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ABSTRACT

In Part I of this paper, influence functions are derived for the response of a quasi-geostrophic atmosphere
to transient heat sources and sinks, assuming that the effects of horizontal advection can be neglected and
assuming a fairly reasonable vertical distribution of static stability. The influence is studied for diabatic
heating of different horizontal wavelengths and for two different types of the vertical distribution. In Type
I, heating is largest at the ground, decreasing to zero at p=0. In Type II, heating is maximum in the middle
atmosphere and decreases parabolically to zero at p=0 and at the ground. It is shown that, in both types,
the horizontal wavelength L of the heating function is very important in determining not only the intensity
of pressure fall in the lower levels and of pressure rise aloft in the region of heating, but also the level of
maximum pressure effect. It is seen that wavelengths of the order of 15,000 km produce maximum geo-
potential variations around the 150-mb level.

Introduction of Ekman layer friction decreases the intensity of pressure fall in the lower layers, in-
creases the intensity of pressure rise aloft, lowers the level of phase reversal, and introduces a phase lag be-
tween the high pressure wave aloft and the low pressure wave below.

Part II deals with the application of theoretical results obtained in Part I to the problem of the Indian
monsoon. It is visualized that the 12-monthly monsoon oscillation in southeast Asia is a linear perturbation
on the annual mean flow pattern, the perturbation being essentially forced by differential diabatic heating
in the horizontal plane; the perturbation is materially affected by low-level friction, while advection is as-
sumed to be only of secondary importance.

In the first instance a 2-dimensional model of the monsoon in the v, p plane is constructed along the
meridian 77.5°E, where observed annual mean conditions are taken as a basic state. On this is superimposed
a linear perturbation forced by diabatic heating, sinusoidal in y and ¢ and incorporating a combination of
heating of Types I and II. The resulting total patterns of zonal wind in different months are presented. It
is very encouraging to find that such a simple model, with only one wavelength in the y direction, is able to
reproduce quite a few observed features of the zonal wind pattern in all months, including the westerly jet

stream in winter and the easterly jet stream in summer,

1. Introduction

The monsoon of southeast Asia has been the subject
of numerous studies. For a bibliography, one may con-
sult Ramage (1971), who has listed over 400 references;
others could be cited.

It appears that Jeffreys (1926) was the first to
attack the problem of the monsoon in a quantitative
manner. He considered a circular land area surrounded
by an infinite ocean, the air over land being subjected
to an annual cycle of diabatic heating and cooling. He
incorporated the Coriolis parameter and neglected its
variation with latitude. He also neglected friction. He
was the first to point out, on the basis of his theory, that
the amplitude of pressure oscillation depends on the
horizontal dimensions of the land mass. His computed
pressure amplitudes partly agreed with the observa-
tions (Coulson, 1931; Pisharoty and Asnani, 1958).

Bohme (19542, 1954b, 1955) introduced turbulent
transfer of heat from below and sinusoidal variation of
the perturbation in the horizontal. His results were in

good agreement with observations of annual pressure
oscillation at the ground but widely differed with
observations aloft (Pisharoty and Asnani, 1958).
Later, numerical models of the general circulation
(Phillips, 1956; Smagorinsky, 1963; Mintz and Ara-
kawa, 1965; Manabe and Smagorinsky, 1967 ; Manabe
el al., 1970) were developed that simulated some ob-
served features of the southeast Asian monsoon.

The present study does not intend to compete with
such simulations, We have a very modest purpose.
This is to isolate the influence of various forcings and
to study the influence of diabatic heating and low-
level Iriction separately when these are assumed to
have simple idealized distributions in space and time,
and to see the extent to which such simple patterns
can explain the observed features of the Indian monsoon
oscillation.

Heating is assumed to have sinusoidal variations in
the horizontal and also in time. For the vertical dis-
tribution, two types of heating function are considered,
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In (1), « is the phase difference in heating of Types I
and II. The more common symbols have their usual
meaning ; others used in this article are listed below:

List of Symbols

A, A’ amplitude of constant-pressure geopotential
wave in Eqs. (42, 43).
c ps
p specific heat of air at constant pressure
E defined in Eq. (35a)
E, defined in Eq. (28)
E defined in Eq. (29)
Fq defined in Eq. (31)
Fis defined in Eq. (32)
F, defined in Eq. (33)
Jo Coriolis parameter at 20° N
k fo/2VRC
K eddy diffusivity
IL,m wavenumbers along x (eastward) and y axes
L 2m (m2+12)}, effective wavelength in hori-
zontal
po, ps, pr Dpressures at 1000-mb level, at top of fric-
tional (Ekman) layer, and at level of
phase reversal :
Qr1, Qu diabatic heating rates Q (per unit mass and
time) defined in Eq. (1)
.Q¢, Qy  amplitudes of heating in Types I and II
respectively
r degree of polynomial in p/po in heating of
Type I, Eq. (1)
s (T/6)(06/3p), static stability parameter
wy vertical velocity dz/d¢ at top of frictional
(Ekman) layer
b4 height of isobaric surface
phase difference in heating, expressed in
degrees, Eq. (1)
ay angle of inflow at bottom of Ekman layer
¢ € phase difference in isobaric geopotential, in

radians, Eqgs. (42, 43)
B df/dy at 20°N
T time period of oscillation
a angular frequency
A defined in Eq. (30)
m (K/2)tfi ¥ sin2a, frictional coefficient in
Ekman layer
roots of v*4v—x2/k2L[2=0, Eq. (26)

vy, v
] geopotential .
w vertical velocity dp/di in p-coordinate

system, and its value at po

Q w/p
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It is generally accepted that there are essentially two
types of vertical distribution of diabatic heating in the
atmosphere. The first is through sensible heat exchange,
which is largest at the earth-air interface. The heat
gained by the atmosphere by tais process decreases in
the vertical. The other is generally believed to be
through the latent heat released during condensation
and this has a maximum in the middle atmosphere.
Due to complexity of the physical processes involved
in these diabatic heating processes, and to practical
difficulties in the measurement and calculation of
diabatic heat exchanges, there is at present no uni-
versally accepted profile of vertical distribution of
diabatic heating. To simulate steady-state patterns
through a quasi-geostrophic model on a spherical earth-
surface, Sankar Rao and Saltzman (1969) assumed
that the vertical profile of diabatic heating was essen-
tially of Type I and also concluded that the most
suitable value of 7 in (p/po)" appeared to be near 0.75.
Several authors (Smagorinsky, 1953; Asakura and
Katayama, 1964; Reed and Recker, 1971; Webster,
1972; Murakami, 1972; etc.) indicate a diabatic heating
maximum in the middle and even the upper troposphere
generally supporting heating of Type II. In the light of
this experience of various workers, it is reasonable to
assume both types of heating to be present. The vertical
variation of (p/po)” for different values of 7 is shown in
Fig. 1 (cf. Sankar Rao and Saltzman, 1969, Fig. 10).

Response of the atmosphere to variations of effective
horizontal wavelength L[ =2x/(P*+m**] for both
types of heating and further, the response to the varia-
tions of 7 in heating of Type I, are studied systematically
in some detail assuming that there is no horizontal
advection. It is known that horizontal dimensions of
the heating function play a part in the final influence
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Fi6. 1. Variation of (p/po)” with respect to p
for different values of r.
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on the atmosphere (Jefireys, 1926; D6gs, 1961 ; Sankar
Rao and Saltzman, 1969; Derome and Wiin-Nielsen,
1971). The present work presents a more detailed and
systematic analysis of the influence of L and 7 in the
atmosphere but with the restriction that advective
effects are neglected.

In general, heating produces low pressure in the
lower levels and high pressure aloft with a level of
phase reversal in the lower or middle troposphere.
Analysis shows that without friction, the intensity of
low pressure in the lower levels and of high pressure
aloft was nearly the same whether the heating was of
Type I or of Type II. Observational study of the
annual monsoonal oscillation showed that, in the actual
atmosphere, the intensity of high pressure aloft con-
siderably exceeds that of low pressure at low levels
during summer, the reverse occurring in winter. Also,
observations showed a phase lag between the high
pressure aloft and the low pressure below. A preliminary
analysis showed that introduction of low-level friction
in the model would reduce the intensity of the low-
level system in relation to the high-level system and
further produce a time lag between the two in the
right direction, so that the model comes closer to the
real atmosphere. We introduced low-level friction into
the quasi-geostrophic model through frictionally-in-
duced vertical motion in the Ekman boundary layer.
For this, we adopted the simple model of Brunt (1941)
presented in an elegant form by Charney and Eliassen
(1949). We are aware of the objections that arise in
respect to wholesale adoption of the Charney-Eliassen
formulation for our model, which does not strictly
satisfy the conditions stipulated for that formulation,
namely barotropy and steady-state conditions in the
Ekman layer. Time-dependency in Ekman layer theory
has recently been introduced by Everson and Davies
(1972), who suggest, among other minor variations,
that in place of the Coriolis parameter f, we should
use (o4 f), where o is the angular frequency and hence
27 /o is the period of the phenomenon. Since our aim is
to analyze periods that are very large compared to the
inertial period, this sophistication is immaterial. In any
case, the objection of adopting a steady-state formula-
tion for time-dependent phenomena does not become
serious in our case. Objection of barotropy, however,
does persist. But in spite of this, the Charney-Eliassen
formulation has been so widely used in meteorology
with good success that our adopting the same does not
appear to be highly objectionable. It has the advantage
of amenability to easy adoption for analytical modeling.

In Part I, we have varied the frictional coefficient
through a wide range of plausible values to study the
differences in response of the atmosphere to varying
-degrees of friction at its bottom.

In Part II, we examine the degree to which the
Indian monsoon can be explained as the direct result of
.seasonal heating variation in the absence of advective

G. C. ASNANI AND S. K.

MISHRA 117
effects. The observed annual mean pattern along longi-
tude 77.5°E is taken as a basic state for which explana-
tion is not offered here. On this basic pattern, a linear
perturbation, sinusoidal in ¥ and ¢, is superimposed.
The perturbation is imagined to be quasigeostrophic,
entirely caused by diabatic heating with only one wave-
length of 20,000 km in the y-direction from pole to pole,
having no variation in the x-direction. Diabatic heating
is assumed to be a mixture of Types I and II in suitable
proportions. Ekman-layer friction is considered to be
operative.

The resulting total pattern of zonal wind will be
presented at 3-monthly intervals, for the region from
5°N to 35°N along 77.5°E. A number of features ob-
served in the actual atmosphere in various months can
then be easily recognized in these computed patterns.
In particular, one finds the development of westerlies
in the lower troposphere and of the easterly jet stream
in the upper troposphere over south India with a
proper slope during the summer season. The develop-
ment of a westerly jet stream over north India during
winter is also correctly reproduced. The phase differ-
ences between the low pressure at lower levels and the
high pressure aloft during the summer season are
predicted in the right sense. On the whole, it is very
encouraging to find that such a simple and crude model
as this should be able to reproduce faithfully a number
of observed features of the annual oscillation. In the
final result, our work has some similarity with that of
Godbole (1973), who also simulated the July monscon
conditions in the y-p plane along approximately the
central meridian of India; however, his method of
simulation was quite different from ours.

Part 1. Influence of diabatic heating
2. The model
a. Tendency equation and w-equation

The vorticity and the thermodynamic equations of
the quasi-geostrophic model with the 8-plane approxi-
mation are well-known. These are:

5} 1 oP Jw
—VB+—] (&, VD) +—— [7—=0,  (2)
ot 0 ox 31)

40 1 d®\ Rs R

—— <<I>,~>——w+-——= . 3)

ot dp  fo ap p 423

Notation is conventional; Q is the time rate of diabatic
heat supplied to unit mass of air; s=(T/6)(88/8p).
Elimination of w between (2) and (3) gives the geo-
potential tendency equation (4), elimination of d%®/d¢
between these two equations gives the w-equation (5):
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rsl ap2 s aplap) Jo ), is not only quantitatively reasonable but also

1 fo p s ad
=J<—v2<b+f, <1>>+—< 11— —)J<<I>,——>
fo Rs s op ap

o 9P o> /0 19
RN LR

Rs ,:‘); scp\dp s 8p
( P 32) P ad
LA WY B
Rs ap? foRsl ap
Bp 0 9® 1

0
—-—](<I>,V2<I>)} - — —+—V0=0. (5)
af JoRs 0x dp  sc,.

b. Static stability assumptions

Energetic consistency of the quasi-geostrophic model
(Lorenz, 1960) demands constancy of static stability
along an isobaric surface. Examination of various static
stability parameters in the troposphere over India
(Asnani and Rao, 1963) shows that ps is nearly a
constant. It is easy to appreciate this since

RTsg oT
—ps=~<—+—>. ©)
g \¢cp, 0%z

If the temperature lapse rate is constant, we shall have
ps/T constant. Throughout the troposphere, T is of
the same order of magnitude; hence ps will be nearly
constant.

On similar considerations, ps will have another ap-
proximately constant value in each layer of the atmo-
sphere having approximately constant lapse rate and
not too large a variation in the value of 7. Since the
tropical troposphere contains nearly 909 of the total
mass in a vertical column, we adopted a constant value
of the static stability parameter,

—ps=C=30K, (7a)

for the entire vertical column. It is hoped that different
and more realistic values of C above the 100-mb level
will not materially alter our conclusions. Further, in
this notation,

1968 RC
—_—— (7b)
pfop P

With this assumption about the vertical variation of
static stability, the term — (p/s)ds/dp occurring in the
tendency equation {4) becomes identically equal to
unity, so that 1—(p/s)ds/0p=2. Had we neglected
vertical variation of s as has been done by some authors
(Saltzman, 1965; Fisher and Wiin-Nielsen, 1971), this
term would have taken half of this value. This par-
ticular representation of the static stability parameter

elegant for handling in analytical work. We further
introduce the notation

k= fo/2(RC)", 8y
d

Q=w/p=—Inp. (9)
dt

Egs. (4) and (5) then become

a2 4  VI\ad
<p2—+2p-+——>—
apr ap 4k
1 /1 2 / od
=—J<—v2q>+ I <1>> - ~—J(¢>,——>
4k \fo fo ap
2 P Rpro
f0 8/)2 Cp 8]) /’
9* g Vv
(1)‘1~—+2p—+~>9
apr 9p Ak
» b\ o
L lou(a ) )
1 ap/ ap
Bp 9 od\ R 1
+~——<——>—-W—V2Q. (11)
f03 dx ()P Cp f()2

As has turned out, it is somewhat advantageous to have
the same differential operator operating on the variables
d®/9t and € as in Egs. (10) and (11).

¢. Response to diabatic heating

We are interested in studying the response of the
Indian atmosphere to diabatic heating Q only. As such,
we shall solve the differential equations

(L 0, 0)

apt  ap 4R o Cp \OP
9? a v R 1
<p?——+2p~——}———>§l= ———VQ (13)
apt 9p 4k cp Jo*

with suitable boundary conditions.

3. Boundary conditions
a. Boundary conditions for 6%/t

We consider infinite extent in the horizontal. For
lower boundary conditions, the thermodynamic equa-
tion (3) is employed with two assumptions:
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(1) convergence of heat due to horizontal advection
of temperature is inconsequential compared to
in situ diabatic heating; and

(2) vertical velocity is due only to frictional pumping
in the Ekman layer (Brunt, 1941; Charney and
Eliassen, 1949). Hence

<a C >a<1>0 gC R

—t = =, (14)
Bp f)OTO ot p()TQ ]7061,
where
wr=uVid, (15)
= (K/Z)?ﬂrg sin2ay. (16)

K is the eddy diffusivity; ay is the angle of inflow near
the ground. We treat T, as a constant (290 K) at
$=1000 mb. This is justified due to relatively small
variations in the value of 7. For upper boundary
condition, we stipulate that

3%/ 9t is finite at p=0. a7

b. Boundary conditions for Q

To solve (13), we specify the value of @ at the lower
boundary p=p¢

Q():w()/[)g‘—‘ (8<I>O/é)t—guV2<1>0)/RT0 (18)

Q finite at p=0, (19)

obtaining d%¥y/d¢ and V?*®, from the solution of (12).

4. Solution for ad/ ot

We have inhomogeneous differential equation (12)
with inhomogeneous boundary conditions (14) and
(17). The problem is split up into two component
sub-problems :

(1) inhomogeneous differential equation with homo-
geneous boundary conditions; and

(2) homogeneous differential equation with inhomo-
geneous boundary conditions.

For sub-problem (1), we visualize forcings from diabatic
heating of two Types I and IT mentioned in Eq. (1).
Each of these heatings is treated separately. In this way,
the problem reduces itself to the following:

Let

0®/91= 0D,/ 01+ d®,/ 91+ 05/ 1,

where 9®1/9¢, d®9,/91, and 9Ps/3¢ satisfy equations

G. C. ASNANI AND S. K.

MISHRA 119
(20), (21), and (22) respectively:
92 3 PH-m?\ 0P, 1
(Pﬁa—;“”a—‘ )
2 P 3
LOEE
:__._R rl — + el(m.H—Iy)
Cp Po po’
2zt am
><sin(—~-———>> (20)
T 180
5} C \od,
<—+ )—4=0 at  p=po
ap  peTo/ ot
0P,
—=0 at p=0
ot
02 0 P4m*\ 6P, )
(42 122
ap? ap 4k /o
2 2wl
= —QER{S?——12<P—> }e“’"-"“y) sinl
T
Cp po y2 Lo
a C \ 0P,
<~+ >——=0 at  p=po
ap  poTo/ ot
0P,
=0 at p=0
oi J
a? d  P4-m?*\oP; 1
(42 sy
ap? op 4k / ot \
Ié) C \oP; gC
<—"+ >—= HV2(¢‘1+‘I)2+‘I’3)M
ap  poTo/ 0t poTo (22)
R ) 2wt am
___chz(m.r+ly) sin<———)
Pon T 180
3%y/ 9t is finite at p=0. /

It would be seen that in the lower boundary condition
for 0®3/at, V*®; appears on the r.h.s. of (22). Hence it
needs special consideration. However, (20), (21), and
(22) are linear equations of standard types for which
standard methods of solution are available. We applied
the method of Green’s function. The final solution is
given below. Intermediate steps are not given here for
economy of space.

0%, Q¢ ) 2wl am
——=—DRE,gimetly) sin(———)

(23a)
o ¢y r 180
Q¢ ) 2rt  am
&)= ——— T RE g mztly) cos(————> (23b)
2me, T 180
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—= (Q11/6p>4RE’€z(m"'+ly) sin (21rl/I‘) (24&) Fyh=— — (31)
ot 271"/F Cp ¥—Vv2 V1+C/T0
®y= — (Qnl/27wc,)ARE ¢ m2+1v) cos(2mt/T) (24b) ” RA Q,,|; 4 { 14
ad 12: — |
0P (p >”1 2x/T 2x/T ¢cplvi—va L (1—v)) (2—w))
—_—— | — ) eilmatly)
ot fo N+-47?/ T2 1+, vo+C/ To} 12
_— 4
27 2rt  amw 2wl am (I —»2)(2—v2) vi+C/ T [ (2—v1)(2—vy)
x[Fn{~ cos(-—~——> ) sin<———>}
r I 180 T 180 8
| -——] (32)
+F 1o 2n/T)cos 2mt/T) —\ sin 2wt/ T)} (I—v)(1—wy)
2rt  amr 2r 2rt  am Qa R
TP NI AT e O TR -
I 180 T I 180 ¢p 1+C/Ty

(25a)

p v1 ei(ma;«Hy)
o)
po/  Ndr?/T2

27 2wt ar 2wt am
X[Fu [—v sin<-————>—f—>\ cos<————> }
T I' 180 I 180

+F 1 2m/T)sin (2wt/T)+\ cos(2wt/T)}
2xt  am 2r! 2xt  am
+F, { A sin<————> - cos<»-———> } ]
I 180 T r 180
(25b)

where vy and ., being roots of v+ vy—u2/k2[2=0, are
given by

vi=—%+3(1+4x/k2L2):

o= —3—5(1+4ny/ R2L%)} (26)
mA 12 =4/ L2 27
Er= Ak {(p/po) (r+C/Ty)
(r—vi)(r—v2) (ns+C/T0)
—(p/po)" (ni+C/To)} (28)
1 14,
=
vi—vs L (1= p1) 2—1)
(14v2) (va+C/To) o
TGl P
3
+ =) ('2“‘_‘72) (p/po)
2
—m(ﬁ/ﬁo) (29)
)\_f ) (30)

o niC/Ty I*

5. Analysis of the solution ad/dt

It is essential to appreciate the physical significance
of various terms occurring in the solution. It is seen
from Fig. 1 that for large values of 7, e.g., 7=10, the
value of (p/po)” decreases very fast in the lower layers.
of the atmosphere and practically becomes zero by
the 600-mb level; r=1 gives a linear decrease from
bottom to top of the atmosphere, while <1 gives a.
slow decrease in the lower layers and fast decrease
aloft. Heating of Type I decreases as in the vertical.
Large values of » would indicate that heating which
had a large vertical gradient at the earth-air interface
is unable to penetrate deep into the atmosphere.
Diurnal heating would perhaps belong to this class.
It is conceivable that diabatic heating which has its
source near the ground but which has a period much
longer than a day will have correspondingly smaller
values for 7. For steady state conditions (period= ),
Sankar Rao and Saltzman (1969) felt that r in the
neighborhood of 0.75 was most suitable. Murakami’s
(1967) diabatic heating curve e~7¢—»/70 corresponds.
roughly to (p/po)®. Another parameter which enters
into the solution is »;; e.g., in (¥5a), vertical variation
of d%;3/9t is given by (p/po). As seen from (26), », is
always positive; it is a function of L and k. L is the
effective wavelength in the horizontal given by (27).
For a given value of the static stability parameter C
(Eq. 7), k varies directly as the Coriolis parameter
(Eq. 8). In this model, % is taken as a constant corre-
sponding to the value of f at 15°N. The variation of »,
with L, at latitude 15°N, is shown in Table 1.

Larger wavelengths in the horizontal are associated
with relatively smaller values of »;. Hence the magni-
tude of dP3/at is attenuated rapidly in the vertical for-

TABLE 1. Variation of vy with L at 15°N.

L
(km) 300 1,000 2,000 5,000 10,000 20,000 40,000
»i 2464 1208 580 206 085 030 009
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relatively short synoptic-scale wavelengths (L~ 1000
km), and slowly for planetary-scale wavelengths
(L~10,000 km). Now 8%,/9¢ is the solution of (22),
i.e., of the homogeneous equation with inhomogeneous
boundary conditions. In other words, it expresses
essentially the influence of forcings near the ground;
i.e., according to this solution, the influence of friction
in the Ekman layer penetrates more deeply into the
atmosphere if the horizontal dimensions of the forcings
are large. The influence of horizontal wavelength on
the response of the atmosphere has been pointed out by
Déss (1961) and Derome and Wiin-Nielson (1971) also.

The influence of friction near the ground on plane-
tary-scale motions is also quite considerable. In order
to appreciate the role of this friction, it is worthwhile
first to study the solution without friction (u=0) and
then to see how the solution is altered by introduction
of friction.

a. Solution without friction

For the frictionless case, we have A=0, Fy;=0,
F12=0; 0®,/t, &1, 0P.|9¢ and &, remain unaffected,
while

9%, 0s R
—_——— (P/PO)” gilmatly)
I Cp Vl‘{—C/TO
2wt amw
Xsin(-——-——) (34a)
' 180
R 1

4 Ce
o (pf poy eimettn =2 =
¢p 1i+C/ T 2w/T

2wt am
Xcos(————). (34b)
I 180

1) DIABATIC HEATING OF TYPE I, WITHOUT FRICTION
AND WITHOUT DIABATIC HEATING OF TYPE II

In this case, there is only diabatic heating of Type I.
We have 0=M=}\=F11=I‘112=Q1{= 6@2/(%: ‘Pz.

8@ 6<I>1 6@3 QG . 21Tt aT
—=——f—=——RF¢!tnatly) sin<~————> (35a)
o o A oy I 180
where
(/o)™
L=l ———
V1+C/T0
and E, is defined in (28). Similarly,
Qe ) T 2t am
D=9+ P;= ——REe msHl) cos(—~—~> (35b)
¢y 2r \T 180

Ein (35a) and (35b) is a function of , L, and p. When
r=1.0, the vertical variation of E for L=1000, 5000,
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Frc. 2. Variation of E with respect to p for Qa/c,=10"% K g7
r=1.0; L=1000, 5000, 10,000, and 20,000 km.

10,000, and 20,000 km is shown in Fig. 2. The following
points are noteworthy :

i) E is negative in the lower levels and positive
aloft, becoming zero at an intermediate level and also
at p=0; in other words, heating causes a fall of pressure
in the lower levels and a rise of pressure aloft. In
between, we have a level of phase reversal where E=0.

ii) This level of phase reversal first rises with in-
crease of wavelength L from 1000 to 10,000 km but
then descends with further increase of L from 10,000
to 20,000 km. It can be shown that, in general, this
level of phase reversal p, is given by

P (V1+C/To>/{ T

——+C/Tot.
Po kLA (r+1)

(36)

Figure 3 shows how the level of phase reversal changes
with 7 and L. It highlights the following features:

a) For a given value of L, the level of phase reversal
rises as r decreases.

b) For any given value of 7, there is a wavelength
for which the level of phase reversal is at a
maximum distance above the ground.

iii) In Fig. 2, the level of maximum E is seen to rise
with increase of wavelength. For L=1000 km, this
level is close to 650 mb. For wavelengths of 5000,
10,000, and 20,000 km, this level of maximum E is
close to 300, 200, and 100 mb respectively.

iv) It can be shown that in general p,, the level of
maximum £, is given by

P—z= (?’/Vl)l/”_r *?i:
bo Do

The variation of this level with » and L is shown in
Fig. 4. The following features are noteworthy.

(37)

a) As r decreases, the height of maximum E in-
creases.

b) As L increases, the height of maximum E in-
creases.
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Fic. 3. Level of phage reversal as a function of » and L.

c) For r=0.2, even a wavelength of 5000 km will
have the level of maximum £ as high as 150 mb;
whereas for r=5.0, the level of maximum E will
always be below the 400-mb level for all wave-
lengths physically possible on the earth’s surface.

d) If there is a wind variation essentially due to
diabatic heating oscillation, the maximum varia-
tion in wind will occur at the level of maximum
E. This variation may manifest itself in the form
of strong wind, its level depending on the vertical
profile of diabatic heating and also on the hori-
zontal extent of the heating. It would be inter-
esting to study some of the known low-level and
high-level jet streams in the atmosphere from
this point of view.

v) A practical analyst or forecaster would like to
have a quick method of estimating height tendency
for various vertical distributions of diabatic heating
of Type 1. Figure 2 can serve that purpose when
r=1.0. From (35a), the amplitude of height tendency
at any level is given by

(az/at>amplitude = (QG/CP) (RE/g)

Here, Q¢/cp s temperature tendency at the ground due
to diabatic heating; R/g is the reciprocal of the auto-
convective lapse rate and is equal to 29.29 m- K.

(38)
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Ii Qg/cp,=1K d, then
(02/0)ampiitude =29.29E m-d*, (39
E can be approximately read from Fig. 2 and a quick
estimate of height tendency made straightaway.
2) DI1ABATIC HEATING OF TYPE II WITHOUT FRICTION
AND WITHOUT DIABATIC HEATING OF TyPE I
In this case, u=0, Qg=0, Qn+=0.
O0=A=Fy="F1;; 0P,/3t=0=,.
F;=0; 0P3/9i=0=2;.
We have a trivial solution for Eq. (22).

0P P2 Qu .
—=——=-—ARE e*metlv) sin2gt/T (40a)
ot ot Cp
®=®y= — (Qu/c,) (T/2m)4RE eitmz+e)
Xcos2wt/T.  (40b)

E' is analogous to E. It is a function of L and . Varia-
tion of E’ with p is shown in Fig. 5 for L=1000, 5000,
10,000, and 20,000 km. The following points are
noteworthy:

a) ' is negative in the lower layers and positive
aloft, becoming zero at p=0.

b) The level of the upper-level maximum rises as
wavelength increases. The maximum occurs
around 200 mb when L =5000 km, around 125 mb
when L=10,000 km, and around 100 mb when
L=20,000 km.

(mb)
* 160
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F16. 4. Level of maximum £ as a function of  and L.
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c) The magnitude of the upper-level maximum also
increases with wavelength. For L=20,000 km,
the magnitude is about twice that for L=10,000
km and about four times that for L=>5000 km.

d) For a given value of L, the level of phase reversal
in case of heating of Type II is higher than for
heating of Type I with > 1.0.

e) If diabatic heating of Type II corresponds to
1.0 K day~! at the 500-mb level, then the height

tendency at any level is given by
92/8t=29.29F ¢*tm=t1v) sin2mt/T. (41)

The value of E’ can be easily read from Fig. 5. For
example, for L=10,000 km we have E'=0.41 at the
125 mb level. Therefore (9z/3f)amp~12 m-d—! at the
125-mb level; phase reversal in this case takes place
near the 510-mb level.
b. Solution with friction

1) HeaTiNG oF TyPE I+ GROUND FRICTION (Qpy=0;
Qe7=0; u=0)

Substituting in (23) to (25), we get
Q¢ R

b=, +P;=—— —————¢i(mrtin)
Cp V1+C//T0
2xl
XA cos(———a — e)
T
1 i\
A sine= (p/po)* ——— (42a)
N+-472/T r—v,
1 |‘ r+1

A cose=—

21/TL(r =) (r —v2)
X{(p/po) (11+C/To)— (p/po) (r+C/T o)}

+ 0/ po) {(47°/17)

N—A4q2/ T
—}—)\2(7—}-1)/(7-—1/2)}:'. (42b)

Comparing this solution with (35b), which is the corre-
sponding solution without friction, one finds that low-
level friction:

a) reduces the intensity of pressure deficit in the
lower layers and enhances the pressure excess
aloft;

b) brings down the level of phase reversal; and

c) creates a phase difference in the pressure wave
at various levels. In general, extreme low pressure
in the lower layers occurs before the extreme high
pressure aloft.
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FiG. 5. Variation of E’ with respect to p for Qu/c,=107¢ K s71;
L =1000, 5000, 10,000, and 20,000 km.

Points (a) and (b) are brought out clearly in Fig. 6.
This shows the amplitude of geopotential oscillation at
various levels for different values of friction coefficient
(r=0.0, 0.2, 0.4, 0.6, 0.8, and 1.0 in units of 106 m-s);
L=13,500 km and p=0 represents the frictionless case
discussed in Section 5a (1) Q¢/cp,=1.0X10"6 K s1;
I'=1 year.

Point (c) regarding phase lag is illustrated in Fig. 7
(a—f). Here, the amplitude and phase of the geopotential
wave at specified isobaric levels is vectorially repre-
sented for different values of frictional coefficient wu.
The phase of the maximum in the heat wave at all
levels is represented by the x-axis. Vectors represent
the amplitude and phase of the maximum in the geo-
potential wave.

In Fig. 7a, the dots are the ends of the vectors
representing the amplitude and phase of pressure wave
at various levels for the frictionless case, u=0. The

s
Y ,,046 )
S’ [N S S SR B

=20 -I0 0 10 20 30 40 S0 €0
AMPLITUDE (M)

900

L 1
-60 -50 -490 -30

F16. 6. Amplitude of Z (m) for annual oscillation with different
values of p; L=13,500 km, =0, Qc/c,=10"¢ K s71.
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F Fic. 7. Amplitude-phase diagram for annual wave at different
constant pressure levels. Horizontal wavelength=20,000 km;
amplitude in meters; pressure in decibars. Heating of Type I
only; r=1.0; Qg/c,=10"¢ K 7.

numerals near dots represent the value of pressure in
decibars. Thus, the /keight wave at the 1000-mb level
has the amplitude of 48.7 m and the phase of its
maximum is 180° when the phase of maximum in Zeat
wave is 0°. Thus the phase of the geopotential wave at
all levels below 700 mb is 180° different from that of
the heat wave but the geopotential wave is exactly in
phase with the heat wave at all levels above 600 mb.
There is a phase reversal in the geopotential wave
between 600 and 700 mb; i.e., when there is a crest in
the diabatic heat wave, there is a trough in the geo-
potential wave at all levels below 620 mb and a crest
at all levels above 620 mb.

Analysis showed that as p increases from 0.0 to 0.5
X108 m-s, the vectors corresponding to the lower
troposphere continuously rotate in a clockwise direction
and the vectors corresponding to the higher layers
rotate counter-clockwise. At x> 0.6X10%m-s, the vec-
tors at all levels rotate clockwise. We have not investi-
gated the significance of this value of u. For very large
values of u(>107m-s) the height wave, at all levels
except near the ground, comes to be closely in phase
with the diabatic heat wave, whereas the height wave
at the ground has a lag of nearly 90° behind the diabatic
heat wave. In other words, for very large values of x,
the low pressure wave near the ground is ahead of the
high pressure wave aloft by about a quarter period of
the heat wave.

In Fig. 7b, the continuous lines are the vectors repre-
senting the amplitude and phase of height crest at
different constant pressure levels for u=0.2X10° m-s.
By rotating these vectors through 180°, we get vectors
representing height troughs. Figures 7(c—f) show corre-
sponding features when u= (0.6, 1.0, 2.0, 4.0) X 10 m s,
respectively.
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2) HEATING OF TvyPE II4 GROUND FRICTION (Qe=0;
Qr#0; u70)

Substituting in (23) to (25), we get
=Py +By= — (Qu/c,p)4Rei s+
XA cos(2mt/T—¢")
A’ sin€
14,
(I—=r)(2Z—w)

=—(p/po)"

A? I’ 1
)\2+4T2/F2LV1—1’2{
(1+V2) (V2+C/T0) 3
- (1—V2)(2—V2)(V1+C/T0§} " (2= 11) (2—m)

- —yz)] (432)
A’ cosé
T v 4?/T 14,
zé;[ o ) { (=) 2 —v1)
(1+2) (va+C/To) 3
- (1—»2) (2“1'2)(V1+C/T0)} - (2=v1)(2—w2)

2

2
X ) A — /ozj'i-'"——"'“'
{(p/p) e T
X{(p/m ! —p/PoH' (43b)
A24-4q?/T2

This solution with different values of u has been com-
pared with that which was obtained without friction in
section Sa (2). Qualitatively, friction has the same
effect as stated in section Sb (1) in case of heating of
Type I The vectors representing the amplitude and
phase of height crest at different constant pressure

(c) (d)

i
Mz20x10% m sec.
(e)

M=40x10% m sec.
(f)

AMPLITUDE SCALE (METERS) 072533 60 80 100

Fic. 8. As in Fig. 7, except for heating of
Type IT only; Qu/cp==108 K s7.
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levels for different values of frictional coefficient n are
shown in Figs. 8 (a—).

3) Heating oF TvpES I AND II+4 GROUND FRICTION

Figures 7 and 8 give the amplitude of the wave and
the phase of the ridge line when Q¢/c, and Qu/c, are
each equal to 107® K sl To get the combined in-
fluence of b, units of heating of Type I and b, units of
heating of Type II, we have to take b, times the vectors
given in Fig. 7 and b, times the vectors given in Fig. 8
and add these vectorially. The resultant vectors would
represent the amplitude of the total height wave and
the phase of the ridge line at different levels.

Part II: Application to the Indian
Monsoon oscillation

6. Parameters of the model

oscillation

for monsoonal

The analysis presented in Sections 2 to 5 indicated a
clear possibility that some of the known features of the
12-monthly oscillation of the monsoon over the North-
ern Hemisphere in general and over India in particular
could be simulated through this model. The observed
features of the 12-monthly oscillation as relevant to this
model are presented below : '

i) Undoubtedly, there are asymmetries along a lati-
tude circle. Nevertheless, there is also an element of
symmetry along a latitude circle, particularly in the
middle and upper troposphere. Hence, in the first in-
stance, we could take m=0 in ¢!+ of the model
and consider time variations in the y,p plane only.

ii) In the y-direction, the amplitude of the observed
oscillation is nearly zero at the equator and highest in
the middle and higher latitudes. For the purpose of a
plane cartesian coordinate system, one could consider
the distance from equator to 45°N as roughly a quarter
wavelength; i.e., L~20,000 km.

iii) In the vertical, observations show a phase re-
versal in the lower troposphere. Aloft, the maximum
amplitude occurs in the upper troposphere or in the
lower stratosphere. This suggested that the results
obtained in Sections 2 to 5 for L in the range of 15,000
to 20,000 km would fit pretty well with the observa-
tions. We adopted L= 20,000 km.

iv) The amplitude of the observed low pressure wave
in the lower troposphere is considerably less than that
of the high pressure wave in the upper troposphere.
Further, observations show a phase lag between the
lower-level and upper-level waves in qualitative agree-
ment with the theoretical solution with friction dis-
cussed in section Sb above. Hence, introduction of low-
level friction in the model was considered essential.
The necessity of low-level friction in the theory of
planetary scale circulations has been amply demon-
strated by previous studies (Charney and Eliassen,
1949; Smagorinsky, 1953, 1963; Philips, 1956; Brown,
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1964 ; Mintz and Arakawa, 1965; Leith and Manabe,
1971; Delsol, Miyakoda, and Clarke, 1971; Everson
and Dayvies, 1972; Webster, 1972).

For assigning a value to the frictional coefficient u in
(15), we examined the amplitude and phase of the
annual atmospheric pressure oscillation at various
levels and compared the same quantitatively with the
solution (with friction) presented in Section Sb (Figs. 7
and 8). It was found that u=0.6>X10% m-s would be
appropriate provided that this value be also acceptable
on the basis of friction-layer theory.

While we found that we could easily adopt the
formulation of friction as given by Charney and
Eliassen (1949), we could not straightaway adopt their
value of K, the coefficient of diffusivity. For their
value of K=10 m? s and ap=7/8, we would have
p=4.5X10% m-s and Zg, the top of Ekman layer, at
1.74 km when f=0.5X10"* s7. This value of Zg is
rather too high. Review of the literature shows that
there is considerable scope for varying the effective
value of K in the theory of the Ekman layer. For
example, Ekman-layer theory assumes K to be con-
stant in the vertical. This has been seriously questioned
by Rossby and Montgomery (1935) and by Pasquill
(1962, p. 76). The former thought that K is nearly
zero above 0.5 km or so. Even at a given level (2m),
for a given wind speed (5 m s, the values of K given
by Pasquill (1962, p. 72) varies from 0.13 m?s™! over
mud flats to 0.56 m? s™* over fully grown crops. Between
day and night, K is known to vary by a factor of 12
(Haltiner and Martin, 1957, p. 242). Further, the
atmosphere is neither barotropic nor in steady state as
assumed in the development of Egs. (15) and (16).

We found that K=4 m? s and Zg=0.97 km for
f=0.5X10"* s at 20°N yields u=0.6X10"% m-s, the
value adopted in our computations. This appears to
lie within the acceptable range of values.

v) Considerable effort was put into determining
plausible values of diabatic heating parameters of the
model, namely Q¢/cp, Qu/cn, 7, @, time of the year
corresponding to =0 and the latitude corresponding
to y=0. It is well known that we do not have a direct
method of measuring the diabatic heating distribution
in the atmosphere. It has had to be determined in-
directly. Attempts made to determine the diabatic
heating distribution indirectly can be grouped in three
broad categories:

a) from the prognostic form of thermodynamic Eq.
(3) (Brown, 1964; Reed and Recker, 1971);

b) from the diagnostic (steady state) form of (3)
(Smagorinsky, 1953; Murakami, 1957a, b; Aca-
demia Sinica, 1958; Dé6s, 1962; Asakura and
Katayama, 1964; Saltzman, 1965; Sankar Rao
and Saltzman, 1969) ; and

¢) by inclusion of physical laws of heat exchanges
in numerical models of the general circulation and
extracting information about Q from the history
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tapes of computation (Manabe, Smagorinsky, and
Strickler, 1965).

From these studies, one can derive the {ollowing two
conclusions:

a) It is quite reasonable to assume two types of
vertical variation of @ as given by Eq. (1).

b) Magnitude of diabatic heating depends on the
space and time scales of the meteorological phen-
nomenon. For synoptic weather systems, amplitude
of the heating function is of the order of 10 K d—! (Reed
and Recker, 1971; Murakami, 1972). For quasi-steady,
planetary-scale systems, it is of the order of 2 K d—!
(Manabe, Smagorinsky, and Strickler, 1965). For
planetary-scale, annually oscillating systems, a much
smaller value of the order of 0.2 K d—* would be ade-
quate (Dickinson, 1971). Observations also show that
the heat content of the atmosphere over Asia is nearly
at a maximum during July and a minimum during
January. In our model, the heat content due to heating
of Type IT would also be at maximum during July and
minimum during January if /=0 in Eq. (1) corre-
sponds to some date in January. By trial, it was found
that =0 corresponding to 5 January was suitable. It
also became clear that the amplitude of heating of
Type II was to be larger than that of Type I. A phase
difference in the heating along the vertical was to be
provided through a. After a close inspection of the in-
fluences of various heating parameters separately, we
decided upon the following values:

Qe/cp=10"" K s™; Qu/cp,=2.5X107¢ K s7;
r=1;a=90° (44)

Type I heating corresponds to a maximum heating
rate of 0.086 K d—! at 1000 mb, linearly decreasing to

100

2001

300

1000 i 1 1 1 1
J
Time ———p=

F1c. 9. The quantity (p/pe) {10(1—p/po) sin27rt/I‘—c0521rt/¥‘} of
Eq. (45) showing distribution of time-rate of diabatic heating.

WEATHER REVIEW

VoruMme 103

zero at the top of the atmosphere, p=0. Type II gives
a heating rate of 0.215 K d* at 500 mb, parabolically
decreasing to zero at the bottom and top of the
atmosphere.

The time rate of diabatic heating (Qy+Q,) at any
point (y,p) at time ¢ is given by

2wy p
(O +Q2)/cp=10"¢ SinTl:—{ 1C(1 —p/ po) sin2wt /T
Do.

——cosZrl/I‘}]. (45)

The distribution of
P/ p0){10(1—p/po) sinZirt/T ~—cos2xt/T'}

in height and time is shown in Fig. 9. Points on the
abscissa indicate the first days of the months January,
February, etc. The ordinate denotes the wvertical
p-coordinate. From the isopleths, it is seen that as a
result of these two types of heating, there is a maximum
rate of diabatic heating in the middle troposphere
during April-May and maximum diabatic cooling
during October-November, with considerable phase
shift along the vertical in the lower troposphere.

The total diabatic heat (Hi+Hs) absorbed by the
atmosphere per gram of air from time ¢=0 (5 Januarv)
to any time ¢ is given by

¢ e, 2wy
H1+Hg =/ (Q1+Q3)(ll =— SIU—IO—SE(P/pQ)
0 27 L

X{10(1—p/po)(1 —cos2wt/T) —sin2xt/T}].  (46)

‘The distribution of
P/ p0){10(1—p/po) (1—cos2mt/T) —sin2wt/T)

in height and time is shown in Fig. 10. Here also, the
abscissa indicates the first day of the months January,
February, etc. It is seen that with reference to the
fifth day of January at all levels, the total of diabatic
heat absorbed by the atmosphere is positive over most
of the region except in the lowest layers of the tropos-
pher during the early part of the year. Maximum ab-
sorption occurs in the middle troposphere during mid-
July with a marked phase shift in the lower troposphere.
Figures 9 and 10 also indicate that the mid-tropospheric
heating (Type II) is the dominant part of the pre-
scribed diabatic heating in this model and that Type
I heating largely acts to provide a phase shift of
heating in the vertical.

In the Indian monsoon region around longitude
77.5°E, we have essentially the Indian Ocean south of
latitude 5°N and a land region to its north. Observa-
tions show that the amplitude of the annual oscillation
of pressure and temperature in the near-equatorial
oceanic region is nearly zero. Hence we took y=0at 5°N.
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100
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Frc. 10. The quantity (p/po){10(1—p/po)(1—cos2at/T)
—sin27¢/T} of Eq. (46) showing distribution of total diabatic
heat absorbed since 1=0.

7. Results of the model
a. Zonal motion

With the parameters given in Section 6 above, we
computed the pressure, terrperature, zonal wind, and
vertical velocity correspondiny to the annual oscillation
along meridian 77.5°E between latitudes 5°N and
50°N. From observations, we know the year’s average
distribution of pressure, temperature, and zonal wind
with a fair degree of accuracy. Taking this observed
annual average picture as given, we added to it the
components of the computed annual oscillation and got
the resulting picture at various times of the year. The
picture of such computed zonal wind (observed annual
mean-+computed oscillation wind) in the middle of
four representative months (January, April, July, and
October) between latitudes 5°N and 35°N is presented
in Fig. 11(a—d). For comparison, we present in Fig.
12(a—d) the observed normal zonal wind during the
same months along 77.5°E. North of 31°N along
71.5°E, there are the Himalayan mountains. To com-
plete Fig. 12 north of 31°N, we have utilized winds ob-
served at neighboring low-level stations a few degrees
to the west of 77.5°E.

By and large, the zonal winds in the upper tropo-
sphere are simulated pretty well. Thus, the model is
able to reproduce the westerly jet stream over north
India during winter (January) and the easterly jet
stream over south India during summer (July). The
positions of the jet cores in respect of both latitude
and height are given correctly by the model. However,
the model underestimates the strength of the westerly
jet stream in winter, giving a maximum speed between
30 and 35 m s™! whereas the actual maximum speed is
between 40 and 45 m s~ The strength of the easterly
jet stream during summer is, however, simulated cor-
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Fre. 11. Vertical cross section of zonal wind (ms™) along
77.5°E between 5°N and 35°N (model) for the months of (a)
January; (b) April; (c) July; and (d) October.



128

mb

MONTHLY

100 5 1045 20 25 % =%
o0 (&),
300 20|
400 '8
10
500
s
600 1
700 °
800
300} E E
1000 N R o L0 }
! 5°N 10 15 20 25 30 35N
| JANUARY({a)

mb

100

200}

300

400

500

600

700

800

900
1000

5°N 10 15 25 30 35°N

20
APRIL(b)

mb

1001~
200

300F

400

300

€00+
700 1
10 °
800 w P )
4
900 4 3
1000{'° 5 0 -
3°N 10 15 20 25 30 35N
. JULY(c)
mb
100[>=T - o
, SE /’I!,S//IO/S 0 8 "0 18 20 2% W
2008 g ,,’ ’ N5
‘-’/' /, 20
300F10~-~ / 11
/
400;5\‘.-’,’
10
500 J
600} ]
o -
700} 5]
800} 4
soot w
M N
1000 N o L L0
3°N 10 18 20 25 30  38°N
OCTOBER(d)

Fic. 12. As in Fig. 11, for observed winds.
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rectly (between 30 and 35 m s71) by the model. Even
in the transition months—April and Octeber—the
zonal winds in the upper troposphere are simulated well.

In July when there are easterlies aloft, the model is
able to reproduce well the low-level westerlies south of
20°N, but the observed weak lower-tropospheric easter-
lies north of 27°N are not reproduced.

From April to July, the upper-tropospheric easterlies
south of the Indian region progressively spread down-
wards as well as northwards, with the axis of maximum
easterly wind tilting upward towards south in the
actual situation as well as in the model. From summer
to winter, the easterly regime loses its hold and the
westerlies invade nearly the whole country in the
middle and the upper troposphere. This is brought
out well by the model.

On the whole this model, which is extremely simple
and almost crude, with one wavelength in the y-direc-
tion and with one period in time, is able to reproduce
quite a few of the main features of the observed zonal
wind oscillation in the Indian region throughout the
vear. The purpose of this experimental computation,
with these elementary prescriptions, was not to explain
all the observed features of the zonal wind oscillation
throughout the year, but to test and see how much
can be explained with the minimum number of
parameters.

The model has several limitations. We have not ex-
plained how the annual mean pattern is maintained, nor
have we explained the physical mechanism for the
heating function given in Eq. (1). We have also ne-
glected all the advective effects, including the g-effect
as well as the north-south eddy transports of heat and
momentum. These advective effects are known to be
important for the maintenance of the annual mean
circulation as well as for the index cycle of the atmo-
sphere. Presumably, these advective effects are im-
portant for the annual oscillation as well. In spite of
these limitations of the model, there is quite good
agreement with the real atmosphere; the values of Q
also seem reasonable. It is therefore conceivable that
the forcing we prescribed through the term

RproQ 0
0.
cp \Op P/

on the r.h.s. of (10) implicitly includes the net effect
also of the advective terms on the same side of the
equation, although it appears that advection has been
completely neglected ; or it may be that in the monsoon
region, the net effect of advection is very important for
the maintenance of the annual mean circulation but
not too important for forcing the annual oscillation.
In any case, we admit that ours Is not a comprehensive
model and a lot more work remains to be done to
understand the monsoon circulation quantitatively in
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terms of simple analytical forcing functions.

b. Vertical motion

Vertical velocity w=dp/dt associated with the annual
-oscillation is given by

w=wntwietwistontwetwstwstwss
Q¢ =? 1

- PR /20— (b 8y
T R (=) (—v) C/To e

2y 2zl aw
Xsin— sin(————> (48)
L T 180

(47)

w12=po(8P1/ 1) pmpo (p/ po) ™
w1 —gpop (V2®1) 5o (p/ po)
QOu =* 4P0Rl_
wn=——"""
¢, L2 C/ToL(1~1) (1—ws)

{(p/po)*—(p/po)™}

———————{(&/po)*— (p/po) ™
(2—1/1)(2—112){ bre }]

2y 2wt
Xsin— sin—  (51)
L r
waa= po(8Pa/ ) py (p/ po) ™ (52)
wWes= —gpok (V2‘I’2) Po (i’/Po)_y2 (33)
wsr=po(dPs/81) 5y (p/ po) ™ (34)
was= —gpop (V®3) 5o (p/ po) 2 (59)

By and large, the terms wis, was, and w3z containing the
frictional term g are the most important terms in re-
spect of magnitude; » is negative and hence w is
positive in the region where we have positive relative
vorticity near the ground. ®;, ®; and ®; are given by
{23b), (24b), and (25b), respectively. Strictly speaking,
vertical velocity due to friction should be taken as
zero at p= po; it should increase to a maximum value
at the top of Ekman layer p=p; and then decrease
upwards as (p/p;)2. However, in formulae (50), (53),
and (55), pr has been replaced by po as an approxima-
tion. This is tolerable to the extent that application of
Ekman-layer theory to the present case is itself a big
approximation, because the layer in question is neither
barotropic nor in steady state as required for strict
application of Ekman-layer theory. Accepting this as
an approximate theory, it is seen that the vertical
velocity induced by friction decreases as (p/po)™2 In
Table 1, we have the values of », which is always
positive. Since 14v1=—wvs and (p/po)” is sketched in
Fig. 1, it is easy to appreciate how fast the vertical
velocity induced by friction is attenuated upwards for
synoptic-scale disturbances (L~1000 km), while it
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decreases rather slowly and penetrates more deeply
into the atmosphere for planetary-scale disturbances
(L~10,000 km). Corresponding to L=20,000 km as
in our case, the vertical velocity above the frictional
layer decreases upwards as (p/po)!®. Further,
wiztwatwss

= — goou (V2D + V2o + V2D3) , (p/po)” . (56)

Since V2= —4n?/L?, it follows that w, induced by
friction is in phase with (®;+®.+®;). When the sea-
level pressure is less than the annual mean, as happens
during summer, w; is negative and the vertical motion
is upwards. The reverse downward motion occurs
during winter.

8. Conclusions

1) Until satisfactory methods become available for
measuring diabatic heating distributions in space and
time, hypothetical heating functions of the types given
in Eq. (1) and the methodology followed in this paper
are useful for estimating diabatic heating and its
influence in the atmosphere.

2) The horizontal extent of heating and cooling is
very important. Planetary-scale wavelengths have
their maximum pressure effect close to jet-stream level
near the tropopause. Vertical motions induced by low-
level friction also penetrate to great heights if the
horizontal extent of heating is large.

3) Diabatic heating coupled with low-level friction
seems to determine some of the major features of
the annual monsoonal circulation over the Indian
region. Quantitative agreement comes out to be very
satisfactory.

4) Vertical motion induced by diabatic heating and
low-level friction is of the direct circulation type, i.e.,
warmer air rises and cooler air sinks.

5) It is surprising that such a simple and almost
crude quasi-geostrophic model is able to explain quanti-
tatively some of the major observed features of annual
monsoonal oscillation.

6) Improvement of the model requires additional
work :

a) to explain the dynamics of the steady-state
pattern which has been assumed in this paper;

b) to explain the physics behind the assumed dis-
tributions of diabatic heating in space and time;

c) to introduce variations in the x-direction also;
and

d) to consider the effects of advection.
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