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Sediment connectivity, defined as the degree of linkage between the sediment sources to downstream areas, is
one of the most important properties that control landscape evolution in river basins. The degree of linkages
amongst different parts of a catchment depends mainly on the hinterland characteristics (e.g. catchment mor-
phology, slope, shape, relief, and elevation), channel characteristics (e.g. slope, stream network density, valley
confinement), and the combined effects of vegetation (e.g. land use changes and land abandonment). This
paper evaluates the sediment connectivity of the upper Kosi basin covering an area of ~52,731 km2 including
Tibet and Nepal at different spatial scales. We have computed the index of connectivity (IC) using the equations
originally proposed by Borselli et al. (2008) andmodifiedbyCavalli et al. (2013) to evaluate the potential connec-
tion of sediment source areas to the primary channel network as well to the catchment outlet. Our results high-
light significant spatial variability in sediment connectivity across the basin and provide important insights on
structural sediment dynamics in a complex geological and geomorphological setting. We compare our results
with the observed sediment load data at certain outlets and demonstrate that sediment flux in different sub-
basins is controlled by variable slope distribution and land use and land cover that are strongly related to the
structural connectivity. We argue that IC model can be extremely beneficial to understand sediment dynamics
at catchment scale in a large river basin (~103–104 km2 scale), where systematic field investigations for mapping
hillslope-channel linkages are not feasible.

© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

In a large river system, sediment connectivity plays an essential role
in understanding sediment dynamics (Fryirs, 2013), i.e., transfer of sed-
iments between different landscape compartments designated as
‘source’ to ‘sink.’ Sediment connectivity is “the degree of coupling, the
combined effect of lateral (hillslope to channel) and longitudinal
(upstream river reaches to downstream) linkages between landscape
components” (Heckmann and Schwanghart, 2013). Hence, sediment
connectivity is an important factor that governs the mode, efficiency,
and scale of sediment transfer in a catchment (Brunsden and Thornes,
1979; Harvey, 2001; Korup, 2005; Brierley et al., 2006). The spatial
characterization of connectivity patterns within a catchment helps to
identify sediment sources as well as to define sediment transfer paths
(Cavalli et al., 2013). Therefore, the study of sediment connectivity is
not only useful to develop a better understanding of sediment dynamics
but it also enhances the ability to predict sediment flux in major river
systems and its downstream consequences (Baartman et al., 2013).

In mountainous catchments, the concept of sediment connectivity
explains the potential of sediment generation from soil erosion and
remobilization of storages as well as its transfer within or between
the active geomorphic zones, i.e., hillslopes and channel networks
(Bracken et al., 2015). This process responds to both long-term climatic
changes and short-term anthropogenic interventions (Mao et al., 2009;
Macklin and Lewin, 2009). The natural factors that affect sediment
transfer processes include relief, terrain roughness, stream network
density, streamflow, catchment shape, erosive rainfall, sub-surface
flow and soil permeability and water retention capacity (Montgomery
and Dietrich, 1989; Hassan et al., 1991; Nicholas et al., 1995; Roth
et al., 1996; Roy and Lamarre, 2011). In addition, several human-
induced factors such as land use and land cover (LULC) changes includ-
ing deforestation (Marden et al., 2005; Ward et al., 2009), afforestation
(Liébault et al., 2005; Hooke, 2006; Keesstra et al., 2009), vegetation
strips and agricultural drainage systems (Pavanelli and Cavazza, 2010;
Pan et al., 2011; Calsamiglia et al., 2018), riparian vegetation (Keesstra
et al., 2012; Poeppl et al., 2012), and land abandonment (Turnbull
et al., 2008; Borselli et al., 2008; Casalí et al., 2010) as well as shallow
landslides (Persichillo et al., 2017) also affect sediment transfer process
within a catchment.

To develop effective sediment management strategies and to
mitigate the associated hazards, several researchers have focused on
the study of landscapes and sediment redistribution processes (e.g.
Bracken et al., 2013, 2015) and for implementation of effective sediment
trapping measures (e.g. Mekonnen et al., 2014). This has led to the
development of several spatially distributed and digitally organized
methods and tools to quantify connectivity at various scales (Marchi
and Dalla Fontana, 2005). From plot to hillslope scale, different
‘functions’ (Western et al., 2001) and ‘indicators’ (Darboux et al.,
2001; Antoine et al., 2009) have been developed to assess the connec-
tivity. At hillslope to the catchment scale, sediment connectivity
can be inferred from a conceptual framework. For example, functions
like sediment delivery ratio (Walling, 1983) and sediment budgets
(Bracken and Croke, 2007; Walling and Collins, 2008) have been used
to provide a preliminary evaluation of catchment connectivity
(Brierley et al., 2006; Baartman et al., 2013). Several indicators such as
drainage density (Delmas et al., 2009), wetness index (Ali et al., 2014),
and stream power index (Dalla Fontana and Marchi, 2003) have also
been used to provide finer insight into the catchment connectivity.
However, the spatially distributed methods such as the graph theory
(Heckmann et al., 2014; Cossart and Fressard, 2017) and landscape
index (Borselli et al., 2008) as well as the topographic indices
(Lane et al., 2009; Cavalli et al., 2013) have proved to be useful to
evaluate the sediment contribution from the different geomorphic
zones of a large catchment. The latter has gained more importance
because of less data requirement and has allowed the evaluation of
connectivity in remote areas or in vast territories where field surveys
are very difficult to carry out (Reid et al., 2007; Lane et al., 2009). It
works on the topography derived from a Digital Elevation Model
(DEM) and the land usemaps that can be obtained from remote sensing
data. This ‘index of connectivity’ has been widely used to assess the in-
fluence of land use changes on the sediment connectivity in Spain
(López-Vicente et al., 2013; Foerster et al., 2014), to track the contami-
nated sediment dispersion in Japan (Chartin et al., 2013), and for the
identification of hotspots of primary sediment sources to permanent
sinks in an Australian semi-arid area as well as in the Mediterranean
basin (Sougnez et al., 2011; Vigiak et al., 2012). Sinha et al. (2013)
modeled the probable pathway of 2008 avulsion of the Kosi river in
north Bihar, eastern Indiawith the help of a topography-driven connec-
tivity model, which largely corresponded to the observed post-avulsion
scenario. Themodelwas further used to postulate the avulsive course of
the river from another upstream point based on avulsion threshold
analysis (Sinha et al., 2014). Another study in the alluvial stretches of
the Kosi river evaluated the spatio-temporal variation in the structural
connectivity with detailed mapping of the buffers (characteristic of
local slope variability, LULC map, and flow length), and the rail/road
network in different years (1955, 1983, and 2010) to understand the
impact of natural and anthropogenic factors on the connectivity
structure (Kumar et al., 2014). Singh et al. (2017) utilized the concept
of connectivity response unit (CRU) to understand the impacts of
changing LULC on the connectivity structure in relatively flat terrain
for both pre- and post-monsoon scenarios in water-stressed wetland
Kaabar Tal in the alluvial plains of north Bihar, India. The CRU concept
was further utilized by Singh and Sinha (2019) to understand the
dynamic connectivity in the Kaabar wetland demonstrating that the
wetland-catchment connectivity was higher for pre-monsoon com-
pared to post-monsoon period.

Cavalli et al. (2013)modified the index of connectivity (IC) by intro-
ducing (a) D-infinity flow algorithm (Tarboton, 1997), and (b) slope
modification imposing the upper limit of 1 m/m to limit the bias due
to very high values of IC on steep slopes along with the residual to-
pography; this was done by introducing roughness factor to better
define the mountainous transfer properties such as debris flow and
channelized sediment transfer. This led to the consideration of the
different sedimentary processes that may or may not be hydrologi-
cally controlled (Bracken et al., 2015). The modified IC has been
applied in the Rio Cordon catchment, Italy (Cavalli et al., 2016), Büğdüz
River catchment, Turkey (D'Haen et al., 2013), and Val Müschauns
valley, Switzerland (Messenzehl et al., 2014) to understand the
sediment connectivity between the source and the sink. Although it
has been suggested that the modified IC can be effective for large
basins (Cavalli et al., 2013), where systematic field investigation for
mapping hillslopes–channel linkages (Caine and Swanson, 1989;
Farraj and Harvey, 2010; Theler et al., 2010) is not feasible, it is yet to
be demonstrated.

In this study, themodified IC (Cavalli et al., 2013) has been applied to
upper Kosi basin (UKB) including the parts of Tibet and Nepal covering
an area of ~52,731 km2. The primary objective of this paper is to develop
an assessment of sediment connectivity in this large basin characterized
by dominantly erosional processes that mobilize large quantities of
sediments from the hinterland area to the downstream. Results of this
study can have significant implications for designing sediment and
flood management strategy in the transboundary Kosi River Basin.

2. Geomorphic and climatic setting of the upper Kosi basin

The Kosi River (also referred as Koshi) originates from high altitude
region draining from the northern slopes of the Himalaya in the Tibet
autonomous region and the southern slopes of Nepal before it finally
enters the Bihar plains in India and meets the Ganga River (Fig. 1).
The upper Kosi basin covers an area of ~52,731 km2 up to Chatara
(Fig. 1)with elevation varying from 164m to 8642m, and slope ranging
from 0° to 84°. The upper Kosi basin mainly comprises Tibetan plateau,



Fig. 1. The Upper Kosi river basin and themajor tributaries (Note: GRB: Ganges river Basin, BRB: Brahmaputra River Basin, KRB: Kosi River Basin). The northernmost part of the Kosi basin
lies in Chinese part, and the remaining part in the high and middle mountains of Southern Himalaya in Nepal.

253K. Mishra et al. / Science of the Total Environment 661 (2019) 251–265
Higher and Lesser Himalaya, Siwaliks, and Terai zone. The elevated but
flat Tibetan plateau in the north is characterized by numerous glaciers,
glacial moraines, hummocky terrain with rounded or elongated hills
and depressions. The broad U-shape glacial valleys formed due to the
large-scale erosion of ice in valleys lies to its north and they acts as a
source of the drainage formost of the streams of the surrounding region
(Immerzeel et al., 2010). The Arun River is the main drainage system
thatflows through theflat valley of Tibet plateau to themountainous re-
gion of Nepal and later joins the Sapt Kosi at Tribeni.

In the Higher Himalaya, there are permanent snow-capped moun-
tains (~3000–8500 m), steeply dissected mountains, and hills, deep
and incised rivers valleys, and tectonic basins mostly dominate these
areas. It has been estimated that there are around 36 glaciers and 296
glacier lakes in the Kosi River basin (Bajracharya et al., 2007). In the
Lesser Himalaya (Mahabharata range), the basin has elevations of
1000–2500 m. Major rivers such as Sun Kosi, Arun, and Tamor and
their tributaries originate in the Higher Himalaya but majorly flow
through the Lesser Himalayan region (Fig. 1). The Mahabharata Range
acts as a barrier to the south-flowing rivers and forces the Sun Kosi
and Tamor rivers to flow parallel to the range until Tribeni where they
join the Arun River flowing from the north (Fig. 1). Moving to the
south is the Terai zone at the northern end of the Gangetic plains with
an average elevation of 100 m to 200 m above the mean sea level. The
combined flow of the Sun Kosi, Arun, and Tamor (called Sapt Kosi
hereafter)flows through the Barahkshetra gorge for about 15 kmbefore
emerging in the plains at Chatara (Fig. 1).

The climatic setting of the upper Kosi basin is monsoonal, and the
rainfall mostly occurs in the month of June to September. Fig. 2 shows
the rainfall map of the upper Kosi basin based on the APHRODITE
(Asian Precipitation Highly Resolved Observational Data Integration to-
wards Evaluation) data available at 0.25 km × 0.25 km resolution from
January 1950 to December 2007 at a daily time step. The Aphrodite is a
gridded precipitation data based on large number of rain gauges for Asia
(Yatagai et al., 2012). With the use of MATLAB code, the gridded rainfall
data was converted to the point rainfall data for the upper Kosi basin for
57 years (1950–2007). The point data sets were used to generate the
rainfall map using ordinary Kriging interpolation method that assumes
stationarity of the data i.e., the overall mean values and variance do not
vary significantly across the study area. The rainfall map of the upper
Kosi basin ismarked by large regional and temporal variations in rainfall
due to considerable orographic contrasts. Further, the average rainfall
for each sub-basin was computed averaging the grids falling in each
(Table 1). The Indrawati, Bhote Kosi, Tama Kosi, Dudh Kosi, and Sun
Kosi sub-basins in the western part receive an average rainfall from
1028 to 1326 mm, whereas the Arun sub-basin in the middle part re-
ceives an average rainfall of 625 mm, which also includes the leeward
side of Himalaya in the north. The Tamor sub-basin in the east receives
the lowest average rainfall of 1351 mm (Table 1).



Fig. 2. Spatial variation of rainfall in upper Kosi basin based on the APHRODITE data.
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3. Data and methods

3.1. Geospatial data analysis

The spatial datasets used for this study include the Digital Elevation
Model (DEM), and cover management factor/crop factor, i.e., C-factor
map. The hydrologically corrected DEM with a spatial resolution of
90 m derived from the Shuttle Radar Topography Mission (SRTM)
data covering the upper Kosi basin corresponding to the year 2000
was used for this study.
Table 1
Morphometric and hydrological characteristics of the upper Kosi basin.a

River Discharge (D) and
sediment station
(S)

Catchment area
upstream of
station (km2)

Minimum
elevationb

(m)

Average
elevatio
(m·a.s.

Bhote Kosi-Indrawati
confluence

Pachuwarghat
(S)/Dolalghat (D)

4842 633 344

Tama Kosi Busti (S) 3088 472 357
Dudh Kosi Rabuwabazar (D) 3717 338 351
Arun Turkighat (D) 27,779 195 448

Simle (D) 30,380
Tamor Maghitar (D) 4391 195 280

Mulghat (S) 5892
Sun Kosi Khurkot (D) 10,000 195 129

Kampughat (D) 17,600
Sapt Kosi Chatara (D; S) 52,730 164 377

a Hydrological data compiled from Sinha et al., 2019.
b m·a.s.l.: meters above sea level.
A map of total stream power (TSP) and specific stream power (SSP)
distribution in the Kosi River basin was also used to understand the re-
sults of connectivity analysis. The stream power map showing spatio-
temporal distribution was derived using a physically-based hydrological
model, Soil and Water Assessment Tool (SWAT) and detailed methodol-
ogy has been discussed elsewhere (Kaushal et al., in prep). The method
provides reach scale variation in TSP and SSP for all tributaries and
trunk river of the Kosi river basin. The newmethod also provides tempo-
ral variability in TSP/SSP at month scale. Temporal variability is the key to
understand sediment dynamics a monsoon dominated river system.
nb

l.)

Maximum
elevationb

(m·a.s.l.)

Average
basin slope
(°)

Basin average
rainfall
(mm/yr)

Average annual
discharge
(m3/s)

Average annual
sediment load
(MT/year)

5 7774 23.52 1379 200 30

7 7098 24.97 1028 150 10
1 8642 26.08 1175 200 NA
2 8547 16.65 625 456 NA

580
7 8216 25.91 1351 249 NA

16
3 3596 23.64 1326 469 NA

864 NA
2 8642 20.24 898 1545 101
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Land use and land cover (LULC)map for the year 1990was prepared
from the satellite data Landsat TM and ETM+ images of 30 m spatial
resolution using object-based image analysis following the methodol-
ogy developed by Uddin et al. (2015). The LULC map was reclassified
into 8 major classes for this work. Further, the C-Factor map corre-
sponding to the year 1990 was generated using De Jong method
(De Jong, 1994) for estimating soil erosion dynamics in the entire Kosi
river basin (Uddin et al., 2016). In this method, the Normalized Differ-
ence Vegetation Index (NDVI) was calculated from the Landsat TM
and ETM+ images for 1990 (nine cloud-free images taken in November
to January). Then, a C-factormap for the upper Kosi basinwas generated
using Eq. (1) based on a simple assessment of vegetation cover, rather
than a close analysis of agricultural cropping patterns (Uddin et al.,
2016).

C ¼ 0:431−0:805 �NDVI
ð1Þ

where NDVI = Near infrared (NIR) − Red (R) / Near infrared (NIR) +
Red (R).

The C-factor map for the upper Kosi basin was used as theweighting
factor in the sediment connectivity analysis. For the entire processing of
the satelite data, the ERDAS Imaginewas used and the ArcMap 10×was
used for post-processing and data analysis.

3.2. Connectivity analysis

The index of flow and sediment connectivity (IC) was initially
defined by Borselli et al. (2008) as follows:

IC ¼ log10
Dup

Ddn

� �
¼ log10

WS
ffiffiffi
A

p
X
i

di
wisi

0
BBB@

1
CCCA ð2Þ

where Dup and Ddn are the upslope and downslope components of
connectivity, respectively,W is the average weighting factor of the up-
slope contributing area, S is the average slope gradient of the upslope
contributing area (m/m), A is the upslope contributing area (m2), di is
the length of the flow path along the ith cell according to the steepest
downslope direction (m), wi and si are the weighting factor and the
slope gradient of the ith cell respectively. The IC is defined in the range
of [−∞, +∞] with connectivity increasing for larger IC values (+∞).

Two components of the modified (Cavalli et al., 2013), are
(a) ICchannel, and (b) ICoutlet and they work on the same principle as pro-
posed by the Borselli et al. (2008). However, in case of the ICchannel, the
target gets defined initially (such asmain river channel) for the upslope
contributing area. It calculates the probability of the sediment eroded
from the hillslopes to reach the nearest sink (Supplementary Fig. S1)
and thus defines the hillslope to channel connectivity or lateral connec-
tivity. For computing the ICoutlet (Supplementary Fig. S1), the target is
set at the catchment outlet. Thus, the ICoutlet was calculated for each
cell of the catchment by the upslope contributing area. Themodel calcu-
lates the optimal flow path of connectivity to the basin outlet. Further, it
defines the upstream-downstream channel interaction or catchment
connectivity. The IC was calculated with reference to both targets
i.e., the main channel (ICchannel) and the basin outlet (ICoutlet) of the
upper Kosi basin. For the ICchannel, the main channel of the upper
Kosi basin was identified by applying a threshold value to the output
of D-infinity flow accumulation followed by photo interpretation.

For the sediment connectivity analysis of the upper Kosi basin, the
connectivity toolbox (http://www.sedalp.eu/download/tools.shtml)
was implemented through the model builder in ArcGIS 10.X version
using functionalities and algorithms available in the Spatial Analyst ex-
tension and TauDEM 4.0 tool routines (Tarboton, 1997). Now, an open
source stand-alone free tool, SedInConnect (Crema and Cavalli, 2018),
is also available that implements the approach developed by Cavalli
et al. (2013) with the possibility of integrating surface-roughness-
derived weighting factor (Cavalli and Marchi, 2008) and weighting fac-
tor normalization.

The modified IC has mostly been applied to smaller basins ranging
from ~10 km2 (Cavalli et al., 2013) to ~150 km2 (Borselli et al., 2008)
with a very high-resolution (N2.5 m) DEM. In this paper, we have
applied this approach to a large basin such as the Kosi (~52,731 km2)
for the first time with a coarser DEM derived from SRTM (having
~90 m resolution) to understand the interaction between hillslopes
and channels, and to the basin outlet.

Keeping in view the spatial inhomogeneties in terrain characteristics
of the upper Kosi basin, we have also generated the connectivity statis-
tics for different sub-basins (Tables 3 and 4) to understand the control-
ling factors of sediment dynamics better. The statistics of the ICchannel
and ICoutlet of the upper Kosi basin have also considered the exclusion
of the IC values related to the glaciers and glacial lakes (covering ~10%
of the total area), since these areas do not represent the terrain surface
and they also trap sediments temporarily.

3.3. Hydrological and sediment load data analysis

The available hydrological and suspended sediment load data for the
upper Kosi basin (Table 1) were compiled to evaluate and compare the
results of sediment connectivity analysis. A detailed analysis of hydrol-
ogy and sediment transport characteristics of the entire Kosi basin has
presented elsewhere (Sinha et al., 2019, in press) and a quick summary
is presented here particularly to document the sediment fluxes from
different sub-basins. Table 1 highlights that the different sub-basins
are of different sizes with significantly different annual discharges.
Sediment data is available only for four stations and they help to assess
the order of magnitude of sediment fluxes at different outlets. The final
outlet of the upper Kosi basin is Chatara where an average annual sedi-
ment load of ~101MT (Table 1) is recorded. Based on the observed data
from the gauging stations, the Indrawati and Bhote Kosi (~30MT), Tama
Kosi (~10 MT), and Tamor (~16 MT) together contribute ~56% of sedi-
ment load at Chatara. The remaining ~44% of sediments is contributed
by the other tributaries upstream of Chatara, namely the Arun, Dudh
Kosi and Sun Kosi (Sinha et al., 2019, in press).

4. Results

4.1. Morphometry of the upper Kosi basin and stream power distribution

Fig. 3a shows the DEM and the drainage network in the upper Kosi
basin with a color coding representing slope variations. The upper
Kosi basin is characterized by significant variability in channel slope.
The northen part (the plateau region) mostly have gently sloping
reaches. In contrast, the sub-basins in the Higher Himalayan region
show high channel slope up to ~22°. The lower part of the sub-basin
covering the Lesser Himalaya and Siwalik region are less steeper.
Fig. 3b shows the stream power distribution in the upper Kosi basin
that provides an expression of the rate of energy dissipation at a given
point in a river system and is inherently linked to erosion pattern and
sediment transport competence (Bookhagen and Strecker, 2012).
Fig. 3b is the modeled stream power distribution in the upper Kosi
basin for 10 years (1985 to 1995) and it shows that the tributaries in
the western part of the basin have high stream power because of the
dominance of high slope variability and high rainfall. The Arun Kosi
also shows low stream power in the E-W trending entire Tibetan part
but high stream power in the N-S trending part draining through the
Higher Himalaya and it reduces again in the lower reaches. The Tamor
shows high slope variability, but the stream power is low due to lesser
rainfall (and hence lower discharge, see Table 1) in this region. A de-
tailed discussion on stream power analysis of the upper Kosi basin has
been presented elsewhere (Kaushal et al., in prep).

http://www.sedalp.eu/download/tools.shtml


Fig. 3. (a) Spatial variation of channel slope in the upper Kosi basin; (b) modeled stream power in the upper Kosi basin using hydrological data for 10 years.
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Fig. 4 shows the longitudinal profiles of all tributaries in the upper
Kosi basin and highlights the varied morphology of the tributaries. The
Arun has a very steep profile in most parts except for the lowermost
Fig. 4. Longitudinal channel profiles of m
reaches where a sharp transition to flat reaches is noted. The Bhote
Kosi and Tama Kosi have very steep profiles in the uplands but they
show a gradual decrease in slope in the midstream reaches. The Dudh
ajor tributaries of upper Kosi basin.



Fig. 5. (a) Land use and land cover (LULC) map of upper Kosi basin based on 1990 Landsat image; (b) C-factor map of upper Kosi basin (based on NDVI map derived from 1990
Landsat image).
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Kosi and Tamor show a typical concave up profile. The Indrawati and
Likhu Khola show a gradual downstream decrease in elevation but
display flatter profiles close to their confluence with the Sun Kosi. The
Sun Kosi shows a gradual decrease in elevation downstream with
sudden breaks characterising riffle-pool sequences.

4.2. Land use and land cover (LULC) characteristics

Fig. 5a and Table 2 show the LULCmap and related statistics respec-
tively for the upper Kosi basin that clearly reflect the dominance of
grasslands in the flat Tibetan plateau region. This is followed by forests
(open and closed), grassland, barren areas, snow and glaciers that are
widespread in the higher elevations and steep slope gradient of the
Higher and Lesser Himalaya. At lower elevations in the Lesser Himalaya,
a significant area under agriculture and shrubland (arable lands) are
noted reflecting anthropogenic impacts in the valleys known as ‘mid-
lands’. Of particular interest is the variable percentage of forest and
grasslands in different basins. The Arun sub-basin shows the minimum
forest cover (~11%) and highest grassland area (~69%) amongst all, as a
major part of the basin lies in the Tibetan part. The Sun Kosi sub-basin
shows the highest forest cover (~66 %). Amongst the sub-basins of the
tributaries of the Sun Kosi, the Indrawati and Likhu Khola sub-basins
have relatively higher forest cover (~58%) whereas the Bhote Kosi
sub-basin has a much lower (~26%) forest cover. It is also important to
note that these sub-basins of the Sun Kosi namely, Bhote Kosi, Tama
Kosi and Dudh Kosi have ~10% of the area covered by snow/glacier
whereas the Arun and Tamor sub-basins each have 6–8% of the basin
that is snow covered.
Table 2
Land use and land cover statistics in different sub-basins of the upper Kosi basin.

Name of the basin→ Arun river Indrawati Bhote Kosi Ta

Class name↓ Area (%) Area (%) Area (%) A

Forest 11.35 57.96 26.15
Shrubland 0.52 1.2 1.44
Grassland 68.99 15.71 43.59
Agriculture 3.04 20.38 6.5
Barren area 9.39 2.33 12.08
Built-up area 0.001 0.00 0.00
Waterbodies 0.44 0.01 0.37
Snow/glacier 6.25 2.41 9.87
Fig. 5b shows the C-factor map of the upper Kosi basin based on the
NDVI map of 1990. The continuous C-factor values obtained for the en-
tire basin from remote sensing approach have provided estimates on a
pixel-by-pixel basis which is independent of the land use class that
the respective pixels belong to. The continuous C-factor map of the
upper Kosi basin ranges from as low as 0.000040 to as high as ~0.832.
The high mountainous areas with bare rocks (no vegetation) exhibit
the highest C-factor values. Permanent snow and glaciers in the high
mountainous areas were later excluded from the analysis as they have
minimal contribution to the sediment connectivity in the upper Kosi
basin. The areas of low C-factor values are mostly dominated by the
different types of forest cover.

4.3. Hillslope to channel connectivity (ICchannel)

Fig. 6a shows the ICchannelmapof theupper Kosi basinwith respect to
itsmain tributaries. The IC values range from+4.010 (high) to−11.121
(low). Table 3 presents the statistics of the ICchannel values for different
sub-basins and highlights their spatial inhomogeneities. In the Tibetan
part of the Arun sub-basin, high ICchannel values are observed for
hillslopes sloping towards north or south adjacent to the axial river run-
ning east-west of the basin (Fig. 6a) which are dominated by grassland
and patches of barren areas (Fig. 5a and Table 2). Similarly, lower
ICchannel values correspond to U-shaped valleys, and piedmont fans on
the eastern and western flanks of the basin that are clearly visible on
satellite images. The middle part of the Arun sub-basin shows high
ICchannel values and so does the north-south trending channel, where
grassland, shrubland, and barren land dominate the steep and dissected
ma Kosi Likhu Khola Dudh Kosi Sun Kosi Tamor

rea (%) Area (%) Area (%) Area (%) Area (%)

32.78 58.35 39.45 65.73 48.4
1.73 1.19 4.45 0.5 2.6
36.22 16.26 27.88 0.93 21.72
12.81 19.62 11.38 31.6 16.94
5.88 1.23 5.88 0.72 2.64
0.04 0.00 0.001 0.02 0.02
0.24 0.87 0.33 0.5 0.12
10.36 3.27 10.61 0.00 7.56



Fig. 6. (a) ICchannel map of upper Kosi basin. (b) ICoutlet map of upper Kosi basin.
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Table 3
ICchannel statistics of the tributaries of the upper Kosi basin.

Name of the basin Minimum Maximum Mean Standard deviation Median Area % of IC under
Q1a

Area % of IC under
Q2a

Area % of IC under
Q3a

Area % of IC under
Q4a

Bhote Kosi −8.673 3.765 −4.791 0.726 −4.904 3.71 22.10 32.85 41.33
Dudh Kosi −9.394 3.925 −5.085 0.753 −5.162 18.71 25.28 23.09 32.92
Arun −11.121 3.878 −5.201 0.814 −5.223 22.89 24.18 26.19 26.75
Tama Kosi −9.767 3.951 −5.206 0.701 −5.254 17.92 30.70 29.80 21.58
Sun Kosi −10.184 3.364 −5.363 0.949 −5.434 36.22 21.01 18.36 24.41
Indrawati −9.457 3.610 −5.465 0.527 −5.504 18.93 59.01 15.08 6.98
Tamor −10.150 4.010 −5.603 0.837 −5.577 43.66 21.65 22.44 12.25
Likhu Khola −9.133 3.627 −5.681 0.585 −5.770 53.27 28.05 11.70 6.97
Upper Kosi basin −11.121 4.010 −5.243 0.824 −5.272 25.10 25.04 24.97 24.89

a Q1, Q2, Q3, Q4 are quartile distributionwith Q1=0–25%, Q2=25–50%, Q3=50–75%, Q4=75–100%; quartileswere determinedwith respect to the PD plot of the entire upper Kosi
basin to maintain the uniformity across the sub-basins.
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slopes. Midlands and confined narrow valleys dominate the main river
channel in this stretch resulting in high ICchannel values. However, alter-
nate patches of moderate to low values of the ICchannel can be seen on
eastern and western slopes of the Arun sub-basin that form hilly areas
having dense forest cover. The ICchannel values increase again at
~62 kmupstreamof the confluence point and this is primarily attributed
to significant agricultural land on the slopes in this stretch (Fig. 5a).

Amongst the tributaries of the Sun Kosi system, the westernmost
Indrawati shows low ICchannel values throughout the sub-basin. This
sub-basin is characterized by dense forest (~58%) (Table 2) and snow/
glacier (~2%) in the mountains and high hillslopes, which greatly im-
pede sediment conveyance to the main channel. A few small patches
of high ICchannel values close to its confluence with the Sun Kosi are at-
tributed to agriculture and shrubland on the low hillslopes and valleys
areas that correspond to moderate to low slopes (Fig. 3a). The Bhote
Kosi has a small patch of high values of the ICchannel in the upslope
area but the remaining parts of the sub-basin have much lower values
except for a few patches of high values and these generally coincide
with the agricultural lands on lower slopes. The Tama Kosi has moder-
ately high ICchannel values in the upper part of the sub-basin, a very
large patch of high ICchannel values in the middle part, and then again, a
large patch of high ICchannel values close to its confluence with the Sun
Kosi. Barring the patch of snow cover/glacier (~10%) in the uppermost
slopes of the Tama Kosi, most of the upslope region is characterized by
grassland or barren areas with high slopes and this explains the high
ICchannel values in the upper part of the sub-basin. On the other hand, a
sudden break in slope (Fig. 4c) close to the confluence point coupled
with extensive agricultural lands results in high ICchannel values in this
part. The Likhu Khola is the smallest sub-basin in the western part of
the Kosi basinwith low values of the ICchannel; this sub-basin hasmoder-
ate slopes and ismostly coveredwith dense forest (58%). TheDudhKosi
has a reasonably large patch of snow cover in theupper parts (~11%) but
the high slopes immediately below have grasslands, shrublands and
barren areas followed by forested land and then again agricultural
areas on the lower slopes close to the confluence point. This has resulted
in a patchy distribution of high ICchannel values in the Dudh Kosi sub-
Table 4
ICoutlet statistics of the tributaries of the upper Kosi basin.

Basin Minimum Maximum Mean Standard deviation Median

Tamor −10.526 2.184 −6.562 0.495 −6.541
Dudh Kosi −10.350 −3.785 −6.549 0.412 −6.554
Bhote Kosi −10.333 1.956 −6.580 0.374 −6.590
Tama Kosi −10.750 −4.137 −6.617 0.471 −6.596
Likhu Khola −10.174 −4.497 −6.609 0.402 −6.618
Sun Kosi −10.699 2.045 −6.673 0.486 −6.665
Indrawati −10.565 2.300 −6.717 0.429 −6.730
Arun −11.202 2.282 −7.008 0.621 −6.974
Upper Kosi basin −11.202 2.300 −6.828 0.590 −6.799

a Q1, Q2, Q3, Q4 are quartile distributionwith Q1=0–25%, Q2=25–50%, Q3=50–75%, Q4=
basin to maintain the uniformity across the sub-basins.
basin. The axial part of the Sun Kosi with a very narrow valley and low
slopes shows patches of high ICchannel values around the confluence
points of various tributaries along its northern slopes but the southern
moderate slopes have consistently low ICchannel values that again corre-
spond to dense forest land cover.

The Tamor, the easternmost system of the upper Kosi basin, shows
high IC values in the upslope region dominated by grassland and barren
areas as well as on the slopes all along the main channel. The high
hillslopes areas of Tamor sub-basin are characterized by almost ~48%
of forest cover and ~8% of snow cover that contribute to moderate IC
on the western slopes and low to moderate IC on the eastern slopes of
the sub-basin.

We have also attempted to understand the interplay of slope and
LULC on the overall IC values and our results (see Supplementary
section) do not show any definite trend. In general, barren areas show
the highest values of ICchannel for all slope classes followed by water
bodies, grassland/agriculture, shrubland, forest and built-up areas
(see Supplementary Fig. S2).

4.4. Catchment connectivity (ICoutlet)

Fig. 6b shows ICoutletmap of the upper Kosi basin with respect to the
outlet and this is strikingly different from the ICchannel map discussed
above. The Tibetan part of the Arun sub-basin has characteristically
low to moderate values along the main channel. In the middle part
where the Arun flows in a north-south direction, only moderate values
are observed which decrease further downstream. This is in sharp con-
trast to high ICchannel values close to the N-S trending channel (Fig. 6a).
The far away hill and valleys that lie in the eastern and western flanks
of the sub-basin also show low ICoutlet values. These regions have very
poorly developed channel section with low slopes and low annual rain-
fall. The lower part of the Arun sub-basin shows a sudden break in chan-
nel gradient (Figs. 3a and 4a) from steep to gentle towards downstream
and therefore results in low ICoutlet values. The ICoutlet distribution is
clearly reflected in the lowest mean as well as median values for the
Arun sub-basin (Table 4) even though it is the largest of all sub-basins.
Area % of IC under
Q1a

Area % of IC under
Q2a

Area % of IC under
Q3a

Area % of IC under
Q4a

11.62 17.09 26.21 45.09
5.86 18.38 32.93 42.83
4.21 18.53 42.28 34.98
9.00 20.94 31.28 38.78
7.42 21.31 36.15 35.12
13.01 22.15 34.65 30.18
11.50 29.26 36.01 23.22
37.50 29.07 18.63 14.80
25.01 25.02 24.95 25.02

75–100%; quartileswere determinedwith respect to the PD plot of the entire upper Kosi



260 K. Mishra et al. / Science of the Total Environment 661 (2019) 251–265
For the tributaries of the Sun Kosi, a common pattern is that the
upper parts of all sub-basins show moderate to high ICoutlet values and
the lower parts are characterized by low values (Fig. 6b). The channel
slope map (Fig. 3a) and longitudinal profiles for these tributaries
(Fig. 4) show sudden breaks in slope that nearly coincide with the tran-
sition of the ICoutlet values fromhigh to low. The steeper river reaches are
generally associatedwith narrow valleys, allowing a direct coupling be-
tween tributary valleys and the main river channel, but the elongate
shape of these basins disconnects the upslope area to the downslope
area by increasing the distance and time to reach the basin outlet. The
Indrawati and Likhu Khola are amongst the smaller sub-basins having
an elongate shape. The longitudinal profiles of these sub-basins show
a gradual increase in slope with decreasing elevation (Fig. 4f and g);
these sub-basins form local sinks just before the final outlet and there-
fore show low ICoutlet values. The TamaKosi andDudhKosi are quite dis-
tinctive with large areas of high ICoutlet values in the uplands with a
sharp change to lower values in the lower reaches (Fig. 6b). The deep
and incised channels valleys in the uplands seem to be well connected
to the outlet and this has significant implications for sediment dynamics
(discussed later). The circular shape of the upland part of the Tama Kosi
sub-basin allows a high and similar degree of connection from all direc-
tions of the upslope contributing area to the catchment outlet along
with the high channel gradient. The Sun Kosi shows high ICoutlet values
mostly confined to the middle part of the sub-basin and the values are
low close to the confluencewith the Arun and the Tamor. The longitudi-
nal profile of the Sun Kosi shows a gradual decrease in slope from up-
stream to downstream with riffle-pool sequences (Fig. 4h) that create
patches of low connectivity. The Tamor also shows moderate to high
ICoutlet values in the upper parts of the sub-basin. These areas coincide
with the high channel slopes (Fig. 3a) andmanifest in a typical concave
up profile with a major break at ~75 km from the source (Fig. 4e). On
ground, this translates into a transition from steep and narrow valleys
in the upper reaches to wider valleys in the lower reaches hampering
the connection with tributaries. The middle and lower parts of the
Tamor sub-basin therefore show low to moderate values of the ICoutlet.
Fig. 7. Probability density (PD) plots of (a)
Our analysis to understand the interplay of slope and LULC on ICoutlet
values suggests that grassland and shrubland do not get affected much
by slope variability whereas agriculture shows a decreasing trend with
increase in slope. Most of the other LULC classses generally show higher
conectivitywith higher slopes but there is nodefinite trend (see Supple-
mentary Fig. S3).

4.5. Degree of connectivity

To understand the degree of connectivity of all the sub-basins asso-
ciated with the upper Kosi basin, the probability density (PD) of IC
values are plotted against the IC range of the different sub-basins
(Fig. 7a, b). The PD plots have allowed to distinguish the different sub-
basins in terms of their overall ICchannel (Fig. 6a) and ICoutlet (Fig. 6b)
values excluding glaciers and lakes in the statistics. In conjucntion
with the detailed statistical analysis (Tables 3 and 4) derived from the
ICmaps, the PDplots also help to understand the responses of the differ-
ent sub basins in terms of sediment transfer. Both the plots show dis-
tinct patterns of PDs for all sub-basins based on IC range, but for some
of the sub-basins, the plots overlap with each other. Both plots show
positive skewness (i.e., high IC value distribution) for the entire upper
Kosi basin (Fig. 7a, b, Tables 3 and 4). Therefore, themedian of IC values
is used to define the relative order of the sub-basins. Further, the quar-
tiles, Q1 (0–25%), Q2 (25–50%), Q3 (50–75%) and Q4 (75–100%) define
the area contribution of each sub-basin towards IC (Tables 3 and 4).

5. Discussion

5.1. Spatial distribution of connectivity

Mapping of ICchannel (hillslope to channel) and ICoutlet (catchment
connectivity) shows considerable spatial variation in the connectivity
in the upper Kosi basin reflecting variable efficiency of sediment routing
from different sub-basins. These differences can be linked to the various
controlling factors that combine landscape properties (e.g. vegetation,
ICchannel (b) ICoutlet of upper Kosi basin.



261K. Mishra et al. / Science of the Total Environment 661 (2019) 251–265
morphology, slope, catchment area) with driving variables (e.g. rainfall
intensity and its cumulative amount) and human activities (Fryirs et al.,
2007a; Lexartza-Artza and Wainwright, 2011; Gumiere et al., 2011).

In general, the inhomogeneity across the different sub-basins is
much more impressive in the ICchannel compared with the ICoutlet map
and this is also reflected from the statistics presented in Tables 3
and 4. The ICchannel values for each sub-basin show a much higher
standard deviation reflecting larger variability within each sub-basin
and this also results in more significant contrast amongst them. Lower
standard deviation in ICoutlet values and much lesser variability across
the sub-basins result in a much more homogeneous map. Tables 3
and 4 also show a large variation in the median values of the ICchannel
compared to those of the ICoutlet across the sub-basins. The PD plots
show a good separation of curves for the ICchannel. The Bhote Kosi and
Dudh Kosi show peaks at higher ICchannel values and the Indrawati and
Likhu Khola show much lower values, and the values for the rest of
the sub-basins fall in between. In contrast, the PD plots for the ICoutlet
show a clustering for most sub-basins except for the Arun which
shows a peak at much lower value.

Fig. 7 also shows the PD plot for the entire upper Kosi basin and
Tables 3 and 4 show the percent contrubution of IC values for the four
quartiles with respect to this curve for each sub-basin. For ICchannel, the
Bhote Kosi and Dudh Kosi have higher contribution (~33–41%) from
high IC values whereas the Likhu Khola and Indrawati have the lowest
contribution (~7%). For ICoutlet, the Arun has the lowest percentage of
contribution (~14%) from the high IC quartiles and Tamor (~45%) and
Dudh Kosi (~43%) have the highest.

5.2. Controlling factors and field evidences

5.2.1. Controls on hillslope-channel connectivity (ICchannel)
The ICchannel map (Fig. 6a) primarily reflects the connectivity be-

tween hillslope and channels, and thus, higher values adjacent to the
main channels for most of the sub-basins reflect efficient sediment
transfer from these slopes. In contrast, the hills and slopes far away
from the channel show low ICchannel values. In general, dense forest
cover contributes to low sediment connectivity by stabilizing the
steep slopes in a catchment (van Rompaey et al., 2002; Gomi et al.,
2008; Schlunegger et al., 2009) which is the dominant factor that con-
tributes to low ICchannel in the sub-basins such as the Sun Kosi (~66%),
Likhu Khola and Indrawati (~58%) and Tamor (48%) (Fig. 8a, b, c). It
also reduces sediment transfer by decreasing erosion and increasing
sedimentation (Sandercock andHooke, 2011). The next dominant com-
ponent of vegetation in the Kosi basin is grassland, which shows a bi-
modal behavior. The presence of grasslands in the high elevation areas
with the steep slopes favors sediment connectivity as compared to
grassland on the gentle slopes (Gomi et al., 2008; Kamarinas et al.,
2016). In contrast, grassland reduces the runoff (up to 84%) in flat and
poorly defined valleys (Schmidt and Morche, 2006; Le Bissonnais
et al., 2004; Puigdefábregas, 2005). Experimental studies by Abujamin
et al. (1984) have also demonstrated the runoff reduction up to
(a) Indrawa� river (b) Sun Ko

Fig. 8. Examples of low ICchannel: (a) vegetated slopes of the Indrawati river impeding sediment tr
of Likhu Khola contributing little sediments to the channel.
50–60% due to grasslands. The Arun has ~69% of the total basin area
under grassland combining both the high upland areas of the central
Himalaya and far north of the Tibetan plateau. As a result, the Tibetan
part shows low ICchannel values but the narrow and steep valleys of the
Arun in the middle part have very high potential of transferring sedi-
ments into the channel (Fig. 9a), and this results in high ICchannel values
along the main channel (Fig. 6a).

The Bhote Kosi has a moderate (~44%) grassland cover but has the
highest barren land (~13%). Studies have shown that agriculture (arable
lands), shrubland and barren areas or badlands (semi-arid conditions)
are amongst the highest contributor to sediment connectivity (up to
40%; Brosinsky et al., 2014) in high slope areas that intensify the hydro-
logic response on the hillslope due to the increasing elevational gradients
with increasing slope angle (Hopp andMcDonnell, 2009). A major land-
slide in the upslope area of the Bhote Kosi in 2014 (Jure landslide)
formed a large dam with water depth in excess of 15 m filling up
the entire valley. While the dam failed eventually, large amount of
slide material still lies on the barren slope (Fig. 9b). Further upstream,
large debris flows feeding into the channel are observed along the
steep and barren slope of the Bhote Kosi (Fig. 9c) manifesting high
ICchannel values at these sites. Such basins with bare and/or crust areas
on stony steep slopes are considered as the hotspots, generating quick
runoff that triggers erosion immediately downstream in the pathway
link (Marchamalo et al., 2016).

Several authors (e.g. Otto et al., 2009; Hoffmann et al., 2013) have
suggested that ~60% of the sediment are still stored within the hanging
valleys in mountainous areas since the last deglaciation due to their
characteristic shape, size (b10 km2) and topographic position. It is ar-
gued therefore that only a fraction of the sediments currently stored
in the catchment and hill slopes will contribute to the sediment flux
from the basin (Messenzehl et al., 2014) The presence of snow/glaciers
and glacal lakes plays an important role in temporary trapping of sedi-
ments and they can release significant amount of sediments during
the retreat phases. The Tama Kosi, Bhote Kosi and Dudh Kosi sub basins
have ~10% of the total area under permanent snow/glacier followed by
Tamor (~8%) and Arun (~6%) with Likhu Khola (~3%) and Indrawati
(~2%)which contribute only a fraction of the total sediment in the freez-
ing season (Nov–Jan). Although the IC computation does not consider
the glaciated surfaces in terms of sediment release, this may be an im-
portant factor to assess the temporal variability in connectivity in such
large basins particularly in context of melting of glaciers due to climate
change.

5.2.2. Controls on catchment connectivity (ICoutlet)
Catchment connectivity of a basin (ICoutlet) is controlled by its shape,

size and channel gradient (Cavalli et al., 2013; D'Haen et al., 2013) as
well as the intensity of the rainfall (Puigdefábregas, 2005). Several
sub-basins such as the Sun Kosi, Likhu Khola, Indrawati, and Bhote
Kosi have an elongate shape that leads to an increased sediment travel
time from the hillslopes to the basin outlet once it reaches the channel,
hampering the upstream-downstream linkage (Cavalli et al., 2013). As a
si (c) Likhu Khola

ansfer fromhill slopes, (b) vegetated, low slope regions along the SunKosi; (c) stable slope



(a) Arun River (c) Bhote Kosi (debris flow)(b) Bhote Kosi ( Jure landslide)

Fig. 9. Examples of high ICchannel: (a) steep slope of Arun river with slopes covered with grassland; (b) barren/grassland covered slope along the Bhote Kosi allowing rapid sediment
transfer; (c) completely barren slope along the Bhote Kosi that triggered Jure landslide in 2015; loose debris on the slopes are waiting to be mobilized into the channel.
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consequence, they all show low ICoutlet values. In contrast, the circular
shape of the Tama Kosi and the Dudh Kosi sub-basins allows a high
and similar degree of connection between the steep hillslopes and the
catchment outlet (Cavalli et al., 2013) and this is manifested in high
ICoutlet values for these sub-basins (Fig. 10a, b). The Tamor and Arun
show interesting situations. The Tamor is also an elongate sub-basin
but the contributing area of well-connected parts of the basin is quite
large, and hence, it shows the highest ICoutlet values in the uplands
that serve as efficient sediment transfer systems (Fig. 10c). In contrast,
the Arun is the largest sub-basin of all and this also has the lowest con-
tribution from high IC quartiles (Table 4); this results in the lowest
ICoutlet values for the Arun sub-basin.

Further, the channel slope gradually decreases with decrease in ele-
vation and this impedes the sediment conveyance downstream to the
outlet of the basin (Souza et al., 2016) as in the case of the Indrawati
and the Likhu Khola (Fig. 11a). Very low values of slope in the mid-
stream and downstream reaches of the Sun Kosi (Fig. 3a) are responsi-
ble for reduction in sediment conveyance to the outlet (Chatara). The
Bhote Kosi, Tama Kosi, Dudh Kosi, and Arun show cascading longitudi-
nal profiles in the upstream reaches (Fig. 4) typical of tectonically active
regions where incision and dissection result in highly connected land-
scape with limited storage (Kuo and Brierley, 2013, 2014). The steeper
river reaches such as those in the Dudh Kosi are generally associated
with steep and narrow valleys (Fig. 10a) allowing a direct coupling be-
tween tributary valleys and the main river channel (Fryirs et al., 2007b;
D'Haen et al., 2013). The Arun shows two contrasting morphologies
i.e., U-shape valleys and low channel slope in the Tibetan part and V-
shape valleys having high channel slope in the middle part (Fig. 9a)
resulting into very low and moderate values of ICoutlet respectively.
However, the total contributing area in terms of the moderate ICoutlet

values (Q3 and Q4) in this largest sub-basin is very low (see Table 4)
that reduces the sediment conveyance to the outlet and therefore a
low ICoutlet value for the sub-basin. The slope profile of Tamor (Fig. 4e)
shows a typical concave up profile followed by a gradual downstream
decrease in slope. This is characterized by wider valleys in the mid-
stream region of the Tamor, which hampers the connection with tribu-
tary and impedes the sediment transport.
(a) Dudh Kosi

Fig. 10. Examples of high ICoutletl: (a) Dudh Kosi channel with abundant gravel and sand in the
steep slopes and large boulder reflecting high longitudinal connectivity; (c) steep channels of
5.3. Sediment connectivity and sediment dynamics

Table 5 summarises the overall response of the different sub basins
to sediment connectivity based on the PD plot and also lists the major
environmental controls in each case. In general, the dominant environ-
mental factors that contribute to high sediment connectivity in the
upper Kosi basin are land use and land cover change, steeply dissected
terrain, the circular shape of the catchment, steep channel slope, and
structurally controlled geology with low opportunities to store the
eroded sediment in a well connected system (Bruijnzeel, 1990). Our
analysis suggests that the overall response of the Arun sub-basin, the
largest of all, to sediment connectivity is moderate. The Dudh Kosi,
Tama Kosi, and Bhote Kosi, are amongst the most dynamic sub-basins
with overall high sediment connectivity. The Indrawati, Likhu Khola,
and Sun Kosi have overall low sediment connectivity whereas the
Tamor shows an overall moderate connectivity.

The IC values are the function of topographic and land use character-
istics, which helped us to understand impact of connectivity indices on
sediment dynamics. However, hydrological forcing is also important in
sedimentmobilization. High-intensity rainfall triggers sediment erosion
and produces events of peak discharge, which have important implica-
tions for sediment connectivity processes (Baartman et al., 2013). In
terms of rainfall variability, the western part of the upper Kosi basin
such as the Indrawati (1692 mm), Bhote Kosi (1065 mm), Tama Kosi
(1028mm), Likhu Khola (1295mm) and Dudh Kosi (1175mm) receive
high annual rainfall which favors sediment mobilization in the moun-
tainous area along with steep slopes (Michaelides and Wainwright,
2002). Further, the Arun is characterized by a major rainfall peak in its
midstream area (Fig. 2).

Spatial rainfall variability within the upper Kosi basin was incorpo-
rated through stream power distribution pattern, which was derived
through a hydrological model (SWAT) (Kaushal et al., in prep). The
Arun River is chareacterised by high ICchannel values. It has low longitudial
connectivity for the basin area, however, the longitudinal connectivity in
the midstream region is higher (Fig. 6a). The Dudh Kosi is also a highly
connected system (Table 5). Both the river systems are also characterized
by high to moderate stream power. A combination of good connectivity
(c) Tamor (b) Tama Kosi 

channel; highly turbid water reflecting high suspended load. (b) Tama Kosi channel with
Tamor as efficient sediment transfer system in the uplands.



(a) Likhu Khola (b) Sun Kosi (c) Tamor Kosi 

Fig. 11. Examples of low ICoutletl: (a) complete choking of the LikhuKhola in the lower reaches due tomoderate slope and low streampower; (b) large aggradational reaches in the SunKosi
river reflecting poor longitudinal connectivity and low sediment conveyance capacity; (c) large wide valleys of Tamor with IC values showing sediment aggradation.
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and higher stream power will be responsible for higher sediment supply
from these river basins. Low connectivity and low streampower values of
upstream area of the Arun River further suggest that sediment contribu-
tion from this area will be neglegible.

To understand the relationship between overall connectivity and sed-
iment dynamics, we compare the sediment connectivity response with
the limited sediment load estimates available for different sub basins
(Table 1). The estimated sediment flux at the outlet of the upper Kosi
basin measured at Chatara (immediately downstream of the cofluence
of all tributaries, see Fig. 1) is ~101 million tonnes/year. The limited sedi-
ment load data (Table 1) suggests that the western tributaries (Bhote,
Indrawati and Tama Kosi) contribute ~40 million tonnes annually
(Sinha et al., 2019, in press). There are no independent estimates available
for the Dudh Kosi but this suggests that atleast ~40% of the total sediment
load at Chatara is being contributed by the western tributaries and this
confirms our results that Bhote and Tama Kosi are amongst the most dy-
namic and well-connected system (Table 5). In contrast, the Tamor, the
eastern tributary of the upper Kosi river basin, contributes only ~16% of
the total sediment load at Chatara (Sinha et al., in press) (Table 1) and
this is attributed to the presence of glaciers and high forest cover and
low stream power values in midstream region that impede sediment
transport from the upstream and midstream regions. This also provides
some important insights in terms of future scenario of potential sediment
dynamics. In particular, since glaciers are retreating, more sediment will
be available for transfer processes, and sediments dynamics of these
catchments may experience significant variations in the near future
(with increased contributions to the main outlet).

The remaining ~44% of the total sediment load at Chatara is contrib-
uted from theArun (largest basinwith rainall peak andmoderately con-
nected, Table 5) and Dudh Kosi (highly connected system) for which no
independent estimates of sediment load are available. In summary, the
tributaries draining the middle part of the upper Kosi River basin not
only produce large amounts of sediment but also have the ability tomo-
bilized downstream because of high rainfall and high stream power
compared to the northern part of the basin (Tibetan region).
Table 5
Comparison table of the overall response to sediment connectivity of the upper Kosi basin.

Name of the basin Hillslope to channel
(ICchannel)

Catchment connectivity
(ICoutlet)

Inference
(Overall response

Dudh Kosi High High Highly connected
Tama Kosi High Moderate Highly connected
Bhote Kosi High Moderate Highly connected
Arun High Low Moderately conne

Tamor Low High Moderately conne
Indrawati Low Low Poorly connected

Sun Kosi Moderate Low Poorly connected

Likhu Khola Low Moderate Poorly connected
6. Conclusions

In this study, a distributed index of sediment connectivity has been
used in a large basin namely, the upper Kosi basin covering parts of
Tibet and Nepal. This basin is characterized by contrasting LULC, and
steep and dissected morphology that affect sediment remobilization
from hillslopes to channel as well as along the channel to the basin out-
let. The overall response of the Kosi basin towards sediment connectiv-
ity tends to be different in each of the sub-basins which is governed by
the dominance of one controlling factor over the other. The sub-basins
such as Dudh Kosi, Bhote Kosi, and Tama Kosi, are considered to be
well connected as land use and land cover play an important role inmo-
bilizing the sediments from source to the main channel along with lon-
gitudinal slope andmorphology. In case of the Arun, the land-use along
the steep and dissected terrain favors sediment movement, but the
large size of the basin and variable slope reduces the contribution
from far away areas. It also increases the travel time causing an overall
moderate sediment connectivity. Although the Tamor shows high
catchment connectivity, high forest cover percentage in the basin
reduces the efficiency of sediment remobilization from hillslopes to
channel, and therefore, this is categorised as an overall moderately con-
nected system. The Indrawati, Sun Kosi, and Likhu Khola are elongate
sub-basins, mostly dominated by forest cover that stabilizes the
hillslopes and minimal channel gradient impedes sediment connectiv-
ity. We have also demonstrated that slope is not always the governing
factor, but the LULC also influences the IC values significantly in the
upper Kosi basin. However, within an individual LULC class, the IC
values do not show a definite trend with increasing slope values.

Our connectivity analysis is well supported by limited sediment load
data for some of the sub-basins. It is important however to note that the
upper Kosi is a highly dynamic basin from the point of view of sediment
production and transfer. Although this study has provided a first order
assessment of structural sediment dynamics in the basin, it would be
useful to analyse temporal variability in sediment connectivity of the
basin in view of changing land use and land cover conditions as well
to connectivity)
Dominant environmental controls

system Impact of land cover practices, steeply dissected terrains
system Dissected terrains, steep slopes and high channel gradient
system Impact of land cover practices, steep and dissected terrains
cted system Large basin area, variable morphology from steep and dissected

terrains to broad and U-shape valleys with poor and flat channel
bed; grassland dominates in the upper part.

cted system Dense forest cover, and impact of snow/glaciers
system Small basin area next to Likhu Khola, gradual slope and impact of

forest cover over other practices.
system West to east alignment of the basin and elongate shape,

riffle-pool sequences, dense forest cover
system Smallest basin, elongate shape, dense vegetation cover.
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as the periglacial dynamics due to increasing anthropogenic impacts in
this region. This might lead to identification of new source areas of sed-
iment production as well as mobilization pathways for designing sus-
tainable sediment management strategies. The spatial variability in
rainfall across the basin seems to exert significant influence on sediment
mobilization and transport and this factormay be incorporated to assess
the functional sediment connectivity in large basins. Another important
area of further investigation is to understand the downstream impact of
sediment connectivity in the alluvial plains including the influence of
Kosi barrage and embankments on sediment aggradation and associ-
ated hazards such as avulsions and flooding.
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