 -17.67 39.82 17.98 4.18 11.60 28.34 1.22
3 7 -0.03 0.06 0.02 0.00 0.01 0.03 0.00
4 7 —9.25 15.56 6.10 0.21 1.71 7.62 0.19
5 7 - 23.69 —42.80 17.78 1.33 —14.87 1.91 0.99
6 7 -2.78 5.44 2.30 0.36 2.54 4.75 0.08
7 7 0.34 —0.49 -0.17 0.02 0.20 0.02 0.01
1 8 -0.04 0.17 0.11 0.01 0.17 0.27 0.02
2 8 -0.27 0.91 0.60 0.04 1.55 2.09 0.06
3 8 —4.93 16.56 11.21 0.43 2.97 13.77 0.41
4 8 ~1.44 5.22 3.53 0.24 3.26 6.65 0.13
5 8 —-7.41 29.94 21.12 1.41 11.58 9.03 0.51
6 8 0.38 -1.17 -0.79 0.01 1.92 1.08 0.07
7 8 2.51 —6.36 ~4.13 0.28 6.38 2.16 0.09
8 8 0.022 —0.044 -0.027 0.004 0.040 0.012 0.002

= Production of stationary wave
available potential energy.

I(4, A,) =Conversion of zonal available po-
tential energy to the stationary
wave available potential energy.

I(4,, K)) =Conversion of stationary wave
available potential energy to sta-
tionary wave kinetic energy.

I(A,, F;) = Destruction of stationary wave
available potential energy by lat-
eral conduction.

= Production of stationary wave ki-
netic energy by the mountain effect.

I(K,, Fy) = Destruction of the stationary wave
kinetic energy by surface friction.

I(K,, Fy,) = Destruction of the stationary wave

kinetic energy by lateral friction.

1@, 4))

I(hy, Py)
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In the tables, the units of these terms are in
10® g sec~. The equations for the energy con-
versions in this model take the form

I(4,, K)) + Ih, P,) ~ I(K,, F3)-I(K,, Fg) =0
I(4,, A) — I(4, K,)) + 1(Q,, A,)-I(4,, Fy) =0

The formulas for these terms can be derived
quite easily and will not be given here (e.g.,
Murakami, 1967).

From Table 1 the following points can be
inferred for winter:

1. The lower wave nugabers up to and in-
cluding (m,n)=(6,6) contribute most to the
energy of the stationary systems. Other wave
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Table 2. Energy conversion terms (summer) expt. 2

m n 1(Q, Ay) I(4,, A)) I(4, K,) I(4s, Fp) I(h, Py) I(K,, Fg) I(K, Fy)
1 1 7.44 1.54 7.72 1.26 9.73 17.43 0.24
1 2 728.89 —283.48 416.14 29.28 ~56.65 357.97 1.46
2 2 59.92 —25.63 33.00 1.28 -17.20 15.73 0.07
1 3 66.99 —33.12 31.57 2.30 - 5.25 26.11 0.21
2 3 173.38 —78.47 88.87 6.04 —2.90 85.39 0.56
3 3 14.05 —-5.95 7.47 0.63 0.93 8.34 0.06
1 4 0.09 —0.05 0.03 0.01 -0.01 0.01 0.00
2 4 382.97 —216.84 154.73 11.40 —26.90 126.21 1.60
3 4 22.37 - 1.60 14.19 6.57 51.95 65.31 0.85
4 4 30.51 —17.86 12.22 0.44 —-7.19 4.96 0.06
1 5 236.27 —153.73 66.02 16.52 —0.88 60.65 4.54
2 5 13.89 -9.19 4.10 0.60 -0.53 3.43 0.13
3 5 —-12.68 10.05 3.38 0.75 7.28 3.75 0.16
4 5 132.75 —83.36 43.57 5.83 23.63 66.17 1.01
5 5 2.40 —1.44 0.84 0.13 0.89 1.70 0.02
1 6 6.10 —-0.55 2.00 3.55 4.52 5.32 1.21
2 6 2.13 —1.66 0.36 0.11 0.39 0.72 0.04
3 6 11.51 -9.21 1.87 0.43 ~0.43 1.25 0.19
4 6 169.60 —138.18 27.68 3.74 2.03 28.39 1.31
5 6 5.34 -4.46 0.85 0.03 0.54 1.34 0.04
6 6 0.09 -0.07 0.01 0.00 0.05 0.06 0.00
1 7 1.08 -0.73 0.12 0.23 0.19 0.13 0.19
2 7 7.35 —17.07 0.18 0.46 4.34 3.96 0.20
3 7 0.00 —0.00 0.00 0.00 0.00 0.00 0.00
4 7 —3.75 4.68 0.56 0.35 0.16 0.40 0.34
5 7 -33.91 38.18 3.35 0.92 10.36 13.32 0.39
6 7 -0.23 0.42 0.10 0.10 2.21 2.00 0.30
7 7 -0.32 0.36 0.03 0.00 0.31 0.33 0.00
1 8 0.012 0.017 0.015 0.014 0.026 0.035 0.006
2 8 —4.34 8.26 3.22 0.70 0.42 0.31 0.52
3 8 —1.60 2.59 0.91 0.08 0.31 1.05 0.17
4 8 —0.58 1.00 0.37 0.05 —0.09 0.24 0.03
5 8 —11.29 19.49 7.12 1.08 0.41 7.11 0.43
(] 8 - 8.07 12.06 3.90 0.09 2.52 5.95 0.48
7 8 —-0.34 1.10 0.54 0.21 0.81 1.28 0.07
8 8 0.06 —0.08 —0.02 0.00 0.05 0.003 0.00

numbers play an insignificant part. The waves
{(m,n) =(3,5) and (4,5) produce the maximum
avaialable potential energy.

2. Almost all these long waves derive their
energy from the stationary heat sources and
sinks, but (m,n)=(2,2), (1,6), (2,6) and (3,6)
seem to be exceptions to this rule. They
derive their energy from the zonal mean mo-
tion. This result agrees well with Murakami’s
(1967) results but seems to contradict the ob-
servational results of John A. Brown, Jr (1964),
where he finds that in winter the available po-
tential energy is generally destroyed by the
long waves. This is a serious discrepancy. How-
ever, in view of the simplified nature of the
theory presented hd® and in view of the short-
comings in the observational analysis, one can
only hope to resolve this question in the future.

3. The lateral friction and conduction play
a very insignificant role in the energetics.

4. For most of the long waves the mountain
effect is to destroy the eddy kinetic energy.

From Table 2 the following inferences can
be drawn for summer:

1. Again, as in the case of winter, the long
waves up to and including (m, n) =(6,6) are
most important for the maintenance of the
global monsoons.

2. The wave number (m,n)=(1,2) produces
the maximum available potential energy. The
wave numbers (3,5) and (4,5), which produce
maximum eddy available potential energy in
winter, play a minor role in summer.

3. The effects of lateral friction, lateral con-

Tellus XXII (1970), 6
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Fig. 9. Same as Fig. 1, but for Experiment 3.

duction and the mountains resemble the win-

ter behavior.

The linear model has obvious limitations. For
instance, when the forcing mode is of the same

Table 3. Energy conversion terms (summer) expt. 3
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wave number as that of a baroclinically un-

stable wave, resonance can result in a linear

model. Under idealized conditions, the response
must be infinite in such a case. But because the

m n 1Q,4,) 4, A4) I(A,K) I(A,F;) Ih,P) IK,F;) IK,Fp)
1 I 31.76 -11.1 20.60 0.0 18.70 39.28 0.0
1 2 1192.10 —502.40 689.72 0.0 —100.99 587.97 0.0
2 2 91.56 —38.59 52.98 0.0 —30.65 22.27 0.0
1 3 89.95 —45.15 44.80 0.0 —7.72 37.05 0.0
2 3 219.14 —110.00 109.15 0.0 6.01 115.07 0.0
3 3 18.20 -9.13 9.06 0.0 1.94 11.00 0.0
1 4 0.10 ~0.06 ~0.04 0.0 -0.03 0.01 0.0
2 4 471.98 —280.41 191.57 0.0 -35.36 156.08 0.0
3 4 —~19.74 11.73 8.01 0.0 84.18 76.17 0.0
4 4 43.33 —~925.74 17.59 0.0 11.36 6.21 0.0
1 5 238.39 —169.28 69.11 0.0 -1.85 67.21 0.0
2 5 15.61 —11.09 4.52 0.0 -0.87 3.65 0.0
3 5 -27.61 19.61 8.00 0.0 12.07 4.04 0.0
4 5 164.82 - 117.04 47.78 0.0 44.41 92.17 0.0
5 5 3.16 -2.24 0.92 0.0 1.67 2.59 0.0
1 6 -5.77 5.04 0.72 0.0 8.33 7.60 0.0
2 6 2.75 ~2.40 3.44 0.0 0.82 1.16 0.0
3 6 14.89 -13.02 1.86 0.0 -0.21 1.65 0.0
4 6 274.48 —240.07 34.41 0.0 16.35 50.73 0.0
5 6 12.49 -10.92 1.57 0.0 2.31 3.88 0.0
8 6 0.51 ~0.44 0.06 0.0 0.17 0.24 0.0
1 7 0.91 ~1.04 0.13 0.0 0.51 0.39 0.0
2 7 11.58 -13.24 1.66 0.0 10.48 8.81 0.0
3 7 0.002 ~0.002 0.00 0.0 0.001 0.001 0.0
4 7 -8.36 9.56 ~1.20 0.0 0.47 1.67 0.0
5 7 —23.61 26.99 3.39 0.0 29.93 33.32 0.0
6 7 0.42 -0.48 0.06 0.0 6.71 6.65 0.0
7 7 0.53 -0.60 0.08 0.0 0.97 0.89 0.0
1 8 ~0.007 0.012 0.005 0.0 0.057 0.061 0.0
2 8 —6.04 10.17 4.13 0.0 0.97 5.10 0.0
3 8 - 1.94 3.27 1.33 0.0 0.53 1.85 0.0
4 8 —0.48 0.80 0.33 0.0 ~0.02 0.30 0.0
5 8 -4.95 8.33 3.39 0.0 6.71 10.10 0.0
6 8 ~-17.68 12.94 5.26 0.0 4.18 9.44 0.0
7 8 2.29 -3.85 1.57 0.0 3.86 2.30 0.0
8 8 0.13 -0.22 0.09 0.0 0.15 0.08 0.0
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profiles of the zonal mean variables such as
K, U, and (1/a(2T,/op) are obtained from ob-
servations and differ significantly from ideal-
ized distributions, one can expect subdued type
of resonance, which is termed as ‘“‘quasi-reso-
nance’’. The inclusion of friction and conduc-
tion also limits the resonant amplitudes and
helps in producing only ‘‘quasi-resonance’’.
However, the question arises whether one can
apply linearization assumptions under ‘“‘quasi-
resonant’’ conditions. Indeed, there are many
such limitations for a linear theory presented
here. Hence one cannot ask this model any de-
tailed questions. However, the model can at
least give a correct indication of what happens
if some of the parameters are changed.

So it is felt that it will be of some interest
to know what might probably happen if the
mean zonal surface wind velocity is increased
by 1 msec~!. Because the zonal wind velocity
at all other levels is caleulated by the thermal
wind equation, this is equivalent to an increase
of 1 msec-! in the zonal mean wind velocity
at all levels. The results of such an experiment
for summer monsoon (Experiment 3) are given
in Fig. 9. One can notice the generalstrengthen-
ing of the summer monsoon over Asia and a
stronger ridge over the Indian Subcontinent
in these figures. Table 3 gives the energy con-
version results for this experiment. From this

M. SANKAR-RAO

table one can infer that the most important
wave number (m,n) =(1,2) shows nearly 50%
increase in the production of available poten-
tial energy. All the other important waves show
considerably less percentual increase. Thus it
can be concluded that the wave number (m,n)
=(1,2) is responsible for the general strength-
ening of the summer monsoon in this case.One
can expect stronger response in this case, be-
cause the lateral friction and conduction are not
included. Hence, caution does not permit one
to conclude from this result that the variations
in the general zonal circulation are in general
positively related to the strength of the Asian
summer monsoon except over the Indian Sub-
continent. At least this result suggests one pa-
rameter that can be important in the observa-
tional studies of such important phenomena as
the summer droughts and floods over Asia.
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O I'IOBAJIBHBIX MYCCOHAX — JAJILHENIIMNE PE3VJIbTATHI

B npopomkenne npembiiyLUINX HCCIefOBaHUR B
pPaMKaxX KBa3UreoCTPOPUUECKOH MOJeaH BH-
yuclieHa raofanbHasg MYCCOHHAA IlepeXofHas
$ysknua armocdepsl. Bxogusimu mapamerpamu
AIBIAIOTCA HA3eMHAd TeMIepaTypa, BHICOTA rop
M CcpejHee COCTOAIHME B30HAJLHOI0 JBUMKEHUA
oins 45° c. m. Vcnoabsyerca mapaMeTpusoBaH-

Hafl QYyHKUUA HAarpeBaHWA, JAHHAA B NpegHILy-
et paGore. BokoBoe TpeHHe, MPOBOXNMOCTD M
ropsl TaKMe HPUHATH Bo BHMMaHue. Haidpeno,
YTO PACCYUTAHHBIE INTIOOANBHEIE MYCCOHR GIU3KHA
no ¢ase u BeamuuHe K Habmiomaembeim. OGcysk-
JA0TCA 9HEpPreTHKa MYCCOHOB M [Ipyrue MHTE-
PeCHHEe pe3yJILTATHL.
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