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lkj & bl 'kks/k&i= esa Hkkjr dh [kklh vkSj t;afr;k ioZr Ja[kykvksa esa ioZr&ok;qjks/k] ok;q&laosx vkSj 
ÅtkZ QyDlksa dk v/;;u djus ds fy, ,d f}-vk;keh eslksLdsy fun’kZ ij fopkj fd;k x;k gSA Lrfjr 
vkorZhZ rjy inkFkZ ds fy, ioZr&ok;qjks/k] ok;q&laosx vkSj ÅtkZ QyDlksa dh lkekU; vfHkO;fDr;k¡ crkbZ xbZ 
gSA blesa ;g ns[kk x;k gS fd iou xfr dh rhozrk esa deh ds ifj.kkeLo:i  ioZr&ok;qjks/k] ok;q&laosx vkSj 
ÅtkZ QyDl de  gks tkrs gSa ftuds ifj.kkeLo:Ik ;g ok;q&izokg yxHkx Hkwfo{ksih gks tkrk gSA bl v/;;u 
ls ;g irk pyrk gS fd ioZr dk foLrkj vFkok v{kka’k esa of̀) ¼vFkkZr f esa c<+ksrjh½ gksus ls ioZr&ok;qjks/k] 
ok;q&laosx vkSj ÅtkZ QyDlksa ds ifjek.k esa deh vkrh gSA bu ifj.kkeksa dh rqyuk Lrfjr vukorhZ izokg ds 
lkFk djus ij ioZrh; ok;q&izokg esa dksfjvkWfyl cy dk mYys[kuh; izHkko ns[kk x;k gSA 

 
 
ABSTRACT.  A two-dimensional meso-scale model has been considered to study mountain drag, momentum and 

energy fluxes across Khasi-Jayantia hills of India. The general expressions for mountain drag, momentum and energy 
fluxes are derived for stratified rotating fluid. It is found that decrease of wind speed reduces the magnitude of mountain 
drag, momentum and energy fluxes. As a result, the flow becomes nearly geostrophic. The study suggests that broaden of 
mountain or increase in latitude (i.e., increase in f) reduces magnitude of mountain drag, momentum and energy fluxes. 
When results are compared with stratified non-rotating flow, a significant impact of Coriolis force in the mountain wave 
is noticed. 
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1. Introduction 
 

For mountains wider than about 50 km (depending 
on wind speed) the Coriolis force begins to become 
important. For the smaller scale mountains airflow is 
characterized by generation and propagation of internal 
gravity waves, where as for the boarder mountains it is 
characterized by an anti-cyclonic vortex whose strength 
decays rapidly with height. 
 

Mountain wave problem has been examined 
theoretically by a number of authors (Queney, 1947, 1948; 
Scorer, 1949; Sawyer, 1959; Eliassen and Palm, 1961; 
Blumen, 1965a, 1965b; Booker and Bretherton, 1967; 
Jone, 1967; Eliassen, 1968; Bretherton, 1969; Lilly, 1972; 
Buzzi and Tibaldi, 1977; Smith, 1978, 1979; Olafsson and 
Bougeault, 1997; etc.). Sawyer (1959) and Blumen 
(1965a,b) have shown that because of mountain waves, 
the pressure is systematically higher on the upwind slopes 
than on the downward ones. As a result, a net force is 
exerted on the ground. This force is known as pressure 
drag or mountain drag. Pressure drag or mountain drag is 

one of the sinks in the atmospheric budget. Queney (1947) 
using a two-dimensional linearised model, showed that as 
the parameter ULf /  increases (L is mountain width, 

φsin2Ω=f  is the Coriolis parameter and U is the mean 
wind speed), the flow gradually loses its wavelike 
character in vertical x, z plane. Eliassen and Palm (1961) 
showed that for 2-D linear gravity waves, the vertical flux 
of horizontal momentum is independent of height, when 
the waves are steady and non-dissipate in a non-rotating 
system. Bretherton (1969) reviewed theories concerning 
the propagation of internal gravity waves in a horizontally 
uniform shear flow. Smith (1978) showed that drag occurs 
due to the environmental wind perpendicular to ridge, and 
such a cross flow is necessary but not sufficient for 
production of drag. 
 
 

Smith (1979) considered 2-D flow of a stratified 
rotating fluid over a ridge using linear theory model of 
Queney (1947). He calculated the influence of earth’s 
rotation on mountain drag and showed that Coriolis force 
play an important role. 
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Olafsson and Bougeault (1997) considered a 
numerical model to investigate the form and magnitude of 
pressure drag created by elliptical mountains of various 
heights (h) and aspect ratios (R) in flows characterized by 
uniform upstream velocity (U) and stability (N). They 
showed that for lower value of the non-dimensional height 

UhN / , the pressure drag is reduced by the effect of 
rotation and on the other hand, for the large value 
of UhN / , the rotation has the opposite effect and 
increases the drag. Mountain wave problem addressing 
properties of mountain waves over Indian region was 
studied by many authors (Das, 1964; Sarker 1965, 1966, 
1967; Sarker et al., 1978; De, 1973; Hatwar, 1982; Kumar 
et al., 1995 etc.). Kumar et al. (1995) has studied the 
effect of latent heat release on windward side of the 
mountain. Very recently Dutta (2001), Dutta et al. (2002) 
and Dutta & Naresh (2004) studied vertical velocity, 
fluxes of momentum and energy generated by mountain 
waves over India. But these studies did not consider the 
influence of earth’s rotation on mountain wave. Therefore, 
the aim of the present paper is to develop a mathematical 
model for deriving pressure drag, momentum and energy 
fluxes taking into account the influence of earth’s rotation 
for Khasi and Jayantia hills of India. 
 

In this paper the mathematical approach to the 
problem is described in section-2. Section-3 contains the 
procedure for derivation of mountain drag and momentum 
flux and in section-4 the derivation of energy flux is 
given. The results obtained are discussed in section-5 and 
finally conclusions are given in section-6. 
 
2.  The mathematical approach to the problem 
 

The basic equations of conservation of momentum, 
mass and density can be written as : 
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A stratified, steady, hydrostatic, frictionless, 

internally inviscid, rotating, adiabatic flow of a vertically 
unbounded Boussinesq fluid across a two-dimensional 
east-west oriented Khasi Jayantia hills is considered (De, 
1973). With these assumptions and linearising the 
equations (1) to (3), we get 
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In the above linearisation the basic flow has been 

taken ( )0,,0 V  and perturbation ( )wvu ′′′ ,, , where, 
wvu ′′′ and,  are components of velocity perturbation to the 

incoming flow due to orographic barrier in the x, y and z 
direction respectively. θ ′ , p′  and ρ′  are the deviation 
from the potential temperature, pressure and density 
respectively. θ  is basic state potential temperature and 

0ρ  is mean density. 
 

As the earth rotates at a constant angular velocity ω, 
the rotation is characterized by Coriolis parameter, 

φsinω2=f , where φ  denotes the latitude. The Coriolis 
parameter f, gravitational acceleration g and potential 

gradient 
z
θ

d
d will be taken as constant. Also, it is assumed 

that basic flow is normal to ridge and is constant with 
height. The value of V is taken as mean of winds at 
different levels up to which southerly prevail. The 
gravitational stability of basic state is characterized by 

Brunt-Vaisala frequency 
z

gN
d
d2 θ

θ
= , which is assumed 

to be constant with height. 
 

Near the ground the vertical velocity must satisfy the 
boundary condition 

 

( )
y
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where, h(y) is the profile of Khasi -Jayantia hills and 

its expression given by Sarker et al. (1978) is 
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where, a = 25.0 km and H = 1.6 km 
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Now, if ( )zkf ,ˆ  be the Fourier transform of function 

( )zyf ,ˆ , then they are related by 
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Now performing Fourier transforms of Eqns. (4) to 

(8), we obtained 
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where û  is the Fourier transform of u′  and so on. 

 
The system of Eqns. (11) to (15) reduces to a single 

equation for ( )zkw ,ˆ , which is Fourier transform of the 
vertical velocity ( )zxw ,ˆ of a fluid parcel 
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where, 
V
Nl =  is the Scorer’s parameter and                    

V
fk f =  

 
let, 
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Now, substituting Eqn. (16A) into Eqn. (16) and 
neglecting terms of second order of smallness, we get 
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The solution of Eqn. (16B) is 
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For vertically propagating hydrostatic wave                 

k << l ≈ 10-3 m-1 equation (17) will reduce to 
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Again, as energy is propagated at great height, B 

should be equal to zero and consequently Eqn. (18) 
reduces to 
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Now, using Eqns. (9) and (10) in Eqn. (19), we 

obtain 
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Again using Eqn. (16A), we get 
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3.  Mountain drag 
 

Consider the horizontal force exerted from below 
across the chosen orography h(y). Assume that 
perturbation vanish at y = ∞ or y = -∞. 

 
We consider the quantity 
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where ( )zy,η′  is the height of the streamline above 

undisturbed level.  
 
Near the ground ( ) ( )yhzy ==′ 0,η   
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Also, 
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As the linearised momentum equation in the y 

direction is 
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Using Eqn. (22) in (23) 
 

∫ ∫
∞

∞−

∞

∞−

′′+′′−= yufywvF dηρdρ 00                           (24) 

 
The first integral in Eqn. (24) is the mountain drag 

across a level surface, while the second is the Coriolis 
force acting in the region between undisturbed level and 
the vertically displaced streamline. Eqn. (24) is the correct 
form of wave drag in a rotating fluid. 
 

In similar fashion, we can show that momentum flux 
(F1) generated by mountain wave as 
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From Eqns. (24) and (25), it is clear that mountain 

drag is equal to the negative of the momentum flux. Using 
Paraseval’s theorem for Fourier integral, the mountain 
drag can be written as 
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where, *ŵ  and *η̂  are complex conjugates of ŵ  and 

η̂  respectively. 

Now, using Eqns. (11) and (14) in Eqn. (26), we get 
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From Eqn. (22), 
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Using Eqn. (28) in Eqn. (27), we get 
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and 
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Using Eqns. (30) and (30A) in Eqn. (29), it         

reduces to 
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As momentum flux is equal to the negative of the 

mountain drag, therefore, momentum flux can be written 
as 
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Since, we are only interested in non-negative wave 
hence Eqn. (31) reduces to 
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For 00 =⇒= fkf , Eqn. (33) becomes 
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Using Eqn. (34) in Eqn. (33), we get 
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Substituting 
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into Eqn. (35) 
 

( )ff pRFF 0==                                                      (36) 
 
where,  
 

( ) ( )∫
∞

−−=
fp

p
ff pepppR d

2/122                               (37) 

 
From Eqn. (36), we get 
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So ( )fpR  is the ratio of mountain drag in rotating 

stratified atmosphere to mountain drag in non-rotating 
stratified atmosphere (i.e., for f  =  0). 

In similar fashion, we may get 
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4.  Energy flux 
 

As shown by Eliassen and Palm (1961), the 
expression of vertical flux of wave energy is 
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Using Eqns. (11), (12) and (14) in Eqn. (38), we get 
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Substitute Eqns. (29) and (30) into Eqn. (39), we get 
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For non-negative and real solution Eqn. (40) 

becomes 
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It is clear from Eqns. (31) and (41) that mountain 

drag and energy flux is vertically upward for vertically 
propagating wave. 

 
For 00 =⇒= fkf , Eqn. (41) becomes 
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                                                                                                       Mean wind V(ms-1) 

 
Fig. 1.  Relationship between R(pf) and V(ms-1) 

 
 
Using Eqn. (42) in Eqn. (41), so Eqn. (41) becomes 
 

( )∫
∞

−
= −=

fk

ak
ff kekkEE d4 22/122

0                           (43) 

 

Again substituting 
U
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(43), we get 
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From Eqn. (44), 
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Equations (37A), (37B) and (44A) show that 

respective ratios of mountain drag, momentum and energy 
flux between stratified rotating flow and that of stratified 
non-rotating flow are same. 
 
5.  Discussion 
 

Mountain drag, momentum and energy fluxes are 
investigated for stratified rotating fluid over Khasi-
Jayantia hills. The analytical expressions for drag and 

fluxes are obtained for stratified non-rotating flow              
(i.e., for f = 0). For rotating stratified flow (i.e., for f ≠ 0), 
the expressions of mountain drag, momentum flux and 
energy flux are obtained in the form of integral, which are 
difficult to evaluate analytically. So, we evaluated these 
expressions numerically by using Gaussain-Legurre 
method in term of ( )fpR  for different values of mean 
wind, as shown in Fig. l. From Fig. 1, it appears that 
( )fpR  asymptotically approaches to the value 1. Thus for 

higher mean wind (> 25ms-1) the Coriolis force has 
practically no influence on the flow generated by a bell 
shaped mountain with half-width 25 km. But for the light 
wind (i.e., wind speed less than 10 ms-1 the contribution of  
f is significant. In the case of light wind speed, the 
contribution of rotation is very strong and magnitudes of 
drag and fluxes become negligible. The resultant flow 
becomes nearly geostrophic. From the study, it can be 
seen that as the mean wind decreases or as latitude 
increases (f increases) the magnitude of mountain drag, 
momentum flux and energy flux decreases from its value 
at f = 0. 
 

Equations (24) and (25) show that both mountain 
drag and momentum flux are equal in magnitude and 
opposite in sign. Equations (37A), (37B) and (44A) show 
that respective ratio of mountain drag, momentum flux 
and energy drag in rotating stratified atmosphere to non-
rotating stratified atmosphere is same. This indicates that 

 

R(
p f
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variation of drag and fluxes for rotating stratified and non-
rotating stratified flow are same. 

 
6. Conclusions 
 

Following conclusions can be drawn from this study: 
 

(i)  Increase of latitude causes decrease of mountain 
drag, momentum flux and energy flux from its value at         
f = 0. 
 
(ii) The impact of Coriolis force on mountain drag, 
momentum flux and energy flux is to reduce them for 
light wind. 
 
(iii) Decrease of wind speed reduces magnitude of 
mountain drag, momentum flux and energy flux from its 
value at f = 0 and the resultant flow becomes nearly 
geostrophic. 
 
(iv)  As f increases or as mountain become broadens, the 
magnitude of mountain drag, momentum flux and energy 
flux decreases from its f = 0 value. 
 
(v)  For a vertically propagating mountain wave, energy 
flux is vertically upward and momentum flux is vertically 
downward. 
 
(vi)  For wind speed more than 15 ms-1 the magnitude of 
mountain drag, momentum flux and energy flux for 
stratified rotating flow becomes nearly equal to that of 
stratified non-rotating flow. 
 
(vii)  Ratios of mountain drag, momentum flux and energy 
flux between stratified rotating flow and that of stratified 
non-rotating flow are same. 
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