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In view of the ongoing environmental and ecological changes in the Western Ghats, it is important
to understand the environmental parameters pertaining to the sustenance of the region. Rainfall is
one such parameter governing the hydrological processes crucial to agriculture planning, afforesta-
tion and eco-system management. Therefore, it is essential to understand rainfall distribution and
its variation in relevance to such activities. The present study is an attempt to gain in-depth under-
standing in this direction. The study area comprises of one coastal district and its adjoining areas
in Karnataka State. Mean annual rainfall data of 93 rain gauge stations distributed over the study
area for a period of 10-50 years are used for the study. In order to assess the variation of rainfall
across the ghats, several bands were constructed parallel to the latitudes to facilitate the analysis.
The statistical analyses conducted included cluster analysis and analysis of variance. The study
revealed that there exist three distinct zones of rainfall regimes in the study area, namely, Coastal
zone, Transition zone and Malanad zone. It is observed that, the maximum rainfall occurs on the
windward side ahead of the geographical peak. Further, mean monthly rainfall distribution over

the zones has been depicted to enable agricultural planning in the study area.

1. Introduction

Since the Western Ghats region has been
undergoing environmental changes due to various
development activities, it is essential to monitor the
parameters governing the ecological and environ-
mental equilibrium. Towards achieving this goal,
rainfall which is one of the most important parame-
ters for the hydrological regime, needs to be stud-
ied in space and time. However, the real issue is in
the proper understanding of the nature of the rain-
fall distribution and variability on a local scale. In
a mountainous region, where orography is irregu-
lar, rainfall features are also irregular and complex
with respect to time and space. The physiographi-
cal features force the monsoon current to rise when
it encounters with the barriers across the wind
flow and results in orographic precipitation. How-
ever, such generalized information does not give

details on the distribution of rainfall over time and
space.

The Western Ghats form a major barrier to
the south-west monsoonal current on the west
coast. It is well acknowledged that the Western
Ghats enhance rainfall activity substantially under
favourable conditions, with increasing trend on the
windward and decreasing pattern on the leeward
side. The maximum rainfall appears to occur in
the high altitudinal zones (Sarkar 1967; Patward-
han and Asnani 2000). Due to such variation in
the rainfall pattern, homogeneity in rainfall dis-
tribution cannot be expected over the Western
Ghat region. Instead, it is necessary to identify sev-
eral geographical zones of coherent rainfall regimes.
There have been attempts in the past to identify
such zones over the western coastal region as well
as in other parts of the country (Gadgil et al 1988;
Kulkarni and Reddy 1994). These classifications
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are essential for in-depth understanding of the rain-
fall variations within each zone to facilitate agri-
culture planning and management. The sustenance
of agriculture derived either from self-sufficiency or
from complementary interaction between adjacent
agro-climatic regions with closely knit economy
relations, is an important issue in the developing
world (Gunnell 1997b). In view of this, we attempt
to make an analysis of the effect of orography
on the distribution of rainfall over parts of West-
ern Ghats. The analysis has been done using the
mean annual rainfall for selected stations in the
Uttara Kannada district and also covering parts
of adjoining districts of Dharwad, Haveri and Shi-
moga of Karnataka. The mean annual values com-
puted differ from that of normal rainfall values
reported by IMD as the length of the data record
differs for different areas. The study area covers the
windward and leeward sides of the Western Ghat.

2. Study area

The Western Ghat forms a range of mountains in
peninsular India running approximately parallel to
the west coast and is home to the largest tracts of
moist tropical forest in the country. The study area,
bound between latitude 13°N to 15°N and longi-
tude 74°E to 76°E, comprises the Uttara Kannada
District, and parts of adjoining districts of Dhar-
wad and Shimoga of Karantaka state (figure 1).
The orographic features of the study area vary
from low to steep gradients sprawling from south
to north (Ramachandran and Banerjee 1983).
The general climate in the study area may be
classified as tropical monsoon, a wet and dry cli-
mate but with only a brief dry season. It is rainfall
that primarily determines the nature of the vege-
tation (Bonell 1997). The annual rainfall is as high
as 4000 mm in the coastal zone which is charac-
terized by steep gradients and good forest cover.
This zone is more exposed to monsoon currents.
East of the crest line of the ghats are rolling hills
with forested slopes and shallow valleys with cul-
tivation. This region (Malanad zone), receives an
annual rainfall of 2500 mm (Lele and Hegde 1997).
Away from the crest line, the annual rainfall can
be as low as 900 mm in Transition zone which is
predominantly agricultural area. The bulk of the
rainfall occurs during the monsoon season (June
to September) which accounts for about 80% of
the annual total. The annual temperature varies
between 20° to 38°C in Coastal, 20° and 27°C in
Malanad and 20° and 35°C in the transition zone.
The study area has a fairly good network of rain
gauge stations maintained by the Water Resources
Development Organisation (WRDO), Govt. of
Karnataka and Indian Meteorological Department.
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Figure 1. Index map of the study area comprising Uttara
Kannada district, parts of adjoining districts of Dharwad
and Shimoga of Karnataka State.

3. Data and methodology

In the present analysis, 93 rain gauge stations dis-
tributed over the region were considered. The data
record varies from 10 to 50 years. The rainfall
data of these stations have been subjected through
primary and secondary validation using standard
procedures (HYMOS 1999).

It may be noted that most of the studies (Ragha-
van 1964; Raju 1981; Ramachandran and Baner-
jee 1983; Gunnell 1997a; Patwardhan and Asnani
2000) have adopted a regional approach in ana-
lyzing rainfall variability. However, in the present
study, we have adopted a discrete approach to
analyse the rainfall regime. Here the study area has
been gridded into a spatial resolution of 15 lati-
tude by 15" longitude cells and rainfall values have
been assigned to cells. Further, in order to capture
the actual variation of rainfall across the Western
Ghat, the area covering the windward side of the
mountainous part has been sub-divided in to finer
grid cells (i.e., 7.5’ x 7.5"), as shown in figure 2. It
is intended to assess the variation of rainfall along
the parallels on several bands ranging from west
coast towards the eastern portion of the study area
(covering the windward and leeward side of the
Western Ghats).

For the purpose of analysis, the mean rainfall of
each grid cell was computed. When more than one
station falls within a grid cell, either the most reli-
able station with longer record has been retained
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Figure 2. Discretization, grid nomenclature and location of rain gauges in the study area; E1, ..., E8, represents longitu-
dinal division and N1, ..., N8 represents latitudinal division at 15" by 15" grid interval.

or the average of stations with sufficient periods cell. Accordingly, the grid cells have been denoted
of common record has been taken. This enables us  with a nomenclature as indicated in figure 2. It is
to assign unique mean rainfall values to each grid noticed that, the usage of longer records for some
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Figure 4. Plot of non-dimensional rainfall versus elevation
for band N4 and band N5.

grid cells does in no way affect the veracity of the
analyses presented as we are interested in the dis-
tributional and variational aspects of rainfall.

Subsequently, the analysis has been carried out
along different bands (N1, N2, ..., N8) by com-
paring the rainfall variation along the respective
bands covering the windward and leeward sides
of the Western Ghats. Further, cluster analysis of
the mean rainfall values of the grid cells has been
carried out to identify distinct groups of rainfall
regimes. Analysis of variance has been performed
to ascertain the statistical significance of the thus
identified groups.

4. Results

It is observed that there is a general agreement
in the rainfall distribution with respect to the
topographical features, particularly the elevation.
Hence, the pattern of rainfall distribution with
respect to elevations has been analysed in the fol-
lowing manner.

The analysis has been carried out band-wise over
the eight bands starting from the south to the
north of the study area. The bands are indicated
with notation of N1, N2, ..., N8 along the parallels.
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Figure 6. Distribution of monthly rainfall from the west
coast towards interior along a representative band (band
N5).

The division along the longitudes are indicated by
E1, E2, ..., E8. The rainfall patterns in the bands
are plotted in figure 3, wherein distance from the
coast is on the abscissa and mean rainfall values of
the grid cell are as ordinates. These plots can aid
in inferring the rainfall distribution pattern in each
of the bands. For example, in band N5, it may be
noted that the rainfall is incremented with respect
to elevation reaching a peak value of 3950 mm
corresponding to the maximum elevation in that
band. Subsequently, it can be noted that there is a
sharp decrease in the rainfall value corresponding
to the fall in elevation. It can be inferred that, the
rise in the rainfall is on the wind-facing side and
the decrease in the rainfall corresponds to the lee-
ward side of the Western Ghats. This observation
conforms with the reported orographic influence on
the rainfall distribution.

Further, non-dimensional values of rainfall have
been computed using the ratio [(P; — B,)/B)],
where P, are cell values and P, is the base
cell value corresponding to the highest elevation.
Similarly, non-dimensional elevational values were
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also assigned. The non-dimensional values of rain-
fall versus elevation are plotted as shown in fig-
ure 4, to elaborate the variability of rainfall with
respect to elevation. In these plots the domains of
the bands are typically divided into windward and
leeward portions by virtue of the ordinate through
X = 0. Also, the rising and falling sections of the
rainfall over a band across the terrain are parti-
tioned by the line, Y = 0. On the windward side,
the rising trend is obvious, while after crossing
the peak, the trend falls gradually. The sharply
declining trend is visible towards the plains of the
rain shadow region. However, it is observed that
the maximum rainfall value does not always cor-
respond to the geographic peak as the rain gauge
network is sparse in the higher altitudes. This fact
may explain away the non-coincidence of the max-
ima of the plot with the vertical line indicating the
maximum elevation of the band.

From figure 5, it may be noted that there are
three distinct zones of rainfall regimes across the
bands, viz.,

e zone consisting of coastal and wind facing por-
tion of the mountains (Coastal zone),

e the zone consisting of the plains of leeward side
(Transition zone), and

e the zone consisting of peaks and fringes of the
leeward side (Malanad zone).

The spatial and temporal distribution of rainfall
across these zones in a typical band has been plot-
ted in figure 6. Figure 6 depicts the distribution of
monthly rainfall in band no. 5. Also, it is noticed
that a shorter dry period as we progress from
coastal region to the malanad region. The Transi-
tion zone, however, has the benefit of north-east
monsoon, hence there is a little dry period com-
pared to that of the coastal region.

A plot of rainy days against the mean rain-
fall of the grid cells of a specific band (band 5),

distinctly identifies the three clusters (figure 5).
These clusters correspond to the thus identified
zones. Further, in order to ascertain the statistical
significance of the identified zones, a cluster analy-
sis has been carried out with grid averaged rainfall
values using the Ward method of clustering with
square of Euclidean distance as the measure of dis-
tance between pairs of grids. The resulting dendro-
gram is shown in figure 7, with the labels of grid
averaged rainfall (respective grid numbers) along
the X-axis and percentage similarity along the Y-
axis. There are three clear zones of rainfall regimes
indicated in the dendrogram as Group I, Group II,
and Group III. Examining the grid labels, it is
found that Group I consists of rainfall values cor-
responding to the grid cells falling in the coastal
and wind-facing portion of the mountain. Similarly,
Group II and Group III corresponds respectively
to the Malanad and Transition zones of the study
area.

The zones thus identified are depicted on the grid
map shown in figure 8. Further, the zonal average,
standard deviation and coefficient of variation of
rainfall in the identified zones are plotted in fig-
ure 9. It may be noticed that, the highest rainfall
occurs in the coastal zone with the average value
of 3964 mm followed by 1932 mm in the Malanad
zone and 904 mm in the Transition zone respec-
tively (Table 1). The consistency of the zonation is
cross-verified by computing the coefficients of vari-
ation within the zones which vary between 18% and
25% only.

In order to check the statistical significance of
the groups thus identified, a one-way analysis of
variance (ANOVA) test was performed between the
groups with the null hypothesis that there is a sig-
nificant difference between the groups. From the
results of the test given in table 2, it may be seen
that the mean difference between the groups are
significant at 1% level of significance.
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Figure 8. Representation of the identified homogeneous rainfall regions in the study area.

5. Discussion and conclusion

In order to study the rainfall variability across the
Western Ghat region of Karnataka, Uttara Kan-
nada and parts of Dharwad, Haveri and Shimoga
districts adjoining the west coast were selected.

The analysis focused on the mean annual rainfall
of the region distributed over the grids designed
for the purpose. The relative distribution of rainfall
over the region has been analysed band-wise. Var-
ious statistical analysis like, cluster analysis and
ANOVA were also performed on the annual rainfall
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regime. The analysis revealed that there are three
distinct rainfall zones over the study area demar-
cating Coastal, Malanad and Transition zones with
respect to the amount of rainfall. The plot of rainy
day with rainfall amount also indicates these zones
as separate clusters (figure 5). Further an annual
rainfall distribution mosaic (figure 6) has been con-
structed to depict monthly rainfall variation across
a representative band (band N5) of the study area.
This kind of representation will be of use in crop
planning as well as in the management of agricul-
tural activities in the study area.

The quantum of rainfall is found to be highest
in the Coastal zone and lowest in the Transition
zone. The fact that the study area is character-
ized by the presence of hills/peaks of undulating
nature implies that orography plays an important
role in the rainfall distribution over the region.
Therefore, the steadily increasing trend in rainfall
distribution observed in the Coastal zone can be
attributed to the orographic effect (figure 3) on

Table 1. Details of the groups identified through cluster analysis.

Sample Grid
no. specification Longitude Latitude Elevation Rainfall
Group 1
1 N1E3 43.75 12.5 12.00 3770.12
2 N1E4 56.25 12.5 63.66 3886.27
4 N1E6 87.5 12.5 718.8 4547.59
5 N2E6 87.5 37.5 574.83 3771.76
8 N3E2 31.25 62.5 10.4 3002.64
9 N3E3 43.75 62.5 25.25 3439.69
10 N3E4 56.25 62.5 15.2 4094.48
12 N3E6 87.5 62.5 483.97 3109.51
15 N4E2 31.25 87.5 36.4 3664.43
16 N4E4 56.25 87.5 50 4178.5
20 N5E1 12.5 112.5 21 3347.26
17 N4E5 68.75 87.5 744.3 3756.94
21 N5E2 31.25 112.5 10.5 3911.43
22 N5E3 43.75 112.5 628 3957.87
23 N5E5 68.75 112.5 540.78 2952.1
27 N6E2 31.25 137.5 735.42 4345.26
28 N6E3 43.75 137.5 662.23 3157.75
41 N8E2 31.25 187.5 692 3413.86
3 N1E5 68.75 12.5 610.90 5433.447
11 N3E5 68.75 62.5 547.7 5376.29
34 N7E2 31.25 162.5 579.62 4983.13
40 N8E1 12.5 187.5 619.81 5121.83
Mean 3964.64
Standard deviation 742.72
Coefficient of variation 0.19
Group II
29 N6E4 56.25 137.5 766.87 1637.24
43 N8E4 56.25 187.5 637 1690.01
13 N3E7 112.5 62.5 594.48 1481.3
24 N5E6 87.5 112.5 549.61 1505.37
36 NT7E4 56.25 162.5 480.00 1544.88
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Table 1. (Continued).
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Sample Grid
no. specification Longitude Latitude Elevation Rainfall
30 N6E5 68.75 137.5 549.86 2540.55
35 NT7E3 43.75 162.5 512.06 2400.53
18 N4E6 87.5 87.5 604.92 2224.95
42 NSE3 43.75 187.5 652 2262.64
6 N2E7 112.5 37.5 625.14 2037.30
Mean 1932.48
Standard deviation 405.04
Coefficient of variation 0.21
Group 11T
38 N7E7 112.5 162.5 611.02 752.39
45 NSET7 112.5 187.5 658.9 731.922
33 N6ES 137.5 137.5 618.43 800.609
26 N5E8 137.5 112.5 568.03 653.153
46 N8ES 137.5 187.5 579.10 610.59
39 NT7ES8 137.5 162.5 637.18 561.87
14 N3ES 137.5 62.5 603.98 979.477
32 N6ET7 112.5 137.5 605.34 948.374
7 N2ES 137.5 37.5 677.59 881.41
19 N4E7 112.5 87.5 588.16 1174.56
44 N8E6 87.5 187.5 724.5 1178.62
31 N6E6 87.5 137.5 514.22 1162.61
37 NT7E6 87.5 162.5 514.60 1148.15
25 N5ES 112.5 112.5 581.06 1071.29
Mean 903.93
Standard deviation 221.99
Coefficient of variation 0.25

Table 2. Results of one-way ANOVA test.

Confidence interval (99%)

Mean difference Standard
Sl no. Group between groups error Lower bound Upper bound
1 I-11 2032.16™ 215.28 1451.95 2612.37
2 I-11IT 3060.71" 192.98 2540.59 3580.82
3 TI-111 1028.54* 233.71 398.65 2540.59

*The mean difference is significant at 0.01 level.

the south-west monsoon currents which impinge
on the mountain ranges facing the coast. After
the orographic precipitation over the wind-facing
zone of the mountains, the clouds bear lesser
moisture available for precipitation as it moves
towards the Malanad zone. The subsequent declin-
ing trend in the rainfall amount can be attributed
to this process. It may be noticed that, the
Malanad zone is a fringe zone between the peaks
and the leeward side of the ghats. Further, mov-
ing away from the Malanad zone, the leeward
sides of the Western Ghats experience still lower
rainfall due to depleting moisture content in the
clouds.

Thus the analyses presented herein corroborates
that the physical processes known to guide the
rainfall distribution characteristics over the West-
ern Ghats are quite valid for the study area.
Besides, the study reveals that the maximum
rainfall occurs on the windward side ahead of the
geographical peak. This conforms with the result
of the earlier studies where it was indicated that
the maximum rainfall does not occur at the line
of maximum height (Sarkar 1967). It is felt that
a more detailed spatial analysis of rainfall with a
shorter time scale is needed to obtain finer infor-
mation relevant for micro-scale planning of agricul-
ture activities.
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