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ABSTRACT. In north-east India, the Corner Mountain is an almost right angled corner, which is made between
the Khasi-Jayantia hills (KJH) & the Assam-Burma hills (ABH). In this paper, has been made to analysis the effects of
orographic rainfall during the south west monsoon season (SWMS) over the north-east region of India, in a baroclinic
mean flow. To construct this model a 3-D laminar, non-viscous, adiabatic, Boussinesq & non rotational moist airflow has
been considered. The basic flow has two components, zonal wind U(z) and meridional wind V(z) and the Brunt-Vaisala
frequency (N) is taken to be variant with height. The non-linear governing equations of the airflow are linearized by using
the perturbation technique. To compute the rainfall intensity (RFI), the vertical velocity ( ) is obtained by quasi-numerical
approach. In this study, two selective dates has been considered and all results have compared to the earlier researchers.

Keywords — RFIl, CMH, SWMS, Gridded rainfall data.

1. Introduction

The presence of an orographic barrier in any region
considerably affects its rainfall patterns in terms of
intensity & distribution. The distribution of rainfall is
significantly influenced by the forced orographic uplift of
unsaturated air, which leads to condensation & preci-
pitation. In India, the geographical location of mountain
barriers plays a crucial role in the spatial distribution of
rainfall during the SWMS. The physical phenomenon of
the precipitation is, the air is chilled beyond its saturation
stage and it can no longer hold all the water vapour in the
gaseous phase then it condenses as a cloud and finally
come to the ground as a rain (Ludlam, 1956).

The studies on the dynamics of orographic rainfall
problem across different mountainous regions were
addressed by Banerjee (1929,1930), Douglas and
Glasspoole (1947), Murray (1948), Sawyar (1956),
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Sarker(1966, 1967), De (1971), Smith (1979), Grossman
and Duran (1984), Sinha Ray (1988), etc.

Banerjee (1929,1930) studied the effect of the
mountain ranges on the configuration of the isobars & air
motion. A note of rainfall over Cherrapunji in India
developed by Murray (1948). Douglas and Glasspoole
(1947) developed a heavy orographic rainfall model
corresponding to the meteorological conditions across the
British Isles. Sarker (1966, 1967) first developed a sound
dynamical orographic rainfall model based on theories of
airflow over mountains. The agreement between observed
rainfall and his computed rainfall over the Western-Ghats
during SWMS was remarkable. De (1971) observed the
effect of mountain waves over northeast India and its
neighbouring areas. Smith (1979) examined the influence
of mountains on atmosphere. Grossman and Duran (1984)
studied the interaction between low-level flow & Western
- Ghats mountains in the summer monsoon season. Sinha
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Ray (1988) examined two-dimensional effects of oro-
graphy on airflow & rainfall across the mountain regions.

Duttaet al. (2006) observed the dynamic role of
Western-Ghats to enhancement of RFI over Pune in India
during SWMS. They also examined the effect of the
Palghat gap on the RFI during SWMS and displayed that
the perturbation of vertical velocity decreases with height
at Palghat gap. Dutta et al. (2006) developed a 3-D
dynamical model to study orographic rainfall over the WG
during SWMS. The model consisted of two components: a
dynamical part and a thermodynamical part. In the
thermodynamical section, RFI was calculated using
vertical velocity. The effect of static stability above the
upper boundary on orographic rainfall was further
examined by Dutta (2016).

Das et al. (2017) developed a 3-D dynamical model
of lee wave across the Corner Mountain in the northeast
region of India. They considered the two basic flow
components, zonal wind (U) and meridional wind (V)
variant with height. Das et al. (2018) used a three-
dimensional model of rainfall developed by Dutta (2006),
over the ABH during SWMS. They compared their
computed RFI with observed RFI as well as with that
computed by a 2-D model. They also studied the effect of
the valley on rainfall intensity over ABH.

In the northeast region of India, the ABH is broadly
north-south oriented whereas the KJH is broadly east-west
oriented and they meet at almost a right angle, and
forming a mountain corner. It is observed that the RFI in
that region is not solely influenced by the KJH or the
ABH individually, rather it is influenced by their
combined effect. To study the problem of this combined
effect, one has to investigate the effect of the above
mountain corner on rainfall in that region.

From the foregoing discussions, it appears that the
effect of the mountain corner on orographic rainfall
associated with moist airflow in the northeast region of
India, is not addressed so far. So, in our current study, a
3-D dynamical orographic model is developed to
parameterize the orographic RFI over the northeast region
in India during SWMS and finally, the computed results
have been analogized to the observed rainfall data.

2. Data and methodology

2.1. Database

Guwahati (26.19° N Latitude and 91.73° E
Longitude) is the only Radio Sonde station to the
upstream of ABH and KJH. Accordingly, for the present
study the average of 0000UTC and 1200UTC RS/RW
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data of Guwahati for 25™ July 2002 and 15 August 2003
have been used, which corresponds to the observed lee
waves across ABH and high resolution (0.25X0.25
degree) Daily Gridded Rainfall Data (DGRD) set over
India, obtained from Archive of IMD, Pune, India, have
also been used.

2.2. Methodology

In this model, all physical conditions and physical
phenomenon are same as Das and Dutta (2022). Similar to
Das and Dutta (2022), the Brunt-Vaiséala frequency (N)
and both components U,V are changing with vertical. A
co-ordinate system, x-axis along U, y-axis along V and
vertically z-axis is considered. Using the similar technique
by Das and Dutta (2022), we have a vertical structure
equation:

2. A
‘Zz";’u{f(k,l,z)—Kz}wl:o 1)
au  .dv d?v  d*v
_ N2(k24?) (kg | 1dpy [ KRgztlaz
flk,l,z) = (kU+1V)2 < KU+ | po dz KU+ +
1 (dpo)? 1 d%pg
()~ @
where N = Gg% is the Brunt-Vaisala frequency and
z
0
K? =k? +12.

The solution of Eqgn. (1) is completely dependent on
the value of f(k,I,Zz). Similar to Das et al. (2016, 2018,

2022), Dutta (2005, 2007), Sarker (1966, 1967) and Palm
and Foldvik (1960), it is assumed that f(k,l,z)=0at

the maximum height. Let us take the approximate solution
of Egn. (1) for f(k,1,z2)=0is

W, (k,1,z) =Ce™ ©)]

A 2\~
where C is constant and W, 0 Vgl
oz

function of z when f (k,1,z) = 0. Therefore,

are continuous

Wy

— =KW 4)

Now, the equations (3) and (4) represent the upper
boundary conditions of the Eqn. (1). The image of CMH
is depicted in Fig. 1 and is analytically expressed as:
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Fig. 1. Profile of the Corner Mountain Hills
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Here the Blue and Gray colour is our study area.
Now the values of parameters H=2km, a=50km, b=50km,
Xo =300km and yo =300km have been considered. If

A

h(k, I) be the 2-D Fourier transformation of h(X,Yy).

Therefore,
A iH
h(k,1)=—-—
(k1) | k

[Ee—ak—ikxo +Ee—bk—ilyo:| ©)

Let us consider an arbitrary function ¢(k,l,2),
satisfies the Eqgn. (1) and the boundary conditions (3) and
(4)at Z=z,=nd . Therefore,

—az‘f+{f(k,|,z)—|< fp=0 ™)
op _
A ®

We consider ¢(k,l,nd)=1[Das et al. (2018)].

Here both ¢(K,l,z) and W (Kl Zz)are satisfying the
following equation.

82

82—727+{f(k,l,z)—K2}77:0 ©)

Now, the Wronskian of W, an ¢atz=2 =ndis

Woog
Wi d)={ai o =ilkla) PR g L)

0L oz

oW (k,1,z,)
0z

1=1
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The Wronskian result shows that both @(k, [, z) and
w1 (k, 1, z)are linearly dependent solutions of the Eqgn. (9)
at z=2z, =nd. So w;(k,[,z) can be expressed as
following:

W, (k,1,2)=Bg(k,l,z)at0<2<7 (10)
where B is any constant and at z = 0(at lower boundary
condition), w'; is given by

(x.0)

W (% y,0)=w(x.y.0)=U Q) - ah(x,y,0)

oh
V(0
+V(0) y

With  the application of Fourier double

transformation of the above equation, it becomes

W (k,1,0)=i{kU (0)+IV (0)} h(k,1) (11)

Using same procedure of Das et al. (2016, 2018) and

using (11), the constant B is evaluated. Then w,(k, 1, z)
can be represented as

o(k,1,2)

v‘vl(k,l,z):i{kU(0)+IV(0)}ﬁ(k,I)¢(k,I,O) (12)
Therefore,
(e 2)= 2 (o) v (o)) k) 212
(k,1,z) e {kU(0) IV(O)}h(k,I)¢(k,I,O) (13)

Similar to Das et al. (2015, 2018) and Dutta (2007),
the Eqn. (13) has been transformed to perturbation vertical
velocity w'(x,y,z) [using the inverse double Fourier
transformation], then

20 e

e

!

In this paper, ignoring the earth’s rotation in tropics,
h(k,1) and @(k,1,z) have been obtained numerically at
(n+1) mesh point levels which is separated by the distance
of d =0.25km,for |=-20Alto-4Aland 4Al t020Al,

and k =4Ak to20Ak , then the velocity W'(X,Y,Z2)is
evaluated by the double integral formula in (14)
numerically; where Ak = Al = 2T and Lonax

150 km is the maximum horizontal scale of the
perturbation for horizontal speed wind of 10 ms?

(14)

ﬁ(k,l)Me‘(m'y) dkdl

i{kU(0)+IV (0)} S0

ot—38
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[Dutta (2007)]. The horizontal perturbation scale should
not beyond 150 km.

For the computation of orographic rainfall, the
velocity w'(x,y,z) is used. Similar to Dutta (2007) and
Das et al. (2018), a unit cross-section air-column with top
at z =z;,, and bottom z = z; is taken. So, the rate of
rainfall is [Das et al. (2018) and Dutta (2007)].

RFI =— [ V.(paV) dz

Z

(15)

At steady state level _o% =V.(pV)=0 and
V.(pqV') = pV' Vg +qV.(pV'). Then Eqn. (15)
becomes

Zig
RFI = [ (pV'V0) dz (16)

Z

Now the moisture is horizontally homogeneous has
been assumed. Hence, the frequency of rain is [Das et al.
(2018) and Dutta (2007)]

_T ow Bz - _T o@pw)y, . I q 2wy,
: oz . oz ! 0z

= _(pOi W — Poi+) Qi+1Wi'+1) + q'(PO(m) W,y — pOiW,)

= {pOi\Ni,(qi —-q)+ Poisy) (A Qi+1)} 17)

If the expression of density be kg m=3, mixing ratio
be gm kg & vertical velocity be cm sec?, then the RFI

from Z=Zto L=1;, is

=0.036] (0 ~0) + Pyy W ('~ 0,.0) M b 8)

3. Results and discussion

The formula (18) has been used to calculate the
orographic RFI over and across the CMH. The parameters
of the CMH are a=50km=b, H=2km and

X, =300 km =y, are taken. In this paper, the calculated

RFI is demonstrated in the presence and absence of V
component and compared to 0.25 X 0.25 degree high
contrast Daily Gridded Rainfall Data (DGRD) set over
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Fig. 2. Profile of U(z), V(z) and T(z) on 25.07.2002
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Fig. 3. Contour of RFI on 25.07.2002 when V absent

India. However, for the sake of brevity, only two cases are
discussed here. SWMS being the principal rainy season,
the cases are considered from this season with one case
each from the months of July and August.

Case-1: 25™ July 2002

RFI is calculated in the presence and absence of the
V component across the CMH. The vertical profile of
T(2), U(z) and V(z) are exhibited in Fig. 2. This shows
that the temperature T(z) is approximated by a pseudo line
which passes through the surface dry bulb temperature.

Using the profile above, the contours of calculated
RFI on the plane are plotted in Fig. 3 when the V part is
absent and Fig. 4 when the V part is exit.The four
maximum RFI regions are seen when the V part is absent.
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The one primary maximum RFI is located between y =
(300+85) km and at x = 600 km that is 300 km distance
from the corner and on the leeward position of the CMH.
The one secondary maxima RFI is occurred at x = 15 km
to the windward position of the CMH between y =
(300+65) km and the another two maximum RFI are
placed uniformly near two edges of the barrier to the
windward position beyond y = (300+100) km in Fig. 3.

If we observe the contours of perturbation vertical
velocity w'when the V part is absent in Fig. 5, the position
of maximum effected regions of w'are almost the same
to the regions of maximum RFI in Fig. 3. In the existence
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Fig. 7. Variation of RFI along y =300 on 25.07.2002 when V absent

of the V part, the contour of the calculated RFI on the
plane is shown in Fig. 4. But, because of the existence of
the V part there are no such particular fixed locations of
the maximum RFI, which is in conformity to the contour
pattern of w'in existence of the V part in Fig. 6.

In the absence of V component of winds, the
distribution of the calculated RFI in the plane y = 300
(central plane) is depicted in Fig. 7. The maximum RFI in
the plane y = 300 occurs on the leeward position of the
corner (Peak) and the value of primary maximum RFI is
0.0164 mm hr! at x = 590 km that is 290 km distance
from the corner position. The actual Gridded RFI for that
date is 0.00 mm hr?! at x = 575 km that is 275 km distance
from the corner on the leeward position of CMH. The
secondary maximum RFI is 0.0077 mm hr! at x = 30
kmto the windward position of the CMH.

In the presence of the V part, the calculated maximum
RFI in the plane y=300 happens on the leeward position of
the CMH in Fig. 8. The magnitude of the maximum RFI
of that date is 0.114 mmhr! at x =325 distance from the
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Fig. 8. Variation of RFI along y=300 on 25.07.2002 when V exist

corner (peak) to the leeward position of the CMH. There
also so many additional RFI peaks are seen in Fig. 8,
whereas no additional peak are seen when the V part is
absent in Fig. 7.

Case-11: 15" August 2003

The profile of T(z), U(z) and V(z) of 15" August
2023 are depicted in Fig. 9. In this profile U(z) and V(z)
are changing alternatively, positive and negative with
height. During SWMS, the southerly movement across the
CMH is indifferent corresponding to moist adiabatic lapse
rate. So, the temperature T(z) is approximated by pseudo
adiabatic through the surface dry bulb temperature.

Similar to Case-I, the contours of the calculated RFI
on the plane y = 300 have been depicted in Fig. 10 and
Fig. 11 when the V part is absent and present respectively.
Fig. 10 shows four maxima RFI when the VV component is
present. Here the primary maximum one is situated at x =
580 km that is 280 km distance from the corner (Peak) and
on the leeward position of the barrier between y = 380 km
and y = 220 km. In other hand, the one secondary
maximum RFI is seen at x = 25 km to the windward
position of the CMH between y = 325 km and y = 275 km
and two additional maximum RFI are happened uniformly
near two edges of the barrier beyond y = (300 + 100) km
to the windward position of the CMH (Fig. 10). If we
notice the contour of w' in Fig. 12, the maximum RFI
regions are approximately the same to the contour of RFI
in Fig. 10 when V is absent.

On other hand, when the V is present, the contour of
calculated RFI is depicted in Fig. 11, where we have not
found any specific fixed regions of maximum RFI. If we
observe the contour of w'in Fig. 13 when the V part is
exist, no such maximum effected regions are seen.

The distribution of the calculated RFI in the plane
y = 300 is depicted in Fig. 14 when the V part is absent.
This shows that the maximum RFI is at x = 588 km that is
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288 km distance from the corner to the leeward position of
the CMH and its magnitude 0.001154 mm h. At that
date, the Gridded RFI was 0.0 mm h* at x = 600 km that
is 300 km distance from the corner to the leeward position
of the CMH. The other secondary maximum RFI is 0.0045
mm h at x = 25 kmto the windward position of the CMH.

In the existence of the V part, the distribution of RFI
in the plane y = 300 has been shown in Fig. 15. Due to
the existence of the V part, there is a one primary
maximum RFI of magnitude 0.0048 mm h  at x = 260
kmon the windward position of the CMH and three
additional multi peaks of magnitudes 0.0047, 0.0036 and
0.0033 mm h - at x = 405 km, x = 113 km and x = 554
km respectively, are found. But, no additional peaks are
found when the V part is absent in Fig. 14.
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Fig. 15. Variation of RFI along y=300 on 15.08.2003 when V exist

4.  Conclusions
In this study, a dynamical orographic rainfall model
for 3-D lee wave across the CMH, has been presented. In
an outcome, some remarkable observations have been
made as following:

(i) Inall cases, the maximum primary RFI occurs on the
leeward position of the CMH and the secondary maximum
RFI is happened in the windward position of the CMH.

(ii) It is more interesting that, the model position of the
primary maximum RFI along y = 300 (central plane) is
between 10 to 15 km to the Gridded position of the
maximum RFI.

(iii) In both Case - | and Case - Il, due to the absence of
the V component, all the primary maximum RFI along the
plane y = 300 are occurred between 280 km to 290 km to
the leeward position of the peak (corner) and all the
secondary maximum RFI occur between 25 km to 30 km
to the windward position of the corner.

(iv) In the existence of the V part, for Case-I the primary
maximum RFI along y = 300 is happened on the leeward
position of the corner and for Case-1l the primary
maximum RFI is occurred to the windward position of the
corner.
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(v) In both Case-l and Case-Il, a multi peaks RFI are
found along y = 300 (central plane) when V is present,
whereas no multi peaks are found when V is absent. In the
absence of V part, all the primary maximum RFI occur to
the leeward position of the corner and all the secondary
maximum RFI are located uniformly about the plane
y = 300 and they are equal in their magnitude. When V
part is present, all the primary and secondary maximum
RFI have lost the uniformity in pattern and unequal in
their magnitude along y = 300.

(vi) In case CASE-I& II, we have seen that for a corner
mountain, the primary maxima in the computed rainfall
intensity occurs over the specific quadrant on the lee side
and the secondary one occurs over the windward side.
This result is contrary to the findings of Dutta (2007),
where it was shown that for a three-dimensional
mesoscale mountain with elliptical contour, the primary
maxima of computed orographic rainfall intensity on the
windward side and the secondary one on the lee side.
Thus, the present study has been able to bring out the role
of mountain shape or orientation in modulating the spatial
distribution of orographic rainfall.
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