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ABSTRACT

Intra-basin variations in sediment supply provide clues for
understanding the erosion process and the role of local topographic
features and climatic factors. Hence in this study, Bharathapuzha
(BP) basin from tectonically quiescent Western Ghats (WG) was
selected to examine the role of topography and climate on the
sediment erosion process across its sub-basins. Multi-years daily
water discharge and sediment load data of five monitoring stations
were combined with morphometric parameters to visualize the local
variability in sediment erosion rates. The average annual water
discharge and sediment load of the BP basin to the Arabian Sea
are 4.71 km?® and 0.37x10° tons. Interestingly, Kunthipuzha (KP)
sub-basin, despite covering 17 % of the total basin area, contributes
around 41% and 27% of water discharge and sediment flux,
respectively. The sediment yield (erosion rate) from the KP sub-
basin is ten times higher than the same sized sub-basin within the
BP catchment. For comprehending the role of topography and
climate on these local variations, geomorphic indices such as
Hypsometric integral (HI) and stream length (SL) index were
calculated for the BP basin and sub-basins. Further, multiple
regression was used to explore the quantitative relationships among
the influencing factors. Results suggest that the rainfall and
topography critically influenced basin erosion and explained 93 %
of the total variance. This study demonstrates the importance of
intra-basin scale processes even for small mountainous rivers and
signifies the role of local variations in topography and climate in
erosion and material transport.

INTRODUCTION

Rivers are the prime pathways to deliver freshwater and suspended
sediment to the coastal regions (Milliman and Meade 1983, Milliman
and Syvitski 1992). Small scale mountainous rivers received little
and late attention from the scientific community. However, the
subsequent studies have attempted to fill this gap (Milliman and
Syvitski 1992; Farnsworth and Milliman 2003; Kao and Milliman
2008). The rivers draining from the young mountains of southeast
Asia and Oceania having catchment areas smaller than 10° km? alone
contribute approximately 40% of the sediment reaching the global
ocean (Milliman et al. 1999). Most of these rivers are draining through
the tectonically active continental margins, and extreme (episodic)
events occur in <1% of the time contribute to >75% of the long term
sediment flux (Kao and Milliman 2008). Tectonics, bedrocks, basin
morphology, and human activities are the dominant factors for this
disproportionate amount of freshwater and sediment delivery from
these watersheds (Dadson et al. 2003; Hilton et al. 2008). In contrast,
a limited number of studies have investigated the factors controlling
the water and sediment delivery from the passive mountain regions.
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The fluvial channel network represents relationships between relief,
elevation, and erosion rates and conveys quantitative temporal
information on tectonic and climate forcing across the landscape
(Wobus et al. 2006; Jaiswara et al. 2019). Besides the climate and
lithology, the morphology of a basin is an essential parameter to explain
the denudation rates and resultant sediment load (Ruxton and
McDougall 1967). Quantitative measurements such as geomorphic
indices are frequently used to investigate basin deformation, erosional
and evolutional status of drainage basins on a regional scale (Keller
1986; Keller and Pinter 2002; Peters and van Balen 2007; Stepancikova
etal. 2008; Shi et al. 2020). The advancement of tools and availability
of high-resolution data products facilitated the scientific community
to investigate the roles of tectonics and climate on landscape evolution
using geomorphic indices. Widely used and well known geomorphic
indices include hypsometric integral and stream length gradient index.
These geomorphic indices provide clues about the state of the river
basin in terms of its stability and erodibility (Lifton and Chase 1992;
Chen et al. 2003; Kale and Vaidyanadhan 2014). Therefore, a better
understanding of the relationship between erosion rate and its potential
influencing factors is essential to improve the understanding of the
fluvial geomorphology of a region.

Peninsular India as part of the Gondwana, experienced a series of
significant rifting events that led to its eventual break-up during the
Mesozoic period and became tectonically quiescent after that (Storey
1995; Chatterjee et al. 2013). During the late Cretaceous period, the
western margin of Peninsular India was rifted successively from
Madagascar (Storey et al. 1995; Torsvik et al. 2000; Gunnell et al.
2003) and Seychelles Bank (ca. 65 Ma; Hooper 1990; Collier et al.
2008; Minshull et al. 2008). Subsequently, it became the passive margin
of the Arabian Sea. Thus, the Western Ghats (WG) escarpment has
been recognized as a rift shoulder and being reshaped by post-rifting
erosional processes (Campanile et al. 2008; Gunnell and Harbor 2010)
and extends from the Satpura range in the north to the Anamalai in the
south. Morphologically, the WG consists of a 30-80 km broad, low-
lying coastal strip, divided from an elevated inland plateau by a steep
continuous escarpment from 8° N to 20° N latitude. It has been acting
as a host for many large east-flowing rivers and numerous small west-
flowing rivers (Kale and Vaidyanadhan 2014). Tectonics, climate
change, and the Indian plate movement affected the east-flowing rivers,
whereas climate change is the primary control affecting the west-
flowing rivers (Kale and Rajaguru 1988). The WG escarpment evolved
during ~65 Ma (Keller, 1986) as an elevated passive continental margin
in the west coast of the Indian peninsula has become host to several
small mountainous rivers (Guha and Jain 2020; Reddy et al. 2021).
These small mountainous rivers drain the western flank of the Western
Ghats primarily and receive copious rainfall from the southwest (SW)
monsoon between June and September (Gunnell and Bourgeon 1997,
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Padmalal et al. 2018). Studies by Radhakrishna (1964), Dikshit (2001),
Ambili and Narayana (2014) investigated the form and structure of
drainage for the west-flowing drainage basins. However, the role of
climate and topography on the sediment yield (erosion rate) is yet to
be investigated. Except for a ~30 km wide major topographic break
called ‘Palghat Gap’, the WG is a continuous mountain chain and acts
as a climate barrier for summer monsoon (Gunnell 1997; Mandal et
al. 2017). The Bharathapuzha (BP) river traverses through the central
part of the Palghat gap and is an attractive avenue for researchers. The
sub-basins of the BP show substantial variability in topography and
climatic parameters; hence, it might be influencing the hydrological
processes. Therefore, the objectives of the current study are to (i)
investigate the variability in runoff and sediment yields across the
sub-basins; and (ii) look into the relative roles of climate, topography,
and lithology as the driver to hydrological characteristics of sub-
basins.

STUDY AREA

The WG region is drained by over 600 small mountainous rivers
characterized by a steep westerly gradient created a huge fluvial
network and associated sediment accumulation on the west coast
(Radhakrishna 1994; Kale 2009; Reddy et al. 2021). The WG is divided
into three major geo-tectonic units, Deccan Traps at the northern part,
western Dharwar craton in the central part, and southern granulite
terrain (SGT), also known as Pandyan Mobile Belt in the southern
part. SGT consists of massive charnockite with mafic granulite (Ghosh
et al. 2004; Reddy et al. 2019). The present study basin lies in the
SGT region and passing through the ‘Palghat Gap’ at 11° N latitude
by a ~30 km broad low relief, which is the widest topographic break
across the WG (Fig.1).

The BPriver originates in the Anamalai hills (1964 m), occupying
6,186 km? of the catchment area and with 209 km length, is the largest
west-flowing river in the SGT (Reddy et al. 2019). Topographically,
a small region of the BP basin is having the highlands landscape
(>2000 m), followed by the lowlands in the rest of the basin. The BP
river has two major tributaries in the upper reaches which together
forms a major sub-basin (Aliyar river; 2775 km?). The other two
tributaries, namely Gayatripuzha (1057 km?) and Kunthipuzha (940
km?), originate at either side of the mountainous region of the Palghat
gap (Fig. 2a). The Kunthipuzha river originates in the northern
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mountainous part and drains through less disturbed evergreen forests
of the Silent valley National Park before joining the mainstream
(Magesh et al. 2013).

Geologically, the catchment of the BP consists of high-grade
metamorphic rocks (granulite-amphibolite facies) of Archaean age
belonging to the SGT (Ghosh et al. 2004; Chetty and Rao 2006). The
lithology of the BP basin is dominated by Archaean crystalline rocks
such as migmatites, charnockites, and garnet-sillimanite gneisses in
the upper and midlands (Fig. 2b). Quaternary sediments, alluvium
(locally Kankar formations) cover the coastal plains in low lands
(Ramkumar et al. 2019), and laterites (Widdowson and Gunnell 1999;
Fig. 2b). Structurally, the Palghat-Cauvery shear zone traversing
through the SGT, Moyar, Bhavani, Palghat-Cauvery, and Attur shear
zones are the major structural feature in south India (Fig. 1; Chetty
and Rao 2006; Collins et al. 2007). Earlier studies have indicated that
the Palghat Gap is structurally controlled as it coincides with the
Palghat—Cauvery dextral shear zone (Chardon et al. 2008; Chetty and
Rao 2006).

The WG acts as a climatic barrier to the southwest winds and
results in deep convection that contributes to heavy orographic rainfall
on the coastal plains and over the foothills (Grossman and Durran
1984; Gunnell 1997). Therefore, from early May to September, the
SW monsoon is the principal source of rainfall in most of the basin.
On the other hand, the Palghat gap of the WG favours the domination
of the NE monsoon from October to December in some of the eastern
parts of the BP basin (Padmalal et al. 2018). The mean annual rainfall
of the BP basin (Bookhagen and Burbank 2006;1751 mm) derived
from Tropical Rainfall Measuring Mission is comparable to the
reported monthly rainfall data of 34 years (1968-2002) from 29 rain
gauge stations (Raj and Azeez 2012; 1828 mm). The temperature range
in the basin varies from 22.7 °C (mean annual minimum) to 32.5 °C
(mean annual maximum), with an average temperature of 27.5 °C
(Reddy et al. 2019).

DATA AND METHODOLOGY

The Central Water Commission (CWC) of India maintains five
gauge-discharge (GD) sites in the BP basin. Among these, three sites,
i.e. Ambarampalayam (GD-1), Pudur (GD-2), and Mankara (GD-3)
are located in the Aliyar sub-basin, and Pulamanthole (GD-4) is located
in the Kunthipuzha sub-basin, whereas Gayatripuzha sub-basin has
no GD site. Kumbidi (GD-5) on the mainstream is the terminal site
for the entire BP basin (Fig. 2a). For the convenience of readers, the
following acronyms were followed to sub-basins as Aliyar-AR,
Gayatripuzha-GP, and Kunthipuzha-KP throughout the text.
Hydrological characteristics of the GD sites and sub-basins for the
present study are summarized in Table.1. In the present study, the
discharge and suspended sediment data was acquired from five
established GD sites covering the mainstream and sub-basins
(Fig. 2a) from the WRIS-India portal (http://www.india-
wris.nrsc.gov.in/) and the published reports of CWC for 1978-79 to
2016-17 (http://www.cwc.gov.in/wateryear-book). Due to significant
seasonal variation in the rainfall of India, CWC measures the sediment
load daily in the monsoon (SW) season and once in a week during the
post-monsoon season. Procedures and techniques related to the
discharge and sediment load estimations documented by CWC in
annual reports and can also be referred from Gupta et al. (2012). Water
discharge and sediment loads of respective GD sites were calculated
using CWC data. Inverse distance weighting technique is applied to
calculate the fluxes of the entire basin on the ArcGIS platform (Reddy
et al. 2019).

In conjunction with discharge and suspended sediment data,
drainage morphometry was analyzed to understand the erosion process
and to evaluate the role of topography across the basin. Drainage
basin morphometry provides a quantitative characterization of
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Fig. 2. (a) Location map of the Bharathapuzha river basin, showing
the distribution of gauge-discharge (GD) sites across the sub-basins:
Ambarampalayam (GD-1), Pudur (GD-2), Mankara (GD-3),
Pulamanthole (GD-4) and Kumbidi (GD-5); (b) Geology/lithology of
the Bharathapuzha River basin (Modified after GSI1995).

basin morphology by identifying variations in the spatial and linear
attributes of a drainage basin and helps in characterizing the stages
of erosion in comparison to the basins of varying topographic relief
(Keller and Pinter 2002; Bull 2007; Anderson and Anderson 2010;
Burbank and Anderson 2011). The hypsometry and SL index are basic
tools (Strahler 1952; Hack 1973) for any morphometric analysis that
broadly defines river basin evolution stages (i.e. young, mature, old).
They help to identify the zones of localized erosion based on stream
gradient along with the profiles. Understanding the evolutionary stage
of sub-basins in response to discharge and suspended sediment, the
hypsometric curves and SL-index along with river profiles, were carried
out using ArcGIS and MATLAB programs (Jaiswara et al. 2020). The
basin’s geomorphic indices are extracted from the 90-m spatial
resolution of the Shuttle Radar Topography Mission-Digital Elevation
Model (SRTM-DEM; http://srtm.csi.cgiar.org/; Jarvis et al. 2008). The
drainage network has been extracted by using the D8 algorithm
(O’Callaghan and Mark 1984; Fig.2a).

The hypsometric (area-altitude) curve is a function of the
cumulative area (a/A) and the cumulative height (h/H), where a is
surface area within the contour, A is the total drainage basin area, h is
the height of the basin within the contour, the total height H is the
relief within the basin, and the axes are scaled from O to 1 (Strahler
1952). These curves are quantified in the form of the hypsometric
integral (HI). The area below the hypsometric curve represents the
un-eroded volume of the basin and is calculated as

Hypsometric integral (HI) = E E. ./E.-E

mean X min
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where, E . , Emean and E__are the minima, mean and maximum
elevation of the drainage basin. The shape of the hypsometric curve
defines the evolutionary stage of the channel and is used to assess the
erosional process of the landscape (Strahler, 1952).

Bedrock river profiles tend to maintain the steady-state between
tectonics and erosion (Schumm et al. 2002; Keller and Pinter 2002).
Derivation of the river profile is called Stream Length (SL) index,

which is derived using the following equation
Stream length Index (SL) = AH/AL*L

Where L is the total length of the channel from the water divide,
AH is the drop in elevation, and AL is the length of the local reach
(AL=5 km in the present study) for which the index is calculated.
SL-index profiles have been extracted and plotted along with the
river profiles for the channels of the Bharathapuzha basin to understand
the erosion process.

RESULTS

Water discharge and sediment flux of a basin and its sub-basins
reflect the type and intensity of the hydrological process. Sediment
erosion rates (denudation rates) being neutral to the size of catchments
allow comparing the intensity of the erosion process in different sub-
catchments. Therefore, to understand these processes, in the first part
of this section, results on the spatial variability in hydrological
parameters such as water discharge and sediment load and yields of
five GD sites are discussed. The results of morphological investigations
are described in the subsequent section. It is complemented by
investigation through geomorphic indices of sub-basins and the entire
basin, which offers information on the geomorphic evolution and
erosion stage.

Discharge and Sediment Flux

The daily sediment load (Y 1-axis) of the five GD stations from 1*
June-2017 to 31% May-2018 (a representative water year of CWC)
mimic the corresponding daily discharge patterns (Fig. 3a-e). However,
spatial variability is visible across the sites in patterns and order of
fluxes. Among the 5 GD sites, daily water discharge and sediment
flux are lowest at the upstream site (Ambarampalayam) of the AR
sub-basin (Fig. 3a). Due to the upstream flow contribution, a gradual
increase in daily water discharge and sediment flux from
Ambarampalayam to Mankara is observed in the AR sub-basin
(Fig. 3ato c). Daily water discharge and sediment flux of the KP river
draining the northern side of the BP basin at the Pulamanthole GD
site is remarkably higher than the AR sub-basin (Fig. 3d). The time-
series daily discharge and sediment flux data of the corresponding
GD sites (Table 1) is used to estimate the mean monthly values for the
AR, KP, and the BP basin (Fig. 3f to j). A single peak in water discharge
and sediment flux at Ambarampalayam (Fig. 3f) is observed during
November-December (NE monsoon). The percentage contribution of
water discharge and sediment flux during SW and NE monsoon seasons
at the Ambarampalayam site is 28 & 42% and 29 & 46%, respectively
(Table 1). In contrast to the uni-modal pattern at Ambarampalayam, it
is a bi-modal pattern in water discharge and sediment flux at the Pudur
and Mankara GD sites. It is surprising as all these three sites, being
part of the AR sub-catchment, show different discharge patterns.
Although both the sites are showing the bimodal pattern in the mean
discharge and sediment flux, the influence of NE monsoon is great
(35% & 16%) at Pudur compared to Mankara (29% & 11%) (Fig. 3 g,
h; Table 1). Overall, the influence of SW and NE monsoon is visible
through uni-modal and bimodal discharge patterns (Fig. 3e, f & g)
within a small sub-catchment (<3000 km?).

The other GD sites, Pulamanthole (KP sub-basin) and Kumbidi
(BP basin) follow the uni-modal pattern with a high contribution of
mean discharge and sediment flux during the SW monsoon season
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Fig.3. Daily and mean monthly rainfall, discharge, and sediment flux at five gauge sites of the Bharathapuzha basin. (Note: TSS indicates the
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(Table 1). It indicates the dominance of the SW monsoon season in
the lower reaches of the BP basin (Fig. 3 i & j). Similar patterns in
discharge and sediment flux are also observed by Padmalal et al. (2018)
for the BP basin. The monthly mean of the discharge and sediment
flux generally follow the rainfall pattern for the BP catchment. It implies
that the variation in rainfall across the BP basin is the primary factor
resulting in the spatial variation in discharge and sediment flux of the
sub-catchments. Broadly, the discharge pattern advocates that the
topographic gap (i.e. Palghat gap of the WG) connects the NE monsoon
with the SW monsoon from upstream to downstream regions of the
BP basin.

The mean annual discharge on the Ambarampalayam, Pudur,
Mankara, Pulamanthole, and Kumbidi GD sites are 0.33, 0.27, 0.67,
1.73,and 4.22 km®. It implies that the AR, KP, and BP rivers discharge
is 0.67, 1.73, and 4.22 km?, respectively. Despite draining the one-
third area of the AR sub-basin, the discharge of the KP sub-basin is
three times higher (Table 1). Significant variability in hydrological
characteristics across the basin is evident from the annual runoff of
the AR (259 mm), KP (1837 mm), and the BP (761 mm) basins. The
mean annual sediment flux of the five sites are 0.008, 0.006, 0.028,
0.089, and 0.345 million tons (MT) for Ambarampalayam, Pudur,
Mankara, Pulamanthole, and Kumbidi stations, respectively. The
mean annual runoff of the KP sub-basin is three times higher than
that of the entire BP basin and highest among the sub-basins
(Table 1). Interestingly, despite draining one-third (940 km?) area to
the AR sub-basin (2775 km?), the annual runoff (1837 mm) and
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sediment flux (0.089 MT) of the KP sub-basin is about three times
higher than that of the AR basin (259 mm; 0.028 MT). The area
normalized annual sediment flux (yield) of the Ambarampalayam,
Pudur, Mankara, Pulamanthole, and Kumbidi GD sites are 8.9, 4.6,
10.1,95.2, and 60.4 t km, respectively. It implies that the intensity of
sediment erosion at the KP basin is almost ten times higher than the
AR basin (Table 1). Additionally, the sediment yield of the KP sub-
basin (95.2 tkm? yr'') is higher among the coastal rivers draining the
SGT region (Reddy et al. 2021). High erosion rates in the KP sub-
basin can be attributed to the presence of elevated topography and
orographic effects.

The overall annual water discharge and sediment flux from the
whole BP river to the Arabian sea is 4.71 km® and 0.37 MT, and the
runoff and sediment yields are 761 mm and 60.4 t km™> respectively
(Table 1). These estimations are comparable to the previous estimations
for the BP basin (Padmalal et al. 2018). Despite occupying 17% of
the total BP basin area, the KP sub-basin alone contributes 41% and
26% of the total discharge and sediment flux (Table 1), respectively.
The same is evidenced by the time-series annual loads of discharge
and sediment flux from Pulamanthole (KP sub-basin) and Kumbidi
(BP basin) sites (Table 1).

Geomorphic Analysis

The topographical relief map shows the dominance of low relief
landform features across the basin (mean basin elevation-291 m),
barring few exceptions (Fig. 4a). High relief rugged mountains are
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Northeast monsoon; NM=Non-monsoon; *Total basin

Gauge and Discharge; SW= Southwest monsoon; NE:

Sediment yield (specific flux); GD:

Yield

restricted mainly to upstream areas of KP and GP sub-basins
(Fig. 4a). Palghat Gap results in the upstream region of the BP basin
experiencing a semi-arid climate, whereas the downstream region
receives heavy downpour. The Palghat Gap facilitates the inward
movement of monsoon winds, and due to the orographic effect of
local topographic relief, these areas of the KP and GP sub-basins
receive heavy rainfall. Locally, the mean annual rainfall of the KP
sub-basin (~5600 mm) is highest, which is three times higher than the
mean annual rainfall (1751 mm) of the entire BP catchment. This
uneven distribution in mean annual rainfall is well reflected in Figure
4b. The latitudinal swath profile of the BP basin demonstrates the
coupling of topography and rainfall (Fig. 4c), stressing the remarkable
orographic effect of local relief features. The extracted geomorphic
indices were analyzed and compared with the observed qualitative
maps such as relief and rainfall of the BP basin to evaluate the role of
climate and topography on the surface erosion rates.

The hypsometric curves (area-altitude curve) relates the horizontal
cross-sectional area of a drainage basin to relative elevation above the
basin mouth. It can be compared across basin and sub-basins to infer
geomorphic evolution stages in response to changes in tectonic forcing
or spatial variations of erosional processes or the development stages
of a given drainage basin (Strahler 1952; Montgomery et al. 2001;
Pérez-Pefia et al. 2009, 2010). For understanding the basin evolution
stage, hypsometric curves and indices have been calculated for the BP
basin, all the sub-basins, and including the GP basin though it does
not have the GD location on this river to measure the discharge and
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Fig.4. Local variations in (a) basin topography (b) mean annual
precipitation and (c) latitudinal swath profile demonstrating the
coupling of topography and rainfall across the Bharathapuzha basin.
12-year average rainfall dataset of Bookhagen and Burbank (2006) is
used for making spatial maps.

1091



1
Hypsometry Curves
. Bharathappuzha (BP)
Kunthipuzha (KP)
Aliyar (AR)
08 Gayatripuzha (GP)
E 06
)
‘v
I
[ ]
2
s
[}
K
@ 04 —
0.2 —
0 T 1 T 1
0 0.2 04 06 08 1

Relative Area

Fig. 5. Hypsometric curve indices for the Bharathapuzha mainstream
and its tributaries

sediment load values. All the basins are displaying the concave-up
curves with hypsometric integral (HI) values for the AR, GP, KP, and
BP ranging 0.48, 0.46, 0.47, and 0.48, respectively (Fig. 5). Despite
having different drainage areas and the presence of diverse topography
landforms, the HI values of all sub-basins are comparable. It depicts
that the topography effect on the small drainage basins of KP and GP
is the same as their hypsometric values are comparable with large
drainage area basins.

Rivers tend to maintain an erosion-sedimentation equilibrium or
steady-state that is characterized by a concave longitudinal river profile,
also known as river gradient profile (Schumm et al. 2002). The SL
index defines the changes in stream slope, i.e. river gradient along
with a longitudinal river profile, and effectively determines the zones

2000 ,

of a topographic break. This sensitivity index allows the evaluation of
relationships among possible tectonic activity, rock resistance, and
topography. The SL-index can be correlated with stream power, and
the total stream power available at a specific channel reach is an
important hydrological variable. The SL-index relates to the ability of
a stream to competence its bedrock and carry sediment (Hack 1973;
Keller and Pinter 2002). The total power of the stream is proportional
to the product of the slope and discharge of the water. The slope of the
water surface is usually approximated by the slope of the channel bed
(Keller and Pinter 2002). River profiles were extracted, the SL-index
of AR, KP and GP (tributaries of BP) and BP was calculated, the trunk
river to understand the variation of the stream power following the
sediment discharge (Fig. 6). Among the tributaries, the KP river shows
a concave profile and high stream power in the upper reaches indicated
by the SL index, probably due to the high steepness of the topography
(Fig. 6a). The GPriver profile shows a gradient profile, which is almost
in steady-state except in 80-100 km and 140-160 km reach segments,
where the river is showing a little peak evidenced in SL-index (Fig.
6b). With low stream power, the AR river profile shows a gradient
profile suggested by maximum SL-index values (250; Fig. 6¢). The
trunk profile of the BP shows convex up in the upper reaches;
eventually, it became gentle in gradient (Fig. 6d).

DISCUSSION

The results presented in the previous section confirm remarkable
variations in discharge and sediment flux. Most of the basin except
the mouth of the river is overlain by crystalline rocks (Padmalal et al.
2018). Besides, it is found that erosion rates across the SGT region
are comparable due to the dominance of uniform lithology (Guha and
Jain 2020). It implies that the variability in sediment yields for small
mountainous rivers of the WG might not be linked to limited
lithological variability. This is in contrast to the small mountainous
rivers of Taiwan and the Oceania (tectonically active) regions, where
most of the rivers are flowing through sedimentary terrains (Milliman
and Meade 1983; Liu et al. 2008). Lithology, which can actively
regulate sediment flux, is not a prominent factor for this region.
Therefore, the role of lithology in differential erosion is ruled out.

Due to the Palghat Gap, the basin receives rains in both the SW
and NE monsoon seasons. However, due to the lack of high mountains
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to intercept the NE monsoon winds, the upstream region experiences
a semi-arid climate. Whereas northward moving SW monsoon is
intercepted by mountains present in the KP sub-basin. This confirms
that the BP basin is experiencing a non-uniform climate. In the western
part, the climate is tropical monsoonal (Am of Koppen). It changes to
Koppen’s Aw (tropical savanna) towards the east, and at the eastern
margin, the climate is semi-arid (Koppen’s BS; Thrivikramji 1989).
Mean annual runoff values across the BP basin vary by order (212-
1837 mm) and indicate the climatic transformation from semi-arid to
humid within the basin. In a recent study, Reddy et al. (2019)
demonstrated that runoff is one of the dominant factors in the basin-
scale weathering process in the west-flowing coastal rivers of the Indian
peninsula.

Despite the dominance of low elevation landforms covering about
90% of the BP basin, it has a significant topography relief near drainage
divides. The SL-index profiles display multiple topographic breaks in
the upper reaches (Fig. 6). The steepest topographic regions stimulate
the erosion process, especially in the areas of high precipitation. This
impression is supported by the highest rates of runoff and sediment
flux values in the KP sub-basin within the BP catchment. The
denudation rate for the KP sub-basin (0.035 mm yr") is almost double
(0.022 mm yr'") that of the BP basin. The denudation rate of the AR
basin (0.004 mm yr™') is extremely low to the basin average (0.022
mm yr''). Mandal et al. (2015) have documented the high denudation
rates in the KP sub-basin using the measured Beryllium-10 ('’Be)
concentrations in the whole SGT region despite its small catchment
size. The present results support the findings of Mandal et al. (2015).
Similarly, based on elevated topography and rainfall, a high erosion
rate might be expected in the upper region of the GP sub-basin. Despite
having similar lithology, the geomorphic indices, such as SL-index,
vary substantially within the BP basin. The high topography relief
and rainfall pattern upstream of the KP and GP sub-basins suggest
that these regions are responsible for producing higher runoff and
sediment flux in the BP catchment. On the other hand, the AR sub-
basin flows in the Palghat Gap, and having low topography relief and
receives little precipitation has meagre stream power reflected by SL-
index (Fig. 6). Except in the southeast of the basin, the presence of a
very low percentage of topography relief and low precipitation rate
suggests that the AR basin might not have the capacity to produce
high runoff and sediment flux. In contrast to this, the river profile and
SL-index of the BP trunk channel is showing high stream power in
the upper reaches. This is in line with the global displays of sediment
yields reflect topography where the high yields equate to mountainous
areas and low yields to lowlands (Walling and Webb 1996; Milliman
and Meade 1983; Zhang et al. 2015). The low sediment flux rates at
different GD sites of the basin are also supported by the presence of
the concave hypsometric curves despite the large basin areas of the
BP and AR river profiles.
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The hypsometric curves from the BP basin and sub-basins indicate
a mature stage, where all HI values are in the same order (~0.50);
however, the patterns are dissimilar to each other. The concave shape
of the AR sub-basin reflects the mature stage, where erosion is relatively
low. The relative influence of HI and runoff on sediment erosion rates
of different sub-basins and the BP basin is demonstrated in Fig.7. The
AR sub-basin (Mankara) shows low runoff and low HI indices is
characterized by low sediment yield. On the other side, the KP sub-
basin (Pulamanthole) having a high runoff and HI, attributing to high
sediment yield. It demonstrates that the erosion rate in the KP sub-
basin is the highest among the sub-basins in the BP catchment. To
better represent the combined role of topography and runoff, a multiple
regression analysis was performed. Runoff and topography (HI)
together explain 93% of the total variance in sediment yield.

A Pearson correlation (PC) analysis was performed on the other
basin parameters (Data from Reddy et al. 2021) for the rivers draining
from the SGT region (Table 2). PC analysis indicated that basin
parameters such as catchment area, length of the river, and mean basin
elevation has not shown any correlations with the sediment yield. Mean
annual temperature showed a negative correlation (r=-0.48, p>0.01;
Table 2). On the other hand, the hydrological parameters such as mean

Table 2. Pearson correlation of sediment yield with the other selected variables

Sediment Area River Mean Mean Mean Discharge Runoff
yield (km?) Length Basin Temp Precipitation (km®yr ) (mmyr")
(tkm?yr) (km) Ele. (m) (°C) (mmyr™')
Sediment yield 1
Area 0.026 1
River Length 0.216 0.148 1
Mean Basin Ele. -0.009 0.583" 0.282 1
Mean Tem -0.478" -0.232 0.069 -0.078 1
Mean Precipitation 0.812™ 0.282 0.508" 0.182 -0.383 1
Runoff 0.641™ 0.027 0.509" -0.026 -0.112 0.878" 0.551" 1

* Correlation is significant at the 0.05 level; **Correlation is significant at the 0.01 level.
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annual precipitation and runoff showed significant (r=0.81 & r=0.64;
p<0.01) positive correlations (Table 2). This preliminary analysis ruled
out the parameters, which showed either negative or no relation.
Further, linear regression analysis was performed on the influencing
factors. The runoff pattern derived from the respective gauge stations
from the rivers flowing in the SGT region mimics the pattern of rainfall
(Fig. 8a; 1’=0.77; p>0.001). Therefore, the values of runoff were further
used to perform quantitative relationships. The positive correlation
(r’=0.41; p>0.01) between the runoff and sediment yield in SGT
catchments indicates the dominant role of runoff in basin-scale erosion
(Fig.8b). This relation is even more clear for the BP river and its sub-
basins (Fig. 8c; 1*=0.91; p>0.05) and validates the runoff as one of the
major variables that determine the variability in sediment yield of the
BP catchment.

CONCLUSION

The Bharathapuzha river flowing through the Palghat gap of the
tectonically quiescent Western Ghats is the second-largest west flowing
river in the Kerala state. The calculated in-situ hydrological parameters
(runoff and sediment load) and derived geomorphic indices (HI, SL-
index) have provided a basic understanding of the BP basin- erosion
rate. The BP river is exceptional all over the WG rivers as it links the
semi-arid climate in the eastern part of the WG with the humid (wet)
climate in the western part of the WG. The disparity in the rainfall due
to the Palghat gap, and the resultant climate change are well reflected
in the discharge characteristics and suspended sediment transport of
the river. The quantitative geomorphological analysis of the BP basin
shows that both north and south draining sub-basins are producing
high runoff and sediment flux. Among the sub-basins, the erosion rate
of the Kunthipuzha basin (0.035 mm yr') is ten times higher than the
same size sub-basin (up to Ambarampalayam; 0.004 mm yr™') within
the BP catchment despite draining from similar lithology. The KP basin
alone contributes half of the discharge and one-fourth of sediment
load out of the whole BP river basin to the Arabian Sea. The present
study validates the combined influence of post-orogenic topographic
steepness coupled with the strong rainfall gradient over the basin-
scale erosion rate in tectonically quiescent areas.
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Table A1. Time series data of annual water discharge and sediment loads from Kumbidi and Pulamanthole GD stations.
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Appendix

Annual Sediment Load (10° t)

Annual Discharge (km?)

Year Kumbidi  Pulamanthole % Contribution Kumbidi  Pulamanthole % Contribution
1986-1987 0.356 0.05 12.72 3.56 1.63 45.95
1987-1988 0.155 0.05 29.20 2.70 1.05 38.76
1988-1989 0.277 0.14 49.94 4.33 1.81 41.83
1989-1990 0.301 0.11 35.96 4.12 1.64 39.70
1990-1991 0.272 0.05 19.14 3.81 1.28 33.48
1991-1992 0.576 0.12 20.70 5.54 1.82 32.79
1992-1993 0.539 0.15 28.71 6.04 2.47 40.89
1993-1994 0.354 0.07 18.86 3.69 1.50 40.75
1994-1995 0.769 0.19 25.32 6.79 2.30 33.96
1995-1996 0.371 0.09 25.57 4.74 1.73 36.45
1996-1997 0.241 0.09 35.42 3.85 1.61 41.71
1997-1998 0.333 0.12 37.20 4.04 2.01 49.62
1998-1999 0.522 0.12 22.99 5.45 2.20 40.30
1999-2000 0.281 0.08 27.95 3.61 1.89 52.32
2000-2001 0.192 0.04 22.35 2.65 1.31 49.57
2001-2002 0.290 0.09 29.82 4.23 1.62 38.43
2002-2003 0.154 0.05 35.50 2.76 1.04 37.74
2003-2004 0.088 0.03 30.70 2.14 0.78 36.30
2004-2005 0.268 0.09 33.86 3.90 1.44 37.02
2005-2006 0.334 0.13 38.60 5.58 2.13 38.13
2006-2007 0.314 0.12 36.88 6.08 2.18 35.79
2007-2008 0.571 0.23 39.76 8.40 2.79 33.25
2008-2009 0.129 0.05 40.29 2.83 1.25 44.19
2009-2010 0.389 0.11 28.49 491 1.81 36.78
2010-2011 0.149 0.12 77.99 5.09 2.17 42.68
2011-2012 0.405 0.10 25.94 5.74 2.24 38.97
2012-2013 0.104 0.02 18.51 2.25 0.91 40.36
2013-2014 0.289 0.05 17.90 6.01 2.08 34.57
2014-2015 0.645 0.02 2.51 6.34 2.05 32.35
2015-2016 0.211 0.01 5.38 2.85 0.94 32.94
2016-2017 0.101 0.01 12.23 1.56 0.68 43.16
2017-2018 0.199 0.04 20.31 2.99 1.48 49.48
Average 0.318 0.09 28.34 4.33 1.68 39.69

*Data obtained from CWC-Report (http://www.cwc.gov.in/sites/default/files/admin/6CWFRWYB17-18.pdf)
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