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A linear model of the response of a stratified atmosphere to isolated heat sources in spherical
coordinates is used to study the maintenance of the mean position of the mid tropospheric ridge
and its displacement. It is well known that the performance of the southwest Indian monsoon is
related to the latitudinal position of the April 500 hPa ridge along 75◦ E. It was demonstrated that
an anomalous cooling associated with the increased snow cover in Eurasia can result in moderate
southward displacement of the mid-tropospheric ridge. The results of this study indicate that
the vertically integrated cooling rate (strength of heat sink) has more effect on the southward
displacement of the ridge when the sink is closer to the ridge.

1. Introduction
One of the most important features of the climatology over the Indian region is the existence of
a mid-tropospheric ridge pattern at 500 hPa over
southern India and its latitudinal migration with
seasons. The axis of the mid tropospheric ridge at
500 hPa along 75◦ E is seen at 11.5◦ N during January, 15◦ N during April, 28◦ N during July and 20◦ N
during October. Banerjee et al (1978) have shown
that the mean latitudinal position of the above
ridge during April is intimately related to the performance of the subsequent southwest Indian monsoon over the entire country. They showed that if
the latitudinal position of the 500 hPa ridge during
April is south (north) of its normal position, rainfall over India for the subsequent southwest monsoon is mostly below (above) normal. Mooley et al
(1986) have shown that the relationship between
the April 500 hPa ridge position and the southwest monsoon rainfall over India is highly significant and stable. Verma (1980) after examining the
monthly mean anomalies of 300–100 hPa thickness
for ten years (1968–1977) for selected stations over
India, 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 were associated with negative (positive) anomalies of the southwest Indian
monsoon rainfall. The long persistence of thickness
anomalies during April and May, may in turn be
related to the amount of snow cover over Eurasia.
Many investigators have studied the relationship
between the winter/spring snow cover over Eurasia
and the subsequent Indian summer monsoon rainfall through observational (Hahn and Shukla 1976;
Dey and Bhanukumar 1982; Blanford 1884; Bamzai
and Shukla 1999) as well as modelling (Barnett
et al 1989; Yasunari et al 1991; Vernekar et al
1995) studies and found an inverse relationship. All
the above studies have shown that increased snow
cover over Eurasia in winter/spring can cause a
weaker Indian summer monsoon. Extensive snow
cover over Eurasia in winter/spring, in addition
to the albedo effect can also be responsible for
significant reduction in the heating of the ground
and hence of the atmosphere due to melting of
the snow as well as moistening of the surface due
to the melted snow. Bhanukumar (1988 a,b) has
shown that the satellite derived January snow cover
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over Eurasia is negatively related to the April
500 hPa ridge position along 75◦ E and to the southwest Indian monsoon rainfall. Shukla and Mooley (1987) found a correlation coefficient of −0.49
between April 500 hPa ridge location and December through March Eurasian snow cover.
Chandrasekar and Goswami (1996) used a linear
beta plane model in their study of the displacement of the mid-tropospheric ridge. The effect of
excessive winter and spring snow cover over Eurasia is that less solar energy is available to heat
the atmosphere due to high albedo of snow. They
modeled the anomalous cooling associated with the
increased snow cover in Eurasia as a heat sink
and prescribed the same to the north of the tropical heat sources. The introduction of the above
sink resulted in significant displacement of the midtropospheric ridge. Chandrasekar (1997) extended
the above problem by including a heat sink (which
is nonvanishing at the surface) and obtained southward displacement of the ridge.
The first objective of this work is to study the
displacement of the mid-tropospheric ridge using
a linear model in spherical coordinates. A further
and more important objective of this work is to
study the sensitivity of the southward displacement
of the mid-tropospheric ridge to the strength and
latitudinal position of the heat sink.
2. The model description
We consider a stratified atmosphere on a sphere.
The basic equations on a sphere are linearized
about a basic state of rest with constant static stability. Damping is present in the form of Rayleigh
friction (αR ) and Newtonian cooling (αT ). The
linear equations on a sphere in log pressure vertical coordinates governing steady motion forced
by heating are given by (Sashegyi and Geisler
1987).
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Here z = −H ln ppo , p is the pressure, po is the reference pressure (1000 hPa) and H is the scale height
H = RTg o . The scale height is assigned a value of
8.8 km. The latitudinal coordinate y = sin θ where
θ is the latitude and λ is the longitude in radians.
u and v are the perturbation horizontal velocity
components multiplied by cos θ, w is the perturbation vertical velocity in the log pressure coordinates
while φ and T are the geopotential perturbation
and temperature perturbation. We assume a constant static stability with N 2 = 1.11 × 10−4 s−2 . A
rigid lid is placed at a height of D = 22.5 km above
the level of forcings (Sashegyi and Geisler 1987).
We introduce the variables U, V, Φ such that
(u, v, φ) = (U, V, Φ) exp
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and eliminate the vertical velocity w between
(3) and (4) to get
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function Q has the form Q(λ, y, z) = A(λ, y)B(z).
The quantity τ in (9) is the length of the day in
seconds and appears as we wish the unit of cQp to
be ◦ C day−1 . We define the vertical normal modes
by the equation
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at the levels z = 0 and z = D.
Expanding the solutions and the forcing on to
the set of vertical modes gives the equations
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in longitude and latitude. The vertical dependence
B(z) is defined as
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for the coefficients in this expansion. The amplitude fn of the projection of the forcing function F
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The solution of (10) and (11) consists of the external mode
 z 
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The equivalent depth ho for the external mode is
infinite while the same for the internal modes are
given by

hn =

N 2H 2
g

"


0.25 +

nπH
D

2 #−1
.

(19)

With a depth D = 22.5 km, the first six internal
modes have equivalent depths of 498, 140, 63, 36,
23 and 16 m, respectively.
3. Description of heat sources
As in Chandrasekar and Goswami (1996), we first
simulate the mid tropospheric anticyclone by prescribing two noncircular heat sources centered at
(60◦ E, 13◦ N) and (90◦ E, 13◦ N), respectively. The
heating function for a single source is defined as
Q(λ, θ, z) = A(λ, θ)B(z) where
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where (λo , θo ) is the center of the heat source,
λw = 8◦ and θw = 5◦ are the e folding distances

0
B(z) = a sin(πη) exp−bη
0

, z ≥ zU
, zL < z < zU
, z ≤ zL

(21)

U)
, pL and pU were chosen as
where η = (p(p−p
L −pU )
1000 hPa and 100 hPa and zL and zU are the z values corresponding to pL and pU . b is a parameter
which determines the shape of the vertical heating field. b = 0 corresponds to a symmetric heating field while b positive (negative) corresponds
to maximum of heating in the upper (lower) trovertiposphere. a has been chosen such that B(z)
cp
cally averaged over the entire atmospheric column
corresponds to a heating of 3◦ C day−1 . For all the
heat sources used in this study a symmetric heating field (b = 0) is assumed. The heat sources have
maximum heating in the mid troposphere due to
release of latent heat of condensation.
The equations (12) to (14) are solved for each of
the first six internal modes and the solution variables are summed over these modes. The domain
is limited to the following 30◦ E ≤ λ ≤ 120◦ E and
20◦ S ≤ θ ≤ 70◦ N with ∆λ = 2◦ and ∆θ = 0.75◦ .
−1
= αT−1 =
αR and αT were assigned values (αR
5 days). We have used the same values for the coefficients of Rayleigh friction and Newtonian cooling as used by Sashegyi and Geisler (1987) in their
study of cross equatorial flow forced by summer
monsoon heat sources. The perturbation horizontal wind components were eliminated in equations
(12) to (14) and the equation for the perturbation geopotential field was solved by the procedure as proposed by Lindzen and Kuo (1969).
The boundary conditions for Φn were assigned
zero values in the northern and southern boundaries and normal derivatives of Φn were assigned
zero values in the eastern and western boundaries. The perturbation wind components were
then obtained from the perturbation geopotential
field.

4. Results
Figure 1 presents the geopotential perturbation
field and the perturbation horizontal wind field
at 500 hPa for the case of two noncircular sources
centered at (60◦ E, 13◦ N) and (90◦ E, 13◦ N). The
figure clearly reveals a high centered north west
of each of the heating centers. The winds are
stronger to the south of the heating center with
maximum wind speed of 7 m sec−1 . In order that
the heat sink correctly represents the Eurasian
snow cover, the former is assigned the following
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Figure 1. Geopotential perturbation field and the horizontal wind component perturbation field (in msec−1 ) at 500 hPa for
the case of two heat sources centered at (60◦ E, 13◦ N) and (90◦ E, 13◦ N). Contour values for the geopotential perturbation
field (in m2 sec−2 ) are 140, 110, 80, 50 and 20. The vertically integrated heating rate is 3◦ C day−1 and the e folding distance
of the heat source is 8◦ in longitude and 5◦ in latitude.

features. It is circular in shape and quite extensive in the horizontal with an e folding distance
of 22◦ . The sink is centered at (60◦ E, 40◦ N). The
vertical structure of the heat sink has maximum
cooling in the lower troposphere (b = −3) due to
enhanced snow cover. Also the vertically averaged
cooling rate over the entire atmospheric column is
assumed to be −2◦ C day−1 . Figure 2 depicts the
geopotential perturbation field and the horizontal
wind perturbation field at 500 hPa after inclusion
of the above heat sink. Figure 2 clearly reveals
that the prescription of the above realistic heat
sink has caused a southward displacement of the
mid-tropospheric ridge at 500 hPa by 290 km. Figure 2 also reveals a cyclonic circulation over the
region of the heat sink at 500 hPa. It is clearly
seen that the horizontal wind speed has strength-

ened in figure 2 and now has a maximum wind
speed of 9 msec−1 . The westerlies forming the anticyclonic circulation to the north of the heat source
are reinforced by the strong westerlies which form
part of the cyclonic circulation, south of the heat
sink.
Figures 3 and 4 provide the vertical structure of the heat source and the heat sink as
used in figures 1 and 2. The heating associated with the heat source is symmetric with the
maximum heating in 500 hPa with a value of
5.5◦ C day−1 . The cooling associated with the heat
sink is asymmetric with the maximum cooling in
800 hPa (lower troposphere) with a value of −5.8◦ C
day−1 .
After obtaining significant southward displacement of the mid-tropospheric ridge, we conducted
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Figure 2. Geopotential perturbation field and the horizontal wind component perturbation field (in m sec−1 ) at 500 hPa
for the case of two sources and a sink, the latter centered at (60◦ E, 40◦ N) and having a vertically integrated cooling rate
of -2◦ C day−1 and an e folding distance of 22◦ . Contour values for the geopotential perturbation field (in m2 sec−2 ) are
−700, −500, −300, −100, 5, 25, 40, 70 and 100.

a series of experiments to study the sensitivity of
the vertical cooling (strength of the heat sink) and
the latitudinal position of the heat sink to the
southward displacement of the mid-tropospheric
ridge over India. The following latitudinal positions
(34◦ N, 40◦ N, 46◦ N) and the following strengths of
the sink (vertically integrated cooling rate −2◦ C
day−1 , −1.5◦ C day−1 , −1◦ C day−1 ) are utilized
in this study. For each of the above experiments
the solution is summed over the first six internal
modes. Figures 5 and 6 provide the vertical structure of the heat sink corresponding to a vertically
integrated cooling rate of −1.5◦ C day−1 and −1◦ C
day−1 . Again the cooling associated with the heat
sink is asymmetric with the maximum cooling in
800 hPa with a value of −4.4◦ C day−1 (figure 5)
and −2.9◦ C day−1 (figure 6).

Figures 7 and 8 show the perturbation geopotential field and the horizontal wind perturbation
field at 500 hPa for the case of −2◦ C day−1 for
the heat sink centered at 34◦ N (figure 7) and 46◦ N
(figure 8). Figures 7 and 8 reveal that the midtropospheric ridge has been displaced southwards
by 500 km and 125 km, respectively. It is clear
from figures 2, 7 and 8 that the latitudinal position of the center of the heat sink has a strong
effect on the southward displacement of the midtropospheric ridge with maximum southward displacement observed for the case where the heat sink
is closer. One would expect that the westerlies to
the north of the heat source will be very strongly
reinforced (moderately reinforced) by the strong
westerlies forming south of the heat sink when the
center of the heat sink is at a lower (higher) lati-
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Figure 3.

Vertical profile of the heat source with a vertically averaged heating rate of 3◦ C day−1 .

Figure 4.

Vertical profile of the heat sink with a vertically averaged cooling rate of −2◦ C day−1 .

Sensitivity of the vertical cooling on the mid-tropospheric ridge

Figure 5.

Figure 6.

Vertical profile of the heat sink with a vertically averaged cooling rate of −1.5◦ C day−1 .

Vertical profile of the heat sink with a vertically averaged cooling rate of −1◦ C day−1 .
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Figure 7. Same as figure 2 except that the heat sink is centered at (60◦ E, 34◦ N). Contour values of the geopotential
perturbation field (in m2 sec−2 ) are −700, −500, −300, −100, −20, −15, 25, 50 and 75.

tude. This is obvious in figures 7 and 8 with maximum wind speed of 11 m sec−1 and 7 m sec−1 ,
respectively.
In order to bring out the effect of the sensitivity of the vertical cooling of the heat sink on the
southward displacement of the mid-tropospheric
ridge, we present figures 9 and 10. The position of the center of the heat sink is the same
(46◦ ) in both the figures. While figure 9 provides the perturbation geopotential field and the
horizontal wind perturbation field at 500 hPa for
the case of −1.5◦ C day−1 , figure 10 provides the
same for the case of −1◦ C day−1 . Figures 9 and
10 reveal a weaker low centered over the region
of the heat sink as compared to figure 8. Figures 9 and 10 reveal that the mid-tropospheric
ridge has displaced southward by 125 km and
83 km, respectively. The above result provides evi-

dence that a stronger heat sink (increased snow
cover over Eurasia) can cause increased southward displacement of the mid-tropospheric ridge.
The maximum wind speed in figures 9 and 10 is
6 m sec−1 .
Figures 11 and 12 show the perturbation geopotential field and the horizontal wind perturbation
field at 500 hPa for the cases where the heat sink
is centered at 34◦ N and 40◦ N, respectively. Both
the above figures correspond to a cooling rate of
−1.5◦ C day−1 . Figures 11 and 12 reveal that the
mid-tropospheric ridge has displaced southward by
374 km and 208 km. As expected the maximum
wind speed is stronger in figure 11 (9 m sec−1 ) and
in figure 12 (7 m sec−1 ) as compared with figure 9.
Figures 13 and 14 show the perturbation geopotential field and the horizontal wind perturbation
field at 500 hPa for the cases where the heat sink
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Figure 8. Same as figure 2 except that the heat sink is centered at (60◦ E, 46◦ N). Contour values of the geopotential
perturbation field (in m2 sec−2 ) are −700, −500, −300, −100, 20, 40, 60, 80 and 100.

is centered at 34◦ N and 40◦ N, respectively. Both
the above figures correspond to a cooling rate of
−1◦ C day−1 . Figures 13 and 14 reveal that the
mid-tropospheric ridge has displaced southward by
208 km and 125 km.
The horizontal extent of the heat sink in all
the above experiments were the same (e folding distance of 22◦ ). We performed one experiment with smaller horizontal extent of the heat
sink (e folding distance of 12◦ ). The center of
the heat sink was kept at (60◦ E, 40◦ N) and the
vertically averaged cooling rate was −2◦ C day−1 .
The mid-tropospheric ridge was displaced southward by 41 km. We have not shown the perturbation geopotential field and the perturbation horizontal wind field at 500 hPa for the above case for
brevity.

The results of the sensitivity study on the vertical cooling and the position of the heat sink on the
southward displacement of the mid-tropospheric
ridge at 500 hPa are provided in table 1. The results
of the sensitivity study indicate that the vertically integrated cooling rate (strength of sink) has
more effect on the southward displacement of the
500 hPa ridge when the sink is centered at the lower
latitude (34◦ N). The latitudinal position of the center of the sink, in turn has an important effect on
the displacement of the 500 hPa ridge when the
sink is strong (vertically integrated cooling rate of
2◦ C day−1 ).
Previous investigators after studying the relationship between the winter and spring snow cover
over Eurasia and the April 500 hPa ridge over India
found that an increased snow cover over Eura-
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Figure 9. Same as figure 8 except that the heat sink has a vertically integrated cooling rate of −1.5◦ C day−1 . Contour
values of the geopotential perturbation field (in m2 sec−2 ) are −550, −350, −150, 30, 70, 90 and 110.

sia in the preceding winter/spring caused a southward displacement of the mid-tropospheric ridge
from its normal April position. Extensive snow
cover over Eurasia in winter/spring, in addition
to the albedo effect can also be responsible for
significant reduction in the heating of the ground
and hence of the atmosphere due to melting of
the snow as well as moistening of the surface
due to the melted snow. Hence the above can
invariably lead to a much colder troposphere in
April.
While summer conditions begin to be established in the lower troposphere over peninsular
India in March, winter circulation prevails over
north India until the beginning of May. The circulation over north and central India during winter becomes westerly due to the southward shift
of the extra-tropical westerly belt. Also north and

central India in winter come under the influence
of the so-called western disturbance which is manifested by the passage of deep lows or troughs.
In the rear of these disturbances in the westerlies, very cold air from higher latitudes flows in
over north and central India. The mid-tropospheric
ridge demarcates the westerly circulatory regime
of the north from the easterly tropical regime to
the south. Hence the latitudinal position 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 et al 1986). Hence atmospheric
conditions 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 the above,
the physical basis for the relationship between the

Sensitivity of the vertical cooling on the mid-tropospheric ridge

447

Figure 10. Same as figure 8 except that the heat sink has a vertically integrated cooling rate of −1◦ C day−1 . Contour
values of the geopotential perturbation field (in m2 sec−2 ) are −350, −250, −150, −50, 50 and 110.

increased snow cover over Eurasia and the latitudinal position of the 500 hPa ridge is clear. Also
the above places the present study in the context
of the general circulation over north and central
India.
Chandrasekar and Goswami (1996) utilized a
linear model in a beta plane and investigated
the southward displacement of the 500 hPa ridge.
They obtained moderate southward displacement
(123 km) of the 500 hPa ridge in their study. In
this study we have obtained significant southward
displacement of the 500 hPa ridge by as much
as 500 km. Although there are differences (other
than that of the β plane and the spherical coordinate system) like differences in the horizontal
resolution (∆x = 123 km and ∆y = 61.5 km
in the β plane case and ∆λ = 2◦ and ∆θ =

0.75◦ in the present study) and small differences
in the damping coefficients ((4 days)−1 in the β
plane case and (5 days)−1 in the present study),
we feel the differences in the southward displacement of the 500 hPa ridge between the earlier
and the present study are due to the following
reasons.
In the earlier investigation involving β plane, we
had utilized a solution procedure involving relaxation type which was iterative in nature. In the
present study we have utilized a solution procedure proposed by Lindzen and Kuo (1969) which
is based on direct matrix inversion. In the earlier study the geopotential perturbation field for
the case of heat source with a vertically integrated
heating rate of 3◦ C day−1 yielded a maximum value
of 220 m2 sec−2 and the same for a heat sink with
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Figure 11. Same as figure 9 except that the heat sink is centered at (60◦ E, 34◦ N). Contour values of the geopotential
perturbation field (in m2 sec−2 ) are −550, −350, −150, −5, 10, 50 and 90.

a vertically integrated cooling rate of −2◦ C day−1
yielded a maximum negative value of −875 m2
sec−2 . In the present study the geopotential perturbation field although of the same order has yielded
geopotential perturbation field of a maximum value
140 m2 sec−2 for the heat source and a maximum
negative value of −700 m2 sec−2 . Although there is
a basic difference in the horizontal coordinate system (from the β plane and the present study), the
differences could also be partly attributed to the
different solution procedures.
The southward displacement of the 500 hPa ridge
is estimated from the geopotential perturbation
field (i.e., displacement of the center of the highs
for the case of two sources and for the case where
the sink is introduced). In the present study all the
figures were plotted using GrADS. There is a provision in the above display system to view the grid

point values of any scalar field. We have utilised
the above to look at the grid point values of the
geopotential perturbation field. When we have the
situation where the same maximum geopotential
perturbation value is found at two adjacent latitudinal grid points, we have assumed that the high is
centered at the mid-latitude of the two neighbouring latitudinal grid points. For cases where neighbouring three latitudinal grid points have the same
maximum value of geopotential perturbation field
we have assumed that the high is at the central latitude. In the earlier β plane study (for the above
situation) we considered the high to be at the lower
latitude grid point. Hence in the earlier β plane
study we had sort of underestimated the southward
displacement of the 500 hPa ridge.
Our main objective in this study is to study the
southward displacement of the 500 hPa ridge over
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Figure 12. Same as figure 11 except that the heat sink is centered at (60◦ E, 40◦ N). Contour values of the geopotential
perturbation field (in m2 sec−2 ) are −550, −350, −150, 20, 60 and 100.

India for various strengths and latitudinal position
of the heat sink. The above model though successful in producing moderate southward displacement
of the mid-tropospheric ridge has its limitations. It
is known that the mid-tropospheric ridge seen over
India has equatorward tilt with height. Also for
the same amount of excess snow cover over Eurasia in preceding winter/spring the southward displacement of the 500 hPa ridge over India could be
different for two different years. This brings to the
fore the importance of the role of the background
flow on the southward displacement of the 500 hPa
ridge. Hence there is a real need to incorporate the
background (mean) flow and study its effect on the
southward displacement of the 500 hPa ridge. Also
it would be of interest to study the role of the nonlinear advective terms on the southward displacement of the 500 hPa ridge.

5. Conclusions
A linear model of the steady response of a stratified fluid to heat sources in spherical coordinates is used to study the mid-tropospheric ridge.
By prescribing a heat sink north of the heat
sources, we have successfully demonstrated significant southward displacement of the 500 hPa
ridge. The results of the sensitivity study of the
strength and the position of the heat sink on
the southward displacement of the 500 hPa ridge
indicate that the strength of the heat sink has
more effect on the southward displacement of the
500 hPa ridge when the heat sink is at a lower
latitude. Also the results of this study indicate
that the latitudinal position of the sink has an
important effect on the southward displacement
of the 500 hPa ridge only for the case where the
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Figure 13. Same as figure 11 except that the vertically integrated cooling rate is −1◦ C day−1 . Contour values of the
geopotential perturbation field (in m2 sec−2 ) are −350, −250, −150, −50, 0, 50 and 100.

Figure 14. Same as figure 12 except that the vertically integrated cooling rate is −1◦ C day−1 . Contour values of the
geopotential perturbation field (in m2 sec−2 ) are −350, −250, −150, −50, 50, 80 and 110.

Sensitivity of the vertical cooling on the mid-tropospheric ridge
Table 1. Southward displacement of the 500 hPa ridge.
Position of sink
Cooling rate
◦

−1

−2 C day
−1.5◦ C day−1
−1◦ C day−1

◦

34 N

40◦ N

46◦ N

500 km
374 km
208 km

291 km
208 km
125 km

125 km
125 km
83 km

vertical cooling associated with the heat sink is
strongest.
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