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Effects of change in orientation and surface roughness of terrain on thermally
induced upslope flows in western Ghats : A numerical study
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ABSTRACT. The effect of change in orientation and surface roughness of terrain on the dayptime
upslope flow is investigated using a 2-dimensional mesoscale model. A realistic orography profile of western
ghat is chosen for the purpose. Twelve hour of integrations are performed stanting from sunrise. The numeri-
cal simulation have shown that the intensity of upslope flows remained practically unaffected by change of
orientation of terrain. However, increase in roughness length decreases the intensity of developed flows. For
comparison purposes, the results of previous investigators are verified with a change in slope angles,
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1. Introduction

In a region with irregular terrain, local wind pat-
terns can develop because of the differential heating
between the ground surface and the free atmos-
phere at the same clevation some distance away. A
large diurnal temperature variation usually occurs
at the ground, so that during the day the higher
terrain becomes an elevated heat source, whereas at
night, it acts as an elevated heat sink. During
daytime, warm and moist air moves towards high
elevation (upslope wind). but during the night. cool
and dense air moves down the slope of terrain
(downslope wind or nocturnal drainage f{low).
These circulations are localized and can be easily
detected if the prevailing flow is weak.

In many situations, daytime induced thermal
circulation along terrain slopes plays a major role
in determining local weather and pollution disper-
sion. Numerous observational and modelling
studies have been carried out to evaluate these cir-
culations. Mahrer and Pielke (1977), McNider and
Pielke (1981), Banta (1986), have simulated various
aspects of upslope and downslope winds using
numerical models. Either hydrostatic or non-
hydrostatic mesoscale models are used to simulate
such circulations. Most of the above mentioned
studies deal with situations typical to mid-latitude

regions. However, tnere are very few systemanc
studies related to the simulation of airflow over an
irregular terrain in India.

Hilly terrain covers western parts of peninsular
India. The slope winds developed due to the dif-
ferential heating over the terrain have to be
examined for proper understanding of the local
weather at those places. The impact of background
atmospheric thermal stability and slope steepness
on the daytime thermally induced upsiope flow was
investigated in detail using analytical and numeri-
cal model approaches (Ye er al. 1987). Panofsky and
Townsend (1964) Wagner (1966) studied the dis-
tribution of wind with height in hydrostatically
neutral air for a changing terrain roughness, but the
effect of change of orientation of terrain and surface
roughnesson the intensity of upslope flows were not
studied. The purpose of the present investigation is
to study the development of upslope flows over wes-
tern Ghats and the impact of orientation of terrain
and surface roughness on these circulations.

An attempt has been made to study the sen-
sifivity of the upslope flow to various terrain
features using a 2-dimensional mesoscale model.

e conclusion drawn from this study is expected
to lead to a better understanding of the development
of local weather at a specific location in India.
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TABLE 1

Initial 0, g and T,,;; values at difTerent model levels

TABLE 2

Model input parameters

Levels 0 (°K) g (@/'kg) Tion CK)
7* (m) (5 cm interval)

2 3002 0.019 299.6
20 300.3 0.019 295.6
50 3004 0019 299.7

3006 00188 299.8
3014 0.0185

0018

0.015

0.013

0.010

0.001

0.001

0.0001

0.0001

2. Model description

The model used in the present study is a 2-
dimensional version of the mesoscale model,
developed by Pielke (1974a) and modified subse-
quently by Mahrer and Pielke (1977a), Mahrer and
Pielke (1978) and McNider and Pielke (1981). This
model has been adopted and further modified to
simulate mesoscale circulations over the Andaman
Islands (a chain of islands in the Bay of Bengal) by
Kar and Ramanathan (1987).

The model is hydrostatic, and has terrain follow-
ing co-ordinate system. Transformation of the
governing equations from cartesian to terrain
following co-ordinate is carried out using the
shallow slope approximation (Pielke and Martin
1981). The vertical co-ordinate is of the form

Z=2,

Z*=8 (1)

here S and S are the initial and instantaneous
heights of the material surface and Z, the ground

Day of the year 1 April, 1969
Latitude 19° N
Albedo of the surface 02

Soil wetness 0.05

Soil conductivity 0.003 cm?/s
Soil density 1.5 g/em?
Soil specific heat 0.32 cal/g/K
Surface pressure 1013 hPa
Time step (A1) 60 sec
Grid interval (Ax) 6 km

Large scale surface temperature 300°K

elevation above sea level. The basic equations of the
model are given in the Appendix. A brief selective
summary of the model is given below.

(a) Boundary Layer

The calculation of surface fluxes of momentum,
heat and moisture are based on the works of
Businger (1973). The exchange coefficients in the
PBL above surface layer utilize O'Brien’s (1970)
functional form while the PBL height is predicted
for unstable conditions using Deardorff (1974) pro-
gnostic equation. For stable conditions, Smeda
(1979) prognostic equation is used (Eqn. 9 or 10
given in Appendix). The roughness parameter over
the land is prescribed.

(b) Surface Heat Balance

The temperature at soil-air interface is calcu-
lated using a heat balance equation for solar radia-
tion, incoming and outgoing longwave radiation,
turbulent heat fluxes.

(c) Radiation

The changes of air temperature due to shortwave
and longwave radiation flux divergence are
parameterized following the method of Atwater and
Brown (1974). Heating of the atmosphere by solar
radiation is confined to water vapour, while car-
bondioxide and water vapour are considered in
the longwave radiation heating and cooling
algorithm.
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(d) Numerical aspects

The governing hydrostatic equations of motion,
heat, moisture and continuity are approximated in
finite difference form using 60 sec time step along-
with horizontal grid interval of 6 km. A very
accurate Lagrangian spline scheme is used for
advection term, which is discussed by Mahrer and
Pielke (1978). In the vertical, the atmosphere upto
model top (10 km) is divided into 15 levels as shown
in Table 1. Starting at sunrise, the model was
integrated for 12 hours.

(e) Initialization

The initial wind velocity above the initial
specified PBL is taken geostrophically balanced. To
obtain initial wind field within the PBL, the balance
between the pressure gradiént, Coriolis and tur-
bulent friction forces are obtained by integrating the
steady state Ekman equations over six inertial
periods. Above the PBL, the observed wind value
were used. The entire domain was initialized
with the same wind values to avoid spuripus
accelerations.

Hydrostatic assumption is appropriate since the
ratio of vertical (h) to horizontal (L) scale of circula-
tion, studied here is substantially less than unity
(Pielke and Martin 1981). Incompressible condition
is also satisfied as the ratio of vertical scale to scale
height (H) of the atmosphere is less than 1. The
model domain is 21 X 15 grid with horizontal extent
260 km and vertical 10 km. Zero gradient boundary
conditions are specified at both the lateral boun-
daries of the model

d
W* = ﬁ(zt. v.0,gm S Z)=0 #)]

atX=0and X =1,
where,

L, is the horizontal extent of X co-ordinate in
the model.

At the model top (Z* = §= 10 km):
uU=lg v=vg w*=10
8 (S5) = constant, ¢ (5) = constant.

At the bottom (Z* = Zy):

9g = Fuw ggsa + (1 —Fy) g(1) 3)
where,
F,, = soil wetness

g (1) = specific humidity at the first grid
level above the surface
humidity at

g sar = Saturation  specific

the ground
3. Initial data used

The initial data used is for summer time con-
ditions. Weak prevailing synoptic flow condition
is taken so that the upslope flow can be distinctly
distinguished in the simulations. The initial 6, g and
Tsoil values at different depths, as used in the mesos-
cale model for initialisation are given in Table 1. For
higher levels (6.5 km and above) a very low value of
specific humidity is prescribed because no data is
available in these levels and moisture content at
those levels are very low. For Ty 15 levels below the
ground at equal depth of 5 cm is taken.

The other inputs to the model are given in
Table 2.

For the orography profile of western Ghats, an
analytical expression used by Sarker (1965) is
chosen. It is represented 2s:

ab
al+x?

) =

+ a’ arctan (-;) 4)

where,

§ (X) = elevation of the ground surface at the
level z=—h, h=025 km, a=18 km, b = 0.52
km.

a' = (2/n) X 0.35 km (5)

In the west to east direction, its height gradually
rises to 0.8 km in a distance of 65 km and then ends
in plateau of average height 0.6 km. The slope of the
mountain is 1.4°,

4. Experiments

(a) In order to compare the results of present
investigation with the results of Ye ef al. (1987), two
different types of terrains with different slopes, viz.,
Gaussian profile and slope plateau were chosen.
The initial flow direction was westerly and surface
roughness length was taken to be 4 cm. All the other
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Figs. 1 (a & b). Vertical cross-section presenting the model-simulated w at 1200 LST for case (al) COl and (b) CO2

model input parameters were kept same for the
following cases, viz.,

(1) Case Il: Gaussian profile with slope
steepness 1.1°.

(ify Case I2: Slope plateau, with slope steep-
ness 1.9°

(b) To study the eff :t of change of orientation
of terrain. the initial flow direction was altered
as below.

() Case COl : Initial flow vesterly
(i1) Case CO2: Initial flow south-westerly

The terrain profile chosen for these cases was
the western Ghat profile. The purpose of selecting a
south-westerly and westerly flow is to study the
development of upslope wind circulation over the
region during summer season.

(c) To study the effect of change of roughness
length on the developed upslope flows the following
cases were considered :

(1) Case CS1: surface roughness length =
4 cm

(#ii) Case CS2: surface roughness length =
10 cm

(rif) Case CS3: surface ronghness length =
15 cm

(iv) Case CS84: surface roughness length =
50 cm

(v) Case CS5: surface roughness length =
100 cm

The above experiments were performed with the
specification of the western Ghat profile given
above.

5. Results and discussion

(a) All the model simulations started from sun-
rise and terminated at sunset. The initial values of 8,
¢, Tsoi and other parameters used for the initialisa-
tion of the model are given in Tables 1 & 2. After two
hours of simulation, the land surface in the model
was heated and the upslope circulation began to
develop. The values of some of the important
paramelters ty,,x (maximum of upslope wind speed
at the middle of the slope), u* a5 (the maximum
upslope wind speed within the simulated cross sec-
tion), 8 (1) (the potential temperature at the first
model level), AB (the difference between the poten-
tial temperature at the middle of the slope and cor-
esponding potential temperature at the same
elevation in the free atmosphere) for the cases Il
and I2 at selected hours are shown in Table 3. It
shows that daytime thermally induced upslope flow
intensifies when the terrain slope becomes
steeper, i.e, in case 2. The difference between wpay
and u*p,,, is more for steeper slopes. These results
show similar variations when compared with the
results of Ye er al. 1987, This served as a check for the
correctness of our simulations.

(b) Dependency of upsiope flow intensity on change
of orientation of terrain

The cases CO1 and CO2 which refer to the direc-
tional changes of initial flow, which is equivalent to
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TABLE 3

Some of the important parameters for the cases 11 and 12

Hour Slope Haax e(l) Ad [Tpipn
(LST) angle  (m/s) (°K) °K) (m/s)

1200 11° 36 306.6 20 38
45 ; 2.8 5.
48 1.7 49

58 22 69

TABLE 4

Values of some of (he important parameters at the middle of
the slope for the cases CO1 and CO2

Initial a(l) AD hg
flow ‘K (K (m)

S-Wly ; 3065 24 1147
3064 24 1132
3083 21 1652
308.1 20 1567
3096 20 1995

3094 20 1890

the different orientation of terrain are studied. The
results at the middle of the slope are tabulated in
Table 4. It is clear from this table that the intensity
of developed flows remains almost the same at all
the hours in both the cases, showing thereby that
the change in the direction of initial flow has no
significant impact on the developed wind speed or
the height of developed PBL. This clearly shows
that developed flows are mainly thermally induced
and are not governed by the initial flow as expec-
ted, since a near zero synoptic flow was used for
the start of the simulations. Typical spatial
variations of the developed wind speeds (u) for the
above cases are shown in Figs 1 (a & b) at the time
of maximum surface temperatures, ie, at 1200
LST. The pattern remains almost the same at all
the hours except with a slight change in intensity.
These are.omitted here for brevity. The simulated
vertical profiles of the horizontal velocity u at 1200
LST at the middle of the slope for cases COl and
CO2 are shown in Fig. 2. It shows that the
horizontal velocity u is maximum at 50 m in both

MIDDLE OF SLOPE
1200 LST

cCo0l o—o

co2 =S

g8 88888 8

2" HEIGHT (m)

g 8

A A ' 2 4

-05 0 05 10 5 20 25 3 35 &0
ulmis)

Fig. 2. u-velocity vertical profile at 1200 LST at the middle of
slope for the cases COl and CO2

the cases. Also, from this figure it is evident that
there is almost no difference in the u-profile for
these cases. From the results given in Table 4, it is
clear that the depth of PBL or other remaining
parameters such as 8 (1), AB etc. are independent
of the initial direction of flow or the change of
orientation of terrain.

(c) Dependency of upslope flow intensity on
surface roughness lengths

With all the other input parameters kept
unchanged the surface roughness length of the
terrain was altered and a number of experiments,
as given in section 4, were performed. Under same
environmental conditions, due to different surface
roughness lengths, the partitioning of thermal
energy between sensible and latent heat fluxes is
likely to be different. The intensity of day time
thermally induced upslope flows is directly related
to the magnitude and horizontal distribution of
the surface sensible heat fluxes. Therefore, the
characteristics of these circulations are likely to
get modified for different surface roughness
lengths, In view of these facts different cases as
mentioned in the previous section were studied.
The higher surface roughness lengths over the
terrain, viz, 50 and 100 cm were taken since
the terrain is usually covered with forest. But in
these cases the lowest level of the model has been
raised to 50 m so that it is well above the height
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Figs. 3 {a<). Vertical cross-section presenting the model-simulated 1 at 130U L3 1 101 uie vase ay w31, (b) CS2 and

(c) C83

of the canopy corresponding to these surface rough-
ness lengths.

The spatial distribution of v at 1400 LST for
different surface roughness lengths is shown in
Figs. 4, 5 and 6. These show that the intensity of
upslope circulation decreases with the increase in
surface roughness length. For example, with
Zp =4 cm, the maximum velocity developed is
nearly 6.0 m/s as in Fig:'3 (a) and with z, = 10 cm
the intensity decreases to 4.0 m/s as seen from
Fig. 4 (b). From Fig. 4(c), a further reduction in
u, with increase in z, can be noticed. Typical
numerically simulated values of u are given in
Table 5.

Ye er al (1987) have obtained an analytical
solution for the Prandil equations under steady
state conditions under the prescribed 8 and for
the parabolic distribution of K-profile. K has got
a parabolic profile within PBL.

K = Ky z(1 —z/h) (6)

where, K, is a constant taken to be equal to
1.1 kgquse. This type of profile has its maximum at
z = h/2 and analogous to cubic polynomial pro-
file of OBrien (1970) used also in the Pielke’s
(1978) numerical model. The mathematical solu-
tion is given by Ye er al (1987),

1-¢
In|——
AQsinal (£ (1-0) ((
= ] -(1-28,) X =28+ (7
BT A C"’In(l—co o
%

where. { = z/h
Lo = 2o/h
Qs =h AB2
A = g/0,

and a is the angle of terrain slope.

Typical calculated values of u with the above for-
mulation and the numerically simulated values are
given in Table 6. The tabulated results show that
with the increase in roughness length (z,), u dec-
reases with height and has smaller magnitudes at
the same level. Above z = 20 m, the calculated
numerical solution has smaller magnitudes as com-
pared to the analytical solutions for all z,. Above
1 km, the numerical model results show the
velocities change in sign thereby showing a return
flow. The apparent discrepancies between the
analytical and numerical solutions can be attri-
buted due to different profile formulations for the
eddy diffusivity coefficient X. The O'Brien formula
for the maximum value of K occurs atz = h/3 which
is consistent with the observational results of Sato
(1981), who found the largest values of X within
the region,

0.15 < z/h < 0.5

although the precise value varied with season and
topography. In the analytical formulation used by
Ye et al. (1987), K, has been taken to be the quadratic
polynomial which is maximum at A/2. Wagner
(1966) has obtained analytical solutions for the
steady state Ekman equations when,

K, = k us (z+z,) (8)
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TABLE §
Typical numerically simulated values of u for cases CS1 and
CS3 at 1400 LST
5000
L4500, 1400 LST
z* Height case CS1 (z, = 4cm) case CS3 (z, = 15cm)
(m) u (nv/s) u (m/s) Q001
3500
20 4.11 273 o,
200 497 354 % 2500
T 2000
50.0 5.17 369 .,
1500
100.0 5.19 374 609
300.0 478 353 300 /////////
500.0 423 323 40 60 120 140 160
OISTANCE llm)
1000.0 1.93 1.74

for four roughness parameter values 1, 2, 5 and 10
cm. With increase in roughness length the
calculated u values show a decrease with increase
in roughness length within the PBL. The
magnitude of difference between the analytical and
numerical increases with increase in roughness
length. Our numerical solutions agree with the
above results qualitatively. O'Brien’s profile used
in the Pielke’s model, also used in the several
boundary layer studies, is known to simulate
accurate solutions for a convective boundary layer.
Hence, our numerical model results can be taken
more accurate than the one calculated by the
analytical formulation of Ye er al (1987). It will be
interesting to compare the simulated vertical
velocities with different orographic profiles. As
mentioned previously, the western Ghat profile
taken in this study is a combination of a Gaussian
profile with a slope-plateau profile so with these
profiles in consideration the simulation results are
tabulated in Table 7. In the tabulated results the
values of w at the middle of the slope are shown. As
mentioned, I1 and 12 case results (Table 3) show
that an increase in slope steepness induces a more
intense circulation as revealed by increase in wind
speed (u), vertical velocity etc. Thus, higher con-
vergence and rainfall amounts are possible with
increase in slope angle [an indirect verification of
Rao (1976) results].

A typical simulated vertical velocity pattern
over western Ghats with roughness length of 100 cm
is shown in Figs. 4 (a-c). Over the slope-plateau and
Gaussian profile for the same roughness lengths,
similar patterns were found and the vertical
velocities developed are also of the same order.

2—429 IM1/95

Fig. 4. Typical simulated vertical wvelocity (w) pattern over
western Ghat with zy = 100 cm

With decrease in roughness lengths, the simulated
vertical velocities are more corresponding to
increase in wind speed (u).

6. Conclusions

The major conclusions drawn from the present
study are :

(i) With the weak initial synoptic flow, the
intensity of developed wind speeds over
the slopes does not depend on the orienta-
tion of slopes with respect to the incident
flow. This is shown by cases COl and
CO2 results. The characteristics of the
developed upslope flows, such as, depths
of PBL., the maximum wind speeds

developed etc. remain practically
unaltered.
(i) Roughness length is an important

parameter in altering the intensity of
upslope flows which is in conformity
with Sud er al. (1994) results who have
shown that roughness length directly

affects the aerodynamic resistance,
thereby surface stress and momen-
tum flux.

(7ii) The simulated results differ from the
analytical results of Ye er al. (1987) due to
change in the specification of eddy dif-
fusivity (K) profile.

(iv) The intensity of upslope flows with dif-
ferent terrain profiles but with same
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TABLE 6

Numerical and analytical results of ¥ (m/s) for typical
roughness lengths at 1200 LST

case CSI1 Case CS3 case CSS§
7z, = 4cm 2, = 15cm 2, = 100cm
z* u (m/s) u (m/s) 2 u (m/s)
Ht Hu. —_
(m) Numer- Cal- Num- Cale- (m) Num- Cal-
ically culat- eri- ulated eri- cula-
simul- =d cally cally ted
ated simu- simu-
lated lated
20 115 234 230 154 50.0 1.62 175

200 371 449 292 289 60.0 1.65 1.83

500 380 5.10 3.00 339 80.0 1.68 194

100.0 377 552 jor 373 100.0 1.69 202

300.0 324 596 272 405 300.0 1.37 232

500.0 255 593

1
o
~

398 5000 088 233

10000 -071 492 -114 066 10000 -—1.09 1385

steepness and lengths of slopes do not
alter the characteristics of developed
flows. This result will be of some impor-
tance in many areas with irregular
terrain.

Future outlook

In our simulations we assumed that the rough-
ness length specified is same for momentum, heat
and moisture. However. Garratt and Hicks (1973),
Garratt (1978), Beljaars and Holtslag (1991) have
shown that the roughness length for mcmentum is
much larger than heat and moisture. A considera-
tion with different roughness lengths will compli-
cate the similarity theory used in our present study.
However, the gross features may yet remain unaffec-
ted. A study for katabatic flows with different sur-
face roughness lengths specified will be of interest.
For simplicity, in our simulation, the contribution
of the turbulent fluxed by vegetation is omitted.
However, it is known that the vegetation enhances
turbulence as shown by Kar and Ramanathan
(1987).

TABLE 7

Typical numerically simulated values of w Val 1200 LST

Gaussian Slope-Plateau Western Ghat
=* Height  (slope = 1.1°)  (slope = 1.9°) (slope = 14°)
(m)
w (cm/s) w (cm/s) w (cm/s)
20 104 133 11.1
200 122 15.6 13.1
S0.0 124 157 134
100.0 120 150 129
300.0 93 10.5 9.8
500.0 5.7 64 62
1000.0 =59 =92 —-6.2
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APPENDIX
Model equations

The governing equations of the model are writ-
ten with the following vertical co-ordinates :

7t = T Z-Zg
S-Zg
du an (Z*-S)
L - L _
a T e =3
0Zg Z* 4§ S \?
g e —
Ox S ox S-Zg

d du N d X du )
0z* VZ azx) " ax M o

d dv d dv
iz )t K5 @

o (5 Vo [
dt \s-zg) az* "% az*

LI L) 3
Ox i ox $ )
dg ([ § @ dg
dt  \S-zg) az* "% az*
L 4)
ox o ox 7 (
du  ow 1 9Zg)
oot + =
ox 0Z*  (S-Zg) ox )
1 fos, 0
-2 \or " ax )
on B S§-Zg\ g
0z* ( s )3 ©

n = Cp (P/PR/G,
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d @ 4 9 g d
& o oz
S zZ* as as
w* = w— —_tu —
S—-Zg S§—-Zg ot ox

oT, d oT
= — K‘._.—Déz\{‘(l (7)

(8)
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|
=1
O ——, nf
u
|
=
T
N
Q
S

where § and § are the initial and instantancous
heights of the material surface, Zg the ground eleva-
tion above sea level, Uy and Vg the geostrophic com-
ponents of wind, Kz and Kj the vertical and
horizontal exchange cocllicicnts while the super-
scripts denote the corresponding variables, Ty and
K, the soil temperature and soil diffusion coel-
ficients respectively.

Eqns. (1) and (2) are the equations of motion.
Eqns. (3) through (6) are the energy, moisture,

continuity and hydrostalic equations respectively.
Fg and Fy in (3) and (4) are the diabatic source or
sink terms of heat and moisture respectively. The
heat conduction in the soil is described by (7). The
above set of seven equations forms a complcte set in
seven unknowns (. v. 6, g. w. m and Ty).

The growth of the PBL (1) during clear days is
given by

all ol 18w+ 1.1u3=33:u2101
— +u — =W+ &)

ot dx H90+ B D
g + Owsi + 7.2u%
00Z*

or,

0H ol Cyu C, Hf \@
— ty — = 1= 10
ot : ox Hf [ ( lx B

where,

14
We = (— Eu, G.H) ,
£}

Cy + 006, Cy = 3.3 and a = 30,

u, and 0, are the surface layer friction parameters.
Other terms have their usual meanings.




