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A linear model study of the mid-tropospheric ridge and its displacement
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ABSTRACT. A linear model of the steady response of a strai.f+d fluid to isolated heat sources is used to
study the maintainence of the mean position of the mid-tropospheric ridge and its displacement. It is well
known that the performance of the southwest [ndian monsoon is intimately related to the latitudinal position
of the April 500 hPa ridge along 75°E. Recent observational studies have demonstrated that the winter/spring
snow cover over Eurasia are negatively related to the April 500 hPa ridge position. In this study we propose
one possible physical mechanism of southward displacement of the mid-tropospheric ridge. The anomalous
cooling associated with the increased snow cover in Eurasia may be considered as a heat sink north of the
tropical heat sources. It is demonstrated that such a heat sink can result in significant southward displace-

ment of the mid-tropospheric ridge.

Key words — Mid-tropospheric ridge, Heat sources. Southwest monsoun, Normal modes,

Geopotential.

1. Introduction

It is well known that Indian economy is heavily
dependent on the performance of the southwest
monsoon and hence over the last century, various
attempts have been made to evolve methods of pre-
dicting the monsoonal rainfall. A review of these
attempts is available in the literature (Rao 1965,
Shukla 1987, Hasternath and Greischar 1993).

A mid-troposphere ridge pattern over south
India and its seasonal migration is a well known
feature of the climatology over the Indian region.
Earlier studies (Banerjee er al. 1978) have shown
that if the latitudinal position of the 500 hPa ridge
during April is much south (north) of its normal
position, rainfall over India for the subsequent sum-
mer monsoon is mostly much below (above) nor-
mal. The above result is further substantiated by
Rao (1981). Mooley er al. (1986) have shown that the
relationship between the April ridge position and
monsoon rainfall over India is highly significant
and stable. Verma (1980) examined the monthly
mean anomalies of 300-100 hPa thickness, which is
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a measure of the upper tropospheric temperature
anomaly, for 10 years (1968-77) for selected stations
over India. Verma found that the anomalies in April
and May tend to persist for the whole monsoon
season, and that negative (positive) thickness
anomalies in the pre-monsoon months are asso-
ciated with negative (positive) anomalies of Indian
summer monsoon rainfall. The long persistence of
anomalies in thickness during the months of April
and May are more likely to be related to some
slowly varying boundary forcing at the earth’s sur-
face (Shukla 1987). A strong contender for slowly
varying boundary forcing at the earth’s surface dur-
ing the pre-monsoon months is the snow cover
over Eurasia.

Blanford (1884) was the first to consider the
effect of excessive winter and spring snowfall in the
Himalayas on the subsequent monsoon rainfall in
India. Hahn and Shukla (1976), after examining 11
years of satellite derived snow cover over Eurasia
and summer monsoon rainfall over India, found an
inverse relationship between the area extent of win-
ter snow cover over Furasia and Indian summer
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monsoon rainfall. Dey and Bhanukumar (1982)
considered the relationship between spring snow
- cover over Eurasia and the time taken by the
Indian summer monsoon rainfall to advance from
the southern tip of India to the northern border of
India. They found that when the difference of
snow cover from March to May was above normal
the speed of advance of the monsoon was lower
than normal. Bhanukumar [1988 (a & b)] has
demonstrated that the satellite derived January
snow cover over Eurasia is negatively related to
the April 500 hPa ridge position along 75°E and to
the Indian monsoon rainfall. The above studies
indicate that large and persistent winter snow
cover over Eurasia can delay and weaken the
spring and summer heating of the land masses, so
essential for the establishment of the large scale
monsoon flow.

Mooley e al (1986) have advanced the
hypothesis that the location of the mid-tropo-
spheric ridge along 75°E is a measure of the
influence exerted by the troughs in the westerlies
on the upper tropospheric thermal conditions over
north and central India. Hence as argued by
Mooley er al. (1986) a location much south of the
normal April ridge location would correspond to a
much colder troposphere in April and persistance
of colder than normal conditions upto June, which
would delay the initiation of monsoonal heat sour-
ces, thereby adversely affecting the monsoon.

The latitudinal position of the 500 hPa ridge
along 75°E in April has been extensively used by
most of the long range forecasters to predict the
summer monsoon rainfall since it has emerged as
the most powerful of all the predictors (Hasternath
and Greischar 1993). Shukla and Mooley (1987)
while examining the relationship between the
April mid tropospheric ridge location and Decem-
ber through March Furasian snow cover found a
correlation coefficient of —049 between the
two.

The objective of this study is to propose ofe
possible physical mechanism of southward dis-
placement of the mid-tropospheric ndge. The
effect of excessive winter and spring snow cover
over Eurasia implies that less solar energy would
be available to heat the atmosphere due to high
albedo of snow. This can lead to a colder than
normal conditions up to June thereby adversely
affecting the monsoon. We have demonstrated in
this study that a heat sink (corresponding to the
anomalous cooling associated with the increased

snow cover in Furasia) prescribed north of one of

the heat sources can result in significant
southward displacement of the wmid-tropos-
pheric ridge.
2. The model

We consider a stratified atmosphere on an
equatorial beta plane. Damping is present in the
form of Rayleigh friction (ag) and Newtonian
cooling (e« 7). The linear equations in log pressure
co-ordinates governing steady motion forced by
adiabatic heating at a rate  per unit mass are
given by.

d
aru — Byv=— -—¢ (1
dx
d
agv + Pyu = — = (2)
ay
ou
— + — +exp(z/H) —
dx y
exp (—z/Hyw | =0 (3)
a0 , R (Q i
—_— N" ) = — 4
ar az+ " H(c,,) )

where. z = —H 1n (p/py) and p is the pressure and
H is the scale height given by H= RT,/g. The
reference pressure and temperature assume the
values of 1000 hPa and 300°K providing a scale
height of 8.8 km. R is the gas constant and ¢, the
specific heat at constant pressure. ¢ is the
geopotential perturbation and w is the vertical
velocity. We assume constant static stability with
N2 = 1.11 x 10745 2. The other symbols have their
usual meaning. A rigid lid is placed at a height of
D =225 km above the levels of the forcing
(Geisler and Stevens 1982 and Sashegyi and
Geisler 1987).

We introduce the variables U V. @ such
that :

(w. v. &)= (U. V. ®) exp (z/2H) (5

and eliminate w between (3) and (4) to obtain,

) ad
aplU—By¥V=- — (6)
dx
dd
agV+PByU=—- — (7)
dy
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The quantity t in (8) is the lengtl{ of the day in
seconds and appears as we wish the unit of Q/cp 10
be degrees per day.

We define the vertical normal modes as in
Geisler and Stevens (1982) by the equation,

d? N2 1
+ = G, =0 10
( dz2  gh, 4H2) " (10)
and the boundary conditions

(i+—1—) Gn=0 (11)

dz 2H

atthelevelsz =0andz=Dandz = D. Eqn. (11) is
due to the fact that the geometric vertical velocity be
zero at the top and bottom boundaries.

Expanding the solution variables and the forc-
ing onto the set of vertical modes then gives the
equations,

D
QRUn_B}’Vn=_ ki (12)
dx
L)
ARV +ByUy=— a" (13)
g
au, dV,
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= : R F, 14
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for the coefficients in this expansion. The coeffi-
cient F, is given by

D
JFxy 2)Gn(2) dz

0
Fy == (15)

I Gn (2) Gn (z)dz
0 .

The solution of (10) and (11) consists of the
external mode

Go (2) = exp (—2z/2H) (16)
and the internal modes

G () =sin{(mzD) =0y} - © (A7)

where n is a positive integer and

8, = tan~!(2nnH/D) . (18)

The equivalent depth, /g in the case of external
mode is infinite, while for the internal modes the
equivalent depth is given by

NH[ 1 anf \ 2] ! -~

by = —| — 4+ [ — 19
With a depth D =225 km, the first six internal -
modes have equivalent depths of 498, 140, 63,36, 23 -

and 16m, respectively. -
3. Description of heat s-murces

The axis of the mid-tropospheric ridge along
75°E as located from the streamline analysis of the
average wind data for period 1951-65 by the India
Meteorological Department (1972) is seen at about
11.5°N during January, 15°N during April, 28.5°N
during July (northernmost location) and 20°N
during October (Fig. 2 of Shukla and Mooley
1987). The northward and southward displacement
of this mid-tropospheric anticyclonic circulation
seems to be related to the seasonal march of the
solar radiation and the associated diabatic sour-
ces. It is evident that a broken structure of the
Inter Tropical Convergent Zone (ITCZ) over the
Indian region and its neighbourhood can lead to
the mean mid-tropospheric circulation and the
associated ridge line as seen in Fig. 2 of Shukla
and Mooley (1987). A broken structure of the

ITCZ over the Indian region can, in turn, be
modelled by prescribing two convective heat sour- -

ces. In the first part of this study we tried to simu-
late the mid-tropospheric anticyclone (Fig. 2 of
Shukla and Mooley, 1987) by prescribing two non-
circular heat sources centered at (0, 1) and (5, 1),
respectively. The heating funcuon for a single
source is defined as

Q(x.y.2) = Hx )f) (20)
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Figs. 1(a-c). Contours ol geoepotential perturbation field
(m?s~2) for two sources at (a) 1.5 km, LC = —3040
and Cl =600, (b) 13.5 km, HC =3770 and
Cl=1200 and (¢) 65 km, HC =220 and
Cl=55

where,
ﬁ(x.y)=expi—a?(x-xo)2-°3(y~yo}2l (21)

where, (xp, ¥o) is the center of the heat source,
u% = 2; a5 = 4 (the corresponding e — folding dis-
tance in x and y direction being 873 and 618 km res-
pectively) and f(z) is defined as,

0 222y
f@)= A sinm)e=tnz; <z<zy (22)
0 Z\g ZL

where, n = (p — pp)/(PL — PU) (23
p1. and py; were chosen as 1000 and 100 hPa and the
correspondingz; and z;, turned out to be 0 and 20.25
km. b is a parameter which determines the shape of
the vertical heating field. b = 0 corresponds to a
heating field which is symmetric while b positive
and b negative correspond to maxima of heating in
the upper and lower troposphere. Here.

we have used the symmetric heating (b = 0). 4 has
been chosen such that f(z)/c, vertically averaged
over the entire atmospheric column corresponds to
a heating of 3°C/day.

The equations (12) — (14) are non-dimensiona-
lized by using the length and time scales as follows.
Ly = (C1/2B)'2 and Ty = (1/2C1B)'72, where, C, is
the gravity wave speed of the first internal mode,

= gH, where H = 498 m. B is assumed to have a
value 229 X 10~ ""m~!s~!. The non-dimensiona-
lised steady shallow water equations are solved for
each of the first six internal modes and the solution
variables are summed over these six modes. The
solution procedure is similar to that discussed by
Gupta and Manohar (1979). The geopotential is
eliminated in the momentum equations using the
continuity equation and the following solution pro-
cedure adopted :

(a) Start with some approximation for the
meridional velocity v(") with m = 0. If no
approximation is available set v(™) = (.

(b) Solve u-momentum equation by relaxa-
tion method to obtain u(m+*1)

(c) Determine boundary value of v from u-
momentum equation. Call these values
y(m+1) Obtain the modified boundary
value v(m*1) using a smoothing para-
meter &

yim+1) = (1 = §)vm+tD 4 §vim . 0 < § < 1

(d) Solve v-momentum equation by relaxa-
tion method to obtain vim+1)

(e) Repeat steps (b) to (d) form=1,2, ....
until convergence criteria is met.

Steps (b) to (d) form outer iterations. For an estimate
of 8 we determine growth factor p of outer
iteration

| wln+1) — gl ||
= nlarge 23a
P T — a1 i - v
Norm used is maximum norm, ie, Il w |l=1u;; |

Knowing p the optimal value of & is found from
5 = p/(p + 2). Outer iteration were stopped when
|| vm) — yin=1) || < 10~4, After attaining convergence
the geopotential ¢ was obtained from the continuity
equation. The domain is rectangular having
-25&x< 75 and —2<y < 5 with Ax =0.1 and
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Figs. 2(a & b). Contours of (a) meridional and (b) zonal mass flux stream function (kg s~ ') for two sources

Ay = 0.05. The values of ag and arare each equal
to 0.08. (dissipation time scale being about 4 days)
Arakawa C-grid is used for horizontal differencing
and a Shapiro filter to remove two grid wavelengths
is used.

4. Results

4.1. Experiment 1: Two noncircular sources cen-
tered at (0, 1) and (5, 1)

Fig. 1 (a) presents the geopotential perturbation
field at a height of 1.5 km. Fig. 1 (a) clearly shows a
low situated over each of the heating centers. A high
of similar structure is seen in the upper Fig. 1 (b)
and middle troposphere Fig. 1 (c). It is pertinent to
note that the centers of the low and high pressure
virtually coincide in Figs, 1 (a) and 1 (c). This is at
variance with the real situation where the ridge tilts
with height. It is felt that the absence of a mean flow
is responsible for the lack of tilt with height.

We now consider the zonal and the meridional
overturnings by defining the zonal mass flux stream
function as,

x -5
M(x,z)=L,p, { _fz e"-”#(x,y,z) dvdz (29)

and the meridional mass flux stream function
as

5
M(y.z)=Lyp, J'XJ] eHyixyz)dedz (25
0 -25

where p, is a reference surface density and L, and
L, are the domain size in the x and y directions,
respectively. The expression for M (x, z) and M (y, 2)
are similar to Sasheygi and Geisler (1987) except
that for the latter the same is defined in
spherical coordinates.

Figs. 2(a&b) show the contours of the
meridional and zonal mass flux stream function,
respectively. Here the difference in magnitude bet-
ween any two contours gives the magnitude of the
mass transport. The stronger of the two
meridional cells is situated to the south of the
heating center. It is to be noted that the heating
center is located approximately at 11°N latitude.
The latitude of heating is indicated by a vertical
line in Fig. 2(a). The zonal mass flux stream
function as seen from Fig. 2 (b) shows that the
zonal cell west of the heating center is the
stronger of the two for both of the heat sources.
The magnitudes of the zonal mass flux stream-
function obtained here have the maximum values
of the order of 8.6 X 10kgs~!.
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Fig. 3. Contours of geopotential perturbation field (m’s™ ") at 6.5 km for two sources and one sink

42. Experiment 2 : Inclusion of a circular heat
sink north of one of the heat sources

In this experiment we have attempted to

demonstrate that increased snow cover oOver
Eurasia results in southward displacement of the
mid-tropospheric anticyclone. This anomalously
cold condition in the north is represented by a cir-
cular heat sink north of one of the heat sources of
Experiment 1. In order that the heat sink closely
resembles the Eurasian snow cover the former is
assigned the following cgaracteristics‘ The sink is
quite extensive in horiz¥ntal with af = a3 = 0.25.
(e — folding distance of 2470 km) and is centered
at (0, 3) roughly at 34°N latitude). We also note
that the vertical structure of the heat sink is dif-
ferent from that of the heat sources in the tropics.
While the convective sources have maximum heat-
ing at the middle troposphere, the sink has maxi-
mum cooling in the lower troposphere (b = —3)
due to enhanced snow cover. The vertically
averaged cooling over the entire atmospheric
column is assumed to be 2°C/day.

Fig. 3 presents the geopotential perturbation
field at a height of 6.5 km after inclusion of the
above mentioned circular sink north of one of the
heat source. The figure clearly reveals the south-
ward displacement of one of the anticyclones by
123 km (two grid point movement southward).
Even though the April mid tropospheric ridge at
75°E is known to experience a maximum south-

ward displacement of about 7° latitude, it is
indeed interesting to note that a simple linear
model as described above could reproduce a
moderate southward displacement. The above
model though successful in producing moderate
southward displacement of the mid-tropospheric
anticyclone has its limitations. Absence of mean
wind has been responsible for the absence of tilt
with height and hence realistic incorporation of
mean winds is imperative. The effect of the advec-
tive nonlinear terms may well enhance the
southward displacement of the mid-tropos-
pheric anticyclone.

Many investigators have studied the relation-
ship between the winter and spring snow cover
over Eurasia and the mid-tropospheric ridge dur-
ing April along 75°E. They have found that an
increased snow cover over FEurasia caused a
southward displacement of the mid-tropospheric
ridge from its normal position. The effect of
excessive snow cover over Eurasia will be that less
solar energy will be available to heat the atmos-
phere due to high albedo of snow. This will
invariably lead to a much colder troposphere

in April.

While summer conditions begin to be estab-
lished in the lower troposphere over peninsular
India in March, winter circulation prevails over
north India until the beginning of May. Due to the
southward shift of the extra-tropical westerly belt




MID-TROPOSPHERIC RIDGE & ITS DISPLACEMENT 375

in winter, the circulation over north and central
India during winter becomes westerly and is
periodically influenced by the passage of deep
lows or troughs (known locally as western distur-
bances). In the rear of these disturbances in the
westerlies, very cold air from much higher
latitudes flows in over north and central India.
The ridge demarcates the westerly circulatory
regime of the north from the easterly tropical
regime to the south. Hence the location of the 500
hPa ridge is a measure of the influence exerted by
“the troughs in the westerlies on the upper
tropospheric thermal conditions over north and
central India (Mooley er al. 1986). Hence con-
ditions corresponding to a much colder
troposphere over north and central India in April
should be associated with a marked southward
displacement of the 500 hPa ridge. From above,
the physical basis for the relationship between the
increased snow cover over FEurasia and the
latitudinal position of the 500 hPa ridge is
clear.

In this study, we have first prescribed two tropi-
cal heat sources to simulate the mid-tropospheric
circulation over the Indian subcontinent. The heat
sources have maximum heating in the mid-
troposphere due to release of latent heat of con-
densation and are not very extensive in the
'horizontal. The anomalous cooling associated
with the increased snow cover in Eurasia is con-
sidered as a heat sink north of the tropical heat
sources. The heat sink has maximum cooling in
the lower troposphere (less solar energy available
.to heat the atmosphere due to high albedo of
snow) due to increased snow cover and is very
extensive in the horizontal. Also, we have taken
the magnitude of the vertically averaged cooling
rate to be less than the vertically averaged heating
rate. With the above realistic prescription of heat
sources and sink we have demonstrated the
feasibility of the physical mechanism of the
relationship between the increased snow cover
over Eurasia and the latitudinal position of the 500
hPa ridge.

5. Conclusions

A simple linear model of the steady response of
a stratified fluid to isolated heat sources is used to
study the mid-tropospheric ridge. An attempt has
also been made to demonstrate that increased
snow cover over Eurasia results in the southward
displacement of the mid-tropospheric anticyclone.
A circular sink of large horizontal extent and
maximum cooling in the lower troposphere is

prescribed at 34°N. Inclusion of the above results
in moderate displacement of the mid-tropospheric
anticyclone by 123 km. We conclude that the
model as described above inspite of its simplicity
provides encouraging results.
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