
A STUDY ON FLUVIAL DYNAMICS OF THE CHEL RIVER 

BASIN, NORTH BENGAL 

 

 

 

A Thesis Submitted to the University of North Bengal 

For the Award of 

Doctor of Philosophy 

In the Department of Geography & Applied Geography 

 

 

 

Submitted By 

Debarshi Ghosh 

 

 

 

Supervised By 

Dr. Snehasish Saha 

Assistant Professor 

Department of Geography & Applied Geography 

University of North Bengal 

November, 2019 



 

 

 

 

 

 

Dedicated to 

Late Amita Mitra (Grand Mother), Smt. Santa Ghosh (Mother), 

Mr. Pradip Kr. Ghosh (Father), Anushree Ghosh (Wife) 

& 

Prof. Leszek Starkel & Prof. Subir Sarkar 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 



 

 



i 

  



ii 

Preface 

The thesis is aiming to claim some hard work and originality as the author has tried to 

put forward some basin study aspects which is to some extent his brainchild and has 

tried to explore a parcel of landscape almost untouched from detailed studies. Some 

aspects definitely may invite intellectual debate but the author has put his best to clear 

the doubts and to clarify the debates. In most of the approaches the work has shown 

documentation of fact with pragmatic and academic amalgamation. Sometimes the 

implication of the analyses is self-evident and self explanatory to prove and vividly 

establish the reality. Not only this worker has a view to bridge the gap of study by 

taking some new and few modified techniques for understanding the situations better. 

His attitude and endeavor to study the geomorphology of Chel basin has been oriented 

more towards applied and advanced geomorphological approach.In the following 

paraphrases the author has amplified the know-how of the chapters as under:  

In chapter I, the author has explained the introduction of the thesis by elaborating the 

major aims and objectives associated with the methodological approaches and prime 

hypothesis to be tested. He has also amplified the statement of problem and the data 

sources to build up the conceptual framework of the study. Detailed literature review 

has been elaborated by him.  

Chapter II aims to understand the basic geomorphology and landscape configuration 

of the Chel basin. The tendency of the progressive shortening and upslope movement 

of the alluvial fan components have been observed through successive generations. 

Several tectonic units of Darjeeling Sub-Himalaya over thrusts successively towards 

the foreland tracts of fluvial cut and fill deposits and make the whole basin neo-

tectonically unstable.The landscape of the piedmont area at Patharjhora is the 

manifestation of the propagating components of Main Frontal Thrust (MFT) within 

the alluvial fan depositions and thus controlling the braided behaviour of the 

channel.The average height difference of the profile is 1686 m. The basin expresses 

many exposures of tectonic upheaval with low entropy. The calculated relief ratio of 

the basin is 36.7 that represents a well developed drainage network with their 

erosional activity on the terrain and the attainment of high dissection of the upper 

catchment (lowest- 400 m) that reflects through the structural regularities of drainage 

network evolution.The analysis of longitudinal profile helps in revealing the act of 

complex process-response system on a channel’s longitudinal profile. The sub-cycles 

of erosion reveals the complex short term changes in the profile.The basin has been 

preceded towards quasi-equilibrium as the Hypsometric Integral value of 48.56 

indicates about its maturity. The maximum area of 78.99 km
2
 falls under the relative 

height of 100 m and the area are occupied by the flat shallow foreland basin. The area 

is composed of five successive alluvial fans and gentle flood plain. The foreland basin 

is continuously filling with wash load carried from the upper catchment.The reason of 

tectonic instability and complex cycle of epeirogenic upliftments has been controlling 

the process of dynamic rejuvenation in this basin. In the Chel basin, the contribution 



iii 

of the 1
st
 order streams to the whole network is 75.7 % which is far larger than the 

contribution of 2
nd

 order streams (18.6%). The moderate value of basin elongation 

(0.5) with high bifurcation ratio (5.2) indicates the quick discharge of storm runoff 

with shorter lag period. But, the quick accumulation of the discharge on the piedmont 

surface often promotes large peaks in hydrographs. It also reduces the risk of flash 

flood occurrence although the risk of potential flash flood related to catastrophic 

rainfall events still persists in this basin.The irregular geometric progression is due to 

the influence of tectonic lines on the angle of bifurcation of the streams. The order-

wise increase of basin area in Chel basin is progressively increase at smaller 

geometric fashion from 2
nd

 order to 4
th

 order and it shows higher increment for 1
st
 to 

2
nd

 order and 4
th

 to 5
th

 order. The 3
rd

 order basins are equally distributed on both the 

side of main channel of Chel.The morphometric variables are analyzed to understand 

the amount of variability and correlation due to the continuous fluvial cyclic action 

with differential impact. The terrain has been experiencing the alteration of fluvial 

processes in time scale. 

Chapter III aims to understand the existing water/hydrological regime of the Chel 

basin. The occasional flood persists for a short duration in the channel. The study 

reveals that the channel receives 250 to 300 mm monsoonal monthly average (July-

August) rainfall and maximum greater than 1800 mm isohyets line encompasses a 

major part of Chel basin. The range of channel runoff at Odlabari site ranges between 

1284.21 to 152.22 Ha m day
-1

 and it enhances the channel discharge greater than 150 

m
3
sec

-1
. But the highest rainfall of a single day does not causes similar maximum 

runoff at a gauging station due to the effect of basin lag. From 2015 to 2017, the null 

hypothesis of similar trend of occurrence between rainfall and runoff has been 

nullified with due variation in channel runoff seasonally. The temporal (2015 to 2017) 

trend of channel gauge height variation indicates the occasional flood peaks above 2.5 

m gauge height from the level of zero RL (Reduced Level). In 2016, the maximum 

stage of 2.9 m has been observed at a discharge of 145.69 m
3
 sec

-1
. The rational 

formula has been applied for the small 3
rd

 order sub basins to detect the peak and 

average runoff yield from each sub basins. The probability of 2 years and 10 years 

peak runoff rate estimation produces results of average 162.79 and 212.60 m
3 

sec
-1

 

respectively which are responsible for occasional flood in the channel. Gambel’s 

(1941) flood frequency analysis reveals the increasing trend of probable flood 

discharge with lapse of years as 148.87 m
3
Sec

-1
, 158.58 m

3
Sec

-1
 & 179.95 m

3
Sec

-1
 in 

5, 10 & 50 years. 

Chapter IV aims to understand the channel behaviour of Chel. Channel behavior of 

Chel is related with the existing channel processes that lead to frequent changes in the 

water and sediment flow pattern of the river. River patterns express an additional 

mechanism of channel adjustment which is related to channel gradient and cross-

section. Channel behavior changes frequently downstream due to the supply of 

discharge as related with the gradual decrease in the slope. The pattern of channel bar 

formation is related with the supply of sediment from the up-stream. On the piedmont 
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surface, the channel exhibits high braiding and avulsion through channel anabranches 

which seems to become active especially during the monsoon months. The formation 

of central bar mechanism appears to be more typical of situations where bed shear 

stress is above the threshold for movement.  

Chapter V aims to know the downstream variation of hydraulic geometry and their 

seasonal adjustments. The channel processes at a cross-section is significantly related 

with the changes of width (w), mean depth (d), sediment-water discharge (Qs, Q), 

water velocity (v), bed and channel boundary roughness, sediment caliber etc. The pre 

and post monsoon drafted cross sections at Patharjhora, Manabari, Odlabari, 

Apalchad and Rajadanga reaches shows no progressive trend of changes of channel 

hydraulic parameters and erosions leads to set back sedimentation at the sites. But, the 

average change in bed heights characterizes the tendency of active channel erosion 

which dominates on channel deposition over the years (2015-2018). The adjustments 

of the hydraulic parameters are dependent of the discharge fluctuation of the channel.  

Chapter VI aims to understand the nature of sediment distribution at downstream 

direction. The variety of channel load can be identified on the basis of sediment 

shorting process entirely related with the flow of water. The channel flow is the main 

driving force acting along the channel bed slope to carry the sediment load further 

downstream. The shorting of the load is from up to downstream causes by the variable 

flow energy acting within the channel. The mobility of fine sediment particles within 

the water is related with the critical components of water shear stress on the particles, 

immersed weight of particles, component of drag and the function of gravity on a 

slope. The study of Grid sampling (Wolman, 1954) has been conducted from 

Patharjhora at a regular interval of 2 km up to Rajadanga site. The flood water driven 

boulders are of 4096-2048 mm and their position is found scattered on the bed. Above 

the confluence of Chel-Mal river near Rajadanga (24-26 km downstream), the 

channel bed form are featured by the settling tendency of suspended load during the 

recession of monsoon discharge and from bank failures. During the recent flood year 

of 2017, the average monsoon discharge (Q) of 60.89 m
3
 s

-1
 supports average 

suspended sediment load (QSL) of 85.91 tons day
-1

 which is quite synonymous in 

nature and relation. The relation of suspended sediment transport and channel 

discharge maintains the hydro-sediment regime characteristics of the channel.   

Chapter VII aims to understand the occurrence of occasional flood process vis-à-vis 

bank failure at the studied reaches. The peak flood discharge from the 3
rd

 order basins 

has been estimated by using Rational method (less than 12 sq. km watersheds) 

(Mutreja, 1990) and Kirpich equation (1940) of time concentration estimation of 

runoff. The 10 years probability of peak runoff rate shows greater results for sub basin 

wise analysis. The 10 years probability of peak runoff for both the left (LB) and right 

(RB) bank sub basins of Chel yields similar i.e.  greater than 106 m
3
 sec

-1
 peak runoff 

rate. But, the 2 years probability of peak runoff generation from both sides contributes 

86.7 and 76.01 m
3
 sec

-1 
peak runoff rate. The total volume of peak runoff rate is 
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calculated as 212.60 m
3
 sec

-1 
for 10 years and 162.79 m

3
 sec

-1 
for 2 years of 

probability. The BEHI rating discloses the intensity of bank erosion ranges from 

moderate to very high from mountain outlet to confluence. But, the comparative share 

of moderate bank erosion is observed greater than other categories. The very high 

category of bank erosion in BEHI is observed at Patharjhora, Manabari (comprises 

reach 1) and Rajadanga (reach 7). The BEHI potentiality categorization is more 

comprehensive than NBS in this study. In linear regression function BEHI scores are 

capable of explaining 60.6% of variation in NBS single parametric score. The total 

erosion volume of the basin from BEHI model has been calculated as 4668.65 ton 

year
-1

 and the average annual rate of erosion has been calculated as 1.124 tons m
-1 

year
-1

. 

Chapter VIII aims to know the nature of human interference on the fluvial system of 

Chel. Channel conditions are highly influenced by the action of running water and 

human pressure on the floodplain. Channel hydro-geomorphology and its dynamics 

can bring transformations to the channel properties towards its behavioral changes by 

means of channel hydraulics and boundary condition. Land use/cover change is the 

most direct manifestation of the impact of human activities on the earth’s surface 

system as well on fluvial systems. The spatio-temporal changes in LULC (Land use-

cover) pattern of Chel basin have been detected from TM sensor data (1991) and OLI-

TIRS sensor data (2016). The rate of deforestation is still much slower in the upper 

catchment. Only 5.33 km
2
 dense forest area had been changed from 1991 to 2016. So, 

the rate of estimated deforestation in the upper catchment from RS data is calculated 

as 213.2 m
2
 year

-1
. The channel encroachment study has been accomplished from the 

channel buffer analysis of 500 m on the mouza map. The temporal scale of study has 

been selected from 1989 to 2017 from Landsat TM sensor (1989) and OLI-TIRS 

sensor data (2017). The channel encroachment study keeps the main objectives like – 

a. nature of channel’s lateral expansion within a mouza, b. temporal variation in 

channel’s width and c. characterization of the channel’s oscillation over time. In 1989, 

the channel affected the mouzas like Paschim Damdim, Damdim TG, Targhera and 

Purba Damdim. The increases or decrease in channel width changes with the same 

rhythm as the changes in bank lines. So, the channel encroachment on adjacent 

mouzas is dependent on the temporal width variation of the channel cause by the 

triggering effects like high discharge, occasional flood events, frequent avulsion, 

evolution of ephemeral channels, and excessive channel bed mining. The channel bed 

material extraction also alters the nature of occasional flood in the channel. The 

present study focuses on the effect of daily sand and boulder extraction from the river 

bed. At Patharjhora, boulders greater than 2048 mm in size from the mid channel 

bars are extracted on a regular basis. The Manabari and Odlabari sites, the mid 

channel excavation is predominant where large cobbles ranges from 64-256 mm are 

extracted from the elongated boulder levee deposits after monsoon periods. It is also 

visible that the extraction of very coarse to coarse gravels (16-64 mm) is high from 

the mid channel bar deposits at Odlabari site. The average estimated volume of 

sediment extraction per year from the Chel river (Patharjhora, Manabari, Odlabari  
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Abstract of the Thesis 

The channel of Chel expressing a highly dynamic behaviour in its entire course 

especially at the mountain out let by means of sediment-water supply variation. The 

existing water regime is the expression of highly variable nature of rainfall and 

structurally controlled river channel. Fluvial dynamics of Chel basin is highly abrupt 

in nature as the seasonal alterations disclose no steady trend of ongoing channel 

processes. The system is adjustable with the dynamic equilibrium theorem. The 

steady state of channel longitudinal profile can be achieved for a very short duration. 

The neotectonics causes the fluvial process highly variable in nature. The process of 

frequent fluvial system adjustment with tectonic instability results in high behavioral 

changes and variability of the channel. The existing process is continuously but 

gradually expressing the dominance of fluvial erosion over deposition. The basin 

approaches to the early mature phase of cycle of erosion. Although, the short 

structural instability and dynamic interruptions have combined effect on the deviation 

of logical stage dependency in cycle of erosion rather it is more convenient to state 

the fluvial process under the light of dynamic equilibrium concept. The basin has been 

preceded towards quasi-equilibrium as the Hypsometric integral value of 48.56 

indicates about its maturity.  

The characteristics of the mountain front of Darjeeling sub Himalaya show a great 

diversity depending both on tectonic activity as well as on hydrological regime and 

sediment load of particular streams. The surface represents the coalescence of number 

of alluvial fans of Quaternary sand deposition. The presence of active fault lines and 

lineaments controls the dynamic fluvial process of the channel since long. The 

significant topographic expression at the mountain front of Darjeeling-Bhutanese sub-

Himalaya is highly controlled by tectonic processes that have been trying to keep pace 

with the dynamics of fluvial processes. The channel behavior reflects its tendency of 

auto-cyclic cut and fills processes. On the piedmont surface, the channel hydraulic 

geometry transforms due to huge supply of bed load and the fluctuation of flood 

discharge. The mountainous surface of lower Darjeeling Himalaya (Kalimpong 

district) has been eroding by the phases of catastrophic rainfall events (1992, 1996, 

2000, 2017 etc) and the formation of gulley heads on the slopes enhances the chances 

of slope instability. The erratic distribution of surface heights presents the unequal 

rate of the tendency of surface planation. The diastrophic forces have been acting on 

the surface to re-establish the orientation of basin gradient, channel length and the 

amount of deviation in the absolute relief of the basin. The maximum area of 78.99 

km
2
 falls under the relative height of 100 m and the area is occupied by the flat 

shallow foreland basin. The area is composed of five successive alluvial fans and 

gentle flood plain. The foreland basin is continuously filling with wash load carried 

from the upper catchment. The Chel basin has been altering in a systematic way by 

the cyclic activation of upliftment processes and tendency of planation on an un-equal 
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rate. The basin comprises many autogenic processes of cut and fill that evolves 

through the pattern of climatic variability. In network analysis, the proportional length 

of 3
rd

 order channels with next higher order leads to the development of allometric 

growth of the drainage basin where most of the basins depict an elongated orientation.  

The hydrological regime itself controls the dynamic behaviour of Chel especially on 

the piedmont surface. The regulation of hydrological cycle controls the fluvial 

character of the channel. The mean annual rainfall fluctuate between 3000 and 5000 

mm and the highest rainfall occurs close to the steep front of the lesser Himalaya in 

Jalpaiguri district. The fluvial system of Chel falls in this high rainfall regime. This 

short persisting flood discharge causes dynamics in hydro-geomorphology of the 

basin. The high rainfall of 234.2 mm causes 1284.21 Ha. m. runoff in August, 2017, 

144 mm rainfall causes 1002.45 Ha. m. runoff in August, 2016 and 169.61 mm 

rainfall causes 1465.43 Ha m runoff in September, 2015. The basin is highly potential 

for its water resources and suitable irrigational techniques shall efficiently utilize the 

water resources. The hydrological variety is a potent character of this basin. 

The planform dynamics of Chel expresses the regular fluvial transformations which 

characterized by short time persistence and seasonal alteration of channel bed & bar 

forms. The channel of Chel indicates a high and complex braided pattern in the 

piedmont surface. The channel behavior reflects its tendency of auto-cyclic cut and 

fills processes related to recent base level changes due to Neotectonics. The 

heterogeneity of load and nature of sediment dispersal over the alluvial fan surface 

prepares the essential condition like the case of braiding of river Chel having been 

adjusted with the dynamic nature of auto-cyclic process of cut and fill. More over a 

complex or volatility of braid vs. sinuosity has been noticed in case of the river which 

unshadows no spectacular trend over time. Sediment transportation and low threshold 

of bank erosion are the essential conditions of braiding in case of Chel basin. On the 

piedmont surface, the competent flow of the channel bears the affinity to processes of 

avulsion and hydraulic friction to cut across the thalweg along the course. 

Channel behaviour of Chel is adjusted with the seasonal flow variation along which 

has been influenced by the slow climatic changes. The nature of channel processes 

makes adjustment with the existing bed forms and bank conditions vis-à-vis the basin 

relief, nature of erosion and longitudinal gradient affects the channel processes. The 

average rate of channel bed degradation is calculated as 4.35 cm year
-1

 (2015 to 2017) 

at Patharjhora. The positive channel bed height change at Manabari has been 

measured as 11.9 cm year
-1 

(2015 to 2016) and tendency of negative change is 

calculated as -23.8 cm year
-1

 (2016 to 2017). The average tendency of negative bed 

height change is measured as -6.8 cm year
-1 

(pre monsoon) and -3.5 cm year
-1

 (post 

monsoon) at Odlabari. The post monsoon cross sections at Apalchad indicate only 1 

cm year
-1 

change on average. At Rajadanga it shows the average change in bed 

heights is 3.2 cm year
-1 

in pre monsoon cross section and 11.7 cm year
-1

 in post 

monsoon cross section (2015-2017). 
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Chapter-I 

Introduction 

1.1 Introduction 

The fluvial dynamics of a channel is associated with the mechanism governing the 

relationship between erosive power of the river, its bed load transportation and 

processes that are operating within the valley, alluvial plains and river beds. It is also 

related with the run-off pattern and changing nature of bed morphology. The alluvial 

channels exhibit a wide variety of morphological forms in response to the complex 

interaction with hydrological conditions (Ham, 2005). The Chel basin has been 

experiencing transformations and the channel processes are adjusting with the 

modified channel forms. The behaviour of the channel hydraulic parameters is more 

complex in alluvial streams where changes in discharge are associated with changes 

in the configuration of the bed (Leopold et al., 1964). The head streams namely 

Mangzing, Sukha and Chel Khola are the main sources of supply of water and 

sediment to the river Chel. The course of the river Chel on the piedmont tract of 

Duars is controlled by a distinctive fault line that aligned along the margin of the 

lower Chel fan surface and extends up to the Tista channel (Starkel et al., 2008). Loss 

of general slope along the foot-hill segment has lead bed aggradation in case of river 

Chel. This fluvial process is linked with the temporal variation of load-discharge ratio 

as recorded in the flood events between 1993 and 2000 (Starkel et al., 2008). The 

transformations of the river Chel has been connected with the flood dynamics within 

the channel as observed from the tendency of channel stabilization by means of the 

appearance of vegetated channel bars after the effect of major flood event at the river 

basins of lower Darjeeling Himalaya in 1968 (Starkel and Basu, 2000). Human 

activities and interferences (construction of embankments, bridges, sand and boulder 

extraction, deforestation and related landslides etc.) with the channel have impetus to 

modify the channel forms. The bed material extraction from the channel bed has 

impact on bar formations.  

1.2 Study Area 

The hilly part of the basin (total basin area 316 sq. km) rises above 2300 m a.m.s.l. 

Three small streams Mangzing Khola, Sukha Khola and the Chel Khola constitute the 

headwater catchment of the river Chel. The river Chel has been originated from the 
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Pankhasari Khasmahal on the Kalimpong ridge. At the south of Mal Khasmahal in 

Jalpaiguri district the Chel meets with Neora and takes the name of Dharla which 

ultimately falls into Tista. The basin is located within the extension of 26°41’N to 

27°10’N and 88°39’E to 88°45’E. 

1.3 Statement of problem 

The channel form of the river Chel has been transformed during the period of last 

hundred years as revealed from the comparison of old SOI topographical maps and 

images. The changes in the channel dynamics and behavior is associated with the 

transforming situation on the flood plains i.e. the increasing population pressure and 

modification of the channel course. So, it is necessary to recognize the processes that 

govern the channel behavior and to understand the resultant morphological response 

over appropriate spatial and temporal scales (Ham, 2005). The catchment area has 

been witnessed with deforestation occurring over time and supplying load to the 

channel through landslides over the hill slopes coming down to the channel. As a 

result, aggradation is also increasing. The rainstorms of 1993, 1998, 2000 and 2002 

have generated high discharge over the piedmont region of Jalpaiguri and Alipurduar 

districts that caused massive water spills and supplied load to the river bed. The flood 

of 1954 caused a damage of Chel road bridge (Roy & Sarkar, 2013). The rainfall 

records of Kurti TG and Meteli TG shows mean annual rainfall records of 4800.8 and 

4291.3 mm respectively (Roy & Sarkar, 2013). The channel is experiencing ever 

increasing load during the rainy seasons of the past decades. 

1.4 Objectives 

The present study has been undertaken to fulfill the following objectives: 

i. To assess the hydraulic parameters i.e. cross-sectional area, wetted perimeter, 

hydraulic mean depth, channel width-depth ratio, velocity, discharge, bank 

height etc. from cross-sections at several sites during 2016-2019.  

ii. To assess the nature and degree of channel transformation. 

iii. To assess the type and size of river load and downstream variation of their 

distribution. 

iv. To assess the nature and extent of flood and bank failure and their impact on 

the channel form and process. 

v. To assess the nature and extent of anthropogenic activities on the river Chel. 
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1.5 Hypothesis 

The following hypothesis will be tested: 

a. Materials resulting from bank failure may have impact on the channel form 

and thereby on the hydraulic parameters. 

b. Anthropogenic activities could have affected the channel form. 

c. Occasional floods may have impact on the channel form. 

d. Increasing load in the channel may have affected channel avulsion and related 

geomorphological changes in the bed and bank of the river. 

1.6 Methodology 

Conventional survey techniques shall be applied for the assessment of parameters i.e. 

cross-sectional area, wetted perimeter, hydraulic mean depth, channel width-depth 

ratio, velocity, discharge, bank height of the river Chel at different sites during pre 

and post monsoon periods during 2016-2019. Longitudinal profile will be drawn 

based on SOI topographical maps (1: 50,000). Discharge will be calculated by ‘Area-

Velocity’ method (Chow, 1959 & Mutreja, 1990) based on field survey. Water level 

will be recorded during pre and post monsoon periods (2016 to 2019). The following 

sites have been selected for carrying out the field study: 

Site 1:  Below the Junction of the three small rivers namely Sukha Khola, Mangzing 

Khola and Chel at an elevation of 285 m at Patharjhora and a distance of 11 

km from the source of the river. 

Site 2:  Beside Manabari Tea garden at an elevation of 212 m at a distance of 15 km 

from the source of the river. 

Site 3:  At Odlabari NH-31 Bridge at an elevation of 166 m at a distance of 20 km 

from the source. 

Site 4:  Near Apalchad at an elevation of 90 m at a distance of 37 km from the 

source. 

Site 5:  Near Rajadanga at an elevation of 80 m at a distance of 46 km from the 

source. 

An attempt would have been made to analyze channel transformation during 

the past hundred years based on SOI topographical maps, cadastral maps, tea garden 

maps and satellite images under GIS platform.  
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Suspended sediment load will be measured at the sample sites in pre and post 

monsoon months by 1 liter sample bottle (Chow, 1959) whereas size distribution will 

be determined by sieving technique in laboratory. Bed material size will be measured 

by using slide caliper at the field sites.  

An attempt would be made to analyze river bank stability I bank failure based 

on GPS survey technique (both pre and post monsoon) during 2016-2019 to draw the 

bank lines and the rate of bank erosion will be measured by the superimposition of the 

temporal (2016-2019) bank lines under GIS environment. Impact of flood will be 

studied by identifying the changes in the channel hydraulic characteristics from the 

constructed channel cross-sections. 

Temporal Landuse-Cover mapping has been done to detect the changes within 

the basin due to anthropogenic activities. The study of channel encroachment has 

been carried out on a temporal framework (1989 & 2017) and the amount of lateral 

oscillation has also been calculated. The effect of channel movement on the adjacent 

mouzas with 1km flood risk buffer zone analysis has been carried out in GIS 

environment. The effect of channel bed mining on fluvial dynamics has been carried 

out from the drafted cross sections (pre & post Monsoon) at various stations and the 

analysis of seasonal variation of channel mean bed height has been measured. Also 

the estimation of extracted total volume of channel material load has been carried out 

from the count of total numbers of trucks that collects bed material at Odlabari site on 

a particular day excepting the monsoon months.  

1.7 Data Source 

The important data sources are SOI topographical maps 78 A/8, A/12, B/5, B/9 (scale 

1: 50,000), Landsat TM sensor (1990), ETM+ sensor (2000) and OLI-TIRS sensor 

data (2017) (Earth Explorer- free source), temporal Google Earth images (free source) 

and Bhuvan (free source) satellite data, DEM (SRTM data of 90 m and ASTER data 

of 30 m spatial resolution- free source), USGS topographical map (NG 45-8, scale 1: 

2,50,000), District Census handbook of Jalpaiguri district (2011, Part-XII-A, Series-

20 & XII-B, Series-20), overview of Census 2011 (GOI) and cadastral maps etc. 

Rainfall records will be collected from the tea-gardens (Ambiok tea garden, upper and 

lower Fagu tea garden, Meenglas tea garden, Damdim tea garden, Syli tea garden etc.- 
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daily and mean monthly records), IMD and Water Portal of India (mean annual and 

monthly records) and from secondary sources (Water portal, GOI & Office of the 

Additional Director of Agriculture, North Bengal Region, Jalpaiguri, Dept. of 

Agriculture). The land use-cover maps of the Chel basin has been prepared from 

above mentioned satellite imageries after its processing in GIS environment. 

Moreover field investigations and selected review of literatures will be the major 

sources of data (Geological & Mineral Map of WB, 1999, Seismo-tectonic map of 

GSI, 2000, Soil map from NBSS & LUP, Kolkata). 

1.8 Review of the previous works 

The foothill geomorphology of Darjeeling Himalaya and its transformations have 

been discussed by Starkel et al. (2008) and Nakata (1972). Starkel et al. (2008) 

elaborated the evolution of the part of Sikkimese-Bhutanese piedmont zone as well as 

the evolution of the great variety of rivers flowing through it. They also stated about 

the nature of fluvial dynamics that is highly controlled by the structural activities and 

the shifting of the zone of aggradation. They added the effect of anthropogenic factors 

that has accelerated the sediment loading and aggradation within the streams. Nakata 

(1972) indentified the fragments of old Gorubathan surface which is covered with 

boulders (>2m) and elevated above the Chel river channel. Starkel et al. (2008) 

identified the presence of neo-tectonic crustal movements within the stretch of the 

piedmont zone between Chel and Jaldhaka-Diana river system. Nakata (1972) 

provided a vivid description about the formation of fluvial fan surfaces, terraces and 

their deposits on the piedmont tract of the North Bengal. He observed the anomalies 

of the drainage pattern above the old fan surface as some streams of tectonic origin 

have been retarding the free flow passages of N-S directed rivers. He identified 

number of neo-tectonic signs in form of small isolated rounded hills on the left bank 

of the Chel near Gorubathan which is composed of gneissic boulder and gravel 

ranging up to 3 m in diameter. He also observed the tendency of increase in the height 

of the river beds from the outlets of the rivers on the elevated fan surface of the 

Rangamati formation. The development and fluvial mechanism of the river system on 

the Sikkimese-Bhutanese piedmont tracts have been discussed by Sing (1992), Jain 

and Sinha (2003). Later on, Starkel et al. (2008) classified river Chel as coming down 

by dissecting the lower Darjeeling Himalaya and has been aggrading at the foothills. 
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The studies on river dynamics and associated geomorphological changes at the foot-

hills of Sikkimese-Bhutanese Himalaya have been discussed by Starkel and Sarkar in 

2002, Chakraborty and Dutta in 2013. The changes in channel form, processes and 

characteristics have been discusses by Charlton (2008), Leopold et al. (1964), 

Morisawa (1968), Knighton (1984) and Chorley (1969). Leopold et al. (1964) 

observed the variations in the hydraulic characteristics of the channel cross-section 

i.e. mean velocity, mean depth and mean width of flowing water at different 

discharges. Charlton (2008) opined about the adjustments to the channel form occur 

as a result of fluvial processes that always operates between channel form, flow and 

sediment transport. The techniques of stream gauging are elaborated by Raghunath 

(2010) and Chow (1959). The study on channel hydraulics and forms has been 

discussed in engineering manual of US army corps in 1993. The assessment on 

drainage network analysis has been accomplished by Doornkamp & King (1971), 

Singh (2007) and Chorley (1969), Panda (2013) and Nayer (2013). The works on 

bank erosion have been discussed by Rosgen (2011), Toriman et al. (2012), and Saha 

(2013). The mechanism and nature of the channel avulsion has been discussed by 

Field (2001) and Slingerland (2003). The work on morphodynamics of alluvial 

channels has been carried out by Ham (2005) and Cencetti et al. (2005). Ham (2005) 

said that the channel morphodynamics is connected to the downstream variability of 

sediment transfer and this study is associated with the relationship between sediment 

transfer and channel deformation. He also stated that the floodplain modification and 

channel instability along wandering rivers are directly related to the downstream 

transfer and storage of coarse alluvial sediment. Goudie et al. (1990) commented on 

the cross-sectional geometry of a channel and assumed it as water prism beneath the 

morphologically defined Bankful stage. He also studied various channel bed forms by 

considering the gradient of the channel derived from the long profile of short reaches. 

The planform geometry of multi-thread channels has been discussed quantitatively by 

following various empirical equations of Brice (1960), Kansky (1963), and Smith 

(1970). The techniques of channel velocity determination by following Velocity-Area 

discharge estimation method and Manning’s equation have been elaborated by Chow 

(1959), Goudie et al. (1990), Mutreja (1986) and British standard institution (1964). 

Leopold et al. (1964) supported the Chezy’s equation to relate water velocity with the 

roughness condition of the channel boundary, slope and depth of flow. The typical 
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values of Manning’s n have been mentioned by Graf (1971), Gregory and Walling 

(1973). The changes in the hydraulic characteristics of a channel cross-section as a 

function of discharge variation have been discussed by Leopold et al. (1964) and they 

established a power relationship in between the pairs of discharge at a given section 

and the width, mean depth and mean velocity of the moving water within the channel. 

Leopold et al. (1964) remarked on the shape of the channel as it is the function of 

flow and character of the sediment in motion within the channel. Similarly, Charlton 

(2008) stated that the form of a channel is largely a function of the water and sediment 

supplied to it. Henderson (1961) highlighted that the channel form stability is attached 

with the transmission of flow and the stability of the banks. All such literatures 

furnished herewith will be helpful for this study.   

The patterns of Channel Plan form Dynamics (CPD) of Chel basin in relation 

to the  variety of flow conditions and sediment regimes has been discussed by 

Knighton & Nanson, 1993; Kumar et al., 2007. The alluvial fan litho-facies of Chel 

including various categories viz. clast supported gravels, stratified gravels, cross 

stratified gravels, poorly shorted gravels, massive gravel, pebbly sand and mud etc. 

has been highlighted by Mandal et al., 2016.  

The effect of catastrophic rainfall in shaping the morphology of Darjeeling 

Himalaya has been elaborated by Starkel, 2008, Dutta, 1966 & Sarkar, 2012.  

The downstream changes and seasonal adjustments of channel hydraulic 

geometry has been discussed by Leopold et al., 1964, Hikin, 1981, Lacey, 1929, 1933, 

1946, 1958 and Lane, 1937. 

The variety of channel flow conditions and flood dynamics has been discussed 

by Brierley et al., 2010 & Fryirs et al., 2010; Cheng-Wei Kuo., Chi-Farn Chen., Su-

Chin Chen., Tun-Chi Yang. & Chun-Wei Chen, 2017. Further, the nature of channel 

load movement and its deposition under a particular flow condition has been 

elaborated by Hickin, 1995. Shield (1936) stated the causative factors for grain 

movement in a channel. The nature of downstream Bed load movement has been 

discusses by Leopold et al, 1964, Bagnold, 1954 & Hickin, 1995. The particle size 

distribution in a channel and its downstream variation has been highlighted by Julien, 

1998. The unit suspended discharge (Qs) in channels has been discussed by Julien, 
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1998 & Hickin, 1995. Dietrich, 1982 & Tamang, 2013 discussed the sediment 

particles mode, rate and distance of transport by shearing forces of the flow.  

Raghunath, 1985, Chow et al, 1964 & Knighton, 1998 discussed the nature of 

flood occurrence and its effect on a river basin. Mutreja, 1990 studied the 

determination of peak flow contributed in form of channel runoff from the micro 

basins. Gumbel (1941) discussed the probability of flood occurrence within a basin. 

Bryant et al. 1995, Sinha et al., 2014 & Allen, 1965 discussed the effect of channel 

flood in determination of avulsion threshold of the channel. Reddy, 2008 & Tamang 

et al., 2017 discussed the techniques of suspended sediment yield from the upper 

catchment of Chel basin.  

Rosgen 1996, 2001, 2006, 2008a, b, 2001, 2006 studied and discussed the 

effect of Bank erosion hazard and its effect on channel form bay using BEHI and 

NBS indices.  

Raven et al. 1997, 1998 & Tamang, 2013 discussed the effect of human 

interference on the channel. Haidvogl, 2018, Jia et al., 2018, Bork et al. 1998, Lawler 

et al., 2014, Wulder et al., 2008 &Mooney et al., 2013 discussed the effect of land 

use-cover change in relation to soil erosion rate, human settlement expansion in basin 

etc. Alexander et al. 1997, Goudie 2000 & Costanza et al. 1995 analyzed the eco-

system services of a channel with flowing water and how the services modify due to 

channel degradation. Kondolf 1997, Jia et al., 2006 & Huang et al., 2014 elaborated 

the effects of in stream mining or bed material extraction on a channel planform 

dynamics.  Gregory, 2006; Wohl, 2006 & Wiejaczka et al., 2018 analyzed the channel 

ecosystem degradation due to boulder extraction. 
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Chapter – II 

Geomorphology of the Chel Basin 

2.1 Introduction 

The piedmont tract of North-Bengal Duars is dominated by number of river courses 

dissecting the base of Darjeeling-Bhutanese sub-Himalaya and reaches the piedmont 

surface at an elevation varies from 320 m to 200 m at the mountain front (west of the 

Chel river). The characteristics of the mountain fronts of Darjeeling sub Himalaya 

show a great diversity depending both on tectonic activity as well as on hydrological 

regime and sediment load of particular streams (Sarkar, 2012). The surface represents 

the coalescence of number of alluvial fans of Quaternary sand deposition. The alluvial 

fan deposits are mainly classified into poorly sorted coarse pebbles and fine sediment. 

The composition is an admixture of boulder, gravels which dominates with the 

healthy proportion of sand and silt. The situation of river terraces by the side of the 

river beds are the bearers of multi-cyclic erosional activity of the channels due to the 

Neo-tectonics (Obruchev, 1948) movements along the active fault-scarps 

(Gorubathan scarp, Matiali scarp and Chalsa scarp) in this region. The drainage 

system of the study area is controlled by the structure and neo-tectonic activity within 

the poly-genetic activity (Biswas, 2014). The significant topographic expression at the 

mountain front of Darjeeling-Bhutanese sub-Himalaya is highly controlled by tectonic 

processes that have been trying to keep pace with the dynamics of fluvial processes 

since long. The river channel has its 16.11 km of length (upper catchment), first 

passes through by cutting a deep gorge at the lower Darjeeling Himalaya. It originates 

from Pankhashari Khasmahal of Kalimpong district at an elevation of 1500 m a.m.s.l. 

The upper catchment falls under the (97 km
2
) hilly terrain of Pankhashari Khasmahal, 

Nim Khasmahal and Ambeok forest. The two small channels namely Kali and Sel 

supply the head water to the main channel of Chel. These two rivulets join together 

below the sharp snout of a semi-circular ridge at an elevation of 550 m a.m.s.l. The 

eastern bank of Sel rivulet is adjacent to a butte (Mandal, 2016) type of escarpment 

where the vertical descent up to the channel floor is 150 m. This ‘Butte’ type 

landform is actually the downthrown land-block of a fault where the up-thrown block 

is the flat surface of Dalingma Khasmahal (900 m) on the eastern bank of the Chel. 

This concave escarpment up to the bed of the Chel has an inclination of 24 degree and 
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two break of slope has been identified at the toe of the footwall at an elevation of 780 

m a.m.s.l and another is found at the hanging wall part at an elevation of 642 m 

a.m.s.l. On the same bank side, the steep tilted escarpment wall of Gorubathan 

Khasmahal (gradient 29% and slope 16°) merges with the flat terrace of Gorubathan 

locality (340 m). The valley floor with the erosional terraces less than 0.4 km wide in 

the hills spreads rapidly into a large fan with a declining gradient between 25% and 

15% at 7 km distance (Starkel et. al., 2008). At the piedmont surface, the eastern bank 

of the Chel is carrying the sign of poly-cyclic river terraces, the lower Fagu tea 

garden is situated on the high terrace (400 m) and it flanks towards the Mal forest 

which is the old fan surface of the river Chel. The upper course of two rivulets (Kali 

and Sel) is structurally controlled by the Main Central Thrust (MCT) (Dasgupta et al., 

2000 and Mandal et al, 2016). The course of Chel finally joins with the two small 

creek channels namely Manzing and Sukha Khola at 5.2 km downstream of the outlet 

from the mountains. From Gorubathan up to 6 km downstream, the river has revealed 

a tendency of high braiding. The old fan surface on the eastern bank is separated by 

an E-W aligned scarp that controls the course of the river (Starkel et al, 2008). The 

composition of this old fan surface is contributed by the layered deposition of Siwalik 

beds along the margins of frontal tectonic line (Nakata, 1972, Basu and Sarkar, 1990). 

Between Chel and Diana-Jaldhaka rivers the active latitudinal faults dismembered the 

piedmont into several rising and subsiding blocks (Sarkar, 2012). The part of the river 

below Manabari gradually converts almost into a large meandering bend up to east 

Damdim. This behavior of the channel is associated with the gradual lessening of the 

gradient of the alluvial surface further to the south. After its debouchment on the 

Manzing khola fan (260 m), the main channel of Chel widens out and the width of the 

channel cross-section beside the Patharjhora tea garden is measured as 1.8 km. From 

the outlet up to its junction with Manzing and Sukha khola, at a distance of 2.4 km, 

the gradient along the channel bed is measured as 2.3%. The change in the channel 

width is noticeable i.e. the channel width near Gorubathan is 266 m, near Turibari it 

is 1.16 km , near Odlabari the width is 397 m and beside east Damdim it is 298m. The 

eastern bank of the river basically the inter-fluve region between Chel and Mal river is 

composed of 5 alluvial fans of contemporary fluvial deposits of the river Chel, Kumlai 

and Mal (Mandal et al., 2016). Presently, the upper fan surface is now under the thick 

coverage of Mal forest. The entire fan surface slopes towards North to S-E (gradient 
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1.2%) and is covered by various tea gardens (TG) i.e. Lower Fagu TG, Rangamati 

TG, Nidam Jhora TG, Ranichera TG, Sisubari TG and Haihaipathar TG etc. The 

tendency of the progressive shortening and upslope movement of the fan components 

have been observed through successive generations (Mandal et al., 2016).  

2.2 The River Chel 

2.2.1 Identity of upper catchment 

The river Chel finds its origin in the dense Pankhashari reserved forest which is 

situated on the semi-circular scarp at an elevation of 2484 m a.m.s.l. The upper 

catchment of 97 km
2
 falls under the virgin forest tracts of Kalimpong district (Fig. 

2.1). The head streamlets have become dissected by the extension of Gorubathan 

ridge, Pankhashari ridge, Fagu ridge and Dalingma ridge. These elongated ridges are 

bordered by parallel fault scarps composed of stratified gravels of 30-60 KaBP 

(Starkel et. al., 2008). The main channel of Chel has been tributed by two streams 

namely Chel Khola at the east and Kali khola at the west. The left bank tributary Chel 

Khola has been originated from the dense Pankhashari reserved forest at an elevation 

of 2484 m a.m.s.l. The Chel khola has been connected by Majhua khola at its left 

bank just above the Pankhashari settlement. The small streamlet Majhua khola 

originates from Rechila reserved forest at an elevation of 800 m a.m.s.l (above mean 

sea level). The joint flow of Chel and Majhua khola connects with Chunge khola 

below the Pankhashari settlement. This small stream gets a right bank tributary 

namely Ramite Khola.The joint flow of Chel and Chunge Khola flow further south in 

a sinuous fashion.  It then meets with another left bank tributary namely Sir Khola. 

This stream flows between Char Dhunge and Sita Dhunge settlement. The Sir Khola 

originates from Ambyok reserve forest. Another right bank tributary, Ambyok khola 

meets the channel of Chel below the Ambyok tea garden. The Kali khola joins the 

channel of Chel khola from the west (Fig. 2.3). The channel finds its origin below the 

Labha reserve forest at an elevation of 1250 m a.m.s.l. The Samabiyong tea garden is 

situated on the right bank of the Kali khola. Another branch of dendritic streamlets 

originate from the Nim forest and meets with Kali khola on its right bank.  
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Figure 2.1 Location map of the study area. 
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Figure 2.2 Identity of Chel basin and its confluence with Tista River. 
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Figure 2.3 Drainage network of Chel basin. 

2.2.2 Identity of lower catchment 

The lower catchment covers a wide zone of 219 km
2
 below 300 m contour elevation 

below Gorubathan. Beside Patharjhora tea garden (right bank), the main channel of 

Chel on the right side mixes with Fagu or Sukha Khola at the middle and gets 

Manzing Khola at the left. From Patharjhora, the channel of Chel covers a distance of 

27 km and merges with Mal nadi at Rajadanga mouza. On the left bank side at 200 m 

elevation, the lower river terrace is covered by Sakkam reserve forest. Below the 

forest land, the ineter-watershed between Chel and Mal river is drained by many small 

seasonal rapid streamlets namely Chaiti nadi, Nidam Jhora and Gurung Jhora etc. 

The landscape is mainly composed of many tea gardens like Minglass, Syli, Nidam, 

Ranichera, Rangamati, Gurungjhora, Dalimkot, Batguri and Damdim tea garden etc. 
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The part of watershed at Ranichera tea garden on the left bank is heavily affected by 

the gully erosion of small rivulets. 

The major tributary on the left bank namely Mal Nadi finds origin from 

Sakkam reserve forest in Kalimpong district. This Mal river is formed after the joining 

of Mal khola and Khar khola (left). This river comes down through the Mission Hill, 

Dalimkot, Mal Nadi and Tunbari tea gardens. At 120 m contour elevation between 

Betguri tea garden and Paschim Hai-Hai Pathar tea garden the Chaiti nadi mixes 

with Damkajhora and Kumlai Nadi which creates many meandering bends along its 

course while passing through Nipuchapur tea garden. Near Rajadanga, the course of 

Chel merges with river Murti from right (left bank) and converts into Dharala, finally 

debouches in Tista river.  

 

Figure 2.4 Three dimensional view of Chel basin (ASTER DEM data). 
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2.3 Methodology 

The general geomorphological characteristics of the basin has been generalized after 

the analysis of the extracted basin from the Survey of India (SOI) topographical maps 

(78 A/8, A/12, B/5, B/9) and its superimposition on the DEM data sheets like the 

Shuttle Rader Topographic mission (SRTM, 90 m) and the Advance Space borne 

Thermal Emission and Reflection Radiometer Global Digital Elevation Model 

(ASTER GDEM, 30 m). The contours (interval-20 m) are taken from SOI 

topographical maps (1: 50,000) for further analysis. The morphometric parameters 

have been studied on basin scale. The longitudinal and cross-valley aspects of 

analysis have been considered basically from the Topographical maps and enhanced 

analysis has been performed on the same scale under GIS environment (Arc GIS 10.2, 

Q-GIS 3.2 and Global Mapper 13.0). The basin morphometric parameters have further 

been divided in categories of relief, areal and linear aspects. The terrain analysis and 

basin extraction have been done form the analysis of SOI topographical maps and 

ASTER DEM (30 m, free sourced). The extension of the derivation of linear stream 

channels is not only confined in using Topographical maps rather to use rectified 

ASTER DEM and SRTM DEM data sheets of same projection layout (Universal 

Transverse Mercator’s) and scale. The basin geology and lineaments have been 

identified from the Geological map of the basin area and geological descriptions of 

Nakata (1972), Acharyya (1980), Wiejaczka (2016), Mandal et al. (2016), Biswas 

(2015) and Starkel et al. (2008). The followings are the systematic steps of the full 

analysis: 

2.3.1 The Geomorphological map of the basin has been reproduced from the 

previous Geomorphological map of North-Bengal foothills by Nakata (1972). 

The filed observations have been cross-checked with the existing map of 

Nakata. The preparation of the Geomorphological map has been accomplished 

under the GIS environment (Global Mapper 13.0) and Google earth software. 

Surface lithology was mapped from Geological and Mineral map of West 

Bengal (1990) (Scale 1:2,000,000) after map registration, overlaying and 

digitization of litho units in GIS environment. The secondary source in 

Geological mapping is also considered from the maps of Acharrya (1980) and 

Wiejaczka (2016) and Seismo-tectonic map of Dasgupta, 2000 (Geological 

Survey of India). The structural control of relief on drainage has been analysed 

from lineament mapping in Arc-GIS environment. 

2.3.2 The serial and superimposed profiles of the basin have been generated from 

the contour analysis (20 m) of topographical maps and ASTER DEM data at a 
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regular distance of 10 km and the superimposition of the serial profiles has 

been done within a same base frame of 1: 50,000 horizontal scale and 1 cm to 

500 meter vertical scale to know the pattern of the chronology of denudation 

processes on the topography and reduction in the relief. The support of 

ASTERDEM (30m) data framework is merged with the contours of 

topographic maps.  

2.3.3 The Chel river runs almost parallel to a tectonic lineament (Dasgupta et al., 

2000). The neo-tectonic imprints on the topography have been studied from 

the analysis of valley floor width to height ratio (Vf) (Bull, 1977, 1978; Bull 

and McFadden, 1977). The area of the basin affected by the dynamic wheel of 

erosion has been studied from hypsometric curve and hypsometric integral 

value (Strahler, 1952).  

2.3.4 The composition of drainage lines has been studied from SOI topographical 

maps and DEM sheets. Before that, the basin boundary has been delineated on 

the basis of contour crenulations, position of water-divides, extension of the 

alluvial fans and alignment of the tributary channels. The digitized streams of 

various orders has been extracted from SOI topographical maps and then 

superimposed on the geo-referenced ATERGDEM tiles of 1 km
2
 smallest unit 

pixel matrix. The projection and datum of the topographical maps (SOI) have 

been maintained into UTM projection layout with WGS84 datum.  

2.3.5 The morphometric parameters have been classified on three aspects of analysis 

i.e. linear, areal and relief aspects. The calculation of various indices has been 

performed on the basis of morphometric grid overlay (1 km
2
 small grid) on the 

extracted basin from topographical maps and the matrix overlay for derivative 

data accumulation has been done on geo-referenced ASTERGDEM digital 

elevation data sheet under GIS environment (Arc GIS 10.2). 

2.4 Geological setup of the basin 

The geological set up of the basin is controlled by the alignment of three tectonic 

thrust zone i.e. the northern most thrust is known as the Main Central Thrust (MCT), 

the next in the succession is Main Boundary Thrust (MBT) and the southernmost is 

the youngest major thrust, known as Main Frontal Thrust (MFT) (Geddes, 1960). The 

stratigraphic unit below the MCT is over-thrusted along MBT on the Neogene-

Quarternary Siwalik beds (Starkel et al., 2008). The pattern of fault lines in the 

piedmont zone is parallel or rectangular to the mountain front and the alignment is 

directed to the W-E and WNE-ESE in form of scarps which follow shallow anticlines, 

bending faults and back-tilting thrust (Starkel et al., 2008). It also accommodates with 
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the Tista fault running NW-SE (Chakrabarti et. al., 2010). The geology of the 

piedmont tract is correlated with a longitudinal zone of relative upheaval along the 

Siwalik border with an anticlinal ridge at Chalsa and synclinal depression at Matiali 

that forms the main geological outlook of the surface (Nakata, 1972). Several tectonic 

units of Darjeeling Sub-Himalaya overthrusts successively towards the foreland tracts 

of fluvial cut and fill deposits and the basic metamorphic constituents are the 

Darjeeling gneiss, Daling quartzite and shale (Starkel et al., 2008). The interfluve 

between Chel and Mal river is controlled by the E-W alignment of Matiali thrust with 

the formation of ramp anticline at the east of Mal river and the surface is dissected by 

the incision of the flowing rivers and rivulets on the Gorubathan thrust (Biswas, 

2014). The geological formation is dominated by the Quaternary glacio-fluvial sand 

deposits of the river. The foreland basin of Darjeeling-Bhutanese Sub-Himalaya was 

originated by flexural subsidence in response to the neo-tectonics and the main thrust 

zone migrates several times (Chakraborty et al., 2010). The extension of a relief thrust 

zone towards the east of Tista river controls the courses of the rivers Chel, Mal and 

Murti etc. (Nakata, 1972). Heim and Gansser (1939) observed the presence of multi-

cyclic river terraces on both the banks of the Chel also discussed about the crustal 

deformation of such cyclic landforms. Sukla et al., (2001) and Ghosh et al., (2005) 

has identified three distinct group of Quaternary sediment deposition in the Darjeeling 

Sub-Himalayan foreland and the old Chel fan surface falls under category of coarse 

gravely piedmont sediment laying close to the mountain front and retreats back to the 

mountain valley. The geological formation of the upper catchment of Chel is 

attributed by the sequence of Darjeeling gneiss, Daling Schist and Daling slate form 

north to south (Acharyya, 1982 and Wiejaczka, 2016) (Fig. 2.6). But, the continuation 

of Siwalik molasses bed along the foothill of Kalimpong ridge has been disrupted to 

the east of Gish Channel. This is due to the progressive retreat of the apex of the Chel 

fan into the mountains and rapid avulsion of the channel beside Patharjhora TG. The 

channel of Chel khola separates two elongated ridges above the outlet namely upper 

Fagu ridge and Gorubathan ridge which is composed of Daling slate. The distribution 

of the geomorphic surface as classified by Nakata (1972) extend in the Chel basin as 

in form of the Gorubathan surface and Rangamati surface. The boulder gravel bed of 

river Chel (90 m thickness) is made up of Daling Phyllite and the higher terraces are 

covered by red soil (Nakata, 1972). At the south of Gorubathan surface, the elevated 



Chapter II 

19 

fan surface of the river Chel is covered by 30 m thick deposit of fluvial deposits like 

boulder, gravel and Siwalik sandstone and this surface is identified as the Rangamati 

surface (Nakata, 1972). The remnants of Gorubathan surface is composed of rounded 

boulders (2 m in diameter) and the surface is covered by the deposits of debris flow 

with iron-crust sediments (Starkel et. al., 2014). The middle part of Chel river is 

controlled by a fault scarp where the part of Chel-Mal interfluve is turned into a 

depositional surface. The Lingtse granite has been sandwiched between Chungthang 

formations of Proterozoic geological era (Fig. 2.5). The distinction of sediment 

stratification has been made by the thrust zone i.e. MBF. The eroded pocket of Chalsa 

formation still exists on the right bank of Chel river. It forms the basic geological 

matrix between Chel-Gish watersheds. Below the MFT, the piedmont and fan surface 

is composed of quaternary fluvial wash deposits on vast rolling plain. The MFT 

recedes to the upper catchment due to the progradation of alluvial fan in hills. The 

middle river terraces and elongated ridges of Upper Fagu and Dalingkot TG are 

composed of Pleistocene undifferentiated Siwalik group of rocks in a narrow band of 

5-7 km.   

The piedmont deposits display distinct litho-facies variation from the 

mountain front of Gorubathan to the plain of lower part of Murti river (Biswas, 

2014). The formation of the river terraces is associated with tectonic activity of the 

recent past. There are two steps of river terrace has been observed by Nakata (1972) 

on both the banks of Chel at the foot of Gorubathan surface (Fig. 2.9). The upper 

Fagu tea estate is located on the middle terrace surface (600 m) which is composed of 

gneissic boulder and the base rock is composed of Phyllite. The tendency of stream 

piracy of river Mal near MBT leads to increase the channel width of river Chel which 

is bordered by unpaired river terraces near Gorubathan (Biswas, 2014). The lower 

river terraces on the right bank of Chel are situated on the palaeo course of Chel 

beside Baitguri TG, Ranichera TG, and Syli TG etc. The lower river terraces are 

basically the area of alluvial depositions. The high terrace surface (550-500 m) can be 

observed near Ambeok TG, Dalingma Khasmahal and Dalingkot forest on both the 

sides of Chel and Kali rivulets. 
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Figure 2.5 Geological map of Chel basin. 
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Figure 2.6  Geological set up of Chel and adjacent Rivers (after Acharyya, 1986 & 

Wiejaczka, 2016). 

 

Figure 2.7  Seismo-tectonic Map of Darjeeling Himalaya & Piedmont Duars of North 

Bengal (GSI). 
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Figure 2.8 Identification of minor lineaments in Chel basin. 

2.5 Geomorphological set up & soil characteristics 

The geomorphology of the Darjeeling sub-Himalayan foothills along a long stretch of 

80 km to the west of river Jaldhaka up to river Tista exhibits a tendency of 

coalescence of alluvial fans of Lish, Gish and Chel rivers and the river terraces are 

fringing on the boulder beds. Several horsts and grabens with fragments of 
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Pleistocene terraces are to be noted on both the valley sides of the rivers (Guha et al., 

2007). The upliftments and over-thrusting during the Neogene and Quaternary era has 

been expressed by the gradual rejuvenation and slow maturation of the relief (Starkel 

et. al., 2015). The position of a river base profile changes in response to tectonics and 

climate (Biswas, 2014). The piedmont zone can be sub-divided into three distinct fan 

surfaces viz. Proximal fan, Intermediate fan and Distal fan (Chakrabarti et. al., 2015). 

The flash flood depositions have been transforming this ‘Fan-in-Fan’ surface 

(Chakrabarti et. al., 2015) every year. The course of river Chel is transverse to the 

thrust zones and confined by the elongated sub-Himalayan ridges (Fagu forest ridge- 

600 m, Upper Fagu ridge- 500 m, Gorubathan Khasmahal- 600 m and Dalingma 

Khasmahal- 800 m) act as divides between Sukha Khola and Chel as well between Sir 

and Kali rivulets. The overall geomorphology of the basin can be classified into the 

following categories: 

2.5.1 High dissected mountain tract 

The hilly catchment of the river Chel is 98 km
2
 and this zone represents a highly 

dissected terrain with maximum elevation of 2428 m a.m.s.l and the minimum 

elevation of 400 m. A butte enclosed within semi-circular ridge forms the watershed 

of Chel (Mandal et al., 2016). The geomorphology of this zone is carrying the 

imprints of several neo-tectonic upliftments inform of escarpments, ramp and 

subsided anticlines. The change of slope from the anticlinal crest above Pankhashari 

Khasmahal is 8.6 degree at a distance of 14.5 km up to the mountain outlet.  The 

measured gradient along the channel thalweg is 11% that sharply defines the way of 

the channel through deep gorges enclosed between elongated ridges of Darjeeling 

sub-Himalaya. The width-depth ratio of the V-shaped profile drawn between Nim 

Khasmahal and the front of Pankhashari Khasmahal is measured as 8.0 from DEM 

data. The lower value (0.04) of the river valley floor width to height ratio (Vf) of the 

same place denotes the asymmetric valley side where the right divides has been 

eroded at a much faster rate (height difference between left and right divides is 22.74 

m) and the valley floor is confined by high elevated ridge (300 m). The next cross-

section has been drawn by connecting the two high ridges between Dalingma 

Khasmahal and the left divides on the western bank of the Kali rivulet and the value 

of Vf is 0.33 and the result represents the symmetry on both the valley sides. But the 
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right divides is exhumed in two-cyclic terrace formation. The analysis of cross 

profiles reveals the unequal rate of erosion on the valley profiles. The decrease of 

elevation from maximum (> 2250 m) to the minimum (250 m) shows the high relative 

relief (2000 m) of the terrain which is controlled by the neo-tectonic upliftments and 

the high vertical down cut of the rivulets. The river Kali passes through a deep-gorge 

just above the Nim TG where the depth of the valley floor is 390 m from the left 

divides. Here, on the eastern bank of the rivulet Kali, Dalingma Khasmahal is situated 

on a flat topped ridge that is adjacent to an elevated terrace at the base of the slope. 

This ridge acts as water divides between the two rivulets Kali and Chel. The eastern 

bank of Chel rivulet is confined by a steep scarp of the downthrown block of a fault at 

an altitude of 620 m a.m.s.l. The W004 category of soil cover of this region with 

moderately shallow, well drained gravelly loamy soil causes moderate erosion of the 

surface (Fig. 2.10). The length of the fault scarp is 568 m and this part of the rivulets 

Sir and Kali is controlled by the E-W stretch of MBF. The dissection index value of 

this zone is 0.87. In this segment, the rivulets are almost straight and confined within 

deep gorges cut through hard metamorphic rocks only allowing short channel 

diversions along the channel bars. The development of dendritic drainage pattern and 

the neo-tectonic upliftments are the main cause of such high dissection of the surface. 

 

Figure 2.9 Geomorphological divisions of Chel basin (after Nakata, 1972). 
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The channel length of 15 km in the hilly terrain having a stream gradient index 

(SI= H/L) value of 0.11. The plot of valley altitudinal difference (H) against the 

stream length (L) represents the high variation in the channel gradient. Only on the 

plain alluvial tracts, the length of the channel is found large than the basin area below 

the contour elevation of 300 m. But, above 300 m, the total channel lengths of various 

order is less than the flowing area bounded between two successive major contour 

lines of the basin. This indicates the higher elevation of the topography develops 

number of gullies on the slope of escarpment, rivulets between the dissected ridges 

although the contributing length of these small streamlets within small areas is less. 

That may promote the flash-flood conditions within the basin and high amount of 

sediment yield directed to the main channel. The vast alluvial tract below 300 m 

elevation is composed of number of attributing streams (Kali Jhora, Nidam Jhora, 

and Kumlai river etc.) of higher length that often intensified the flood occurrences 

during monsoon.  

2.5.1.1 Analysis of serial profiles 

The analysis of serial profiles (Fig. 2.12) is a way to find out the rate of change of the 

gradient of the surface and the chronological decay of the absolute height of the 

surface. The profiles (A1- A12) have been drawn on an east-west stretch by 

maintaining an equal interval. The A1 and A2 profiles represent an extension in form 

of valley-ridge topography where the rate of channel incision is very high. The narrow 

streamlets are vigorously down cut the under laying Darjeeling-Kanchenjunga gneiss. 

Here, number of gullies have been developed on the steep valley side walls. The A2 

profile represents a highly rugged surface where the right edge extends up to 2200 m 

of height. Both the profiles are much eroded on their left-hand side. This part 

represents the gradually concave surface Nim Khasmahal where the valley extends up 

to the channel of Kali Khola. A3 and A4 profiles rise from 1600 m height but the 

middle part is highly eroded by the two rivulets Sel and Kali khola. 

The A4 comes down below 1250 m at the middle of the profile. This profile is 

bordered by the steep escarpment of Dalingma Khasmahal at the right. The A5 profile 

represents a prominent V-shaped gorge of the Chel beside the Ambeok TG. The A6 

profile has been drawn at the mountain outlet of the river Chel where the Upper Fagu 

TG is situated on the left ridge and Gorubathan locality of its right. 
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Figure 2.10 Soil Map of Chel basin and adjacent area. 

 

Figure 2.11  Morphometric relational measures of Chel basin: a. Relational plot between 

stream length &area, b. Distributional curve of stream length & area. 

Along this profile, the channel floor gradually widens out just after attaining the 

piedmont surface. Form the analysis of superimposed profiles, it is clear that the 

profiles do not achieve any planation surface. Rather, the distribution of relief energy 

is still very high as it is evident from the value of high relative relief. The existence of 

sharp ridges and steep valley side slopes represent the high dissected topography (35-

48%) of youthful stage of normal cycle of erosion. Only the Dalingma ridge along 

eastern bank of Chel represents flat topped displaced part of the ridge that reflects on 

the right hand side of the A4 and A5 profiles (Fig. 2.14). The neo-tectonics along the 

MBF (Main Boundary Fault) and HFF (Himalayan Front Fault) attributes to the 



Chapter II 

27 

maximum relief disorder and the drainage development with their intensive valley 

incision reflect on the profiles. The profiles A9 to A10 represent the rolling surface on 

extended alluvial fan surface. The profile A7 and A8 indicates the eroding watershed 

of Chalsa formation between Gish and Chel rivers (Fig. 2.14). The superimposed N-S 

oriented profiles present the relatively small variations on the hilly catchment and 

extended flat on rolling plain. The dissection of the relief of hilly terrain is responsible 

for such variation (Fig. 2.13). 

 

Figure 2.12 Frame-work for serial profile analysis. 
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Figure 2.13 Superimposition of N-S oriented serial profiles (based on SOI topographical 

map and ASTREM DEM). 

 

Figure 2.14 Superimposition of E-W oriented serial profiles. (based on SOI 

topographical map and ASTER DEM). 

2.5.2 Piedmont tract with terrace formation 

The piedmont tract is a landform where several alluvial fans coalesced along the 

floodplain range of the rivers. The foreland of the sub-Himalaya is built up of 

Quaternary sediment which show a distinct fractional differentiation starting from 

boulders and gravels in the root part of piedmont fans and terraces (Sarkar, 2012). The 

remnants of old fan surface are located on the litho-strata of Siwalik beds which are 

preserved on both the sides of the frontal tectonics line (Nakata, 1972, Basu and 

Sarkar, 1990). The discrete lobes of fans along the mountain front has formed due to 

the prevailing energy condition of the N-S, NW-SE and NE-SW directed rivers came 

down from the lower Himalaya (Chakrabarti et. al., 2015). The division of ‘Fan-in-

Fan’ morphology has been arranged by the sequence of Samsing-Thaljhora formation 

(600 m-280 m), Chalsa-Matiali formation (280 m-80 m) and Baikunthapur-Saugaon 

formation (180 m-30 m) (Chakrabarti et. al., 2015). The river has its source ensconced 

by the oldest thrust belt (MCT). It flows transversely through the two other younger 

thrusts (MBT and MFT) and debouches on to the piedmont forming a formidable 

alluvial fan system (Mandal et al., 2016). The W002 soil group dominates the portion 
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which indicates Typic Udorthents group of soil with the tendency of moderate erosion 

(Fig. 2.10). The loss of slope is rather very gradual from the outlet up to the tri-

junction of Chel, Manzing and Sukha khola. The measured gradient along the channel 

form the outlet at a distance of 2.4 km is 2.2%. This tract extends below the 

Gorubathan market and lower Fagu TG at an elevation of 400 m a.m.s.l. The 

formation of the fan surface is attributable to the deposition of eroded sediment 

supplied from the head streams of Chel, Manzing and Sukha khola as well as the 

small rain fed rivulets originated from the escarpment of Gorubathan Khasmahal. The 

alluvial fan system of the river Chel is comprised of five morphogenetic fans stacked 

one above another with a tendency to shrink and shift progressively upward (Mandal 

et al., 2016). From the analysis of high resolution satellite imageries and 

corresponding ground checking, total five alluvial fans have been identified by 

Mandal and Sarkar (2016). Biswas (2014) classified the inter-fan surface between 

Chel and Mal rivers into three categories viz. the upper fan surface which is 

composed of boulder beds, middle fan surface where the channels transform into 

braided courses and the lower fan surface is characterized by fine sediment deposits. 

The fan surface has a tendency to move upslope and each new deposit is under laid by 

the successive old depositions. The study related to the development of the fan 

surfaces is concerned with the morphological arrangements and mode of occurrences 

both in a quantitative and qualitative aspect with time and space (Biswas, 2014). The 

study area is composed of the Chel micro fan surface (Biswas, 2014) which is the part 

of Tista mega fan. The upper fan surface is situated on both the banks of Chel river. 

Below the Lower Fagu TG, the upper terrace surface is situated at an elevation of 350 

m a.m.s.l. On the right bank of this surface, a small fan is situated at an elevation of 

270 m a.m.s.l below the junction of Manzing and Sukha khola. The middle fan surface 

extends at a stretch of 9 km from the mountain outlet (average elevation >230 m) 

which covers the areas of Syli TG, Rangamati TG, Nidam-Jhora TG etc. The lower 

fan surface extends below Damdim and merges with the vast plain alluvial tract.  

The high river terraces with extensive flat alluvial fan deposits are formed by 

the result of progressive flattening of the gradient of the major rivers and their 

tributaries (Biswas, 2014). The process of upliftment along the main thrust lines has 

distinctive link with the dissection of the scarp surfaces along the frontal fault (Starkel 
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et. al., 2015). Heim and Gansser (1939) observed the development of three levels of 

terraces and their deformation by crustal movements to the east of Tista river. The 

landscape of the piedmont area of Duars is the manifestation of the propagating 

components of MFT within the alluvial fan depositions. The observations at 

Gorubathan thrust has revealed the condition of MFT at its early stage of 

development and where the drainage linkages are yet to be established. Along the foot 

of the escarpment of the Gorubathan thrust, paired two-cyclic river terraces are 

observed on both the banks of the channel. 

2.5.3 The Alluvial Plain 

The southward extension of the alluvial fan converts into a flat rolling surface with 

number of meandering channels and cut-offs. The upper boundary is demarcated by 

200 m contour elevation and the southern tip of the basin is bordered by 100 m 

contour. A swamp tract with old sand deposition is found along the eastern bank of 

the main channel of Chel. The W008 code of soil consists of very deep, poorly 

drained, coarse loamy soil which occurs on level to nearly level lower extension of 

piedmont tract with loamy surface (Fig. 2.10). The vast area in this plain falls under 

scattered vegetation cover and tea gardens. The evolution of this surface is possible 

for the reason as the number of southerly flowing jhoras tribute high amount of 

surface run-off to the main channel of Chel and Kumlai. The event of past tectonics 

created mass-flow of large debris that gradually spreads over the surface and left the 

ferruginous coats and rootlet debris concentrations on the surface of the soil (Mandal 

et al., 2016). The succession of the Chel fan with various fluvial deposits on the 

surface develops a distinct soil profile in this region. The general slope of the surface 

(0.6 degree) directs from north to S-E. The presence of mud facies of overbank origin 

carries the omission surface that indicates the intervals between the successive floods 

(Mandal et al., 2016). Over this large area, the genesis of soil profiles is attached with 

the process of overlapping of new flood deposits over the older one and with the 

phase of time this upper soil horizon converts into reddish brown in appearance.  

2.6 Analysis of channel longitudinal profile 

The channel longitudinal profile of Chel (Fig. 2.13) is the indicative of the existing 

balance between stream erosion and deposition. The longitudinal profile has been 
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drawn at a stretch of 45 km and elevation difference between source and mouth is 

2100 m. The gradual decline of slope has been observed at 910 m of elevation. The 

change of the surface gradient from 910 m elevation at a forward stretch of 5 km is 

8.5%. The first break of slope has been observed at an elevation of 1478 m. Below 

this point, the profile represents a uniform slope where the top and bottom of the slope 

indicates a gradient of 23% at a stretch of 4 km. Below the break of slope at 1478 m 

of height, the long stretch of 44.5 km is representing an almost smooth concave 

profile. The concaveness of the profile has been extended below the Pankhasari 

Khasmahal (970 m) up to the snout of Dalingma Khasmahal ridge (420 m) where the 

channel gets a tributary at the left bank. The flatness of the profile has been started 

form 320 m of contour elevation beside the Gorubathan locality. The average 

gradient of the longitudinal profile from the source up to its junction with river 

Kumlai (45 km downstream from the source) is measured as 9.5%. The average 

elevation difference of the profile is 1686 m that represents a high relative relief and 

exposure of tectonic upheaval with low entropy. The calculated relief ratio (Rh=Basin 

relief/Channel length, Schumm, 1956) of the basin is 36.7 that represents a well 

developed drainage network with their erosional activity on the terrain and the 

attainment of high dissection of the upper catchment (lowest- 400 m) that reflects 

through the structural regularities of drainage network evolution.  

2.6.1 Quantitative analysis of Longitudinal profile 

The analysis has been carried out to know the state of rare equilibrium along the 

longitudinal profile of the Chel river (Fig. 2.15) and the influence of complex 

epierogenetic movements on the channel longitudinal profile. As well it helps in 

understanding the formation of channel thalwegs by the multi-cyclic fluvial erosion. 

The analysis helps in revealing the act of complex process-response system on a 

channel longitudinal profile. The length of the profile is computed as 48 km and it 

divided into number of identifiable break-of-slope elevation points 2003 m, 1478 m, 

941 m, 575 m, 380 m and 198 m and 152 m. These points are indicating the phases of 

small sub-cycles of fluvial erosion after being interrupted by tectonic upliftments. 

Such points exist on the longitudinal profile as the profile oscillated to attain 

equilibrium between upliftment and fluvial actions. These sub-cycles reveals the 

complex short term changes in the profile. The longitudinal profile has been divided 
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into 19 parts of mostly visible well defined changes of channel slope to compute the 

channel thalweg lengths (point to point). The state of channel equilibrium is a 

function of specific elevation and length of thalweg. The relationship between channel 

thalweg length and specific elevation is presented through power regression fit with 

R
2
 (coefficient of determination) of 0.95 i.e. 95% variation in Y can be explained by 

X variable. It provides a high negative correlation of 0.97 and it goes with the 

statistically significant status at 1, 17 degree of freedom at 95% level of significance. 

The plot of longitudinal profile following the channel thalweg (Fig. 2.16) shows 

distinct fluctuations of height due to such epierogenetic movements and interruption 

of normal cycle of erosion. The longitudinal profile of a river always tends to attain an 

ideal curve of erosion-deposition balance. It is rare in areas of tectonic disturbances. 

The deviations from the ideal curve have been plotted by computing channel thalweg 

length and specific elevation ratio in respect of measured height from river mouth and 

length from the mouth at the head-water. The ideal curve has been adjusted by power 

regression model fit (Fig: 2.16) with R
2
 value of 0.99. The model represents rapid 

upliftment in the upper catchment and continuous lowering at the middle part. The 

middle part of the computed curve does not match with the continuous aggradation at 

the foreland basin. The foreland basin and valley along the lower river terrace area are 

rapidly eroding with irregular renewal of fluvial cycle of erosion. The extrapolation of 

the longitudinal profiles also indicates the existence of many profiles of equilibrium 

during different sub-cycles of erosion. The mathematical curve (Fig. 2.17) interprets 

the long complex history of epierogenetic movements deviates the observed curve 

from their close association. The basin proceeds towards quasi-equilibrium as the 

hypsometric integral value of 48.56 indicates (Fig: 2.28) its maturity.  

 
Figure 2.15 Longitudinal profile of Chel River (based on SOI topographical map and 

ASTER DEM). 
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Figure 2.16 Power regression model of channel length (m) & height (m). 

 

Figure 2.17 Adjusted mathematical equilibrium curve of longitudinal profile. 

[Note: H/H0- Observed specific height ratio, Yc- Computed specific height ratio, H= Maximum 

Stream altitude from the river mouth, H0 = Stream altitude at the point of measure, L-Stream length 

from river mouth at point (m), L0-Maximum stream length from the mouth at the head waters.] 

 

Figure 2.18 Positive & negative deviation of elevation along the longitudinal profile. 
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2.7 Broad physiographic divisions 

The broad physiographic division has its importance in the physiographic 

regionalization of an area on the basis of absolute height distributions, surface 

corrugation and the effect of active erosional agents on the surface. The physiography 

has been divided on the basis of contour crenulations (Fig. 2.19) extracted from the 

Topographical maps (SOI). The division is based on the alignment of the major 

contours (1600 m, 1200 m, 800 m and 400 m)  (Fig. 2.20) after extracting from the 

Topographical maps on the basin. The head part of the basin is situated in the lap of 

lesser and eroded Siwalik Himalaya where the maximum elevation has been observed 

as 2464.87 m. The semi-circular shape of the ridge below the Westner forest slopes 

gradually to the Ambeok Tea garden where three parallel ridges (Nim Khasmahal 

ridge, Pankhashari Ridge and Ambeok ridge) meet the initial valley beside Ambeok 

TG (540 m a.m.s.l). The slope of the parallel ridges act as the path of overland flow 

and generates the chances of slope failure during rains. The region above the contour 

of 1600 m is called as high dissected hills where the land masses stay in proximity of 

land-slip threshold and geo-evolution through active gully channels. The Kolbong and 

Westner forests are protecting the arc of the upper margin of the basin which acts as a 

steep scarp slope faces on the south. The arc runs to the west and again turns to the 

south beside Samabiyong TG. This old sharp ridge (1800 m a.m.s.l) act as a water 

divide between Git khola (tributary of Gish River) and Kali khola. The surface has 

been eroding by the phases of catastrophic rainfall events (1992, 1996, 1998, 2000 

etc) and the formation of gulley heads on the slopes enhances the chances of slope 

instability. The physiography between 1600 m to 1200 m (5.71 %) is genetically 

attached with evolution of relief on the lengths of the gully channels and the un-even 

rate of sheet-erosion on the slopes. The stream junction angels corresponds to the 

sharpness of the ridges. In this part, the physiography of the valley-walls creates the 

source of many un-concentrated run-offs to the main channels. The valley wall 

gradually experiences an active retreat due to the active head erosion of Kali and Chel 

rivers. The physiography of the lower dissected hills (1200 m to 800 m: 7.37%) 

inherits the similar relief aspects as the previous. The upper part of Pogu and Noam 

forest falls under this part. On the left of the basin, the E-W alignment of a ridge 

(1200 m) gradually slopes to the Chel valley (540 m) above the Ambiok TG. The 

southern face of this ridge generates land-slides and gives the birth of two active 
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channels namely Noam and Pogu Khola at the right of the course of Chel. The 

Pankhashari Khasmahal (1100 m) at the middle of the basin divides the channels of 

Kali and Chel. The regions falls less than 800 m to 400 m (9.9 %) is the extension 

region of lower dissected hills. Mainly four consecutive ridges namely Noam, Pogu, 

Upper Fagu and Gorubathan extend to the piedmont region and meet the piedmont at 

280 m a.m.s.l. These snouts of the low extended hills act as a divide between three 

main channels namely Manzing, Fagu and Chel khola. Below 400 m (70.36%), the 

surface has been rolled out by the fluvial action of Chel river. The surface can be 

divided into proximal and distal fan surfaces. The surface is a large depositional 

ground of Chel river. The nature of sediment shorting changes rapidly from coarse to 

fine to the flat plains of Kranti (70 m a.m.s.l). The surface is identical with multi-level 

fan surfaces and depositional flats. The formation of this surface is also related with 

the effect of recurring flash floods and alternative depositions. 

2.8 Altimetric frequency curve 

It is the graphical form of presentation (Fig. 2.21) of various elevation points above 

mean sea level. The erratic distribution of surface heights presents the un-equal rate of 

the tendency of surface planation. The graph reveals the distribution of spot elevations 

of a basin and the tendency of its variation. The various positions of spot heights 

reveal the un-eroded summit levels, existing ridges, structural benches and valley 

shoulders. The numerical frequency of the height distribution can be presented in 

form of different class groups. The presentation is suitable in identifying the old 

erosional surfaces in respect to the rejuvenation of the cycle of erosion. The Chel 

basin has been divided into 300 grids of 1 km
2
 size for generating the spot heights of 

the respective grids (20 m contour interval). The study can be inferred with following 

aspects: 

2.8.1 Total 13 elevation class categories have been generated from the statistical 

frequency analysis (200 m to 2400 m) of the spot heights. The curve presents a 

uni-modal (100 m) frequency distribution with principle modal frequency lies 

at less than 200 m category. The 100 m elevation distribution covers 

maximum 12% area of the basin. The height distribution less than 200 m 

covers an area share of 47.62 % for the Altimetric frequency curve.  

2.8.2 The occurrence of 100 m spot height is calculated maximum as the 74.3% of 

basin area is falling under gently rolling extension of alluvial fan surface.  



Chapter II 

36 

2.8.3 The frequency distribution is positively skewed towards to the increasing data 

value on right hand side. In the distribution 25% of the area falls under the 

range of 80-120 m, 50% area lies between 80-200 m and 75% area lies in 

between 80-940 m respectively in case of maximum elevation distribution in 

the basin.  

2.9 Analysis of morphometric parameters of the drainage basin 

The drainage basin may be defined as the area which contributes water to a particular 

channel or set of channels (Leopold et al., 1964). The topographic, hydraulic and 

hydrological unity of a drainage basin can be elaborated through the analysis of 

morphometry (Horton, 1945). The quantitative description on various parameters of 

basin and channel especially about their configuration, structural control and 

evolution is termed as the analysis of morphometry. Morphometry is the measurement 

of geometry of a drainage basin or a part of it (Saha & Basu, 2010). Morphometry 

defined as the measurement and mathematical analysis of the configuration of the 

earth surface and of the shape and dimension of its landforms (Clarke, 1966). Basin 

morphometry is a ways of numerically analyzing or mathematically quantifying 

various aspects of drainage channel and its characteristics that can be measured for 

comparison which includes the number, length, drainage density and bifurcation of 

rivers as well as shape, area, relief and slope of the basin. The morphometric analysis 

of the Chel basin can be helpful in depicting the gradual evolution of the surface with 

the establishment of drainage network. The change in hydraulic geometry has a keen 

relationship with the morphological changes of the channel. The phases of neo-

tectonics affected the hilly terrain under the great opposition of fluvial gradation. The 

basin area of river Chel is 316 km
2
 and the length of the channel is 47.6 km. The 

morphometric analysis of the basin will be carried out into the three distinctive 

segments (Chorley, 1969) which are as follows: 

2.9.1 Relief aspects of the basin 

The concept of relief is associated with the difference of elevation between the valleys 

and the summit of the mountains. The relief is an expression of the distribution of 

endogenetic activity on the earth crust. Maximum relief of a region is simply the 

elevational difference between highest and lowest points. Schumm (1956) measured 

the basin relief along “the longest dimension of the basin parallel to the principle 

drainage line”. Relief measures are indicative of the potential energy of a drainage 
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system presence by virtue of elevation above a given datum (Chow, 1959). The form 

and shape related geometric parameters are included in relief aspect of a basin. The 

erosional expression of running water on a terrain can be depicted by relief ratio (the 

quotient of relief and channel length). The elevational difference of the basin 

expresses through the distribution of relative relief. As well the height of any 

topography from the datum is considered as the absolute height. The varying rate of 

erosion of the rocks up to its non-resistance limit decreases the absolute height of 

topography. The gradual decrease of the channel gradient is an indicative of valley 

widening with high sediment debris accumulation within the channel. The shape of 

the basin controls the amount of run-off that comes down through the streamlets at the 

outlet and the height of the storm hydrograph at a specific basin lag. The slope of the 

terrain is considered as important control over the magnitude of the run-off peak. The 

slope of the valley side escarpments controls the length of overland flow. The 

character of the distribution of valley side slope angles controls the erosion of the 

valley walls and the amount of sediment yield.  

2.9.1.1 Relative Relief (RR) 

Relief measures are indicative of the potential energy of a drainage system present by 

virtue of elevation above the given datum (Chow, 1959) (Fig. 2.24). The basin has its 

own history of morphogenesis. The diastrophic forces have been acting on the surface 

to re-establish the orientation of basin gradient, channel length and the amount of 

deviation in the absolute relief of the basin. The index of RR expresses the present 

amount of relief displacement in relation to the previous existence of the base level of 

erosion. The dynamics of relief distribution and the amount of deviation of the present 

relief from the steady-state of relief equilibrium (variability of absolute height, re-

establishment of stream length-gradient and morphogenetic effects on the surface) can 

be express by using Relative Relief. The index equates the amount of maximum relief 

displacement from the pre-existing base level of erosion. The oscillation in the 

disequilibrium reflects the multi-cyclic genesis of the relief in connection to the 

orogenetic forces. The dynamic effect of multi-weather agents on the surface unveils 

the superimposed landscapes and refits the surface on a new selected base level.  
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Figure 2.19 Contour map of Chel basin (based on SOI topographical maps). 
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Figure 2.20 Broad physiographic division of Chel basin. 
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Figure 2.21 Altimetric frequency curve of Chel basin. 

 

 

Figure 2.22 Grid-wise (1km
2
) distribution of maximum elevation. 
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Figure 2.23 Histogram of maximum elevation distribution. 

This phenomena of weathering composed new adjustments in the elevation 

adjustments of the surface. The adjustments directly influence the length of gradient, 

valley-wall steepness and dip of the rock structures. The parameter is helpful in 

analyzing the overall terrain characteristics and morphogenesis of the surface. The 

analysis of Relative Relief (Fig. 2.24) is indicative of the ‘Amplitude of available 

relief’ as first defined by W.S. Glock (1932). Where, it defines as the vertical distance 

of a vertical flat surface up to the initial grade of a stream (Glock 1932 and Sing, 

2011). It also can be expressed as the variation of altitude in a unit area (1 km
2
 grid) 

from its local base level (Ghatowar, 1986). Here, the calculation method of Smith 

(1935) has been followed to prepare the isopleths map of the distribution of various 

categories of Relative Relief (Table 2.1). For each grid of 1 km
2
 the following 

formula has been considered:  

Relative Relief (RR) = Maximum Elevation of the grids- Minimum Elevation 

of the grids    (2.1) 
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Figure 2.24 Relative relief map of Chel basin. 
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Figure 2.25 Histogram of frequency distribution of Relative Relief values. 

(Note: Mean: 254.95, SD: 197.91 & N: 97) 

 

Table 2.1 Statistics on Relative Relief analysis 

Relative Relief Classes Area (km
2
) Area in % Cumulative Area (%) 

40-95 181.5 57.26 57.26 

95-151 11.93 3.76 61.02 

151-207 6.81 2.15 63.17 

207-263 13.099 4.13 67.3 

263-319 9.707 3.06 70.36 

319-375 14.58 4.60 74.96 

375-431 28.13 8.87 83.83 

431-487 42.67 13.46 97.29 

487-543 7.19 2.27 99.56 

543-599 1.39 0.45 100 

Source: Computed by the author. 

The maximum area of 78.99 km
2
 falls under the relative height of 100 m and 

the area are occupied by the flat shallow foreland basin. The area is composed of five 

successive alluvial fans and gentle flood plain. The foreland basin is continuously 

filling with wash load carried from the upper catchment. The sequential arrangement 

of alluvial fans creates little variation in the relative heights of the surface. The two 

patches of maximum RR (500-550m) are confined separately in the N-W part of the 

basin that occupies only 0.67 km
2
. Another area of 13.38 km

2
 ranging between 400-

450 m is confined in the N-W part of the basin. The frequency distribution of the data 
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reveals the slight positive skewness of the data distribution (0.25) and platykurtic (-

1.3) shape of the distribution. The modal frequency distribution indicates 10 m of 

Relative Relief (RR). The median value of frequency distribution lies at 250 m. The 

piedmont and flat featureless flood plain of Chel basin (181.5%) rolled up with the 

movement of Quaternary Glacio-fluvial deposits and water discharge. This flat 

surface starts below 300 m contour and extends up to 80 m contour elevation and 

caring a low relative relief of 50 to 100 m. The western margin of the basin comprises 

a relative relief of 400 to 500 m (41.67%). The discrete patches of high relative relief 

above 500 m are observed on the western part of the upper catchment. It represents 

various forested sharp conical hills and escarpment faces (1.39%).  

2.9.1.2 Slope analysis and aspects 

The movement of water has been controlled by the inclination of the surface over 

which it flows down under the directional gravitational pull. The length of slope can 

be presented as what amount of inclined surface is held within x as linear tangent path 

on the irregular geoid and y as the difference of initial altitude and the destination 

altitude on x from a definite datum. Slope has many aspects amongst those bearing of 

the slope extension (Patel, 2012), length of slope and the amount of dip of the 

combined surface on x is important in calculation. Surface slope determines the 

velocity of water and earth flow. On gradual slopes with high length, the amount of 

run-off length becomes higher and the weathered earth materials stay at rest for long 

time on an angle of repose. In mathematics, the slope or gradient can be used as 

synonymous by meaning the vertical change happens over a certain horizontal change 

along a straight path. Slope can measure the steepness, inclination and grade of a 

surface. In basin morphometry, the analysis of slope produces logical relationships 

among average slope versus dissection, ruggedness of the terrain, flow convergence 

and divergence, length of overland flow, amount of infiltration and flow path of 

weathered debris. In traditional slope derivation methods mostly used is the 

calculation of average slope by Wentworth’s method (1930) (Fig. 2.26). The tangent 

value of average slope of a surface is calculated on the basis of 2 cm
2
 or 1 km

2
 grid 

drawn on the basin extracted from Topographical map. Although, it is associated with 

a tedious counting of the number of contour lines intersections on the limbs of the 
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square grid. Then, the intersections are also to be noted on the two oblique drawn 

from two opposite directions within each grid: 

Average Slope= tan
-1

 = N*I/636.6  (2.2) 

Where, N= Average No. of Contour crossing per km and I= Contour interval and 

636.6 is the constant in metric system. 

The average number of contour crossing is to be considered for the further 

calculation. The modern GIS tools have the capability to attempt the analysis on DEM 

(Digital Elevation model) sheets to represent the gradient values of each grid, 

orientation of slope and aspect of slope within the basin. The digital analysis is quite 

effective in elucidating the flow paths of streams on the slopes, the length of flow 

paths, point of flow convergence and divergence, arrangement of ridgelines etc. The 

directional slope variability along the channel of river Chel can be measured from 

Stream-length Gradient index (SL) or stream gradient index (Hack, 1973 and Mandal 

et al. 2016) (Fig. 2.27). For the analysis, contours with successive interval have been 

extracted from Topographical maps and other measurements have been done over 

ASTER DEM sheet (1 arc second/30m grid of elevation posting) under Global 

Mapper 13 and Q-GIS (3.2) environment. The analysis requires measurements of 

successive contour intervals ignoring the directional variability along the river course 

and uses the formula S=H/L (where, H is the elevation difference and L is the 

horizontal distance between the two end points of a measured stretch) (Mandal et al., 

2016). The SL index value is calculated as maximum 1172 for the N-E corner on 

Pankhasari ridge which extends near the MBT. The high value indicates maximum 

topographic disturbance due to neo-tectonics.The semi-log graph of L (x=successive 

distance of a stretch contained within two contours) against Stream-Length Index 

value (SL=y2) and altitudinal difference (H=y1) of the same stretch generates the 

Hack’s profile which further elaborates the erosional potential, stored entropy and 

stage of the basin in cycle of erosion. The wide extended alluvial fan surface 

(57.38%) having a minimum slope varying from 4-8 degree. This slope amount is 4 

degree and less below the 200 m contour elevation. A patch of 8.23% having a slope 

amount of 28-32 degrees extends from north to South-west (Neora Valley to Nim  
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Figure 2.26 Average slope zone map of Chel basin. 
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Figure 2.27 Stream-length gradient Index map of Chel basin. 
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Table 2.2 Statistics on average slope analysis 

Average Slope  Classes (in 

degree) 

Area (km
2
) Area in % Cumulative Area (%) 

0-4 181.89 57.38 57.38 

4-8 25.35 7.99 65.37 

8-13 3.29 1.03 66.40 

13-17 8.35 2.63 69.03 

17-22 32.405 10.22 79.25 

22-26 20.65 6.52 85.77 

26-31 26.10 8.23 94.00 

31-35 13.89 4.38 98.38 

35-39 5.05 1.59 100.00 

Source: Computed by the author. 

 

Khasmahal). The slope area ranging between 20 to 24 degrees (10.22%) extends from 

N-E to S-W (eastern margin of Neora Valley, Gorubathan and Fagu Khasmahal). 

The discrete patch of high slope amount of 40 to 44 degrees is visible towards the left 

of Chel mainly around Nim forest and Neora valley. The formula of the calculation of 

Stream-Length index is a quotient of altitudinal difference versus length aspect of a 

stretch. Seeber and Gornitz (1983) introduced symbol ‘K’ as ‘gradient-index 

(topographic)’ for the entire river profile under study and the calculation of SL/K 

(Gradient index ratio) is suitable for the analysis of topographic altitudinal variations 

within the studied basin and for Chel basin the value comes as 1352 (Mandal et al., 

2016). The maximum value indicates high topographic discordance (Fig. 2.27).  

2.9.1.3 Analysis of Hypsometric curve  

The Chel basin has been altering in a systematic way by the cyclic activation of 

upliftment processes and tendency of planation on an un-equal rate. The basin 

comprises many autogenic processes of cut and fill that evolves through the pattern of 

climatic variability. The basin itself holds a tendency of active incision on hilly 

terrains and continuous erosion keeps alive the system of basin fill at the outlet. The 

accretion of the piedmont fans is indicative of the dominance of basin erosion in the 

upper catchment. The increasing height of the river terraces indicates the rejuvenation 

of the fluvial system. The gradient of the valley slopes (1 in 7.56 m from maximum 

spot height to mountain outlet) amplifies the non-channelized initial run-off to shape 

up the youthful morphology of the basin. The basin is still responsive to the changing 

pattern of rainfall and process of valley incision. It bears the possibility of multi slope 
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failure which may change the transportation capacity of the river on its variable 

channel slope. The X-Y plot adjusted with the distribution of an erosional land surface 

in relation to its relative height. The area below the curve is representative of the state 

of in-equilibrium, maturity or peniplane of a land surface. It is known as hypsometric 

integral; a standard value derives from the ratio of the square grid to that of the area 

falls under the curve.  The curve shows (Fig. 2.28) sharp decline in height and a 

tendency of gradual flattening towards maximum relative area. The curve is an 

irregular concave profile that holds maximum relative height within small proportion 

of relative area i.e. only 10% of relative area holds above 50% of relative height 

distribution. The curve presents a peculiar tendency of sharp fall up to 25% of relative 

area and 75 % relative area falls below 19% of relative height. It is a complex 

discussion why the HI value of Chel basin is only 48.56. The value indicates that the 

fluvial system is approaching to late youthful stage. The reason of tectonic instability 

and complex cycle of epierogenetic upliftments have been controlling the process of 

dynamic rejuvenation in this basin. The increasing depth of the valley bottoms 

between MBT and MFT establishes the high efficiency of two adjacent 4
th

 order 

streams namely Fagu khola and Chel khola. 

 

Figure 2.28 Hypsometric curve of the Chel basin. 

The 25% area falls under upper catchment demarcated by 300 m contour is 

significantly evolved by high stream power through the valleys. The sinuous course of 

Chel khola continuously shifts along the valley at the toe of the high river terraces. 
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This is indicative of the increasing heights of the terraces. The activeness of the 

channels is associated with the steepness of the gully walls. The semi-circular shape 

of the ridge at origin supplies maximum 1
st
 order streams to the initial 4

th
 order stream 

of Chel khola. The existing fluvial processes cause the maximum relief disorder with 

minimum entropy. The mountainous course of Chel has a gradient of 156.6 (per 

thousand) with only 9.5 (per thousand) stream gradient on the piedmont area (Dutta 

1966; Starkel et al. 2008; Wiejaczka 2016). This sharp change in the stream gradient 

values matches with the shape of the hypsometric curve. But, the shape of the basin 

below 300 m contour is related with the successive deposition of eroded materials. 

The area of 225 km
2
 is covered up by the extension of five successive fan surfaces of 

various orientations. The Gorubathan fan surface near MFT has a tendency to retreats 

back to the mountain part. It causes the head ward lengthening of the fan surface and 

finally proves the extension of maximum area under minimum relative height.  

2.9.1.4 Dissection Index (DI) 

It represents a ratio between the maximum Relative Relief to the maximum absolute 

height of a basin. The analysis has the capability to evaluate the process of maturation 

of the terrain and the magnitude of exogenetic dissection on the same surface. The 

attainment of a stage by a river can be elaborated by the index value. Dov Nir (1957) 

focused on the dynamic potential state of a drainage basin with the help of his 

calculation. He suggested the following formula: 

Dissection Index (DI) = Relative Relief (m)/ Absolute altitude from a datum (m)     

(2.3) 

Table 2.3 Statistics on Dissection Index analysis 

Dissection Index classes Area (km
2
) Area in % Cumulative Area (%) 

0.05-0.1 8.09 2.56 2.56 

0.1-0.15 238.86 75.59 78.15 

0.15-0.20 23.19 7.33 85.48 

0.20-0.25 16.70 5.28 90.76 

0.25-0.30 11.42 3.61 94.37 

0.30-0.35 09.75 3.08 97.45 

0.35-0.40 3.46 1.09 98.54 

0.40-0.45 2.13 0.67 99.12 

0.45-0.50 2.01 0.64 99.85 

Source: Computed by the author. 

The 1 km
2
 grid method has been followed for the calculation of the index 

values. The results varies from 0 to 1 (above 1 for vertical cliffs and 0 is hypothetical 
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consideration) (Singh, 2007). The dissection index is also used as a determinant of the 

stage of cycle of erosion wherein old, mature and young stages are related to the 

dissection indices (Patel, 2012). The spatial variation of the dissection values in each 

grid presents the differences of denudation activities on the surface. The cross-

sectional analysis of a highly dissected surface reveals the unequal rate of erosion on 

the profile. The western part of the basin at Noam and Fagu resrve forest, the 

dissection index value is very high (Fig. 2.29). The 4
th

 order channel Manzing khola 

developes a dendritic drainage pattern on this surface.  

 

Figure 2.29 Dissection Index map of Chel basin. 
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Figure 2.30 Histogram & frequency distribution of Dissection Index values. 

(Note: Mean-0.26, Std. Deviation- 0.196, N-69) 

2.9.1.5 Ruggedness Index (RI) 

This index is a representative of surface corrugation attained by various exogenetic 

weather and surface processes i.e. amount of rainfall, occurrence of landslides and 

action of running water. It causes surface undulation depending on the resistance of 

underlying rock structure and amount of stream power that actively involved in down-

cutting. The amount of surface slope always exaggerates the chance of slope threshold 

exceedence combining the influences of weather agents. The ruggedness of 

topography is the result of continuous form-process interactions within the basin. The 

multi-cyclic changes of the local base level with a new dynamic adjustment in the 

fluvial system generate new power of surface erosion. The surface of a basin always 

changes through auto-cyclic processes of erosion and sedimentation. So, the 

expression of surface corrugation is quite a natural phenomena that alters with newly 

adjusted power of erosional processes i.e. rainfall water or glacier-melt water. The 

value of Ruggedness number is the result of multiplication of Relative Relief and 

Drainage Density. So, the values can only indicate the amount of surface corrugation 

attempted by fluvial network and its close association.  

Ruggedness Index = RR* DD/K (where, RR=Relative Relief in meter, DD= 

Drainage Density Km/Km
2
, K= Constant 1000).                (2.4) 
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Table 2.4 Statistics on Ruggedness Index analysis 

Ruggedness Index 

Classes 

Area (km
2
) Area in % Cumulative Area (%) 

0-0.111 238.18 75.14 75.14 

1.11-2.22 32.77 10.34 85.47 

2.22-3.33 30.50 9.62 95.09 

3.33-4.44 6.60 2.08 97.17 

4.44-5.55 5.10 1.61 98.78 

5.55-6.66 1.25 0.39 99.17 

6.66-7.77 1.09 0.34 98.51 

7.77-8.88 0.83 0.26 99.77 

8.88-9.99 0.68 0.21 100.00 

Source: Computed by the author. 

 

The N-E part of the basin where Chel and Majhua khola originate from 

Rechela reserve forest experiences high surface ruggedness (Fig. 2.31). The presence 

of high stream frequency and scarp face of Pankhasari ridge favour the situation of 

continuous erosion on varying rock surface.On the N-W part, at the origin of Kali 

khola, the value of ruggedness is also found very high. 

2.9.1.6 Co-efficient of Relative Massiveness 

This co-efficient value is quite similar to that of the calculation of hypsometric 

integral. Pal (1972) stated that the valley openness and steepness in relation to the 

dynamic wheel of denudation can be interpreted by this value. A quite similar value to 

that of the hypsometric integral is obtained. The value range between 0 to 1 (where, 0 

indicates maximum denudation of the surface and 1 indicates the surface has 

maximum elevation from a base level) (Patel, 2012). Merlin (1965) presented the 

revised formula of such calculation and the co-efficient value is named as ‘Elevation-

Relief Ratio’ by Wood & Snell (1960). The value is attached with orogenetic changes 

in elevation, rate of erosion on the surface and eustatic changes in cycle of erosion. 

The formula of the calculation is:  

Coefficient of Relative Massiveness (CRM) = (Mean Elevation - Minimum 

Elevation)/ Relative Relief                              (2.5) 

The calculated value of Co-efficient of Relative Massiveness for Chel basin is 

0.08. It indicates the dynamic nature of the basin in relation to neo-tectonics which 

causes the time bound adjustment of the whole fluvial system with interruption. 
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Figure 2.31 Ruggedness Index map of Chel basin. 
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2.9.2 Areal aspects of the basin 

The drainage network develops over a space and creates temporal changes within the 

basin. The whole basin area is a uniform space over which variations can be measured 

among drainage channel lengths, proportionate increase of drainage orders (biological 

rule), basin area for each drainage order, frequency distribution of streams and their 

relative spacing. The variability is significantly related with space-time development 

and distribution of the drainage network within the basin. The areal support to each 

drainage route creates the form factor and the relative texture of the drainage system. 

The compact stream development in the basin affects the probable shape up of the 

basin margin. The geometry of the basin shape can be categorized on: a. circular 

(rotund), b. elongated and c. indented. The area-length proportionate relationship 

established the law of allometric growth (Morisawa, 1959, Strahler, 1969). The 

successive development of the drainage orders with the progress of fluvial cycle of 

erosion indicates the time dependent procedure of the maturation of a drainage 

system.  

2.9.2.1Drainage Density 

Drainage density (Fig 2.32) is an important morphometric tool of analysis which 

establishes the rule of drainage channels-area adjustment on the scales of relative 

variations of drainage development, order wise distribution of stream length and basin 

erosivity. The spatial variation in drainage density is related with precipitation 

effectiveness, vegetation index, permeability of the terrain and rainfall intensity etc. 

(Sing, 1998). Horton developed the index- as a ratio of total stream length in a grid 

and the area of the same grid (1km
2
).  

Table 2.5 Statistics on Drainage Density Analysis 

Drainage density Index 

Classes 

Area (km
2
) Area in % Cumulative Area (%) 

0.40-1.5 103 32.59 32.59 

1.5-2.60 143 45.25 77.84 

2.60-3.70 46 14.56 92.40 

3.70-4.80 17 5.37 97.77 

4.80-5.89 7 2.21 100 

Source: Calculated by the author. 

The value of the index has correlation with amount of surface run-off, 

infiltration, hardness of under-laying rock structure, amount of surface dissection etc. 
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Drainage density (Dd) is an important indicator of the linear scale of landform 

elements in stream eroded topography. Low drainage density leads to coarse drainage 

texture while high drainage density leads to fine drainage texture (Strahler, 1964). A 

high value of drainage density is the result of impermeable sub-surface material, 

sparse vegetation, mountainous relief which influences low infiltration capacity and 

higher runoff and soil loss. The following formula has been used in the calculation: 

Drainage Density (Dd) = Total length of the streams of all order in a grid/ the area of 

the same grid (Km/Km
2
)  (2.6) 

 
Figure 2.32 Drainage Density map of Chel basin. 
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The N-E corner of the basin experiences high drainage density (Fig. 2.32). The 

presence of 1st order streamlets is very high on the steep scarp slope of Pankhasari 

ridge. As well below Gorubathan, many 1
st
 order strems originate from Mal forest 

and these channels are basically rainfed creeks. This forest area is located on eroded 

river terrace and partly on the fan surface. So, the spatial distribution of Dd index 

value is quite unorthodox below mountain outlet especially on the eastern segment of 

the basin. 

 

Figure 2.33 Histogram & frequency analysis of Drainage Density Index values. 

2.9.2.2 Stream Frequency 

This index is suitable in understanding the amount of drainage association, areal 

spacing, texture of the surface rock structure etc. The high frequency of drainage 

channels is inevitable in increasing amount of channel discharge, sediment yield and 

basin peak discharge etc. Stream frequency (Horton, 1932) is the measure of the 

number of streams per unit area (1km
2
). It has positive correlation with the drainage 

density developed on hard metamorphic rock structure. The index is quite helpful in 

expressing the texture of the topography. The orientation of the overall drainage 

network by means of its linearity can also be understood from the analysis. Stream 

frequency mapping (Fig. 2.34) displays the haphazard frequency distribution within 

basin. The upper catchment holds the maximum index values of frequency 

distribution. As well the eastern part of the basin between Chel and Mal river shows a 

small patch of high stream frequency (9-7) because of the presence of many small 

rivulets beside Chaiti Khola and ultimately merges with Kumlai river. 

2.9.2.3 Constant of Channel Maintenance (CCM) 

Schumm (1956) used the inverse of drainage density as a property known as Constant 

of Channel Maintenance (CCM). This constant, in units of square feet per foot, has 
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the dimension of length and therefore increases in magnitude as the scale of landform 

units increases (Chow, 1959). The index expresses the drainage area required to 

maintain 1 unit of channel length. It is used as the measure of basin erodibility. High 

value of CCM reveals the low magnitude of erodibility of surface topography due to 

hard geological structure and thick forest cover. The formula of the calculation is 

following: 

Constant of Channel Maintenance= 1/Dd= Au / Sum of Lu (where, Au = Area of the 

basin, Lu = Length of streams of all order and Dd = Drainage density)               (2.7) 

The average value of CCM for the whole basin is calculated as 1.86 which indicates 

high amount of basin erodibility. The range of CCM varies from 0.155 to 50.0.  

 
Figure 2.34 Stream Frequency map of Chel basin. 
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Figure 2.35 Histogram & frequency distribution of Stream Frequency analysis. 
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Figure 2.36 Power Regression between RR & DI. Figure 2.37 Power Regression between DD & RI 

Figure 2.38 Power Regression between RR & RI. Figure 2.39 Power Regression between DD & DT. 

Figure 2.40 Power Regression between DD & DI. Figure 2.41 Power Regression between RR & AS. 
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2.9.2.4 Length of Overland Flow 

After a passage of storm, the non-channel flow quickly appears and they direct to the 

nearest flow paths of a given order. These non-channelized flow paths cumulatively 

create a thin film of sheet runoff immediately after a storm rainfall. This runoff 

originates on the slope of the drainage divides and meets with the channel of a 

particular order. The average length of overland flow is approximately half of the 

average distance between the stream channels. Therefore, approximately equal to half 

the reciprocal of drainage density. The equation is as follows:  

Length of overland flow (Lu) = 1/2Dd (Horton & Schumm, 1968) (2.8) 

Horton generalized and redefined the calculation by considering the effect of 

slope of the stream channels and valley-sides. Length of overland flow (Lu) = 1/2 Dd 

√1- (Sc / Sg) (where Sc = the mean channel slope and Sg = average ground slope).The 

high values of Lu indicate more overland flow and related sheet erosion of the basin. It 

is also indicative of the stage of the basin in cycle of erosion as the formula includes 

the aspects of channel slope and valley slope. The average calculated value of Lu for 

the whole basin is 0.90. It indicates less overland flow intercepted and obstructed by 

the dense vegetation cover in the upper catchment. The range varies from 0.01 to 

3.25. 

2.9.3 Geometry of the basin shape 

The basin of Chel river covers an area of 316 km
2
 and the watershed boundary forms 

an enclosure of 99.5 km. The upper part of the basin is almost rounded below the 

Neora valley national park at an elevation of 7470 feet. It looks like an amphitheater 

like depression where the contour elevation difference is 980 m. The upslope face of 

the ridge is retreating back due to the development of dendritic drainage pattern on the 

metamorphic constituents of the Darjeeling gneiss, Daling quartzite and shale (Starkel 

et al., 2008). Five individual dendritic form supplies head water from Sambiyong tea 

garden (TG) at the west, Ambeok TG at the east and Westner forest at the north. High 

value of elongation ratio represents proper surface run-off through the 1
st
 and 2

nd
 

order channels and reduces the chances of flash flood occurrences in the basin 

although the high phases of rainfall can alter the theoretical chances. The shape of the 

drainage basin is actually the projection of its boundary on the horizontal axis from 
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source to the confluence. The amount of gradient is the important determinant of the 

basin form. The form of the basin determines the stream discharge characteristics. The 

elongated basins with high bifurcation of streams would have expected to experience 

attenuated flood-discharge phases and rotund basins of low bifurcation would be 

expected to have sharply peaked flood discharge (Chow, 1959). The general concept 

about the shape of a normal drainage basin is a pear-shaped ovoid as described by 

Horton (1945). The following quantitative parameters of basin geometry have been 

considered: 

2.9.3.1 Form Factor (FF) 

Horton outlined the important dimensionless ratio of the form analysis of a drainage 

basin. 

Form Factor (Rf) = Au / Lb
2
  (2.9) 

Where, Au = Basin area and Lb
2
 = square of the basin length. The value of             

Rf = 0 = highly Elongated shape and Rf = 1 = Perfect Circular shape. The basins with 

high Form Factor have high peak flows of shorter duration and elongated basins with 

low Form Factor will have flatter peak of flow for longer duration. The calculated 

value for Form Factor is 0.19 which is indicative of moderately elongated basin 

shape. As per Horton, the basin with form factor of 0.19 or less than 0.19 indicate 

elongated basin. The low value of Form factor indicates the basin receives less 

amount of rainfall over its entire area.  

2.9.3.2 Circularity Ratio (CR) 

Miller (1953) invented the ‘Circularity Ratio’ for the analysis of basin shape. 

Circularity Ratio (Rc) = Area of the basin / Area of a circle having same perimeter as 

the basin (2.10) 

The ratio bears an inverse relation to the basin area (Zavoiance, 1985). High 

Rc value reflects rapid discharge from the basin and low value causes channel storage 

with low sediment yield from the basin. Chow (1959) observed that Rc value 

remained uniform in the range of 0.6 to 0.7 for the first and second order basins in 

homogeneous shales and dolomites. The calculated value for this ratio is 0.35 

indicates low yield form the upper catchment and chance of floods on the less 

gradient flats. 
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2.9.3.3 Elongation Ratio (ER) 

Schumm (1956) used an important ratio of basin shape analysis as Elongation ratio. 

Elongation ratio (Re) = Diameter of a circle having same area as the 

basin/maximum basin length (2.11) 

 This ratio varies from 0.6 to 1.0 in wide variety of climatic and geologic 

conditions (Chow, 1959). The value of Re varies from 0 (highly elongated shape) to 

1.0 (circular shape). The calculated value for this index is 0.5 i.e. the basin is 

moderately elongated. It has a tendency of channel storage at the termini of the basin 

and low lag time on hydrographs if associated with well-coordinated drainage 

network. Chorley (1969) suggested that if the Lemniscates Ratio (K) value is below 

0.6 then the basin is circular in shape, if between 0.6 to 0.9 presents oval and when 

greater than 0.9 elongated in shape.   

Table 2.6 Statistics on basin shape parameters 

SL No. Shape parameters Index values 

1. Lemniscates Ratio (K) 1.3 

2. Elipticity Ratio 4.09 

3.  Length-width Ratio 3.0 

4. Compactness coefficient 1.70 

Source: Calculated by the author 

 

2.9.4 Linear aspect of the Channel System 

The analysis of a drainage basin depends on the development of drainage structure. It 

grows on the surface on the basis of area-length proportions and shows hierarchical 

development of on slope directions. The upper-catchment of Chel is expressive of the 

growth of dendritic pattern of drainage system. The semi-circular ridge of Lava hill 

provides the surrounding slope alignment for the development of the first order 

streamlets. The extension of Gorubathan fault transverses the longitudinal course of 

Chel. It generates a contradiction of dendritic pattern development without any 

structural control and the structural control of the lineament on the main trunk 

channel. The area-length proportionality has greatly been interrupted by the process of 

rejuvenation (neo-tectonics).  

2.9.4.1 Stream Ordering 

The drainage network of a basin develops from higher altitude with maximum 

numbers and ends in the form of a large channel stand for singularity. Thus, the 
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position of each stream in the network is gorgeously arranged in a hierarchical pattern 

from lower to higher order. A basin can be treated as the areal unit of fluvial function 

of the maximum order. It expresses the systematic growth of drainage lines and 

function ability on controlling the channel dimension, area-length proportions and 

amount of discharge. Thus, stream order is defined as a measure of the position of a 

stream in the hierarchy of tributaries (Leopold et al., 1969). Here, Horton’s (1932, 

1945) method of stream ordering has been followed to carry out the analysis. The 

ordering initiates from the finger-tip tributaries which are independent in terms of the 

supply of discharge. The combination of two equal order converts into the next higher 

order- is the main principle of Hortonian scheme of stream ordering. Strahler (1964) 

modified the scheme of Horton by proposing the law of renumbering the streams. 

According to this scheme, at the junction of two lower order streams, a new higher 

order stream produces. He mentioned that the hierarchy of stream order increases only 

when two streams of equal order meet and form a junction.  

This popular ‘Stream segment’ method is based on the law of combinational 

stream analysis. The principal is it gives highest order to one segment rather to the 

whole of the main stream (Gregory & Walling, 1973). In the Chel basin, the 

contribution of the 1
st
 order streams to the whole network is 75.7% which is far larger 

than the contribution of 2
nd

 order streams (18.6%). The development of 1
st
 order 

streams can replenish the activeness of the network. It can produce channelized flow 

of water from the head of the catchment and reduces the risk of areal soil wash from a 

large area. It can also distribute the stream energy on the associated relief. The paths 

of 1
st
 order streams can maintain the sub-surface flow passages and their seepage 

pressure on the inclined phreatic level. The 5
th

 order channel of Chel becomes 

prominent at the mountain outlet where it disposes the transported sediments by the 

braided courses on low gradient (Fig. 2.42).  On the right hand side, the Chel khola at 

its 4
th

 order lengthens its valley up to 1000 m contour and supported by five 

respective 3
rd

 order basins. It merges with another 4
th

 order stream from the left side at 

300 m contour. The left 4
th

 order stream (origin at 450 m contour) is supported by 

only two 3
rd

 order basins. It reveals the un-equal efficiency of two streams of same 

order on the basis of the connectivity of the number preceding lower order streams. 
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Figure 2.42 Stream ordering map of Chel basin. 
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The tendency of valley lengthening of a higher is also dependent on the maximum 

short length bifurcations of the preceding lower order streams. The basin is occupied 

by 30 3
rd

 order streams contributing a length of 78.07 km. In network analysis, the 

proportional length of 3
rd

 order channels with next higher order leads to the 

development of allometric growth of the drainage basin where most of the basins 

depict an elongated orientation. The combination of Sel and Kali khola above 

Ambeok TG converts into 5
th

 order stream. The Manzing khola appears as a 4
th

 order 

channel.The Sukha khola or Fagu khola gets the identity of 3
rd

 order basin in stream 

ordering process.  

2.9.4.2 Bifurcation Ratio 

This ratio is extremely helpful in identifying the branching pattern of a drainage 

network. The number of streams of any order is obviously greater than the next higher 

order. The ratio is the number of stream segments of a given order (Nu) to the number 

of segments of higher order (Nu+1). 

Bifurcation ratio (Rb) = Nu / Nu+1 (where, Nu = No. of streams of a given order & 

Nu+1 = No. of streams of next higher order)  (2.12) 

Bifurcation ratio is the dimensionless property of a drainage basin is 

controlled by drainage density, stream entrance angles, lithological characteristics, 

basin shape and area etc (Singh, 1998). The Rb has a tendency to decrease with 

increasing order. Mean bifurcation ratio is another tool of morphometric analysis to 

know the stream bifurcation in relation to the underlying geological structure. Horton 

(1945) produced the results of his observation- 2.0 mean Rb value for flat and rolling 

surface and 3.0-4.0 mean Rb value for mountainous and highly dissected terrain. But, 

the value of mean Rb slightly varies from 3.0 to 5.0 in mountainous and highly 

dissected terrain (Singh et al., 1984). It indicates the development of such drainage 

network where geological influence is very less. The high value of Bifurcation ratio 

expresses the less drainage integration and slow rate of valley incision. The moderate 

value of basin elongation (0.5) with high bifurcation ratio (9.7) indicates the quick 

discharge of storm runoff with shorter lag period (Table 2.7). But, the quick 

accumulation of the discharge on the piedmont surface often promotes creates peaks 

in hydrographs. It also reduces the risk of flash flood occurrence although the risk of 

potential flash flood related to catastrophic rainfall events still persists in this basin. 

As well the regulated runoff through the stream channels reduces the risk of 

occasional landslips. 
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Table 2.7 Calculation on channel Bifurcation Ratio 

Stream Order Calculated Numbers Bifurcation Ratio (BR) 

1
st
 729 3.4 

2
nd

 213 7.3 

3
rd

 29 9.7 

4
th

 3 3 

5
th

 1 0 

Source: Calculated by the author. 

2.9.4.3 Law of Stream Numbers 

This analysis of bifurcation ratio is attached with the ‘law of stream numbers’ of 

Horton (1945) which states that the number of stream segments of each order form an 

inverse geometric sequence with order number. The law can be represented by means 

of negative exponential function model. It says that “ the number of stream segments 

of successively lower orders in a given basin tend to form a geometric series 

beginning with the single segment of the highest order and increasing according to 

constant bifurcation ratio”.  

Nu (No. of stream segments of a given order) = Rb
k-u

 (2.13) 

(where, k = the order of the trunk stream, u= basin order, Rb= Bifurcation ratio) 

Table 2.8 Statistics on Stream Analysis 

Stream Order Calculated Numbers Numbers following Horton 

1
st
 455 731 

2
nd

 112 140 

3
rd

 30 27 

4
th

 3 5 

5
th

 1 1 

Source: Calculated by the author. 

 

Figure 2.43 Regression line of negative exponential model. 
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The solved equation for the Chel basin is Nu = (4.68)
5-u

. The model represents 

a high negative correlation with r value of -0.996 and R
2 

value is 0.994. The R
2 

value 

represents that the model has explained total 98.7% of variations on Y by X with less 

un-explained variation in Y. The decrease of stream number follows an exponentail 

rate of 103 stream numbers with successive increase in order. 

2.9.4.4 Law of Stream Lengths  

The stream lengths are the passage of advancement of the concentrated discharge. It is 

the linear vector property in a drainage network that establishes connection between 

various source points of concentrated flow. The law possesses three dimensions- a. 

the total channel length decreases with increasing drainage order, b. the mean stream 

lengths increases with increasing drainage order and c. “the cumulative mean lengths 

of stream segments of successive higher orders increase in geometrical progression 

starting with the mean length of the 1
st
 order segments with constant ratio”.The law 

presents the functional one directional growth of a drainage network.It runs by the 

connective flow and even distribution of flow through the order conversion of pair of 

streams. The law depends on exponential functional model of stream lengths and 

constant stream length ratio (the proportion of increase of mean lengths of stream 

segments of two successive stream orders; SL). 

Lu = L1 RL
 (u-1)

 (2.14) 

Where, Lu= Mean length of streams of order ‘u’; L1= Mean length of 1
st
 Order; RL= 

Constant Stream length ratio. 

The relationship between stream order and stream length ratio is inversely 

proportional. It is due to the maximum number of streams at the first order and their 

successive decrease with increasing order. The solve equation for the Chel basin is as 

follows: 

Lu = (0.615) (2.358) 
(u-1)

   (2.15) 
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Figure 2.44 Regression line of positive exponential function model. 

The regression model of Y (SL) on X (Stream order) represents high negative 

correlation between the selected parameters with r (coefficient of correlation: 

Pearson) is 0.998 and R
2
 (Coefficient of determination) is 0.997. The model has 

explained 99.7% of the total variation on Y by X. The calculated value of ‘F’ (16.57) 

is greater than the tabulated value (10.13) at 1, 3 degree of freedom in one-tailed test 

at 0.05 level of significance. Thus, the regression is significant. It signifies the best-fit 

of the model with the population and the previous hypothesis of order wise variation 

with the increase of stream lengths do exist.  

2.9.4.5 Law of Basin Area 

The Chel basin is composed of maximum 5
th

 order basin. The maximum basin order 

is composed of 5 next lower order (u-1=4), the u-1 basin order is composed of 27 next 

(u-2) lower basin order, the u-2 basin order is composed of 140 next (u-3) lower basin 

order and finally u-4 basin order is carrying 731 numbers of smallest basin order. This 

law accommodates with the statement– as the stream order increases, the mean basin 

area also increases with a constant basin area ratio (the proportion of increase of mean 

basin areas between two successive orders is called as Basin Area ratio or Ra) 

(Chorley, 1969). The exponential law expresses as below- 

Au = A1. Ra
(u-1)

                  (2.16) 

Where, Au= Mean Area Drained by the Stream of Order ‘u’, Ra= Basin Area Ratio 

Solved equation for the Chel basin: 

Au= (0.31). (5.92) 
(u-1)

    (2.17) 
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The order-wise increase of basin area in Chel basin is progressively increase at 

smaller geometric fashion from 2
nd

 order to 4
th

 order and it shows higher increment 

for 1
st
 to 2

nd
 order and 4

th
 to 5

th
 order. The 2

nd
 order basins are equally distributed on 

both the side of main channel of Chel. The source of overland flow generates form 1
st
 

order basins of 0.31 km
2 

mean basin area. The 1
st
 order basin area is important to 

determine the volume of non-channelized flow. The progressive development and 

connection of lower order streams are able to flash out quickly the basin run-off to the 

highest order channel. The increment of basin size also indicates the maximum length 

of channels can be supported by it. So, it is closely associated with the value of 

constant of channel maintenance. The alignment of the ridges separates the two 

upstream 4
th

 order with their ideal growth on the scarp slopes. It significantly connects 

with another 4
th

 order basin at the piedmont region. This development fashion 

relatively keeps the fluvial system alive on the left bank of the main course of Chel. It 

also indicates the high reception of tributary water on the left side of Chel river. The 

position of the 4
th

 order basin is related with the complex course shift phenomenon of 

Chel. The cluster of 3
rd

 order basins on the left side establishes the clarity of the 

present drainage connectivity on alluvial fan system and originates from low 

elevational ridges near the outlet. The cluster of the 3
rd

 order basin at the upper 

catchment ensures the well integration of the drainage system and quick flash out of 

storm run-offs.    

 

Figure 2.45  Regression of positive exponential model between Stream Order & Mean 

Basin Area. 
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The semi-log exponential regression model presents a high positive correlation 

between the variables where ‘r’ value is 0.997 and the goodness of fit of the model is 

poor as the value of R
2
 is 0.996 (Fig. 2.45). It means 99.6% variables on Y can be 

explained by the X. The regression is significant at 0.05 level of significance in one-

tailed test as the calculated F (5.79). So, the order-wise variation in basin area is 

significantly different. The variation in the population mean is assumed to be 0. The 

change in x does not always mean a same amount of increase in the Y.  

2.9.4.6 Law of Constant of Channel Maintenance 

The increase in the mean basin area relates with mean stream length in linear function 

to produce a high positive correlation between mean basin area (X) and mean stream 

length (Y). The CCM expresses the idea of maintenance of one unit channel length by 

a unit area. As the area for stream length support increases, the basin runoff well 

regulates within the basin area. For Chel basin, the value of CCM is 2.16 means at 

least 2.16 km
2
 area is needed to give support 1 km channel length. The value does not 

match with 1
st
 order mean basin area. The geometric progression of increases is not 

maintaining the ratio of 2.16: 1 of CCM, rather the appearance of coarse drainage 

density in higher basin orders reveals well maintenance of channel lengths. It holds 

the possibility of the maintenance of wider channel length. The large basin area of 

successive higher orders may not act as the risk of pocket flood zones and it gets 

sufficient time of even discharge distribution.  The linear regression between mean 

basin area and mean stream length produces a good fit of the regression model with 

R
2
 value of 0.997.  It is able to explain 99.7% dependent variables with 0.99 value of 

correlation coefficient. Although, the morphology of stream network cannot be 

discussed on the basis of the law of allometric growth. The effect of neo-tectonics 

should have been considered to draw a final result. The solved equation for Chel basin 

of the law:   

Au= C. ∑u=1 Lu
b
          (2.18) 

(Where, Lu= mean stream length of different orders, C= constant of channel 

maintenance of the basin) 

Au= 3.92 (Lu) 
0.116

   (2.19)  
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2.9.4.7 Law of Allometric Growth 

The law of growth is the linear relation between the basin area and cumulative mean 

stream length. This law indicates the biological rule of growth of human body as it 

proceeds from center to periphery. It means the growth of successive channel orders is 

attached with the increase in the mean basin area. It associated with the development 

of basin under the time bound fluvial action. The increment in basin area causes by 

the continuous lateral expansion of the channel controlled by basin lithology and 

climatic factors. The change of basin area with order reflects in the increment in 

cumulative increase of channel lengths. The proportionate growth of area and length 

ultimately establishes the law of core to periphery growth in its full extension. The 

basin divides plays a key role in the determination of lengths of the small order 

channels. The diminishing height of the divides indicates the lateral widening of the 

channels with increasing basin area. The development also succeeded by the 

continuous head-ward extension of the channel from its mountain outlet. The law 

established a linear function between basin area and length with a constant slope of 

CCM. Schumm (1956), Woldenberg (1966) and Strahler (1969) formulated a new law 

of drainage network, which related basin areas and channel lengths as a linear 

function whose slope is designated as the constant of channel maintenance. The high 

percentage of explainded variance between orderwise means basin area and 

cumulative mean channel lengths validates the law of allometric growth with chance 

of deviation due to tectonic adjustments (Fig.2.46). 

 

Figure 2.46 Log-log plot of Mean Basin Area (MBA) & Cumulative Mean Stream 

Length    (CMSL) and regression line of positive power function model. 
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2.10 Statistical analysis of morphometric parameters   

2.10.1 Descriptive statistics 

This study is related to establish the rule of correlation among the selected 

morphometric parameters on the basis of correlation matrix and the shape of the 

distribution of frequency. The parameters are taken as Relative relief (RR, X1), 

Dissection Index (DI, X2), Drainage Density (DD, X3), Stream frequency (SF, X4), 

Ruggedness Index (RI, X5), Drainage texture (DT, X6), Maximum Elevation (Max. 

Elev., X7) and Minimum Elavation (Min. Elev., X8). The amount of high variability 

has been observed for X1, X7 and X8 as because of their large distribution. The X1, 

X2, X7 are negatively skewed and X3, X4, X5, X6, and X8 are positively skewed 

distribution. The shape of frequency distribution for X2, X3, X7, X8 are platykurtic 

distributions, X1 and X6 are mesokurtic and X4, X5 are considered as leptokurtic 

distribution. The statistics has revealed a multi-modal frequency distribution for X1, 

X5 and X6.    

From the analysis of correlation matrix as it reveals the amount of statistical 

relationship among the morphometric variables. The RR is strongly correlated with 

DI, RI, Max. Elevation and Min. Elevation, DI is strongly correlated with RR, RI and 

DD, Drainage density is with RI and DT, Stream frequency (SF) is correlated with 

DT, Ruggedness index (RI) with RR and DI, Drainage texture with DD and SF. The 

Relative relief has highest correlation with RI as the amount of working erosional 

agents on the surface is maximizing the relative difference of height. The amount of 

surface corrugation thus reflects on the relative relief and it has a positive relationship. 

The highest correlation is observed for DI and RI. 

Table 2.9 Descriptive statistics on Morphometric parameters 

 RR DI DD SF RI DT Max. Elev. Min. Elev. 

Mean 341.59 .26460 1.81873 3.35 .59866 6.76777 1390.97 1040.63 

Std. Error of Mean 18.066 .01337 .135100 .211 .05933 .706590 70.961 65.088 

Median 360.00 .27000 1.80000 3.00 .53000 5.70000 1500.00 990.00 

Mode 300
a
 .3000 1.4000 2 .5800 1.2000

a
 1540 990 

Std. Deviation 143.394 .10619 1.07232 1.677 .47092 5.60838 563.239 516.623 

Variance 20561.95 .011 1.150 2.812 .222 31.454 317238.09 266899.59 

Skewness -.288 -.104 1.268 .631 .990 1.090 -.448 .151 

Kurtosis .208 -.841 4.607 -.328 1.017 .507 -.548 -.840 

Minimum 10 .0400 .0200 1 .0070 .0200 160 150 

Maximum 660 .4800 6.5000 8 2.1000 23.1000 2270 2040 

Source: Computed by the author. 
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It is one of the simplest logic that if surface dissection increases, the surface 

would bear maximum ruggedness. The maximum amount of correlation between DD 

and DT is due to the fact of maximum number of streams spaced in a minimum area. 

It reveals the truth of finer drainage texture depends on higher values of DD. It goes 

same for the highest correlation between SF and DT. Lastly, the maximum surface 

height must have strongest correlation with minimum height.  

Table 2.10 Correlation matrix of morphometric parameters 

Correlation Matrixa 

  RR DI DD SF RI DT 

Max. 

Elev. Min. Elev. 

Correlation RR 1.000 .802 .362 -.096 .743 .251 .817 .701 

DI .802 1.000 .464 -.076 .756 .321 .454 .310 

DD .362 .464 1.000 .223 .531 .767 .199 .125 

SF -.096 -.076 .223 1.000 .276 .667 -.131 -.121 

RI .743 .756 .531 .276 1.000 .550 .445 .322 

DT .251 .321 .767 .667 .550 1.000 .155 .117 

Max El .817 .454 .199 -.131 .445 .155 1.000 .981 

Min Elv .701 .310 .125 -.121 .322 .117 .981 1.000 

Source: Computed by the author. 

In multiple regression analysis based on one random vector variable (y) and set of 

independent variables (X1, X2,……Xn), we can set many relational aspects from a 

single equation. The base of this analysis is dependent on the significant statistical 

correlation among the variables (dependent) in correlation matrix. The RR, DT and RI 

variables are taken as dependent vector variables (y) for multiple linear regression 

analysis and the regression equations established some significant results: 

RR= -35.720+0.610 Max. Elev.-0.549 Min. Elev. +294.654DI+43.670RI 

(F= 505.749, Significance p= 0.000, Adjusted R
2
=0.956)      (2.20) 

DT = -5.221+0.965 RI +2.923 DD+1.709 SF (F= 183.356, Significance 

p= 0.000, Adjusted R
2
=0.848)    (2.21) 

RI = -0.525+0.057DD+0.001RR+0.095 SF+1.480 DI (F= 73.739, 

Significance p= 0.000, Adjusted R
2
=0.748)   (2.22) 

2.10.1.1 RR is positively associated with DI, RI and Maximum Elevation and 

negatively associated with Minimum Elevation. The regression and 

ANOVA test are found significant and the model with each parameter has 

been explained with low multi colinearity for DI and RI and vice versa for 

Maximum and minimum elevation. The adjusted R
2
 value implies 95.6% 

variation in RR has been explained by the predictor variables. 
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2.10.1.2  DT is positively associated with DD, SF and RI. In Chel basin, DT and SF 

parameters are highly correlated than others. As, the parameter DT is the 

multiplication form of DD and SF so the high positive correlation has been 

observed between two. In Chel basin, maximum 5.0 value of DD indicates 

the finer texture of DT in the upper catchment. The multi-variate 

regression model able to explain 84.8% of variation in DT which is an 

optimum fit for a basin with tectonic adjustment. 

2.10.1.3  The RI is positively associated with RR, DI, SF and DD. But, the rate of 

change of b slope is comparatively higher in RR and RI comparison. So, 

the tectonic upliftment and relief disorder has quite visible impact of the 

amount of dissection. The DI shares a comparatively high positive 

correlation (0.603) with RI. The model explains 73.4% variation in RI.  

2.10.2 Factor Analysis  

This analysis is considered as a sophisticated tool in multivariate analysis. It expresses 

the simple relationships between and among the variables. This analysis is suitable for 

interpreting the structure of the explained variance from the multivariate observations. 

The measured variables are to be converted in standardized form by subtracting from 

each other observations the mean of the dataset and divided by the standard deviation 

(Sarkar, 2013). The factor analysis depends on describing variability among observed, 

correlated variables in relation to a potentially lower number of unobserved variables. 

The factor weighting method is used to extract the maximum possible variance with 

successive factoring until any meaningful variance lefts. The factor loading matrix is 

the key component of distinguishing the abstract variables and to numerically 

correlate it with the original variables. The factor loading is the process of square of 

the standard outer loading of an item. The squared factor loading presents the amount 

of variance in the indicator variable by the factor.  When the various morphometric 

parameters are taken as vector, the angel between two vectors reflects the degree of 

similarity between the variables concerned. In case of dissimilar variables, the 

direction of the vectors must orient in opposite direction (Patel, 2012). The cosine 

value of the angel between two standardized vectors is equal to the r value between 

the corresponding variables. The rotated component matrix is generated to get the 

both the structure and pattern coefficients when attributing a label to a factor. The 

relative position of the vectors is fixed by the two perpendicular reference vectors. 

The standardized factor scores have been generated from the analysis of eight original 

morphometric variables in normal and rotated component matrix.  In rotated factor, 

the variance of each variable has been represented as percentage. The analysis is 
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carried out by taking the following research question- Does the relief aspect (Fµ1) 

dominates over the drainage aspect (Fµ2 ) or vice versa? To get the answer of this 

question, the author formulates the hypothesis- ‘the relief aspect controls the basin 

development’.  

Table 2.11 Total Variance Explained 

Component 

Initial Eigenvalues 

Extraction Sums of Squared 

Loadings 

Rotation Sums of Squared 

Loadings 

Total 

% of 

Variance 

Cumulati

ve % Total 

% of 

Variance 

Cumulati

ve % Total 

% of 

Variance 

Cumulati

ve % 

1 4.003 50.036 50.036 4.003 50.036 50.036 3.516 43.946 43.946 

2 2.098 26.223 76.258 2.098 26.223 76.258 2.585 32.312 76.258 

3 .974 12.181 88.439             

4 .606 7.569 96.008             

5 .170 2.121 98.130             

6 .088 1.105 99.235             

7 .059 .732 99.968             

8 .003 .032 100.000             

Extraction Method: Principal Component Analysis. Source: Computed by the author. 

The answer of the question or acceptance of the hypothesis is related with the 

high loadings of variables under factor-1 which explains most of the common 

variance. The two component scores have been arisen in normal and rotated space to 

explain 76.26% of the total variations (Table 2.11). The initial loading on Factor-1 

(Relief aspect) is found to be significantly associated with RR, RI, DI, Max. 

Elevation, Min. Elevation, DD and Factor-2 (Drainage aspect) with DT, DD and SF 

(Table 2.12). In the second stage, the varimax rotation has been done with kaiser 

normalization to produce the next matrix of loading where RR, Max. elevation, Min. 

Elevation and DI expresses better account of variation explanation of Factor-1, 

whereas DT, DD, SF and RI fit well for expressing variations of Factor-2 (Table 

2.12). During Factor analysis, the sample size adequacy has been checked by KMO 

and Bartlett function (0.628) and it indicates moderately good sample size. The null 

hypothesis (H0) in Bartlett test has been rejected and it implies that the correlation 

matrix is a non-unit matrix which supports Factor analysis. 

2.10.3 Morphometric Groups 

Morphometric groups have been generated on the basis of the spatial distribution of 

Factor score 1 (Fig. 2.48). The uniformity has been tested on the basis of eight 

morphometric parameters. The basic objective is to find out the similar parameters on 
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the basis of explained variance. The morphometric classes have been considered to 

explain the amount of uniform variability among and between the observed variables. 

The analysis has been initiated on the basis of initial factor loading in the matrix of 

variance and covariance at 0.05 level of significance. The extraction method is 

considered as Principal Component Analysis (PCA). Finally, the factor score values 

can be used as a criterion of differentiation between and among the samples in 

multivariate analysis.  

Table 2.12 Analysis of Factor Scores 

Component Matrix Rotated Component Matrix 

  

Component 

  

Component 

1 2 1 2 

RR .914   RR .941   

RI .845   Max El .931   

DI .800   Min Elv .859   

Max Elevation .783 -.505 DI .705   

Min Elevation .685 -.529 DT   .932 

DD .620 .525 DD   .767 

SF   .765 SF   .731 

DT  .744 RI  .630 

Extraction Method: Principal Component 

Analysis. 

Extraction Method: Principal Component Analysis.  

 Rotation Method: Varimax with Kaiser Normalization. 

Source: Computed by the author. 

 

 

Figure 2.47 Scatter plots of factor score 1 & 2. 

The scatter plot (Fig. 2.47) fairly shows high variability of scatters on the basis 

of Factor score 1(drainage aspect) and 2 (relief aspect). The low variability has been 
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explained by the formation of cluster in S-W quadrant. The S-E quadrant is less 

occupied by the scatters.  

 

Figure 2.48 Factor score mapping of Chel basin. 
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Table 2.13 Morphometric classification of Chel basin 

Code Factor score-1 

classes 

Description 

A1 -9.69 to -7.62 High dissected hills with steep escarpment (2200 m-1300 m) 

A2 -7.62 to -5.54 Do 

A3 -5.54 to -3.47 Do 

A4 -3.47 to -1.40 Do 

A5 -1.40 to 0.67 Low dissected ridge and valley Topography 

B 0.67 to 2.74 Alluvial Fan surface (5
th

  tier) and Flood plain  

C 2.74 to 4.81 River terrace surface with elongated mid-ridges (800 m to 400 m) 

D1 4.81 to 6.89 Mid elevation dissected ridge and valley Topography (1300 m to 800 m) 

D2 6.89 to 8.96 Do 

Source: Computed by the author. 

 

2.11 Conclusion 

The morphometric variables are analyzed to understand the amount of variability and 

correlation due to the continuous fluvial cyclic action with differential impact. The 

terrain has been experiencing the alteration of fluvial processes in time scale. The 

major thrust zones i.e. MBT and MFT are indicating the boundary different 

sedimentary composition in the basin. The movement of MFT on the foreland basin is 

actively changes the basin relief since Pleistocene. The Quaternary deposits are filling 

the foreland basin at a rate on 0.3 to 5 cm year
-1

. The evolution of the alluvial fans is 

related with occasional catastrophic flood events. The scale of change of basin relief 

is found to be significantly attached with anthropogenic activities. The autogenic 

process of relief evolution or change is entirely dependent on the geological 

composition of the basin. The subsiding anticlines bear the imprints of active 

denudation. The relatively increasing heights of river terraces indicate the active 

phase of valley down cutting in the upper catchment of Chel. The shrinking and 

shifting tendency of the alluvial fans create its impact on the fan and braiding 

morphology of the river. The basin proceeds towards maturity. The complex history 

of epierogenetic movements causes inherent deviation to accept the hypothesis. The 

drainage composition indicates the chance and lithological random variations in 

respect to their proportionate development with basin area. The statistical tests bring 

suitable relationship among the variables. The factor analysis well deciphers the 

mutual intra-variability among the multivariate observations. It indicates the space 

variation caused by active erosion and resistance. 
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Chapter-III 

Hydrological Regime of the Chel River 

 
3.1 Introduction 

The mountain front of Lesser Himalaya in the studied region has been assembled by 

the complex pattern of tectonic flexures and subsidence topography which evolves 

with HFF (Himalayan Front fault) and MBT (Main boundary Thrust). The Siwaliks 

are completely absent in the eastern part and here it is totally buried under the 

metamorphic rocks of Lesser Himalaya (Starkel et al., 2008). The pattern of over 

thrusting of Siwaliks on Quaternary alluvium controls the evolving characteristics of 

sub-montane foredeep part of Bramhaputra basin. The characteristics of lithology and 

nature of Fan Gradient Declining Propensity (FGDP) controls the pattern and 

behaviour of surface runoff, water flow velocity, water discharge and capacity of 

stream load transportation. The piedmont part is wide up to the Tista and the valley 

floor is associated with erosional terraces of 0.5~ 0.6 Km length and for (0.4 km) 

wide in the hilly areas and with a declining gradient between 25‰ to less than 15‰. 

Up to the Odlabari rail bridge, the FGDP (Fan Gradient Declining Propensity) is 

almost 1 in 0.01and slope variation of averagely of 0.005 m m
-1

. The channel flows 

down the alluvial fan surfaces and gradually loss stream energy for sediment 

transportation on the declining fan surface gradient. The mountain rainwater fed (Jain 

& Sinha, 2003) channel of Chel shows high energy loss, disproportionate bed load 

disposition, frequent avulsion and multi-thalweg form of channel (braided) on the 

Sub-montane foredeep part of Bramhaputra basin.  Patterns of Channel Plan form 

Dynamics (CPD) have linked a variety of flow conditions and sediment regimes 

actually those which are seriously controlled by climatic and geologic conditions 

(Knighton & Nanson, 1993; Kumar et al., 2007). The geological formation of the 

upper catchment comprises Darjeeling gneiss, Daling Schist, Daling slate and 

Phyllites which are the varieties of metamorphic composition. The composition 

favours less infiltration on the slopes. As well the dense forest cover of Neora valley 

reduces the surface runoff by leaf interception. The fan litho-facies of Chel comprises 

various categories viz. clast supported gravels, stratified gravels, cross stratified 

gravels, poorly shorted gravels, massive gravel, pebbly sand and mud etc. (Mandal et 

al., 2016). This composition is similar to ‘Bhabar zone’ at the foothills which 
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influences higher seepage flow and infiltration. The sub-surface Bhabar is more 

actively participated in regulation of channel flow in accordance with head water 

pressure.  

The basin receives high annual average rainfall of 4274.33 mm (2014-2018) 

(Table 3.3). The Gorubathan of Kalimpong district is the wettest place in whole west 

Bengal accounts for 5331.7 mm of average annual rainfall. The high walls of Lesser 

Himalaya acts as a mechanical barrier against the free flow of wet S-E monsoon wind. 

The duration of rainfall persists from mid of June to 1
st
 week of October. This pattern 

of rainfall downpours heavily on the upper catchment of Chel basin and keeps the 

fluvial system more active during the monsoon. The amount of concentrated runoff 

has been calculated as 2605.49 Ha. m. in 2015, 18405.01 Ha. m. in 2016 and 

16313.88 Ha. m. in 2017 (in 2017 for less number of days) in the monsoon period. 

The maximum channel discharge in 2017 has been calculated as 171.03 m
3
 sec

-1
 

which influenced by the rainfall of 312.4 mm in Matiali (Fig. 3.6 i), 194.6 mm in 

Malbazar (Fig. 3.6 g) and 234.2 mm in Gorubathan on 12
th

 August, 2017 (Fig. 3.6 h). 

The successive rainfall events on 11
th

 (Max. 134.2 mm in Matiali), 12
th

 & and 13
th

 

August (143 mm in Gorubathan), 2017 caused flash flood within the channel (peak 

discharge more than 170 m
3
 sec

-1
). In 2017, the Gorubathan received 6926.1 mm of 

annual average rainfall which is observed maximum among the other years (2014, 

2015, and 2016). The whole basin is a potential source of water resource and the 

fluvial system is kept active by the occurrence of occasional floods. 

3.2 Methodology 

3.2.1  The temporal (1950-2002, 2013-2017) monsoon rainfall variability of 

Jalpaiguri district (IMD & Water Portal) and monthly average rainfall data 

(2014-2018) of three rain gauge stations (Gorubathan, Malbazar & Batabari) 

(Office of the Additional Director of Agriculture, North Bengal Region, 

Jalpaiguri, Dept. of Agriculture) has been studied for comparison in line graph 

and scatter plots. The long term moving average of temporal monthly average 

rainfall data (1950-2002) for July, August & September months has been 

studied to know the slight changes in rainfall regime of the district.  

3.2.2 The temporal (2015-2017) Isohyet maps of the Chel basin has been prepared 

on the basis of secondary rainfall data from rain gauge stations viz. Ambiok, 

Upper Fagu, Lower Fagu, Sayli, Meenglas, Damdim tea gardens  and 
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Gorubathan station (Fig. 3.1) (Office of the Additional Director of 

Agriculture, North Bengal Region, Jalpaiguri, Dept. of Agriculture). 

3.2.3 The Rainfall-Runoff relation (Highest monsoon rainfall of a particular day 

among the rain gauge stations in upper catchment and runoff at Odlabari 

station) has been presented in simple linear regression model and with suitable 

cartographic techniques on a temporal framework (2015-2017). 

3.2.4 The daily variation in channel gauge heights (May-October) on temporal 

framework (2015-2017) has been presented with suitable cartographic 

technique after consecutive field data collection.  

3.2.5 The temporal (2015-2017) channel stage-discharge relationship has been 

studied from power regression models and using other suitable cartographic 

techniques. 

3.2.6 Lastly, the maximum daily rainfall data during monsoon moths (July-

September) (2015-2017) of upper catchment rain gauge station at Gorubathan 

has been relationally plotted with respective channel water stage at Odlabari 

site for understanding the rainfall-stage relationship.  

3.3 Study of rainfall distribution and spatio-temporal variability 

The margin of the mountain front of Darjeeling Himalaya between Tista and Jainti 

River receives highest amount of rainfall 4500-6000 mm. The piedmont belt 

experiences orographic rainfall from the moisture laden wind of S-E branch of Indian 

monsoon. The rainfall plays a vital role in shaping the relief of the catchment and 

suddenly it increases the capacity-competency of the flowing water. The maximum 

rainstorm events occurred during 1986 to 1996 (5 years moving average) and caused 

the frequent channel changes i.e. channel migration through avulsion and bank 

erosion. The range of average annual rainfall ranges between 2130 mm to 3110 mm 

(1986 to 1996). In 1952, the hilly catchment of Chel in Kalimpong sub division 

experienced average annual rainfall of 6096 mm of average annual rainfall which 

contributed maximum discharge of 184.5 m
3
 sec

-1
 (Starkel, 2008 & Dutta, 1966). 

From the analysis of long term rainfall data (1950 to 2002), it reveals that in 

Jalpaiguri district (with Kalimpong sub division) received maximum average monthly 

rainfall in July (594.06 mm) month. From 2013 to 2017 (IMD), the recent monthly 

average rainfall of July varies from 366.4-1201.4 mm and as well the COV 

(coefficient of variation) value shows high variation 52.55 (Table 3.1).  
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Figure 3.1 Location of rain gauge stations in Chel basin. 

The negative skewed value of August (-0.85) indicates the rainfall increases slightly 

towards 2016 and 2017. The initial years i.e. 2013-2014 received more rainfall during 

June, July and September months (positively skewed) (Table 3.1). Again, the analysis 

long term rainfall data (1950 to 2002) reveals the maximum positively skewed value 
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(0.80) of July month. It sharply denotes the decreasing tendency of rainfall towards 

2002 from 1950. The same character prevails for the other monsoon months also 

(June, August, September). From the value of Kurtosis, the months of June and July 

indicate flatter distribution of rainfall. It means spread of rainfall throughout the years 

(1950-2002) except the months of August and September (Table 3.2).The isohyets of 

Chel basin (Fig. 3.10 a, b, c) express the temporal variability of rainfall on the channel 

fluvial dynamics. In 2017 the maximum isohyet line above Ambiok presents 1838 mm 

of rainfall (Fig. 3.10 c). The next two months indicates peakedness of the rainfall 

distribution means some short spells of heavy downpour at the middle years. The 

frequency decreases to the initial and final years. The highest variation of rainfall is 

calculated for the month of June (COV). 

Table 3.1 Descriptive statistics on monsoon rainfall of Jalpaiguri district (2013-2017) 

Descriptive 

Statistics Parameters 

June July August September 

Range 631-1021.9 366.4-1201.4 224.7-1167.3 477.2-679.2 

COV 21.45 52.55 48.01 16.51 

Skewness 1.78 0.49 -0.85 1.06 

Kurtosis 3.39 -2.87 -0.27 -0.72 

SD     

Average 747.4 733.82 781.9 544.58 

Source: Computed by the researcher (Based on IMD). 

Table 3.2 Descriptive statistics on monsoon rainfall of Jalpaiguri District (1950-2002) 

Descriptive 

Statistics Parameters 

June July August September 

Range 172.8-838.3 323.7-1105.93 224.9-733.6 175.9-630.2 

COV 32.83 26.59 26.85 29.20 

Skewness 0.62 0.80 0.41 0.35 

Kurtosis 0.49 0.64 -0.47 -0.28 

SD 140.97 157.95 117.84 109.79 

Average 429.3 594.06 438.9 376.0 

Source: Computed by the researcher (Based on Water portal, GOI). 

Table 3.3 Distribution of monthly average rainfall values (mm) at Gorubathan 

 Jan Feb Mar Apr May June July Aug Sep Oct Nov Dec 

2014 14.9 23.4 72.8 93.7 432.4 1119 531 1667.9 992 62 0 0 

2015 20.4 35.3 99.1 249.4 593.7 938.9 1208 1188.8 971.2 28.3 59.5 0 

2016 2.5 0 54.6 69 530.2 1411.4 1480.4 776.8 802.7 409.1 0 0 

2017 0 0 82.2 164.9 653.8 1512.3 1760 1662.5 1023.7 43.1 23.2 0 

2018 0 27.3 37.5 175.5 557.4 851.5 1262.3 882 NA NA NA NA 

Source: Office of the Additional Director of Agriculture, North Bengal Region (Jalpaiguri), Dept. of 

Agriculture. 
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The nature of spatio-temporal distribution of rainfall within the basin has been 

studied form the rainfall records of various hydro-met stations. The yearly and 

monthly variation of rainfall (mm) have been furnished below: 

Table 3.4 Distribution of monthly average rainfall values (mm) at Malbazar 

Source: Office of the Additional Director of Agriculture, North Bengal Region (Jalpaiguri), Dept. of 

Agriculture. 

Table 3.5 Distribution of monthly average rainfall values (mm) at Batabari 

 Source: Office of the Additional Director of Agriculture, North Bengal Region (Jalpaiguri), Dept. of 

Agriculture. 
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2014 

2015 

2016 

2017 

 Jan Feb Mar Apr May June July Aug Sep Oct Nov Dec 

2014 8.4 8.2 4.9 11.1 357.8 706 628.2 935.7 501.9 13.3 13.3 0.5 

2015 1.5 27.4 35.1 208.8 285.3 673.8 448.1 1123.4 808.1 65 28.2 0 

2016 16 6.1 125.1 131.2 185 1122.4 1410.5 299.2 738.8 283 0 2.4 

2017 1 2 136.7 135.8 233 871 757.6 970.6 816.6 82.4 0 0 

2018 0 0 81 89.6 492.6 552.5 908.2 663.4 NA NA NA NA 

 Jan Feb Mar Apr May June July Aug Sep Oct Nov Dec 

2014 0 11.8 18.2 39 382.2 832 342.8 901.6 588.8 16 16 0 

2015 8.2 6.4 60.8 154 407 765.8 479.4 1189 874.4 134 12.4 0 

2016 3.6 21.2 141.8 128 237.2 959.6 1928 224.2 948.2 238 0 0 

2017 0.8 5 114.2 90.4 370 813.2 766.4 1294.3 747.6 244.9 0 0 

2018 0 0 49.6 79.1 556.8 607.6 842.2 805.6 NA NA NA NA 

Figure 3.2 Temporal variability of monthly 

average rainfall (mm) in 

Gorubathan. 

Figure 3.3 Temporal variability of monthly 

average rainfall (mm) in 

Malbazar 
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Figure 3.4 Temporal variability of monthly 

average rainfall (mm) in 

Batabari. 

 

Figure 3.5 Spatio-temporal variability of 

annual average rainfall 

Figure 3.6 a Malbazar Figure 3.6 b Gorubathan 

Figure 3.6 c Batabari Figure 3.6 d  Malbazar 
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Figure 3.6 a, b, c, d, e, f, g, h, i Daily Variation of Rainfall in Malbazar, Gorubathan & 

Batabari (mm) from 2015-2017. 

0 

50 

100 

150 

200 

250 

300 

10/अप्रलै 30/मई 19/जलुाई 07/सितम्बर 27/अक्तूबर 

D
ai

ly
 R

ai
n

fa
ll 

(m
m

) 
2016 

0 

20 

40 

60 

80 

100 

120 

140 

160 

180 

200 

20/मई 09/जनू 29/जनू 19/जलुाई 08/अगस्त 28/अगस्त 17/सितम्बर 

D
ai

ly
 R

ai
n

fa
ll 

(m
m

) 

2016 

0 

50 

100 

150 

200 

250 

10/अप्रलै 30/मई 19/जलुाई 07/सितम्बर 27/अक्तूबर 16/दििम्बर 

D
ai

ly
 R

ai
n

fa
ll 

(m
m

) 

2017 

0 

50 

100 

150 

200 

250 

300 

10/अप्रलै 30/मई 19/जलुाई 07/सितम्बर 27/अक्तूबर 

D
a

il
y

 R
a

in
fa

ll
 (

m
m

) 

2017 

0 

50 

100 

150 

200 

250 

300 

350 

10/अप्रैल 30/मई 19/जुलाई 07/सितम्बर 27/अक्तूबर 16/दििम्बर 

D
a

il
y

 R
a

in
fa

ll
 (

m
m

) 

2017 

Figure 3.6 e Gorubathan Figure 3.6 f Batabari 

Figure 3.6 g Malbazar Figure 3.6 h Gorubathan 

Figure 3.6 i Matiali 



Chapter III 

92 

 

Figure 3.7 Moving average trend of July rainfall in mm in Jalpaiguri district. 

Note: Series 1- General Moving average trend line, Series 2- 5 years trend, Series 3- 

10 years trend, Series 4- 20 years trend. (Reference: Appendix Table 3) 

 

Figure 3.8 Moving average trend of August rainfall in mm in Jalpaiguri district. 

Note: Series 1- General Moving average trend line, Series 2- 5years trend, Series 3- 

10 years trend, Series 4- 20 years trend. (Reference: Appendix Table 3) 

 

 

Figure  3.9 Moving average trend of September rainfall in mm in Jalpaiguri district. 

Note: Series 1- General Moving average trend line, Series 2- 5 years trend, Series 3- 

10 years trend, Series 4- 20 years trend. (Reference: Appendix Table 3) 
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3.4 Analysis of Rainfall & Runoff relation 

After the occurrence of a storm rainfall, except the portion of infiltration and 

evaporation loss, a part of the rainfall flows over the ground as thin sheet of water. It 

indicates the part of overland flow. The direct surface flow analysis is related with the 

unit hydrograph method. For smaller areas, the technique is called as overland flow 

analysis. The part of direct Runoff or Surface flow is entirely related with some 

conditions viz. catchment characteristics, nature of storm rainfall, storage 

characteristics and meteorological conditions of a basin area. In the analysis, the 

runoff coefficient has been derived to calculate the amount of channel Runoff (Ha m) 

on the basis of total basin area (317 km
2
). The runoff yield has been derived from the 

discharge (m
3
 sec

-1
) of the channel by multiplying it with the runoff constant. The 

runoff has been measured at Odlabari station especially from the estimated discharge 

during the monsoon period. The rainfall (mm) at unity scale and same dates has been 

plotted against Channel Runoff to find out their correlation and the outcomes are 

stated below: 

3.4.1 In 2017, the relational analysis reveals peakedness of the runoff data in 

comparison to rainfall with negative kurtosis value. It indicates that the arrival 

of short spells of storm rainfall increases the runoff suddenly. But, the daily 

variation (COV) in rainfall and runoff both are quite significant (53.8 & 67.4). 

It reveals the associated short term changes in channel runoff related to the 

rainfall fluctuations. It is the inherent characteristic of North Bengal monsoon. 

The data of positive skewed distribution in both the cases indicates the sharp 

decline of rainfall and runoff towards the later part of September. From R
2
 

value, the unexplained variation in runoff 36.3% is attributed by the loss of 

runoff from surface (Fig. 3.10 a). 

3.4.2  In 2016, the negative value of skewness indicates the late arrival of high 

channel runoff and it decreases to the June. This could have been the result of 

less rainfall during the early monsoon moths or greater surface runoff loss. But 

the positive skewness value of Rainfall distribution only keeps the probability 

of surface loss of runoff. The value of the distribution of channel runoff 

frequency shows the peakedness of the curve. The COV values are similar. So, 

the daily estimate indicates similar variation. The linear regression indicates 

the poor goodness of fit of the regression line to the scatters. The R
2
 shows 

60.8% unexplained variation in runoff increases the chance of surface loss 

(Fig. 3.11 b).   
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3.4.3 In 2015, the rainfall data shows greater variation than runoff (COV-58.3 & 

49.5). Both the distribution indicates positive skewed value as indicates the 

greater distribution of rainfall and runoff at the initiation of monsoon period. 

The contradictory nature of Rainfall and Runoff reveals by the value of 

kurtosis. Where rainfall indicates spreaded distribution and runoff indicates 

peakedness of the frequency distribution. The regression analysis reveals 

better R
2
 value with comparatively less unexplained (52.2%) than the previous 

year (Fig. 3.11 c).  

Table 3.6 Validation of statistical relations between Rainfall & Runoff 

Year t-stat df F-Stat df Standard Error 

of estimate 

r 

(Correlation 

Coefficient) 

Significance Remarks (at 95% LOS) 

2015 4.596 23 21.121 1,23 267.437 0.865 0.000 Rejection of H0 and Significant 

Linear Relationship 

2016 4.405 30 19.405 1,30 222.846 0.627 0.000 Rejection of H0 and Significant 

Linear Relationship 

2017 6.499 24 42.237 1,24 224.98 0.799 0.000 Rejection of H0 and Significant 

Linear Relationship 

Source: Calculated by the Author. 

(Note: Null hypothesis (H0): There is no significant difference between sample means of rainfall and 

runoff) 

3.5 Daily variation of gauge height 

The gauge heights of Chel have been recorded beside Odlabari National Highway 

bridge from the level of 0 RL measured by GPS (Ground positioning system). The 

temporal study has been attempted to find the height variation of daily gauges. The 

gauge heights are high positively correlated with the amount of rainfall in the upper 

catchment. The maximum daily gauge height is recorded at Odlabari site. The highest 

recorded gauge height at this station was 3.80 m above the bed level caused by the 

catastrophic rainfall event on 10
th

 July, 1975. In the study, the daily gauge height data 

has been collected for the monsoon period. The inherent nature of the fluctuations of 

gauge height is related with the amount of rainfall and the nature of channel bed 

sedimentation. The following results are discussed below: 
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Figure 3.10 a 
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Figure 3.10 b 
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Figure 3.10 c 

Figure 3.10 a, b, c Isohyet maps (in mm) of Chel basin in 2015, 2016 & 2017. 
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Figure 3.11 Relational plots of Rainfall-Runoff (RR) at Odlabari station, a Daily 

fluctuation of RR in 2015, b Daily fluctuation of RR in 2016, c Daily 

fluctuation of RR in 2017, d Simple linear regression between rainfall and 

runoff in 2015, e Simple linear regression between rainfall and runoff in 

2016, f Simple linear regression between rainfall and runoff in 2017. 

 

3.5.1 The maximum recorded gauge height (m) at Odlabari station from 2015 to 2017 

has been recorded as 2.55 m in July from the level of 0 RL and the minimum 

height is 0.26 m in the month of May.  

3.5.2 In 2015 the frequency curve of gauge height shows comparatively higher 

peakedness which indicates the shorter duration of occasional flood discharge 

in the channel.  

3.5.3 The comparative high variation in the frequency distribution of daily gauge 

height is calculated maximum for the year of 2016. 
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3.5.4 The variation in daily gauge heights not only depends on the rainfall variation 

but significantly related with the nature of depositional or erosional processes 

acting on the channel bed. 

3.5.5 The greater fluctuations in 2015 gauge heights related with several high peaks 

in the frequency distribution that indicates the greater runoff volume of water 

from the upper catchment (1277.94 to 272.0 Ha m day
-1

).  

3.5.6 In 2017, the recessional tail of the curve to the October indicates several small 

peaks below 2.5 m. It is related with the variation of rainfall in the upper 

catchment during the withdrawal of monsoon. The cyclonic downpours are 

related with these fluctuations.  

3.5.7 The average gauge heights from 2015 to 2017 have been calculated as 158.39 

m, 158.35 m and 158.19 m. In 2017 the mean value indicates comparatively 

lower value. But the same year received annual average rainfall of 5916 mm 

which is highest among the others. So, the deposition of suspended load 

during the recession of high discharge from the last week of September caused 

such channel bed filling.  

3.5.8 During the study period (2015-2017), the high fluctuation in gauge heights are 

confined within 21
st
 May to 17

th
 July. In 2015, the 1

st
 week of September also 

shows peak formation in gauge height data (Fig. 3.12 a, b, c).  

3.5.9 The maximum average gauge height in 2015 indicates the slight increase in 

the channel’s effective cross-sectional area. Although, the gauge height 

variation at a particular observing station cannot explain the ongoing process 

of channel scouring and deposition for the all other stations. 

3.5.10 The gauge height variation is directly related with the channel bar formation 

dynamics that alters seasonally (Fig. 3.12 a, b, c).  

 

Figure 3.12 a 
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Figure 3.12 b 

 

Figure 3.12 c 

Figure 3.12 a, b, c Temporal (2015, 2016 & 2017) variation in channel gauge heights at 

Odlabari site (May-October). (Reference: Appendix Table 35) 

 

Figure 3.13 Superimposed temporal gauge heights at Odlabari site (2015-2017). 

(Reference: appendix Table 35) 

3.6 Stage (m) & discharge (m
3
 sec

-1
) relationship 

It is the most powerful relation in channel hydraulics. The Stage-Discharge (S-D) 

rating curves are significant assessment tool of a channel’s real flow dynamics. In this 

relationship, the stage stands for water surface elevation above a selected arbitrary 
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datum. The relationship is developed by the stage simultaneously with each 

measurement of discharge and plotting the same against the measured discharge 

(Mutreja, 1990). In the relational plot, the curve appears approximately parabolic. The 

curve is required for the interpolation of stage conditions at a particular discharge. But 

its extrapolation beyond the maximum recorded gauge or minimum gauge may 

contribute false results. In this study the simple rating curve has been incorporated to 

know the fundamental relationship for the Chel river.  The following results have 

been noticed: 

3.6.1 Short term observation of S-D relationship does not promote any significant 

result and the curve appears with high unexplained variation. In the 

relationship discharge and stage are not significantly different from each other.  

3.6.2 In 2015, the estimated discharge of above 120 m
3
 Sec

-1
 leads to hold the stage 

at 2.55 m (Fig. 3.14 a). The relational plot indicates the recession of discharge 

below 60 m
3
 Sec

-1
 at a stage of 1.25 m at both the tails of the curve. The 

maximum goodness of fit in power regression (R
2
-0.577) has been calculated 

in 2015 from S-D curve. The exponent b in the power regression equation is 

minimum and almost same proportion of increment in discharge causes an 

increase in stage.  

3.6.3 In 2016, the maximum stage of 2.9 m has been observed at a discharge of 

145.69 m
3
 Sec

-1
. At the left tail, the curve shows below 40 m

3
 Sec

-1 
discharge 

at a stage of 1.5 m. As well the right tail shows flatness of the stage curve 

below 1.5 m at a recessing discharge of 20-60 m
3
 Sec

-1
 (Fig. 3.14 b). 

Table 3.7 Validations of statistics between discharge and water stage 

Year t-stat df F-Stat df Standard Error 

of estimate 

r 

 

Significance 

(p) 

Remarks (at 95% LOS) 

2015 6.186 28 38.264 1,28 0.002 0.760 0.000 Rejection of H0 of zero variation and 

Significant power Relationship 

2016 7.803 30 60.884 1,30 0.002 0.818 0.000 Rejection of H0 zero variation and 

Significant power Relationship 

2017 4.834 25 23.370 1,25 0.002 0.695 0.000 Rejection of H0 zero variation and 

Significant power Relationship 

Source: Computed by the author. 

(Note: df-Degree of Freedom, r- Correlation coefficient, LOS-Level of significance.) 

 

3.6.4 In 2017, the pattern of S-D plot (Fig. 3.14 c) has been changed identically. The 

maximum S-D condition has been noticed from last week of June to 1
st
 week 

of July. The maximum condition comprises 125 m
3
 Sec

-1 
discharge at a sage of 

2.0 m. The initial rise of the stage 0.6 to 1.85 m with a discharge rage of 23-89 

m
3
 Sec

-1
. The flat end of the stage curve indicates the recession of discharge 

from 48 to 22 m
3
 Sec

-1
 at stage variation from 1 to 0.9 m. 
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3.7 Relation between rainfall (mm) & stage (m) 

The rainfall with storm intensity causes the steady rise of water stage in the channels. 

Generally, there exists a positive correlation between the two variables. But, the 

possibility of hydrological loss or conversion of energy causes the uncertainty of 

getting the steady positive correlation. The flow duration curves can depict the travel 

time of concentrated rainfall water within a channel that causes the rise of the water 

stage for a short duration.  

 

Figure 3.14 Stage-Discharge (SD) relationship at Odlabari station, a SD plot of 2015, b 

SD plot of 2016, c SD plot of 2018, d Power regression of 2015, e Power 

regression of 2016, f Power regression of 2017. (Reference: Appendix Table 

39) 

The continuity of uniform rainfall in the upper catchment is another 

comprehensive logic behind the retention the same water stage height above the 

channel bed if we consider the other hydrological conversion or loss parameters as 



Chapter III 

103 

constant. But, high channel stage is not the representation of an immediate rainfall 

rather it is the result of a rainfall which occurred before. In the study, mainly the 

maximum rainfall of Gorubathan, Upper & Lower Fagu, Meanglass, Saily tea 

gardens has been considered. This is why the high river stage at Odlabari cannot be 

significantly explained by the maximum monsoon rainfall events in some rain-gauge 

stations in the upper catchment. Some other stations may also have their rainfall 

generated runoff to the channel that causes the increase in river stage. So, the 

contribution in channel runoff from adjacent areas and its regulation by many other 

factors (regional slope attribute, land use-cover factor, soil texture and infiltration, 

length of overland flow, evaporation and interception) control the water stage 

variability in the channel. In the study, the water stage data has been collected by 

attempting field surveys and the rainfall data has been collected at the up-stream 

direction of the station. The following results has been traced out- 

3.7.1 The relational graph is the representation of maximum rainfall day
-1

 (mm) of 

several rain gauge stations in the upper catchment. It is the gross 

representation of relationship between rainfall per day (mm) and water level 

height in the river. The statistical linear regression shows the appearance of 

null hypothesis of zero difference of sample means and insignificant statistical 

relationship at every case (2015-2017) (Table 7). 

 

Figure 3.15 Relational plot of daily rainfall (mm) (upper catchment) & Water Level 

(WL) in m at Odlabari station (2015). (Reference: Appendix                      

Table 36 & 39) 

[Note: x axis-Number of Rainy days (Monsoon), y1- Rainfall (mm) day
-1

 & y2 - Channel Water Level 

(m).] 

 

3.7.2 The summary statistics reveals that in 2015 the mean water stage of 2.55 m 

had been resulted from the mean maximum monsoonal rainfall in upper 

0.00 

0.50 

1.00 

1.50 

2.00 

2.50 

3.00 0 

50 

100 

150 

200 

250 

300 

1 4 7 10 13 16 19 22 25 28 31 34 37 40 43 46 

R
a

in
fa

ll
 (

m
m

) 
&

 S
ta

g
e 

(m
) 

No of Days 

Rainfall/day  

Wl 



Chapter III 

104 

catchment of 103.14 mm (date specific), in 2016 the water stage of 2.54 m 

resulted by 93.74 mm mean maximum monsoonal rainfall (date specific) and 

in 2017 the stage of 2.43 m resulted by 105 mm mean maximum monsoonal 

rainfall (date specific) (Fig. 3.15, 3.16 & 3.17). This is purely the gross 

estimation of rainfall and stage relation. 

3.7.3 The maximum rainfall in upper catchment and highest water stage at Odlabari 

has been calculated as 2.7 m gauge height at 282 mm rainfall in 2015, 2.95 m 

gauge height at 257.2 mm and 2 m gauge height at 275.5 mm rainfall in the 

upper catchment.  

 

Figure 3.16 Relational plot of daily rainfall (mm) (upper catchment) & Water Level 

(WL) in m at Odlabari station (2016). (Reference: Appendix                          

Table 37 & 39) 

[Note: x axis-Number of Rainy days (Monsoon), y1- Rainfall (mm) & y2-Channel Water Level (m).] 

 

 
 

Figure 3.17 Relational plot of daily rainfall (mm) (upper catchment) & water level 

(WL) in m at Odlabari station (2017). (Reference: Appendix Table 38 & 39) 

[Note: x axis-Number of Rainy days (Monsoon), y1- Rainfall (mm) & y2-Channel Water Level (m).] 
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3.8 Conclusion 

The Chel river originates from lower Darjeeling sub-Himalaya and it is a rain-fed 

river. The regulation of hydrological cycle controls the fluvial character of the 

channel. The mean annual rainfall fluctuate between 3000 and 5000 mm and the 

highest rainfall occurs close to the steep front of the lesser Himalaya in Jalpaiguri 

district. Being the rainiest part of the Himalayas, Jalpaiguri district has been 

experiencing devastating flash floods since the time immemorial transforming not 

only the physical but also cultural landscape of sub-Himalayan North Bengal (Sarkar, 

2012). Long term data identify Jalpaiguri as the rainiest area, with mean annual 

rainfall reaching 3465.9 mm of which 2776.0 mm descends during the 6 monsoon 

months between May and October. The last 5 years annual average rainfall in 

Gorubathan has been reported as 5331.7 mm (Directorate of Agriculture, North 

Bengal Region). At 13 km downstream direction the average annual rainfall has been 

declined slightly as from 5331.7 mm to 3805.1 mm. The fluvial system of Chel falls 

in high rainfall regime. The trend of moving average of rainfall data in Jalpaiguri 

reveals the 5, 10 and 20 years indicates the phases of high rainfall over Jalpaiguri 

district (Fig. 3.7, 3.8 & 3.9). The peaks in daily gauge height data shows the short 

spells of high discharge that causes occasional flooding within the channel (Fig. 3.12 

a, b, c). This short persisting flood discharge causes dynamics in hydro-

geomorphology of the basin. The high rainfall of 234.2 mm causes 1284.21 Ha. m. 

runoff in August, 2017, 144 mm rainfall causes 1002.45 Ha. m. runoff in August, 

2016 and 169.61 mm rainfall causes 1465.43 Ha. m. runoff in September, 2015 (Fig. 

3.11 a, b, c).The basin is highly potential for its water resources and suitable 

irrigational techniques shall efficiently utilize the water resources. The hydrological 

variety is a potent character of this basin. The ground water has been well recharged 

and regulated by the high rainfall and channel base flow in dry season. At the 

piedmont area the channel base flow is well regulated within sub-surface flow 

passages. The water of Chel meets the demand of adjacent tea gardens (Meenglass, 

Saily, Nidam Jhora, Damdim, Ranicherra, Fagu). At the downstream, the important 

mouzas like Kranti, Kodalkati, Nipuchapur, Rajadanga directly depends on the water 

of Chel in Agricultural purposes (Paddy Cultivation).  
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Chapter-IV 

Channel Behaviour and Pattern 

4.1 Introduction 

Channel behavior is related with the existing channel processes that lead to frequent 

changes in the water and sediment flow pattern of the river. River patterns express an 

additional mechanism of channel adjustment which is related to channel gradient and 

cross-section (Leopold et al., 1964). It changes with hydro-morphological changes of 

the basin. Flow resistance within the channel causes large changes in the channel 

pattern. The channel geometry is linked up with basin plan-form; sub-surface 

structure, basin erosion; channel gradient and vegetation cover etc. The first order 

drainage connectivity collectively directs the upper catchment run-off to the higher 

order streams. The spacing of the first order drainage branches below the rugged 

terrain of Pankhasari ridge (400 m) creates the head of the basin. The dendritic 

pattern merges into the narrow channels of Kali and Chel which flows downstream in 

a structurally controlled river course. The channel behaviors reflects its tendency of 

auto-cyclic cut and fill process related with recent base level changes. The 

morphogenesis of the channel evolves with the changes of the relative heights of the 

existing river terraces. The rate of channel incision along the base of higher terraces 

forms narrow gorges for the channel flow. The hilly segment of the course is 

influenced by the extension of ridges and higher terraces. The orogenetic movements 

of the recent past have its influence on the channel.  The 5
th

 order channel of Chel 

becomes visible near Ambiok tea garden. After that, it shows high sinuous course with 

the sign of boulder deposits and diverted course. The valley on the right side of the 

channel is broader beside Gorubathan Khasmahal. At the mountain outlet, the course 

has been turned to S-E to fall on the fan surface. It flows almost parallel to the curved 

upper Fagu ridge. The extension of the Gorubathan fault controls the sharp turn of 

the river channel here. Above the mountain outlet, the channel shows high flow 

efficiency with boulder bed formation. The channel starts braiding below Ambiok tea 

garden. The narrow channel wanders between Dalingma and Fagu ridge. The 

existence of slightly vegetated channel bars indicates the stability of the course. The 

phases of flash floods modify the position of the channel bars. The mechanism of 

heavy bank failure supplies coarse bank materials to the channel. The high channel 
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competency distributes the large boulder up to the mountain outlet. After that it 

converts into an alluvial channel with fine sand deposits.  

Channel behavior changes frequently downstream due to the supply of 

discharge as related with the gradual decrease in the slope. The pattern of channel bar 

formation is related with the supply of sediment from the up-stream. So, the basin 

erosivity and sediment yield processes are important to exaggerate the tendency of bar 

formations. On the piedmont surface, the channel hydraulic geometry transforms by 

the supply of high amount of bed load and the recession of peak flood discharge 

settles the suspended load in the channel. In the sedimentary environment at fan 

surface, the anticipated flow finds several sub-surface conduits to flow downstream. 

The mid part of the fan diverts the main channel towards their banks. The bank walls 

face high shear stress against the rampant flow during monsoon. The process of bank 

failure supplies high amount of sediment load to the discharge. The heavy sediment 

load creeps down the channel bottom against the existing channel force exceeding the 

threshold of inertia of the sediment particle. The lighter sediment particles having less 

weight than the buoyant force experience an upward flux of eddy momentum by the 

capacitate discharge along the channel boundary. During heavy discharge, the 

increased flux of suspended load decreases the fluid stress component by reducing the 

magnitude of oscillation of turbulences (Leopold et al., 1964). This process is 

effective in the stabilization of the channel bars. The suspended load entrainment in 

the channel is dependent on the channel force times the settling velocity of the fluid. 

This suspended load settles down the bed when the amount of discharge recedes 

quickly to the downstream. The formation of grain layers within the flowing 

discharge is created by the dispersive grain stress which directs upward against the 

normal gravitational pulling (Bagnold, 1954 and Leopold et al., 1963). This fluid 

stress constructs the height of the channel bars. The formation of channel bars leads to 

the diversion of the flow towards the bed and banks. The morphology of the alluvial 

fan surface dissipates the flow energy of load transportation and creates favorable 

condition for aggradation. The channel load movement is dependent on the two 

opposite shear stresses acting variably on channel bed and on fluid to exceed the 

threshold for movement. Channel behavior is well connected with its discharge, 

pattern of bar formation, channel boundary condition, sediment load movement and 

type of the channel load. 
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4.2 Methodology 

4.2.1 The morphology of channel bars, shape of multi-thread channel and tendency 

braiding have  been analyzed and calculated by following the methods of 

Braiding index (Brice, 1964), Sinuosity Index (Muller, 1968, Morisawa, 

1985, Brice, 1964). 

4.2.2 The site-wise (Upper Fagu, Patharjhora and Manabari tea garden) nature of 

channel bar formation has been studied from Google Earth images (2016 & 

2017) and also cross-verified with field observations.  

4.2.3 The nature of channel avulsion has been studied from the thorough analysis 

of temporal Google earth images (1983, 1990, 2007 & 2016) at the same 

scale and same UTM (Universal Transverse Mercators) projection layout. 

The process and type of channel avulsion has been carried out by following 

the classification of Jones (2007). The intensive sites of avulsion (beside 

Patharjhora tea garden, below Patharjhora tea garden and beside west 

Damdim TG) have been studied from Google earth images and also by 

attempting fields. 

4.2.4 The nature and rate of course shifting have been analyzed from satellite 

images (Landsat 3 MSS, Landsat 5 TM-30 m, Landsat 6 ETM & Landsat 8 

OLI-TIRS) (1970, 1990, 2000 & 2019) and Google Earth images (1981, 2001 

& 2016) by drawing nine successive cross-sections along the river at an 

interval of 3 km. The shifting tendency of river banks and its width variations 

have been computed from the same temporal scale.  

4.3 Channel behaviour and fan morphology 

Pattern of Channel Plan form Dynamics (CPD) has linked a variety of flow conditions 

and sediment regimes actually those which are seriously controlled by climatic and 

geologic conditions (Brierley, 2010 & Cheng-Wei, 2017). The dominant channel 

pattern is haphazard anabranching streams with properties of sinuosity, braiding and 

sediment load characters (Mollard, 1973 & Rust, 1978) that illustrate the hydrological 

and channel morphological evolutions. As per Rouse 1965 Flow resistance within the 

channel actually causes changes in the channel load pattern which is of four types as 

per componential aspects: (a) surface resistance, (b) form resistance, (c) wave 

resistance from free suface effects, and (d) resistance due to local acceleration mainly 
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through flow unsteadiness (Järvelä, 2004) which is more evident here. Manning’s “n” 

value  for roughness due to bed bottom irregularity shows moderate to high resistance 

ranging between 0.03~0.05 (average 0.04). At the mountain, the course has been 

turned to South-East to fall on the fan surface. It flows almost parallel to the curved 

upper Fagu ridge. Dating of Radiocarbon signatures of organic rich clay components 

indicate the Gorubathan thrust post-dated to 33,875± 550 Ka BP (Bansal et al., 2013) 

and is still active (Guha et al. 2007) and having imprints of surface ruptures. Though 

dynamism can be attested with gravels from 5 m depth near Ranichera tea garden 

(lower terrace) associated with 30m high terrace of River Chel (Starkel et al., 2015) 

which is showing Optically-Stimulated Luminescence dating (OSL) of 57.4 ± 4.4 ka 

(kilo annum: 1000 yr. span) BP (Before present) meaning thereby about 59,600 year 

old than 1950 or 0 BPY and the fan surface is dissected by the younger rivers 

emanating out from the mountainous foreland. The migrating Himalayan front 

tectonically cross-cut these fans and tilting, folding and uplifting is quite common 

(Srivastava, 2017).The identified contour segments  unshadows the scenario that Fan 

Face Morphology (FFM) is reshaped by huge load depositions due to loss of surface 

drainage and wastage of runoff in an area having more than 1,000-1,500 mm per 

annum of rainfall. The areal segments bounded by contours viz. 200-220m, 240-

260m, 260-280m and 280-300 m are accounting for gradient of 1 in 1074.01,1 in 

84.45,1 in 51.85 and 1 in 43.75 almost low to negligible low gradient initiated by 

frequent avulsion and anabranching drainage pattern implicating on the outer fan face 

and factorized through equilibrium vs. in-equilibrium of explained sediment transport 

capacity as well as channel sedimentation processes. The struggle of the channel to 

transport load with feeble velocity has repercussion on changing channel shape (w/d: 

Channel width-depth ratio) and multi threading of channel with anabranching and 

high channel roughness (Nanson, 1999). 

4.4 Observation on present channel form 

Carson and Griffiths (1987) recognized some types of braided rivers: like unstable 

multiple stream, stable multiple stream, and multi-thalweg stream which is noticeable 

in case of Chel being mostly unstable multiple type. Both the erosional and 

depositional fluvial characteristics are responsible for complex braiding. Ashmore in 

1991 identified four types of mechanisms of braid formation viz. middle bar accretion 
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(MBA), transverse bar conversion (TBC), chute cut-offs (CCO), and multiple bar 

dissection (MBD) out of which MBD is quite common here. Chute cut-off is visible 

along the course of Manzing Khola (Fig. 4.1). 

 

Figure 4.1 Present braided channel network of Chel; a. Braid network at tri junction 

point above Patharjhora tea garden, b. 2018 extracted (Google Earth) 

multi-thread course of Chel on piedmont surface.  

The mid-channel accretion bars inclusively Linguoid types [Lepold et al., 

1957] have elongated downstream direction and is observable beside Manabari TG 

(Fig. 4.4) and West Damdim. The identical mid channel gravel bars composed of lag 

sediment deposits are predominant beside Patharjhora TG (Fig. 4.3). The presence of 

transverse bars [Ashmore, 1991] and their ongoing transformation process 

significantly indicates the dominance of comparatively good stream power condition 

at Gorubathan site (Fig. 4.2).  

4.4.1 Reach 1  (Beside Upper Fagu ridge) 

This site is confined between Mal and upper Fagu ridge (Fig. 4.2).The channel 

widens gradually to the right bank. The average width of the reach is 164 m and the 

length of the reach is 1 km. The channel sinuosity value is 1.12. The flow is directed 

to the left bank. The point bars have been developed at the right bank. The flow along 

the inner point bars creates chutes by scouring at one side. Later on, this incipient 

point bar converts into medial bar. Three prominent medial gravel bars have been 

formed at the flow paths. One mid channel vegetated bar is also identifiable. The 

transverse bar along the left bank converts into an elongated medial bar as the flow 

alters around it.  
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4.4.2 Reach 2 (Beside Pathrjhora tea garden) 

The channel becomes wider after reaching at the piedmont surface (Fig. 4.3). The 

average channel width beside Patharjhora tea garden is 1.15 km. This is because of 

the sudden decrease of the channel gradient (1 in 52 m) at the mountain outlet. The 

flow diverges towards the channel boundary after being retarded by mid channel bars. 

During the pre-monsoon season, only the flow is found to active along the right bank 

of the channel. The bed form is composed of pebbles and sand deposition. The finer 

sediment size varies from 19-91 mm. But, some flood driven boulders of 50 cm to 90 

cm are also observed on the channel bed. The pattern of bar formation is complex is 

this site. Because, the piedmont surface is highly imperceptible of any strong flow 

pattern on it. The situation is favorable for high dissipation of channel energy. After 

the passage of monsoon, the variable bed forms raise up from the submerged 

condition.  

 

Figure 4.2 Channel bar formation and pattern beside Gorubathan. 

The cyclic process of channel filling becomes stronger at the same point 

before the end of one flood cycle. The right bank tributaries of the Chel are observed 

to compose of chute cut bar formations along the right banks. The chute related bar 

diversion is attributed by the formation of sudden flood channel along the banks. The 

main channel of Chel is composed by the formation of an elongated mid channel bar 

close to the right bank. This bar has been developed since last two flood cycle events. 
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The tow of this bar is attached with a transverse bar wants to spread out to the banks. 

This led to the diversion of channel to the banks near Patharjhora site. The channel 

deposition alters with every monsoonal discharge. The mid channel bars shits 

downstream depending on the flow velocity. The presence of channel scours is 

observable at the front of the medial bars. 

4.4.3 Reach 3 (Beside Manabari tea garden) 

This site carries the evidence of channel oscillation on the lower extension of the fan 

surface (Fig. 4.4).  The channel has been shifted towards west and increases the 

occurrences of bank erosion along the right bank. The site is natural without any 

embankment that leads to promote the occasional bank slips to the west. The main 

channel is infested by sediment load and reveals high braided pattern of flow. The 

channel widths are very narrow and flowing by dissecting the sediment bed. 

 

Figure 4.3 Channel bar formation and pattern beside Patharjhora. 

The pattern has been formed due to the obstacle created by the sediment bed. 

The site is dominated by the formation of elongated point bars. The channel is 

carrying numerous mid channel bars. These bars are newly formed by previous flood 

deposition. The height of the bars is highly variable as their formation is influenced 
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by the seasonal variable discharge. The main active channel exists along the right 

bank. The immediate lower part of the site does not carry such braided pattern due to 

the existence of an embankment along the right bank. This site also carries the sign of 

channel avulsion. Many small streamlets become activated on the flood plain to the 

east and these channels are mainly reoccupied channels. The upper part of the reach 

also expresses braided tendency and avulsion. The channel avulsed towards the Lethi 

khola through various small reoccupied streamlets.  

4.5 Channel Avulsion: temporal analysis  

The term is synonymous with the switching of flow from one channel to another 

(Ferguson, 1993). The process of avulsion is related with the higher rate of 

sedimentation in the channel that cause the diversion of the previous flow paths in to 

new path to flush out the accumulate sediment. The main cause of avulsion is related 

with shifting of the existing course in to new course and blocking of channels by the 

bars (Charlton, 2008). The avulsion process of a channel is also linked with the 

duration and peakedness of triggering flood, ratio of sediment flux in discharge, 

geometry of the avulsion node and pre-existing topography of the flood-plain. 

 

Figure 4.4 Channel bar formation and pattern beside Manabari. 
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The process indicates the rapid transfer of river flow from the established 

channel belt. Avulsion is a dominant depositional mechanism. Avulsion means the 

sudden abandonment of a part or the whole of a meander belt by a stream for some 

new course at a lower level on the floodplain (Allen, 1965). It causes new braiding 

pattern within the existing channel (Nanson and Knighton, 1996). It also states the 

diversion of flow from an existing channel onto the floodplain, eventually resulting in 

a new channel belt (Makaske, 2001). The shifting of the previous course in to new set 

up can cause the dispersal of sediment load present in the discharge. This 

phenomenon can only be measured up by considering in large spatio-temporal scale. 

The channel gradient factor and basin erosivity are typically attributed in causing 

channel avulsion. The channel avulsion is not only related with the channel 

abandonment as well it re-occupies the old channels on the flood plain. The 

stratigraphic analysis of avulsion can be considered from transitional and abrupt 

process of deposition (Jones et al., 2007).  

4.5.1 Present and Past Conditions of Channel Avulsion 

Avulsion is not only the process of excessive sediment diversion to a newly formed 

channel rather it controls the distribution of coarse and fine grained deposits in a 

channel. It functions through the ongoing fluvial process of the channel. The loss of 

channel gradient on the piedmont surface leads to the formation of aggrading channel 

beds. The submerged channels in the sedimentary environment create a complex 

connectivity of continuous sediment and water flow by the process of annexation 

(Fig. 4.5). Avulsion by annexation occurs when an avulsed channel reoccupies an 

abandoned channel or appropriates an existing channel (Jones, 2007). The vibrant 

course of Chel has been affected by multi-cyclic processes of fluvial action. So, it 

shifts abruptly on the piedmont surface supported by the appearance on floods. The 

bank deposits in horizontal strata and their tier wise arrangement indicate the two or 

many different active phases of flood events. The channel fill deposits and bank 

deposits are the key to find the early phases of fluvial deposits and the channel 

morphological adjustment of avulsion. The rate of avulsion has been exaggerated by 

the blocking channel bars. The river Chel has formed many new bypasses on the 

foreland basin to remove the increasing sediment load within the old channel 

sediment belt and thus exhibits anastomosing avulsion process. The channel bars 
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shifts the course near the banks. During the high flow, the channel spreads out on the 

floodplain and starts deposition on the soft alluvium in form of crevasse splays. 

Avulsion is related with the water and sediment diversion via crevasses splays on the 

flood-plain. The splay formations are the courses of narrow water flow paths where 

the channel levee become breached out during high water stage. The avulsed channel 

directly incises the previous channel deposits and the avulsed channel becomes 

stratigraphically abrupt (Jones, 2007). The braided morphology of the channel at the 

outlet is highly unstable because of variable discharge from the upper catchment. The 

channel abandons one active flow path along its right bank near Patharjhora.  

4.5.1.1  Avulsion at Site 1(Beside Patharjhora)  

The site is situated on the piedmont tract of Darjeeling Himalaya at an elevation of 

320 m (Fig. 4.7).The length of the site along the course of Chel is 3.2 km. The site is a 

junction of three stream connectivity namely Chel, Fagu and Manzing khola. The site 

is identical with its variable discharge, sedimentary environment and high stream 

energy dissipation. The width of the flood plain beside Patharjhora TG is 1.5 km. 

The maximum channel width is 800 meter. This wide channel is composed of various 

blocking channel bars. The channel widens out on the fan surface. The right bank of 

Manzing khola gives the birth of many narrow streamlets in form of a complex 

network of connectivity. This avulsion process follows annexation of previous 

channels by new channels. Avulsion by annexation occurs when an avulsed channel 

re-occupies an abandoned channel or appropriates an existing channel (Jones, 2007). 

The process of avulsion is limited on the adjacent flood plain. The left bank of Chel 

reveals the same process of avulsion. The existence of those under-fit channels are 

only feed by the monsoon water. This site bears the imprint of aggradational avulsion 

process (Fig. 4.7). As aggradational or progradational avulsion is characterized by an 

early stage of deposition and multi-channel distributaries develop as the parent 

channel loses an increasing amount of flow and sediment to newly developed channel 

(Jones, 2007).  The joining of three streams on the fan surface leads to the 

accumulation of sediment. The width-depth ratio of the reach becomes high. The 

channel incision during monsoon discharge is observed to confine near the banks. The 

channel spreads out on the fan surface due to the effective dispersion of sediment load 

by the recurring events of flash floods (1963, 1968, 1993, 1996, 2000, 2016, and 
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2017). The role of flash floods when overtops the banks initiates the overland flow on 

the margins of the fan surface. This overland flow generates various ephemeral 

streamlets on the fan margins. The course of these small active channels cuts down on 

the previous alluvium of fan surface. These on-fan streams involve in the process of 

active head ward erosion that leads to back migration of the apex of the fan. The rate 

of back filling by the small channels causes further aggradation of the channel.  

Overland flow is more likely to result in a channel avulsion if a nearby channel is 

receiving the flow (John, 2000). 

 

Figure 4.5 False colour composite of MSS bands (1970) showing sediment infested 

upper course of Chel (above Odlabari bridge) and arcuate shaped channel 

form with increasing sinuosity in lower part (below Odlabari bridge). 
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Figure 4.6 False colour composite of TM bands (1990) showing the process of 

annexational avulsion at Patharjhora, massive bed aggradation at 

Manabari, Avulsion through anabranches at Turibari and dynamics 

channel confluence of Kumlai river.  

The present channel of Chel is highly susceptible by means of aggradational 

avulsion process. The amount of sediment discharge is highly variable at the 

piedmont tract. The connecting streams are supplying high amount of sediment load 

to the main course of Chel. The right bank of Manzing khola starts developing 

anabranches which directly establish connectivity with the right bank of Chel beside 

Patharjhora. The Manzing khola migrates to the west with many channel diversions. 

The measured width of the course along with the branches is 500 m. Above 

Patharjhora; the channel of Manzing Khola divides in to two different channels by 

the blocking effect of a medial channel bar. It expresses a chute diversion pattern of 

avulsion as it is observed from the satellite image of 2016 (Fig. 4.10 c). The type of 

avulsion by the blocking effect of channel bars is the dominant process of this site. 
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The Channel of Chel is diverted by a large medial bar on the fan surface beside Mal 

forest and it comes close to the left bank. This left bank of Chel is the surface of sheet 

flood occurrences (Fig. 4.7). It leads to the continuous channel widening.  

 
Figure 4.7 Present condition of channel avulsion beside Patharjhora. 

At Patharjhora site, the maximum channel width is 640 m. The main flow 

path of Chel has continuously been shifted to the west. The active left anabranch of 

the channel is completely vanished in the image of 2016. Anabranches of some 

braided channels appear to be near the threshold condition of equilibrium (Leopold et 

al, 1964). The present course of Chel (640 m) becomes wider than the previous course 

of 2007 (380 m). Above Patharjhora, the two channels of Manzing and Fagu khola 

creates a junction. The left bank of Manzing khola directly connects with the course 

of Sukha Khola. The Channel of Sukha khola becomes prominent along the left bank 

and the beheaded part of the channel becomes under fit within the valley. The channel 

creates a new chute branch along its right bank (2016 image). From 2007 to 2016, the 

main course of Chel has expressed abrupt changes in the channel form and pattern. 

The flash flood events before 2016 affected the channel pattern and converted it in to 
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a braided stream. This multi-thread channel accumulates new sediment along the 

channel bars. The avulsion process runs by the blocking effect of channel bars. The 

channel of 2016 is composed by large a medial bar which is not visible in the image 

of 2007. This new stable bar is composed of comparatively old alluvium and stays 

above the water height of recent flood occurrences. The activity of right bank flow 

path is still active because of the combined supply water and sediment at the V- 

junction and through the left anabranch of Manzing khola. 

 

Figure 4.8 False colour composite of ETM bands (2000) showing high channel 

transformation (channel narrowing at tri-junction point, below Odlabari 

bridge, channel anastomosing at Manabari, channel abandonment at right 

bank at Damdim & change in the arcuate shape below Odlabari bridge) 

after the passage of serial extreme rainfall events (1993, 1996, 2000). 
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Figure 4.9False colour composite of OLI-TIRS (Landsat 8) bands (2019) 

showingcontracdictary   direction of channel shifting at Manabari and 

Turibari, zone of avulsion vis-à-vis sheet flood appears along the right bank 

near Patharjhora, below the Odlabari bridge course of Chel diverts along a 

large stable filament shaped bar.  
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Figure 4.10 Temporal conditions of channel avulsion at Patharjhora: a. Old channel 

shifts regularly on right bank leaving imprint of active channel anabranch, 

b. Channel becomes more active on right bank leaving a wide zone of sheet 

flood, c. Channel widens and starts developing avulsion channels on sheet 

flood zone (left bank), d. Active channel of Chel flows near the left bank, the 

sheet-flood zone becomes wide, stream junction is absent, anastomosing 

pattern of Fagu khola, e. Channel starts re-shifts on left bank with channel 

bar diversion, through anabranching and avulsion f. Recent avulsion site 

beside Patharjhora where flow diversion by the medial bar occupies a 

larger area on the sheet flood zone, Manzing and Fagu Khola get connected, 

Many anabranches develop on the right bank of Manzing khola. 

The course of Chel in 1983 (Fig. 4.10 a) expresses a continuous sedimentary 

channel without any diversion. The channel width is calculated as 850 m. A channel 

branch is observed along the left bank and this branch is also observable in the image 

of 1990. The course of Fagu khola and Manzing khola was observed as narrow in the 

image of 1983. But both the channel becomes wider in the image of 1990. The 

channel width gradually narrows down to 830 m in 1990. From 1983 to 2007, the 

channel of Chel expressed a tendency to migrate towards west. But in 2016 it again 

comes back to the east due to avulsion. Presently, the multi-thread course of Chel 

indicates high rate of avulsion (Fig.4.10 f).The development of incipient channel bars 

and sediment yield from upper catchment is mainly responsible for such avulsion. 
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4.5.1.2 Avulsion Site 2 (Below Patharjhora)  

The present process of avulsion follows the formation of newly created anabranches 

along the right bank of the channel. The process is related with massive sediment 

infestation of the channel beside Turibari tea garden. From the satellite image of 

2016, it reveals the pattern of annexation where the top of the channel spreads at the 

downstream from an apex (Fig. 4.11 a). 

    

 a b 

Figure 4.11 Present Condition of channel Avulsion: a. Avulsion mapping beside 

Manabari b. Avulsion mapping beside Damdim. 

The movement of sediment load with monsoon discharge is observed to 

competent at this site. The course gradually shifts to the east. The channel is fully 

devoid of the formation of sediment bars. But, the channel in 2006 represents a 

channel diversion by the positional effect of an elongated stable mid channel bar (Fig. 

4.11 a). The channel pattern was to the vicinity of ideal braiding. In 2002, the channel 

of Chel (1.12 km) was narrow than 2006 (670 m).The flow was diverted into three 

channels and divided by the position of three stable mid channel bars. The right 

anabranch appeared as a strong part of the channel. The process reveals the 

annexation type of avulsion.  This type of local avulsion (Slingerland et al., 2004) 

creates various new channels that rejoin the main channel at down-stream. The two 

diverted channels on the right bank of Chel in 2002 get merged into a single channel 

in 2006 (Fig. 4.12 c). In 2016, the active anabranches in the single channel belt has 

been formed by the re-occupation of channel along left bank.  
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Figure 4.12 Dynamic behaviour of channel pattern with the signs of avulsion (Turibari 

& Manabari): a. Appearance of new anabranches along the right bank, b. 

Channel diversion by a large elongated mid channel bar, c. Appearance of 

three active channels, d. Continuous channel with single Mid-channel 

Island, e. Sediment infested channel without braiding, f. Highly braided 

course along the left bank, g. Appearance of short anabranch, h. 

Appearance of a long anabranch along the left bank.  

Another stretch of 5 km has been considered to analysis the tendency of 

channel avulsion. The process of avulsion is dominated by the abandonment of an 

anabranch on the left bank of the channel (image of 1990). A new shorter connection 

has been established on the left bank in 1996. The beheaded part of the previous 

connection (1990) had been died out due to the relocation of the anabranch (Fig. 4.10 

d). The channel width had also been reduced from 450 m to 430 m in 1996 after the 

relocation. A distributary channel has been noticed below the Manabari tea garden in 

1996 (Fig: 4.12 c). The channel is completely absent in the images of 2006 and 2016. 

The image of 2006 reveals the tendency of gradual west-ward shift of the main 

channel. It lefts a 600 m zone of paleo flow channels on the left bank of the channel 

(Fig: 4.12 f). This zone indicates the previous channel belt and still receives new flood 

depositions.  
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Figure 4.13 Temporal change in channel behaviour: a. Inactivation of right channel 

diversion and stabilization of the filament mid channel bar b. Multi thalweg 

course of Chel with re-occupied channel on the right bank, c. Abandonment 

of the anabranch along the right bank of Chel, d. Double connected 

anabranch on the right diversion of the channel. 

4.5.1.3 Avulsion Site 3 (Beside West Damdim) 

Below the Odlabari bridge site, the channel takes a sharp bend to the South-East. The 

present course of Chel (2017) creates a filament beside west Damdim (Fig. 4.13 a). 

The channel divides to avoid the blocking effect of a stable mid-channel bar (Fig. 4.11 

b). The course was more braided in 2008. At this site, the present width of the channel 

belt is measures as 2.5 km. This wide zone experiences number of channel 

abandonment and re-occupation from 1988. The shape of the channel has been 

continuously changing since 1988. The noticeable fact of changes in this site is 

pivoted on the continuous changes of the width of channel flood belt. The channel of 

1988 is observed as continuous and sediment infested without any sign of channel 

avulsion. The channel divides in to two parts in the image of 1995 (Fig. 4.13 d). The 

branch of the channel becomes narrower on the right bank in the image of 2002 (Fig. 

4.13 c). Again the channel becomes prominent on the right side division in 2004. The 

existence of the vegetated patch of land on the right bank beside Targhera indicates 

the stability of the course and less extreme event of channel over spilling. The 

repeated events of channel over spilling at local sites of the channel bank cause the 

activation of avulsion (Slingerland et al., 2004). The active spill channels attribute the 

main channel along the left bank and thus make it vulnerable for spilling of 

monsoonal discharge. The process is dominated by the high accumulation of sediment 

below the bridge site and it slow transportation to the downstream. The pressure of 

sediment load causes the diversion of the channel. The equal diversion at the apex of 
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the blocking mid channels bar causes the re-activation of the right bank channel. The 

increasing channel sinuosity causes high bank stress at the outer side of the bend. 

Although, the root binding effect of the trees of Apalchad forest protects it to form 

full meander (Fig. 4.13 a).  

4.6 Changes in the channel  

The shifting of a channel is associated with the variable sediment load discharge in 

the channel. The variability of channel shifting is also attached with the seasonal flood 

frequencies that initiate the process of heavy bank wasting on the piedmont tract of 

Darjeeling Himalaya. The frequent changes in stage of erosion contribute to the 

instability of the transport regime and to the mechanism of bank erosion (Leopold et 

al., 1964). The composition of the bank of Chel Khola is dominated by coarse 

unconsolidated sediments. The bank wasting process follows over toppling of lose 

bank materials in the main channel. This process also exaggerated the phenomena of 

bed aggradation. The aggradation of the channel bed further causes the diversion of 

flow to the banks. At Patharjhora site, the flow is only alive along the banks of the 

channel and it involves in rapid channel incision especially during the monsoon. The 

measured height of the right bank at Patharjhora site is 5 m. This amount of incision 

is done by at least previous five flood phases. The asymmetric cross-section of the 

channel is due to the un-equal rate of bank erosion on both sides. The position of the 

channel bars plays a key role in the uneven distribution of stream power at the reach.  

4.6.1  Condition of channel in 1964 

The course of Chel on the piedmont surface exhibits a tendency of rapid 

sedimentation due to decline in channel gradient from 25 per thousand to 15 per 

thousand within a streatch of 10 km. Beside Patharjhora tea garden, the valley 

widens up to 1.75 km after receiving two small rivers namely Sukha khola and 

Manzing Khola. Below Upper Fagu tea garden, the channel of Chel expresses high 

sinuosity with sedimentation without any indentical bar formation. The course of Chel 

follows WNW-ESE oriented falut line below the Gorubathan ridge (Starkel, 2008). 

The fan surface starts below the Gorubathan ridge where the lower erosional terrace 

surface (15 to 20 m) merges with the active fan head. The main course of Chel is 

observed at the right margin of the active fan surface, actually tried to laterally spread 

towards the Patharjhora tea garden. The process of channel avulsion was dominant 
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along the right bank where Manzing and Sukha khola merges. The flow of Manzing 

khola from Danbar basti to the tri-junction shows expansion along the right bank.The 

maximum width of Manzing khola is measured 613 m above the tri-junction. The 

Chel khola starts expandind below Sombaria market of Gorubathan and the left bank 

moves towards Mal basti (east). The measured channel width is 391 m beside Mal 

basti. Beside Patharjhora tea garden, the channel forms a wide alluvium deposition 

belt whose head is found to be connected below Upper Fagu ridge. The channel is 

infested with small fragmented mid channel bars with vegetation cover (Fig. 4.14 b). 

In 1964, the presence of dense Sakkam forest slows down the process of channel 

avulsion along the left bank. The width of the channel retained above 1 km up to 

Turibari. From Turibari to Odlabari rail bridge, the channel compresses by width and 

retained braided behaviour with fragmented mid channel bars. The existence of multi-

thread channel is observed very prominent beside Manabari. At Odlabari bridge, the 

channel width is measured only 108 m. From this site, the channel start starts facing 

high anthropogenic pressure.  

 

Figure 4.14 Course of Chel in 1964 (SOI Topographical map); a. Old course of Chel, b.    

Course on piedmont & c. Course on alluvial plain. 
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Below Odlabri bridge, the channel again starts increasing by width. The 

channel width is measured as 800 m beside Bengbari basti. Below Damdim, the 

channel starts flowing around inhabited islands like Targhera and Hanskhali 

settlements (Fig. 4.14 c). The presence of Apalchad reserve forest diverts the channel 

to S-E and the channel takes the sharp bend with increasing channel sinuosity. Near 

Rajadanga, the course of Chel finally merges with its left bank tributary Kumlai.  

 

Figure 4.14b Semi braided course of Chel with fragmented mid channel bars. 

 

Figure 4.14c Multi-thread course of Chel with stable filament shaped mid channel bar 

below Odlabari bridge. 
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Figure 4.15 Cross sections for course shifting analysis (1970 to 2019). 

4.6.2 Course Shifting of Chel: a temporal analysis 

The analysis of the rate of course shifting has been done by drawing successive cross-

sectional lines along at an interval of 1 km to the downstream and total 24 cross-

sections have been taken across the course (Fig. 4.15). In each cross-section, the 

changes in left and right bank have been measured. The respective channel widths 

have also been measured. The change in the bank lines is not observed to proceed in 

the same direction rather it oscillates. The directional changes of the banks are also 

observed (Fig. 4.16 b & c). But, the channel width decreases sharply from 1970 to 

2019 and the average decrease in channel width is measured as 517 m in 49 years 

(Fig. 4.17). So, the average rate of channel decrease is further calculated as 10.55 m 

year
-1

. The maximum chages in width has been observed at site 13 (below Damdim) 

and 14 (Apalchad) as 1981 m and 1014 m (40.4 m year
-1

 and 20.69 m year
-1

). The 
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decrease in channel width is connected with decreasing rain storm events after 2007, 

channel mining, construction of channel embankment and the bridge at Odlabri. Only 

except near Rajadanga (site 22), the channel width increases slightly (24 m in 49 

years). Beside Patharjhora (site 1), the rate of channel width change is measured as 

8.04 m year
-1

. The identical change above (222 m) and below (633 m) Odlabari 

bridge in 49 years (1970 to 2019) is quite significant to notice. This change is the 

result of embankment construction above and below the bridge during different times. 

The maximum change in left bank has been calculated for site 13 (beside Damdim) as 

1361 m and maximum change in right bank is 786 m at site 11 (below Odlabari 

bridge).   

 
Figure 4.16 Course shifting analysis; a. Temporal analysis of course shifting, b. Course 

shiting at piedmont (beside Patharjhora) and c. Course shifting below 

Odlabari bridge. 



Chapter IV 

131 

 

Figure 4.16b Temporal course shifting analysis from satellite images on piedmont 

surface. 

 

Figure 4.16c Temporal course shifting analysis of lower course of Chel from satellite 

images.  
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Figure 4.17 Temporal variation of channel width from up to downstream (1 km 

interval). 

 

Figure 4.18 Temporal variation in the rate of bank line changes (1970 to 2019). 

 

Figure 4.19 Temporal variation in directional changes of banklines. 

The average change of left bank (1970 to 2019) has been measured as 331.91 

m and the average change of right bank is measured as 271.16 m. The rate of average 

change of left and right banks are 6.77 m year
-1 

and 5.53 m year
-1 

respectively.  The 

site 13 and 14 indicate maximum change in both bank lines (Fig. 4.18). In directional 
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analysis, the east-ward chage of the right bank dominates for 1970-1990 and 1990-

2000 but the bank line shift direction reversed in 2000-2019. In case of the left bank, 

the west-ward change dominates in 1970-1990 and 2000-2019 (Fig. 4.19). The randon 

variability in bank line change indicates the process of active fluvial dynamics and 

process-form adjustment in the channel since 1970.  

4.7 Analysis of channel sinuosity 

A channel pattern is considered as a two-dimension, a planform configuration only, 

regardless of any other floodplain characteristics (Makaske, 2001). The planform 

geometry of a river can be discussed in to two ways i.e. the single-thread channel 

pattern and multi-thread pattern. The sedimentary deposits are also helpful in 

classifying the channel plan forms. In case of multi-thread channel pattern with 

alluvial fan formation at the mountain outlet probably composed of the bed-load type 

(Schumn, 1963). The course of Chel up to Manabari tea garden (from mountain 

outlet) exhibits a multi-thread pattern with the formation of many anabranches. But, 

below Odlabari it takes a sharp bend to the S-E. The bend of a channel is inter-

connected with its own sediment deposition and transportation type. The bank 

margins and its composition are always holds a shear strength against the flow types 

of the channel. The sinuosity depends on the overall soil composition of the 

floodplain and the gradient along the channel.  

The measured sinuosity index value (P = Actual Length/ Straight Length) of Chel 

river is measured as 1.34 (Muller, 1968). It can also be calculated by dividing the 

length of a reach as measured along the channel by the length of a reach measured 

along the valley (Muller, 1968). The major advantage of Muller’s calculation is that it 

measures the amount of deviation of a course from its actual straight line due to 

causative hydraulic factors and topographic interference (Ezizshi, 1999 and Ghosh et 

al., 2012). But, the calculated value of standard sinuosity index (1.54) indicates the 

meandering course of the Chel (Morisawa, 1985). Brice (1964) introduced the 

sinuosity index defined as the ratio of the channel length to the length of the meander-

belt axis. The sinuosity of meandering channel is calculated as the ratio of thalweg 

length to the air distance (Ezizshi, 1990). The Here, the sinuosity index value of 1.3 is 

taken as the boundary condition between straight and meandering channel. For a 

given channel reach, the sinuosity index will generally be lower than the sinuosity 
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(P= distance along the channel divided by straight line distance), for which 1.5 is 

usually accepted as a boundary value between meandering and straight (Leopold and 

Wolman, 1957, Rust, 1978, Makaske, 2001). 

 

Figure 4.20 Reach design for channel sinuosity analysis. 
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Figure 4.21 Model for the analysis of channel sinuosity. 

The channel planform between straight and meandering is called as sinuous 

(Morisawa, 1985). The channel sinuosity is found in inverse relation to the sediment 

load at a constant valley slope (Schumn, 1963). The study of sinuosity index of a 

channel helps us in evaluating the effect of terrain over river course (Panda and Bora, 

1992). The measurement of sinuosity index reveals the actual deviation of the straight 

channel path of a river course (Fig. 4.21). It is related with the valley-wall 

confinement, composition of bank materials, discharge through the channel and the 

amount of sediment load passing through a reach. 

Table 4.1 Calculation of Sinuosity Index values of 2016 Channel 

Reach CL VL AL CI VI HSI TSI SSI 

R1 8.30 8.05 7.40 1.12 1.09 33.33 75.00 1.027 

R2 8.20 7.80 7.10 1.15 1.10 50.00 66.67 1.045 

R3 10.32 10.17 9.57 1.08 1.06 33.34 75.00 1.018 

R4 8.20 7.90 7.40 1.10 1.07 42.86 70.00 1.028 

Source: Calculated by the author. (Ref. Fig.4.20) 
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Mueller’s (1968) calculation adds an additional site of measuring sinuosity on 

the basis of the associated topography and hydraulic characteristics of the basin 

(Table 4.2 & 4.3). The channel’s hydraulic sinuosity is not associated with the valley 

wall confinement (Ghosh et al., 2012). 

Table 4.2 Calculation of Sinuosity Index values of 1981 Channel 

Reach CL VL AL CI VI HSI TSI SSI 

R1 7.64 7.35 6.61 1.16 1.11 4.5 68.75 1.05 

R2 9.89 9.01 8.34 1.19 1.08 1.4 42.10 1.10 

R3 9.13 8.39 8.01 1.14 1.05 1.8 35.71 1.09 

R4 9.17 8.31 8.10 1.13 1.03 3.3 23.08 1.04 

Source: Calculated by the author. (Ref. Fig.4.20) 

(Note: CL- Channel Length, VL-Valley length, Air  Length- Aerial distance between the source and 

the mouth, Channel Index (Cl)= CL/AL. Valley Index (V.I) = VL/AL, Hydraulic Sinuosity Index (HSI) 

= % equivalent of CI-VI/VI-1, Topographic Sinuosity Index (TSI) = % equivalent of VI-1/CI-1, 

Standard sinuosity Index (SSI) = CI/VI.) 

It depends on the discharge of water and sediment through a reach. But, the 

topographic sinuosity is related with the geometry of the valley walls. Here, the 

channel has been divided into four reaches to derive the values of topographic and 

hydraulic sinuosity indices. The hydraulic sinuosity index (HSI) is the valuable 

morphometric tools in determining the stage of basin development (Ghosh et al., 

2012). The standard sinuosity index calculated maximum (1.11) for the reach 4 

(below Apalchad forest) and the course is sinuous (>1.05, Morisawa, 1985). The 

hydraulic factors are responsible for the sinuosity of this site. The bank wall is mainly 

composed of cohesive clay, silt and fine sand. The seasonal alterations of channel 

thalweg cause differential stress on the banks at various places. It leads to promote the 

differential bank erosion along the channel and changes the shape of the bank lines. 

The reach 1 (below Ambiok TG) is confined by steep valley walls and terraces causes 

to increase the value of Topographic Sinuosity Index (96.3). The reach 2 (beside 

Patharjhora) is also experienced to get high TSI value (90.00) as because of the 

presence of old multi-cyclic terrace and coverage of Mal forest on the left bank of 

Chel. The value of HSI at reaches 2 and 3 (R3, below Patharjhora up to the Odlabari 

bridge site) is less because of the channel confinement by embankment (Fig. 4.22). It 

means that the valley is comparatively constricted as well as the area might have 

faced rejuvenation. 
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Figure 4.22 Reach wise variation in Standard Sinuosity Index (2016). 

The Standard Sinuosity Index (SSI) of the channel increases to the 

downstream due to the gradual flattening of slope and high amount of bank erosion. 

The relative increase in SSI indicates the decrease in hydraulic gradient. The reach 4 

has revealed minimum effect of topography on the channel sinuosity (Table 4.2).The 

lower reach (from Apalchad to Rajadanga) of Chel has been influenced by the left 

bank tributary of Mal river. It causes gradual widening of the channel through bank 

erosion. The channel flows over the soft alluvium of Chel fan. The channel bank is 

confined by multi-cyclic terraces and levee depositions. It increases the Topographic 

Sinuosity value (TSI) of the channel up to reach 3. Below the Odlabari bridge, the 

channel becomes heavily confined by the construction embankment, channel 

deflectors etc.  This anthropogenic constructions lead to increase the value of TSI.  

 

Figure 4.23 Variation in Hydraulic & Topographic Sinuosity Index (2016). 
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Figure 4.24 Reach (R1-R4) wise variation in Standard Sinuosity Index (1981). 

In 1981, the trend of SSI values reveals to form peak at the middle (Fig: 4.24). 

The reach 2 (between Patharjhora and Odlabari) expressed high value of SSI (1.10) 

due to effect of the ongoing process of channel avulsion. The decreasing value of SSI 

(1.09) in reach 3 is because of the diversion of the channel in to two parts after get 

retarded by the appearance of a mid-channel bar. The low value of SSI indicates the 

gradual flattening of the slope by the active hydraulic actions. In 1981, the channel 

expresses the continuous increase of hydraulic action to the down-stream segment 

(Fig. 4.24). The channel in reach 1 is affected by the valley wall confinement. The 

alterations of Channel SSI values express the dynamism of the channel in favour of 

discharge, bank erosion, bank height, bank composition, effect of channel bars and 

type of the flood plain. Within a span of 36 years, the shape of the channel on the 

basis of sinuosity analysis has been completely changed with changing fluvial 

activities in the channel. The present course of Chel attends quasi-stability below 

Patharjhora up to the confluence with Mal river. The main channel is flowing on the 

foreland basin and it gradually filling it up with the competent flow up to the 

Apalchad forest. The channel filling causes the appearance of some permanent bars 

and seasonal bars. The alterations of bar formation are basically confined at the up-

stream of Odlabari bridge. The down-stream part has continuously been matured by 

the formation of stable bars. As the channel progresses in the cycle of erosion, the role 

of the hydraulic sinuosity increases over the Topographic Sinuosity. The nature of 

braiding and channel sinuosity has its reciprocal relationship in determining the 

dynamic nature of the channel slope. 
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Figure 4.25 Variation in Topographic & Hydraulic Sinuosity Index (1981). 

4.8 Analysis of Braiding parameters      

The pattern of a channel is related with the amount of sediment delivery in the 

channel, transportation of the sediment and various parameters of controlling channel 

geometry. Sediment transportation and low threshold of bank erosion are the essential 

conditions of braiding (Leopold et al., 1964). The alluvial channels on the piedmont 

are mostly dominated by bed-load infested courses. Such courses further develop 

braided channel patterns. Braided patterns display the scaling hierarchy of channel 

sizes (Rust, 1978). Braiding is a type of channel adjustment that may be made in a 

channel possessing a particular bank material in response to a debris load too large to 

be carried by a single channel (Leopold et al., 1964). Brice (1964) developed the way 

of calculating Braiding Index as a measure of the total amount of bank length where 

most islands or bars have a significantly greater than the width (Friend et al., 1993). In 

the calculation, the total bank length can be approximated by doubling the islands or 

bar lengths. The calculation follows the formula Braiding Index (BI) = 2* Summation 

of all islands and bars in the reach/ Length of the reach measured mid-way between 

banks of the channel belt.  

Rust (1978) modified that channel thalwegs be used to define a braid length 

from up-stream divergence to the down-stream convergence. Friend and Sinha (1993) 

investigated on the existing processes of braiding index calculation and found out 

Braid-Channel ratio. It is a ratio between the mid-channel lengths of primary channels 

and the widest channel in the reach. 
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Table 4.3 Computations on Braiding & Sinuosity Indices 

Reach 

No 

 Lb
 

 

Lm 

(Km) 

P Pctot 

 

B=Pctot/P 

(Friend & Sinha, 

1993) 

 

Richards 

(1982) 

B= 

Lcot/Lcmax 

Rust 

(1978) 

BP=  

Lb/Lm 

Brice 

(1964) 

BI  

SI  Composite 

BI  & SI 

(BI+SI) 

Gradient 

(1: HE 

/VI) 

m/m 

1 11.4 1.2  1.01 11.02 10.91 10.9 9.5 4.0 1.01 5.01 0.06 

2 9.17 0.74 1.11 11.42 10.28 10.3 12.3 7.6 1.11 8.71 0.07 

3 9.30 1.01  1.01 7.12 7.04 7.05 9.2 9.04 1.01 10.05 0.11 

4 10.01 1.13 1.02 6.15 6.03 6.0 8.8 6.54 1.02 7.56 0.16 

5 5.20 1.08 1.05 5.8 5.52 5.5 4.8 4.46 1.05 5.51 0.15 

6 9.37 1.16 1.10 7.02 6.38 6.4 8.0 3.69 1.10 4.79 0.36 

7 17.80 2.0 1.20 8.9 7.42 7.4 8.9 6.36 1.20 7.56 0.32 

8 12.31 1.76 1.11 6.85 6.17 6.9 6.9 4.5 1.11 5.61 0.36 

9 16.5 3.2  1.12 5.3  4.73 4.7 5.1 4.84 1.12 5.96 0.26 

Range      4.7 – 10.9 5.1-12.3     

Median       6.9 8.8     

Mean      7.24 8.17     

Skewness       0.955 0.073     

Source: Computed by the authors.  

Note:  Lb- Sum of braid channel lengths, Lm- the mean of the meander wavelengths in a reach of the 

channel belt, P- Sinuosity parameter, Pctot or Lcot - Sum of the mid channel lengths of all segments of 

primary channels, Lcmax- Mid channel length of the widest channel, B- Braid-Channel Ratio, BP-Braid 

Parameter, BI- Braid Index, SI- Sinuosity Index, HE- Horizontal distance (Contour segment) & VI- 

Vertical Interval (Contour segment). 

4.9 Relationship of Braid and Sinuosity parameters 

The total sinuosity of a river is a combined measure of channel sinuosity and degree 

of braiding. The correlation of channel braiding and sinuosity for the selected reaches 

result into moderate positive correlation with value of r = 0.69. The braided index is 

able to explain (R
2
 0.48) 48% variables of the values of Sinuosity Index. The 

relationship between braiding and Sinuosity Index is showing a positive trend that 

change in one variable with causal change in the other. Hence braiding can be 

explained as positive impetus to sinuosity. The relation in power equation results the 

R
2
 of 0.42 compared to R

2
 of exponential equation of only 0.37 and R

2
 of linear 

equation is 0.35 i.e. a difference of 0.02 being nominal in validity. Maximum R
2
 has 

been noticed in case of polynomial (y=-0.021x
2
+0.322x-0.209) relations i.e.0.48 and 

higher trends of braiding is associated with maximum number of bars (Fig. 4.26). But, 

it is very hard to say about the persistence of positive trend of sinuosity and braid 

relation at various reaches to downstream because, seasonal hydrodynamics of the 

channel frequently changes the nature of bar deposition within the channel. So, the 

braiding causes minimum influence on channel sinuosity in case of Chel. But, the 

process of channel avulsion is mainly controlling the channel sinuosity on the 
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piedmont zone. But the lower part of the channel below Odlabari, the channel 

sinuosity is the manifestation of bar formation and increasing near bank stress which 

causes the bank failure during monsoon.  

  

 

Note: SI-Sinuosity Index, BI-Braid Index, TNB-Total No. of Bars, BL-Bar Lengths (m). 

4.10 Conclusion 

The channel of Chel indicates a high and complex braided pattern in the piedmont 

surface. The channel behavior reflects its tendency of auto-cyclic cut and fills 

processes related to recent base level changes. The heterogeneity of load and nature of 

dispersal over the alluvial fan surface prepares the essential condition like the case of 

braiding of river Chel having been adjusted with the dynamic nature of auto-cyclic 

processes of cut and fill. More over a complex or volatility of braid vs. sinuosity has 

been noticed in case of the river which unshadows no spectacular trend over time. The 

channel exhibits succession of fan sediment that indicates the maturity of the surface 

with channel braided network triggered by flood recurrences. Sediment transportation 

and low threshold of bank erosion are the essential conditions of braiding. On the 

piedmont surface, the competent flow of the channel bears the affinity to processes of 

avulsion and hydraulic friction to cut across the thalweg along the course. But, the 

submerged coarse particles scroll over the bed until the flow losses its competency. 

The variability of channel’s maximum depth brings irregularities in D-W ratio 

(Depth-Width Ratio). The maximum depths in 2017 in pre & post monsoon 

conditions increase the D-W ratio (0.018) and lead to increase network circuits and 

connectivity. Moreover the channel with  its head waters are sensitive to haphazard 

Figure 4.26 Regression between Braided 

Index (BI) & Sinuosity Index 

(SI). 

 

Figure 4.27 Whisker plot of relational 

statistics. 
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bed stagnancy and differential flow patterns resulting into enhanced chances of 

braiding.   

 

Plate 4.1 Course of chel at the end of hilly 

tract below Upper Fagu (2015). 

 

Plate 4.2 Up-stream braided course of 

Chel at Odlabari (2015). 

 

Plate 4.3 Channel with heterogeneous 

bed load at Patharjhora (2015). 

 

Plate 4.4 Semi-braided course of Chel 

at Rajadanga (2015). 
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Chapter-V 

Channel Form and Process: Changes and related features 

5.1 Introduction 

Channel behaviour is adjusted with the flow variations along it that has been 

influenced by climatic changes. The river channels are considers as closed system in 

davisian model of landscape evolution. The system can shift forward and backward 

with sudden stable, un-stable or eustatic adjustments. The nature of channel processes 

makes adjustment with the existing bed forms and bank conditions vis-à-vis the basin 

relief, nature of erosion and longitudinal gradient affects the channel processes. The 

channel processes at a cross-section is significantly related with the changes of width 

(w), mean depth (d), sediment-water discharge (Qs, Q), water velocity (v), bed and 

channel boundary roughness, sediment caliber etc. The channel processes are related 

with two basic assumptions- a. tendency for a river to expand equal power per unit 

bed area and b. equal power expenditure per unit channel length (Langbein, 1964 and 

Langbein and Leopold, 1964). The first assumption is associated with homogeneity in 

channel bar formations, stability of bar formations, nature of bed load transportation 

and bed roughness-resistance. As well the second assumption influences the reach 

statistics. The necessary base of such assumption is related with the forces acting in 

open channel flow i.e. the influence of gravity (water acceleration on bed slope) and 

friction between channel boundary and water. In most of the rivers, the channel 

processes can be understood from the cross-sections. It helps to reveal the change 

adjustments in Mean Velocity, Mean Depth and width of Cross-section at varying 

discharge (Leopold et al., 1964). The general rules of channel hydraulics are 

dependent on the discharge variability at a cross-section. The relational graphs of the 

mentioned parameters with discharge at a cross-section are called the hydraulic 

geometry of stream channel (Leopold & Maddock, 1953). The width, mean depth and 

mean velocity increases as power functions. The basic understanding on the processes 

acting in river channel has been formulated on three pillars of analysis i.e. Flow 

continuity (Q=wdv), Flow resistance (Manning’s roughness coefficients and Darcy-

Weisbach friction coefficient) Sediment transportation (Hickin, 1981). The flow 

continuity equation entirely relates the discharge dynamics in the channel (pre 

monsoon, monsoon and post-monsoon). The width and mean depth of the channel are 
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changes at all discharges which correspond to initiate sediment movements. The mean 

depth (d) increases with discharge over both pools and riffles (Leopold et al., 1964). 

In an open system like river channel, the discharge variability causes changes in bed 

configuration. It finally leads to bring readjustment in the hydraulic parameters. The 

tendency of channel mobility in alluvial rivers makes it difficult to find out the value 

of channel roughness coefficients. The resistance to flow in open channels is 

dependent on grain size parameters and form roughness of the channel (Simons and 

Senturk, 1977). Most probably, the critical functions arise in case of bed load 

transportation. The theoretical consideration of bed load functions (Einstein 1944, 

1950 & Julien, 1998) in most cases indicates the maximum sediment transportation at 

a particular fluid dynamic condition. In case of alluvial rivers on piedmont of North 

Bengal, the nature of channel adjustments are the function of discharge variability, 

high changes in hydraulic geometry, climatic fluctuations, role of intensive floods and 

lastly the major role of neo-tectonics. The role of neo-tectonics is quite complex 

phenomenon and kept out of the discussion of this chapter. But, the role of Man-River 

interaction and its effect on the channel hydraulics is considered with greater 

importance.  

5.2 Methodology 

5.2.1 Channel cross sections on pre & post monsoon periods (2015, 2016 & 2017) 

has been prepared by Auto Level survey (December-Pre Monsoon & April-

Post Monsoon) at Pathrjhora ( 1km from Mountain outlet), Manabari (6 km 

downstream), Odlabari (11 km Downstream,), Apalchad (14 km Downstream) 

& Rajadanga (25 km Downstream) stations by attempting regular field 

surveys.  

5.2.2 Channel hydraulic parameters have been calculated from the studied pre & 

post monsoon cross sections. Cross Sectional Area (A) has been measured by 

planimeter instrument from the pre & post monsoon cross sections.  

5.2.3 The discharge of pre & post monsoon studies has been calculated by following 

Area-Velocity method. 

5.2.4 The surface velocity (v) in m sec
-1 

has been measured by using float travel 

time with water flow and correction factor of CWC has been multiplied with 

the measured surface velocity to get the final result. 

5.2.5 The Wetted perimeter (P) in m has been calculated from the pre and post 

monsoon cross sections with the help of rotameter measurement to scale factor 



Chapter V 

148 

after demarcating the wetted part of the channel in the respective cross 

sections. 

5.2.6 The hydraulic mean depth of the channel has been calculated by dividing cross 

sectional area (A) with wetted perimeter (P) of the channel. 

5.2.7 The monsoon discharge (m
3
 sec

-1
) (June to October) has been estimated from 

the collected daily maximum gauge heights (2015 to 2017) from field survey 

and reframing the cross sectional area (A) from respective gauge heights. The 

discharge has been estimated after the collection of channel velocity from filed 

data collection on specific dates of high rainfall. The maximum gauge heights 

of Odlabari site from 2001 to 2016 has been collected from field and 

secondary photographic sources. The trend analysis (moving average) of 

temporal gauge height data has also been accomplished. 

5.2.8 The channel width (m) and its pre & post monsoon variations have also been 

measured from the final cross sections. 

5.2.9 The statistical liner regression model (least square method) between various 

channel hydraulic parameters has been analyzed.  

5.3 Variations of hydraulic characteristics (Cross-sectional study) 

The discussion on hydraulic geometry at a station is perhaps the most accurate 

measuring place where past and present conditions of discharge variability have been 

preserved. The downstream variability of the parameters is entirely the functions of – 

Continuity (measuring discharge from Cross-Sectional Area-A and Mean Velocity-v), 

stream velocity (function of depth, slope and roughness) and sediment transportation 

(Bed load & Suspended load) (Leopold et al, 1964). Leopold (1964) observed eight 

important determinant of channel form and slope at downstream i.e. width (w), depth 

(d), velocity (v), slope (s), sediment size (d50), hydraulic roughness and discharge 

(Q).The necessity of such adjustment in hydraulic parameters lies in the calculation of 

an increasing amount of discharge at the downstream. The classical ‘Regime Theory’ 

helps us in understanding the various causes of channel adjustment (Lacey, 1929, 

1933, 1946, 1958) at downstream. The downstream variations in hydraulic geometry 

reveals how the adjusted channel forms keep pace with the new changes with 

competent bankful or near-bankful discharge (Leopold et al., 1964). The view of 

monitoring canal and river channel hydraulic geometry in Lacey’s equation derived 

by Langbein calculation established pure dissimilarity except the increment of 

channel width (w) increases as a square root function of discharge (Hikin, 1981, 
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Leopold et al., 1964). The most proven and delicate relationships between channel 

hydraulic parameters at a cross-section are as follows (Leopold et al, 1953): 

W=aQ
b 

d=cQ
f
 

v=kQ
m

 

L=pQ
j 

These fundamental relationships are known as the hydraulic geometry of a 

channel. In general, the alluvial channel of chel indicates at a time scale, if the 

estimated discharge increases with similar increase in velocity to downstream, it 

increases the width-depth of the channel, bed-bank stress. The increase of velocity 

downstream results from the fact that the increase in depth overcompensates for the 

decrease in slope. But, it is only visible from the post monsoon cross-sections. In 

analyzing hydraulic geometry, the cross-sections are perhaps the most suitable 

drawing to extract other parameters. It is also necessary to find out the correlations 

among the parameters at a station observation. In channel hydraulics, the steady 

increment or decrease of chosen parameters (w, A, p, h, d, v, L) are merely a chance 

factor of showing the steady trend because of the variation in discharge frequency. 

The frequency of flood discharge is capable of bringing timely changes in the cross-

sections. The abrupt variation is positively correlated with high peak discharge 

through the channel.  

5.4 Study of Channel Cross-sections 

The cross section is a transverse linear alignment to the flow direction of a river. It is 

unique in its fluvial characteristics and continuously adjusted with the fluvial process 

variations. The shape is determined by timely the discharge variations. It expresses 

the stability of banks and bank heights which both are related to know bankful 

discharge (qbf), probable vertical extension of flood water and supply of load in the 

discharge. The cross sections are composed of various bar forms (mid-channel 

islands, point bars, transverse bars, stable bars etc) which express the condition of 

fluvial depositional processes. The channel cross-sections are the site to perceive the 

balance equation of Lane (1937) varies between aggradation and degradation. But, the 

nature of basin erosion, sediment load supply and stream power are the major 

determinant in finding out the tendency of the reach either moving towards 

aggradation or degradation. But, the complex phenomenon can only be justified in 
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time scale. Within a cross section the discharge variation is the key aspect to 

determine all other parameters. The shape of the cross section of a channel is the 

function of the flow, quantity and character of sediment in movement and the 

character of the materials making up the bed and bank of the channel (Leopold et. al., 

1964). 

 The study of cross-sections (pre &post monsoon) at downstream direction has 

been selected to know the changes in cross sectional area (A), hydraulic mean depth 

(Rh), channel width (w), , wetted perimeter (p), flow velocity (v), discharge (Q) nature 

of bar forms, bed roughness, variation in bed load size (d50), bank heights and bankful 

height. The selection has been made at irregular fashion to know the downstream 

variations of hydraulic parameters. The author has been drafted four respective cross-

sections from 2015 to 2017 (Pre & Post Monsoon) which is as follows (Fig. 5.1):  

a. Patharjhora station (at the mountain outlet 17 km downstream from source). 

b. Manabari Chel Colony Site (on distal alluvial fan surface 22 km downstream 

from source). 

c. Odlabari NH-17 bridge site (on lower alluvial fan surface 26 km downstream 

from source). 

d. West Damdim Site (beside Apalchad forest 31 km downstream from source). 

e. Rajadanga Site (Above the confluence of Chel and Mal river near Kranti 39 

km downstream from source). 

5.4.1 Cross-Section Site 1 (Patharjhora station) 

This site is situated at the piedmont belt of Darjeeling Himalaya at an elevation of 250 

m a.m.s.l. The reach is selected below the tri-junction of Chel-Manzing-Sukha Khola. 

The fluvial behaviour of the channel here is highly erratic. The sign of any steady 

trend of aggradation or degradation is quite difficult to express. The channel starts 

braiding from just above this reach. The formation of channel bars is highly dynamic 

in nature. Towards the left bank, the channel expresses the high tendency of avulsion. 

So, it becomes difficult to determine the left bank height of the channel. Before 2007, 

the channel shifted towards the right bank. But, the present situation (2017) revels the 

massive channel widening and avulsion along the left bank. It causes the un-stability 

of the channel bar forms. It causes the un-stability of the channel bar forms. Mostly, 

depositions in form of coarse pebble, cobbles (19-91 mm) and boulders (40-95 cm) 

creates elongated boulder levees, mid-channel bars, transverse bars and point bars. 
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Mostly, depositions in form of coarse pebble, cobbles (19-91 mm) and boulders (40-

95 cm) creates elongated boulder levees, mid-channel bars, transverse bars and point 

bars. The channel is highly braided at this reach (Braiding Index 7.6) to avoid the 

obstruction of channel bar forms. The author has prepared the pre & post monsoon 

(2015-2017) cross-sections with Auto level survey. The width of the cross-sections is 

kept 280 m in every observation. The chainage of leveling survey are taken un-equal 

to draft the bed forms with greater accuracy. The maximum bed scoring has been 

measured 244.705 m (according to RL value) near the right bank in 2017 post 

monsoon cross-section (December) (Fig. 5.3).  

 

Figure 5.1 Location of channel cross section study sites (pre & post monsoon) on Chel. 
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Figure 5.2 Superimposed pre monsoon cross sections at Patharjhora site (2015-2017). 

(Reference: Appendix Table 4) 

 

Figure 5.3 Superimposed post monsoon cross sections at Patharjhora site (2015-2017). 

(Reference: Appendix Table 4) 

The maximum bed height has been measure 248.685 m (RL value) at the mid 

of the channel in 2015 pre monsoon cross section (March). The respective mean RLs 

of the pre monsoon cross sections (2015 to 2017) are 247.82 m, 247.69 m and 247.49 

m. From the superimposition of the pre-monsoon cross-sections (Fig. 5.2), we 

calculated the mean bed level changes i.e. 0.133 m (2015 to 2016) and 0.215 m (2016 

to 2017). The average rate of channel bed degradation is calculated as 4.35 cm year
-1

 

(2015 to 2017). The average bed level change is indicating active phase of channel 

degradation caused by spell of monsoon water discharge and high suspended silt load 

through the channel. The power of impelling monsoon discharge nullifies the bed 

resistance and caused active scouring of the bed. The same principle inherits by the 

pre-monsoon cross sections at the site (Fig. 5.2).  
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Figure 5.4 Change in channel average bed height in pre monsoon condition at 

Patharjhora. (Reference: Appendix Table 47) 

Because of low supply of suspended load during the post-monsoon months, the bed 

scours remain present in the bed but the mean channel depth decreases. In Chel basin, 

the upper catchment is less prone to the occurrence of landslides and thus supplies 

less amount of sediment load in the piedmont section in comparison to the adjacent 

Gish River. The channel fills mainly during December to March because of high 

settling velocity of finer silts within the discharge and successive increase in bed 

roughness as the fluvial span of deposition increases. In similar way, the author 

calculated the change in mean bed heights of post monsoon cross sections (Fig. 5.4) 

i.e. 0.15 m (2015-2016) and 0.13 m (2016-2017). The average rate of bed level 

change is calculated as 1 cm year
-1

 (2015-2017).  

 

Figure 5.5 Change in channel bed height from average in post monsoon condition at 

Patharjhora. (Reference: Appendix Table 47) 

The post monsoon cross sections indicate a tendency of active channel 

incision along the right bank. The minimum channel bed height is measured as 
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244.705 m (RL value) in 2017 post monsoon cross section (Fig. 5.5). The 

superimposed profiles do not show the amount of channel scouring or filling. It 

indicates the actual difference from 2015-16 and 2016-17 (Fig. 5.4 & 5.5). The bed 

height changes from 2016 to 2017 are minimum. But from the superimposition of 

actual cross-sections of post monsoon, it indicates maximum scouring occurred along 

the right bank. The maximum positive difference of bed level has been observed near 

the left bank from 2015-2016. On the same place, maximum negative difference can 

also be observed. The fluvial dynamics causes the rapid fluctuations of the curve over 

the zero (0.0) difference line. The difference curve of 2015 to 2016 shows maximum 

negative difference but from 200 m to 250 m chainage it forms highest positive 

difference throughout the years from 2015. From the curves, it is logical to say that 

one flood cycle of minimum 5 years carries many singular efficient spells of channel 

discharge. Its oscillation ranges between positive and negative expressions of channel 

processes (+1.6 to -1.0). The maximum difference in the curves is related with 

discharge and rainfall variations.     

5.4.2 Cross Section Site-2 (Manabari tea garden) 

This reach is located 4 km downstream of Patharjhora tea garden and it falls on the 

extension of alluvial fan surface. The slope of the channel bed is measured as 1 in 

0.0041 m which indicates the sluggishness of the channel flow (except monsoon) and 

favorable ground for deposition. The nature and type of bed deposition indicates the 

channel competency is also alive at this reach. The reach is infested by many 

elongated and transverse boulder bars. The nature of the bank is highly instable and 

standing with at a critical vertical slope which slips off and vertically falls on the 

channel bed during high stage conditions. The chances of bank failure in form of 

toppling are also visible. During post monsoon studies (December) (Fig. 5.7), the 

channel behaves like an ideal braided pattern and flow diverges into number of small 

channels. The nature of bank scouring is unequal at the two different banks. The 

channel discharge is more efficient at the right bank near Chel Colony and the length 

of the water surface near right bank is measured as 30 m. The left bank is more stable 

and adjoins with dense Gorubathan forest. The channel flow is efficient along the 

right bank in this reach. The left bank remains dry during the post monsoon field visit 

and it also aggrades in comparison with right bank. The superimposed post monsoon 



Chapter V 

155 

cross sections indicate the lowest bed height along the right bank is 179 m (RL) 

(2017) while the lowest in case of left bank is measured as 180.21 m (RL) (2015). The 

calculated average bed heights along the thalweg of right bank (30 m) are 179.7 m 

(2017), 180 m (2016) and 179.8 m (2015). It indicates minimum bed height variations 

in three years time frame without any significant flood occurrence. But the tendency 

of channel filling during pre monsoon studies indicates (Fig. 5.6) minimum variations 

in channel bed height 180.2 m (2015), 180.2 m (2016) and 180.06 m (2017) along the 

same stretch. The average rate of channel filling is calculated 5 cm year
-1 

during pre 

monsoon studies (Fig. 5.9). The average negative difference (-0.18 m) gets 

maximized during 2016-2017 along left bank. As well as the channel thalweg (30 m) 

near right bank comparatively shows very minimum variation of average negative 

change (-0.11 m) than the channel near left bank. From the analysis of bed height 

differences from pre monsoon cross sections (2015 to 2017), the average rate of bed 

height decline has been calculated as 6.79 cm year
-1

. Similarly, the average rate of bed 

height changes indicates 6.25 cm year
-1 

during post monsoon cross sections (Fig. 5.8). 

The change in bed height has been considered for further introspection along the right 

bank (0 w/e to 30 m w/e: water edge). The significant changes has been measured i.e. 

average tendency of channel filling (positive) is 11.9 cm year
-1 

(2015 to 2016) and 

tendency of negative change is calculated as -23.8 cm year
-1

. 

 

Figure 5.6 Superimposed pre monsoon cross sections at Manabari site (2015-2017). 

(Reference: Appendix Table 5) 
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Figure 5.7 Superimposed post monsoon cross sections at Manabari site (2015-2017). 

(Reference: Appendix Table 5) 

 

Figure 5.8 Pre monsoon difference in channel bed heights. (Reference: Appendix              

Table 47) 

 

Figure 5.9 Post monsoon difference in channel bed heights. (Reference: Appendix              

Table 47) 
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Figure 5.10 Pre & post monsoon comparative difference in channel bed height. 

(Reference: Appendix Table 47) 
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-1
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Figure 5.11 Superimposed post monsoon cross sections at Odlabari site (2015-2017). 

(Reference: Appendix Table 6) 

 

Figure 5.12 Superimposed pre monsoon cross sections at Manabari site (2015-2017). 

(Reference: Appendix Table 6) 

 

Figure 5.13 Pre monsoon channel bed height difference at Odlabari site (2015-2017). 

(Reference: Appendix Table 48) 
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After the analysis of channel thalweg (R/B 122 m to L/B 144 m), the average 

tendency of negative bed height change is measured as -6.8 cm year
-1  

(pre monsoon ) 

(Fig. 5.12) and -3.5 cm year
-1

 (post monsoon) (Fig. 5.11). The lowest bed level has 

been measured as 156 m (RL) along the post monsoon cross section in 2017 and 157 

m (RL) from post monsoon cross section in 2017. So, in the same year the range of 

bed height change has been calculated as 1 m. From the previous analysis, the author 

observe the average negative fall in bed height during the survey years.   

 

Figure 5.14 Post monsoon channel bed height difference at Odlabari site (2015-2017). 

(Reference: Appendix Table 48) 

 

Figure 5.15 Pre & post monsoon comparative difference in channel bed height at 

Odlabari. (Reference: Appendix Table 48) 
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5.4.4 Cross section site-4 (Beside Apalchad forest) 

This reach is located 8 km further downstream of Odlabari bridge site. This reach is 

carrying signs of paleo-channels with dry sand beds and bank vegetation. It indicates 

the natural oscillation of the river along both the banks. The channel expresses 

increasing sinuosity (>1.1) with many bed form obstructions. The channel becomes 

less competent to remove the load of rounded hyper hydrated boulders (20-30 cm) 

and fine sand deposition. The channel slope has been measured as 1 in 0.0106. The 

channel has been diverted by many mid channel bars. The above this reach, the 

channel gets diverted by a large mid channel stable bar. The channel indicates the 

tendency of meandering from this reach. The bed roughness becomes less and the 

channel forms multi-thalweg pattern. But, the length of the primary channels is less to 

join each other in the network. The length of the primary channels creates small 

meandering wavelengths before converges with other channel. The extension of 

Apalchad forest along the right bank causes the stability of the right bank with 3 m of 

height. But, it is difficult to identify the bank along the left bank because of the 

regular inundation along the left bank on the vast and low laying floodplain. From the 

cross sectional analysis, the author observed two prominent channel thalwegs near the 

banks. In pre-monsoon situation (Fig. 5.14), the 30 m wetted thalweg near the right 

bank had experienced maximum 20 cm average fall in bed height. But from the cross 

section of post monsoon, the average change in bed height is observed negligible. As 

the post monsoon cross sections (Fig. 5.17) bear the sign of fluvial impacts created 

during monsoon phase so the negligible change indicates almost similar discharge and 

channel load transportation during 2015 to 2017 at this reach. The condition is rare 

fluvial occurrence in respect of at a station variation. But the no variation is only 

confined in 30 m stretch for only a period on 3 years. But, now the author is more 

interested in knowing the tendency of average bed height across the whole channel. 

The same tendency has been preserved in case of the whole post cross section under 

study. The calculation indicates only 1 cm year
-1 

change. The minimum variation is 

related with similar discharge passed through the station. The situation of large stable 

mid channel bar above this station indicates the initiation of channel stability just 

above the station. The changing bed topography makes the discharge of the station to 

keep adjustment with minimum variation in the system. But, the previous or paleo 

signatures of massive course shifting also indicate the stability of the reach with 

minimum variation after a phase of maximum variation in fluvial conditions. It is the 
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new adjustment or re-adjustment in the fluvial system. It also relates the changes in 

Hydraulic and Topographic Sinuosity Index values in 1981 and 2016. In 2016, the 

Topographic Sinuosity increases (82%) as the neo-tectonics after 2000 as it influences 

the upper catchment thus the lower extension along the longitudinal profile the whole 

system modified the nature of their adjustment in height. In 1981, the hydraulic 

sinuosity at this reach was observed as high (64%). So, the very minimum system 

adjustment in the channel causes minimum or maximum variations in the channel. 

The same rule is applicable for this station also.  

 

Figure 5.16 Superimposed pre monsoon (March) cross sections at Apalchad site               

(2015-2017). (Reference: Appendix Table 7) 

 

Figure 5.17 Superimposed post monsoon cross sections at Apalchad site (2015-2017). 

(Reference: Appendix Table 7) 

106 

107 

108 

109 

110 

111 

112 

113 

114 

R/B0 10 20 L/B 
30 

45 65 85 105 125 145 165 185 205 225 245 265 285 

R
L 

in
 m

 

RD (m) 

2015 

2016 

2017 

108 

109 

110 

111 

112 

113 

R/B0 10 20 L/B 
30 

45 65 85 105 125 145 165 185 205 225 245 265 285 

R
L 

in
 m

 

RD (m) 

2015 Octo 

2016 Octo 

2017 Octo 



Chapter V 

162 

 

Figure 5.18 Pre monsoon channel bed height difference at Apalchad site (2015-2017). 

(Reference: Appendix Table 48) 

 

Figure 5.19 Post monsoon channel bed height difference at Apalchad site (2015-2017). 

(Reference: Appendix Table 48) 

 

Figure 5.20 Pre & post monsoon comparative difference in channel bed height at 

Apalchad. (Reference: Appendix Table 48) 
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5.4.5 Cross section Site-5 (Rajadanga station) 

This reach is situated further 7 km downstream of Apalchad station. It is near to the 

junction of Chel and Mal river. The river below this reach at the junction completes 

the basin length. The nature of the channel indicates the early 2
nd

 stage of fluvial cycle 

of erosion with small meandering channel wavelengths although not fully developed. 

The channel manages flow through a sinuous course (SSI>1.0). The channel releases 

an offshoot at the left bank which rejoins the channel at downstream in 1981. But it 

completely vanished in the image of 2016. It indicates the slow maturation of the 

channel towards confluence. The channel bed configuration is devoid of much 

variation by the presence of channel bars. Mostly, the mid channel bars are 

dominating the reach. The bar height difference ranges between 0.1 to 0.4 m. The bar 

heights depend on the seasonal channel scouring at high discharge. But mostly, the 

bar heights ranges between 0.1 m to 0.2 m. The composition of the channel bars are 

fully dominated by very fine sand particles. Although, the down rolled bed loads (1.5 

cm to 20 cm) observed to rest on the sides of the channel bars. The settling of 

suspended load in discharge composes the bed of this site. The calculated bed slope of 

the reach is 1 in 0.0052. The length of the cross section of this station is taken 255 m 

between the banks. The average rate of change in pre monsoon bed height is 

calculated as 3.46 cm year
-1

 (2015-2017) which shows a slight negative decline of 

bed. The post monsoon average rate of change is -2.7 cm year
-1

. The analysis of the 

prominent channel thalweg of 30 m at the right bank shows average changes in bed 

heights 3.2 cm year
-1 

in pre monsoon cross section (Fig. 5.21) and 11.7 cm year
-1

 in 

post monsoon cross section (2015-2017) (Fig. 5.22).  

 

Figure 5.21 Superimposed pre monsoon cross sections at Rajadanga site (2015-2017). 

(Reference: Appendix Table 8) 
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Figure 5.22 Superimposed post monsoon cross sections at Rajadanga site (2015-2017). 

(Reference: Appendix Table 8) 

 

Figure 5.23 Pre monsoon channel bed height difference at Rajadanga site (2015-2017). 

(Reference: Appendix Table 49) 

 

Figure 5.24 Post monsoon channel bed height difference at Rajadanga site (2015-2017). 

(Reference: Appendix Table 49) 
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Figure 5.25 Pre & post monsoon comparative difference in channel bed height at 

Rajadanga. (Reference: Appendix Table 49) 
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embankments is another reason for such decline. But from Apalchad to Rajadanga, 

the tendency of gradual decline shifts completely to indicate gradual increase of 

channel width from 2015 to 2017. The reason is related with the discharge fluctuation 

fully controlled by the role of monsoon.  

 

Figure 5. 26 Post monsoon difference in Average channel width & Actual change (m). 

Note: diff- difference of average channel width from previous year. (Reference: appendix Table 40) 

In pre monsoon study, the maximum difference of channel width has been measured 

as 3.65 m (2015-2017). The average change of channel width in all five study reaches 

is calculated as 19.19 m. The maximum positive difference of channel width is 

observed for Manabari reach. But, the immediate next reach (Odlabari) experiences 

maximum negative change during pre monsoon study (Fig. 5. 25). Within the three 

years span of study, the variation in the channel width is observed comparatively 

higher in pre monsoon than in post monsoon (Fig. 5.24). The downstream variation of 

channel width shows same pattern from Patharjhora to Rajadanga.  

 

Figure 5.27 Pre monsoon difference in average channel width & actual change (m). 

Note: diff- Difference of average channel width from previous year. (Reference: 

appendix Table 41) 
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5.6 Downstream progressive change in discharge (Q) 

The channel discharge represents the kinetic energy of the moving water through a 

reach. It also expresses the stream power as the water has strength to displace an 

object at the direction of its flow. So, the moving water with a constant velocity when 

passes through area at a constant time, it is then called as water discharge (Q in m
3
 

Sec
-1

). The amount of channel discharge is positively correlated with the amount of 

rainfall in the catchment. At the downstream of a channel, the discharge progressively 

increases after being fed by many tributaries. The amount of water flowing in an open 

channel is bound to be controlled by downstream propulation by gravitational force 

and the frictional force between channel bed-boundary (Leopold et al., 1964). The 

discharge of water through the channel produces flow variations according to the 

velocity, bed and bank roughness, viscosity of the water and applied shear stress on 

the water. The discharge is capable of presenting the nature of channel scouring and 

aggradation. It depends on the load of sediment carried within discharge especially in 

form of suspended load. Sometimes, the load present in an amount of discharge 

becomes the active erosional tool that causes attrition, corrosion on the bed due to 

friction and finally can take effect on respective bed heights. The discharge produces 

movement of bed loads over the channel bed in form of rolling, creeping and saltation 

etc. The process also causes active erosion of the load. The discharge can bring wash 

load from mountainous catchment to the piedmont and it can also spread out to the 

down-stream with discharge. So, the hill-slope process in a high rainfall regime 

causes the production of high suspended channel load in the discharge. It causes 

massive aggradation of the channel mainly at the foothills. The development of the 

braided course is also controlled by the nature of flowing discharge through the 

channel. So, the nature of channel erosion and deposition can be understood by means 

of channel discharge. The author calculated discharge by following Area-Velocity 

Method (A*V). The monsoonal discharge has been estimated from the gauge heights 

of the channel. At Odlabari reach, the bridge pillars marked with a scale has been 

considered for taking the readings on gauge heights. The maximum gauge height at 

Odlabari reach indicates maximum flood water level 3.53 m on 10
th

 July 1975. From 

the study of monsoonal estimated discharge, it is observed that maximum 148.9 m
3
 

Sec
-1

 discharge calculated at Patharjhora reach and lowest 46.8 m
3
 Sec

-1
 calculated at 
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Odlabari reach. The average maximum discharge of the five respective sites is 

recorded as 99.5 m
3
 Sec

-1
 with a range of variation of 84.26 m

3
  sec

-1
. The maximum 

negative discharge fluctuation (Fig. 5.26) has been noticed for Odlabari reach (-52.7 

m
3
 Sec

-1
) in 2017. In 2017 the average discharge through all the reaches is found 

comparatively high than other years (108.9 m
3
 Sec

-1
).  

 

Figure 5.28 Downstream variation of maximum discharge & difference from average 

maximum discharge (cumecs).   

(Reference: appendix Table 42) 

(Note: 1-Patharjhora, 2-Manabari, 3-Odlabari, 4-Apalchad, 5-Rajadanga) 

During post monsoon study (Fig. 5.28), among the five stations of discharge 

recording, Manabari shows highest average post monsoon discharge 10.245 m
3
 Sec

-1
. 

From analysis it is observable that Patharjhora, Odlabari and Apalchad station 

indicate decrease in discharge from post monsoon averages (4.8, 7.2 and 3.5 m
3
 Sec

-1
) 

through the dates from 2015-2017. The Rajadanga station remains unchanged (0 m
3
 

Sec
-1

) in difference of discharge from average of the station. The pre monsoon study 

(Fig. 5.27) presents the reverse situation. Except Patharjhora station, all other stations 

have experienced a negative decline in the difference of pre monsoon discharge from 

station average (2015-2017). The Manabari station experienced the similar maximum 

pre monsoon discharge of 4.25 m
3
 Sec

-1
. Except Patharjhora station, all other stations 

experienced a slight negative difference from the average discharge (max. 0.15 m
3
 

Sec
-1

) (Fig. 5.28).  
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Figure 5.29 Reach wise pre monsoon difference in discharge from 2015-2016 & 2016-

2017. (Reference: appendix Table 44) 

 

Figure 5.30 Reach wise post monsoon difference in discharge from 2015-2016 & 2016-

2017. 

 

Figure 5.31 Spatio-temporal variation in channel discharge (2015-2017) in pre & post 

monsoon seasons. (Reference: appendix Table 43) 
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5.7 Downstream progressive change in Wetted Perimeter (P) 

This parameter of channel hydraulic geometry indicates the total coverage of water 

flow along with its edges touching the banks. It geometry represents the part of a 

circle although irregular. It measures the total wetted part of the channel along with 

the height of the water surface up to the bank. It can be measured by a rotameter from 

the pre and post monsoon cross sections considering respective horizontal scale to the 

cross section. It shows relative dynamics in pre and post monsoon with variable 

discharge. But, the increase in wetted perimeter of a channel causes respective 

decrease in channel hydraulic mean depth (Rh). The wetted perimeter of a channel 

generally increases downstream after joining of many tributaries.  But, the places 

where bed material extraction is continuous, it is difficult to say about the above 

general rule. In such places, channel frequently changes its wetted perimeter from 

season to season. At Odlabari reach, the wetted perimeter (P) is observed mainly near 

to the left bank. But during monsoon the wetted perimeter gets wider. The channel 

erratically flows along the right bank and mid channel is also occupied by many small 

channels. But, the bed mining causes frequent changes in measuring P within the 

channel. As well as the sites with low stream energy (Odlabari, Rajadanga), the 

change of channel wetted perimeter cannot expand along the banks. So, the natural 

dynamics is hampered highly in these sites. During pre monsoon, the progress 

towards right bank may cause slight increase in channel wetted perimeter and it is 

duly the effect of small rainfall events in the catchment area. As well in the last week 

of October, the time gets rainfall from the last phase of retreat of monsoon from 

eastern India and it causes heavy catastrophic rainfall events during October. The 

effect of such rainfall causes the increase in channel wetted perimeter during the last 

week of October. But, the approach towards November causes gradual shrinkage of 

wetted perimeter.  

The highest average post monsoon difference has been observed for 

Rajadanga reach (1.24 m) (Fig. 5.31). But, the actual average of post monsoon wetted 

perimeter indicates maximum for Apalchad reach (25.89 m). 



Chapter V 

171 

 

Figure 5.32 Difference (Diff.) in actual Wetted Perimeter (P) & temporal difference 

from average Wetted Perimeter (Pavg.) in pre monsoon condition. (Reference: 

appendix Table 45) 

 

Figure 5.33 Reach wise difference in post monsoon Wetted Perimeter (P). (Reference: 

appendix Table 46) 

The Apalchad reach is a natural site and along the left bank a small virgin 

forest extends. Hence it is an ideal site for measuring channel dynamics. Similarly, the 

highest average pre monsoon difference has been noticed for Rajadanga reach (-1.49 

m) and maximum average pre monsoon wetted perimeter has been calculated for the 

same reach (34.105 m) (Fig. 5.32). But, the change at Rajadanga clearly indicates a 

negative fall or decrease in P value especially during 2016.  
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Figure 5.34 Reach wise difference in pre monsoon Wetted Perimeter (P). (Reference: 

appendix Table 46) 

 

Figure 5.35 Average difference (Diff.) in pre & post monsoon Wetted Perimeter (P) 

(2015-2016 & 2016-2017). (Reference: appendix Table 46) 
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value of a channel results in increase in channel velocity. Sometimes the Rh value is 

comparative with 0.6 d value in an ideal open channel hydraulic geometry. The 

following changes have been noticed from 2015 to 2017 in pre and post monsoon 

situations.  

5.8.1 In 2017 both maximum (2.29 m) and minimum (1.05 m) hydraulic mean 

depths are recorded at Patharjhora and Odlabari respectively.  

5.8.2 The highest average post monsoon Rh value is calculated for Manabari station 

(1.02 m). As well the lowest average has been calculated for Apalchad forest 

station (0.25 m). It indicates the channel mean depth has been decreasing by 

excessive ongoing bed material extraction practice from this site.   

5.8.3 The range of variation form Apalchad and Rajadanga show 0.24 m and 0.35 

m respectively and the stations indicate a gradual decline in Rh value from 

2015 to 2017. This process is entirely related with the rainfall variability and 

occurrence of flash floods within the channel. It also reveals the adjustment of 

Rh values with A and P values respectively. 

5.8.4 During pre monsoon study, surprisingly Odlabari holds the maximum average 

Rh value (0.57 m) and lowest average Rh value of 0.14 m at Rajadanga site. At 

Odlabari such high average value can only be explained by the proper 

adjustment between A and P values. 

5.8.5 At Manabari and Odlabari stations, the Rh values tend to come back to the 

previous adjustment after the three years.  

5.8.6 The range of downstream variation during pre and post monsoons is calculated 

as 0.15 m and 0.74 m respectively. 

5.8.7 From the study of average Rh values from 2015-2017, the slope of the post 

monsoon curve sharply declines from 0.8 m to 0.2 m and again the tail moves 

slightly upward. But in case of pre monsoon slope indicates a decline from 

0.57 m to 0.16 m and slightly declines to the end. But the similarity exists in 

case of both the curves show a break of slope after Odlabari station. 

5.9 Downstream progressive change in cross sectional area (A) 

This parameter presents the effective area of water flow in the channel. It is the 

effective area that allows a volume of water to pass on the area by maintaining a time. 

For the calculation of channel discharge (Q), the cross sectional area plays a vital role. 

The ideal channel dynamics of a station can be best explained by the seasonal changes 

in cross sectional area. The cross sectional area expands during pre monsoon season 

and shrinks in post monsoon season. It also depicts the adjustment in channel depth 

(d). For the alluvial channels, the cross sectional area (A) frequently changes with 
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discharge variations. The resistance of banks is also important in such changes. It is 

the product of total channel depth and width of the water surface. The Chel on the 

piedmont involves in doing seasonal avulsion along its bank. These active avulsion 

sites are very dynamic by means of change in their cross sectional area. From the 

study of pre and post monsoon cross sectional area, the flowing inferences can be 

drawn- 

5.9.1 At Patharjhora reach the dynamics of cross sectional area is comparatively 

higher than any other reach (Fig. 5. 36 & 5.37). 

5.9.2 In 2017 the heavy rainfall (745.5 mm from 6
th

 to 12
th

 August) causes the 

highest amount of post monsoon cross sectional area 204.0 m
2
 at Patharjhora. 

The Apalchad reach comes after Patharjhora which indicates a value greater 

than150 m
2
 from 2015-2017.  

5.9.3 At Odlabari reach, the channel confinement and bed material extraction result 

in the lower value of average maximum A (86.67 m
2
). 

5.9.4 The respective range of variation of A value from 2017 to 2015 are 110.0 m, 

100 m and 81.1 m to the downstream direction. 

5.9.5 The average maximum post monsoon A value is calculated for Manabari 

reach 20.17 m
2
 and there is a tendency of gradual decline of average cross 

sectional area from Manabari to Rajadanga reach (Fig. 5.34). 

5.9.6 The excessive deposition of sediment load at Patharjhora reach causes the 

minimum average value of A (10.1 m
2
) than Manabari and Odlabari.  

5.9.7 The values of coefficient of variation are observed high for Apalchad and 

Rajadanga reaches (67.71 and 62.81). It indicates the ongoing gradual 

dynamics of cross sectional area influenced by the short spells of heavy 

rainfall events. The tendency has been shifted back to the Patharjhora reach 

with highest COV value of 24.45. 

5.9.8 The maximum average effective pre monsoon cross sectional area is 

calculated for Manabari reach (9.95 m
2
). It indicates quite similar type of 

changes in A value to downstream direction from the study of pre monsoon 

cross sections.  

5.9.9 The post and pre average change in the studied reaches indicate minimum 

difference of 1.75 m
2
 in total. But the highest average difference in pre and 

post monsoon A values is calculated for Manabari reach (10.54 m
2
).  
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Figure 5.36 Downstream variation in post monsoon Cross Sectional Area (A) (2015-

2017). (Reference: Appendix Table 21) 

 

Figure 5.37 Downstream variation in pre monsoon Cross Sectional Area (A) (2015-

2017). (Reference: Appendix Table 18) 

 

Figure 5.38 Pre Monsoon variation of effective Cross Sectional Area (A) at Patharjhora. 
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Figure 5.39 Post Monsoon variation of effective Cross Sectional Area (A) at 

Patharjhora. 

 

Figure 5.40 Pre monsoon variation of effective Cross Sectional Area (A) at Manabari. 

 

Figure 5.41 Post monsoon variation of effective Cross Sectional Area (A) at Manabari. 
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Figure 5.42 Pre Monsoon variation of effective Cross Sectional Area (A) at Odlabari. 

 

Figure 5.43 Post Monsoon variation of effective Cross Sectional Area (A) at Odlabari. 

 

Figure 5.44 Post Monsoon variation of effective Cross Sectional Area (A) at Apalchad.  
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Figure 5.45 Pre Monsoon variation of effective Cross Sectional Area (A) at Apalchad. 

 

Figure 5.46 Post monsoon variation of effective Cross sectional Area (A) at Rajadanga.  

 

Figure 5.47 Pre Monsoon variation of effective Cross Sectional Area (A) at Rajadanga.  

(Fig. 5.36 to 5.45-Reference: Appendix Table 4, 5, 6, 7 & 8) 
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Figure 5.48 Downstream variations in channel Depth-Width ratio (D-W). 

5.10 Study on variation in gauge height (at a station) 

The gauge height is the representative water column height measured from a 

particular reduced level (zero RL). It represents the seasonal height variation of the 

gauge levels. It varies due to the changes occurred by successive deposition and 

erosion on the river bed. The gauge heights increase at the monsoon or high discharge 

along the channel. It gradually decreases at the time of lack of rainfall and discharge. 

The nature of bed deposition also influences the respective gauge heights. The 

Odlabari bridge site has been considered for taking readings of gauge heights during 

various seasons from the bridge pillars or from field surveys. At Odlabari, the 

temporal variation of maximum water level (2001-2017) indicates the highest value is 

calculated for the year of 2017. The years of 2016, 2012 and 2009 are also present 

water level above 4 meter (Fig. 5.47). The moving average of 5 years (2005-2010, 

2010-2015 and 2015-2020) indicates a sharply rising trend towards (3.9 to 4.2 m) 

2020 from 2015. Again the trend of 2010 to 2020 indicates a slight increase of the 

curve above 4 meter (Fig. 5.48). The nature of channel dynamics also can be traced 

out from the seasonal variation of monthly maximum and minimum water levels (Fig. 

5.52). In 2015, 2016 and 2017 the maximum monthly water levels recorded in 

different months like August (2015), June (2016) and June (2016). Similarly, the 

highest minimum values are recorded in September (2015), September (2016) and 

August (2017) (Fig. 5.51 a, b & c). The maximum range of difference is calculated for 

the month of June in 2017.  
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Figure 5.49 Temporal variations in maximum channel gauge heights at Odlabari station 

(based on old and new field photographs & field survey). 

 

Figure 5.50 Trend of Maximum Gauge heights in Chel at Odlabari station. 

  
            Fig: 5.51 a                                               Fig: 5.51 b 

 
Fig: 5.51 c 

Figure 5.51 Temporal variation of maximum & minimum water level variation at 

Odlabari station: a. In 2015, b. In 2016 & c. In 2017. 
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Figure 5.52 Temporal pre & post monsoon variation of channel water levels at Odlabari 

station. 

 

Figure 5.53 Linear regression between 

Cross Sectional Area (A) & 

Discharge (Q) in 2015.  

 

Figure 5.54 Linear regression between 

Cross Sectional Area (A) & 

Discharge (Q) in 2016.  

 

Figure 5.55 Linear regression between 

Cross Sectional Area (A) & 

Discharge (Q) in 2017.  

 

Figure 5.56 Post monsoon linear regression 

between Cross Sectional Area 

(A) & Discharge (Q) at 

Patharjhora.  
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Figure 5.57 Pre Monsoon linear regression 

between Cross Sectional Area 

(A) & Discharge (Q) at 

Patharjhora.  

 

Figure 5.58 Post monsoon linear regression 

between Cross Sectional Area (A) 

& Discharge (Q) at Manabari.  

 

Figure 5.59 Pre monsoon linear regression 

between Cross Sectional aArea 

(A) & Discharge (Q) at 

Manabari.  

 

Figure 5. 60 Post monsoon linear regression 

between Cross Sectional Area (A) 

& Discharge (Q) at Manabari.  

 

Figure 5.61 Pre monsoon linear regression 

between Cross Sectional Area 

(A) & Discharge (Q) at Odlabari.  

 

Figure 5.62 Post monsoon linear regression 

between Cross Sectional Area (A) 

& Discharge (Q) at Odlabari.  
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Figure 5.63 Pre monsoon linear regression 

between Cross Sectional Area 

(A) & Discharge (Q) at 

Apalchad.  

 

Figure 5.64 Post monsoon linear regression 

between Cross Sectional Area (A) 

& Discharge (Q) at Apalchad.  

 

Figure 5.65 Pre monsoon linear regression 

between Cross Sectional Area 

(A) & Discharge (Q) at 

Rajadanga.  

 

Figure 5.66 Post monsoon linear regression 

between Cross Sectional Area (A) 

& Discharge (Q) at Rajadanga.  

 

Figure 5.67 Simple linear regression between channel Cross Sectional Area (A) (m2) & 

Wetted Perimeter (P) (m) in 2015. 
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Figure 5.68 Simple Linear Regression between 

Channel Cross Sectional Area (A) 

& Wetted Perimeter (P) (m) in 

2016.  

 

Figure 5.69 Simple linear regression between 

channel Cross Sectional Area (A) 

& Wetted Perimeter (P) (m) in 

2017.  

 

Figure 5.70 Post monsoon simple linear 

regression between channel Cross 

Sectional Area (A) & Wetted 

Perimeter at Patharjhora.  

 

Figure 5.71 Pre monsoon simple linear 

regression between channel Cross 

Sectional Area (A) & Wetted 

Perimeter at Patharjhora.  

 

Figure 5.72 Post monsoon simple linear 

regression between channel Cross 

Sectional Area (A) & Wetted 

Perimeter (P) at Manabari.  

 

Figure 5.73 Pre monsoon simple linear 

regression between Channel Cross 

Sectional Area (A) & Wetted 

Perimeter (P) at Manabari.  
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Figure 5.74 Post monsoon simple linear 

regression between channel 

Cross Sectional Area (A) & 

Wetted Perimeter (P) at 

Odlabari.  

 

Figure 5.75 Pre monsoon simple linear 

Regression between channel 

Cross Sectional Area (A) & 

Wetted Perimeter (P) at 

Odlabari.  

 

Figure 5.76 Post monsoon simple linear 

regression between channel 

Cross Sectional Area (A) & 

Wetted perimeter at Apalchad.  

 

Figure 5.77 Pre monsoon simple linear 

regression between channel 

Cross Sectional Area (A) & 

Wetted perimeter at Apalchad.  

 

Figure 5.78 Post monsoon simple linear 

regression between channel cross 

sectional area (A) & Wetted 

perimeter at Rajadanga.  

 

Figure 5.79 Pre monsoon simple linear 

regression between channel cross 

sectional area (A) & Wetted 

perimeter at Rajadanga.  
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5.11 Conclusion 

The nature of hydraulic characteristics is variably changed in pre and post monsoon 

seasons. The magnitude of variation is gradually transformed with the end of a short 

flood cycle. These changes are dependent on the general rhythm of the weather 

tendency of the basin. It greatly influenced by the lack of rainfall periods or high 

rainfall periods. The evidence of high rainfall period in August (2017) causes the 

increase in channel Depth-Width ratio (0.018) from Odlabari up to Rajadanga (Fig. 

5.46). It caused by the increase in depth of the channel after the spells of heavy 

rainfall induces discharge in the channel. But in 2015 and 2016 both the reaches 

Patharjhora and Manabari indicate comparatively higher Depth-width (D-W) ratio. It 

reveals the principle of uncertainty of fluvial action. The fluvial character is also 

influenced by the nature of human activity within the basin.  The upper catchment 

land use dynamics causes the dominance of erosion or deposition in the studied 

reaches. It is the discharge which solely brought changes in the channel forms. The 

competency of the prevailing flow is found alive up to Odlabari reach. Below the 

reach, the flow only carries the finer part of the load. The dynamics is rather erratic at 

Patharjhora reach. At the Manabari reach, the channel develops identical channel 

bed forms and along the right bank it shows greater dynamics. The Manabari site 

presents channel oscillation from 1981 onwards. It causes the left bank mostly 

vulnerable in respect of anabranching nature of the channel. In 2017, maximum 

channel flow width has been measured for Manabari site. The maximum wetted 

perimeter (110 m) in 2017 indicates the high rainfall of August (1662.5 mm at 

Gorubathan). The maximum cross sectional area (A) is calculated at Patharjhora 

reach in 2017 (204 m
2
). It is the result of diverse courses within the bed and 

oscillating left bank of Chel. The haphazard dumping of coarse sediment debris 

makes the reach difficult in measuring the cross sectional area. As well difficult in 

saying about a steady trend of variation in hydraulic parameters. The goodness of fit 

in linear regression between cross sectional area and discharge from 2015-2017 (Fig. 

5.52, 5.53 & 5.54) represents greater explained variation in discharge from cross 

sectional area. But the reach wise variation between the same parameters explain 

variable inter variation in pre and post monsoon seasons. But significantly Odlabari 

reach shows highest disparity in R
2
 value in pre and post monsoon seasons. The 

amount of variation explained in Y (Discharge) greatly reduced from 95% to 68.10% 

at Odlabari reach in pre monsoon study (Fig. 5.60 & 5.61). Theses increase in 
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unexplained variation causes random fluctuation in the data during pre monsoon 

study. The common rule of channel hydraulics fits with the correlations prepared by 

the author i.e. linear positive relationship. The correlation between Cross sectional 

area and wetted perimeter of the channel get importance in the research, because of to 

know the amount of wetted part in the cross sectional area and its seasonal 

fluctuation. It also indicates the nature of the dynamics of wetted part of a channel 

with the change of seasons. In 2016 comparatively the variation in wetted perimeter 

has been less explained (61.4%) by the changes in channel cross sectional area (Fig. 

5.67). The abrupt variation in R
2
 value has been observed for Manabari, Apalchad 

and Rajadanga reach. The pre monsoon correlation at Rajadanga reach indicates very 

poor goodness of fit and reveals the truth of uncertainty in the variation of channel 

hydraulic parameters. The change in pre monsoon R
2
 value indicates less explained 

variation in the data of y by x in case of successive three reaches i.e. Manabari, 

Odlabari and Apalchad (Fig. 5.72, 5.74 & 5.76). But, the initial and last reach does 

show a vice versa situation in variation explanation. This variation is the result of 

random fluctuation of variables while collecting data from the reaches by maintaining 

a same time scale.   

 
Plate 5.1  Field Survey at Patharjhora 

(2018). 

 
Plate 5.2  Pre-Monsoon channel flow 

at Patharjhora (2018). 

 
Plate 5.3  Pre Monsoon dry channel bed at 

Manabari (2015). 

 
Plate 5.4  Pre Monsoon bed condition 

of chel at Odlabari (2015). 



Chapter V 

188 

 

Plate 5.5  Monsoon channel condition at 

Rajadanga (2017). 

 

Plate 5.6  Monsoon discharge of Chel 

at Gorubathan (2017). 
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Chapter-VI 

Nature and Extent of Sediment Distribution 

6.1 Introduction 

Pattern of Channel Planform Dynamics (CPD) keeps on reflecting a variety of flow 

conditions and sediment regimes actually those which are seriously controlled by 

climatic and geologic conditions (Brierley et al., 2010, Fryirs et al., 2010; Cheng-Wei 

Kuo., Chi-Farn Chen., Su-Chin Chen., Tun-Chi Yang. & Chun-Wei Chen, 2017). 

Alluvial channels are composed of heterogeneous sediment load composition. The 

variety of channel load can be identified on the basis of sediment shorting process 

entirely related with the flow of water. The principle characteristics of an alluvial 

channel are to maintain relationship between the channel discharge, sediment supply 

and mobile channel boundary condition (Leopold et al., 1964). The channel flow is 

the main driven force acting along the channel bed slope to carry the sediment load 

further downstream. The shorting of the load is from up to downstream causes by the 

variable flow energy acting within the channel. The mobility of fine sediment 

particles within the water is related with the critical components of water shear stress 

on the particles, immersed weight of particles, component of drag and the function of 

gravity on a slope. The planform and geometrical aspect of a channel are important to 

know the sediment transport in the channel. It controls the sediment yield in the 

channel respective of the geological configuration, amount of rainfall, soil texture and 

chances of landslides in the basin. The already inactive Main Central Thrust (MCT) 

zone supplies crystalline and high grade metamorphic rocks of old pre-cambrian age 

to the channel (Gehrels et al., 2003). The Main boundary thrust (MBT) which controls 

the fluvial dynamics of Chel river provides the sediments of the lightly 

metamorphosed Permo-Carboniferous Gondwanas and the even less metamorphosed 

Miocene-Pliocene Siwalik rocks (Mitra et al., 2010 & Mandal, 2015). The neotectonic 

activity along the active Main Frontal Thrust (MFT) zone (Lave and Avouac, 2001) 

supplies enormous fine sediment load of Quaternary age to the channel and the 

channel rapidly accretes on the piedmont surface near Gorubathan and Patharjhora. 

The fluvio-glacial depositions of heterogeneous sediment load on the piedmont 

surface are the composition of Lingtse granite, gneissic boulders, undifferentiated 

Siwalik formation, Pleistocene rocks, and fine Quaternary sand deposition. The 

succession of comparatively younger alluvial fans is found to be observed over the 
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buried mid-Siwalik bed rocks. Mandal et al., 2015 classified various Quaternary 

sediment facies on the Gorubathan and Patharjhora site viz. massive gravels, mixed 

stratified gravel, mixed poorly stratified gravels, massive pebbly sand, laminated 

graded sandstone bed layer and laminated sand-mud layers etc. Within this 

environment of high energy dissipation, the laminar sand-mud layers are exposed by 

the recession of flood water. The variable power component of the flowing water 

causes the greater variation in the distribution of sediment load in the channel bed. 

Above the Gorubathan reach, the position of MFT and its instability causes the 

channel to appear as high rough with clastic and rounded boulder depositions (5.6 m 

to 1.32 m). The channel is effective of maintaining channel competency for the large 

boulder of greater than 4.0 m up to Gorubathan, 4.0- 2.62 m up to Patharjhora and 

less than 2 m up to Manabari site. This large boulder depositions (>2 m) are flood 

water driven and rolls up to the reach with a bed slope of 1 in 0.0041 m. From 

Patharjhora reach, the range of pebble size varies between 5.96-76.47 mm on random 

pebble count method. But the lion’s share of boulders greater than 1024 mm can be 

defined as flood water driven boulders from Gorubathan. The Rangamati Surface 

below Gorubathan is often familiar for the supply of scattered phyllite and gneissic 

boulders (Nakata, 1989) from the occasional mass movement from Mission hills, 

Fagu ridges and Gorubathan scarps. In the Chel basin, the most of in-situ large clastic 

or rounded boulders (>1.24 m) are the signs of previous catastrophic flood in the 

basin. The load size of 2 mm to 1024 mm is dispersed on the bed according to the 

varied critical shear stress on the particle. The sediment movement is controlled by 

the shear velocity at the bed and effective resistance of the sediment particles.  

6.2 Methodology 

6.2.1   The study of grid sampling (1 m
2
) (Wolman, 1954) has been conducted from 

Patharjhora at a regular interval of 2 km up to Rajadanga site (Upstream to 

downstream) to know the nature of sediment shorting and downstream 

variation according to the fluvial process. The Wentworth’s sediment grade 

scale (Julien, 1998) has been considered for generating frequency of respective 

size classes following pebble count method (Wolman, 1954) of 100 samples 

from each 1 m
2
 grid.  

6.2.2 The station wise variation of median particle diameter (D50) (mm) has been 

measured from their longest intermediate axis with sliding caliper instrument 

during field survey. 
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6.2.3 The monsoon suspended load (Qs) (2015-2017) of the channel has been 

measured following grab sample method (1 ltr. water sample) and its weight 

concentration (mg ltr.
-1

) in form of coarse (>0.2 mm), medium (0.2-0.075 mm) 

and fine (<0.075 mm) has been measured from laboratory processing. The 

power regression equations in temporal (2015-2017) framework have been 

generated to establish the suspended sediment concentration equations of Chel 

river at Odlabari station following Hickin’s (1995) formulation. 

6.2.4 The temporal (2015-2017) sediment rating curves has been formulated 

between monsoon daily discharge and total suspended sediment load. 

6.2.5 The pre and post monsoon downstream variation of channel fall velocity has 

been studied based on Ruby’s (1933) and Hassanzadeh’s (2012) equation. The 

temporal (2015-2017) pre and post monsoon degree of association between 

D50 and particle fall velocity has been formulated by applying simple linear 

regression model.  

6.3 Mechanism of sediment load transport 

The fluvial mechanics bound to be act within the balance of erosion and deposition. 

The displacement of material by fluvial processes (drilling, abrasion, corrasion, 

avorsion, helical flow action, corrosion) acts as erosion. But, the transportation and 

placement of load along the channel boundary appears in form of deposition (Hickin, 

1995). The amount and size of sediments that moves in sliding, suspension, rolling 

and saltation would have to depend on the three fundamental characteristics of flow 

viz. channel capacity, channel competency and sediment supply. The competency is a 

characteristic of hydraulic limitation to carry large size boulders. The capacity 

involves in the maximum load a river can carry in traction as bed load. The caliber of 

load and its yield from the upper catchment simply mean as sediment supply. But, the 

channels can be classified as- supply limited and capacity limited on the basis of load 

supply (Hickin, 1995). The transportation of coarse materials in Chel is limited up to 

the Manabari reach. So, the channel behaves like both supply limited and capacity 

limited up to that reach. But, the downstream movement of fine silt-clay particles in 

suspension is largely supply limited transportation.  

Shield (1936) stated the causative factors for grain movement in a channel. He 

simplified the factors in three categories viz. – lifting process of the grains, sliding of 

the grains and rotation of the grains. He suggested the incipient motion of the median 

size grains indicate the mobility of the alluvial river beds. The causative forces for the 

initiation of grain movement are: 
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1. Gravitational force (Fg)- function of frictional angle of materials. 

2. Fluid force- component of viscous drag on the surface of particles (parallel to 

bed). 

3. Drag force- Surface roughness, flow velocity and cross sectional area 

4. Lift force- High flow velocity develops over the top of the grain. 

The incipient motion (Hickin, 1995) starts when: 

 Drag force (Fd) + Lifting force (FL)> Force of gravity (Fg)  

The movement of sediment occurs when the shear stress generated by the frictional 

force of water flowing over the sediment overcomes the force of gravity on the 

sediment grains and friction between grains and the underlying layer. It can be written 

as: 

a1 (Fg Sin α) = a2 (Fd Cos α)           (6.1) 

Where, a1 (Fg Sin α) = Driving Force, a2 (Fd Cos α) = Resisting Force, α= Friction 

angle of material on bed 

It indicates the simple balance between the action of gravity on a critical frictional 

angle on the bed and critical slope component of drag (multiplication of boundary 

shear stress and the area of grain). 

6.4 Study of coarse sediment (>2 mm) and downstream variation 

The size is the most importent physical property of sediments in the channel. It helps 

to know the process of sediment shorting in a channel. The size variation is directly 

related with fluvial action of erosion. The bed and boundary friction determines the 

shape and size of the sediments. The particle size distribution is often determined by 

the weight of materials finer than a given sediment size (Julien, 1998). Here lies the 

essence of determining D50 or median diameter size of a particle. The reach wise 

downstream variation of sediment particles frequency distribution has been furnished 

to understand the nature of sediment shorting under variable discharge conditions. 

The study of grid sampling (Wolman, 1954) has been conducted from Patharjhora at 

a regular interval of 2 km up to Rajadanga reach (Fig. 6.1). For conducting this, 1 

km
2
 plot has been studied to know the random variation in the size of surface 

sediments greatar than 2mm. The range of the scale covers 2 mm to 4096 mm of 

sediment size. The reach wise downstream variation of pebble count has been plotted 

on the basis of pre and post monsoon times. The intermediate axis of the sediments 
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has been measured with the help of digital sliding caliper and within 1 km
2
 girds at 

least 100 samples being measured. The measured diameters (mm) are kept with 

respective frequencies in Wentworth scale. The studied results of surface sediment 

sampling (greatar than 2 mm) in downstream direction on pre-post monsoon (2015-

2017) basis has been furnished below: 

6.4.1 Patharjhora reach is composed of high grade rounded gneissic boulders, 

phyllites, sandstones, schists and lingtse granites. The flood water driven 

boulders are of 4096-2048 mm (Fig. 6.2). The position of such very large 

boulder is found scattered on the bed. The surface rolling causes the rounded 

shape of the boulders. The hyper-hydrated sediment caliber is observable at 

this reach especially ferruginous sandstone. The proportion of small boulders 

of 256-512 mm is found high and in post monsoon (2015-2017), the count of 

small boulders is relatively higher.  

6.4.2 Further 2 km downstream near Turibari, the peakedness of frequency 

distribution indicates almost uniform flow competency had been maintained 

for the dispersion of sediment load 130-832 mm (small cobble to medium 

boulders) from 2015-2017.  

6.4.3 Near Manabari (up to 6 km downstream), the channel competency had been 

maintained in occasional flood water (2015 & 2017) and can be clearly 

understood from post monsoon rightly skewed distribution of frequency. The 

process of channel avulsion provides the very coarse to coarse gravels (24-45 

mm) from the bank erosion. Many gravel bars (20- 60 mm) are noticeable in 

this reach.  

6.4.4 The reach at Odlabari (10 km downstream) indicates competency limited bed 

load distribution. The capacity of flowing laden of coarse to very fine sand 

(1.0-0.062 mm) becomes high during monsoon discharge. The post monsoon 

sediment deposition reveals the formation of some gravel bars of 20-40 mm in 

size. But the grid sampling technique brings out the maximum range of 

sampling (10-512 mm) during the post monsoon of 2017. But in pre monsoon 

(2017) season, the range becomes limited within (22-512 mm).  

6.4.5 Beside West Damdim (12-14 km downstream), both the sediment distribution 

in pre and post monsoon shows a right tailed curve where maximum 

proportion extends to the lower values. It indicates the fineness of the 

sediment load distribution. The sites are composed of large cobble to very fine 

gravel (4-250 mm). The range of sediment (>2 mm) shorting is measured high 

at these sites. 
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Figure 6.1 Site plan for conducting pebble count method on Chel river. 

6.4.6 Near Apalchad segment (18-20 km downstream), the nature of sediment 

distribution is highly supply oriented and the occurrence of bank failures 

supply high laden of very fine sand (0.062 mm) to silt (0.062-0.004 mm) 

within the channel. The formation of submerged shoals at the late monsoon is 

entirely composed of very fine sand and silt particles. But, the flood in 2017 

causes the downstream drag of some very fine to coarse gravel (4-32 mm) and 

they found at rest on the submerged shoals.  

6.4.7 Above the confluence of Chel-Mal river near Rajadanga (24-26 km 

downstream), the channel bed form are featured by the settling tendency of 

suspended load during the recession of monsoon discharge and from 

bankfailures.  

6.4.8 The scattered situation of very fine gravels to very coarse gravels (4-57 mm) is 

common on the bed. But flood water derives some small cobbles (110-60 mm) 

at these segments. These segments are composed of very fine sand (0.125-

0.062 mm), silt (0.062-0.004 mm) and clay (0.004-0.0005 mm). 
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Figure 6.2 The distribution of coarse sediments (>2 mm) at sites (2 km interval) along 

the course of Chel river from Patharjhora to Confluence during 2016 to 

2018 field survey.  

(Reference: Appendix Table 24) 
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6.5 Downstream Variation of mean coarse sediment (D50) size (2015 to 2017) 

The surface sediment sampling provides the size difference to the downstream 

direction by inculcating the effects of bed slope, stream power, channel competency-

capacity and bed–boundary shear stress on the particles. The median particle diameter 

(D50) represents 50% of the particle size falls less than D50 diameter. In particle size 

distribution, this median value is important to determine the standard critical share of 

stress needed to start the incipient motion, the amount terminal velocity and stream 

power for sediment mobility. It represents the standard quantitative values of hydro-

dynamics for the entire studied reach. In case of Chel river, the entire lower stream 

segment has been investigated from Patharjhora to Rajadanga to find out the median 

particle size. The downstream variation reveals the nature of representative sediment 

shorting by prevalent discharge, velocity, frictional and stress components in fluvial 

mechanics or process. The main outcomes of the study have been furnished below: 

6.5.1 The range of pre and post monsoon variation in D50 size has been noticed to 

vary from 412.46 mm to 86.21 mm and 514.90 mm to 76.02 mm respectively. 

The maximum downstream variation in pre monsoon sediments has been 

calculated for 2016 and the coefficient of variation (COV) is 49.25 (44.06 in 

2016 & 44.52 in 2018). The downstream variation is related to frequent the 

discharge fluctuations within the channel. 

6.5.2 Maximum frequency of D50 size distribution has been calculated for 2016 (Pre 

Monsoon) in downstream direction as the skewness shows negative value (-

0.36). In 2017 and 2018, the positive skewness (0.065 & 0.233) indicates 

maximum frequency of low D50 size.  

6.5.3 The maximum variation in downstream D50 size in post monsoon is calculated 

for 2016 (59.30-COV). The frequency distribution presents maximum 

frequency of low D50 size during post monsoon studies (positive skewness 

values-0.33, 0.73, 0.41).  

6.5.4 At 2 km downstream, the range of post monsoon D50 size is observed 

maximum 489.15mm to 554.21 mm. The lowest range of D50 difference is 

observed in pre monsoon at 26 km downstream i.e.75.89 mm to 98.23 mm. 

6.5.5 The temporal pre monsoon downstream variation of standard deviation ranges 

between 9.81 to 56.08. It ranges between 0.93 to 104.77 in post monsoon 

investigation (Fig. 6.5). The greater fluctuation of standard deviation indicated 

high variation in D50 size at a segment. The maximum variation in standard 

deviation (SD) during pre and post monsoon seasons has been noticed form 18 

km to 22 km downstream segments.  
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6.5.6 The rhythm of greater fluctuation in D50 size is observed for post monsoon 

season (2015 to 2017). 

6.5.7 The downstream variation in D50 size both in pre (Fig. 6.3) and post monsoon 

(Fig. 6.4) investigations are related with channel competency and its seasonal 

fluctuation. The effects of previous occasional flood discharge are also 

important in such cyclic variation in D50 size at downstream direction.   

 

Figure 6.3 Downstream Variation of Pre Monsoon D50 Particle size. 

 

Figure 6.4 Downstream Variation of Post Monsoon D50 Particle size. 

 

Figure 6.5 Comparison of σ (SD) values in Pre & Post Monsoon D50 size distribution. 
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6.6 Movement of suspended load within channel at Odlabari station (May to 

October) 

The large and sufficient fluctuations of turbulent velocity maintain the finer particles 

within the mass of fluid without direct bed contact (Julien, 1998). The suspended load 

is the portion of the load that borne by the upward momentum or flux momentum in 

turbulent eddies in the flow (Leopold et al., 1964). The upward flux must equal or 

greater than the particle fall velocity for sustain the load above the river bed (Hickin, 

1995). The unit suspended discharge (Qs) in channels has been calculated from the 

depth integrated advective flux of sediment above a bed layer (Julien, 1998). In the 

study, the 1 liter concentration of sediment in suspension (gm ltr
-1

) has been measure 

from May to October (2015-2017) at Odlabari station (Fig.6.6). The range of the size 

of suspended sediment load has been measured from above 0.2 mm to below 0.075 

mm. The classification of suspended sediment load has been done on the basis of size 

i.e. coarse sediment (<0.2 mm), medium (0.075>d<0.2 mm) and fine below 0.075 

mm. Suspended Sediment concentration is usually measured as in milligrams per liter 

which is equivalent to gm m
-3

. The size and concentration of suspended load varies 

logarithmically with height above the channel bed. The concentration per discharge at 

a station at a time is important to calculate the sediment load in tons day
-1 

for each 

category. In the same way, the summation of three size categories gives us the 

concept of total suspended load (tons day
-1

). The movement of suspended load is 

highly related with the stream discharge. The laden of suspended sediment in water 

column moves forward exceeding turbulent vertical flux component of water over fall 

velocity of particles. The gravitational force should be negligible over turbulent 

mixing of water layers. The sediment rating curve is the functional power relationship 

between discharge (Q) and suspended sediment load (Qs) to know the incremental 

relation of suspended sediment load weight with increasing discharge. This functional 

relation can be stated as below: 
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Figure 6.6 Location of Suspended Sediment sample collection station (during Monsoon). 

Qs = k.Q
p
    (6.2) 

Where, Qs= Suspended Sediment Load (Tons day
-1

) 

Q= Channel Discharge (m
3
 s

-1
) 

K= Constant 

P= Exponent 

The power regression equation (Fig.  6.7, 6.8 & 6.9) has been constructed on semi-log 

graph to know the functional relation of discharge (x) and Qs (y) on a temporal scale 

(2015-2017). The probable outcomes of the temporal rating curves are furnished 

below: 



Chapter VI 

202 

 

Figure 6.7 Power regression of 2015 Q 

vs. Qs. (Reference: Appendix 

Table 25 & 26) 

 

Figure 6.8 Power regression of 2016 Q vs. 

Qs.(Reference: Appendix Table 27 

& 28) 

 

Figure 6.9 Power regression of 2017 Q vs. Qs. 

(Reference: Appendix Table 29 & 30) 

 

Table 6.1 Results of statistical validation of regression 

Relation Equation R
2
 Remarks 

Q vs. Qs 

        2015 

Qs=0.982 

Q
1.043 

0.979 One unit increase or decrease in Q causes Q
1.043

Tons/day 

increase or decrese in Qs. The variation (98%) of Qs is well 

explained by Q indicates good association of data. 

Q vs. Qs 

2016 

Qs=0.586 

Q
1.187

 

0.935 The 93.5% variation in Qs has been explained. Increase in 

power exponent of Q indicates less weight of Qs 

Q vs. Qs 

2017 

Qs=0.787 

Q
1.131

 

0.918 The 91.8 % variation in Qs has been explained. It indicates 

increasing load transportation capacity. 

Source: Calculated by the author. 
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Table 6.2 Results of statistical validation of regression 

Year t-stat df F-Stat df Standard Error 

of estimate 

r(Correlation 

Coefficient) 

Significance Remarks (at 95% LOS) 

2015 21.870 28 478.281 1,28 0.159 0.972 0.000 Rejection of H0 and 

Significant power 

Relationship 

2016 33.103 25 1095.81 1,25 0.150 0.987 0.000 Rejection of H0 and 

Significant power 

Relationship 

2017 17.561 30 308.40 1,30 0.209 0.962 0.000 Rejection of H0 and 

Significant power 

Relationship 

Source: Calculated by the author. 

(Note: H0: There is no significant association between water discharge and sediment discharge) 

 

6.7 Suspended Sediment Load concentration & discharge (May to October) during 

2015 to 2017 

The monsoon estimated discharge at Odlabari has been considered to calculate Qs 

(tons day
1
) from the concentration in 1 liter bottle sample (Co) in gm ltr

-1
. The 

samples have been collected on some specific dates of high channel discharge 

influenced by intensive rainfall. The basic equation for estimating suspended load in 

discharge is: 

Qs=C0* Q            (6.3) 

The unit conversion has been studied in the following method- 

C0= mg liter
-1

 

1 mg liter
-1

= 0.001 gm liter
-1 

1ton= 1000 kg 

Weight of Qs= [{Concentration* Estimated Discharge (m
3
 s

-1
)}*3600*24/1000]   (6.4) 

During the monsoon, the proportion of fine load (<0.075 mm) within the discharge is 

found to be maximum (in 2015 49.04 tons day
-1

, in 2016 37.56 tons day
-1 

and in 2017 

36.48 tons day
-1

). It is quite natural that monsoon discharge creates maximum 

turbulent flux to keep the fine load in suspension.  But, the fine and medium load 

weight is calculated quite close in amount during 2016 monsoon (30.59 & 37.56 tons 

day
-1

). This could have been possible by the increasing channel flow competency. At 

the studied station, the proportion of the concentration of coarse suspended sediment 

load (>0.2 mm) is found to be high with low stage of discharge during May and last 

week of October. But, the fine concentration dominates during the June, July, August 

and September at high flow stages. The maximum average concentration of fine load 
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has been calculated as 0.006 gm ltr
-1

 in 2015, 0.0058 gm ltr
-1 

in 2016 and 0.0063 gm 

ltr
-1 

in 2017 (Table 6.3). 

 Table 6.3 Statistics on suspended sediment concentration, C0 (gm ltr
-1

) 

 2015 2016 2017 

Coarse Medium Fine Coarse Medium Fine Coarse Medium Fine 

Range 0.003-

0.0083 

0.0011-

0.004 

0.003-

0.009 

0.0028-

0.01 

0.001-

0.008 

0.0019-

0.0091 

0.0039-

0.008 

0.001-

0.008 

0.0022-

0.009 

Mean 0.00514 0.0027 0.006 0.0058 0.0034 0.0058 0.0057 0.0037 0.0063 

SD 0.0015 0.00075 0.0016 0.00183 0.00194 0.0023 0.0013 0.0020 0.0024 

Skewness 0.80 -0.29 -0.028 0.468 1.237 -0.290 0.284 0.840 -0.483 

COV 30.08 27.37 26.99 31.64 59.39 39.79 22.216 54.607 37.093 

Kurtosis -0.40 -0.33 -0.73 -0.4970 0.580 -1.18 -0.833 -0.258 -1.209 

Source: Calculated by the author. 

 

6.8 Study of variation of daily Total Suspended Load (tons) with Discharge (m
3
 s

-

1
)(May to October) during 2015 to 2017 

The flux of suspended sediment generates during high channel discharge and 

increasing flow velocity. The intensive storm runoff causes maximum silt discharge 

which kept in suspension by the momentum of upward turbulence. The Qs is highly 

related with the basin morphology, shape, sediment yield from upper catchment, 

intensive rainfall and bank erosion etc. The bank erosion at Patharjhora by nature 

supplies the coarse sand of greater than0.2 mm in the flow kept in suspension. The 

nature of bank composition indicates pitching of medium to small size gravel with 

non-cohesive sand. The banks provide the load of coarse to very fine sand (<0.075 

mm to >0.2 mm) in the flow during high stage in form of slide or slip on the shear 

plane. The process of channel avulsion along the left bank provides fine to very fine 

silt (0.016-0.004 mm) and clay (0.004 to 0.0020 mm) load to the channel. The flux of 

suspended sediment load is observed relatively higher during monsoon periods. The 

recession of sand and silt charge in the flow follows the recession of discharge in the 

channel. The study of the fluctuation of total sediment load (tons day
-1

) in discharge 

during May to October has been produced the following results: 

6.8.1 During 2015, the maximum suspended laden of load in the discharge has been 

calculated on the 1
st
 and 2

nd
 September (189.08 & 147.91 tons day

-1
). The 

average monthly rainfall at Gorubathan and Malbazar has been reported as 

971.7 mm and 808.10 mm respectively (Directorate of Agriculture, North 

Bengal Division). The Gorubathan site received 233.00 mm rainfall on 1
st
 

September, 2015. The heavy rainfall promotes turbulent eddies to generate 



Chapter VI 

205 

high lifting force for sediment particles (0.2 or below 0.2 mm) in the 

discharge. In 2015 (Fig. 6.10 a), the average monthly suspended load 

contribution is calculated as-47.22 tons day
-1 

in June, 100.672 tons day
-1 

in 

July, 115.053 tons day
-1 

in August, 115.92 tons day
-1 

in September and 36.214 

tons day
-1 

in October. The discharge varies from 31.52 to 189.08 m
3
 s

-1
. In 

2015, average Q of 87.5 m
3
 s

-1
 supports average QSL of 105.05 tons day

-1
.  

6.8.2 During 2016 (Fig. 6.10 b), the maximum QSL has been calculated on 22
nd

 and 

23
rd

 of July i.e. 174.92 and 170.82 tons day
-1

. The sudden increase in medium 

and fine suspended silt load (> 60 tons day
-1

) causes an increment in the total 

suspended load (QTL). On 23
rd

 July, Malbazar received 172.60 mm of rainfall 

and on 22
nd

 July Batabari received 186.6 mm. The average monthly 

suspended sediment load contribution is calculated as- 57.04 tons day
-1 

in 

June, 129.84 tons day
-1 

in July, 147.35 tons day
-1 

in August, 139.53 tons day
-1 

in September and 61.71 tons day
-1 

in October. The discharge varies from 7.50 

to 116.025 m
3
 s

-1
 from May to October.  In 2016, average Q of 66.57 m

3
 s

-1
 

supports average QSL of 89.88 tons day
-1

. It indicates the deficit average 

rainfall causes the comparative low daily average Qs flux in the Q during 

monsoons. .   

6.8.3 During 2017 (Fig. 6.10 c), the maximum silt load charge has been calculated 

on 12
th

 August (312.4 mm rainfall) as 232.44 tons day
-1 

which is also 

maximum within 2015 to 2017. The maximum monthly average rainfall in 

August has been occurred at Gorubathan (1662.5 mm). The high rainfall 

intensity increases the silt load charge in the water. The average monthly 

suspended sediment load contribution is calculated as- 48.22 tons day
-1 

in 

June, 77.91 tons day
-1 

in July, 145.44 tons day
-1 

in August, 144.75 tons day
-1 

in 

September and 42.38 tons day
-1 

in October. In 2017, the average monsoon Q 

of 60.89 m
3
 s

-1
 supports average QSL of 85.91 tons day

-1
.  

Table 6.4 Statistics on monsoon Suspended Sediment Load, QSL (tons day
-1

) 

 2015 2016 2017 

Coarse Medium Fine Coarse Medium Fine Coarse Medium Fine 

Range 12.50-

98.41 

7.35-

55.69 

11.02-

102.58 

4.54-

66.62 

1.3-

64.16 

1.23-

80.2 

11.01-

77.05 

1.84-

54.01 

4.10-

115.58 

Mean 38.37 20.97 52.78 30.58 21.72 37.57 28.45 20.98 36.48 

SD 17.04 11.47 29.58 12.36 19.33 24.36 15.47 16.70 29.06 

Skewness 1.531 1.557 0.0545 0.482 0.963 0.146 1.508 0.809 1.224 

COV 44.411 54.710 56.049 40.418 88.983 64.845 54.36 79.62 79.66 

Kurtosis 4.920 2.497 1.423 1.294 0.429 1.319 2.95 0.704 1.06 

Source: Calculated by the author. 

 



Chapter VI 

206 

 
Figure 6.10 a (2015) 

 
Figure 6.10 b (2016) 

 

 

Figure 6.10 c (2017) 

Figure 6.10 a, b, c Day wise variation of monsoon (May-October) Suspended Load at 

Odlabari (tons day
-1

). 
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Figure 6.11 a (2015) 

 

Figure 6.11 b (2016) 

 
Figure 6.11 c (2017) 

 

Figure 6.11 a, b, c Daily variation of monsoon (May to October) Suspended Sediment 

Concentration (gm ltr
-1

) at Odlabari. 
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Figure 6.12 Daily variation of Discharge & Total Suspended Load (QTSL). 

6.9 Study of Fall velocity (m s
-1

) of D50  particles  

The fall or settling velocity of a particle is assumed to be a steady-state motion. It is 

also a function of size, shape, density and viscosity of fluid (Hassanzadeh, 2012). The 

turbulent intensity of the water affects the fall velocity. If a particle at rest, exceeds 

particle density than surrounding fluid (G>1) must accelerate in downward direction 

until it reaches an equilibrium fall velocity (ω) (Julien, 1998). This influences the 

sediment particles mode, rate and distance of transport by shearing forces of the flow 

(Dietrich, 1982 & Tamang, 2013). The estimation of fall velocity in clear water based 

on Ruby’s approximation (1933) CD= (24υ/ωds) +2 can be stated as follows: 

ω= 1/D50  
   

 
                      (6.5) 

 

Where, D50= Median Particle diameter 

                           g= Gravitational Acceleration (9.81) 

                          G=Specific Gravity of Particle (2.56) 

                      υ= Kinematic Viscosity (m
2
 sec

-1
) 

 

For the grain diameter d greater than 2 mm, the fall velocity (ω) can be approximated 

by the following equation (Hassanzadeh, 2012) and results are discusses in the 

following section: 

 ω= 3.322        (6.6) 

Where, D50 in m 

6.9.1 The fall velocity of particles depend on the size of the sediment particle kept 

in suspension in the water exceeding lifting force on it’s the immersed weight. 

The monsoon turbulence intensity of water flow slows down the settling 
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particle velocity. The more viscous layers of water cause the decrease in 

particles terminal velocity.  

6.9.2 The correlation between D50 diameter (in m) and particles fall velocity shows 

high positive correlation in pre monsoon studies on liner regression model 

(Fig. 6.15 a, b, c). The average pre monsoon fall velocity during 2015 to 2017 

monsoon ranges between 1.53 to 1.63 m sec
-1

. The maximum 98.7% variation 

in fall velocity (y) has been explained by particle diameter (m) in 2015. 

Towards 2017, the coefficients of determination (R
2
) values are decreased up 

to 0.936. The post monsoon study presents same tendency with higher R
2
 

values of 0.976, 0.987 and 0.975 respectively.    

6.9.3 The downstream variation of fall velocity randomly varies on the flow 

capacity, viscosity of water layer, bed roughness, discharge and size of 

sediment particles.  

6.9.4 In 2017 pre monsoon studies (Fig. 6.13) revels the increasing fall velocity at 

the extreme lower end of the channel near Rajadanga. It can be assumed by 

the presence of flood discharge driven coarse gravels at the sites. Near 

Patharjhora site the pre monsoon fall velocity ranges maximum between 1.94 

to 2.20 m sec
-1

.  

6.9.5 The average post monsoon fall velocity during 2015 to 2017 monsoon ranges 

between 1.54 to 1.68 m sec
-1

.  

6.9.6 Below West Damdim up to Apalchad (18 to 20 km downstream), the post 

monsoon fall velocity (Fig. 6.14) accounts maximum during 2017 (1.76 to 

1.83 m sec
-1

) than the previous years. 

6.9.7 Beside Turibari reach (4 km downstream), the fall velocity accounts for 

maximum 2.46 m sec
-1

 in the year of 2017.  

 

Figure 6.13 Pre monsoon down stream variation of Fall velocity (m sec
-1

). 
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Figure 6.14 Post monsoon down stream variation of Fall velocity (m sec
-1

). 

 

 

Figure 6.15 a 2015 Pre Monsoon 

 

Figure 6.15 b 2016 Pre Monsoon 

 

 

Figure 6.15 c 2017 Pre Monsoon 

 

Figure 6.15 d 2015 Post Monsoon 
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Figure 6.15 e 2016 Post Monsoon 

 

Figure 6.15 f 2017 Post Monsoon 

 

Figure 6.15 a, b, c, d, e & f Simple liner regression model of sediment particle diameter 

& Fall velocity in pre & post monsoon Seasons. 

(Note: Analysis based on hypothetical assumption) 

 

Table 6.5 Post monsoon validation of statistical relationship (D50 & Fall velocity) 

Year t-stat df F-Stat df Standard Error 

of estimate 

r 

(Correlation 

Coefficient) 

Significance Remarks (at 95% LOS) 

2015 21.44 11 459.842 1,11 0.082 0.989 0.000 Rejection of H0 and 

Significant Linear 

Relationship 

2016 29.37 11 862.285 1,11 0.051 0.994 0.000 Rejection of H0 and 

Significant Linear 

Relationship 

2017 20.70 11 428.869 1,11 0.081 0.987 0.000 Rejection of H0 and 

Significant Linear 

Relationship 

Source: Calculated by the authors. 

(Note: H0: There is no significant association between D50 size and fall velocity of the channel) 

 

Table 6.6 Pre monsoon validation of statistical relationship (D50 & Fall velocity) 

 t-stat df F-Stat df Standard Error 

of estimate 

r 

(Correlation 

Coefficient) 

Significance Remarks (at 95% LOS) 

2015 29.57 11 874.606 1,11 0.047 0.994 0.000 Rejection of H0 and 

Significant Linear 

Relationship 

2016 18.95 11 359.246 1,11 0.077 0.985 0.000 Rejection of H0 and 

Significant Linear 

Relationship 

2017 12.73 11 162.024 1,11 0.102 0.968 0.000 Rejection of H0 and 

Significant Linear 

Relationship 

Source: Calculated by the authors. 
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6.10 Conclusion 

The bed load in Chel is highly friable and heterogeneous in nature on the piedmont 

surface. The relation of suspended sediment transport and channel discharge 

maintains the hydro-sediment regime characteristics of the channel.  The well defined 

nature of suspended sediment transport with discharge variation is significant in 

expressing the sediment flow character during high discharge. So, the flood discharge 

dynamics can be understood from the relation. The average pre monsoon fall velocity 

during 2015 to 2017 monsoon ranges between 1.53 to 1.63 m sec
-1

 and the average 

post monsoon fall velocity during 2015 to 2017 monsoon ranges between 1.54 to 1.68 

m sec
-1

. The bed roughness at Patharjhora and Manabari reaches contribute by the 

higher fall velocity of the suspended particles in discharge. But, the competency of 

channel flow with various channel thresholds of sediment load movement causes the 

heterogeneous dispersal of load on the piedmont and piedmont margins. During the 

recent flood year of 2017, the average monsoon discharge (Q) of 60.89 m
3
 s

-1
 supports 

average suspended sediment load (QSL) of 85.91 tons day
-1

 which is quite synonymous 

in nature and relation. The channel scours during monsoon period is the direct 

influence of high fine silt charge in the discharge which acts as active abrasion tool. 

The seasonal fluctuation in channel suspended load concentration and it transportation 

bring regular dynamics within the channel hydraulic geometry.  

 

 

Plate 6.1 Hyper-hydrated sandstone 

on the bed of Chel at 

Manabari (2017). 

 

Plate 6.2 Sediment grading & D50 sediment 

size. 
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Plate 6.3 Channel load grades after 

sieving at Laboratory. 

 

Plate 6.4 Nature of bank material at 

Patharjhora (2106). 

 

 

Plate 6.5 Size variation of bed load 

at Odlabari (2016). 

 

Plate 6.6 Size difference of bed 

load at Apalchad 

(2017). 

 

 

Plate 6.7 Heterogenous bed load at 

Patharjhora (2017). 

 

Plate 6.8 Flood driven boulder residue 

(> 4 m) on the bed of Chel at 

Patharjhora (2016). 
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Plate 6.9 Presence of rounded sand stone on 

Channel bed at Manabari. 

 

Plate 6.10 1 m
2
 grid bed load sampling 

method had been carried out on 

the bed of Chel at Patharjhora. 
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Chapter-VII 

Impact of Flood and Bank Erosion on Fluvial Dynamics 

7.1 Introduction 

A flood is an unusual high stage of water due to runoff from rainfall and melting of 

snow in quantities too great to be confined in the normal water surface elevations of 

the river or stream (Raghunath, 1985). A flood is any relatively high flow that 

overtops the natural or artificial banks in any reach of a stream (Chow et al, 1964). 

The process of flood is related with the increase in relative heights of water column or 

the stage. It can be determined from the peak flows in flow duration curves. Flood is 

an integral part of the channel process which sometimes causes the fixation of new 

thresholds for water and sediment continuity (Knighton, 1998). Floods can be 

measured from the volume of peak discharge, stage of the water and the floodplain 

inundation. The height of a flood can be measured at a fixed gauge in the channel and 

the peak discharge is determined in terms of time rate. The alluvial rivers of 

Darjeeling Himalayan foothills, the nature of flood is generally occasional in 

character. It connects the periodic fluctuations of high rainfall events on the upper 

catchment. The occasional floods can be studied from the unit hydrographs of gauged 

sites for the basin of less than 5000 km
2
. It helps to determine design storm estimates 

in the basin. The plots of Depth-Area duration curves in relation to the upheaval and 

recession of discharge in a time bound scale sharply discloses the rainfall intensity-

peak discharge relationship. The nature of channel flood varies on meteorological 

controls viz. Standard Project Flood (SPF), Maximum Probable Flood (MPF) and 

Probable Maximum Precipitation (PMP). In all the cases, the combined effect of 

Hydro-meteorological components on their probability of occurrence based on 

regional scales is important to study floods.  

7.2 Methodology 

The peak flood discharge from the 3
rd

 order basins has been estimated by using 

Rational method (<12 sq. km watersheds) (Mutreja, 1990) and Kirpich equation 

(1940) of time concentration estimation of runoff. On the basis of rational method, the 

spatial distribution of 2 years and 10 years peak runoff probability mapping has been 

carried out in GIS environment. The probable intensity of rainfall recurrence has been 
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calculated by following the frequency distribution method of different return periods 

using the extreme value of Gumbel’s type I distribution. The relational plots of 

estimated rainfall intensity (mm hour
-1

) and monsoon estimated discharge at Odlabari 

has been generated to understand the effect of monsoon storm rainfall intensity with 

channel discharge. The degree of relationship between monsoon discharge and 

rainfall intensity from 2015 to 2017 has been represented in form of power regression 

model. The monthly average rainfall data of Gorubathan (1990-2018) and Ambeok tea 

garden (2007-2018) has been collected from Directorate of Agriculture office 

(Jalpaiguri) and Ambeok tea garden office. As well the 24 hourly extreme rainfall data 

has also been collected for the stations. The graphical plots and cartographic 

techniques have been used to portray the specific extreme rainfall events. Therefore, 

the specific major flood events are estimated from such extreme rainfall data analysis. 

The impact of occasional flood on channel hydraulics has been studied from the 

drafted cross section at Odlabari site and its temporal (2015-2017) changes have been 

plotted. The effect of occasional flood in channel planform dynamics has been 

presented by the LULC (Landuse-cover) maps of adjacent flood plain in temporal 

framework (1984, 2009 & 2016) at Patharjhora reach (piedmont) and Damdim reach 

(lower channel part). Lastly, the BEHI (Bank erosion hazard index) and NBS (Near 

Bank Stress) techniques (Rosgen 1994, 1996, 1998, 2001, 2006 & 2008) have been 

used to estimate the amount of reach specific bank erosion and its rate. The chapter 

includes process of flood in the channel and related bank erosion hazard.  

7.3 Estimation of peak runoff from sub basins 

The flood discharge of a channel can be measured by current meter method from 

bridge. But, the alluvial channels with aggradation cause great bindings to this 

method. But, the determination of flood peak discharge from empirical methods is 

quite efficient. The peak flow determination from ungauged small watersheds can be 

suitably determined by the Rational method. In Chel basin, the method has been 

employed for the 3
rd

 order sub-basins as it provides relevant results from smaller 

areas. The Chel basin has been sub divided into 18 3
rd

 order sub-basins that 

contributes discharge to the main 5
th

 order channel. The rational method is useful in 

determining the flood peak discharge from small basins (<50 km
2
) (Mutreja, 1990, 

Loughlin, 1996 & Ockart, 2014). This method is based on semi-empirical functions 
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and is suitable for calculating storm design of small un-gauged watersheds. The 

applicability of the method in Chel Basin is dependent on the hypothesis that duration 

of peak rainfall intensity (I) should be equal to the time of concentration (tc) or peak 

rainfall intensity (I) should be greater than the time of concentration (tc), which is 

cited below:  

I≥ tc                (7.1) 

(Critical rainfall duration, which equal and optimal peak discharge rarely exceed) 

The other necessary conditions to use the rational (CIA) formula are as 

follows: (a) the calculated runoff is proportional to the rainfall intensity (I), (b) 

rainfall intensity is uniform throughout the storm, (c) the frequency of occurrence of 

peak discharge equals the frequency of the rainfall producing the event, and (d) 

minimum 10 min rainfall intensity duration is needed. However, the method does not 

account for the storage amount in the basin. Now, if the rainfall continues beyond tc, 

the runoff will be constant and the peak runoff value can be identified from the 

following formula:  

Qp= CIA     (7.2) 

Where, Qp is the peak runoff value (cumecs), C is the runoff coefficient 

(dimensionless), I is storm rainfall intensity (cm h
-1

), and A is the area of the basin 

(km
2
). 

 On the basis of results, the spatial distribution of 2 years and 10 years peak 

runoff probability from 3rd-order sub basins have been mapped using IDW 

(interpolation) technique under the Arc-GIS environment (10.2.2). 

The time concentration of a sub basin has been estimated from Kirpich 

equation (1940) (Mutreja, 1990)- 

tc= 0.00032L
0.77

S
-0.385

         (7.3) 

Where,  

tc= Time of concentration (h) 

L= Maximum length of travel of water (m) 

S= Slope equal to H/L where, H is the difference in elevation between the remotest 

point on the basin and the outlet (m) 
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Table 7.1 Calculation sheet of Rational formula 

Sub Basin L (m) A (km2) H (m) S % constant L^0.77 S^0.385 tc (hour) I (min) cm/h cm /h K* Qp 
** Qp 

*** 

RB 1 4960 9.6 1280 0.26 0.0003 700.68 0.60 0.376 22.60 2.75 4.05 2.78 14.68 21.62 

RB 2 2800 4.5 1220 0.43 0.0003 451.14 0.72 0.199 11.99 3.75 4.9 2.78 9.38 12.26 

RB 3 4530 3.5 840 0.19 0.0003 653.42 0.53 0.396 23.78 2.67 3.95 2.78 5.20 7.69 

RB 4 7640 7.1 80 0.01 0.0003 977.19 0.17 1.841 110.4 1.25 1.25 2.78 4.93 4.93 

RB 5 13130 12.8 120 0.009 0.0003 1482.73 0.16 2.909 174.5 1.74 1.96 2.78 12.38 13.95 

RB 6 12730 14.18 160 0.013 0.0003 1447.83 0.19 2.466 147.9 1.47 1.67 2.78 11.59 13.17 

RB 7 10700 14.4 160 0.015 0.0003 1266.55 0.20 2.041 122.5 1.22 1.36 2.78 8.79 9.80 

RB 8 12830 18.8 180 0.014 0.0003 1456.58 0.19 2.411 144.6 1.44 1.62 2.78 13.55 15.24 

RB 9 7880 8.2 60 0.008 0.0003 1000.74 0.16 2.054 123.2 1.24 1.39 2.78 5.09 5.70 

RB 10 1940 1.35 11 0.006 0.0003 340.100 0.14 0.780 46.81 1.75 2.5 2.78 1.18 1.69 

LB 1 4700 9.09 1400 0.29 0.0003 672.226 0.62 0.346 20.79 2.85 3.95 2.78 14.40 19.96 

LB 2 7500 18.1 1720 0.23 0.0003 963.379 0.57 0.542 32.57 2.15 3.15 2.78 21.64 31.70 

LB 3 3400 6.54 1080 0.32 0.0003 523.888 0.64 0.259 15.60 3.55 4.85 2.78 12.91 17.64 

LB 4 3600 4.3 1000 0.28 0.0003 547.460 0.61 0.285 17.16 3.25 4.25 2.78 7.77 10.16 

LB 5 7500 7.2 800 0.106 0.0003 963.379 0.42 0.731 43.89 1.85 2.75 2.78 6.67 9.91 

LB 6 4700 3.6 40 0.009 0.0003 672.226 0.16 1.319 79.15 1.1 1.85 2.78 1.98 3.33 

LB 7 6000 8.5 20 0.003 0.0003 811.290 0.11 2.430 145.8 1.46 1.64 2.78 6.21 6.98 

LB 8 3900 8.87 20 0.005 0.0003 582.263 0.13 1.432 85.96 1 1.55 2.78 4.44 6.88 

Average 

            

162.79 212.60 

Source: Calculated by the author.  

[Note: LB-left bank sub basins, RB- Right bank sub basins, L- Maximum travel length of water, A- 

Area of sub basins, H- elevation difference (m), S-Slope (H/L), I
*
- Rainfall intensity (minute) is cm/h 

rainfall corresponding to the time concentration of tc, Qp
**

- 2 years probable discharge (cumecs), Qp
***

- 

10 years probable discharge (Cumecs).] 

 

The analysis reveals two different time probabilities i.e. 2 year and 10 years 

(Table 7.1). The 10 years probability (Fig. 7.4) of peak runoff rate shows greater 

results for sub basin wise analysis. The 10 years probability of peak runoff for both 

the left (LB) and right (RB) banks sub basins of Chel yields more than 106 m
3
 sec

-1
 

peak runoff rate. But, the 2 years probability of peak runoff (Fig. 7.3) generation from 

both sides contributes 86.7 and 76.01 m
3
 sec

-1 
peak runoff rate. The coefficient of 

variation (COV) values decline for 2 years to 10 years peak runoff rates (141.2 & 

136). It indicates the persistence of probable uniform storm intensity for a long period 

of time which ultimately causes the comparatively minimum variation in the result. 

The positive values of skewness for 2 years and 10 years indicate the tendency of 

yield of maximum peak runoff from the sub basin of hilly catchment above 200 m 

contour. The total volume of peak runoff rate is calculated as 212.60 m
3
 sec

-1 
for 10 

years and 162.79 m
3
 sec

-1 
for 2 years of probability. The comparative greater value of 

standard deviation (18.5 for 2 years and 22.8 for 10 years) in 10 years probability of 

peak runoff rate calculation indicates the greater spread of the data with the spread of 

time. The maximum peak runoff has been observed 106.05 m
3
 sec

-1
 from the left bank 

sub basin at the hilly catchment (Fig. 7.1). 
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Figure 7.1 Spatial variation of flood recurrence probability in the 3
rd

 order sub-basins. 

7.4 Design of storm rainfall intensity 

Using rational method, it is necessary to find out the point specific rainfall intensity. 

Point rainfall data is used for deriving the intensity-duration-frequency curves (IDF). 

These curves are important in analyzing the amount of storm rainfall over a 

watershed. The rainfall intensity for the desired frequency is computed from these 

curves to find out the duration of rainfall equal to the time concentration of the 

watershed (Mutreja, 1990). The IDF curves for Chel basin has been formulated based 

on the collected rainfall data from Gorubathan, Malbazar, Batabari, Ambeok tea 

garden and Fagu tea garden rain gauge stations. Rainfall frequency analysis for 

different return periods was done by using the extreme value Gumbel Type I 

distribution (Chow, 1951 & Zope et al., 2016). Frequency of precipitation XT (in mm) 

for each duration having the specified return period T (year) is given as below:  

XT = X  + KTS           (7.4) 

Where, XT = Rainfall intensity corresponds to a given return period (T) 

              X  = The mean of the observations  

  S= Standard deviation of annual daily maximum rainfall 

KT=- 

 

   
 [0.5772+ln {ln (

 

   
)}]       (7.5) 

Where,  

KT= Frequency factor of an event 

T= Return period of an event 
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Table 7.2 Frequency factors for different return periods 

T (Years) 2 5 10 50 100 

KT 0.326 0.816 1.46 2.879 3.479 

Source: Calculated by the author.  

(Reference: Appendix Table 53) 

 

The above values of frequency factor are used to obtain the IDF curves for rainfall 

intensity (i)  for t  hours duration, corresponding to return periods (T) of 2, 5, 10, 50 

and 100 years. 

 

Figure 7.2 Intensity Duration Frequency (IDF) curve of Chel basin (after Gumbel). 

 

Table 7.3 Frequency factors for different return periods 

 Year  

Hour 2 year 5 year 10 year 50 year 100 year 

1 h 53.25 60.28 66.2 82.31 90.4 

2h 33.99 38.48 42.26 52.55 57.71 

6h 14.67 16.6 18.24 22.68 24.9 

12 h 8.25 9.34 10.26 12.75 14 

24 h 4.56 5.16 5.67 7.05 7.75 

Source: Calculated by the author.  

(Reference: Appendix Table 54) 
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Figure 7.3 Contribution of peak runoff from sub-basins (2years probability in m

3
 sec

-1
). 

The results of rainfall intensity of t return period is observed maximum for 1 

hour rainfall event in 100 yreas recurrence. The hourly rainfall intensity has been used 

to derive the function of rational method. 
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Figure 7.4 Contribution of peak runoff from sub-basins (10 years probability in m

3
 sec

-1
). 

7.5 Role of extreme rainfall events in occasional flood  

The piedmont zone of North Bengal duars between river Tista and Jainti receives 

4000 to 6000 mm annual average rainfall which allows the moist laden of monsoon 

wind from Bay of Bengal in south. The wall of Darjeeling-Bhutanese Himalaya acts 
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as a mechanical barrier against the free flow of moist monsoon wind and yields heavy 

rainfall on Lava ridge, Upper Papaerkheti, Gorubathan, Upper Fagu, Mission hill, 

Matiali and Nagrakata. The semi-circular ridge of Pankhasari below Neora valley 

allows the penetration of water vapour saturated cloud along a smooth concave slope 

from Tista river near Gajoldoba (South-West). The slope along the mountain ridge of 

Kalimpong lesser Himalaya encourages rapid condensation of moist wind and 

therefore causes tremendous downpour on the valley slopes of Chel from Neora 

valley to Gorubathan. The steep southern edge of the Himalaya at elevations between 

300 and 600 m a.s.l. receives 4000–6000 mm rainfall annually, this decreasing 

northwards (Starkel, 2008). From the mountain front to 10 km south, the rainfall 

decreases up to 2500 to 3000 mm. This different frequency of extreme rainfall shapes 

up the relief and drainage network system of lower Darjeeling Himalayas. The cycle 

of flash flood in river channels thus changes frequenly with related changes in 

channel behaviour. The Kalimpong district receives 2035.90 mm average annual 

rainfall (IMD, TLDP & NHPC). In 1968, a rain storm phase of 52 hours from 2
nd

 to 

5
th

 October yielded 1000 to 12000 mm of rainfall in Kalimpong and Jalpaiguri 

district. Specially on 5
th

 October within 24 hours, the maximum rainfall amount was 

410 mm. It causes the formation of huge debris flow and channel form transformation 

within 2-4 days in Tista, Chel, Gish and Lish. The ten years moving average between 

1960 to 1970 shows the occurrence of extreme rainfall events (Sarkar, 2012). In 1954, 

the Jalpaiguri district received 5088 mm of rainfall and in 1953, Matiali block 

received record annual average rainfall of 8000 mm (Sarkar, 20123). Between 1968 to 

1986, the probability of 90% annual average rainfall of Darjeeling district was 

calculated as 2272 mm which also had high impact on flash floods in Chel river. In 

1993, an exceptionally high rain storm event yielded heavily on Makrapara (7350 

mm) and Chuapara tea garden (6165 mm) and between 19
th

 and 21
st
 July the 

maximum rainfall occurred. In 1996, the extreme rainfall event centered on the Gish 

Valley within 11
th

 to 14
th

 July and with in 24 hours 703 mm of rainfall occurred in the 

basin. In 1998, the rain storm of 4000 to 6000 mm rainfall centered over the upper 

Chel valley in Kalimpong which causes severe channel instability of Chel. In 2000, 

the event of extreme rainfall occurred between 31
st
 July to 4

th
 August.  
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Figure 7.5 Fluctuation of mean monthly rainfall of Jalpaiguri district from average 

and extreme rainfall events.  

The trend of monthly average rainfall (Fig.7.5 ) from 1950 to 2002 in 

Jalpaiguri district reveals a gradual cyclical fluctuation of rainfall around the average 

monoon rainfall (June-September) i.e. 460 mm. The years with extreme rainfall 

events in the disctrict are 1953, 1974, 1985, 1987, 1993 which received 300 to 550 

mm surplus monthly average rainfall. 

  

 

Figure 7.6 Temporal variation in monthly average rainfall (mm) at Gorubathan rain 

gauge    station. 

In Chel basin, the Gorubathan rain gauge station receives highest rainfall in 

entire West Bengal. The annula normal average rainfall is measured as 5479.3 mm. 

The measured highest annual rainfall was 7619.9 mm in 1998. The normal average 

monthly rainfall is measured as 1096.4 mm in June, 1329.7 mm in July, 1111.3 mm in 
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August and 763.4 mm in September (Fig. 7.6) (Agro-Meteorological parameters of 

WB, 1976-2014).  

 

Figure 7.7 Temporal variation of daily rainfall (mm) of July month at Ambeok tea 

garden. 

 

In Chel basin, the Ambeok tea garden has its own identity to recive high 

rainfall during the monsoon. It is often contradictory to know which station receives 

highest rainfall in West Bengal, Gorubathan or Ambeok? From Upper Paperkheti, one 

can observe the penetration of humid air along the concave longituadinal slope of Cel 

valley up to the Pankhasari ridge below Neora valley. The shape of the valley 

encourages rapid rate of condensation of the humid air mass. 

 

Figure 7.8 Temporal variation of daily rainfall (mm) of August month at Ambeok tea 

garden. 
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The analysis has been configured on the basis of collected rainfall data from 

Ambeok tea garden from 2007 to 2018. It is clearly visible that the appearance of 

extreme rain storm events like 1990’s has reduced sharply. During the time frame, 

only in 2007 above 300 mm rainfall occurred  

 

Figure 7.9 Temporal variation of daily rainfall (mm) of September month at Ambeok 

tea garden. 

on 6
th

 September (390.398 mm). In July 2007, two high rainfall events of 293.62 mm 

(10
th

 July) and 390.398 mm (6
th

 September) are identical. From the next year (2008), 

the occurrence of high rainfall events became less. Form overall observation, 

maximum rainfall of 243.84 mm in 2015, 237.24 mm in 2016 and 159.78 mm in 2017 

(Fig. 7.12) cause maximum channel discharge 169.45 cumecs, 118.21 cumecs and 

148.26 cumecs respectively at Odlabari (Fig. 7.10, 7.11 & 7.12). In July, the middle 

part of the moth receives high rainfall events. In August, the pattern of high rainfall 

events forms short cycles. Finally in September, the first half of the month often 

receives high rainfall. The morpho-dynamics of Chel was highly affected by the 

extreme rainfall events of 1990s. In this time, the channel went on transforming 

through many avulsion events. From satellite images, it is also clear that after 2007, 

the high rainfall events only able to change the bar form of the channel and especially 

the channel pattern. But, the shift of bank lines and events of avulsion occurred before 

2000.  
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Figure 7.10 a, b, c Temporal variation of monsoon discharge (June to October). 

 
 

 

Figure 7.11 Comparison of Rainfall Intensity (mm hour
-1

) and Discharge (Cumecs) in 

2015. 
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Figure 7.12 Comparison of Rainfall Intensity (mm hour
-1

) and Discharge (Cumecs) in 

2016. 

 

 

Figure 7.13 Comparison of Rainfall Intensity (mm hour
-1

) and Discharge (Cumecs) in 

2017. 

7.6 Variation in discharge & rainfall intensity (mm hour
-1

) in relation to peak 

discharge  

The process and occurrence of channel flood is a complex event. It relates with 

multiple controlling factors viz. basin area, shape, lag in storm hydrograph, rainfall 

intensity in upper catchment etc. The runoff length causes the delay in forming peaks 

in hydrograph just after a rainfall with storm intensity. The basin lag component 

depends on the length of runoff contributing channels to outlets. In this study, the 

normal hydrographs (May-October) at Odlabari station indicates shorter basin lag 

time as the distance between Gorubathan hydro-meteorological station is situated 

only 9.5 km up stream. It indicates the maximum rainfall intensity with low duration 

0 

20 

40 

60 

80 

100 

120 

140 0 

2 

4 

6 

8 

10 

12 

1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 

D
is

ch
ar

ge
 (

C
u

m
e

c)
 &

 R
ai

n
fa

ll 
In

te
n

si
ty

 (
m

m
/h

) 

No. of Days 

Intensity 

Q 

0 

20 

40 

60 

80 

100 

120 

140 

160 0 

2 

4 

6 

8 

10 

12 

14 

1 3 5 7 9 11 13 15 17 19 21 23 25 

R
ai

n
fa

ll 
In

te
n

si
ty

 (
m

m
/h

) 
&

 
D

is
ch

ar
ge

 (
C

u
m

e
c)

 

No. of Days 

Intensity (mm/h) 

 Q 



Chapter VII 

230 

in basin lag causes the formation of peaks in discharge accordingly (Fig. 7.11, 7.12 & 

7.13). The analysis in relation to flood has been discussed as follows: 

7.6.1 In 2017 the curve shows that maximum 11.5 mm hour
-1 

of rainfall intensity 

caused 148.64 cumec discharge in the channel at Odlabari station. 

7.6.2 In 2016, the curve shows that maximum 10.72 mm hour
-1 

of rainfall intensity 

caused 116.02 cumec discharge in the channel at Odlabari station. 

7.6.3 In 2015, the curve shows that maximum 11.75 mm hour
-1 

of rainfall intensity 

caused 169.61 cumec discharge in the channel at Odlabari station. 

7.6.4 The maximum flood frequency between 148-149 cumecs can be achieved by 

the rainfall intensity of more than 11 mm hour
-1

.  

7.6.5 The result of power regression between rainfall intensity and discharge in 

2017 (Fig.7.14) indicates sharp rise in slope with exponent b value of 1.164. It 

shows the rising trend of discharge with rainfall intensity in power function of 

1.164. If, the rainfall intensity is 3.36 mm hour
-1 

then the discharge should be 

35.04 cumecs while the actual value is 41.64 cumecs. So, the discharge 

increases more than 10 times with rainfall intensity value. The goodness of fit 

(R
2
) indicates 80.5% explained discharge with respect to rainfall intensity. 

7.6.6 In 2016 & 2015, (Fig. 7.15 & 7.16) the increasing rainfall intensity causes the 

uniformity of discharge (flat slope) after a certain period of time (towards 

September) where b slopes are calculated as 0.47 in both cases (Table 4). But, 

the regression unable to explain maximum variation in discharge.  

Table 7.4  Statistical validation of relationship between Discharge (Q) & Rainfall 

Intensity (mm hour
-1

) 

 t-stat df F-Stat df Standard Error 

of estimate 

r 

(Correlation 

Coefficient) 

Significance Remarks (at 95% LOS) 

2015 5.293 23 28.013 1,23 0.368 0.741 0.000 Rejection of H0 and 

Significant power 

Relationship 

2016 2.928 30 8.574 1,30 0.638 0.471 0.006 Rejection of H0 and 

Significant power 

Relationship 

2017 9.960 24 99.2 1,24 0.433 0.897 0.000 Rejection of H0 and 

Significant power 

Relationship 

Source: Calculated by the author. 

(Note: H0: There is no significant difference between the sample means of Discharge and Rainfall 

intensity) 
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7.7 Impact of flood in morpho-dynamics of channel 

The morpho-dynamics of a channel is the fundamental systematic transformation of 

the channel while attaining dynamic equilibrium. The process of morpho-dynamics 

indicates basin scale changes or shifts within the system that leads to change flow 

pattern, sediment yield, and runoff rate and channel competency. It is a process 

oriented event that aggravates or reduces the function of a process within the system. 

This process related change is entirely connected with the system input i.e. the 

intensity and nature of precipitation over the basin. The climatic variability controls 

the process of change within the basin. The fluvial dynamics in this basin connects the 

adjustment of longitudinal profile. The cross sectional analysis is significant in 

assessing the ongoing process of channel erosion and deposition. This dynamic 

balance between scouring and filling can be traced from cross sectional analysis. The 

shifting nature of channel bed forms are related with flood occurrence in the channel. 

The stability and instability of the channel bars indicate the dynamic efficiency of 

channel flow and the role of occasional floods. In Chel basin, the impact of occasional 

flood is important in understanding channel morpho-dynamics and hydrodynamic 

processes. The Hypsometric Integral value of 48.56 represents the quasi-eqilibrium 

status of the basin which leads the whole drainage system to the early mature stage of 

cycle of erosion with chance of interruption. The hydrodynamic process thus 

represents frequent adjustments in ongoing channel process. 

 

Figure 7.14 Power regression model 

between Q & Rainfall 

Intensity 2017 

 

Figure 7.15 Power regression model 

between Q & Rainfall 

Intensity 2016. 
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Figure 7.16 Power regression model between Q & Rainfall Intensity m 2015. 

[Note: x-axis – Rainfall Intensity (mm hour
-1

) & y-axis-Monsoon Discharge, Q (Cumecs)] 

 

7.7.1 Impact on channel bed: Odlabari reach 

In this study, the effective cross sectional area (A) of post monsoon period of 

Odlabari has been represented. The nature of channel bed elevation changes has been 

noticed in relation to the spells of peak discharge in the station. The study 

incorporates the role of peak discharge on the bed form after the recession of water. 

The post monsoon cross sections carry the imprints of previous flood discharges and 

related changes. The following results have been given found: 

7.7.1.1 In 2015, the spells of peak discharge has been observed on 1
st
 July, 30

th
 

August, 1
st
 and 2

nd
 September i.e. 140.6, 140.1, 169.6 and 147.9 cumecs. The 

average stage of the channel was measured as 0.39 m. The maximum mean 

depth of the channel was measured as 1.95 m. The calculated Depth-Width 

ratio is 0.015.  

7.7.1.2 In 2016, the peak discharge within the channel has been observed on 31
st
 

August as 116.02 cumecs. But the discharge is comparatively less than the 

other years. The average stage of the channel was 0.35 m. The 0.65 m depth 

had been calculated near the left bank. The maximum mean depth had been 

calculated as 1.87 m with a Depth-Width ratio of 0.012.  

7.7.1.3 In 2017, the peak discharge of 148.64 cumecs had been measured on 12
th

 

August. The Gorubathan received 234.2 mm rainfall within 24 hours. The 

post monsoon maximum mean depth was calculated as 1.95 m and the Depth-

Width ratio was 0.014. The maximum scouring depth at the left bank was 0.7 

m in the effective cross sectional area.  

7.7.1.4 The post monsoon cross sectional area (A) of Odlabari ranges from 21.78 to 

9.0 m
2
 from 2015 to 2017 (Fig.7.17, 7.18 & 7.19). 
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7.7.1.5 From the post monsoon cross sections (2015-2017), the average rate of bed 

height decline has been calculated as -1.29 cm year
-1

 (Fig. 7.20).  

 

Figure 7.17 Post monsoon variation in Cross 

sectional Area (Odlabari). 

 

Figure 7.18 Post monsoon variation in Cross 

sectional Area (Odlabari). 

 

Figure 7.19 Post monsoon variation in Cross sectional Area (Odlabari). 

 

 

Figure 7.20 Temporal variation in superimposed post monsoon Cross sectional Areas 

(A) at Odlabari. 
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7.7.2 Impact of flood on channel avulsion 

Avulsion has been defined as a rapid and spatially discontinuous shift of a river or a 

distributory channel to a new course on a lower part of a floodplain (Allen, 1965). 

The channel avulsion is a process of channel diversion during high water stages. The 

process is related with the water and sediment yield from the upper catchment. At 

Patharjhora the fan gradient declining propensity has been estimated from 25‰ to 

15‰ at stretch of 7 km (Starkel et al., 2008) and up to the Odlabari reach the channel 

gradient has been maintained 1 in 0.01. The recent study from Aster DEM (30 m) 

shows over the fan face the average Fan-Slope-Declining tendency ranges from 1in 

0.013 to 0.003. It prepares the ground of huge sediment load deposition. As a result 

channel avulsion at Patharjhora clearly increases the channel belt with the formation 

of several anabranches along the left bank. From 2005 onwards the massive change 

has been occurred within the channel form. The Chel expanded along the left bank 

below Gorubathan. The channel of Manzing Khola formed many anabranches along 

the right bank. Above the confluence with Manzing khola, Chel forms a large filament 

bar that causes two-way of channel diversion. The frequent avulsion at Patharjhora 

reach is related with high rain storm intensity during monsoon months. The triggering 

effects of avulsion on piedmont belt are largely caused by the regional gradient of 

channel and storm rainfall intensity. The relationship between the channel slopes in 

the cross-sectional (cross valley slope, Scv) and longitudinal direction (down-valley 

slope, Sdv) determines the critical points at which avulsion is likely to occur (Sinha et 

al., 2014). The avulsions at Patharjhora (2009 to 2017) might have been caused by 

the probable 5 years recurrence flood discharge above 148 cumecs and probable 10 

years recurrence flood discharge above 158 cumecs. The dynamics of avulsion 

threshold is related with the planform dynamics in terms of discharge and sediment 

load supply. The temporal dynamics of morphological threshold has been investigated 

from the satellite images of 2009 and 2017. Its planform dynamics within the valley 

produces comprehensive observational occurrence of channel avulsion. In the 

downstream direction, the avulsion threshold ratio decreases gradually due to 

comparatively less flow depth in low stream energy environment. The channel flood 

dynamics relates the auto-cyclic process of cut and fill within the channel. The high 

stream power causes greater channel scouring. From the previous chapters, it is clear 
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that the channel of Chel is showing very slow rate of degradation on average. It is 

bound by the fluvial system adjustment with recent tectonic disturbances. So, the 

increasing stream power is not only the function of high rainfall in the upper 

catchment. But, it is also guided by the channel bed slope surface which is the result 

of the evolution of recent fluvial system adjustment. The flood flushes the excessive 

sediment load burden from a reach. So, the channel competency on the piedmont 

surface is important in the occurrence of channel avulsion. It is also noticeable that 

the floodplain morphology has impact on channel avulsion. The channel bank retreat 

during monsoon high discharge depends on the vegetal cover and soil composition of 

flood plain. The LULC (landuse-cover) maps at Patharjhora (Fig. 7.23, 7.24 & 7.25) 

and Damdim reach depicts the historical connection of channel morphological 

dynamics with present channel morphology. The vegetation cover and riparian 

vegetation indirectly controls the occurrence of flood within the channel. It protects 

bank line retreat and creates impact on channel cross sectional area as well width-

depth ratio. The avulsion on the flood plain is the extension of occasional flood 

magnitude which left its imprint on the surface. The adjacent flood plains often 

convert in to un-stable channel point bars or mid channel islands (Fig. 7.21 

&7.22).The channel seasonally engulfs or occupies area on flood plain through 

channel diversion. Again, the channel oscillation reforms the channel valley with 

time. The effect of occasional flood dynamics brings major changes in the adjacent 

LULC pattern of flood plain. At the lower channel portion, the meandering bends 

show depositional architecture on both sides of the banks. The interaction between 

fluvial process and channel morphology controls the severity of flood and sets 

thresholds for avulsion with spatial transformation. Channel flood dynamics is related 

to the process of avulsion. In Chel basin, on the piedmont surface the width of active 

channel changes frequently. The flood of 1993, 1996, 1998 and 2000 has high impact 

of channel morphological changes. 
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Figure 7.21 Course of Chel at Piedmont (Near Patharjhora) in 2009 with signs of 

Avulsion. 

 

Figure 7.22 Course of Chel at Piedmont (Near Patharjhora) in 2017 with signs of 

Avulsion. 
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Figure 7.23 Land cover-use map of channel & adjacent area at Gorubathan 1984. 

 

 

Figure 7.24 Land cover-use map of channel & adjacent area at Gorubathan 2009. 

 



Chapter VII 

238 

 

Figure 7.25 Land cover-use map of channel & adjacent area at Gorubathan 2009. 2016. 

The right bank of Chel at Patharhora continuosly shifts to the west from 1970 

to 1990 and leaving vast sheet flood zone on the left bank. It produces many 

anabranches after the rainfall of 1993 and the process of channel anabranching 

enchroaches the Mal forest gradually. However, after 2007 less rain storm events 

encourages the stabilization of channel bars both at Patharjhora and Apalchad 

reaches. The process of channel abandonment is visible along the right bank of Chel 

near Damdim. The course shifts continuously to the east after 1970 to 1990. Thus a 

palaeo channel is still present near the right bank and gets stabilized by vegetated 

channel island. The presence of Apalchad forest is enchroaching slowly after 2007 by 

Chel. The morpho-dynamics of Chel valley was greatly influence by the extreme 

rainfall events before 2000 which connect frequent channel avulsion. After 2007, the 

channel form is changing slowly but the rainfall above 600 mm in 24 hours which can 

triggered avulsion is still missing in the basin. 
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Figure 7.26 Land cover-use map of channel 

& adjacent area below Odlabari 

bridge1984. 

 

Figure 7.27 Land cover-use map of channel 

& adjacent area below Odlabari 

bridge 2009. 

 

Figure 7.28 Land cover-use map of channel & adjacent area below Odlabari bridge 

2016. 

7.8 Flood discharge & nature of Suspended Sediment Yield (SSY) 

The suspended sediment yield from the upper catchment indicates the activeness of 

the fluvial process of erosion. It depends on the nature of lithology of the upper 

catchment. The storm rainfall intensity produces high suspended sediment in form of 

sheet wash. The length of overland flow concentrates the finer wash particles from the 

slopes of the basin. The supply of suspended sediment particles is entirely a function 
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of area of yield and concentrated channel runoff (Tamang et al., 2017). Suspended 

sediment yield (SSY) refers to the rate of delivery of eroded soil particles brought 

down by the river with its flow (Reddy, 2008). On the basis of the calculation of 

monsoon discharge (2015-2017) on various dates of high rainfall the yield equation 

has been produced by following the formula:  

SSY= [(Qs * 200)/ (A/200)]         (6.9) 

Where, SSY=Suspended Sediment yield 

Qs= suspended sediment runoff (Ha.m. 10
-3

) 

A= Total Basin area (km
2
) 

 

Again, Qs has been derived from – 

Qs= [(Q* 0.0864)/10]           (6.10) 

 

Where, Q = Discharge (m
3
 sec

-1
) 

 

 
 

 
 

 
Figure 7.29 a, b, c Temporal variation in sediment yield volume (ha 200 km

2
 d

-1
) from 

the upper catchment. (Reference: Appendix Table 52) 
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Figure 7.30 Comparative graph of discharge (Q in m

3
 sec

-1
) & sediment yield (SSY in ha 

200 km
2
 d

-1
), 2015. 

(Reference: Appendix Table 52) 
 

 
Figure 7.31 Comparative graph of discharge (Q m

3
 sec

-1
) & sediment yield (SSY ha 200 

km
2
 d

-1
), 2016. 

(Reference: Appendix Table 52) 

 

Figure 7.32 Comparative graph of discharge (Q m
3
 sec

-1
) & sediment yield (SSY ha 200 

km
2
 d

-1
), 2017.(Reference: Appendix Table 52) 
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7.9 Results 

7.9.1  The yield of suspended load in Chel basin is comparatively lower than the 

other adjacent basin like river Gish. It because of the less occurrence of 

landslide activity in the upper catchment of Chel. The dense vegetation 

coverage of Neora valley, Kolbong forest and Westner forest protects the head 

water part from active erosion by rainfall. 

7.9.2 The maximum and minimum range of SSY (suspended sediment yield) varies 

from 22.51 Ha.m. 200 km
-2

 day
-1

 (2017) to 537.83 Ha.m. 200 km
-2

 day
-1

 

(2015) (Fig. 7.29 a). The range of average monsoon yield has been calculated 

as 224 to 275 Ha.m. 200 km
-2

 day
-1

.  

7.9.3 The appearance of negative kurtosis (-0.96 to -1.20) value in each year 

indicates the peakedness of the distribution i.e. the SSY creates peaks at 

sudden high runoffs.  

7.9.4 From the relational graph of SSY and monsoon discharge, it is quite easy to 

understand the cycles of appearance of peak discharge increases the amount of 

SSY.  

7.9.5 In 2017 the monsoon SSY values shows comparatively greater variation 

(COV-67.4), it caused by wide the range of rainfall fluctuations in that year.  

7.9.6 bThe suspended sediment yield from the upper catchment is not always a 

direct function of discharge. The results tell that high discharge does not 

always cause the high yield of suspended sediment. 

7.10 Assessment of bank erosion 

The river bank erosion is a common phenomenon related with seasonal channel 

migration within river belt. The process has been accomplished by the impinge flow 

attack during high river stages. The effect of turbulent channel flow causes the over 

toppling of bank wall after the bank under cutting. In Chel river, the bank under cut is 

a dominant process where the bank wall is mainly composed of finer sand and clay 

materials. But at Patharjhora, the type of bank erosion is sliding of coarse pebble and 

fine sand materials on a uniform bank slope. The near bank high stress of water is 

responsible for the process. The fluctuation in river stage also promotes bank erosion. 

At the lower end (beside Apalchad forest), the meandering curvatures of the channel 

prepares favorable condition for bank erosion at slip-off slope face of the bend. The 

process of bank erosion in every channel is the direct effect of flood dynamics and its 

recurrence. The succession of bank materials carries the evidence of flood deposition 

in the bank. Now days, the main objective of flood management has been merged 

with river bank line stabilization by suitable constructional methods. As well, the 
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bank line protection with artificial means take serious effect on channel dynamics. 

The hydro-dynamics in channel become slow and leads to channel stagnancy. In Chel 

basin, the study of bank erosion has been documented on the basis of quantification 

by BEHI model and Remote Sensing based Bank Line Shift assessment (BLSA).  

 

Plate 7.1 Vertical block slumping at 

Patharjhora (2016). 

 

Plate 7.2 Toppling of bank material at 

Odlabari (2017). 

 

Plate 7.3 Evidence of vertical fall at 

Manabari (2017). 

 

Plate 7.4 Toe erosion & toppling of bank 

material at Odlabari (2017). 

 

Plate 7.5 Sliding of mixed bank material 

at Patharjhora (2016). 

 

Plate 7.6 Vertical slump of mixed bank 

debris at Patharjhora (2016). 
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Plate 7.7 Toppling of bank cliff at 

Rajadanga with heterogeneous 

bank composition (2015). 

 

Plate 7.8 Slide of fine sand material at 

Turibari (2015). 

 

Plate 7.9 Layers of bank deposition at 

Apalchad (2018). 

 

Plate 7.10 Block glide of bank material at 

Rajadanga (2018). 

 

Plate 7.11 Root density on the bank top at 

Rajadanga (2018). 

 

Plate 7.12 Root depth in the bank at 

Rajadanga (2018). 

7.10.1 Reach wise BEHI (Bank Erosion Hazard Index) assessment  

River bank erosion is a complex natural process operating in a time scale. The process 

is related with the supply of sediment load in the channel. Bank erosion often causes 

the formation of downstream channel bed forms depending on the fall velocity of the 

particles. Increased sediment supply due to bank erosion has multifarious effect on 

hydro-eco-morphological functioning of a river (Dudley and Karr 2002). A practical 

method for evaluating erodibility potential of stream banks and computing stream 
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bank erosion rates and consequent sediment loading is the Bank Assessment for Non-

point Source Consequences of Sediment (BANCS) model, which encompasses two 

quantitative tools - a) Bank Erosion Hazard Index (BEHI) (Rosgen 1996, 2001, 2006, 

2008a) and b) Near-Bank Stress (NBS) (Rosgen 1996, 2001, 2006, 2008a, b, 2001, 

2006). The reach wise stream bank erosion potentiality has been assessed on the basis 

of filed measurements. Finally, the annual stream bank erosion rate has been predicted 

on the basis of BEHI technique. The total channel length of 37.6 km from 

Patharjhora to Kranti has been divided into 8 reaches where the sign of prominent 

bank erosion is present. Rosgen (2006) have described BEHI as a fluvial geomorphic 

tool to evaluate the susceptibility of stream bank erosion on a section of a stream, 

based on a combination of some erodibility variables (e.g., bank height, bank full 

height, rooting depth, root density, bank angle, percent bank protection, bank 

composition and bank material stratification). BEHI assessment has assigned a 

numerical value which corresponds to an overall BEHI rating for a particular stream 

bank. In case of Near Bank stress (NBS) assessment, the level III aspect of Rosgen 

(2006) has been consulted. The final BEHI score has been produced after averaging 

the reach wise (200 m) both bank averages. The BEHI score for the individual 

sections (for both banks) has been calculated by averaging the final scores of the 

cross-sections taken within each segment. The outcomes are presented in following 

section: 

7.10.1.1 Bank height is the vertical distance from the water line at base flow to the 

top of a bank. Bank full height is the maximum vertical height from thalweg 

to the water level at bankful. The ratio of BFH (bankful height as described 

by Rosgen, 1996 & 2001) and Bank height (BH) ranges between1.3 to 1.71 

(Table 7.5). It indicates the morphology of the eroded bank wall and taken 

for prediction parameter in BEHI (Fig. 7.33 to 7.39). At Patharjhora, the 

moderately sinuous bank wall with steep vertical wall and uniform down 

slope is observed. The bank angel at the upper part exceeds 70 degree. It 

provides sediment in the channel by means of vertical fall. But on the lower 

bank segment, slow sliding of fine sediment and medium pebble is common. 

This segment does not bear any sign of bank under cut. The mechanisms of 

bank erosion resemblence with topple type of bank mass movement. The 

high value of BH/BFH (BEHI score-6.95) is contributed by relative high 

depths of channel thalwegs and action of turbulent water flow during 

monsoon. The same mechanism of bank erosion has been prevailed up to 

Turibari (R3). From R1 to R3 reach (Fig. 7.41), the BEHI score category 
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ranges from high to very high erosion. The less percentage (0-14) of surface 

protection increases the erosion. Both the banks up to R3 are standing far 

from large woody vegetations. The root density (observational field 

technique) contributes less (<5%) on both the bank sides. Only grass cover is 

predominant in these sites which causes the high total BEHI score (30.3-

41.9) (Table 7.6).  

7.10.1.2 The downstream reaches fall below the Odlabari bridge. The R4 (Apalchad 

forest) the maximum surface protection (80-100%) causes moderate amount 

of bank erosion. But, this virgin reach is full of meandering bends. The bank 

is composed of clay-sand materials with high root binding effect (45.6%). 

The large wood forest on the right bank reduces the bank erosion. The 

dislodgement of chunk of wet clayey materials is the dominant process of 

bank erosion here.  

7.10.1.3 The lower reaches contribute abundant wash load to the channel. It heavily 

turbids the channel water during monsoon.  

7.10.1.4 The intermediate part of R6 and R7 (Fig. 7.41) shows high bank erosion. 

The meandering channel planform causes the high bank erosion. Although 

the high bank angel (57 degree) and decreased root depth from 6.95 to 4.94 

altogether increases the bank erosion potentiality.  

7.10.1.5 Near Rajadanga village (R8), the less root density (15-29%) in absence of 

large woody vegetation on both the banks causes high bank erosion 

potentiality at this reach (Fig. 7.42). The large width (882 m) of the river at 

the confluence causes high bank stress during monsoon discharge. The 

process of bank under cut is dominant in this reach.  

7.10.2 Near Bank Stress Assessment 

Determination and evaluation of near bank stress of natural channels is essential for 

addressing a variety of problems in fluvial geomorphology and stream restoration 

(Kean 2003). NBS signifies potential disproportionate energy distribution in the near 

bank region (Rosgen 1996, 2001, 2006, 2008). Changes in near bank stress can 

accelerate stream bank erosion (Rosgen 2001). The calculation of NBS follows level-

III protocol of Rosgen (2006) on the basis of cross sectional study. The outcomes are 

presented below:  

7.10.2.1 The NBS calculation (Table 7.7) has revealed the flow stress on the bank is 

entirely a function of bank composition, shear stress and sinuosity of the 

bank line. 

7.10.2.2 The single aspect of BH/BFH ratio (Fig. 7.35) assessed the NBS rating on 

the basis of bank morphology. 
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7.10.2.3 The previous occurrence of bank erosion and height of bank wall are 

important factors in NBS rating. The channel bed forms from R1 to R8 

independently affect the NBS scores (Fig. 7.34).  

7.10.2.4 The maximum depth of the channel near the banks at Patharjhora signifies 

the high channel efficiency at near bank thalwegs.  

7.10.2.5 The sequential arrangements of pool and riffles in lower channel meander 

bends influences the BH and BFH parameters while field measurements.  

7.10.2.6 At R6 and R7, the cross sections on meander riffles cause the high bank 

stress as the flow has been diverted to the foots of the banks from the apex 

of the riffle zone.  

7.10.2.7 High NBS value at R1, R2 and R3 (Fig. 7.43) is related with the previous 

flood catastrophes which increases the relative height of banks. The 

succession of bank materials indicates the previous bank-full heights during 

high water stages. The channel scouring and deposition process also 

influence the changes in relative heights of banks and bankful conditions. In 

Chel, the active fluvial dynamics especially in upper reaches (Patharjhora, 

Manabari and Turibari) contributes the frequent adjustment in channel BH 

and BFHs.  

7.10.2.8 The NBS scores reflect the seasonal channel adjustments at various flow 

conditions which indicate channel dynamics.  

7.10.2.9 Simple linear regression between BEHI and NBS scores produces high 

positive correlation (r=77.84) for Chel river (Fig.7.40) and it simply 

indicates the possibility of high near bank stress at the sites of high potential 

bank erosion. 

 

Table 7.5 Calculation of selected parameters in BEHI 

Stati

on 

Bank full 

Height (m) 

(BFH) 

Bank 

Height (m) 

(BH) 

BH/B

FH 

Root Depth( % 

of BFH 

Root 

Density % 

Bank Angle (in 

Degree) 

Surface 

Protection % 

1 3.82 6.12 1.6 <5 <5 65 <10 

2 3.2 4.65 1.45 <5 <5 61 10-14 

3 3.58 4.91 1.37 20.37 5-14 44 10-14 

4 2.47 3.51 1.42 45.58 30-54 48 80-100 

5 2.14 3.68 1.71 30.43 15-29 42 21-60 

6 2.7 3.21 1.18 26.48 15-29 37 15-29 

7 2.5 3.45 1.38 31.89 30-54 57 10-14 

8 2.8 3.65 1.3 38.36 15-29 72 30-54 

Source: Calculated by the author. 
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Table 7.6 Categorical rating of various reaches in BEHI modeling 

Station BH/BFH Root Depth Root Density Bank Angle Surface Protection Total Score Category 

1 6.95 10 10 4.95 10 41.9 Very High 

2 4.95 10 10 4.95 8.5 38.4 Very High 

3 4.95 6.95 6.95 2.95 8.5 30.3 High 

4 4.95 4.95 2.95 2.95 1.45 17.25 Moderate 

5 6.95 4.95 4.95 4.95 2.95 24.75 Moderate 

6 2.95 6.95 4.95 1.45 6.95 23.25 Moderate 

7 4.95 4.94 6.95 2.95 8.5 28.29 High 

8 4.95 4.95 6.95 4.95 4.95 26.75 High 

Source: Calculated by the author. 

 

Table 7.7 Calculation of Selected parameters of NBS rating 

Station 

L/B NB 

Max. 

Depth (m) 

1 

Bankful Mean 

Depth (m) 

2 

Ratio 

(1/2) 

3 

R/B NB Max. 

Depth (m) 

4 

Bankful Mean 

Depth (m) 

5 

Ratio 

4/5 

6 

Average 

7 

NBS 

Rating 

8 

1 5.5 3.34 1.65 4.76 3.2 1.49 2.39 High 

2 3.6 2.45 1.47 3.34 2.24 1.49 2.21 High 

3 3.1 1.7 1.82 2.21 1.7 1.30 2.47 High 

4 4.1 3.51 1.17 3.12 2.77 1.13 1.73 Moderate 

5 2.2 1.76 1.25 2.22 1.64 1.35 1.93 High 

6 2.35 1.83 1.28 2.35 1.75 1.34 1.96 High 

7 3.7 2.82 1.31 3.01 2.75 1.09 1.86 High 

8 3.1 2.64 1.17 3.2 2.76 1.16 1.75 Moderate 

Source: Calculated by the author. 

Note: NB- Near Bank, L/B-Left Bank, R/B- Right Bank. 

 

 

Figure 7.33 BEHI Scores 

 

Figure 7.34 NBS Scores 
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Figure 7.35  Categories of Bank height & 

Bankful Height ratio. 

 

Figure 7.36 Categories of Root Depth. 

 

Figure 7.37  Categories of Root Density. 

 

Figure 7.38  Categories of Surface 

Protection. 

 

Figure 7.39 Categories of Bank Angle. 
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Figure 7.40 Linear Regression model between BEHI & NBS Scores. 

 

Figure 7.41 Vulnerable spots of bank erosion with temporal course shifting tendency. 

The BEHI rating discloses the intensity of bank erosion ranges from moderate 

to very high from mountain outlet to confluence. But, the comparative share of 

moderate bank erosion is observed greater than other categories. The very high 

category of bank erosion in BEHI is observed at Patharjhora, Manabari (comprises 

reach 1) and Rajadanga (Reach 7). At Reach 1, the nature of bank failure is slide of 

very fine to large gravels to the channel bed during the high shear stress of monsoon 

discharge. But the sliding of very fine sand is observed during the dry season also. 

But at Rajadanga the clayey bank composition remains wet and hyper-saturated 

during monsoon. The impinge flow attack and near bank helical flow causes the toe 

cutting of the bank. The mechanism of bank failure involves over-toppling and block 

slide or glide. 
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Figure 7.42 Reach wise categorization of BEHI scores. 

 
Figure 7.43 Reach wise categorization of NBS scores. 
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The nature of bank erosion is very haphazard in nature at three sites upstream of 

Odlabari bridge. But at downstream direction, the channel sinuosity and meandering 

channel pattern both attributes bank erosion on seasonal basis. The nature of bank 

erosion occurs in form of gravity collapse, slide on uniform slope, vertical block 

collapse, toppling, rotational slips (inside of meandering bends), overhanging collapse 

and slumping etc. The magnitude and frequency depends on the processes related 

with bank erosion. The high bank shear stress by turbulent flow causes the 

exceedence of safety factor of bank erosion. The safety factor of block collapse or 

slide is dependent on the shearing force of fluctuating water head pressure of the 

sample sites. 

Table 7.8Calculation of total erosion and erosion rate in BEHI model 

Site 

Station Distance 

1 

Mean BEHI 

(adjective) 

2 

Mean 

NBS 

(adjective) 

3 

OBER 

(m/y) 

4 

LOAB 

(m) 

5 

ABH 

(m) 

6 

OEST 

(m
3
/y) 

(4*5*6) 

7 

TE 

(ton/y) 

(7*1.7) 

8 

OER 

(ton/m/y) 

(8/5) 

9 

1 524 41.9 2.39 0.69 221 5.18 789.90 1342.83 6.08 

2 2720 38.4 2.21 0.4 118 4.06 191.63 325.77 2.76 

3 6577 30.3 2.47 0.39 176 4.2 288.29 490.09 2.78 

4 17203 17.25 1.73 1.09 103 3.24 363.75 618.38 6.00 

5 19989 24.75 1.93 0.46 154 3.73 264.23 449.20 2.92 

6 23603 23.25 1.96 0.84 205 2.83 487.33 828.45 4.04 

7 25282 28.29 1.86 0.16 234 2.98 111.57 189.67 0.81 

8 27368 24.75 1.75 0.32 268 2.91 249.56 424.25 1.58 

Source: Calculated by the author. 

Note: [OBER-Observed Bank Erosion Rate, LOAB-Length of assessed Bank, ABH-Average Bank 

Height (Left & Right), OEST=Observed Erosion Sub-Total, TE= Total Erosion, OER=Observed 

Erosion Rate.Total Erosion-2746.27 m
3
/y (∑Col.7),Total Erosion- 4668.65 ton/y (∑Col.8),Total 

Erosion Rate-3.157 t/m/y (Erosion Calculation per unit length of Channel-Total Erosion (∑Col.8)/ 

Surveyed total Channel length (1479.0 m),Average Annual Erosion- 1.124 t/m/y (∑Col.9/24),Total 

River Erosion Volume in a year - 22,000.96 t/y (Average of Col.8 * Total Length of the River: 36.7 

m)] 

The impact of turbulence creates helical flow pattern near the banks at most of 

the sites. It causes the active toe erosion process and enhances the overhanging fall of 

upper bank segment. But, the composition of bank side soil matrix largely controls the 

amount of bank erosion. On the BEHI average score categorization scale, the 

Patharjhora site (R1) shows very high potentiality of bank erosion. As well 

maximum surface protection score of 1.45 (80-100%) indicates the lowest BEHI 

average score of 17.25 that falls in moderate potentiality of bank erosion. In the study 

of BEHI for Chel river, the very low to moderate bank angle sores (1.45-4.95) doesn’t 
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highly contributes the process of erosion rather other observational parameters viz. 

root density, depth and bank side surface protection largely controls the rate of 

erosion. At the study sites R7 and R8 are susceptible to high bank erosion potentiality 

(>24.75 BEHI Total score) due to the maximum collected runoff of the whole upper 

catchment creates high near bank stress of water (1.09 at R7). It combines the effect 

of moderate root depth (4.94) which gives less soil binding effect. The maximum 

number of study site can able to produce significant relationship between Observed 

Erosion Rate (OER) and BEHI or NBS scores. But, the 8 possible study sites are not 

sufficient to predict the significant statistical relationship between the mentioned 

parameters. But as the NBS has been performed on the basis of only Level-III 

protocol of Rosgen (2006), it is quite insignificant to deliver the idea of bank erosion 

potentiality on the basis on only one geomorphological attribute of the whole channel. 

But, BEHI scores are rather suitably applied on the basis of observational and 

measurement related techniques. The BEHI potentiality categorization is more 

comprehensive than NBS in this study. In linear regression function BEHI scores are 

capable of explaining 60.6% (Fig. 7.40) of variation in NBS single parametric score.  

7.11  Conclusion 

The nature of flood is truly occasional in the Chel basin. In the above discussion, the 

researcher wants to clarify the probability of flood peak discharge recurrence and its 

impact on the channel morphology. The arrival of peak discharge keeps pace with 

high rainfall intensity in the upper catchment. The rational method reveals that 10 

years flood peak discharge is comparatively high than 2 years probability. So, the 

flood dynamics in terms of a large temporal scale produces more significant results. 

The extreme rainfall events of 1993, 1998 and 2000 caused high channel morpho-

dynamics and most importantly triggerd the avulsion process. The slight increase of 

flood recurrence probability after the lapse of 100 years indicates the drastic change in 

present climatic conditions in future. The present and past flood discharge in Chel 

basin is efficient in transforming the morphology of the channel through avulsions, 

massive bank erosion, changes in channel sinuosity and braided nature etc. The total 

erosion volume of the basin from BEHI model has been calculated as 4668.65 ton 

year
-1

 and the average annual rate of erosion has been calculated as 1.124 ton m
-1 

year
-

1
 (Table 7.8). 
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Plate 7.13 Measuring flood stage in 

channel at Rajadanga (2017). 

 

Plate 7.14 Embankment breaching during 

2017 flood hit at Rajadanga 

(2017). 

 

Plate 7.15 Field photograph of water 

logging in paddy field during 

2017 flood. 

 

Plate 7.16 Field work evidence during 

flood of 2017 at Rajadanga. 
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Chapter-VIII 

Human Interference on Fluvial Dynamics 

 

8.1 Introduction  

Channel conditions are highly influenced by the action of running water and human 

pressure on the floodplain. River habitat is the specific area where a flourished 

ecological landscape develops due to the channels form-process adjustment with the 

riparian biotic-abiotic assemblage. A process of covert interaction is always occurring 

to provide equilibrium between intake and release within a dynamic system like river. 

Channel hydro-geomorphology and its dynamics can bring transformations in the 

channel properties towards its behavioral changes by means of channel hydraulics and 

boundary condition. A micro scale detailing of channel and riparian properties with 

spot key check analysis was initiated by EU water frame-work directive (2000/60/EC) 

to access healthy ecological conditions of the rivers around the world by 2015. In this 

regard, the most suitable approach in form of River Habitat Survey (RHS) protocol 

was initiated in UK (1998) by Raven et al. (1997). The RHS is a system for assessing 

the character and habitat quality of rivers based on their physical structure (Raven et 

al. 1997, 1998). The principle is laid on the evaluation of the diversity, quality and 

modification of the morphological properties of the river ecological regime. The 

human interference on the rivers produces many negative consequences on a large 

scale. It gradually changes the planform, flow geometry, hydraulic parameters and 

channel ecosystem including riparian habitat. Human activity impacts on rivers in the 

following ways viz. river flow redistribution in time, spatial river flow redistribution, 

river flow withdrawal, physical disturbance of riverbeds, pollution, water clogging 

and thermal pollution (Govorushko, 2007). Channel flow redistribution is the direct 

impact of construction on the channels. The altering hydrological river regime causes 

impact on the channel bed form characteristics and on the existing channel process. 

The interaction between channel flow, flow regime and sediment transport aid in the 

determination of channel response to natural or man-induced changes (Tamang, 

2013). The increasing population pressure on the channel is also disturbing the 

channel health (Richard et al., 1999) which can be accessed through the analysis of 

some physical, biological and chemical properties of the channel (Gore, 1985, Boon 
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et al., 1992, Brooks and Shield, 1996). The changes in channel flow pattern and 

sediment regimes following catchment modification can markedly change the nature 

of channel (Bandyopadhyay et al., 2017). A river channel is a free flowing object that 

creates its own hydro-geomorphic regime. But, the anthropogenic pressure on the 

channel disturbs the flow pattern, bed form dynamics, bank formation, hydro-

dynamics and most importantly the eco-system services from the river.  

8.2 Methodology 

8.2.1 The LULC (Landuse–cover) mapping has been carried out in GIS 

environment after the processing and supervised classification of TM sensor 

data (1991) and OLI-TIRS sensor data (2016) (Earth explorer). The change 

detection of LULC in the basin has been done on a temporal framework (1989 

and 2017). Also the areal change detection from 1989 to 2017 has been carried 

out in GIS environment. 

8.2.2 The Gram Panchayat and Mouza mapping of Mal block has been done under 

GIS environment supported by the District Census Handbook (Jalpaiguri), 

Villaege & Town directory (Census of India, 2011).The population density 

mapping (Persons km
-2

) has been accomplished (GP & Mouza wise) to show 

the spatial variation of population pressure on the channel of Chel. The spatial 

variation of population and population density of river adjacent mouzas has 

been mapped under Q-GIS environment.  

8.2.3 The channel encroachment on the floodplain has been shown after 

superimposition of temporal channel boundaries (1989 and 2017) on the 

mouza map of Mal Block (District Census Handbook, Jalpaiguri and Village 

& Town directory, Census of India, 2011).  

8.2.4 The probable flood risk buffer (500 m) area has been prepared in the GIS 

environment along the river from Patharjhora to Rajadanga (confluence). The 

buffer has been generated on the basis of field investigation taking the most 

influenced area of flood water inundation along the course. 

8.2.5 Impact of channel mining has been assessed from the superimposition of pre 

& post monsoon cross sections at Odlabari (2017-2018) at a streatch of 1000 

m from up to down stream to address the changes in channel morphological 

and hydraulic parameters especially estimating changes in channel bed 

elevation, hydraulic mean depth and channel Depth-Width ratio. The 

vulnerable area of bed material extraction has been presented on the channel 

cross sections (pre and post monsoon) on the basis of field perception and 

presented in form of a model diagram. The estimation on the volume of 

extraction of bed materials has been carried out on the basis of successive field 

visits.  
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8.2.6 The discussion on channel management and its necessity has been 

accomplished from the secondary literatures. The human impact model on 

channel geomorphology has been discussed on the basis of Lóczy et al., 2008. 

8.2.7 Other anthropogenic impacts on the channel have been identified from filed 

photographs. 

8.3 Change in Landuse-cover pattern  

Land use-cover change is one of the important factors characterizing the response of 

human activities to global change (Jia et al., 2018). Bork et al. (1998) investigated 

land-use change and its environmental effects for north of the Alps based on 

palynological and pedological data and demonstrated its strong imprint. Land-use and 

land-cover change clearly correlated with erosion rates (Haidvogl, 2018). Land use-

cover change is the most direct manifestation of the impact of human activities on the 

earth’s surface system and is very important in the global environmental change 

process (Lawler et al., 2014; Wulder et al., 2008; Mooney et al., 2013). Landuse-

cover change within a river basin is the sign of human impact at large scale avoiding 

the ecological sustainability of the area. The human activities attributes the changes in 

the basin by deforestation, expansion of settlement and agricultural fields, channel 

mining activities, construction on slopes and on the channel. It has direct impact on 

the basin geo-hydrology and on natural environment. The scale of operation is 

significant in bringing certain changes within a frame of time. The spatio-temporal 

changes in LULC (Land use-cover) pattern of Chel basin have been detected from 

TM sensor data (1991) (Fig. 8.1) and OLI-TIRS sensor data (2016) (Fig. 8.2). The RS 

data have been used in the formation of supervised classification maps of LULC of 

Chel basin to identify the changes. The upper catchment of Chel above 300 m contour 

elevation is mainly covered by reserve and open forest lands viz. Tista-Chel reserve 

forest in the course of Manzing khola, Sakkam reserve forest on the left bank of Chel 

Nadi, Rechela reserve forest and Pankhasari reserve forest etc. The SOI 

topographical map G45E12 (1:50000) categorize the forest as dense mixed jungle. 

But below Ambiok tea garden, the natural vegetation mainly changes to degraded 

forest land especially in Dalingkot, Fagu, Gorubathan and Westner reserve forest. 

Below Patharjhora (in Jalpaiguri district) the landscape has been changed in to tea 

gardens viz. Patharjhora, Syli, Raicharra, Nidam Jhora, Damdim, Rangamati, 

Betguri (on the left bank) and Turibari, Manabari and Odlabari tea gardens (on the 
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right bank) etc. Below Targhera Hashkhali to Baragharia mouza on the right bank of 

the channel, Apalchad reserve forest is situated. It acts as an active watershed (BM 

126.7 m) between Chel and Tista river. The expansion of settlement encroached the 

area of Apalchad forest. From SOI topographical map 78B/9, in 1986 the Apalchad 

forest was inhabited by Mech Basti, Magurmari basti and Sologharia settlement. At 

the forest fringe of Kailashpur and Anandapur tea gardens was observed at 

expansion. The supervised classification presents the Aplchad forest as light green 

toned open forest because of its ongoing deforestation, it was no more a dense forest 

in TM sensor data of 1991. A massive change of the Apalchad forest region can be 

detected from the supervised classification map of 2016. The OLI-TIRS sensor data 

presents the forest as scattered vegetation which also proves the rapid deforestation at 

the region. Although, the rate of deforestation is still much slower in the upper 

catchment. Only 5.33 km
2
 dense forest area had been changed from 1991 to 2016. So, 

the rate of estimated deforestation in the upper catchment from RS data is calculated 

as 213.2 m
2
 year

-1
. This slow rate of deforestation in the upper catchment causes the 

less probability of landslide occurrence. It is the main reason of low sediment yield of 

the Chel river at the piedmont. The expansion of cultivated land has been estimated as 

16.44 km
2
 which increases at a rate of 714.48 m

2
 year

-1
. The lower channel of Chel 

and its flood plain is mainly developing for the cultivation of paddy, potato, maize 

and Jute on both subsistence and commercial basis. The mouzas like Nipuchapur, 

Purba Damdim, Teshimla and Rajadanga etc are the places where crop cultivation is 

dominated. The occupied cultivated land in 1991 was 20.53% of the total basin and it 

was 27.73% in the year of 2016. So, the slow expansion of cultivable lands is the 

main character of the Chel basin. In 1991, only 9.72% land was occupied by human 

settlement. But in 2016, the settlement area was calculated as 14.45% of the total 

basin area. Still the basin is not heavily inhabited by the human beings. But, the 

significant settlements like Odlabari, Damdim and Gorubathan have impact on the 

hydro-geomorphology of the basin. The small tea gardens are largely influencing the 

LULC pattern of the basin. But one noticeable change has been observed in case of 

water body. It has declined by 32.04 km
2
 in 23 years (Table 8.1). Because of human 

settlement and cultivation land occupancy, the water bodies and river channel have 

been greatly encroached over time. The width of the channel has also become narrow 
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in 2016 map than 1991. The increase in number of dry days in North Bengal monsoon 

period causes the decay of many seasonal small jhoras on the left bank side of Chel 

river. 

Table 8.1 Land use and land cover categories and their areal change over the year 

Land use categories Year Area in sq.km Year Area in sq.km 

Water body   

  

1991 

  

  

  

71.17   

  

2016 

  

  

  

39.13 

Dense forest 54.91 49.58 

Open forest 72.74 90.86 

Bare soil 18.61 6.46 

Cultivated land 64.87 81.31 

Settlement 30.7 45.66 

Total area 316 

Source: Calculated by the author. 

 

8.4 Population pressure on the lower part of the channel (below Odlabari bridge) 

From Patharjhora tea garden, the entire basin area falls under the administrative 

jurisdiction Mal community development block under Mal sub-division of Jalpaiguri 

district. Mal community development block has an area of 545.99 km
2
. As per 2011 

Census of India Mal CD Block had a total population of 299,556 of which 275,184 

were rural and 24,172 were urban. The decadal growth rate of population was 12.9% 

in 2001-2011 and the annual growth rate of population was 2.1% as per the census 

report of 2011. There were 151,826 males and 147,730 females. The Mal block is 

consisting of 103 mouzas. As well Mal block is composed of 12 Gram Panchayat. As 

per 2011 census, Mal subdivision has a total population of 5,69,711 distributing in 

three blocks of Mal, Matiali and Nagrakata and in a single town namely Mal. The 

entire lower basin of Chel falls within Mal block. The Chel creates confluence with 

Dharala river at Rajadanga Gram Panchayat (GP). The Gram Panchayats (GP) wise 

population density (Fig. 8.3) distribution reveals high population density at Lataguri 

GP (985 person km
-2

) and lowest population density at Chapadanga GP (351 person 

km
-2

). Among the mouzas, Odlabari is carrying highest total population of 40,294 

persons and the lowest total population has been found at Teshimla GP (14078 

persons). After entering in Jalpaiguri district, the course of Chel passes through the 

mouzas namely Patharjhora, Turibari, Manabari, Targhera, Purba Damdim, 

https://en.wikipedia.org/wiki/Community_Development_Block_in_India
https://en.wikipedia.org/wiki/2011_Census_of_India
https://en.wikipedia.org/wiki/2011_Census_of_India
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Nipuchapur, Baragharia, Kodalkati and Rajadanga. These mouzas are the zone of 

direct influence of the channel flood. The channel oscillation within the mouzas is not 

high enough. From 1981 to 2016, the channel oscillation is confined within the 

adjacent mouzas not entered in to other mouzas. The Odlabari and Dakshin Odlabari 

census town having a population of 14194 and 4997 is situated along the course of 

Chel. Along the right bank of Chel, many tea gardens are situated namely Mengless, 

Syli, Ranichera, Betbari, Damdim and Baitguri etc which affects by the occasional 

monsoon flood of the channel. These tea gardens are often using the water resource 

from Chel river in plantation farming. In Manabari, Turibari, Odlabari, Damdim sites 

are familiar sites for the extraction of boulders from the channel beds. The mouza 

wise categorization of population density (Table 8.2) produces higher values than the 

previous mapping on same thematic aspect taking the Gram Panchayats only. The 

river passes through the densely populated mouzas which increases the importance of 

evaluation of human pressure on the channel. The mouzas with high population 

density above 892 persons km
-2

 are Patharjhora, Damdim, Bainguri, Menglass tea 

garden, Baragharia, Neoranadi tea garden and kranti etc (Fig.8.4). The inhabitants 

are getting ecosystem services from the channel also. Human societiy derives many 

essential goods from natural ecosystems through human activity in the natural 

environment (Alexander et al. 1997; Goudie 2000). The benefits that people obtain 

from ecosystems are usually referred to as ecosystem services (Costanza et al. 1995; 

MEA 2005).  

Table 8.2 GP-wise population density of Mal block 

Sl No. Name of Gram Panchayat Total Population Area (km
2
) Population Density 

(person km
-2

) 

1 Bagrakot 35318 72.81 485 

2 Odlabari 40294 65.55 615 

3 Rangamatee 34072 56.78 600 

4 Rajadanga 35374 91.94 385 

5 Damdim 28037 48.27 581 

6 Tesimla 14078 18.52 760 

7 Kumlai 24252 40.26 602 

7 Changmari 19020 43.12 441 

8 Kranti 23826 31.31 761 

9 Chapadanga 1458.31 41.58 351 

10 Moulani 14857 19.13 777 

11 Lataguri 15845 43.12 441 

Source: Calculated by the author (Based on 2011 census, Govt. of India). 
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Figure 8.1 Landuse-cover map of Chel basin 1991. 
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Figure 8.2 Landuse-cover map of Chel basin 2016. 
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Figure 8.3 Gram panchayat wise population density map of Mal block. 

 

 

Figure 8.4 Spatial distribution of total 

population within adjacent 

mouzas of Chel river (Mal 

block). 

 

Figure 8.5 Spatial distribution of 

population density within 

the adjacent mouzas of 

Chel river (Mal block). 

(Note: Odlabari census town has also been included) 
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The channel has been used for regular bathing, laundry activities, boulder 

extraction, fishing and irrigational purposes. Among various uses, the channel 

material extraction at Manabari, Odlabari and Damdim sites are hampering the 

natural ecology of the channel including riparian vegetation, in-stream biota. The 

human occupancy is raising the chances of channel habitat deterioration in the future. 

The upper catchment is mostly belonging to the virgin ecosystem of Neora valley 

national park, Rechela reserve forest and Pankhasari reserve forest. The oocurence of 

extreme rainfall events cause structural changes along the river banks. The 

Pathatjhora tea garden, Manabari Chel colony, Odlabari census town, Targhera 

(beside Apalchad) and Rajadanga are the most vulnerable areas of regular flood 

inundation and bank erosion. Especially, the river course below Apalchad forest is the 

most affected site of bank erosion. The bed material extraction at Patharjhora, 

Manabari, Odlabari and Apalchad makes the channel highly unpredictable by 

hydraulic nature and causes the frequent changes of the channel form. The high near 

bank stress causes massive bank erosion during high water stage and gradual flood 

plain encroachment at Patharjhora (4335 population) and Manabari tea garden (2147 

population). During 2017 monsoon, Rajadanga (1323 population) and Kranti (5961 

population) villages were highly affected by flood in Chel river. 

 

Figure 8.6 The 500 m buffer zone  along the 

banks of Chel on mouza map of 

Mal Block (2017 channel). 

 

Figure 8.7 Channel encroachment within 

adjacent mouzas. 
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8.5 Discussion on temporal channel encroachment (1990 to 2017) and affected 

mouzas 

The channel encroachment process is a natural behaviour of foothill channels 

especially on piedmont surface. The channel encroachment study has been 

accomplished from temporal satellite image analysis. The temporal scale of study has 

been selected from 1990 to 2017 from Landsat TM sensor (1990) and OLI-TIRS 

sensor data (2017). The channel encroachment study keeps the main objectives like – 

a. nature of channel’s lateral expansion within a mouza, b. temporal variation in 

channel width and c. characterization of the channel oscillation over time. The 

analysis on channel transects at 24 stations has been carried out in the GIS 

environment to detect the sites with changes along left and right banks (Fig. 4.15, 

chapter-IV). But, the Chel river does not show any significant change over time. The 

limit of channel encroachment has been only confined within the adjacent mouzas 

namely Patharjhora, Turibari, Manabari TG, Syli TG, Dakshin Odlabari census 

town, Targhera, Damdim, Bainguri TG, Purba Damdim, Nipuchapur TG, Bargharia 

and Rajadanga. The magnitude of channel encroachment is not high enough below 

Odlabari bridge. The river course is duly controlled by neo-tectonics in the upper 

catchment. The channel oscillation within the basin is the result of extreme rainfall 

events and occasional flood dynamics of the channel since time immemorial. The 

previous flood events left the imprint on the flood plain that the channel had faced 

massive channel winding or oscillation over time. The signs of cannel avulsion and 

old channel courses are clearly visible from the temporal satellite images which have 

been discussed in the earlier chapter. 

Now, the focus of the study is to quantify the changes along the banks on 

temporal framework (1989 and 2017) (Fig. 8.8). It particularly aims to know the 

nature of Man-River interaction process which controls the fluvial dynamics. On the 

piedmont surface, the magnitude of channel encroachment is comparatively lower 

than part below Manabari tea garden. The channel at Patharjhora shows frequent 

avulsion especially during the storm rainfall phases of 1993, 1994, 1998 and 2000 on 

the piedmont. The channel encroachment is relatively confined within 500 m buffer 

zone on flood plain. The channel winding mechanism did not influence beyond the 

influence zone of 500 m beside the banks (Fig. 8.6). The main channel of Chel leaves 

many anabranches on the left bank (2016) and after 2007 it came towards the left 
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bank. In 1989, the channel encroached in the mouzas like Paschim Damdim, Damdim 

TG, Targhera and Purba Damdim. The average channel width of Chel in 1989 was 

911 m and in 2017 it is measures as 736.59 m (Fig. 8.9). In the lower stations below 

Odlabari, the channel in 1989 shows higher width than 2017 (Fig. 8.8). It bears the 

evidence of channel narrowing process which connects decreasing extreme rainfall 

events, forest cover in upper catchment and increasing human interferences with the 

river.  

 

Figure 8.8 Channel encroachment analysis. 



Chapter VIII 

269 

 

Figure 8.9 Temporal variation in channel width. 

8.6 Impact of channel mining on channel morphology and hydraulic geometry 

Rivers are a key source of ecosystem services such as water, food, energy, rocks, etc. 

(Postel and Thompson 2005; Wang et al. 2009; Auerbach et al. 2014; Rasul 2014). 

Within those ecosystem services, the extraction of river bed material is one of 

particularly important types of human activity in river ecosystems (Gregory, 2006; 

Wohl, 2006, Wiejaczka et al., 2018). Analyzing anthropogenic landforms according 

to economic activities, the most spectacular examples of direct and intentional 

landscape transformation are probably found in mining landscapes (Bell, 2011). The 

effect of channel mining directly effects in-stream geomorphology and channel 

hydraulic parameters. The channel bed material extraction also alters the nature of 

occasional flood in the channel. The present study focuses on the effect of daily sand 

and boulder extraction from the river bed. The most vulnerable sites of bed material 

extraction are Patharjhora, Manabari, Odlabari (Plate: 8.11 & 8.12) and beside 

Damdim tea garden. By removing sediment from the channel, in-stream material 

extraction disrupts the preexisting balance between sediment supply and transporting 

capacity, typically inducing incision upstream and downstream of the extraction site 

(Kondolf 1997; Jia et al. 2006; Huang et al. 2014). At Patharjhora site, the excessive 

bed mining also leaves an imprint on the channel thresholds for avulsion. The changes 

greatly hamper the seasonal channel water levels. Mass-scale in-stream extraction by 

local communities leads to a progressive degradation of river ecosystems (Wiejaczka 

et al., 2018). The pre and post monsoon cross-sectional study at selected stations 

reveals the areal aspect of channel bed material extraction for a time being. Tamang 

and Mandal (2015) shows that the supply of material by surges during the monsoon 
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season did not always compensate for the losses resulting from mass scale extraction 

of river bed material during the dry season. The extraction of bed materials is also 

responsible for infringement of the river adjustment between the channel geometry 

and its sediment capacity (Martin-Vide et al., 2010). The channel bed of Chel river 

shows large changes from average bed level before and after the bed mining activities 

(Fig. 8.9). The study of the cross-sections of the selected stretch of a river shows that 

the effect of extraction activities is quite visible on the mean bed elevations (Tamang, 

2013). 

 
Figure 8.10 Model of channel cross section presentation for determining the vulnerable 

and suitable areas of bed materials extraction: a. Identification of 

vulnerable sites of mining form 2016 post monsoon cross section, b. 

Identification of vulnerable sites of mining form 2017 post monsoon cross 

section.  

The following channel cross sectional study of mean bed elevation has been 

carried out to find out the volume of extraction of bed materials from the selected 

reaches viz. Patharjhora, Manabari (Plate: 11) and Odlabari (Plate 12) and beside 

Apalchad forest (Plate 10). The average bed height variation (Table 8.4) causes the 

fluctuation of channel gauge heights. So, the natural state of stage-discharge 

relationship is highly interrupted by the cannel bed mining activity. It causes stand-

still water in the big scours in the channel and it indicates the degradation of the 
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channel ecosystem. The major effect of channel bed material extraction is related with 

the seasonal bar dynamics. The boulder levees, mid channel bars, cross or transverse 

bars are the natural sediment architecture of the channel. At Patharjhora, boulders 

greater than 600 mm in size are extracted on a regular basis from the mid channel 

bars. The Manabari and Odlabari sites, the mid channel excavation is predominant 

where large cobbles ranges from 64-256 mm are extracted from the elongated boulder 

levee deposits after monsoon periods. It is also visible that the extraction of very 

coarse to coarse gravels (16-64 mm) is high from the mid channel bar deposits at 

Odlabari site. The variation in sediment deposition is very common after the 

recession of monsoon discharge. At Apalchad reach, the sediment shorting indicates 

the relative fineness of the deposition. The site is suitable for extraction of sediment 

ranges from very fine gravel (2-4 mm) to very coarse gravel (32-64 mm). The amount 

of sediment extraction cannot be replenished by the deposition of next high discharge 

within the channel. Somewhere, it causes the stagnancy of water within the large 

scours in the channel. It greatly hampers the running water ecosystem. The average 

estimated volume of sediment extraction per year from the Chel river (Patharjhora, 

Manabari, Odlabari and Apalchad) has been calculated as 4.6 to 6.9 million cubic 

meters annually. The estimated sediment extraction from Patharjhora, Manabari, 

Odlabari and Apalchad are 4.6*10
4 

m
3
 year

-1
, 4.0*10

4 
m

3
 year

-1
, 6.1*10

4 
m

3
 year

-1
 and 

3.7*10
4 

m
3
 year

-1
 respectively (field survey).  

8.7 Effect on channel morphology: A case study of 1 km stretch at Odlabari 

The bed material extraction process from river channel has combined morphological 

and hydrological impact on the channel at a particular site. It causes the changes in the 

flow regime of the channel, sediment movement process, flux of sediment generation 

in water, bed forms, bed roughness, bed gradient and hydraulic depth of the channel. 

The mining sites are unpredictable in terms of water holding capacity during high 

discharge. The frequent behavioral adjustments of hydraulic parameters and its 

natural rhythm become sluggish. In general, bed materials extraction from the active 

river bed may trigger changes in many factors governing fluvial processes, disturb the 

sediment balance and alter the erosion and sedimentation patterns (Lopez, 2004). The 

channel bar forms get highly instable at the mining sites. At Patharjhora, the bed 

material extraction causes the lateral instability of the channel and occasionally 

promotes high near bank fluvial stress during monsoon discharge. It is noticeable that 

there is clear link between channel avulsion and lateral instability of the channel due 



Chapter VIII 

272 

to bed mining. The channel avulsion after 2007 at Patharjhora not only caused by 

devastating capability of flood water but also there is less effect of bed mining behind 

this. The channel at Odlabari NH bridge is highly affected reach of bed material 

extraction. The 1000 m stretch has been selected with 200 m interval (A, B, C, D & 

E) (Fig. 8.11) up to downstream to prepare pre and post cross sections of 2017 and 

2018 (Fig. 8.12). The main objective is to find out the effect of channel morphological 

changes occurred along the cross sections at the vulnerable mining site. The results of 

analysis are presented as follows:  

8.7.1 The frequent changes in the channel bed elevation and mean bed elevation are 

important to know the impact of mining. It causes scours in the channel bed 

that is not always get replenished by the sediment supply. The channel flow 

remains concentrated within the same portion and causes the narrowing of 

cross section.    

8.7.2 In 2018, the pre and post monsoon difference in the mean bed elevations at 

different stretches are 0.320 m at A, 0.481 m at B, 0.359 m at C, 0.225 m at D 

and 0.386 m at E. Comparatively maximum bed elevation change from pre to 

post monsoon has been noticed during 2018 (Fig. 8.12). 

8.7.3 The drafted cross sections are presenting the irregular means of mining which 

spreaded throughout the cross section even not leaving the left bank thalwegs. 

The extensive mining form the mid channel bars is visible at post monsoon 

cross section of B and pre monsoon cross section of E.  

8.7.4 The maximum erosion or scouring has been observed at post monsoon cross 

section C as 7.88 m (Fig. 8.12 c). The total amount of bed scouring within 

1000 m stretch is calculated as 28.019 m in pre monsoon and 29.779 m in post 

monsoon cross sections of 2017. As well it is 24.944 m in pre monsoon and 

27.552 m in post monsoon cross sections in 2018. 

8.7.5 The hydraulic mean depth of the channel shows its hydraulic efficiency of 

water and sediment load movement. The hydraulic mean depth is calculated 

for the effective cross sectional segment. The higher value of hydraulic mean 

depth indicates the bed scouring by natural and anthropogenic means. The 

hydraulic radius is higher compared to the sections with deposition 

replenishing the extraction volume (Tamang, 2013). The maximum hydraulic 

mean depth has been calculated for both post monsoon condition at C cross 

section 0.92 m in 2017 and 0.93 m in 2018 (Fig. 8.14). The lowest hydraulic 

mean depth has been found for B cross section i.e 0.53 m during pre monsoon 

time. It reveals that increment in hydraulic mean depth during post monsoon 

time causes increase in hydraulic energy, channel velocity and continues 

erosion. But the mining related increment in channel hydraulic mean depth 

causes irregularities in channel energy slope, changes channel gradient, flow 

of water along previous thalwegs and creates whirlpools of water. 
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8.7.6 The Depth-Width ratio of a channel indicates the retainment of hydraulic 

efficiency of a channel which adjusted through changes channel mobility, 

erosion and deposition. In the ratio, if we consider the width is not changing 

(as only 2017 & 2018 time frame has been considered), then increase in 

channel depth causes increase in the ratio. So, in post monsoon condition the 

maximum ratio value is 0.008 (Fig. 8.15) which indicates the phase of bed 

scouring or erosion. This process is not only the result of fluvial erosion as 

well combines the effect of channel bed material extraction. At A and C cross 

sections the high value of the ratio in 2018 indicates ongoing bed material 

extraction process.  

 
Figure 8.11 Design of channel cross sections at 1000 m stretch near Odlabari NH 31 

Bridge (200 m interval).  
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Figure 8.12 a 

 
Figure 8.12 b 
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Figure 8.12 c 

 
Figure 8.12 d 
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Figure 8.12 e 

Figure 8.12 Cross-sections along the selected stretch (1000 m) at 200 m interval showing 

the changes in bed elevation during pre-monsoon and post-monsoon 

condition from 2017 to 2018. (Reference: Appendix Table 50 & 51). 

 
Figure 8.13 Pre & post monsoon negative change in channel bed elevation at cross 

sections. 
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Figure 8.14 Pre & Post monsoon changes in channel hydraulic mean depth (m) at cross 

sections. 

 

Figure 8.15 Variation in Pre & Post monsoon Depth-Width ratio at cross sections. 

 

Figure 8.16 Pre monsoon difference of channel bed elevation (m) form Mean bed 

elevation (m) in 2017. 
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Figure 8.17 Post monsoon difference of channel bed elevation (m) form mean bed 

elevation (m) in 2017. 

 

Figure 8.18 Pre monsoon difference of channel bed elevation (m) form mean bed 

elevation (m) in 2018. 

 

Figure 8.19 Post monsoon difference of channel bed elevation (m) form mean bed 

elevation   (m) in 2018. 
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8.8 Towards sustainable channel management: A solution 

The seeds of the term “Sustainable development” were perhaps first sown at the time 

of the Cocoyoc Declaration in the early 1970s. By 1980, the World Conservation 

Strategy (IUCN, 1980) emphasized the need for conservation of living resources to 

achieve sustainable development (Patel, 2012). The evolution of river uses and related 

ecological conditions, especially in recent decades, has been utilized to show the 

impact of humans on river ecosystems (Haidvogl, 2018). Rivers provide ecosystem 

services that have attracted humans for millennia. The Italian geologist Antonio 

Stoppani (1873) found human action comparable to other landscape shaping forces 

and was the first to speak of an ‘Anthropozoic era’ (Crutzen, 2006). In order to 

delimit the period when human action prevailed, Paul J. Crutzen (2006) introduced a 

new term ‘to emphasize the central role of humankind in geology and ecology by 

proposing to use the term “Anthropocene” for the current geological epoch’ (Crutzen, 

2006: 13, Lóczy et al., 2014). Along with human uses, the resultant ecological 

impacts increased exponentially, especially after the 1950s (Haidvogl, 2018). The 

increasing capacity to substitute for river ecosystem services, regardless of distance, 

eliminated the need to harmonize a large variety of different uses (Jakobsson 2002). 

The increasing population pressure in the basin enhances the need of river water 

dependency for various purposes. Human action, as summarized most 

comprehensively by Goudie (2006), takes place at micro, meso and macro scales and 

influences geomorphological processes (Gregory and Walling, 1987, Lóczy et al., 

2014). The classification of human impact on river environment came from the 

classical work of Martin Haigh (1978). He classified the human impact on channel 

geomorphology as – a. Directly human-induced processes – like construction; 

excavation or hydrological interventions and b. Indirectly human-induced processes – 

like acceleration of erosion and sedimentation; ground subsidence; slope failure and 

earthquakes triggered (Fig. 8.20). Water management was a basic condition for the 

survival of the first civilizations in Egypt, Mesopotamia, the Indus and Ganga valleys 

and in China and has never ceased to be a necessity ever since (Lóczy et al., 2014). 
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Figure 8.20 The ‘human impact’ model (Lóczy, 2008). 

8.9 Channel management: A prior necessity 

Channel management is defined as a course of action that achieves the needs of 

human to manage channels for flood risk and land drainage purposes, that has due 

regard of the needs of ecology and wildlife. In some situations, this can be met by 

allowing natural channel-forming processes to establish (Channel Management 

Handbook, 2015). Channel management for Chel appears as to control the sudden toll 

of floods, heavy bank erosion and engulfing tendency of adjacent flood plain, water 

resource utilization and most importantly preservation of the ecological variety of the 

forest lands at the upper catchment. The management should not be confined within 

engineering solutions in form of dyke, embankment, spur and check dam construction 

rather it should proceede towards finding some sustainable techniques of restoration 

and protection. The channel performance within the valley indicates the most 

favorable idea for analysis and planning. The ability of channel to maintain its natural 

fluvial dynamics is importent for flood risk assessment, water resource management 

and surface drainage regulation etc. Channel management takes place at multiple 

scales. The channel management includes how water level regime and sediment are 

moving, how the bed and banks are being shaped, and what other local influences 

there are (local scale) (Channel Management Handbook, 2015). This includes land 

uses pattern analysis, geology and soils of the basin, and other issues. The quality of 

the channel habitat is maintained by the existing healthy fluvial process like flow 
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regulation, ground water recharge, flow pattern, bar formations, bank architectures 

and riparian growth of vegetation. The long term effect of any obstruction in the 

existing flow and sediment regime of the channel causes the channel habitat 

degradation which bound to be a fact of both climatic shifts and anthropogenic 

pressure on the basin. So, the strategies and necessity of channel management of Chel 

discloses the following points: 

8.9.1 Maintenance of un-regulated surface runoff. 

8.9.2 Maintenance of overall surface drainage within the whole basin. 

8.9.3 Protection of the riparian eco-system from excessive avulsion and high 

sedimentation which ultimately leads to edaphic drought. 

8.9.4 Increasing water storage capacity and related managemental plans for the tea 

gardens. 

8.9.5 Leaving the vulnerable site (human settlement infested) for river bed mining 

and finding alternative virgin sites for bed material extraction within the 

prescribed limit by the competent authorities. 

8.9.6 In-stream extraction of bed materials from below the water level of a stream 

generally causes more changes to the natural hydrologic processes than 

limiting extraction to a reference point above the water level which should be 

followed strictly (Tamang, 2013).  

8.9.7 In-stream extraction of gravel below the deepest part of the channel (thalweg) 

generally causes more changes to the natural hydrologic processes than 

limiting extraction to a reference point above the thalweg (Tamang, 2013). 

8.9.8 Kondolf, et al (2001) suggested the suitable methods of channel bed material 

extraction viz. Bar scalping or skimming, Dry-Pit Channel Extraction, Wet-Pit 

Channel Extraction, Bar Extraction, In-stream Gravel Traps etc.  

8.9.9 No extraction of minerals shall be allowed within 200 m of both sides of any 

river bridge or culvert over any waterway or from any embankment and 

structural works of the irrigation and waterways department (West Bengal 

Minor Minerals Rules, 2002, Schedule V). 

8.9.10 Preparation of sites of channel water storage during monsoon months to be 

used as a source of irrigation water during dry periods. 

8.10 Strategic river management 

It needs to get concern from the previous and ongoing human impacts on the river 

channel. The managemental site purely relies on the human perception of the channel 
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habitat modification and degradation. The basic strategies are sited below (Channel 

Management Handbook, 2015)- 

8.10.1 Economic Strategies- to understand the economic justification for investment 

in flood risk management. 

8.10.2 Structural Solutions- to consider where built defenses are appropriate to 

manage flood, control water levels, provide navigation, and retain water for 

irrigation.  

8.10.3 Environmental Performance- to enable the river management to endure and to 

best manage all the demands on the river system, for breeding fish to flood 

water management.  

8.10.4 Policy advice and stakeholder management- to ensure that communities work 

with and understand their river environments.  

8.11 Conclusion 

River channels provide eco-services to the human beings. But, overexploitation of 

hydrological resources from the channel causes threats to the aquatic eco-system and 

overall habitat of a channel. The rise of population pressure on the channel causes the 

ultimate threat to the channel of Chel. The channel is tectonically controlled at the 

head part. It shows high fluvial dynamics with the slow and mature adjustment of the 

channel. The channel has to bear the sudden flood risk and associated morphological 

changes on the adjacent flood plain (mainly within piedmont surface). At the lower 

part, the channel leads towards quasi-equilibrium condition and shows meandering 

trajectory. The main threat to the channel is excessive sediment extraction from the 

channel which causes the rapid alteration of the channel flow and sediment regime. 

So, the sustainable river management is applicable in reducing occasional flood risk, 

assessment of the flood recurrence, preservation of ecological diversity and 

decreasing the unscientific tendency of channel bed mining. The redline guidance 

(Castro, et al 2006 & Tamang, 2013) of channel extraction by following strategies 

like extraction permit based on measured annual replenishment, establish an absolute 

elevation below which no extraction may occur, extraction of bed materials from the 

downstream portion of the bar, retaining vegetation buffer at edges of water, against 

river bank and long term monitoring may reduce the threat of uncontrolled changes in 

channel hydrological regime. The Chel river is a potential site of water resource and 

its future utilization. The basin encourages eco-tourism (Plate: 8.8), home-stay 

tourism and international trade of delicious tea. Above Gorubathan, the basin is still 
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virgin and zone of Eastern Himalayan bio-diversity hot-spot (Neora Valley National 

Park). Human imprint is rapidly modifying the landuse and land-cover aspect of the 

basin with rapid deforestation in the upper catchment. The water resorce should be 

utilized in agricultural activities. As well it should directly contribute in developing 

Intergrating Watershed Management programme. The focus should be placed on 

implementing sustainable river management programmes to utilize the water resource 

with proper action plans. 

 

Plate 8.1 Bridge construction across the 

river channel at Odlabari 

(2018). 

 

Plate 8.2 Old bridge across the river at 

Upper Fagu (2018). 

 

Plate 8.3 Human settlement (Chel 

Colony) on the right bank at 

Odlabari (2017). 

 

Plate 8.4 Destructed old rail bridge after 

the flood of 1975 at Odlabari 

site (2017). 

 

Plate 8.5 Presence of the concrete wall of 

burning ghat at the right bank 

of Chel at Odlabari (2018). 

 

Plate 8.6 Destructed boulder net spur at 

high flow stage on the left bank 

of Chel at Odlabari (2018). 
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Plate 8.7 Boulder wall construction in 

front of seasonal paddy field on 

the flood plain of Chel at 

Patharjhora (2019). 

 

Plate 8.8 Upper Fagu eco-tourism spot 

on the right bank of Chel 

(2019). 

 

Plate 8.9 Boulder pitched embankment 

of the left bank of Chel at 

Rajadanga (2017). 

 

Plate 8.10 Marks of truck tiers on the 

destroying of mid channel bar 

at Apalchad reach (2018). 

 

Plate 8.11 Stone breaker women on the 

bed of Chel at Manabari site 

(2018). 

 

Plate 8.12 Truck transportation of 

extracted bed materials at 

Odlabari site (2018). 
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Chapter-IX 

Conclusion and Summary 

The characteristics of the mountain front of Darjeeling Sub Himalaya show a great 

diversity depending both on tectonic activity as well as on hydrological regime and 

sediment load of particular streams that leads to bring the fluvial dynamics within the 

channel flowing on piedmont of North Bengal. The significant topographic expression 

at the mountain front of Darjeeling-Bhutanese sub-Himalaya is highly controlled by 

tectonic processes that have been trying to keep pace with the dynamics of fluvial 

processes since long. The relief thrust of Tista in E-W stretch with several neo 

tectonic lineaments controls the fluvial dynamics of the channel. The glacio-fluvial 

deposits on piedmont of North Bengal display distinct litho-facies variation from the 

mountain front of Gorubathan up to the distal fan extension of Chel river at Odlabari. 

The upliftments and over-thrusting during the Neogene and Quaternary era have been 

expressed by the gradual rejuvenation and slow maturation of the relief. The Chel 

flows transversely through the two younger thrusts (MBT and MFT) in hilly course 

and debouches on to the piedmont forming a formidable alluvial fan system. The 

stream energy decreases gradually after the channel debouches on piedmont and 

forms spectacular braided course. The braided channel behavior is related with the 

existing channel processes that lead to frequent changes in the water and sediment 

flow pattern of the river. Channel behavior changes frequently downstream due to the 

supply of discharge as related with the gradual decrease in the slope. On the piedmont 

surface, the channel hydraulic geometry transforms by the supply of high amount of 

bed load and the recession of peak flood discharge settles the suspended load in the 

channel. As well the behaviour of channel longitudinal profile helps in revealing the 

act of complex process-response system in the fluvial dynamics of the channel.  The 

relief measurements disclose the indication of the potential energy storage of the 

drainage system and its present erosion by the fluvial activity. The Chel basin has 

been altering in a systematic way by the cyclic activation of upliftment processes and 

tendency of planation on an un-equal rate. The basin comprises many autogenic 

processes of cut and fill that evolves through the pattern of climatic variability. The 

complexity arises regarding the Hypsometric Integral value (48.56) of the Chel basin 

as a probable of reason of tectonic instability and complex cycle of epierogenetic 

upliftments along the existing lineaments in the basin. The morphometric variables 
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are analyzed to understand the amount of variability and correlation due to the 

continuous fluvial cyclic action with differential impact. The quaternary deposits are 

filling the foreland basin at a rate on 0.3 to 5 cm year
-1

. The evolution of the alluvial 

fans is related with occasional catastrophic flood events. The drainage composition 

indicates the chance and lithological random variations in respect of their 

proportionate development with basin area. The piedmont belt experiences orographic 

rainfall from the moisture laden wind of S-E branch of Indian monsoon. The rainfall 

plays a vital role in shaping the relief of the catchment and suddenly it increases the 

capacity-competency of the flowing water. The isohyets of Chel basin express the 

temporal variability of rainfall on the channel’s fluvial dynamics. In 2015 the 

frequency curve of gauge height shows comparatively higher peakedness which 

indicates the shorter duration of occasional flood discharge in the channel. Short term 

observation of S-D (Stage & Discharge) relationship does not promote any significant 

result and the curve appears with high unexplained variation. The fluvial system of 

Chel falls in high rainfall regime. The peaks in daily gauge height data shows the 

short spells of high discharge that cause  occasional flooding within the channel. This 

short persisting flood discharge causes dynamics in hydro-geomorphology of the 

basin. The piedmont rivers like Chel of alluvial composition form braid courses on the 

basis of distribution of suspended load on the fan surface and its downstream 

distribution by such occasional flooding of the channel. The avulsion process of Chel 

is linked with the duration and peakedness of triggering flood, ratio of sediment flux 

in discharge, geometry of the avulsion node and pre-existing topography of the flood-

plain. The 10 years probability of peak runoff (rational method ) for both the left (LB) 

and right (RB) bank sub basins (3
rd

 order) of Chel yields greater than 106 m
3
 sec

-1
 

peak runoff rate and the 2 years probability of peak runoff generation from both sides 

contributes 86.7 and 76.01 m
3
 sec

-1 
peak runoff rate. It relates with the elongated 

shape of the basin with less water storage time. The characterization of flood 

frequency of 100 years at Odlabari station is approximated as 218.9 cumecs by 

Gumbel’s method. The morpho-dynamics of a channel in relation to the flood is the 

fundamental systematic slow or quick transformation of the channel while attaining 

dynamic equilibrium. The process of morpho-dynamics is a basin scale small changes 

or shifts within the system that leads to changing flow pattern, sediment yield, and 

runoff rate and channel competency. The inevitable result of occasional flood causes 

heavy damage in the channel banks especially during the monsoon. The total erosion 
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volume of the basin from BEHI model has been calculated as 4668.65 ton year
-1

 and 

the average annual rate of erosion has been calculated as 1.124 ton m
 
year

-1
. The high 

rate of bank erosion in the piedmont zone makes the braided channel highly 

vulnerable of oscillation. Within a span of 36 years (1981-2017), the shape of the 

channel on the basis of sinuosity analysis has been completely changed with changing 

fluvial activities in the channel. The present course of Chel attends quasi-stability 

below Patharjhora up to the confluence with Mal river. The nature and pattern of 

recent course shifting follows progressive compression at various sites. The decrease 

of channel width at the outlet is related with the recent changing pattern of storm 

rainfall at the mountains. 

The nature of channel processes makes adjustment with the existing bed forms 

and bank conditions vis-à-vis the basin relief, nature of erosion and longitudinal 

gradient affects the channel processes. In general, the alluvial channel of Chel 

indicates at a time scale, if the estimated discharge increases with similar increase in 

velocity to downstream, it increases the width-depth of the channel, bed-bank stress. 

The increase of velocity downstream results from the fact that the increase in depth 

overcompensates for the decrease in slope. The role of Man-river interaction and its 

effect on the channel hydraulics is considered with greater importance channel 

conditions are highly influenced by the action of running water and human pressure 

on the floodplain. A process of covert interaction is always occurring within the 

channel of Chel to provide equilibrium between intake and release within any 

dynamic mechanism like a river. The channel hydro-geomorphology and its dynamics 

bring transformations to the channel properties towards its behavioral changes by 

means of channel hydraulics and boundary condition. The changes in channel flow 

pattern and sediment regimes following catchment modification is responsible for 

changing the nature of channel. The anthropogenic pressure on the channel disturbs 

the flow pattern, bed form dynamics, bank formation, hydro-dynamics and most 

importantly the eco-system services of Chel river. The land use-cover change within 

the Chel basin is the sign of human impact at large scale avoiding the ecological 

sustainability of the area. The removal of sediment from the channel, in-stream 

material extraction disrupts the preexisting balance between sediment supply and 

transporting capacity, typically inducing incision upstream and downstream of the 

extraction site. On the piedmont surface, the magnitude of channel encroachment is 
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comparatively lower than the lower part below Manabari tea garden. After 2007, the 

channel proceeded towards quasi-stability as it clearly evident from the appearance of 

large mid channel bars in the satellite images 2007 onwards. The channel 

encroachment of Chel on adjacent mouzas is dependent on the temporal width 

variation of the channel cause by the triggering effects like high discharge, occasional 

flood events, frequent avulsion, and construction on channels and excessive channel 

bed mining. The effect of channel mining at Manabari, Odlabari and Damdim sites 

are directly affecting the in-stream geomorphology and channel hydraulic parameters. 

At Patharjhora site, the excessive bed mining also leaves an imprint on the channel 

thresholds for avulsion. The changes greatly hamper the seasonal channel water 

levels.  

The channel of Chel is highly dynamic in relation to the existing rainfall 

regime of the basin. But, the gradual rise in human interferences within the basin over 

time being will destroy the dynamics of the channel. The channel boulder extraction 

has already degraded the channel’s bed form dynamics at Patharjhora, Manabari and 

Odlabari. But, greater influence of anthropogenic activities will cause the joint 

ecological damage of the channel and flood plain. The fluvial system adjustment with 

short phase of neo-tectonics inherently controls the fluvial dynamics and it will be 

retained in future also. But, the channel encroachment with time will degrade the 

fluvial dynamics at the lower part of the channel. The hydro-morphology of Chel river 

is actively connected with rainfall-sediment regime of the basin and alters seasonally. 

But, the awaiting climatic drought, deforestation, in-channel constructions, mining 

will cause the stagnancy of the dynamic wheel of the existing system. 

Last but not the least, the author puts utmost effort to tie up all the probable 

relational aspects of objectives, hypothesis and used methods. A relational trio has 

been formed to justify the link among the objectives, hypothesis and methods (Fig. 

9.1). With all the hard efforts, the author able to approve or accept the hypotheses 

although with different percentage of their acceptance (Table 9.1). The aspects of 

fluvial dynamics of Chel have been established with discussion, quantitative and 

qualitative analysis, logical figures and facts. The fluvial character of the river on 

piedmont and further downstream is unique in nature. The neotectonics interrupts the 

cyclic order of completion a fluvial life. Rather, the system adjusted with dynamic 

equilibrium as the fluvial system faces frequent progression and retrogression. 
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Figure 9.1 Relational model of Objectives-Hypothesis-Methods. 

The built up statistical models of stage-discharge function, discharge and 

suspended load movement, suspended sediment yield from upper catchment, Rainfall-

Runoff (R-R) relation and all other relations between channel hydraulic parameters 

successfully fit  to the analysis. The standard derived relational functions may fit for 

the adjacent channels like Neora, Murti, Kurti and Juranti as they share a uniform 

rainfall regime at their origin. The thesis satisfies the analytical documentation of the 

fluvial character and changes of Chel river flowing on the virgin foreland basin of 

Darjeeling Himalaya and the surface itself calls for preparing marvelous fluvial 

architectures. The entire fluvial system gets abundant energy as getting highest 

rainfall occurrence in the whole West Bengal. The thesis unveils the fluvial behaviour 

and changes of Chel river basin with statistical and cartographical models and 

analysis which may help the fluvial geomorphologists to come and explore the basin 

in future with new analytical dimensions like Neotectonics and fluvial adjustments, 

sedimentogy of Chel fan surface, Changing rainfall pattern and effect on fluvial 

dynamics etc. with many other interesting topics to fill in the research gap. 
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Appendices 

 

Appendix-A  

Field Sheet for Channel Cross Section Survey 

Cross Section Identity-    Date-   Time- 

Distance BS IS FS HI RL Remarks 

       

       

       

       

       

       

Width of Wetted Part of Channel (m)- 

Height of Left Bank (m)-                       Width of the Channel (m) (at 

Central Line)- 

Height of Right Bank (m)-    Width of the reach (m)-   

Length of the reach (m)-     Location of the Reach- 

Location of the Cross sectional Line- 

 

 

Distance Right Bank Left Bank 

BS FS Diff BS FS Diff 

…………..m from 

D/S 

      

0     S/G       

…………m U/S       

   

Fall in………………. m,,,,,,    Mean Diff……………. m,,,,,,,,,,, Slope…………. 

 Longitudinal Leveling (along the bed) 

Dist. BS IS FS Rise  Fall RL 

Water 

level 

0 

      

 

10 

      

 

20 

      

 

30 

      

 

40 

      

 

50 
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Sample BEHI Parameters & Field Entry sheet 

 
Source: Ghosh et al., 2016. (Reference- Chapter-VII) 

Sample BEHI Erosion Calculation Table 

 
Source: Ghosh et al., 2016. (Reference-Chapter-VII) 
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Sample Field sheet for Wentworth’s Sediment Grading Scale 

 

Source: Tamang, 2013 (Reference- Chapter-VII) 

 

Table 1 Approximate physical properties of clear water at atmospheric pressure 

 

Source: Julian, (1998) 
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Table 2 Frequency Factors for Gumbel’s Method 

Source: http://cdn.yourarticlelibrary.com/wp-content/uploads/2015/06/image678.png. 

 

  

http://cdn.yourarticlelibrary.com/wp-content/uploads/2015/06/image678.png
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Appendix-B 

Table 3 Temporal Monthly average Rainfall data of Jalpaiguri District 

Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

1950 0.81 7.249 44.364 33.74 86.746 616.595 505.763 455.663 232.113 145.792 8.119 0.177 

1951 2.004 2.585 51.188 29.354 127.933 455.588 812.618 556.303 243.369 158.897 21.005 0 

1952 0.304 9.221 23.456 151.566 128.745 689.928 496.59 537.117 529.223 109.828 7.124 0 

1953 23.047 1.622 28.795 20.794 142.069 543.656 665.982 271.51 405.221 10.95 0.016 7.274 

1954 18.891 1.801 5.267 19.138 268.484 742.448 764.659 331.866 423.691 90.441 0 7.666 

1955 12.438 4.014 7.392 109.236 109.574 616.826 1105.93 605.016 304.747 46.241 3.136 1.08 

1956 9.487 4.96 32.457 52.955 300.153 522.375 522.306 351.669 341.18 165.339 17.05 2.575 

1957 25.095 2.692 10.973 39.177 175.778 216.072 504.518 350.789 193.549 45.146 2.491 4.204 

1958 15.311 4.201 22.456 94.69 193.229 172.827 539.5 733.556 295.572 52.044 2.576 0.135 

1959 24.247 0.293 8.943 71.064 258.786 390.19 581.507 391.18 432.106 289.745 0.199 0 

1960 0.261 0.893 33.503 18.402 177.459 270.936 634.618 335.217 584.521 53.638 0.098 0.066 

1961 0.548 21.119 10.287 56.056 140.059 422.642 446.109 287.926 303.581 182.532 7.014 2.726 

1962 12.213 9.306 13.487 78.421 226.978 505.26 411.013 601.8 353.228 41.456 0 0.449 

1963 0.594 0.335 59.884 81.454 241.183 405.578 639.992 361.588 356.842 104.405 7.166 0.131 

1964 2.256 3.89 9.284 61.147 176.555 447.44 684.077 307.01 234.374 105.543 1.301 0 

1965 0 10.626 21.265 90.253 193.193 254.243 461.175 594.047 175.965 23.793 23.881 0.863 

1966 20.733 4.188 7.671 36.764 138.968 361.706 394.745 479.109 233.098 27.338 15.556 1.909 

1967 0.754 1.19 68.495 137.092 68.839 264.416 547.481 321.421 421.648 114.272 3.302 0.008 

1968 12.454 1.475 12.099 63.858 168.959 475.351 711.616 393.351 199.302 483.832 2.498 2.094 

1969 11.116 0.49 31.005 74.364 223.624 362.814 613.424 512.764 356.476 59.138 24.812 0 

1970 7.951 24.688 18.78 53.947 138.965 516.723 481.298 488.499 337.029 43.094 2.339 0 

1971 4.694 3.039 14.893 96.181 199.579 394.067 563.986 447.229 381.353 276.933 20.191 0.114 

1972 4.362 14.827 32.472 81.67 178.294 252.42 476.446 314.995 500.037 65.637 15.583 0 

1973 8.203 13.032 9.739 58.342 229.903 666.181 516.997 383.929 406.856 468.237 23.76 1.299 

1974 9.513 0 10.577 70.444 257.141 417.029 866.313 391.902 474.135 79.77 0.282 0.146 

1975 3.215 2.458 4.618 84.483 215.925 517.461 785.12 224.906 615.202 55.219 0 0.101 

1976 5.376 17.606 9.768 102.897 241.639 522.732 434.408 498.66 277.29 40.493 0.596 0.011 

1977 0.841 2.537 18.356 134.896 294.349 338.149 538.788 449.191 240.17 226.099 23.846 12.33 

1978 6.759 7.163 39.873 99.348 357.051 519.073 630.852 424.613 400.938 76.396 36.66 0.06 

1979 3.041 17.792 2.018 72.556 117.656 351.545 680.27 543.219 322.14 126.19 17.076 42.956 

1980 1.114 5.42 28.583 72.076 298.291 412.236 528.932 443.608 328.017 78.571 0 0.699 

1981 22.789 6.856 26.508 119.013 337.278 318.865 690.578 412.819 361.742 2.91 6.021 13.123 

1982 0.023 8.057 16.74 80.063 99.812 494.543 420.557 283.688 361.265 105.41 15.125 1.66 

1983 7.995 12.797 23.382 49.789 278.354 359.366 779.79 328.994 343.412 100.232 0 23.476 

1984 18.468 10.733 14.354 130.965 325.354 838.304 766.181 453.999 552.04 79.032 1.018 1.746 

1985 1.213 11.7 14.077 101.809 221.966 376.21 871.489 338.436 377.639 330.429 8.86 26.974 

1986 0.041 2.296 5.546 151.535 168.198 469.448 596.014 273.787 449.928 127.575 9.514 31.993 

1987 3.235 10.545 53.353 121.155 175.542 397.34 813.064 642.263 467.593 344.772 1.225 3.619 

1988 0.686 13.656 21.421 115.302 255.314 331.011 752.584 673.726 343.028 13.868 13.679 23.895 

1989 26.532 33.775 22.264 41.576 564.352 671.638 822.587 273.122 572.038 62.834 14.89 4.899 

1990 0.192 28.935 39.319 92.09 309.182 461.856 593.561 384.874 480.86 181.742 0 0 

1991 33.948 14.409 30.484 22.881 156.106 532.25 456.898 644.21 630.136 55.806 0.299 13.494 

1992 5.2 3.952 18.913 93.611 331.943 248.508 765.421 513.31 335.605 23.08 1.003 2.022 

1993 37.224 11.639 41.793 107.055 274.694 425.883 394.851 560.86 457.238 40.144 3.257 0 

1994 37.601 11.272 28.348 138.142 138.867 450.124 430.663 567.376 240.11 52.338 33.815 1.289 

1995 31.994 17.755 9.187 74.915 173.218 413.166 535.604 344.025 475.15 22.733 27.06 6.678 

1996 8.749 11.816 9.074 97.707 277.693 210.261 465.94 458.554 295.41 114.133 0 0 

1997 9.038 19.56 17.846 79.626 337.694 272.18 369.601 406.776 474.622 66.553 17.454 16.749 

1998 0.482 14.901 29.15 102.359 303.489 246.466 491.619 505.685 387.861 301.517 11.388 0 

1999 4.404 2.755 4.866 5.488 348.707 388.233 601.349 533.395 376.571 108.299 6.653 0.295 

2000 5.847 8.056 32.319 38.334 255.983 474.229 323.655 492.411 412.889 24.323 0.272 0.295 

2001 1.237 3.692 24.538 80.732 287.541 358.713 484.257 372.067 255.3 148.274 2.263 0 

2002 8.167 4.147 17.302 119.749 209.147 371.679 512.079 405.368 372.897 125.071 15.75 0 

Source: www.indiawaterportal.org. 

 

http://www.indiawaterportal.org./
http://www.indiawaterportal.org./
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Table 4 Patharjhora Pre & Post Monsoon Reduced Levels of Channel Bed 

2017 Pre March 
2017 Post 

November 
2016  March 2016 November 2015 March 

2015 

November 

248 249.705 248 248 248 248 

245.71 244.705 246.51 244.91 247.31 245.905 

247.87 247.45 247.67 247.315 247.97 247.87 

247.875 247.875 247.895 247.795 248.195 247.795 

247.415 247.215 247.615 247.315 248.315 247.615 

246.325 247.1 247.335 247.135 248.135 247.985 

246.375 246.175 246.675 246.675 247.575 247.675 

246.78 246.68 246.98 246.68 247.48 246.985 

247.175 246.975 247.575 247.175 247.175 247.475 

247.25 247.15 247.15 247.15 247.15 247.15 

248.185 247.56 248.285 247.785 248.365 248.285 

248.205 248.405 248.205 248.005 248.225 248.205 

248.31 248.21 247.61 247.51 247.545 247.51 

247.965 247.665 247.965 247.465 247.875 247.465 

248.25 248.35 248.15 248.375 248.35 248.135 

248.67 248.57 248.17 247.945 248.47 248.37 

248.59 248.39 248.59 248.295 247.805 248.29 

247.955 247.655 247.545 247.645 247.645 247.545 

247.995 247.995 247.35 246.755 247.25 247.35 

247.17 247.47 246.95 246.45 246.825 247.105 

247.365 247.265 247.665 247.665 247.665 247.665 

246.795 246.415 246.995 246.595 247.895 246.565 

247.66 247.76 247.36 247.56 247.326 247.56 

248.48 248.18 248.48 248.485 248.685 248.48 

247.705 247.705 248.305 248.105 248.605 248.355 

247.516 247.416 248.416 248.216 248.516 248.416 

247.732 247.102 247.932 247.632 247.832 247.932 

247.302 247.302 247.502 247.402 247.775 247.302 

246.902 247.102 247.902 247.902 247.902 247.402 

246.91 246.811 247.91 247.91 247.325 246.365 

246.721 246.221 247.721 247.421 247.721 247.121 

246.77 246.17 247.97 246.97 247.225 247.37 

246.835 246.432 247.25 246.95 247.25 247.15 

246.515 245.265 247.025 246.225 247.725 246.525 

247.215 247.415 247.215 247.215 247.315 247.915 

249.305 249.205 249.215 249.215 249.215 249.215 

Source: Field survey by the author. 

Table 5 Manabari Pre & Post Monsoon Reduced Levels of Channel Bed 

2017 March 2016 March 2015 March 2017 November 2016 November 
2015 

November 

181.2 181.2 181.2 181.2 181.2 181.2 

180.1 180 180.1 180 180.2 180.1 

180 180.1 180.1 179.515 180.1 179.8 

180 180.1 180 179 180.01 179.71 

180.1 180.1 180 179.21 179.9 179.66 

180 180.2 180 179.25 179.9 179.73 

180.1 180.2 180.1 179.73 179.8 179.705 

180.2 180.25 180.21 179.5 179.87 179.61 

180.1 180.12 180.22 179.61 179.7 179.655 
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180.01 180.26 180.28 179.655 179.6 179.73 

180 180.2 180.1 180 179.93 179.835 

180 180.15 180.2 180.1 179.835 180.005 

180 180.2 180.2 180.005 179.9 180.085 

180.085 180.25 180.2 180.085 180.085 180 

180 180.3 180.2 180 180.2 179.93 

179.93 180.3 180.1 179.93 180.2 180.065 

180.065 180.3 180.1 180.2 180.4 180.225 

180.325 180.3 180.1 180.225 180.115 180.3 

180.5 180.5 180.35 180.1 180.2 180.35 

180.4 180.55 180.5 180.55 180.24 180.555 

180.4 180.35 180.295 180.555 180.3 180.4 

180.5 180.33 180.3 180.4 180.43 180.02 

180.35 180.37 180.3 180.02 180.22 180.13 

180.3 180.41 180.4 180.13 180.23 180.26 

180.26 180.36 180.46 180.36 180.26 180.215 

180.2 180.28 180.44 180.39 180.28 180.32 

180.22 180.3 180.35 180.52 180.32 180.4 

180.35 180.3 180.39 180.4 180.39 180.46 

180.35 180.4 180.35 180.4 180.25 180.455 

180.455 180.45 180.355 180.455 180.25 180.27 

180.5 180.37 180.37 180.77 180.37 180.465 

180.55 180.4 180.45 180.465 180.465 180.345 

180.4 180.345 180.345 180.345 180.445 180.455 

180.45 180.355 180.365 180.455 180.455 180.575 

180.4 180.65 180.465 180.565 180.565 180.64 

180.54 180.65 180.54 180.64 180.64 180.465 

180.65 180.665 180.5 180.765 180.765 180.54 

180.54 180.45 180.45 180.54 180.54 180.73 

180.53 180.53 180.53 180.53 180.53 180.63 

180.5 180.6 180.53 180.31 180.63 180.77 

180.42 180.5 180.57 180.32 180.57 181.018 

180.47 180.74 180.54 180.34 180.54 181.082 

180.38 180.6 180.6 180.58 180.53 181.099 

180.35 180.5 180.65 180.5 180.45 180.98 

180.35 180.5 180.65 180.39 180.34 180.7 

180.4 180.6 180.6 180.4 180.37 180.75 

180.45 180.67 180.67 180 180.47 180.67 

180.6 180.7 180.7 180 180.5 180.4 

180.65 180.73 180.7 180.12 180.32 180.35 

180.63 180.73 180.61 180.23 180.23 180.21 

180.55 180.65 180.65 180.245 180.35 180.45 

181.255 181.2 181.155 181.255 181.255 181.155 

182.255 182.255 182.255 182.255 182.255 182.255 

Source: Field survey by the author. 

Table 6 Odlabari Pre & Post Monsoon Reduced Levels of Channel Bed 

2015March 2016 March 2017 March 2015 November 2016  November 2017 November 

159.5 159.5 159.5 159.5 159.5 159.5 

158.25 158.15 158.1 158.4 158.3 157.6 

158.2 158.25 158.23 157.63 158 157.93 

158.26 158.26 158.36 158.46 158.46 158.36 

158.65 158.55 158.45 158 158.75 158.35 
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158.7 158.58 158.28 158.1 158.74 158.44 

158.72 158.579 158.479 158.21 158.679 158.579 

158.45 158.32 158.39 158.25 158.28 158.38 

158.15 158.45 158.15 158.25 158.25 158.25 

157.65 157.65 157.61 157.65 157.45 157.95 

157.64 157.44 157.54 157.84 157.44 157.44 

157.68 157.58 157.68 157.78 157.78 157.58 

157.75 157.55 157.52 157.87 157.47 157.67 

157.75 157.65 157.75 157.85 157.35 157.55 

157.12 157.32 157.22 158 157.22 157.22 

157.18 157.66 157.16 157.79 157.29 157.29 

157 157 157.15 157.15 157 157.05 

157.12 157.21 157.04 157 157 157.15 

157.25 157.35 157.25 157 157.25 157.15 

157.15 157.25 157.05 156.1 156.5 156.4 

157.34 157.34 157.24 156.25 156.4 156.05 

157.35 157.21 157.21 156.25 156.72 156.2 

157.36 157.104 157.046 156.35 156.25 156.35 

157.25 157.32 157.22 156.52 156.12 156 

157.29 156.712 156.912 156.42 156.4 155.95 

157.1 157.25 157.1 156.322 156.322 155.87 

161.222 161.222 161.222 161.222 161.222 161.222 

Source: Field survey by the author. 

Table 7 Apalchad Pre & Post Monsoon Reduced Levels of Channel Bed 

2015 March 2016 March 2017 March 2015 November 2016 November 2017 November 

112 112 112 112 112 112 

110.85 110.8 110.92 110.05 110.13 110 

111.35 111.15 111.35 110 110.15 110.2 

111.45 111.25 111.25 110.2 110.15 110 

111.41 111.35 111.25 110.1 110 109.89 

111 110.955 110.655 110.15 110.01 110 

110.65 110.9 110.835 110.55 110.5 110.48 

111.1 110.925 110.725 110.59 110.65 110.57 

111.4 111.25 111.085 110.75 110.81 110.8 

111.45 111.65 111.85 110.8 110.75 110.85 

111.85 112 111.95 110.75 110.84 110.75 

112.65 112.4 112.2 110.85 110.98 110.85 

112.15 112 112.28 110.8 110.78 110.9 

112.44 112.34 112.14 110.8 110.85 110.95 

111.5 111.56 111.86 110.95 110.95 110.85 

111.75 111.5 111.895 111.1 110.95 110.75 

111.85 111.65 111.78 111 110.8 110.79 

111.89 111.75 111.81 110.95 110.75 110.85 

112.25 112.3 111.91 110.9 110.85 110.8 

111.65 111.85 111.66 111 110.95 110.85 

112.15 112.1 111.94 111.15 110.95 110.95 

112 112.375 112.275 111 111.1 111.05 

112 112.35 112.175 111.05 111.25 111.45 
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111.83 111.53 111.63 111 110.8 110.9 

111.47 111.67 111.87 110.85 110.7 110.85 

111.57 111.87 111.67 110.7 110.75 110.65 

111.625 111.425 111.625 110.65 110.8 110.84 

112.2 111.95 111.775 110.75 110.9 110.85 

111.55 111.65 111.45 110.65 110.55 110.65 

111.3 111 110.85 110.55 110.7 110.65 

110.75 110.95 110.85 110.6 110.75 110.55 

111 111.2 111 110.8 110.83 110.85 

110.85 110.95 110.85 110.8 110.7 110.65 

112.81 112.81 112.81 112.81 112.8 112.8 

Source: Field survey by the author. 

Table 8 Rajadanga Pre & Post Monsoon Reduced Levels of Channel Bed 

2015 March 2016 March 2017 March 2015 November 2016 November 2017 November 

97 97 97 97 97 97 

94 94.25 94.25 93.54 93.44 93.14 

93.85 93.95 94.01 93.15 93.25 93.35 

93.75 93.45 93.85 93.42 93.32 93.22 

93.55 93.65 93.45 93.35 93.15 93.05 

93.65 93.45 93.35 93.55 93.45 93.51 

93.95 93.75 93.75 93.65 93.55 93.45 

94.55 94.65 94.95 94.1 94.2 94.3 

94.65 94.75 94.95 94.15 94.25 94.2 

94.68 94.58 95 94.25 94.45 94.55 

94.85 94.95 95.05 94.32 94.52 94.62 

95.01 94.95 94.95 94.25 94.45 94.55 

95.1 95 95.2 94.45 94.35 94.25 

94.85 94.75 94.55 94.35 94.15 94 

94.95 94.75 94.65 94.65 94.45 94.35 

95.02 95 94.85 94.65 94.55 94.45 

95 95.25 95.1 94.73 94.83 94.95 

95.22 95.35 95.25 94.52 94.72 94.85 

94.95 94.95 94.85 94.44 94.54 94.6 

95.15 95 94.75 94.67 94.27 94.37 

95.25 95.35 95.15 94.56 94.36 94.25 

94.65 94.85 94.75 94.77 94.47 94.57 

94.75 94.55 94.45 94.32 94.12 94.2 

94.55 94.45 94.25 94.25 94.35 94.45 

94.45 94.55 94.45 94.05 94.15 94 

93.95 93.7 93.85 94.12 94 94.05 

93.88 93.75 93.45 94 94.1 93.9 

93.75 93.65 93.55 93.69 93.5 93.2 

93.82 93.62 93.5 93.57 93.37 93.27 

96 96 96 96 96 96 

Source: Field survey by the author. 

 

 



Appendices 

303 

Table 9 Post Monsoon Channel Hydraulic Parameters (2017) 

Station Cross 

Sectional 

Area (m2) 

Maximum 

Wetted 

Perimeter 

(m) 

Maximum 

Hydraulic 

Mean Depth 

(m) 

Maximum 

Velocity 

M2 Sec-1 

Maximum 

Discharge 

M3 Sec-1 

Max. 

Width 

(m) 

Max. 

Depth 

(m) 

Depth-

Width Ratio 

Patharjhora 204.0 110.32 1.84 0.73 148.92 286.3 3.10 0.010 

Manabari 181.3 110.0 1.64 0.75 135.98 373.0 2.24 0.006 

Odlabari 94.0 68.5 1.37 0.65 61.1 142.0 1.95 0.014 

Apalchad 165.5 110.0 1.50 0.62 102.61 283.0 1.84 0.018 

Rajadanga 175.0 118.0 1.48 0.63 110.25 242.0 1.63 0.015 

Source: Computed by the author. 

Table 10 Post Monsoon Channel Hydraulic Parameters (2016) 

Station Hydraulic parameters 

Maximum 

Cross 

Sectional 

Area (m2) 

Maximum 

Wetted 

Perimeter 

(m) 

Maximum 

Hydraulic 

Mean Depth 

(m) 

Maximum 

Velocity 

m2 Sec-1 

Maximum 

Discharge 

m3 Sec-1 

Max. 

Width 

(m) 

Max. 

Depth 

(m) 

Depth-

Width 

Ratio 

 

Patharjhora 185.50 102.50 1.80 0.76 140.98 278.5 2.78 0.009 

Manabari 163.03 105.0 1.55 0.78 127.16 367.3 2.95 0.008 

Odlabari 85.00 75.03 1.13 0.63 53.55 145.0 1.87 0.012 

Apalchad 169.5 121.2 1.39 0.65 110.18 281.05 1.82 0.006 

Rajadanga 140.70 111.0 1.23 0.61 85.82 235.04 1.71 0.007 

Source: Computed by the author. 

Table 11 Post Monsoon Channel Hydraulic Parameters (2015) 

Station Hydraulic parameters 

Maximum 

Cross 

Sectional 

Area (m2) 

Maximum 

Wetted 

Perimeter 

(m) 

Maximum 

Hydraulic 

Mean Depth 

(m) 

Maximum 

Velocity 

m2 Sec-1 

Maximum 

Discharge 

m3 Sec-1 

Max. 

Width 

(m) 

Max. 

Depth 

(m) 

Depth-

Width 

Ration 

 

Patharjhora 162.10 97.35 1.66 0.68 110.228 262.57 2.65 0.010 

Manabari 142.03 98.12 1.45 0.72 102.26 381.0 2.10 0.006 

Odlabari 81.00 69.15 1.17 0.58 46.98 156.2 1.91 0.012 

Apalchad 154.6 121.0 1.23 0.61 94.30 256.1 1.87 0.007 

Rajadanga 134.20 96.45 1.39 0.57 76.49 220.5 1.60 0.007 

Source: Computed by the author. 

Table 12 Post Monsoon Channel Hydraulic Parameters at Patharjhora station 

Dates Patharjhora (Post Monsoon) 

  A (m2) V (V)m2 Sec-1  Qm3 Sec-1  (P)(m)  (hR) (m) 

28/10/2015 12.20 0.57 6.95 15.0 0.81 

12/11/2015 9.65 0.45 4.32 12.0 0.80 

17/11/2015 7.34 0.43 3.15 10.50 0.69 

24/10/2016 15.23 0.61 9.29 15.65 0.97 

29/10/2016 11.09 0.40 4.43 14.32 0.77 

7/11/2016 9.21 0.37 3.40 12.31 0.75 

15/11/2016 9.02 0.32 2.88 12.0 0.74 

21/11/2016 5.18 0.21 1.09 8.50 0.60 

25/10/2017 14.12 0.62 8.75 17.15 0.82 

02/11/2017 10.32 0.51 5.26 14.15 0.73 

11/11/2017 7.84 0.40 3.14 12.55 0.62 

Source: Computed by the author. 
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Table 13 Post Monsoon Channel Hydraulic Parameters at Manabari & Odlabari Station 

Dates Manabari (Post Monsoon) Dates Odlabari (Post Monsoon) 

 A 

 (m2) 

V 

m2 Sec-1 

Q 

m3 Sec-1 

P 

(m) 

hR 

(m) 

 A  

(m2) 

V 

M2 Sec-1 

Q 

m3 Sec-1 

P 

(m) 

hR 

(m) 

24/10/15 21.03 0.60 12.61 18.31 1.15 24/10/15 20.05 0.59 11.83 25.52 0.78 

28/10/15 20.85 0.43 9.0 17.25 1.20 28/10/15 20.15 0.51 10.27 23.87 0.84 

12/11/15 16.12 0.35 5.64 17.32 0.93 12/11/15 15.05 0.37 5.57 19.72 0.76 

17/11/15 15.05 0.29 4.36 17.12 0.88 17/11/15 9.35 0.28 2.61 14.51 0.64 

29/10/16 22.32 0.63 14.06 18.75 1.19 29/10/16 19.2 0.62 11.9 22.23 0.86 

7/11/16 14.02 0.42 5.89 15.62 0.89 7/11/16 13.5 0.48 6.48 16.73 0.80 

11/11/16 12.03 0.37 4.45 13.27 0.90 11/11/16 9.05 0.37 3.35 13.54 0.66 

25/10/17 48.40 0.68 32.91 38.58 1.25 25/10/17 21.78 0.57 12.41 23.45 0.93 

02/11/17 20.12 0.39 7.84 21.26 0.95 02/11/17 10.23 0.41 4.19 13.51 0.76 

11/11/17 17.25 0.33 5.69 20.5 0.84 11/11/17 9.00 0.30 2.70 12.32 0.73 

Source: Computed by the author. 

Table 14 Post Monsoon Channel Hydraulic Parameters at Apalchad & Rajadanga Station 

Dates Apalchad  (Post Monsoon) Dates Rajadanga  (Post Monsoon) 

 A  

(m2) 

V 

m2 Sec-1 

Q 

m3 Sec-1 

P 

(m) 

hR 

(m) 

 A (m2) V 

m2 Sec-1 

Q 

m3 Sec-1 

P 

(m) 

hR 

(m) 

24/10/15 15.30 0.62 9.48 35.21 0.43 24/10/15 16.50 0.66 10.89 30.5 0.54 

28/10/15 14.67 0.42 6.16 32.48 0.45 28/10/15 12.79 0.53 6.78 29.4 0.43 

12/11/15 3.73 0.36 1.34 22.45 0.17 12/11/15 4.15 0.34 1.41 18.45 0.22 

17/11/15 3.43 0.32 1.09 22.00 0.16 17/11/15 4.12 0.30 1.23 17.45 0.23 

29/10/16 8.71 0.58 5.05 32.14 0.27 29/10/16 8.54 0.68 5.80 28.45 0.30 

7/11/16 3.55 0.41 1.45 20.74 0.17 7/11/16 4.21 0.50 2.10 16.48 0.25 

11/11/16 4.12 0.32 1.31 20.15 0.20 11/11/16 4.10 0.39 1.59 15.85 0.26 

25/10/17 9.15 0.69 6.31 34.15 0.27 25/10/17 8.13 0.55 4.47 26.45 0.30 

02/11/17 3.72 0.42 1.56 21.08 0.18 02/11/17 4.12 0.40 1.65 21.78 0.19 

11/11/17 3.53 0.37 1.30 18.50 0.19 11/11/17 4.00 0.32 1.28 20.7 0.19 

Source: Computed by the author. 

Table 15 Pre Monsoon Channel Hydraulic Parameters at Patharjhora Station 

Dates Patharjhora (Pre- Monsoon) 

 
A 

(m2) 

V 

m2 Sec-1 

Q 

m3 Sec-1 

P 

(m) 

hR 

(m) 

28/03/15 3.12 0.42 1.31 12.58 0.25 

07/04/15 2.34 0.42 0.98 15.48 0.15 

16/04/15 2.08 0.40 0.83 16.47 0.13 

02/04/16 2.43 0.45 1.09 13.85 0.18 

12/04/16 2.16 0.38 0.82 15.78 0.14 

28/04/16 2.17 0.34 0.84 16.84 0.12 

05/04/17 3.12 0.46 1.43 14.32 0.22 

14/04/17 2.80 0.47 1.31 16.71 0.17 

20/04/17 2.71 0.42 1.14 17.85 0.15 

29/04/17 2.65 0.45 1.19 18.45 0.14 

Source: Computed by the author. 
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Table 16 Pre Monsoon Channel Hydraulic Parameters at Manabari & Odlabari Station 

Dates Manabari (Pre Monsoon) Dates Odlabari (Pre  Monsoon) 

 A 

(m2) 

V 

m2 Sec-1 

Q 

m3 Sec-1 

P 

(m) 

hR 

(m) 

 A 

(m2) 

V 

m2 Sec-1 

Q 

m3 Sec-1 

P 

(m) 

hR 

(m) 

28/03/15 8.34 0.43 3.58 16.57 0.50 28/03/15 7.47 0.39 2.91 12.74 0.59 

07/04/15 10.23 0.40 4.09 17.48 0.58 05/04/15 9.37 0.40 3.75 15.28 0.61 

16/04/15 10.35 0.41 4.24 18.77 0.55 16/04/15 9.54 0.40 3.82 16.75 0.57 

02/04/16 7.58 0.40 3.03 15.48 0.49 02/04/16 9.05 0.47 4.25 16.45 0.55 

12/04/16 8.95 0.41 3.67 16.74 0.53 12/04/16 9.45 0.48 4.54 17.57 0.54 

28/04/16 10.12 0.39 3.95 18.75 0.54 24/04/16 10.05 0.50 5.03 19.42 0.52 

05/04/17 9.12 0.45 4.10 19.32 0.47 05/04/17 9.16 0.37 3.39 15.78 0.58 

14/04/17 11.15 0.45 5.01 17.51 0.65 16/04/17 9.50 0.51 4.85 16.42 0.58 

20/04/17 11.32 0.46 5.20 18.75 0.60 20/04/17 9.52 0.46 4.38 17.12 0.56 

29/04/17 12.40 0.45 5.58 19.47 0.64 29/04/17 10.34 0.49 5.07 17.85 0.58 

Source: Computed by the author. 

 

Table 17 Pre Monsoon Channel Hydraulic Parameters at Apalchad & Rajadanga Station 

Dates Apalchad (Pre Monsoon) Dates Rajadanga (Pre Monsoon) 

 
A 

(m2) 

V 

m2 Sec-1 

Q 

m3 Sec-1 

P 

(m) 

hR 

(m) 
 

A 

(m2) 

V 

m2 Sec-1 

Q 

m3 Sec-1 

P 

(m) 

hR 

(m) 

28/03/15 4.29 0.38 1.63 34.87 0.12 28/03/15 3.72 0.37 1.38 34.57 0.10 

07/04/15 4.89 0.49 2.39 35.87 0.12 05/04/15 4.56 0.43 1.96 35.18 0.10 

16/04/15 7.48 0.50 3.74 36.42 0.21 16/04/15 4.67 0.42 1.96 36.78 0.13 

02/04/16 4.65 0.39 1.81 32.17 0.14 02/04/16 4.78 0.34 1.64 29.47 0.16 

12/04/16 4.78 0.37 1.77 33.47 0.14 12/04/16 5.02 0.45 2.25 28.47 0.17 

28/04/16 7.43 0.41 3.05 34.18 0.22 24/04/16 5.23 0.51 2.67 34.14 0.14 

05/04/17 3.67 0.41 1.50 31.47 0.12 05/04/17 4.26 0.41 1.75 35.41 0.12 

14/04/17 3.56 0.40 1.42 32.47 0.10 16/04/17 4.87 0.41 1.99 34.47 0.14 

20/04/17 5.24 0.47 2.46 33.58 0.16 20/04/17 5.67 0.40 2.26 35.78 0.16 

29/04/17 8.65 0.47 4.07 34.74 0.25 29/04/17 10.93 0.54 5.90 36.78 0.15 

Source: Computed by the author. 

 

Table 18 Pre Monsoon downstream variation in Cross sectional area (A) m
2
 and Surface velocity (V) 

m
2
 sec

-1
 

A (m2) A(m2) A(m2) A(m2) A(m2) V m2 Sec-1 V m2 Sec-1 V m2 Sec-1 V m2 Sec-1 V m2 Sec-1 

Patharjhora Manabari Odlabari Apalchad Rajadanga Patharjhora Manabari Odlabari Apalchad Rajadanga 

3.12 8.34 7.47 4.29 3.72 0.42 0.43 0.39 0.38 0.37 

2.34 10.23 9.37 4.89 4.56 0.42 0.4 0.4 0.49 0.43 

2.08 10.35 9.54 7.48 4.67 0.4 0.41 0.4 0.5 0.42 

2.43 7.58 9.05 4.65 4.78 0.45 0.4 0.47 0.39 0.34 

2.16 8.95 9.45 4.78 5.02 0.38 0.41 0.48 0.37 0.45 

2.17 10.12 10.05 7.43 5.23 0.34 0.39 0.5 0.41 0.51 

3.12 9.12 9.16 3.67 4.26 0.46 0.45 0.37 0.41 0.41 

2.8 11.15 9.5 3.56 4.87 0.47 0.45 0.51 0.4 0.41 

2.71 11.32 9.52 5.24 5.67 0.42 0.46 0.46 0.47 0.4 

2.65 12.4 10.34 8.65 10.93 0.45 0.45 0.49 0.47 0.54 

Source: Computed by the author. (Note: Dates as mentioned in Table 15) 
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Table 19  Pre Monsoon downstream variation of Discharge (Q) in cumecs and Wetted perimeter                    

(P) in m 

Q Q Q Q Q P P P P P 

Patharjhora Manabari Odlabari Apalchad Rajadanga Patharjhora Manabari Odlabari Apalchad Rajadanga 

1.31 3.58 2.91 1.63 1.38 12.58 16.57 12.74 34.87 34.57 

0.98 4.09 3.75 2.39 1.96 15.48 17.48 15.28 35.87 35.18 

0.83 4.24 3.82 3.74 1.96 16.47 18.77 16.75 36.42 36.78 

1.09 3.03 4.25 1.81 1.64 13.85 15.48 16.45 32.17 29.47 

0.82 3.67 4.54 1.77 2.25 15.78 16.74 17.57 33.47 28.47 

0.84 3.95 5.03 3.05 2.67 16.84 18.75 19.42 34.18 34.14 

1.43 4.1 3.39 1.5 1.75 14.32 19.32 15.78 31.47 35.41 

1.31 5.01 4.85 1.42 1.99 16.71 17.51 16.42 32.47 34.47 

1.14 5.2 4.38 2.46 2.26 17.85 18.75 17.12 33.58 35.78 

1.19 5.58 5.07 4.07 5.9 18.45 19.47 17.85 34.74 36.78 

Source: Computed by the author. (Note: Dates as mentioned in Table 15) 

Table 20 Pre Monsoon downstream variation of Hydraulic mean depth (hR) in m 

hR hR hR hR hR 

Patharjhora Manabari Odlabari Apalchad Rajadanga 

0.25 0.5 0.59 0.12 0.1 

0.15 0.58 0.61 0.12 0.1 

0.13 0.55 0.57 0.21 0.13 

0.18 0.49 0.55 0.14 0.16 

0.14 0.53 0.54 0.14 0.17 

0.12 0.54 0.52 0.22 0.14 

0.22 0.47 0.58 0.12 0.12 

0.17 0.65 0.58 0.1 0.14 

0.15 0.6 0.56 0.16 0.16 

0.14 0.64 0.58 0.25 0.15 

Source: Computed by the author. (Note: Dates as mentioned in Table 15) 

Table 21 Post Monsoon downstream variation in Cross sectional area (A) m
2
 and Surface velocity 

(V) m
2
 sec

-1
 

A A A A A V V V V V 

Patharjhora Manabari Odlabari Apalchad Rajadanga Patharjhora Manabari Odlabari Apalchad Rajadanga 

12.2 21.03 20.05 15.3 16.5 0.57 0.6 0.59 0.62 0.66 

9.65 20.85 20.15 14.67 12.79 0.45 0.43 0.51 0.42 0.53 

7.34 16.12 15.05 3.73 4.15 0.43 0.35 0.37 0.36 0.34 

15.23 15.05 9.35 3.43 4.12 0.61 0.29 0.28 0.32 0.3 

11.09 22.32 19.2 8.71 8.54 0.4 0.63 0.62 0.58 0.68 

9.21 14.02 13.5 3.55 4.21 0.37 0.42 0.48 0.41 0.5 

9.02 12.03 9.05 4.12 4.1 0.32 0.37 0.37 0.32 0.39 

5.18 48.4 21.78 9.15 8.13 0.21 0.68 0.57 0.69 0.55 

14.12 20.12 10.23 3.72 4.12 0.62 0.39 0.41 0.42 0.4 

10.32 17.25 9 3.53 4 0.51 0.33 0.3 0.37 0.32 

7.84 - - - - 0.4 - - - - 

Source: Computed by the author. (Note: Dates as mentioned in Table 12) 
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Table 22 Post Monsoon downstream variation of Discharge (Q) in cumecs and Wetted perimeter (P) 

in m 

Q Q Q Q Q P P P P P 

Patharjhora Manabari Odlabari Apalchad Rajadanga Patharjhora Manabari Odlabari Apalchad Rajadanga 

6.95 12.61 11.83 9.48 10.89 15 18.31 25.52 35.21 30.5 

4.32 9 10.27 6.16 6.78 12 17.25 23.87 32.48 29.4 

3.15 5.64 5.57 1.34 1.41 10.5 17.32 19.72 22.45 18.45 

9.29 4.36 2.61 1.09 1.23 15.65 17.12 14.51 22 17.45 

4.43 14.06 11.9 5.05 5.8 14.32 18.75 22.23 32.14 28.45 

3.4 5.89 6.48 1.45 2.1 12.31 15.62 16.73 20.74 16.48 

2.88 4.45 3.35 1.31 1.59 12 13.27 13.54 20.15 15.85 

1.09 32.91 12.41 6.31 4.47 8.5 38.58 23.45 34.15 26.45 

8.75 7.84 4.19 1.56 1.65 17.15 21.26 13.51 21.08 21.78 

5.26 5.69 2.7 1.3 1.28 14.15 20.5 12.32 18.5 20.7 

3.14 - - - - 12.55 - - - - 

Source: Computed by the author. (Note: Dates as mentioned in Table 12) 

Table 23 Post Monsoon downstream variation of Hydraulic mean depth (hR) in m 

hR hR hR hR hR 

Patharjhora Manabari Odlabari Apalchad Rajadanga 

0.81 1.15 0.78 0.43 0.54 

0.8 1.2 0.84 0.45 0.43 

0.69 0.93 0.76 0.17 0.22 

0.97 0.88 0.64 0.16 0.23 

0.77 1.19 0.86 0.27 0.3 

0.75 0.89 0.8 0.17 0.25 

0.74 0.9 0.66 0.2 0.26 

0.6 1.25 0.93 0.27 0.3 

0.82 0.95 0.76 0.18 0.19 

0.73 0.84 0.73 0.19 0.19 

0.62 - - - - 

Source: Computed by the author. (Note: Dates as mentioned in Table 12) 

Table 24 Size Classes of channel load (>2 mm) and Downstream Variation 

Site 1 Patharjhora 

Size Class 2015 Pre 2016 Pre 2017 Pre Size Class 2015 Post 2016 Post 2017 Post 

2 0 0 0 2 0 0 0 

4 0 0 0 4 0 0 0 

6 0 0 0 6 0 0 0 

8 0 0 0 8 0 0 0 

11 0 0 0 11 0 0 0 

16 0 0 0 16 0 0 0 

22 0 3 0 22 0 0 0 

32 0 7 0 32 0 0 0 

45 8 10 0 45 0 0 8 

64 10 8 12 64 0 8 9 

90 9 7 16 90 9 11 8 

128 15 11 9 128 12 9 12 

180 14 20 17 180 14 16 9 

256 12 17 25 256 22 12 15 

512 10 8 10 512 18 21 14 

1024 12 7 6 1024 15 17 16 
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2048 8 2 5 2048 8 5 5 

4096 2 0 0 4096 2 0 4 

Site 2          2 km downstream 

Size Class 2015 Pre 2016 Pre 2017 Pre Size Class 2015 Post 2016 Post 2017 Post 

2 0 0 0 2 0 0 0 

4 0 0 0 4 0 0 0 

6 0 0 0 6 0 0 0 

8 0 0 0 8 0 0 0 

11 0 0 0 11 0 0 0 

16 0 0 0 16 0 0 0 

22 0 0 0 22 0 0 0 

32 0 0 0 32 0 0 0 

45 0 0 2 45 0 0 4 

64 7 5 6 64 0 4 7 

90 9 10 12 90 11 7 5 

128 15 11 8 128 8 13 8 

180 22 16 22 180 17 15 14 

256 13 10 25 256 21 21 23 

512 21 24 13 512 24 22 25 

1024 11 12 6 1024 16 18 10 

2048 2 9 4 2048 2 0 4 

4096 0 3 2 4096 0 0 0 

Site 3 (4 km d/s) 

      Size Class 2015 Pre 2016 Pre 2017 Pre Size Class 2015 Post 2016 Post 2017 Post 

2 0 0 0 2 0 0 0 

4 0 0 0 4 0 0 0 

6 0 0 0 6 0 0 0 

8 0 0 0 8 0 0 0 

11 0 0 0 11 0 0 0 

16 0 0 0 16 0 0 0 

22 3 0 4 22 0 0 3 

32 0 6 3 32 5 9 11 

45 8 4 8 45 11 12 8 

64 11 14 11 64 17 18 11 

90 9 11 13 90 12 22 17 

128 21 17 17 128 17 11 16 

180 15 19 18 180 8 9 12 

256 17 13 11 256 11 5 8 

512 9 8 6 512 6 5 8 

1024 7 6 6 1024 8 6 2 

2048 0 0 0 2048 2 3 2 

4096 0 2 3 4096 3 0 2 

Site 4 (6 km d/s) 

      Size Class 2015 Pre 2016 Pre 2017 Pre Size Class 2015 Post 2016 Post 2017 Post 

2 0 0 0 2 0 0 0 

4 0 0 0 4 0 0 0 

6 0 0 0 6 0 0 0 

8 0 0 0 8 0 0 0 

11 0 0 0 11 0 0 0 

16 0 0 0 16 3 6 0 

22 6 7 9 22 7 5 7 

32 9 9 11 32 11 9 10 

45 11 14 14 45 9 12 9 

64 15 13 8 64 7 13 13 

90 9 9 14 90 14 17 18 
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128 13 13 21 128 17 10 10 

180 10 9 7 180 11 7 8 

256 12 14 8 256 15 8 9 

512 13 8 4 512 5 10 8 

1024 2 3 2 1024 3 3 6 

2048 0 0 0 2048 0 0 2 

4096 0 0 0 4096 0 0 0 

Site 5 (8 km d/s) 

      Size Class 2015 Pre 2016 Pre 2017 Pre Size Class 2015 Post 2016 Post 2017 Post 

2 0 0 0 2 0 0 0 

4 0 0 0 4 0 0 0 

6 0 0 0 6 0 0 0 

8 0 0 0 8 0 0 0 

11 0 0 0 11 0 0 0 

16 0 0 0 16 3 6 0 

22 6 7 9 22 7 5 7 

32 9 9 11 32 11 9 10 

45 11 14 14 45 9 12 9 

64 15 13 8 64 7 13 13 

90 9 9 14 90 14 17 18 

128 13 13 21 128 17 10 10 

180 10 9 7 180 11 7 8 

256 12 14 8 256 15 8 9 

512 13 8 4 512 5 10 8 

1024 2 3 2 1024 3 3 6 

2048 0 0 0 2048 0 0 2 

4096 0 0 0 4096 0 0 0 

Site6(10 km d/s) 

      Size Class 2015 Pre 2016 Pre 2017 Pre Size Class 2015 Post 2016 Post 2017 Post 

2 0 0 0 2 0 0 0 

4 0 0 0 4 0 0 0 

6 0 0 0 6 0 0 0 

8 0 0 0 8 0 0 0 

11 0 0 0 11 3 1 2 

16 0 0 0 16 2 2 2 

22 2 5 1 22 5 0 4 

32 5 8 2 32 11 3 0 

45 13 13 9 45 7 11 4 

64 12 16 13 64 14 8 15 

90 16 14 10 90 16 14 11 

128 18 12 17 128 20 18 9 

180 8 14 16 180 8 21 21 

256 11 12 16 256 9 15 20 

512 9 6 8 512 5 7 13 

1024 0 0 0 1024 0 0 0 

2048 0 0 0 2048 0 0 0 

4096 0 0 0 4096 0 0 0 

Site 7(12 km d/s) 

      Size Class 2015 Pre 2016 Pre 2017 Pre Size Class 2015 Post 2016 Post 2017 Post 

2 0 0 0 2 0 0 0 

4 0 0 2 4 0 0 2 

6 3 0 0 6 3 2 3 

8 1 4 3 8 2 2 0 

11 2 2 4 11 2 3 3 

16 4 6 0 16 1 2 2 
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22 0 9 3 22 9 0 7 

32 8 11 8 32 0 3 8 

45 11 6 11 45 10 12 9 

64 13 11 15 64 13 10 12 

90 16 12 14 90 7 10 13 

128 9 12 14 128 14 14 16 

180 13 18 13 180 12 18 20 

256 17 7 8 256 12 17 3 

512 3 1 0 512 11 6 1 

1024 0 0 0 1024 0 0 0 

2048 0 0 0 2048 0 0 0 

4096 0 0 0 4096 0 0 0 

Site 9 (16 km d/s) 

      Size Class 2015 Pre 2016 Pre 2017 Pre Size Class 2015 Post 2016 Post 2017 Post 

2 0 0 0 2 0 0 0 

4 0 0 0 4 0 0 0 

6 0 0 0 6 4 0 0 

8 2 4 2 8 2 3 4 

11 3 5 2 11 7 5 3 

16 4 10 7 16 11 7 7 

22 11 7 8 22 9 11 12 

32 9 14 16 32 8 9 11 

45 10 8 18 45 16 14 9 

64 14 17 13 64 14 16 17 

90 15 13 10 90 10 13 6 

128 13 8 11 128 8 8 11 

180 8 5 8 180 6 7 12 

256 6 6 3 256 2 3 4 

512 7 3 2 512 2 4 4 

1024 0 0 0 1024 1 0 0 

2048 0 0 0 2048 0 0 0 

4096 0 0 0 4096 0 0 0 

Site 10 (18 km d/s) 

      Size Class 2015 Pre 2016 Pre 2017 Pre Size Class 2015 Post 2016 Post 2017 Post 

2 0 0 0 2 0 0 0 

4 0 2 3 4 0 0 0 

6 3 6 5 6 6 4 0 

8 3 4 5 8 5 9 10 

11 6 5 2 11 9 6 9 

16 4 10 7 16 12 10 12 

22 11 6 8 22 14 7 11 

32 9 14 14 32 9 17 9 

45 10 8 15 45 8 13 13 

64 13 14 11 64 13 10 11 

90 15 12 10 90 11 12 9 

128 11 6 7 128 7 8 7 

180 8 5 8 180 3 2 3 

256 3 6 3 256 3 2 4 

512 6 1 2 512 0 0 1 

1024 0 0 0 1024 0 0 0 

2048 0 0 0 2048 0 0 0 

4096 0 0 0 4096 0 0 0 

Site 11 (20 km d/s) 

      Size Class 2015 Pre 2016 Pre 2017 Pre Size Class 2015 Post 2016 Post 2017 Post 

2 0 0 0 2 0 0 0 
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4 2 0 3 4 5 3 5 

6 5 3 2 6 7 6 2 

8 7 8 6 8 11 8 6 

11 12 11 12 11 11 12 11 

16 18 10 13 16 8 7 12 

22 14 12 12 22 17 14 16 

32 9 13 8 32 13 13 11 

45 11 15 11 45 9 10 9 

64 8 7 9 64 5 8 11 

90 7 9 10 90 8 6 5 

128 4 7 4 128 4 7 6 

180 2 3 8 180 2 3 5 

256 1 1 2 256 0 2 1 

512 0 1 0 512 0 1 0 

1024 0 0 0 1024 0 0 0 

2048 0 0 0 2048 0 0 0 

4096 0 0 0 4096 0 0 0 

Site 12 (22 km d/s) 

      Size Class 2015 Pre 2016 Pre 2017 Pre Size Class 2015 Post 2016 Post 2017 Post 

2 5 0 0 2 0 0 0 

4 3 4 3 4 5 8 5 

6 5 7 8 6 9 6 9 

8 11 9 11 8 12 12 14 

11 12 12 11 11 11 12 5 

16 11 11 13 16 16 5 9 

22 7 16 15 22 8 13 12 

32 9 11 10 32 7 11 7 

45 11 8 9 45 12 14 11 

64 14 9 8 64 5 8 8 

90 6 11 5 90 8 6 10 

128 4 4 4 128 7 4 6 

180 2 0 3 180 0 3 3 

256 0 0 0 256 0 0 1 

512 0 0 0 512 0 0 0 

1024 0 0 0 1024 0 0 0 

2048 0 0 0 2048 0 0 0 

4096 0 0 0 4096 0 0 0 

Site 13 (24 km d/s) 

      Size Class 2015 Pre 2016 Pre 2017 Pre Size Class 2015 Post 2016 Post 2017 Post 

2 4 0 6 2 0 0 0 

4 7 5 5 4 4 3 6 

6 12 7 8 6 7 7 5 

8 11 11 11 8 7 8 8 

11 8 9 12 11 11 11 12 

16 13 12 13 16 12 14 7 

22 14 15 16 22 15 13 15 

32 11 12 7 32 9 8 12 

45 7 8 8 45 12 8 10 

64 8 6 7 64 10 7 6 

90 5 9 5 90 7 10 4 

128 0 4 0 128 6 8 9 

180 0 2 0 180 0 3 6 

256 0 0 0 256 0 0 0 

512 0 0 0 512 0 0 0 

1024 0 0 0 1024 0 0 0 
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2048 0 0 0 2048 0 0 0 

4096 0 0 0 4096 0 0 0 

Site 13 (26km d/s) 

      Size Class 2015 Pre 2016 Pre 2017 Pre Size Class 2015 Post 2016 Post 2017 Post 

2 0 0 7 2 3 0 0 

4 4 3 3 4 6 5 5 

6 5 7 9 6 8 8 7 

8 11 9 12 8 5 11 11 

11 11 12 6 11 11 15 12 

16 15 15 8 16 12 8 12 

22 17 13 13 22 16 13 9 

32 14 16 15 32 4 11 11 

45 8 8 11 45 8 10 15 

64 9 5 5 64 10 6 8 

90 5 9 7 90 9 8 4 

128 2 2 4 128 8 3 6 

180 0 1 0 180 0 2 0 

256 0 0 0 256 0 0 0 

512 0 0 0 512 0 0 0 

1024 0 0 0 1024 0 0 0 

2048 0 0 0 2048 0 0 0 

4096 0 0 0 4096 0 0 0 

Source: Field Survey by the author (Based on Wentworth Sediment grade scale). 

Table 25 Estimated Monsoon Discharge at Odlabari (2015) 

Date 

2015 

Surface Width 

(m) 

A 

(m2) 

Estimated 

Velocity (m sec-1) 

Estimated 

Discharge (Cumecs) 

7-6-15 64.2 89 0.4183 41.64 

8-6-15 64.5 89 0.48 42.52 

18-6-15 73.6 81 0.51 41.29 

30-6-15 74.81 120 0.53 63.44 

1-7-15 79.23 198.08 0.71 140.63 

12-7-15 80.32 104.42 0.61 63.69 

15-7-15 82.15 115 0.67 77.05 

20-7-15 87.4 166.06 0.67 111.26 

23-7-15 88.3 167.77 0.66 110.73 

1-7-15 79.23 198.08 0.71 140.63 

12-7-15 80.32 104.42 0.61 63.69 

15-7-15 82.15 115 0.67 77.05 

20-7-15 87.4 166.06 0.67 111.26 

23-7-15 88.3 167.77 0.66 110.73 

6-8-15 92.8 139.2 0.65 90.48 

18-8-15 99.21 138.89 0.67 93 

24-8-15 105.2 152.54 0.69 105.25 

28-8-15 110.21 187.36 0.7 131.15 

29-8-15 114.7 183.52 0.71 130.29 

30-8-15 114.5 206.1 0.68 140.15 

1-9-15 118.32 278.05 0.61 169.61 

2-9-15 111.8 234.78 0.63 147.91 

20-9-15 96.23 134.7 0.57 76.78 

22-9-15 91.5 146.4 0.51 74.67 

24-9-15 85.2 136.32 0.51 69.52 

11-10-15 73.5 95.56 0.47 44.91 
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24-10-15 67.32 84.15 0.43 36.18 

25-10-15 67.22 84 0.43 36.12 

28-10-15 63.1 78.9 0.41 32.34 

29-10-15 63 78.8 0.4 31.52 

Source: Computed by the author. 

Table 26  Monsoon Concentration and Estimation of Suspended Load in Channel discharge at 

Odlabari (2015) 

Concentration gm ltr-1 Load tons day-1 

Coarse Med Fine Coarse Med Fine Total Load (tons day-1) 

0.008 0.003 0.0041 17.98848 10.793088 14.7505536 43.53 

0.008 0.002 0.003 29.38982 7.347456 11.021184 47.76 

0.0051 0.0034 0.0037 18.19403 12.1293504 13.1995872 43.52 

0.0083 0.003 0.0031 45.49409 16.443648 16.9917696 78.93 

0.01 0.0058 0.012 121.5043 70.4725056 145.805184 337.78 

0.0072 0.003 0.0044 39.62028 16.508448 24.2123904 80.34 

0.0062 0.003 0.0048 41.27414 19.97136 31.954176 93.20 

0.0062 0.0039 0.009 59.59976 37.4901696 86.515776 183.61 

0.0058 0.0027 0.008 55.48902 25.8310944 76.536576 157.86 

0.007 0.0054 0.012 85.05302 65.6123328 145.805184 296.47 

0.0062 0.002 0.0065 34.11746 11.005632 35.768304 80.89 

0.0041 0.0021 0.0066 27.29419 13.979952 43.936992 85.21 

0.0051 0.0021 0.0092 49.02561 20.1870144 88.4383488 157.65 

0.0045 0.0031 0.008 43.05182 29.6579232 76.536576 149.25 

0.0042 0.0012 0.009 32.83338 9.3809664 70.357248 112.57 

0.004 0.0028 0.008 32.1408 22.49856 64.2816 118.92 

0.0042 0.003 0.009 38.19312 27.2808 81.8424 147.32 

0.0052 0.0025 0.008 58.92307 28.3284 90.65088 177.90 

0.004 0.0026 0.008 45.02822 29.2683456 90.056448 164.35 

0.0034 0.0035 0.007 41.17046 42.38136 84.76272 168.31 

0.0039 0.0058 0.015 57.15179 84.9949632 219.81456 361.96 

0.003 0.0035 0.009 38.33827 44.727984 115.014816 198.08 

0.0043 0.003 0.005 28.52531 19.901376 33.16896 81.60 

0.004 0.004 0.005 25.80595 25.805952 32.25744 83.87 

0.0041 0.003 0.005 24.62676 18.019584 30.03264 72.68 

0.0042 0.0032 0.0054 16.29694 12.4167168 20.9532096 49.67 

0.004 0.003 0.005 12.50381 9.377856 15.62976 37.51 

0.006 0.0034 0.005 18.72461 10.6106112 15.60384 44.94 

0.005 0.003 0.006 13.97088 8.382528 16.765056 39.12 

0.0057 0.004 0.005 15.52297 10.893312 13.61664 40.03 

Source: Computed by the author. 

Table 27 Estimated Monsoon Discharge at Odlabari (2016) 

 
2016 

Date 
Surface Width 

(m) 
A (m2) 

Estimated 

Velocity (m sec-1) 

Estimated 

Discharge (Cumecs) 

14-5-16 58.2 17.46 0.43 7.5078 

30-5-16 62.5 31.25 0.45 14.0625 

4-6-16 65.3 58.77 0.44 25.8588 

6-6-16 67.7 74.47 0.45 33.5115 

13-6-16 88.2 255.78 0.43 109.9854 

14-6-16 84.6 114.21 0.44 50.2524 

17-6-16 81.3 117.885 0.45 53.04825 
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19-6-16 82.5 111.375 0.45 50.11875 

21-6-16 76.3 99.19 0.47 46.6193 

24-6-16 85.7 119.98 0.66 79.1868 

30-6-16 84.2 113.67 0.47 53.4249 

1-7-16 87.3 122.22 0.47 57.4434 

19-7-16 89.6 165.76 0.48 79.5648 

20-7-16 90.23 144.368 0.49 70.74032 

22-7-16 90.2 184.91 0.5 92.455 

23-7-16 95.2 185.64 0.5 92.82 

24-7-16 96.5 173.7 0.49 85.113 

26-7-16 99.7 169.49 0.51 86.4399 

17-8-16 112.3 162.835 0.63 102.5861 

22-8-16 113.2 152.82 0.67 102.3894 

31-8-16 112.7 163.415 0.71 116.0247 

1-9-16 110.2 154.28 0.69 106.4532 

11-9-16 97.5 156 0.68 106.08 

20-9-16 86.3 146.71 0.63 92.4273 

23-9-16 83.1 124.65 0.61 76.0365 

8-10-16 74.2 103.88 0.56 58.1728 

13-10-16 71.3 114.08 0.55 62.744 

14-10-16 71 113.6 0.56 63.616 

24-10-16 66.2 95.99 0.47 45.1153 

25-10-16 60.4 84.56 0.45 38.052 

28-10-16 60.1 84.14 0.43 36.1802 

29-10-16 60.1 84.14 0.43 36.1802 

Source: Computed by the author. 

Table 28 Monsoon Concentration and Estimation of Suspended Load in Channel discharge at 

Odlabari (2016) 

Concentration gm ltr-1 

 
Load tons day-1 

 
Total Load (tons day-1) 

Coarse Med Fine Coarse Med Fine 
 

0.003 0.002 0.0019 1.95 1.30 1.23 4.48 

0.0033 0.002 0.0021 4.01 2.43 2.55 8.99 

0.004 0.0016 0.0022 8.94 3.57 4.92 17.43 

0.0068 0.0021 0.002 19.69 6.08 5.79 31.56 

0.008 0.004 0.0073 76.02 38.01 69.37 183.40 

0.005 0.0015 0.0031 21.71 6.51 13.46 41.68 

0.006 0.0018 0.0035 27.50 8.25 16.04 51.79 

0.004 0.0021 0.0032 17.32 9.09 13.86 40.27 

0.004 0.003 0.004 16.11 12.08 16.11 44.31 

0.004 0.003 0.006 27.37 20.53 41.05 88.94 

0.0039 0.0028 0.009 18.00 12.92 41.54 72.47 

0.006 0.0027 0.007 29.78 13.40 34.74 77.92 

0.0063 0.0031 0.008 43.31 21.31 55.00 119.61 

0.0053 0.003 0.0091 32.39 18.34 55.62 106.35 

0.0061 0.008 0.0078 48.73 63.90 62.31 174.94 

0.0043 0.008 0.009 34.48 64.16 72.18 170.82 

0.004 0.007 0.008 29.42 51.48 58.83 139.72 

0.004 0.005 0.007 29.87 37.34 52.28 119.49 

0.0041 0.006 0.007 36.34 53.18 62.04 151.56 

0.0032 0.005 0.009 28.31 44.23 79.62 152.16 

0.0041 0.0058 0.009 41.10 58.14 90.22 189.46 

0.0045 0.0054 0.0086 41.39 49.67 79.10 170.15 

0.0052 0.0045 0.0082 47.66 41.24 75.16 164.06 
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0.005 0.005 0.008 39.93 39.93 63.89 143.74 

0.0064 0.002 0.006 42.05 13.14 39.42 94.60 

0.006 0.001 0.005 30.16 5.03 25.13 60.31 

0.007 0.0015 0.006 37.95 8.13 32.53 78.61 

0.008 0.0016 0.0061 43.97 8.79 33.53 86.29 

0.006 0.0021 0.005 23.39 8.19 19.49 51.06 

0.0037 0.0023 0.0043 12.16 7.56 14.14 33.86 

0.004 0.002 0.0041 12.50 6.25 12.82 31.57 

0.004 0.002 0.0032 12.50 6.25 10.00 28.76 

Source: Computed by the author. 

Table 29 Estimated Monsoon Discharge at Odlabari (2017) 

 

2017 

Date 

Surface Width 

(m) A (m2) 

Estimated 

Velocity (m sec-1) 

Estimated 

Discharge (Cumecs) 

15/05/17 64.4 38.64 0.59 22.7976 

5/6/2017 57.8 70.516 0.48 33.84768 

6/6/2017 58.2 87.3 0.45 39.285 

17/6/2017 66.25 92.75 0.44 40.81 

20/6/2017 69.4 128.39 0.44 56.4916 

29/6/2017 77.3 127.545 0.45 57.39525 

6/7/2017 78.3 144.855 0.59 85.46445 

9/7/2017 79.2 158.4 0.64 101.376 

10/7/2017 79.4 154.83 0.64 99.0912 

11/7/2017 81.3 146.34 0.6 87.804 

8/8/2017 96.4 106.04 0.72 76.3488 

11/8/2017 103.8 124.56 0.78 97.1568 

12/8/2017 123.4 203.61 0.84 171.0324 

13/8/2017 116.5 174.75 0.74 129.315 

28/8/2017 105.2 105.2 0.75 78.9 

31/8/2017 104.1 114.51 0.76 87.0276 

5/9/2017 110.5 138.125 0.8 110.5 

9/9/2017 111.3 133.56 0.68 90.8208 

10/9/2017 115.6 150.28 0.64 96.1792 

11/9/2017 116.3 174.45 0.68 118.626 

1/10/2017 82.5 82.5 0.58 47.85 

6/10/2017 74.3 74.3 0.48 35.664 

17/10/2017 66.5 63.175 0.46 29.0605 

24/10/2017 63.5 57.15 0.47 26.8605 

25/10/2017 62.3 56.07 0.45 25.2315 

28/10/2017 56.2 50.58 0.42 21.2436 

29/10/2017 55 55 0.4 22 

Source: Computed by the Author. 

Table 30 Monsoon Concentration and Estimation of Suspended Load in Channel discharge at 

Odlabari (2017) 

Concentration gm ltr-1 

 

Load tons day-1 

 Total Load (tons day-1) Coarse Med Fine Coarse Med Fine 

0.0075 0.002 0.0027 14.7728448 3.93942528 5.318224128 24.03 

0.008 0.002 0.0026 23.3955164 5.848879104 7.603542835 36.85 

0.008 0.0016 0.0022 27.153792 5.4307584 7.4672928 40.05 

0.0068 0.0021 0.0025 23.9766912 7.4045664 8.81496 40.20 

0.007 0.002 0.0032 34.1661197 9.76174848 15.61879757 59.55 
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0.006 0.003 0.004 29.7536976 14.8768488 19.8357984 64.47 

0.0062 0.0018 0.0045 45.7815966 13.29143126 33.22857816 92.30 

0.004 0.0031 0.0052 35.0355456 27.15254784 45.54620928 107.73 

0.0047 0.003 0.0046 40.2389545 25.68443904 39.38280653 105.31 

0.005 0.003 0.006 37.931328 22.7587968 45.5175936 106.21 

0.0039 0.0028 0.009 25.7264916 18.4703017 59.36882688 103.57 

0.006 0.0027 0.008 50.3660851 22.6647383 67.15478016 140.19 

0.0064 0.0051 0.012 94.5740759 75.36371674 177.3263923 347.26 

0.0057 0.004 0.009 63.6850512 44.691264 100.555344 208.93 

0.0061 0.008 0.0088 41.583456 54.53568 59.989248 156.11 

0.0043 0.008 0.009 32.332494 60.15347712 67.67266176 160.16 

0.004 0.007 0.008 38.1888 66.8304 76.3776 181.40 

0.004 0.005 0.007 31.3876685 39.2345856 54.92841984 125.55 

0.0041 0.007 0.008 34.0705198 58.16918016 66.47906304 158.72 

0.005 0.0071 0.009 51.246432 72.76993344 92.2435776 216.26 

0.006 0.005 0.008 24.80544 20.6712 33.07392 78.55 

0.0045 0.005 0.007 13.8661632 15.406848 21.5695872 50.84 

0.0052 0.0051 0.007 13.0563014 12.80521872 17.5757904 43.44 

0.005 0.005 0.008 11.603736 11.603736 18.5659776 41.77 

0.0064 0.002 0.008 13.9520102 4.3600032 17.4400128 35.75 

0.006 0.001 0.005 11.0126822 1.83544704 9.1772352 22.03 

0.0074 0.0015 0.006 14.06592 2.8512 11.4048 28.32 

Source: computed by the author. 

Table 31 Monsoon Runoff calculation at Odlabari 

Date Runoff (Ha.m.) Date Runoff (Ha.m.) Date Runoff (Ha. m.) 

14-5-16 64.86739 7-6-15 359.77 15-05-17 152.21 

30-5-16 121.5 8-6-15 367.37 5-6-17 292.44 

4-6-16 223.42 18-6-15 356.75 6-6-2017 339.42 

6-6-16 289.5394 30-6-15 548.12 17-6-2017 352.60 

13-6-16 950.2739 1-7-15 1215.04 20-6-2017 488.09 

14-6-16 434.1807 12-7-15 550.28 29-6-2017 495.89 

17-6-16 458.3369 15-7-15 665.71 6-7-2017 525.65 

19-6-16 433.026 20-7-15 961.29 9-7-2017 615.86 

21-6-16 402.7908 23-7-15 956.71 10-7-2017 682.24 

24-6-16 684.174 1-7-15 1215.04 11-7-2017 632.19 

30-6-16 461.5911 12-7-15 550.28 8-8-2017 430.61 

1-7-16 496.311 15-7-15 665.71 11-8-2017 699.53 

19-7-16 687.4399 20-7-15 961.29 12-8-2017 1284.21 

20-7-16 611.1964 23-7-15 956.71 13-8-2017 1071.99 

22-7-16 798.8112 6-8-15 781.75 28-8-2017 563.54 

23-7-16 801.9648 18-8-15 803.52 31-8-2017 643.09 

24-7-16 735.3763 24-8-15 909.36 5-9-2017 680.24 

26-7-16 746.8407 28-8-15 1133.14 9-9-2017 669.30 

17-8-16 886.3435 29-8-15 1125.71 10-9-2017 830.99 

22-8-16 884.6444 30-8-15 1210.90 11-9-2017 979.71 

31-8-16 1002.453 1-9-15 1633.65 1-10-2017 392.04 

1-9-16 919.7556 2-9-15 1277.94 6-10-2017 308.14 

11-9-16 916.5312 20-9-15 663.38 17-10-2017 251.08 

20-9-16 798.5719 22-9-15 645.15 24-10-2017 232.07 

23-9-16 656.9554 24-9-15 600.65 25-10-2017 218.00 

8-10-16 502.613 11-10-15 388.02 28-10-2017 183.54 

13-10-16 542.1082 24-10-15 312.60 29-10-2017 190.08 

14-10-16 549.6422 25-10-15 312.08 - - 
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24-10-16 389.7962 28-10-15 279.42 - - 

25-10-16 328.7693 29-10-15 272.33 - - 

28-10-16 312.5969 - - - - 

29-10-16 312.5969 - 

 

- 

 Source: computed by the author. 

Table 32 Monthly Average Rainfall (mm) at Gorubathan 

 

Jan Feb Mar Apr May June July Aug Sep Oct Nov Dec 

2014 14.9 23.4 72.8 93.7 432.4 1119 531 1667.9 992 62 0 0 

2015 20.4 35.3 99.1 249.4 593.7 938.9 1208 1188.8 971.2 28.3 59.5 0 

2016 2.5 0 54.6 69 530.2 1411.4 1480.4 776.8 802.7 409.1 0 0 

2017 0 0 82.2 164.9 653.8 1512.3 1760 1662.5 1023.7 43.1 23.2 0 

2018 0 27.3 37.5 175.5 557.4 851.5 1262.3 882 NA NA NA NA 

Source: Office of the Additional Director of Agriculture, North Bengal Region (Jalpaiguri), Dept. of 

Agriculture. 

Table 33 Monthly Average Rainfall (mm) at Malbazar 

 

Jan Feb Mar Apr May June July Aug Sep Oct Nov Dec 

2014 8.4 8.2 4.9 11.1 357.8 706 628.2 935.7 501.9 13.3 13.3 0.5 

2015 1.5 27.4 35.1 208.8 285.3 673.8 448.1 1123.4 808.1 65 28.2 0 

2016 16 6.1 125.1 131.2 185 1122.4 1410.5 299.2 738.8 283 0 2.4 

2017 1 2 136.7 135.8 233 871 757.6 970.6 816.6 82.4 0 0 

2018 0 0 81 89.6 492.6 552.5 908.2 663.4 NA NA NA NA 

Source: Office of the Additional Director of Agriculture, North Bengal Region (Jalpaiguri), Dept. of 

Agriculture. 

Table 34 Monthly Average Rainfall (mm) at Batabari 

 

Jan Feb Mar Apr May June July Aug Sep Oct Nov Dec 

2014 0 11.8 18.2 39 382.2 832 342.8 901.6 588.8 16 16 0 

2015 8.2 6.4 60.8 154 407 765.8 479.4 1189 874.4 134 12.4 0 

2016 3.6 21.2 141.8 128 237.2 959.6 1928 224.2 948.2 238 0 0 

2017 0.8 5 114.2 90.4 370 813.2 766.4 1294.3 747.6 244.9 0 0 

2018 0 0 49.6 79.1 556.8 607.6 842.2 805.6 NA NA NA NA 

Source: Office of the Additional Director of Agriculture, North Bengal Region (Jalpaiguri), Dept. of 

Agriculture. 

Table 35 Daily Maximum gauge height of river Chel at Odlabari 

Date Water level (m) Date Water level (m) Date Water level (m) 

1-5-15 1.33 1-5-16 0.22 1-5-17 1.00 

2-5-15 1.26 2-5-16 0.5 2-5-17 0.7 

3-5-15 1.26 3-5-16 0.15 3-5-17 0.5 

4-5-15 1.21 4-5-16 0.2 4-5-17 0.8 

5-5-15 1.16 5-5-16 0.1 5-5-17 0.7 

6-5-15 1.20 6-5-16 0.24 6-5-17 1.1 

7-5-15 1.12 7-5-16 0.3 7-5-17 0.8 

8-5-15 1.10 8-5-16 0.6 8-5-17 0.6 

9-5-15 1.14 9-5-16 0.21 9-5-17 0.6 

10-5-15 1.12 10-5-16 0.25 10-5-17 0.52 

11-5-15 1.21 11-5-16 1.10 11-5-17 0.67 

12-5-15 1.26 12-5-16 1.10 12-5-17 0.63 

13-5-15 1.22 13-5-16 0.00 13-5-17 1.11 

14-5-15 1.21 14-5-16 1.93 14-5-17 1.11 

15-5-15 1.21 15-5-16 0.30 15-5-17 0.6 
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16-5-15 1.22 16-5-16 0.30 16-5-17 1.24 

17-5-15 1.21 17-5-16 0.58 17-5-17 1.05 

18-5-15 1.23 18-5-16 0.27 18-5-17 1.1 

19-5-15 1.12 19-5-16 0.57 19-5-17 1.08 

20-5-15 1.43 20-5-16 0.36 20-5-17 1.15 

21-5-15 1.31 21-5-16 0.36 21-5-17 1.12 

22-5-15 1.35 22-5-16 0.28 22-5-17 1.21 

23-5-15 1.36 23-5-16 0.29 23-5-17 1.1 

24-5-15 1.33 24-5-16 0.28 24-5-17 1 

25-5-15 1.35 25-5-16 0.50 25-5-17 1.05 

26-5-15 1.36 26-5-16 0.47 26-5-17 1.05 

27-5-15 1.38 27-5-16 0.45 27-5-17 1.09 

28-5-15 1.33 28-5-16 0.44 28-5-17 1.09 

29-5-15 1.34 29-5-16 0.50 29-5-17 1.1 

30-5-15 1.32 30-5-16 0.49 30-5-17 1.09 

31-5-15 1.41 31-5-16 0.50 31-5-17 1.09 

1-6-15 1.43 1-6-16 0.65 1-6-17 1.07 

2-6-15 1.44 2-6-16 0.64 2-6-17 1.13 

3-6-15 1.35 3-6-16 0.62 3-6-17 1.2 

4-6-15 1.35 4-6-16 0.65 4-6-17 1.23 

5-6-15 1.37 5-6-16 0.90 5-6-17 1.22 

6-6-15 1.39 6-6-16 1.42 6-6-17 1.5 

7-6-15 1.39 7-6-16 1.10 7-6-17 1.42 

8-6-15 1.35 8-6-16 1.20 8-6-17 1.3 

9-6-15 1.36 9-6-16 1.20 9-6-17 1.35 

10-6-15 1.37 10-6-16 1.20 10-6-17 1.4 

11-6-15 1.38 11-6-16 1.10 11-6-17 1.5 

12-6-15 1.40 12-6-16 1.25 12-6-17 1.91 

13-6-15 1.50 13-6-16 2.75 13-6-17 1.65 

14-6-15 1.50 14-6-16 2.95 14-6-17 1.35 

15-6-15 1.50 15-6-16 1.35 15-6-17 1.25 

16-6-15 1.40 16-6-16 1.30 16-6-17 1.55 

17-6-15 1.44 17-6-16 1.25 17-6-17 1.6 

18-6-15 2.10 18-6-16 1.45 18-6-17 1.85 

19-6-15 1.62 19-6-16 1.45 19-6-17 1.8 

20-6-15 1.51 20-6-16 1.35 20-6-17 1.95 

21-6-15 1.53 21-6-16 1.45 21-6-17 1.4 

22-6-15 1.55 22-6-16 1.30 22-6-17 1.85 

23-6-15 1.75 23-6-16 1.35 23-6-17 1.6 

24-6-15 1.60 24-6-16 2.25 24-6-17 1.65 

25-6-15 1.55 25-6-16 1.40 25-6-17 1.55 

26-6-15 1.55 26-6-16 1.35 26-6-17 1.75 

27-6-15 1.55 27-6-16 1.40 27-6-17 1.5 

28-6-15 1.54 28-6-16 1.32 28-6-17 1.65 

29-6-15 1.66 29-6-16 1.45 29-6-17 1.65 

30-6-15 1.63 30-6-16 1.70 30-6-17 1.6 

1-7-15 2.58 1-7-16 1.35 1-7-17 1.85 

2-7-15 1.82 2-7-16 1.40 2-7-17 1.75 

3-7-15 1.54 3-7-16 1.30 3-7-17 1.54 

4-7-15 1.44 4-7-16 1.40 4-7-17 1.55 

5-7-15 1.20 5-7-16 1.70 5-7-17 1.6 

6-7-15 1.14 6-7-16 1.70 6-7-17 1.85 

7-7-15 1.17 7-7-16 1.81 7-7-17 1.75 

8-7-15 1.17 8-7-16 1.50 8-7-17 1.7 

9-7-15 1.13 9-7-16 1.50 9-7-17 2 
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10-7-15 1.72 10-7-16 2.10 10-7-17 1.95 

11-7-15 1.35 11-7-16 1.70 11-7-17 1.8 

12-7-15 1.35 12-7-16 1.40 12-7-17 1.75 

13-7-15 1.22 13-7-16 1.45 13-7-17 1.65 

14-7-15 1.22 14-7-16 1.25 14-7-17 1.5 

15-7-15 1.42 15-7-16 1.50 15-7-17 1.45 

16-7-15 1.84 16-7-16 1.60 16-7-17 1.4 

17-7-15 1.41 17-7-16 1.85 17-7-17 1.3 

18-7-15 1.53 18-7-16 1.60 18-7-17 1.25 

19-7-15 1.50 19-7-16 1.30 19-7-17 1.4 

20-7-15 1.90 20-7-16 1.85 20-7-17 1.4 

21-7-15 1.55 21-7-16 1.60 21-7-17 1.3 

22-7-15 1.50 22-7-16 1.80 22-7-17 1.15 

23-7-15 1.90 23-7-16 2.25 23-7-17 1.1 

24-7-15 1.55 24-7-16 1.95 24-7-17 1.25 

25-7-15 1.55 25-7-16 1.80 25-7-17 1.2 

26-7-15 1.35 26-7-16 2.20 26-7-17 1.2 

27-7-15 1.25 27-7-16 1.70 27-7-17 1.25 

28-7-15 1.50 28-7-16 1.40 28-7-17 1.45 

29-7-15 1.20 29-7-16 1.40 29-7-17 1.2 

30-7-15 1.15 30-7-16 1.30 30-7-17 1.2 

31-7-15 1.15 31-7-16 1.25 31-7-17 1.15 

1-8-15 1.10 1-8-16 1.20 1-8-17 1.1 

2-8-15 1.10 2-8-16 1.25 2-8-17 1.1 

3-8-15 1.15 3-8-16 1.20 3-8-17 1.2 

4-8-15 1.13 4-8-16 1.15 4-8-17 1.15 

5-8-15 1.15 5-8-16 1.10 5-8-17 0.95 

6-8-15 1.52 6-8-16 1.10 6-8-17 1.05 

7-8-15 1.10 7-8-16 1.40 7-8-17 1.1 

8-8-15 1.10 8-8-16 1.25 8-8-17 1.1 

9-8-15 1.40 9-8-16 1.20 9-8-17 0.95 

10-8-15 1.20 10-8-16 1.85 10-8-17 0.95 

11-8-15 1.26 11-8-16 1.70 11-8-17 1.2 

12-8-15 1.33 12-8-16 1.40 12-8-17 1.65 

13-8-15 1.35 13-8-16 1.50 13-8-17 1.5 

14-8-15 1.23 14-8-16 1.40 14-8-17 1.2 

15-8-15 1.23 15-8-16 1.40 15-8-17 1.25 

16-8-15 1.13 16-8-16 1.40 16-8-17 1.25 

17-8-15 1.14 17-8-16 1.50 17-8-17 1.55 

18-8-15 1.41 18-8-16 1.45 18-8-17 1.2 

19-8-15 1.36 19-8-16 1.35 19-8-17 1.5 

20-8-15 1.58 20-8-16 1.30 20-8-17 1.3 

21-8-15 1.35 21-8-16 1.25 21-8-17 1.05 

22-8-15 1.32 22-8-16 1.50 22-8-17 1.2 

23-8-15 1.22 23-8-16 1.35 23-8-17 1.05 

24-8-15 1.41 24-8-16 1.50 24-8-17 0.95 

25-8-15 1.31 25-8-16 1.15 25-8-17 0.9 

26-8-15 1.41 26-8-16 1.25 26-8-17 1.05 

27-8-15 1.46 27-8-16 1.15 27-8-17 1.1 

28-8-15 1.70 28-8-16 1.10 28-8-17 1.2 

29-8-15 1.56 29-8-16 1.15 29-8-17 1.13 

30-8-15 1.86 30-8-16 1.50 30-8-17 1.1 

31-8-15 1.76 31-8-16 1.45 31-8-17 1.4 

1-9-15 2.34 1-9-16 1.45 1-9-17 1.25 

2-9-15 2.10 2-9-16 1.40 2-9-17 1.2 
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3-9-15 1.80 3-9-16 1.65 3-9-17 1.25 

4-9-15 1.83 4-9-16 1.60 4-9-17 1.15 

5-9-15 1.83 5-9-16 1.65 5-9-17 1.25 

6-9-15 1.54 6-9-16 1.65 6-9-17 1.45 

7-9-15 1.55 7-9-16 1.55 7-9-17 1.3 

8-9-15 1.42 8-9-16 1.55 8-9-17 1.25 

9-9-15 1.37 9-9-16 1.60 9-9-17 1.3 

10-9-15 1.32 10-9-16 1.60 10-9-17 1.5 

11-9-15 1.42 11-9-16 1.60 11-9-17 1.6 

12-9-15 1.42 12-9-16 1.60 12-9-17 1.25 

13-9-15 1.45 13-9-16 1.55 13-9-17 1.15 

14-9-15 1.46 14-9-16 1.50 14-9-17 1.00 

15-9-15 1.46 15-9-16 1.50 15-9-17 1.10 

16-9-15 1.48 16-9-16 1.25 16-9-17 1.05 

17-9-15 1.30 17-9-16 1.90 17-9-17 0.95 

18-9-15 1.30 18-9-16 1.60 18-9-17 1.3 

19-9-15 1.22 19-9-16 1.85 19-9-17 1.15 

20-9-15 1.42 20-9-16 1.70 20-9-17 1.2 

21-9-15 1.63 21-9-16 1.70 21-9-17 1.4 

22-9-15 1.63 22-9-16 1.50 22-9-17 1.2 

23-9-15 1.52 23-9-16 1.60 23-9-17 1.35 

24-9-15 1.60 24-9-16 1.50 24-9-17 1.45 

25-9-15 1.70 25-9-16 1.80 25-9-17 1.52 

26-9-15 1.56 26-9-16 1.25 26-9-17 1.25 

27-9-15 1.55 27-9-16 1.35 27-9-17 1.60 

28-9-15 1.45 28-9-16 1.50 28-9-17 1.75 

29-9-15 1.40 29-9-16 1.40 29-9-17 1.15 

30-9-15 1.40 30-9-16 1.40 30-9-17 1.12 

1-10-15 1.40 1-10-16 1.35 1-10-17 1.12 

2-10-15 1.42 2-10-16 1.35 2-10-17 1.15 

3-10-15 1.35 3-10-16 1.35 3-10-17 1.17 

4-10-15 1.35 4-10-16 1.45 4-10-17 1.05 

5-10-15 1.35 5-10-16 1.35 5-10-17 1.05 

6-10-15 1.35 6-10-16 1.35 6-10-17 1.1 

7-10-15 1.35 7-10-16 1.55 7-10-17 1.01 

8-10-15 1.30 8-10-16 1.80 8-10-17 1.12 

9-10-15 1.30 9-10-16 1.70 9-10-17 1.23 

10-10-15 1.30 10-10-16 1.45 10-10-17 1.21 

11-10-15 1.30 11-10-16 1.65 11-10-17 0.95 

12-10-15 1.30 12-10-16 1.50 12-10-17 0.97 

13-10-15 1.30 13-10-16 1.60 13-10-17 0.97 

14-10-15 1.30 14-10-16 1.60 14-10-17 1.16 

15-10-15 1.30 15-10-16 1.60 15-10-17 0.95 

16-10-15 1.30 16-10-16 1.60 16-10-17 1.05 

17-10-15 1.30 17-10-16 1.55 17-10-17 0.95 

18-10-15 1.30 18-10-16 1.55 18-10-17 0.95 

19-10-15 1.36 19-10-16 1.55 19-10-17 0.9 

20-10-15 1.23 20-10-16 1.55 20-10-17 0.9 

21-10-15 1.22 21-10-16 1.50 21-10-17 0.95 

22-10-15 1.22 22-10-16 1.30 22-10-17 0.98 

23-10-15 1.25 23-10-16 1.25 23-10-17 0.85 

24-10-15 1.25 24-10-16 1.25 24-10-17 0.92 

25-10-15 1.25 25-10-16 1.15 25-10-17 0.9 

26-10-15 1.25 26-10-16 1.40 26-10-17 1.1 

27-10-15 1.22 27-10-16 1.32 27-10-17 0.95 
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28-10-15 1.26 28-10-16 1.30 28-10-17 0.8 

29-10-15 1.25 29-10-16 1.30 29-10-17 1.21 

30-10-15 1.28 30-10-16 1.45 30-10-17 0.95 

31-10-15 1.39 31-10-16 1.64 31-10-17 1.31 

Source: Field Survey by the author (Data correction & simplification done). 

Table 36 Data on hydrological parameters (2015) 

Date 

Estimated 

Discharge 

(Cumecs) 

Rainfall day-1 

(mm) 

Runoff 

(Ha. m.) 

Intensity 

(mm h-1) 

7-6-15 41.64 80.6 359.77 3.36 

8-6-15 42.52 115.9 367.37 4.83 

18-6-15 41.29 132.2 356.75 5.51 

30-6-15 63.44 107.3 548.12 4.47 

1-7-15 140.63 282 1215.04 11.75 

12-7-15 63.69 105 550.28 4.38 

15-7-15 77.05 137 665.71 5.71 

20-7-15 111.26 88.4 961.29 3.68 

23-7-15 110.73 85 956.71 3.54 

6-8-15 90.48 114.3 781.75 4.76 

18-8-15 93 96.1 803.52 4.00 

24-8-15 105.25 124.2 909.36 5.18 

28-8-15 131.15 90.1 1133.14 3.75 

29-8-15 130.29 180.6 1125.71 7.53 

30-8-15 140.15 113 1210.90 4.71 

1-9-15 169.61 233 1465.43 9.71 

2-9-15 147.91 130 1277.94 5.42 

20-9-15 76.78 145.3 663.38 6.05 

22-9-15 74.67 133.4 645.15 5.56 

24-9-15 69.52 104.4 600.65 4.35 

11-10-15 44.91 47.5 388.02 1.98 

24-10-15 36.18 19.05 312.60 0.79 

25-10-15 36.12 15.6 312.08 0.65 

28-10-15 32.34 12.3 279.42 0.51 

29-10-15 31.52 14.2 272.33 0.59 

Source: Field survey by the author. 

Table 37 Data on hydrological parameters (2016) 

Date 

Estimated 

Discharge 

(Cumecs) 

Rainfall day-1 

(mm) 

Runoff 

(Ha. m.) 

Intensity 

(mm h-1) 

4-Apr 12.34 64.77 106.62 2.70 

14-Apr 9.86 28.19 85.19 1.17 

14-5-16 17.5078 93.3 151.27 3.89 

30-5-16 12.0625 75.2 104.22 3.13 

4-6-16 25.8588 134.3 223.42 5.60 

6-6-16 21.5115 113 185.86 4.71 

13-6-16 109.9854 257.2 950.27 10.72 

14-6-16 96.2524 190 831.62 7.92 

17-6-16 51.04825 86.3 441.06 3.60 

19-6-16 29.11875 133 251.59 5.54 

21-6-16 92.6193 185.4 800.23 7.73 

24-6-16 79.1868 172.4 684.17 7.18 

30-6-16 103.4249 240 893.59 10.00 
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1-7-16 31.4434 136.4 271.67 5.68 

19-7-16 79.5648 166 687.44 6.92 

20-7-16 52.74032 104 455.68 4.33 

22-7-16 72.455 132.4 626.01 5.52 

23-7-16 98.82 172.6 853.80 7.19 

24-7-16 73.113 138.2 631.70 5.76 

26-7-16 89.4399 97 772.76 4.04 

17-8-16 81.58605 109.4 704.90 4.56 

22-8-16 102.3894 132.1 884.64 5.50 

31-8-16 116.0247 144 1002.45 6.00 

1-9-16 59.4532 55.2 513.68 2.30 

11-9-16 101.08 138.3 873.33 5.76 

20-9-16 98.4273 141.2 850.41 5.88 

23-9-16 72.0365 53.85 622.40 2.24 

8-10-16 58.1728 57.4 502.61 2.39 

13-10-16 72.744 120 628.51 5.00 

14-10-16 65.616 52.3 566.92 2.18 

20-10-16 43.18 19.05 373.08 0.79 

26-10-16 34.21 9.14 295.57 0.38 

Source: Field survey by the author. 

Table 38 Data on hydrological parameters (2016) 

Date 

Estimated 

Discharge 

(Cumecs) 

Rainfall day-1 

(mm) 

Runoff 

(Ha. m.) 

Intensity 

(mm h-1) 

3/05/2017 6.32 15.43 54.60 0.642917 

22/05/2017 19.73 42.4 170.47 1.766667 

24/05/2017 11.21 36.1 96.85 1.504167 

15/05/2017 42.79 200 369.71 8.333333 

5/6/2017 36.85 139.4 318.36 5.808333 

6/6/2017 34.29 134.2 296.22 5.591667 

17/6/2017 31.81 113.4 274.84 4.725 

20/6/2017 29.49 102.1 254.81 4.254167 

29/6/2017 57.40 123.2 495.89 5.133333 

6/7/2017 60.84 143.3 525.65 5.970833 

9/7/2017 57.28 98.2 494.90 4.091667 

10/7/2017 98.96 186.3 855.04 7.7625 

11/7/2017 76.17 145.2 658.11 6.05 

8/8/2017 73.84 108.1 637.97 4.504167 

11/8/2017 80.96 134.2 699.53 5.591667 

12/8/2017 148.64 234.2 1284.21 9.758333 

13/8/2017 124.07 143 1071.99 5.958333 

28/8/2017 102.22 105.3 883.22 4.3875 

31/8/2017 91.43 103 789.97 4.291667 

5/9/2017 98.73 147.4 853.04 6.141667 

9/9/2017 77.46 128.2 669.30 5.341667 

10/9/2017 116.18 214.3 1003.79 8.929167 

11/9/2017 131.39 275.5 1135.23 11.47917 

5/10/2017 10.21 43.10 88.21 1.795833 

10/10/2017 9.32 40.39 80.52 1.682917 

14/10/2017 7.43 19.05 64.20 0.79375 

Source: Field survey by the author. 
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Table 39 Data on water stage and discharge (2015, 2016 & 2017) 

Date Q (Cumecs) Stage range (m) Date Q (Cumecs) 

Stage 

range(m) Date Q (Cumecs) 

Stage 

range (m) 

7-6-15 37.06 

158-159 

14-5-16 9.17 

157.60-157.20 

15/05/17 23.57 157.9 

8-6-15 38.03 30-5-16 18.36 5/6/2017 33.85 

158.10-158.60 

18-6-15 70.15 4-6-16 35.57 6/6/2017 39.29 

30-6-15 56.46 6-6-16 36.45 17/6/2017 50.09 

1-7-15 127.67 

159.50-158.10 

13-6-16 145.69 

158-159 

158.60- 

20/6/2017 88.59 

12-7-15 56.69 14-6-16 54.89 29/6/2017 73.98 

15-7-15 68.58 17-6-16 61.90 6/7/2017 82.57 

158-159 

20-7-15 99.02 19-6-16 54.52 9/7/2017 125.14 

23-7-15 98.55 21-6-16 59.15 10/7/2017 99.09 

6-8-15 80.53 

158.30 -158.70 

24-6-16 65.14 11/7/2017 87.80 

18-8-15 82.82 30-6-16 67.78 8/8/2017 74.23 

24-8-15 93.67 1-7-16 68.53 

159-158.20 

11/8/2017 98.40 

158.60-158.10 

28-8-15 116.72 19-7-16 98.84 12/8/2017 109.95 

29-8-15 112.34 20-7-16 88.66 13/8/2017 103.10 

30-8-15 124.73 

159.40-158.30 

22-7-16 111.91 28/8/2017 78.90 

1-9-15 150.95 23-7-16 102.44 31/8/2017 87.03 

2-9-15 131.64 24-7-16 106.67 5/9/2017 110.50 

158.20-158.40 
20-9-15 68.34 26-7-16 111.63 9/9/2017 90.82 

22-9-15 66.45 17-8-16 105.79 

158.20-159.10 

10/9/2017 96.18 

24-9-15 61.88 22-8-16 91.13 11/9/2017 118.63 

11-10-15 39.97 
159.10-158.20 

31-8-16 91.63 1/10/2017 47.85 
157-158.6 

24-10-15 32.20 1-9-16 102.98 158.40- 6/10/2017 35.66 

 158.50 

 

25-10-15 32.16 11-9-16 101.35 17/10/2017 29.06 

28-10-15 28.78 20-9-16 88.79 24/10/2017 24.00 

 

23-9-16 67.67 25/10/2017 25.23 

8-10-16 51.77 

158.40-158.30 

28/10/2017 20.74 

13-10-16 66.00 29/10/2017 22.00 

14-10-16 69.76 - - - 

24-10-16 48.70 - - - 

25-10-16 33.87 - - - 

28-10-16 30.70 - - - 

29-10-16 32.20 - - - 

Source: Field survey by the author. 

Table 40  Post Monsoon Calculation on the actual changes of channel width and difference from 

average width (m) 

 

2017 2016 2015 Average 2017 difference 2016 difference 2015 d difference 

Patharjhora 20.35 20.25 18.5 19.7 1.15 1.15 -0.6 

Manabari 24.4 23.75 25.2 24.45 5.3 4.65 6.1 

Odlabari 14.21 15.45 14.85 14.83667 -4.89 -3.65 -4.25 

Apalchad 21.25 21 17.6 19.95 2.15 1.9 -1.5 

Rajadanga 18.54 17.5 15 17.01333 -0.56 -1.6 -4.1 

Average 

   

19.19 

   Source: Field survey by the author. 

Table 41 Pre Monsoon Calculation on the actual changes of channel width and difference from 

average width (m) 

 2017 2016 2015 Average 2017 difference 2016 difference 2015 difference 

Patharjhora 286.3 278.5 262.57 282.4 24 16 1 

Manabari 373 367.3 381 373.7667 111 105 119 

Odlabari 142 145 156.2 147.7333 -120 -117 -105.8 

Apalchad 283 281.05 256.1 273.3833 21 19 -6 

Rajadanga 242 235.04 220.5 232.5133 -20 -27 -41.5 

Average  

  

261.9593 

   Source: Field survey by the author. 
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Table 42 Calculation of Maximum yearly discharge and deviation from average 

 2017 

Maximum 

Discharge 

m3 Sec-1 

2016 

Maximum 

Discharge 

m3 Sec-1 

2015 

Maximum 

Discharge 

m3 Sec-1 

Average 

Discharge 

m3 Sec-1 

2017 difference 

m3 Sec-1 

2016 difference 

m3 Sec-1 

2015 difference 

m3 Sec-1 

Patharjhora 148.9 140.98 110.228 133.3693333 49.4 41.5 10.73 

Manabari 135.98 127.16 102.26 121.8 36.48 27.67 2.76 

Odlabari 46.8 53.55 46.98 49.11 -52.7 -45.95 -52.5 

Apalchad 102.61 110.18 94.3 102.3633333 3.11 10.68 -5.2 

Rajadanga 110.25 85.82 76.49 90.85333333 10.75 -13.68 -23 

Average 108.908 103.538 86.0516 99.4992 - - - 

Source: Field survey by the author. 

Table 43 Calculation of Pre & Post Monsoon Discharge (Q) (cumecs) variation at various Cross 

sections 

Patharjhora Manabari Odlabari Apalchad Rajadanga 

post pre post Pre Post Pre Post Pre Post Pre 

6.95 1.31 12.61 3.58 11.83 2.91 9.48 1.63 10.89 1.38 

4.32 0.98 9 4.09 10.27 3.75 6.16 2.39 6.78 1.96 

3.15 0.83 5.64 4.24 5.57 3.82 1.34 3.74 1.41 1.96 

9.29 1.09 4.36 3.03 2.61 4.25 1.09 1.81 1.23 1.64 

4.43 0.82 14.06 3.67 11.9 4.54 5.05 1.77 5.8 2.25 

3.4 0.84 5.89 3.95 6.48 5.03 1.45 3.05 2.1 2.67 

2.88 1.43 4.45 4.1 3.35 3.39 1.31 1.5 1.59 1.75 

1.09 1.31 32.91 5.01 12.41 4.85 6.31 1.42 4.47 1.99 

8.75 1.14 7.84 5.2 4.19 4.38 1.56 2.46 1.65 2.26 

5.26 1.19 5.69 5.58 3.3 5.07 1.3 4.07 1.28 5.9 

3.14 1.094 0 0 0 0 0 0 0 0 

Source: Field survey by the author. 

Table 44 Pre & Post Monsoon difference of Discharge (Q) in Cumecs from average (2015 to 2016 & 

2016 to 2017) 

Pre Diff 

R1 

Pre Diff 

R2 

Pre Diff  

R3 

Pre Diff 

R4 

Pre Diff 

R5 

Post Diff 

R1 

Post Diff 

R2 

Post Diff 

R3 

Post 

Diff 

R4 

Post Diff 

R5 

0 0 0 0 0 0 0 0 0 0 

0.22 -0.66 -1.29 -0.78 -1.02 2.15 2.41 4.63 5.9 7.17 

-0.11 -0.16 -0.45 -0.01 -0.44 -0.48 -1.2 3.07 2.67 3.06 

-0.26 -0.005 -0.38 1.34 -0.44 -1.65 -4.56 -1.63 -2.16 -2.31 

-0.004 -1.21 0.05 -0.59 -0.76 4.49 -5.84 -4.6 -2.41 -2.49 

-0.27 -0.57 0.34 -0.63 -0.15 -0.37 3.82 4.7 1.55 2.08 

-0.25 -0.29 0.83 0.65 0.27 -1.4 -4.4 -0.72 -2.05 -1.62 

0.34 -0.14 -0.81 -0.9 -0.65 -1.9 -5.79 -3.85 -2.19 -2.13 

0.22 -0.15 0.65 -0.98 -0.41 -3.71 22.66 5.21 2.81 0.75 

0.05 0.77 0.18 0.06 -0.14 3.95 -2.4 -3.01 -1.94 -2.07 

0.1 0.96 0.87 1.67 3.5 0.46 -4.56 -3.9 -2.2 -2.44 

0 0 0 0 0 -1.66 0 0 0 0 

Source: Field survey by the author. 

(Note: R1-Patharjhora, R2-Manabari, R3-Odlabari, R4-Apalchad, R5-Rajadanga, Pre= Pre Monsoon, 

Post=Pst Monsoon, Diff.=Difference) 
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Table 45 Pre Monsoon temporal variation and difference from average in Wetted Perimeter (P) (m) at 

various cross sections 

 
2017 2016 2015 2017 Difference 2016 Difference 2015 Difference 

Patharjhora 2.29 1.8 1.66 0.79 0.3 0.16 

Manabari 1.64 1.55 1.45 0.14 0.05 -0.05 

Odlabari 1.05 1.13 1.17 -0.45 -0.37 -0.33 

Apalchad 1.5 1.39 1.23 0 -0.11 -0.27 

Rajadanga 1.48 1.23 1.39 -0.02 -0.27 -0.11 

Source: Field survey by the author. 

Table 46 Post & Pre Monsoon reach wise variation of difference in wetted perimeter (P) 

Pre 

Difference 

R1 

Pre 

Difference  

R2 

Pre  

Difference  

R3 

Pre  

Difference 

R4 

Pre  

Difference 

R5 

Post  

Difference  

R1 

Post  

Difference  

R2 

Post  

Difference 

R3 

Post  

Difference 

R4 

Post  

Difference 

R5 

-3.22 -1.2 -3.7 0.97 0.46 1.9 -1.48 6.98 9.32 7.95 

-0.32 -0.3 -1.2 1.97 1.07 -1.1 -2.54 5.33 6.59 6.85 

0.67 1 0.25 2.52 2.68 -2.6 -2.47 1.18 -3.44 -4.05 

-1.95 -2.3 -0.05 -1.73 -4.64 2.55 -2.67 -4.03 -3.89 -5.15 

-0.02 -1.1 1.07 -0.43 -5.64 1.22 -1.04 3.69 6.25 5.95 

1.01 0.9 2.92 0.28 -6.95 -0.79 -4.17 -1.81 -5.15 6.15 

-1.48 1.5 -0.72 -2.43 -1.3 -1.1 -6.52 -5 -5.74 -6.65 

0.91 -0.3 -0.08 -1.43 -0.05 -4.6 18.79 5 8.26 3.95 

2.05 1 0.62 -0.32 -0.95 4.05 1.46 -5.03 -4.81 -0.75 

2.65 1.7 1.35 0.84 0.37 1.05 0.76 -6.22 -7.39 -1.85 

Source: Field survey by the author. 

(Note: R1-Patharjhora, R2-Manabari, R3-Odlabari, R4-Apalchad, R5-Rajadanga, Pre= Pre Monsoon, 

Post=Pst Monsoon, Diff.=Difference) 

Table 47 Difference of channel bed elevation from previous year (From 2015 to 2016 & 2016 to 2017) 

Patharjhora Manabari 

2015-2016 Pre 2016-2017 Post 2015-16 Pre 2016-17 Post 
2015-2016 

Pre 
2016-2017 Pre 

2015-2016 

Post 
2016-2017 Post 

0 0 0 0 0 0 0 0 

-0.8 -0.7 -0.995 -0.205 -0.1 0.2 0.1 -0.2 

-0.3 0.2 -0.55 0.135 -0.05 0.05 0.3 -0.58 

-0.3 -0.02 0 0.08 0.1 -0.3 0.3 -1 

-0.7 -0.2 -0.3 -0.1 0 -0.2 0.3 -0.69 

-0.8 -1.01 -0.85 -0.04 -0.05 -0.4 0.3 -0.65 

-0.9 -0.3 0 -0.5 0 0.1 -0.1 -0.07 

-0.5 -0.2 -0.305 0 -0.1 -0.3 0.3 -0.37 

0.4 -0.4 -0.3 -0.2 0 -0.12 0.1 -0.09 

0 0.1 0 0 0 -0.25 -0.1 0.06 

-0.08 -0.1 -0.5 -0.225 0.1 -0.27 0.1 0.07 

-0.02 0 -0.2 0.4 0.1 -0.26 -0.17 0.27 

0.065 0.7 0 0.7 -0.05 0.05 -0.185 0.105 

0.09 0 0 0.2 -0.05 -0.115 0.085 0 

-0.2 0.1 0.24 -0.025 0 0.05 0.27 -0.2 

-0.3 0.5 -0.425 0.625 -0.1 0.05 0.135 -0.27 

0.79 0 0.005 0.09 -0.01 -0.435 0.18 -0.2 

-0.1 0.45 0.1 0.01 0.3 -0.075 -0.2 0.11 

0.1 0.645 -0.59 1.24 0.3 0 -0.15 -0.1 

0.125 0.22 -0.655 1.02 0 0.1 -0.315 0.31 

0 -0.3 0 -0.4 0 0.105 0.1 0.25 

-0.9 -0.2 0.03 -0.18 0.1 0.07 0.41 -0.03 

0.034 0.3 0 0.2 -0.02 -0.13 0.09 -0.2 

-0.205 0 0.005 -0.305 -0.04 -0.18 -0.03 -0.1 

-0.3 -0.6 -0.25 -0.4 -0.1 -0.1 0.045 0.1 

-0.1 -0.9 -0.2 -0.8 -0.2 -0.01 -0.04 -0.11 
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0.1 -0.2 -0.3 -0.53 0 0.01 -0.1 0.2 

-0.273 -0.2 0.1 -0.1 0.01 -0.01 -0.07 0.01 

0 -1 0.5 -0.8 0.1 0 -0.2 0.15 

0.58 -1 1.55 -1.09 0.1 0 -0.03 0.205 

0 -1 0.3 -1.2 0 0.3 -0.09 0.4 

0.75 -1.2 -0.4 -0.8 0.08 0.115 0.12 0 

0 -0.415 -0.2 -0.52 0 0.2 0 0.1 

-0.7 -0.51 -0.3 -0.96 -0.01 0.1 -0.12 0 

-0.1 0 -0.7 0.2 0.2 0 -0.075 0 

0 0 0 -0.01 0.1 0.01 0.175 -0.1 

- - - - 0.1 -0.1 0.23 -0.02 

- - - - -0.1 0.11 -0.19 0 

- - - - 0.1 0.1 -0.1 0 

- - - - 0.1 -0.2 -0.14 -0.32 

- - - - -0.1 -0.15 -0.45 -0.25 

- - - - -0.06 -0.47 -0.54 -0.2 

- - - - -0.1 0.18 -0.57 0.05 

- - - - -0.05 0.1 -0.53 0.05 

- - - - -0.05 -0.04 -0.4 0.05 

- - - - -0.11 -0.2 -0.38 0.03 

- - - - 0 -0.37 -0.2 -0.5 

- - - - 0.1 -0.4 0.1 -0.5 

- - - - -0.2 -0.4 -0.03 -0.2 

- - - - -0.06 -0.26 0.02 0 

- - - - 0.1 -0.005 -0.1 -0.105 

- - - - 0.07 -0.165 0.1 -0.1 

- - - - 0 0 0 0 

Source: Field survey by the author. 

(Note: Pre= Pre Monsoon, Post=Post Monsoon) 

 

Table 48 Difference of channel bed elevation from previous year (From 2015 to 2016 & 2016 to 2017) 

Odlabari Apalchad 

2015-2016 

Pre 
2016-2017 Post 

2015-2016 

Pre 
2016-2017 Post 

2015-2016 

Pre 

2016-2017 

Pre 

2015-2016 

Post 
2016-2017 Post 

0 0 0 0 0 0 0 0 

-0.1 -0.05 -0.1 -0.7 -0.05 0.1 0.07 -0.13 

0.05 -0.02 0.37 -0.07 -0.2 0.2 0.15 0.05 

0 0.1 0 -0.1 -0.2 0 -0.05 -0.15 

-0.1 -0.1 0.75 -0.4 -0.1 -0.1 -0.1 -0.11 

-0.12 -0.3 0.64 -0.3 -0.045 -0.3 -0.05 -0.01 

-0.14 -0.1 0.46 -0.1 0.25 -0.1 -0.1 -0.02 

-0.13 0.07 0.03 0.1 -0.175 -0.2 0.06 -0.08 

-0.3 -0.3 0 0 -0.2 -0.165 0.06 -0.01 

0 -0.04 -0.2 0.45 0.2 0.2 -0.05 0.1 

-0.2 -0.1 -0.4 0 0.15 -0.05 0.09 -0.9 

-0.1 0.1 0 -0.2 -0.25 -0.2 0.02 -0.13 

-0.2 -0.03 -0.4 0.2 -0.15 0.28 -0.1 0.12 

-0.1 0.1 -0.5 0.2 -0.1 -0.2 -0.1 0.1 

0.2 -0.1 -0.2 0 0.06 0.2 0 -0.1 

0.48 -0.4 0 0 -0.25 0.4 -0.1 -0.2 

0 0.15 -0.15 0.05 -0.2 0.1 -0.2 -0.01 

0.1 -0.17 0 0.15 -0.14 0.1 -0.2 0.1 

0.1 -0.1 0.25 -0.1 0.05 -0.4 -0.1 -0.05 

0.1 -0.2 0.4 -0.1 0.2 -0.2 -0.049 -0.1 

0 -0.1 0.15 -0.35 -0.05 -0.16 -0.2 0 
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-0.14 0 0.47 -0.5 0.375 -0.1 0.1 -0.05 

-0.25 -0.058 -0.1 0.1 0.35 -0.2 0.2 -0.2 

0.07 -0.1 -0.4 -0.12 -0.3 0.1 -0.2 0.1 

-0.57 0.2 -0.02 0.5 -0.2 0.2 -0.2 0.1 

0.15 -0.15 0 -0.45 -0.3 -0.2 0.05 -0.1 

0 0 0 0 -0.2 0.2 0.1 0.04 

- - - - -0.25 -0.2 0.15 -0.05 

- - - - 0.1 -0.2 -0.1 0.1 

- - - - -0.3 -0.15 0.2 -0.05 

- - - - 0.2 -0.1 0.2 -0.2 

- - - - 0.2 -0.2 0.03 0.03 

- - - - 0.1 -0.1 -0.1 -0.05 

- - - - 0 0 0 0 

Source: Field survey by the author. (Note: Pre= Pre Monsoon, Post=Post Monsoon) 

 

Table 49 Difference of channel bed elevation from previous year (From 2015 to 2016 & 2016 to 2017) 

Rajadanga 

2015-2016 Pre 2016-2017 Pre 2015-2016 Post 2016-2017Post 

0 0 0 0 

0.25 -0.1 -0.1 -0.3 

0.1 0.06 0.1 0.1 

-0.3 0.4 -0.1 -0.1 

0.1 -0.2 -0.2 -0.1 

-0.2 -0.1 -0.1 0.1 

-0.2 0 -0.1 0.1 

0.1 0.3 0.1 0.1 

0.1 0.2 0.1 -0.05 

-0.1 0.42 0.2 0.1 

0.1 0.1 0.2 0.1 

-0.06 0 0.2 0.1 

-0.1 0.2 -0.1 -0.1 

-0.1 -0.2 -0.2 -0.15 

-0.2 -0.1 -0.2 -0.1 

-0.02 -0.15 -0.1 -0.1 

0.25 -0.15 0.1 0.1 

0.2 -0.1 0.2 0.1 

0 -0.1 0.1 0.1 

-0.15 -0.25 -0.4 0.1 

0.1 -0.2 -0.2 -0.1 

0.2 -0.1 -0.3 0.1 

-0.2 -0.1 -0.2 0.08 

-0.1 -0.2 0.1 0.1 

0.1 -0.1 0.1 -0.15 

-0.2 0.1 -0.12 0.05 

-0.1 -0.3 0.1 -0.2 

-0.1 -0.1 -0.2 -0.3 

-0.2 -0.1 -0.2 -0.1 

0 0 0 0 

Source: Calculated by the author. 

(Note: Pre= Pre Monsoon, Post=Post Monsoon) 
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Table 50 Relative heights (m) of cross section survey at various stations in 2017 

 

A B C D E 

Distanc

e 

RL 

March 

RL 

October 

RL 

March 

RL 

October 

RL 

March 

RL 

October 

RL 

March 

RL 

October 

RL 

March 

RL 

October 

0 157.98 157.12 157.98 157.82 158.1 158 158 157.48 158.33 158 

10 158.23 157.83 158.01 157.83 158.23 157.93 158.12 157.33 158.22 157.99 

20 157.77 158.56 158.26 157.76 158.36 158.36 158.26 158.26 158.46 158.16 

30 158.15 158.15 158.25 157.35 158.45 158.35 158.25 158.36 157.89 158.35 

40 158.4 158.24 158.2 158.54 158.28 158.44 158.34 158.24 158.14 158.44 

50 158.21 158.19 158.41 158.579 158.479 158.579 158.1 158.479 158.1 158.579 

60 158.32 158 158.29 158.18 158.39 158.38 157.88 158.18 157.88 158.18 

70 158.25 157.75 158.25 158.05 158.15 158.25 158.15 158.35 158.15 158.25 

80 158 157.35 157.91 157.45 157.61 157.95 158.03 158.01 158.03 158.15 

90 157.44 157.55 157.74 157.45 157.54 157.44 157.74 157.764 158.34 157.44 

100 157.58 157.88 157.28 157.78 157.68 157.58 157.78 157.48 158.38 157.58 

110 157.72 157.37 156.62 156.37 157.52 157.67 157.87 157.27 158.17 157.47 

120 157.15 157.45 156.65 156.35 157.75 157.55 157.25 157.25 157.15 157.15 

122 157.22 157.32 156.72 156.12 157.22 157.22 157.81 157.52 157.31 157.22 

124 157.36 157.49 157.16 157.39 157.16 157.29 157.69 157.49 157.49 157.29 

126 157.55 157.25 157.35 157.15 157.15 157.05 157.45 157.23 157.15 157.05 

128 157.14 156.88 157.24 157.19 157.04 157.15 157.25 157.25 156.78 157.05 

130 157.25 157 157.15 157 157.25 157.15 157 157.55 157.12 157.15 

132 157.04 157.3 157.34 157.13 157.05 156.4 156.99 157.1 157.89 157.4 

134 157.04 157.1 157.24 157.21 157.24 156.4 156.98 157.05 157.88 157.3 

136 157.41 157.21 157.21 156.82 157.21 156.52 156.82 156.42 157.82 157.52 

138 157.36 156.95 157.46 156.75 157.046 156.65 156.55 156.85 157.85 157.55 

140 157.32 156.12 157.82 157.12 157.22 156.62 156.92 156.45 157.82 157.32 

142 157.912 156.72 157.912 157.22 156.912 156.112 157.22 156.38 157.42 157.02 

144 158.13 156.8522 157.83 157.122 157.1 156.722 156.822 156.122 157.822 156.722 

Source: Field survey by the author. 

Table 51 Relative heights (m) of cross section survey at various stations in 2018 

 
A B C D E 

Distanc

e 

RL 

March 

RL 

October 

RL 

March 

RL 

October 

RL 

March 

RL 

October 

RL 

March 

RL 

October 

RL 

March 

RL 

October 

0 157.98 157.42 157.9 157.15 158.15 158 158.1 157.58 158.35 157.58 

10 158.13 157.53 158.01 157.13 158.23 157.83 158.12 157.63 158.22 157.63 

20 157.6 158.16 158.26 157.36 158.36 158.36 158.16 158.46 158.46 158.4 

30 158.25 158.45 158.25 157.35 158.45 158.45 158.75 158.26 157.59 158.2 

40 158.33 158.24 158.5 158.34 158.28 157.74 158.34 158.24 158.34 158.34 

50 158.11 158.09 158.61 158.47 158.479 157.2 158.1 158 158.1 158 

60 158.31 158 158.19 158 158.19 157.38 157.78 158.18 157.88 158.18 

70 158.15 157.25 158.25 158.05 158.15 157.45 158.15 157.78 158.15 157.78 

80 158.1 157.35 157.9 157.445 157.91 157.95 158.03 158 158.03 158 

90 157.34 157.55 157.75 157.45 157.54 157.44 157.7 157.564 158.34 157.5 

100 157.58 157.28 157.25 157.48 157.88 157.58 157.78 157.48 158.38 157.58 

110 157.72 157.27 157 156.37 157.52 157.67 157.57 157.27 158.17 157.17 

120 157.15 156.995 157.225 156 157.85 157.55 157.45 157.15 157.45 157.15 

122 157.32 157.32 157 156.72 157.92 157.22 157.51 157.32 157.31 157.32 

124 157.36 157.49 157.46 157.39 157.16 157.29 157.69 157.29 157.59 157.29 

126 157.55 157.25 157.35 157.35 157.15 157.05 157.25 157.23 157.45 157.23 

128 157.24 156.88 157.34 157.09 157.04 157.35 157.25 157.25 156.98 157.25 

130 157.2 157 157.15 157 157.25 157.15 157 157.55 157.12 157.55 
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132 157.24 157.3 157.34 157.13 157.05 156.4 156.99 157.1 157.89 157.1 

134 157.14 157.1 157.24 157.21 157.24 156.4 156.98 157.05 157.78 157.05 

136 157.51 157.21 157.71 156.82 157.21 156.22 156.82 156.42 157.82 156.42 

138 157.36 156.95 157.86 156.75 157.046 156.65 156.55 156.25 157.65 156.25 

140 157.35 156.52 157.42 156.42 157.12 156.62 157 156.45 157.82 156.45 

142 157.912 156.72 157.812 156.52 156.912 156.312 157.12 156.18 157.32 156.18 

Source: Field survey by the author. 

Table 52 Temporal Monsoon estimated suspended sediment yield and discharge data (at Odlabari) 

2017 

 

2016 

 

2015 

 Q SSY (ha 200 km2 d-1) Q SSY (ha 200 km2 d-1) Q SSY (ha 200 km2 d-1) 

6.32 22.52 12.34 43.97 32.98 117.52 

19.73 70.30 9.86 35.13 38.02 135.46 

11.21 39.94 17.51 62.38 36.75 130.93 

42.79 152.46 12.06 42.98 56.46 201.17 

36.85 131.28 25.86 92.13 125.17 445.95 

34.29 122.15 21.51 76.64 56.69 201.98 

31.81 113.34 109.99 391.87 68.57 244.32 

29.49 105.08 96.25 342.94 99.02 352.80 

57.40 204.49 51.05 181.88 98.55 351.12 

60.84 216.76 29.12 103.75 125.17 445.95 

57.28 204.08 92.62 329.99 56.69 201.98 

98.96 352.60 79.19 282.13 68.57 244.32 

76.17 271.39 103.42 368.49 99.02 352.80 

73.84 263.08 31.44 112.03 98.55 351.12 

80.96 288.47 79.56 283.48 80.53 286.91 

148.64 529.57 52.74 187.91 82.82 295.08 

124.07 442.06 72.46 258.15 93.67 333.75 

102.22 364.21 98.82 352.08 116.73 415.88 

91.43 325.76 73.11 260.49 115.97 413.17 

98.73 351.77 89.44 318.66 124.73 444.40 

77.46 276.00 81.59 290.68 150.95 537.83 

116.18 413.93 102.39 364.80 131.64 469.02 

131.39 468.14 116.02 413.38 68.33 243.46 

10.21 36.38 59.45 211.83 66.45 236.76 

9.32 33.21 101.08 360.14 61.88 220.46 

7.43 26.47 98.43 350.69 39.97 142.42 

- - 72.04 256.66 32.20 114.74 

- - 58.17 207.26 32.15 114.54 

- - 72.74 259.18 28.79 102.58 

- - 65.62 233.78 28.05 99.95 

- - 43.18 153.85 - - 

- - 34.21 121.89 - - 

Source: Calculated by the author. 

Table 53 Design intensity of rainfall recurrence probability (after Gumbel) 

 

T (Recurrence) 

Hour 2year 5year 10 year 50 year 100 year 

1h 79.28 84.67 91.77 107.39 114 

2h 39.64 42.34 45.88 53.69 56.99 

6h 13.21 14.12 15.29 17.9 19 

12h 6.59 7.05 7.64 8.94 9.49 

24h 3.29 3.52 3.82 4.47 4.74 

Source: Calculated by the author. 
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Appendix-C 

List of Publications 

1. Dynamics of Channel Behaviour in relation to Recurring Flood Potentiality: A 

case study of Chel River on the Foreland Basin of Darjeeling Sub‑ Himalaya-

Debarshi Ghosh, INDIAN JOURNAL OF GEOMORPHOLOGY, Volume 23 

(1), 2018, pp.21-39. 

2. Determining process of occasional flooding from channel hydrological 

characteristics of Chel Basin, North Bengal (India)-Debarshi Ghosh, Spatial 

Information Research, Springer Publication, ISSN 2366-3286, DOI 

10.1007/s41324-019-00290-0. 

3. Spatio-temporal variability of channel behavior in relation to channel braiding: 

a milieu of topological braid modeling and quantitative traditional analysis of 

Chel basin (North Bengal- Debarshi Ghosh & Snehasish Saha, Modeling Earth 

Systems and Environment, Springer Publication, ISSN 2363-6203, DOI 

10.1007/s40808-019-00616-9. 
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List of Abbreviations, units, Symbol(s) and Syntax(s) 

Notation Expressive Form 

‰ Per Thousand 

a Regression Intercept 

A Cross Sectional Area 

a.m.s.l Above mean sea level 

ASTERDEM Advance space borne Thermal Emission & Reflection Digital 

Elevation Model 

Au Basin Area of u
th
 order 

b Regression Slope 

BFH Bankful Height 

BH Bank Height 

BM Bench Mark 

C Constant of Channel Maintenance 

cm year
-1 

Centimeter per year 

COV coefficient of variation 

D Depth 

d50 Median Particle Diameter 

DEM Digital Elevation model 

df Degree of Freedom 

D-W ratio Depth-Width Ratio 

D-W ratio Depth-width ratio 

E East 

FD Drag Force 

Fg Gravitational Force 

FL Lifting Force 

g Acceleration due to gravity 

GIS Geographical Information system 

gm ltr.
-1 

Gram per liter 

gm m
-3 

Gram per meter cube 

H Average Height 

Ha.m 200 km
-2

 day
-1 

Hectare meter per 200 square kilometer per day 

Ha.m day
-1 

Hectare per meter per day 

Ha.m. Hectare per meter 

HSI Hydraulic Sinuosity Index 

IMD Indian Meteorological Department 

IRS Indian Remote sensing satellite 

Ka Bp Kilo annum before past 

Km Kilometer 

km
2
 Square Kilometer 

LISS Linear imaging self scanner 

Lu Length of Over Land Flow 

Lu Mean length of streams of order 

LULC  Landuse-Cover  

m Meter 

m m
-1

 Meter per meter 

m y
-1

 Meter per year 

m year
-1

 Meter per year 

m.a.s.l Meter above sea level 

m
2
 year

-1 
Meter square per year 

m
3
 sec

-1 
Meter cube per second  
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m
3
 year

-1 
Cubic meter per year 

m
3
 year

-1
 Meter cube per year 

mm millimeters 

mm h
-1

 Millimeter per Hour 

N-W North-West 

NW-SE North-West-South-East 

Octo October 

OLI Operational Land Imager 

p Value of Probability 

Person km
-2

 Person per square kilometer 

Q Discharge 

qbf Bankful Discharge 

Qp Peak Flood Discharge 

Qs Sediment Discharge 

QSL Average Suspended sediment load 

QTL Total suspended load 

r Pearson’s Correlation coefficient 

R1……..R4 Reach 

R
2
 Coefficient of Determination 

Ra Basin Area ratio 

Rb Bifurcation Ratio 

Rc Circularity Ratio 

Re Elongation Ratio 

Rep Particle Reynolds number 

RD River Distance 

Rf Form Factor 

Rh Relief Ratio 

Rh Hydraulic mean depth 

Scv Cross Valley Slope 

S-E South-East 

SOI Survey of India 

SRTM Shuttle Rader Topographic mission 

SSY Suspended sediment yield 

t Student’s t test 

TIRS Thermal Infrared Sensors 

tones day
-1

 Tones per day 

tones y
-1 

Ton per year 

tons  m
-1 

y
-1

 Ton per meter per year 

TSI Topographic Sinuosity Index 

USGS United states geological survey 

v Velocity 

W West 

W Wetted Perimeter 

ρ Mass density of water 

ρs Mass density of Solid Particles 

υ Kinematic Viscosity 

ω Fall velocity 

 



Dynamics of channel Behaviour 
in relation to recurring flooD 

Potentiality: a case stuDy of chel 
river on the forelanD Basin of 

Darjeeling suB‑himalaya
Debarshi ghosh

Assistant Professor, Dept. of Geography
Dhupguri Girls’ College

Abstract
River patterns express a mechanism of channel adjustment related to channel 
gradient and hydraulic parameters. It changes with fluvio-morphological 
changes of the basin. The channel behavior reflects its tendency of auto-cyclic 
cut and fills processes related with recent base level changes. Channel behavior 
changes frequently downstream due to the supply of discharge as related with 
the gradual decrease in the slope on the piedmont surface (at 8.86 km stretch 
to downstream gradient changes 1 in 35 m to 1 in 110 m). On the piedmont 
surface, the channel hydraulic geometry frequently transforms by the supply of 
high amount of bed load. With the recession of peak flood discharge the suspended 
load gradually settles down in the channel bed. The heterogeneity of sediment 
load and its dispersal over the alluvial fan surface prepares the essential condition 
of the braiding of Chel. The pattern of bar formation and channel avulsion is 
linked with the flood cycle of the basin. The avulsion process of Chel is also related 
with the duration and peakedness of triggering flood, amount of sediment flux 
in discharge, geometry of the avulsion node and pre-existing topography of the 
flood-plain. The Flood frequency analysis of Gumbel (1941) shows the recurrence 
of probable flood events (5, 10, 20, 50 and 100 years) of Chel basin that is related 
with the present morpho-dynamics of the Channel.

Keywords: Foreland Basin, Avulsion, Channel Dynamics, Anastomosing Channel, 
DEM (Digital Elevation model), Aggradation, Overland Flow, Under-fit Channel, 
Foreland Basin, Piedmont, Alluvial Fan.

introDuction
The characteristics of the mountain fronts of Darjeeling sub Himalaya show a great 
diversity depending both on tectonic activity as well as on hydrological regime and 
sediment load of particular streams (Sarkar, 2012). The foreland basin is the resultant 
topography of gradual crustal thickening adjacent to the Himalayan mountain belt 
due to the convergent collision of Eurasian and Indian plate. The channel behavior on 
this surface reflects a tendency of auto-cyclic cut and fills processes related with recent 
base level changes due to Neo-tectonics (Mandal et al., 2016). The morphogenesis of 
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the Chel Basin evolves with the changes of the relative heights of the existing river 
terraces and the channel involves in rapid valley down-cutting in the mountain 
catchment. The course of Chel on the Foreland basin of Darjeeling Sub-Himalaya is 
actively filling up with heterogeneous sediment composition (19-90 mm). Although, 
The Channel of Chel Khola is relatively slowing down the tendency of Foreland basin 
filling comparable to the adjacent Lish River for the last five years. The tendency of 
foreland basin filling is calculated as 3 cm year-1 in Lish basin. While, the mountain 
course and piedmont surface of Chel is revealing a dissimilar rate of basin filling i.e. 
1 cm year-1 and 0.5 cm year-1 (Wiejaczka, 2016). The changes of channel behavior on 
the piedmont zone are related with the sediment yield rate, amount of surface run-off, 
presence of suspended load in the discharge and human constructions. The changes 
in River bed level prepare the site for future catastrophic flood events. The River bed 
mining is another threat to the channel on its abrupt dynamics in channel hydraulic 
geometry. The rate of valley incision depends on the upliftment rate (0.05-0.4 cm 
year-1) of eastern Himalaya (Nakata, 1972). This process of orographic upliftment 
creates new threshold points of erosional activation and thus the river channels adjust 
with rejuvenation of the fluvial cycle of erosion. The catastrophic flood events (1968, 
1993, 1996, 1998 and 2000) bring dynamic equilibrium for a very short time to generate 
channel behavioral oscillation in discharge and sediment load transportation by the 

Fig. 1: Location of Chel Basin
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competent velocity of discharge. The mountain (149.7 per thousand) and piedmont 
(8.87 per thousand) gradient has established morphological contradiction for revealing 
the tendency of high probability of channel abrasion and foreland basin sedimentation 
(1 per thousand represents 0.001unit).  The basin flash floods abruptly change the 
channel form- process interactions. In the Darjeeling sub-Himalaya, the mean annual 
rainfall fluctuates between 3000-6000 mm (Roy, 2011). At a distance of 10 km from the 
mountain front, the amount of rainfall drops below 3000 mm and at 30 km distance 
it falls below 1500 mm (Norbu, 2004). In 1993, Jalpaiguri district experienced a cloud 
burst event which yield 784 mm of rainfall in 24 hours (Sarkar, 2004). On the Darjeeling 
Sub-Himalaya, the heavy rainfall events clusters after 1-3 years and it affects the cycle 
of channel stability and instability by means of bar formation. The study keeps its 
focus to realize the channel behavioral changes in extreme rainfall events (avulsion) 
by connecting the present and past conditions. 

STUDY AREA
The River Chel finds its origin in the dense Pankhashari reserved forest (below Neora 
Valley National park) which is situated on the semi-circular scarp at an elevation of 
2390 m a.s.l. The area of the Chel catchment is 317 km2 (Fig: 1). The upper catchment of 
98 km2 falls under the virgin forest tracts of Kalimpong District. The head streamlets 
have become dissected by the extension of Gorubathan ridge, Pankhashari ridge, Fagu 
ridge and Dalingma ridge. The main channel of Chel has been tributed by two streams 
namely Chel Khola at the east and Kali khola at the west. The left bank tributary Chel 
Khola has been originated from the dense Pankhashari reserved forest at an elevation 
of 2484 masl. The Chel khola has been connected by Majhua khola at its left bank 
just above the Pankhashari settlement. At Patharjhora tea garden, the junction of three 
channels is observed on the piedmont namely, Manzing khola, Sukha Khola and Chel 
Khola (Image: 1). This site is composed of the succession of five alluvial fans and falls 
under the jurisdiction of Jalpaiguri district (below 300 m contour elevation). The Chel 
is the left bank tributary of mighty River Tista. It receives two important left bank 
tributaries namely Kumali and Mal Nadi before merged with Dharala River. 

OBJECTIVES
1. To analysis the Present & Past Rainfall events to get idea on the recurrence 

potential Flood events within the Channel that promotes avulsion.

2. To know the complex history of channel Avulsion in relation to Morpho-dynamics.

METHODOLOGY
1. The nature of channel avulsion has been studied from the thorough analysis of 

temporal Google earth images (1983, 1990, 2007, 2016 free sourced) at the same 
scale and same UTM (Universal Transverse Mercator’s) projection layout. The 
process and type of channel avulsion has been carried out by following the 
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classification of Jones et al., (2007). The Avulsion thresholds have been calculated 
by following Mackey and Bridge (1995) and Bryan et al., (1995).

2. Flood Frequency analysis has been done by following Gambel’s (1941) method and 
Rainfall analysis by using TRMM data (Tropical Rainfall Measuring Mission) at 4 
km horizontal and 250 m vertical resolutions (2B31 v6 data product) (Bookhagen 
and Burbank,2010), IMD and from other secondary sources. 

3. The Water level data has been collected from the drawn Channel cross-section 
at Odlabari site (auto-level survey during pre-monsoon) by attempting field 
measurements and discharge is also estimated from Cross-sectional depth and 
gauge heights. 

RESULTS AND DISCUSSION

Analysis of Present and Past Rainfall events and Flood recurrence 
The sub-Himalayan Jalpaiguri district belongs to the rainiest parts at the Himalayan 
margin located north of the wide gap between the Deccan plateau and the Meghalaya 
upland (Roy, 2011). Their annual total rainfall fluctuates between 2000 and 4000 mm 
at the margin of the Western and Central Himalayas and between 4000and 6000 mm 
in the margin of the Darjeeling Himalaya located within Eastern Himalayas (Starkel 
et al., 2008; Bookhagen and Burbank, 2010 &Wiejaczka, 2016). The 97 km2 area in the 
mountain course of Chel basin gets an annual rainfall of 6096 mm (Dutta, 1966, Starkel 
et al., 2008 and Sarkar, 2012 and Wiejaczka, 2016). In 2016, the mean annual rainfall of 
Jalpaiguri district varies from 3465.9 mm to 2776.0 mm (IMD). The extreme rainfall 
events occurred in 1968, 1993, 1996, 1998 and 2000. The maximum recorder rainfall 
event in Kalimpong district was 400 mm rainfall in 24 hours in 1968, 5th October 
(Sarkar, 2012). In 1954, Jalpaiguri district received an annual mean rainfall of 5088 mm 
(IMD). The recent monsoon rainfall of Jalpaiguri district indicates three high monthly 
average rainfall 1012.1 mm in August 2015, 1201.8 mm in July 2016 and 1110.9 mm in 
July, 2012 (Fig: 2). The TRMM raster data layer of 2016 indicates the annual rainfall 
of >3000 to 700 mm in the hilly catchment (Fig: 4). In 2017 august, the rainfall amount 
only exceeded 896 mm (Fig: 5). The rainstorm of 1993 (784 mm in 24h.), 1998 (12th June, 
800mm in 24h.), 1998 (July, 450 mm in 24h.) and 2000 (500 mm in 24h.) increased the 
amount of discharge in river Tista and Chel (Starkel et al., 2008). During 1998 (June) 
monsoon, the amount of discharge in Tista was recorded 2000 m3s-1. In 1998 July, the 
discharge was 1450 m3s-1. But during 2000 monsoon, the discharge was quite high 
3800 m3s-1 (all the mentioned discharge data have been collected from CWC gauging 
sites, Sarkar, 2012 & Starkel et al., 2008). The highest gauge height at Odlabari Chel 
Bridge site has been observed to reach a level of 3.55 m from the 0 RL of the site on 
10th July, 1975 (Plate: 1). The normal rainfall of October, 2017 in the whole Eastern 
India deviates from 1%-3% (IMD). So, the recent trend of rainfall indicates no such 
catastrophic events as perceived during 1990’s. It ultimately leads to the stabilization 
of old channel bars. 
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Fig. 2: Monthly Rainfall analysis of Jalpaiguri (2012-2016).

Fig. 3: Seasonal Rainfall Variations in Jalpaiguri.
The hydro-dynamics of a channel can be understood from the occurrence of fl ood 
events in the basin. In the channel, the response of catastrophic or high rainfalls 
generates peak discharge in the monsoon. For the analysis of fl ood frequency Chow 
(1964) used two types of calculation i.e. from Annual peak fl ood series or partial 
duration series. For last years, the peak discharge of Odlabari site has been estimated 
from drawn cross-section (pre and Post monsoon), channel width (m) and water level 
variation (m). Finally, the frequency analysis has been done by following the method 
of Gumbel (1941) and the analysis is att empted to know probable occurrence of fl ood 
that may caused the threshold exceedence for avulsion (Fig: 10 & 11). The recurrence 
of fl ood discharge of 626.13 m3 S-1 after every 5 years may have the chance of creating 
small avulsion in Chel basin and after 20 years chance of mega avulsion still exist 
(Table: 2). But unpredictable monsoon rainfall in Darjeeling Sub-Himalayan piedmont 
may cause deviation from the estimations.
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Table 1: Flood Frequency analysis by Gambel’s Method

Year 
(arranged)

Peak 
Discharge 

(X) in m3 S-1

m 
(Order No.)

T=n+1/m 
in year 
(Return 
Period)

P (%)= m/n+1 
(Probability) X2

2016 690.23 1 7 0.14 476417.45
2017 658.54 2 3.5 0.29 433674.93
2017 610.34 3 2.33 0.43 372514.92
2012 580.73 4 1.75 0.57 337247.33
2013 540.97 5 1.40 0.71 292648.54
2014 525.46 6 1.16 0.86 276108.21

Source: Computed by the researcher. 

Table 2: Analysis of Probable Flood Discharge in Recurrence Interval

T (Return 
Period) Mean 

Standard 
Dev. (S)

K (Gambel’s 
Frequency 

Factor)
KS

Flood 
Discharge

X= ( +KS)
5 601 64.93 0.387 25.13 626.13
10 601 64.93 0.681 44.21 645.21
20 601 64.93 0.96 62.33 663.33
50 601 64.93 1.33 86.36 687.36
100 601 64.93 1.60 103.89 704.89

Source: Computed by the researcher.

Changes in Channel Hydraulic Parameters
The channel hydraulic parameters are responsive to the dynamics of discharge and 
sediment load variability in the channel. The cross-sectional analysis can reveal 
various measurements related to the hydraulic geometry of the channel. The changes 
in channel’s hydraulic geometry can be studied from Pre and post monsoon cross-
sections. The variable rate of channel filling with deposits brings changes in the 
channel’s Cross-sectional area (km2). The pre and post monsoon (2017) Cross-sectional 
area of the channel are calculated as 514.78 km2 and 490.38 km2 respectively. The 
changes are influenced by discharge related scouring and appearance of new channel 
bars. After the recession of peak discharge of 525.46 m3 sec.-1 in 2017 July, the channel 
developed ideal braided course with the appearance of many mid-channel bars in the 
up-stream of Odlabari Bridge (Plate: 2). The process indicates the discharge with high 
settling velocity of suspended load on the low bed slope of 1 in 0.004 meter. Within the 
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survey period (2014-2017), the post-monsoon (October-November) fi eld observation 
and measurements have been strictly confi ned within a cross-section of 20 m (R/B 
122 m to L/B 144 m; River Distance) near the left bank of the channel (Fig: 9) to get 
the gauge heights. This study stretch has been noticed with no abrupt channel bed 
morphological changes. Only the seasonal variation in appearance of small pebble-
levee bars (Plate: 3), fragmented point bars and submerged shoals has been noticed. 
The high gauge heights for 2009, 2012 and 2016 above 159.5 m are the response of 
high amount of monsoon rainfall during the years rather than the eff ect of changes 
in bed morphology (Fig: 7). In 2017 (June), the maximum gauge height reaches 160 m 
(Fig: 6). It indicates the successive years of rainfall (2016 & 2017) of above 1200 mm. 
On the piedmont surface, the low bed slope makes it diffi  cult to maintain the channel 
fl ow at the middle of the cross-section. The system automatically shifts (thalwegs) to 
the banks. So, near the left bank of Chel the gauge heights are observed high specially 
during post-monsoon fi elds (Fig: 7). The middle part of the channel cross-section is 
dominated by a formation of mid-channel bars. The bed mining activities are changing 
the natural dynamics of the River towards un-predictable water holding capacity. 

Fig. 4: Annual Precipitation of Chel Basin 
(2016)

Fig. 5: Rainfall distribution in 
Chel Basin  (August, 2017)

Source:  Rainfall data after Bookhagen and Strecker (2008) and Bookhagen and 
Burbank (2010).
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Fig. 6: Monthly Water Level variations at Odlabari Chel Bridge Site (2017).

Fig. 7: Water Level Variation along the Channel Cross-section at Odlabari Chel 
Bridge site (2017).

Fig. 8: Reduced Level of Maximum Water Level Variation at Odlabari Chel Bridge 
Site (Field study and CWC).
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Fig. 9: Post-Monsoon Cross-Section of Chel River at Odlabari Bridge Site 
(October, 2017).

Channel Avulsion
The term is synonymous with the switching of fl ow from one channel to another 
(Ferguson, 1993). The process of avulsion is related with the higher rate of sedimentation 
in the channel that causes the diversion of the previous fl ow paths to a new path 
to fl ush out the accumulated sediment. The main cause of avulsion is related with 
shifting of the existing course to a new course and blocking of channels by the bars 
(Charlton, 2008). The avulsion process of a channel is also linked with the duration 
and peakedness of triggering fl ood, ratio of sediment fl ux in discharge, geometry of 
the avulsion node and pre-existing topography of the fl ood-plain. 

Present and Past Conditions of Channel Avulsion
Avulsion is not only the process of excessive sediment diversion to a newly formed 
channel rather it controls the distribution of coarse and fi ne grained deposits in a 
channel. The course of Chel on the piedmont surface exhibits avulsion by annexation 
and aggradation (Jones et al., 2007). The vibrant course of Chel has been aff ected by 
multi-cyclic fl uvial actions. It shifts abruptly on the piedmont surface by following 
recurring fl ash fl ood events. At Patharjhora tea garden, the width of the channel 
changed frequently in 1980, 2001, 2016 measured as 1520m, 1361m and 1618 m 
respectively. The River Chel has formed many new bypasses on the foreland basin to 
remove the increasing sediment load within the old channel sediment belt and thus 
exhibits anastomosing channel patt ern. The channel bars shifts the course near the 
banks. During the high fl ow, the channel spreads out on the fl oodplain and starts 
deposition on the soft alluvium in form of crevasse splays. 
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Image 1: 2016, 2007, 1990 & 1983 temporal images of avulsion at Patharjhora Site 
(confluence of Manzing, Sukha & Chel Khola from left to right).

Image 2: 2016, 2006, 2002, 1990 temporal images of avulsion at Turibari (upper 2a) 
and Manabari Site (Lower 2b).
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Avulsion at Site 1(Beside Patharjhora)
The site is situated on the piedmont tract of Darjeeling Himalaya at an elevation of 
320 m (Image 1). The length of the site along the course of Chel is 3.2 km. The site 
is a junction of three stream connectivity namely Chel, Fagu and Manzing khola. 
The site is identical with its variable discharge, sedimentary environment and high 
stream energy dissipation. The width of the flood plain beside Patharjhora tea garden 
is 1.5 km. The maximum channel width is 800 meter. This wide channel is composed 
of various blocking channel bars. The channel widens out on the fan surface. The right 
bank of Manzing khola gives the birth of many narrow streamlets in form of a complex 
network of connectivity. This avulsion process follows annexation of previous channels 
by new channels. Avulsion by annexation occurs when an avulsed channel re-occupies 
an abandoned channel or appropriates an existing channel (Jones, et al., 2007). This site 
also bears the imprint of aggradational avulsion process. The channel spreads out on 
the fan surface due to the effective dispersion of sediment load by the recurring events 
of flash floods (1963, 1968, 2016, and 2017). The role of flash floods when overtops the 
banks initiates the overland flow on the margins of the fan surface. This overland flow 
generates various ephemeral streamlets on the fan margins. Overland flow is more 
likely to result in a channel avulsion if a nearby channel is receiving the flow (John, 
2001). The right bank of Manzing khola starts developing anabranches which directly 
establish connectivity with the right bank of Chel beside Patharjhora. The Manzing 
khola migrates to the west with many channel diversions. The measured width of 
the course along with the branches is 500 m (Image 1, 2016). Above Patharjhora, the 
channel of Manzing Khola divides in to two different channels by the blocking effect 
of a medial channel bar (Fig: 12). It expresses a chute diversion pattern of avulsion as 
it is observed from the satellite image of 2016 (Image 1, 2016). Above Patharjhora, the 
two channels of Manzing and Sukha khola creates a junction. The left bank of Manzing 
khola (left most) directly connects with the course of Sukha khola (middle one). The 
Channel of Sukha khola becomes prominent along the left bank and the beheaded 
part of the channel becomes under fit within the valley. The channel creates a new 
chute branch along its right bank. From 1983 to 2007, the channel of Chel expressed 
a tendency to migrate towards west. But in 2016 it again comes back to the east due 
to avulsion.

Image 3: 2016, 2006, 2002, 1995 & 1988 temporal images of Avulsion at West 
Damdim site.
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Avulsion site 2 (Beside Manabari Tea Garden)
The present process of avulsion follows the formation of newly created anabranches 
along the right bank of the channel. The process is related with massive sediment 
infestation of the channel beside Turibari tea garden. From the satellite image of 2016, 
it reveals the pattern of annexation where the top of the channel spreads over the 
downstream from an apex (Image 2a). The course gradually shifts to the east. The 
channel is fully devoid of any sediment bars. But, the channel in 2006 represents a 
channel diversion by the positional effect of an elongated stable mid channel bar 
(Fig. 13). The channel pattern was to the vicinity of ideal braiding. In 2002, the channel 
of Chel (1.12 km) was narrow than 2006 (670 m). The flow was diverted into three 
channels and divided by the position of three stable mid channel bars (Image 2a). 
The right anabranch appeared as a strong part of the channel. The process reveals 
the annexation type of avulsion.  This type of local avulsion (Slingerland et al., 2004) 
creates various new channels that rejoin the main channel at down-stream. The two 
diverted channels on the right bank of Chel in 2002 get merged into a single channel 
in 2006 (Image 2b). In 2016, the active anabranches in the single channel belt has been 
formed by the re-occupation of channel along left bank. 

Avulsion Site 3 (Beside West Damdim)
Below the Odlabari bridge site, the channel takes a sharp bend to the South-east. 
The present course of Chel (2016) creates a filament diversion beside west Damdim 
(Fig. 14). The channel divides to avoid the blocking effect of a stable mid-channel bar. 
The course was more braided in 2008. At this site, the present width of the channel belt 
is measures as 2.5 km. This wide zone experienced number of channel abandonment 
and re-occupation since 1988. The channel of 1988 is observed as continuous and 
sediment infested without any sign of channel avulsion. The channel divides in to two 
parts in the image of 1995 (Fig. 9.d). The branch of the channel became narrower on 
the right bank in the image of 2002 (Image 3). Again the channel became prominent 
on the right side division in 2004. The existence of the vegetated patch of land on the 
right bank beside Targhera indicates the stability of the course and less extreme event 
of channel over spilling. The repeated events of channel over spilling at local sites of 
the channel bank cause the activation of avulsion (Slingerland et al., 2004). 

FINDING MORPHOLOGICAL THRESHOLDS FOR AVULSION
The process of avulsion occurs when the site is near to an ‘avulsion threshold’ (Jones 
et al., 2007). The process is dependent on the condition of regional slope and amount 
of flood discharge. The sediment accumulation on the piedmont and high sediment 
delivery rate by the competent discharge prepares the condition of avulsion. The 
sediment delivery and competent discharge are both related with existing channel 
slope. The topographic analysis on cross and down valley slope is important to 
understand the morphological threshold of avulsion of a site. It has been hypothesized 
that the exceedence of the analytical ratio from 1 may promote the chance of avulsion.  
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The calculation of morphological avulsion threshold indices is classified into two 
parts i.e. topographic analysis and planform dynamics (Sinha et al., 2014). Mackey and 
Bridge (1995) suggested that the location and occurrence of avulsions are controlled by 
regional slope variation (Table 3) and frequency of flood event (Table 2). Bryant et al., 
(1995) defined a ‘super-elevated’ channel when the sedimentation rates are higher 
near the channel than farther out in the floodplain. Under such conditions, avulsion 
threshold can be defined as Avulsion threshold (Table 4) = he/h where, he is the super-
elevation of the channel above floodplain, and h is the characteristic flow depth (Bryan 
et al., 1995; Sinha et al., 2014). 

Table 3: Analysis of Channel slope ratio

Sites Cross-Valley Slope (%)  
(a)

Down-Valley Slope (%) 
(b)

Ratio 
 (a/b)

A 1.1 1.4 0.79
B 0.5 1.6 0.31
C 1.7 1.4 1.21
D 0.8 1.8 0.44
E 1.7 0.8 2.13
F 1.8 1.9 0.95
G 2.4 1.1 2.18
H 2.1 0.6 3.5
I 0.8 1.0 0.8
J 1.0 1.6 0.65
K 1.0 1.3 0.76
L 0.6 1.7 0.35

Source: Computed by the researcher.
Note: Exceedence of Threshold indicated by >1

Table 4: Calculation of Avulsion Threshold

Sites Super Elevation (m) 
(he)

Flow depth (m) 
(h)

Avulsion Threshold Ratio 
(he/h)

Patharjhora 4.12 3.38 1.18
Manabari 1.50 1.45 1.04
Odlabari 1.32 1.36 0.97
Apalchad 1.13 1.205 0.94

Source: Computed by the researcher.
Note: Exceedence of Threshold indicated by >1
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The avulsion threshold ratio is greater than 1 in Patharjhora tea garden (Fig. 10). The 
junction of three channels makes the downstream highly susceptible for avulsion. The 
junction of Manzing and Sukha khola also evolve through high magnitude of channel 
morpho-dynamics promoted by frequent channel avulsion. The morphological 
threshold values exceed for the sites of 5, 7 and 8 (Fig. 11) as the channel slopes 
(Longitudinal & valley) are infl uenced by the human interferences like construction 
of bridge, embankment and river bed mining activity etc. At site 8 (West Damdim), 
the avulsion tendency regenerates through the palaeo-channels and tendency of bar 
stabilization (high bank stress generates). But in other sites, the possibility of avulsion 
threshold exceedence is related with channel behaviour and slope modifi cation by 
continuous human interactions and needs more study to establish. 

Fig. 10 & 11: Avulsion Threshold Ratio (2017 Post Monsoon) & Channel’s 
Morphological Threshold for Avulsion (Digital Elevation model based 

analysis-ASTER DEM 30 m Resolution).
Note: Avulsion Threshold Ratio calculated at the sites where previously avulsion 
occurred. Morphological Threshold has been analyzed from 12 study reaches of 4 km 
length. 
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Fig. 12: Avulsion Site 1 (Patharjhora TG).

Fig. 13: Avulsion Site 2 (Manabari TG).
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Fig. 14: Avulsion Site 3 (beside West Damdim).

CONCLUSION
The process of avulsion is a natural phenomenon on the piedmont surface of Darjeeling 
Himalaya. But, the magnitude of avulsion is entirely dependent on the amount of 
rainfall in the region. In the recent past, the amount of average annual rainfall did 
not exceed 3000 mm. In 2016, the month of July received a rainfall above 1200 mm 
which is the wettest monsoon month since 2012. The normal annual average rainfall 
on piedmont zone (5 km wide) varies from 4500-4000 mm. But, the IMD data of annual 
average rainfall for 2015 and 2016 states the amount of 2903.10 mm and 3329.3 mm 
respectively which is comparably a low amount. So, in recent past the chances of mega 
avulsion have been decreased gradually due to the effect of rainfall. The tendency of 
abrupt channel dynamics is also deceased. Such circumstances, reduces the possibility 
of morphological threshold (Fig. 10 & 11) exceedence which is favourable for avulsion. 
The catastrophic rainfall events of 1990s were responsible for high magnitude avulsion 
of Chel basin in recent past.
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Plate 1: Mark of Highest Flood 
Level at the Bridge Pillar of 

Odlabari site

Plate 2: Braided Course of Chel in August, 
2017 (Upstream of Odlabari Bridge).

Plate 3: Elongated Pebble channel bar (Odlabari Downstream).
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Abstract Occasional flooding has a distinct impact on

fluvial dynamics of a channel. It brings new thresholds of

adjustment for hydraulic conditions of a channel. The task

of estimation of peak discharge during occasional floods is

very complex, as the water recedes very quickly. The flood

and rainfall design techniques (Gumbel’s frequency dis-

tribution) are the relevant solutions for peak discharge

estimation at an un-gauged station of measurement. This

paper aims to estimate the volume of peak discharge during

the phase of occasional floods at ‘t’ recurrence intervals (5,

10, 20, 50 and 100 years) which are 148.87221, 158.58408,

167.9592, 179.9475, and 218.8758 cumecs. The separate

yield of peak runoffs from small 3rd-order basins has been

estimated by rational method on 2 years (162.70 cumecs)

and 10 years (212.60 cumecs) probabilities of recurrence.

While deriving probable peak flood discharge, various

temporal hydrological relationships regarding rainfall–

runoff and stage–discharge have been established by curve-

fitting method in linear and power regression models. The

temporal study (2015–2017) reveals some interesting

hydrological results, including (a) 1284.21–1522.22

Ha m day–1 channel runoff causes discharge greater than

150 cumecs, (b) effect of basin lag influences the runoff

curve and (c) the water stage above 2.5 m gauge height

indicates occasional floods. The rainfall as system input

indicates high spatio-temporal variation ranges, between

200 and 5500 mm, as maximum annual average. This

approach fundamentally assembles the rainfall–runoff–

discharge trio relation in estimating the design for peak

occasional flood discharge for Chel Basin.

Keywords Discharge � Gauge height � Intensity–duration–
frequency curve � Flood probability � Runoff � Occasional
flood � Peak discharge

1 Introduction

A flood is an unusual high stage of water due to runoff

from rainfall and melting of snow in quantities too great to

be confined in the normal water surface elevations of the

river or stream [1, 2]. That is, a flood is any relatively high

flow that overtops the natural or artificial banks in any

reach of a stream [2]. Reliable estimates of the magnitude

and frequency of floods are essential for flood insurance

studies, flood-plain management, and the design of trans-

portation and water conveyance structures, such as roads,

bridges, culverts, dams, and levees [3, 4]. The process of

flooding is related with the increase in relative heights of

water column or the stage. It can be determined from the

peak flows in flow duration curves. Flooding is an integral

part of the channel process that sometimes causes the fix-

ation of new thresholds for water and sediment continuity

[5, 6]. Floods can be measured from the volume of peak

discharge, stage of the water, and the floodplain inundation.

Artificial neural networks (ANNs)1 applied in the field

of hydrological modeling have been used for over a decade

for flood estimation in un-gauged catchments [5]. The

advanced technique of flood loss estimation models inte-

grates physically based distributed hydrologic model and a& Debarshi Ghosh

wetlanddeb@gmail.com

1 Dhupguri Girls’ College (affiliated to University of North

Bengal), Dhupguri, Jalpaiguri, West Bengal, India

1 An artificial neural network is an interconnected group of nodes to

solve critical problems just as the human brain does.
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distributed flood loss estimation model [7]. In the alluvial

rivers of the Darjeeling Himalayan foothills, the nature of

flooding is generally occasional in nature. It is connected to

the periodic fluctuations of high rainfall events of the upper

catchment. This helps to determine design storm estimates

in the basin. The plots of Depth-Area Duration (DAD)

curves2 in relation to the upheaval and recession of dis-

charge in a time-bound scale sharply disclose the rainfall

intensity–peak discharge relationship. The peak flood

estimation from sub-catchments has been determined by

non-linear flood estimate models and by using advanced

radar and rain gauge data [8–10]. This paper aims to

determine the peak discharge during occasional flood

events and what the amount of causative factors should be

in promoting occasional flood regarding rainfall condition,

channel water stage, and runoff (yield from upper catch-

ment and at a station measurement). The outcomes as

statistical models and Rainfall–Duration–Intensity (IDF)

curve may support other researchers who are working with

the rivers flowing on the piedmont of the Darjeeling

Himalayas.

2 Methods and materials

2.1 The study area

The basin is located within the geographical extension of

26�410N–27�100N and 88�390E–88�450E. The River Chel

originates from the Pankhasari Khasmahal on the Kalim-

pong Ridge. The Chel merges with River Mal in Rajadanga

Gram Panchayat (Jalpaiguri District) and ultimately falls in

Tista under the name of Dharala. The hilly part of the basin

(total basin area 317 km2) rises[ 2300 m above sea level.

2.2 Rational method

The rational method is useful in determining the flood peak

discharge from small basins (\ 50 km2) [11–13]. This

method is based on semi-empirical functions and is suit-

able for calculating storm design of small un-gauged

watersheds. The applicability of the method in Chel Basin

is dependent on the hypothesis that duration of peak rain-

fall intensity (I) should be equal to the time of concentra-

tion (tc) or peak rainfall intensity (I) should be greater than

the time of concentration (tc), which is cited below:

I� tc ð1Þ

(Critical rainfall duration, which equal and optimal peak

discharge rarely exceed)

The other necessary conditions to use the rational (CIA)

formula are as follows: (a) the calculated runoff is pro-

portional to the rainfall intensity (I), (b) rainfall intensity is

uniform throughout the storm, (c) the frequency of occur-

rence of peak discharge equals the frequency of the rainfall

producing the event, and (d) minimum 10 min rainfall

intensity duration is needed. However, the method does not

account for the storage amount in the basin. Now, if the

rainfall continues beyond tc, the runoff will be constant and

the peak runoff value can be identified from the following

formula:

Qp ¼ CIA ð2Þ

where Qp is the peak runoff value (cumecs), C is the runoff

coefficient (dimensionless), I is storm rainfall intensity

(cm h-1), and A is the area of the basin (km2).

On the basis of results, the spatial distribution of 2 years

and 10 years peak runoff probability from 3rd-order sub

basins have been mapped using IDW (interpolation) tech-

nique under the Arc-GIS environment (10.2.2).

2.3 Calculation of time of concentration (tc)

The time concentration of a sub basin has been estimated

from the Kirpich equation (1940) [14] because it is useful

for small basins dominated by channel flow. The formula

of calculation of tc is given below:

tc ¼ 0:00032L0:77S�0:385 ð3Þ

where tc is the time of concentration (h), L is the maximum

length of travel of water (m), and S is the slope equal to

H/L where H is the difference in elevation between the

remotest point on the basin and the outlet (m).

2.4 Rainfall intensity–duration–frequency (IDF)

curves

IDF curves describe the relationship between rainfall

intensity, rainfall duration, and return period (or its inverse,

probability of exceedence) [15, 16]. A rainfall IDF rela-

tionship is commonly required for designing of the water

resource projects. In this paper, the IDF curve is con-

structed to know the value of rainfall intensity (I) in

rational method with their recurrence interval. In this

paper, the IDF curves are constructed by using Gumbel’s

Type-I distribution method [13, 17]. In the formula, the

random variate (XT) is associated with a given return

period (T):

XT ¼ �X þ KTS ð4Þ

where �X is the mean of the observations (arithmetic aver-

age of the observations) and S is the standard deviation of

the observations. The frequency factor (KT) is associated
2 Depth-Area Duration curve denotes maximum depth and duration

of the rainfall event, which can be plotted for a drainage basin.
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with the return period, T, and the KT value can be derived

from:

KT ¼ �6=p 0:5772þ ln ln
T

T � 1

� �� �
ð5Þ

2.5 Gumbel’s method for flood frequency analysis

Gumbel’s distribution is a statistical method often used for

predicting extreme hydrological events [18–20]. This

method involves fitting a theoretical extreme value of

probability distribution to the maximum annual flow rate

data. The popular distribution methods of predicting

extreme flood values are Gumbel’s method, Log Pearson

type-III distribution, and log normal distribution. The

choice of Gumbel’s frequency analysis technique is made

on the basis that a) the considered peak flow data are

homogeneous and independent in nature, b) the whole river

channel is not influenced by diversions and reservoir

operations, c) the flow data covers a long phase of time,

and d) for the design of the national highway bridge and

embankment construction purposes.

2.6 Probability of extreme occurrence

The probability of an event that equals or exceeds the

observed events within a series can be explained by the

Plotting-Position (PP) formula [21] when the annual

maximum flood events are arranged in decreasing magni-

tude. The mth largest flood in a data series has been

equaled or exceeded m times in the period of record,

N years, and it estimates the recurrence interval (Tp):

P Weibull formulað Þ ¼ m

ðnþ 1Þ ð6Þ

where P is the probability of recurrence of an event, m is

the rank of an event, and n is the number of data points.

The return period or recurrence interval of an event is the

average interval in years between the occurrence of a flood

of specific magnitude and an equal or larger flood, which

can be calculated by the following formula:

TP ¼ 1=P ð7Þ

Finally, the semi-log plot between discharge (Q) and TP

yields the probability distribution. Conditionally, larger

extrapolations of TP are required for the theoretical prob-

ability distribution.

2.7 Explanation of Gumbel’s distribution

The theory of extreme events [17] expresses that the

probability of occurrence of an event equal to or larger than

a value, X0, of a variant (X), and the formula can be written

as:

P X�X0ð Þ ¼ 1� e�e�y ð8Þ

where y is a dimensionless variable given by y = a(X - a).

In practice, the value of X variant for a given probability

(P) and Eq. 3 will convert into the following:

yP ¼ �ln �ln 1� Pð Þ½ � ð9Þ

Now, considering the return period (Tp) = 1/P and des-

ignating yT as the value of y (reduced variate), we get the

following equation:

yT ¼ � ln � ln TP

TP � 1

� �� �
ð10Þ

Chow [22] shows that most frequency distribution

functions applicable in hydraulic study can be expressed by

the formula below and considered as the common fre-

quency equation in hydrological analysis:

X ¼ �X þ Kr ð11Þ

where X is value of variant Q (observed Peak discharge)

with a return period (TP), �X is the mean value of variant,ris
the standard deviation value of variant, and K is the fre-

quency factor which depends on TP.

Now rearranging Eq. 6, the value of variant X with

return period TP for n observations can be written as:

XT ¼ �X þ K rn�1 ð12Þ

where rn-1 is the standard deviation of sample size N.

The frequency factor K [23] can be derived from the

following formula:

K ¼ Yt � Yn

Sn

� �
ð13Þ

where Yn is the reduced mean, a function of sample size n,

and Sn is the reduced standard deviation, a function of

sample size n.

2.8 Hydrological data

The channel monsoon discharge has been estimated from

the gauge height data of daily field observations from 2015

to 2017. The partial flood duration series and its recurrence

have been estimated from the monsoon discharge above

100 m3 s-1 and from the calculated average monsoonal

cross sectional areas (A) of 111.60 m2 (2017), 125.04 m2

(2016), and 141.34 m2 (2015). The monsoon discharge at

Odlabari Station has been estimated from the following

formula [23]:

Q ¼ A � V ð14Þ
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where Q is the discharge (cumecs), A is the cross sectional

area (m2), and V is the daily channel velocity (m s-1

collected from filed survey from 2015 to 2017)

Channel daily runoff (Ha m) has been calculated by the

following formula:

Runoff QRð Þ ¼ Q � 8:64 ð15Þ

where Q is the daily estimated channel discharge (cumecs)

and 8.64 is a constant (60*60*24 m3/104 m2 m as

1 ha = 104 m2)

The monthly rainfall data (mm) has been collected from

eight rain gauge stations (Upper catchment [Ambiok,

Upper Fagu, and Gorubathan] and lower catchment [Syli,

Menglass, Rangamati, and Damdim Tea Gardens) located

throughout the basin (Fig. 1). The Isohyet maps (2015,

2016 and 2017) of annual average rainfall (AAR, mm)

have been prepared on temporal framework by using IDW

(interpolation) technique in ARC-GIS environment

(10.2.2). The daily runoff, discharge, and daily maximum

gauge height (m) data have been collected and calculated

for Odlabari Station after primary field survey. The rain-

fall–runoff and stage–discharge relations have been plotted

following the power regression equations in MS Excel

platform.

3 Results and discussion

The peak flow determination from ungauged small water-

sheds can be suitably determined by the rational method. It

determines the yield (cumecs) of runoff from the upper

catchment in 2 years’ and 10 years’ probability to generate

peak runoff yield after a storm rainfall event and how it

affects the downstream. The Odlabari Station (10 km

downstream from mountain outlet) is picked up to measure

the runoff volume (maximum 1465.43 Ha m in 2015) and

discharge (maximum 145.69 cumecs in 2016) to determine

the impulse generated by the water flow related to partic-

ular rainfall intensity (1-h intensity for 2 years’ probability

varies from 79.28 to 114 mm). The probable peak flood

discharge of a particular recurrence has been derived by

following Gumbel’s frequency distribution to determine

the nature and volume of maximum probable flood related

with basin hydrological characteristics such as rainfall

(mm), runoff and water stage (m), etc.

3.1 Analysis rainfall and runoff relation

After the occurrence of a storm rainfall, except the portion

of infiltration and evaporation loss, a part of the rainfall

flows over the ground as a thin sheet of water, which is

referred to as overland flow. The channel runoff generation

and runoff routing are suitable techniques for assessing the

hydrological character of the basin [24–27]. The rainfall–

runoff model (RR model) [28] with a meta-Gaussian

approach estimates the probability distribution of the

model error conditioned by the simulated river flow [29]. In

recent years, ANN) analysis has been used to establish non-

linear mathematical structure for RR input and output

analysis [30, 31]. The direct surface flow analysis is related

with the unit hydrograph method. For smaller areas, the

technique is referred to as overland flow analysis. The

runoff has been measured at Odlabari Station, especially

from the estimated discharge during the monsoon period.

The linear regression model of RR parameters has been

established to predict and estimate the conditional expec-

tation of the y variable on x. In 2017, the relation indicates

that the arrival of short spells of storm rainfall increased the

runoff suddenly (Fig. 2c, f). In 2016 (Fig. 2b, e), the plot

indicates the late arrival of high channel runoff, and it

decreases to June. In 2015 (Fig. 2a, d), the rainfall data

shows greater variation than runoff (COV-58.3 and 49.5).

From IDF curves, the rainfall intensity of the t return

period is observed to be maximum for a 1-h rainfall event

in 100-year recurrence. The hourly rainfall intensity has

been used to derive the function of the rational method. In

the IDF curve, the rainfall intensity (mm h-1) below 6 h is

approaching above 90 mm in case of all recurrence periods

Fig. 1 Location of rain gauge stations in Chel basin
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(Fig. 3). The probability of maximum hourly rainfall (mm)

is greater than 120 mm for 100-year recurrence. The

constructed curve of Chel Basin aims to estimate the storm

rainfall intensity (i) parameter in the rational formula.

3.2 Spatio-temporal distribution of rainfall

The mountain front of the Darjeeling–Bhutanese Hima-

layas experiences one of the highest annual rainfalls

(4000–6000 mm) in the country, and the most frequent

heavy rains (up to 800 mm day1) [32–34]. The piedmont

belt3in front of the Darjeeling–Bhutanese Himalayas

experiences orographic rainfall from the moisture-laden

wind of the south–east branch of the Indian monsoon. The

average annual rainfall ranges between 2130 and 3110 mm

(1986–1996) [35, 36]. Analysis of long-term rainfall data

Fig. 2 Relational plots of Rainfall–Runoff (RR) at Odlabari station,

a daily fluctuation of RR in 2015, b daily fluctuation of RR in 2016,

c daily fluctuation of RR in 2017, d simple linear regression between

rainfall and runoff in 2015, e simple linear regression between rainfall

and runoff in 2016, f simple linear regression between rainfall and

runoff in 2017

Fig. 3 Rainfall intensity–duration–frequency (IDF) curve of Chel

basin (after Gumbel)

3 Piedmont belt is a zone of coalescence of various alluvial fans of

Tista basin in front of lower Darjeeling Himalaya where surface

infiltration rate of water is very high.
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Table 1 Monthly average rainfall (mm) data of selected meteorological stations

Ambeok 2013 2014 2015 2016 2017 Fagu 2013 2014 2015 2016 2017

Jan 5.08 0 10.16 16.51 0 Jan 10.4 0 7.4 10.2 0

Feb 16.51 17.78 69.342 102.36 0 Feb 12.31 12.1 65.2 78.3 12.2

Mar 391.16 60.96 102.36 39.11 102.61 Mar 402.1 65.3 78.92 32.1 98.3

Apr 178.82 91.44 255.27 94.23 368.04 Apr 123.5 100.2 190.6 78.98 234.9

May 818.90 334.77 857.25 647.19 785.87 May 783.4 78.3 732.8 602.3 654.3

Jun 1307.85 1126.49 662.178 2107.69 2204.72 Jun 987.4 564.3 521.7 1345.8 1879.4

Jul 778.26 953.00 1104.138 3660.14 3817.62 Jul 654.2 990.4 1006.7 2065.7 2356.8

Aug 3581.91 1377.95 3573.272 4386.07 5025.39 Aug 2564.3 1456.2 2543.8 2654.8 3127.8

Sep 4011.17 708.66 4668.774 5250.94 5896.10 Sep 2754.5 1243.9 3451.8 3218.4 1528.8

Oct 4247.13 0 4758.182 5754.37 6184.9 Oct 1004.3 430.2 1328.2 1034.2 987.34

Nov 51.82 33.52 61.722 0 6222.49 Nov 32.4 11.2 45.6 0 0

Dec 0 0 0 0 0 Dec 0 0 1.54 0 1.2

Meenglass 2013 2014 2015 2016 2017 Gorubathan 2014 2015 2016 2017 2018

Jan 8.8 0 3.8 16.3 2.2 Jan 14.9 20.4 2.5 0 0

Feb 6.4 16.2 31.4 0 2.2 Feb 23.4 35.3 0 0 27.3

Mar 26 15.5 73.8 150.2 114.8 Mar 72.8 99.1 54.6 82.2 37.5

Apr 45.8 70.4 840.8 273.5 231.8 Apr 93.7 249.4 69 164.9 175.5

May 446.8 423.3 711.9 589.9 621.2 May 432.4 593.7 530.2 653.8 557.4

Jun 1297.4 1471.8 1537 1954.5 1619.4 Jun 1119 938.9 1411.4 1512.3 851.5

Jul 2807.7 1955.3 2249 3309.8 2512.6 Jul 531 1280 1480.4 1760 1262.3

Aug 3144 3012.6 3573.5 3778 3593.3 Aug 1667.9 1188.8 776.8 1662.5 851.5

Sep 3837.6 3700.2 4150 4724.3 4553 Sep 992 971.2 802.7 1023.7 1262.3

Oct 4082.7 3726.4 0 3703.2 4642.2 Oct 62 28.3 409.1 43.1 882

Nov 41.5 0 0 24.5 43.2 Nov 0 59.5 0 23.2 0

Dec 4.2 1.1 0 0 12 Dec 0 0 0 0 0

Syli 2013 2014 2016 2017 2018 Rangamati 2013 2014 2015 2016 2017

Jan 2.4 1.2 0 0 1.56 Jan 10.21 0 8.2 0 2

Feb 21.5 0 0 1.7 3.56 Feb 17.21 12.12 24.1 11.1 0

Mar 43.2 26.7 33.2 20.32 21 Mar 98.10 56.83 100.34 55.72 22.43

Apr 102.1 212.1 201.5 239.1 117.3 Apr 162.10 178.32 345.61 189.93 245.68

May 224.5 321.2 238.5 456.7 345.2 May 312.12 289.43 654.89 764.21 421.3

Jun 890.32 893.2 654.8 403.65 490.76 Jun 782.32 821.65 943.21 834.5 932.1

Jul 1003.8 932.6 890.4 899.32 768.8 Jul 1021.91 1093.5 2013.54 2134.5 3045.6

Aug 1230.4 1121.4 1003.5 921.74 1784.3 Aug 2023.43 3902.1 3254.6 2895.5 3122.7

Sep 1000.25 2015.9 1243.5 1345.2 980.7 Sep 1134.20 2021.4 1875.7 1765.3 2314.5

Oct 732.1 890.3 701.4 801.3 540.2 Oct 832.10 657.1 732.21 879.7 981.4

Nov 10.2 22.4 12.4 23.8 40.2 Nov 7.89 11 10.2 12.1 6.5

Dec 0 1.1 0 1.2 0 Dec 0.00 1.5 2 0 0

Damdim 2012 2013 2014 2015 2016 2017

Jan 0.6 1 1 0.2 0.9 0.3

Feb 0.2 2.2 0.6 3 0 0.6

Mar 0.2 1 3 5.8 4.9 6.6

Apr 11.3 12.2 29 17.8 5.1 5.8

May 25.1 51 73 31.5 15.5 31.1

Jun 64.9 50.1 43.6 57.8 96.5 67.7

Jul 108.3 97.25 92.8 37.3 139.1 63.1
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(1950–2002) reveals that Jalpaiguri District (with Kalim-

pong sub division) received maximum average monthly

rainfall in July (594.06 mm), and rain gauge stations at

Kalimpong Town and Phagu Tea Garden show maximum

average annual rainfalls of 2398 mm and 4735 mm,

respectively [37]. The nature of spatio-temporal distribu-

tion of rainfall within the basin has been studied from the

rainfall records of various hydro-meteorological stations

(Table 1). The Isohyet maps are prepared to show the

spatio-temporal distribution of specific Isohyet lines over

the basin, and the maps show that the highest isohyet line4

encircles the upper N–E part of the basin (Ambiok tea

garden) in the same fashion in 2015 and 2017 (Fig. 4a, b).

The maximum Isohyet line of 1300 mm in 2015 is found to

be almost doubled (i.e., 2300 mm) in 2017. In 2017, from

Upper Fagu Station (1800 mm) to piedmont (1300 mm)

surface, the isohyet lines change very sharply. The highest

average annual rainfall occurred at Ambiok Tea Garden

(2550.65 mm in 2017) which is the wettest part of West

Bengal, and the lowest average annual rainfall had been

recorded at Damdim Tea Garden (619.78 mm) (22 km

south of the mountain front) (Fig. 5a–g).

Table 1 continued

Damdim 2012 2013 2014 2015 2016 2017

Aug 44.4 74.1 46.1 112.2 28 101

Sep 79.2 50.1 1 67.7 73.43 72.5

Oct 5.9 19.9 0.1 9.4 29.5 10.4

Nov 0 0.6 0 2.8 0 1.1

Dec 0 0 0 0 0 0

Fig. 4 Isohyet map of Chel basin, a Isohyet lines of 2015 annual average rainfall (AAR) in mm, b isohyet lines of 2017 annual average rainfall

(AAR) in mm

4 Isohyet line is an imaginary line joins the points of equal rainfall

monthly average rainfall within a river basin.
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3.3 Stage and discharge relationship

Hydrologists use historical data to establish a relationship

between water level and discharge, which is known as a

rating curve. In modern studies, models of the water level–

discharge relationship are built with an ANN, fuzzy neural

network, and M5 model tree function [38–40]. The S–D

rating curves5 are a significant assessment tool of a

channel’s real flow dynamics [41, 42]. In 2015, the esti-

mated discharge of above 120 m3 s1 led to holding the

stage at 2.55 m (Fig. 6a, d). The relational plot indicates

the recession of discharge below 60 m3 s-1 at a stage of

1.25 m at both tails of the curve. In 2016 (Fig. 6b), the

maximum stage of 2.9 m has been observed at a discharge

of 145.69 m3 s-1. The S–D curve in the power regression

model shows the highest explained variation of 66.9% in

stage by discharge (Fig. 6e). In 2017, the pattern of the S–

D curve (Fig. 6c, f) has been changed identically. The

maximum S-D condition has been noticed from last week

Fig. 5 Spatio-temporal

variation of monthly average

rainfall in mm, a Ambeok tea

garden, b Gorubathan, c Upper

Fagu tea garden, d Meenglass

tea garden, e Syli tea garden,

f Rangamati tea garden,

g Damdim tea garden

5 Discharge Rating curve is the curve of discharge versus stage for a

given point on a stream, usually at gauging stations, where the stream

discharge is measured across the stream channel with a flow meter.
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of June to first week of July. The maximum condition

comprises of 125 m3 s-1 discharges at a stage of 2.0 m.

3.4 Peak flood discharge (Qp) determination

The analysis reveals two different time probabilities for

2 years and 10 years (Table 2). The 10 years’ probability

(Fig. 7b) of peak runoff rate shows greater results for sub-

basin-wise analysis. The 10 years’ probability of peak

runoff for both the left (LB) and right (RB) bank sub basins

of the Chel yields peak runoff rate of more than

106 m3 s-1. However, the 2 years’ probability of peak

runoff (Fig. 7a) generations from both sides contributes

86.7 m3 s-1 and 76.01 m3 s-1 peak runoff rates, respec-

tively. The coefficient of variation (COV) declines from

2 years’ to 10 years’ peak runoff rates (141.2 and

136 m3 s-1, respectively). This indicates the persistence of

probable uniform storm intensity for a long period of time,

which ultimately causes the comparatively minor variation

in the result.

3.5 Daily variation of gauge heights

The gauge heights6 of the Chel have been recorded at

Odlabari Station from the level of 0 reduced level (RL).

The highest recorded gauge height at this station was

3.80 m above the bed level caused by the very heavy

rainfall event on 10th July, 1975 (850 mm rainfall in July)

[36]. The maximum recorded gauge height (m) at Odlabari

Station from 2015 to 2017 was recorded as 2.55 m in July

from the level of 0 RL, and the minimum height is 0.26 m

in the month of May. The comparative high variation in the

frequency distribution of daily gauge height is calculated to

be highest for the year of 2016 (Fig. 8a). The greater

fluctuations in 2015 in gauge heights related with several

high peaks in the frequency distribution indicate greater

runoff volume of water from the upper catchment

(1277.94–272.0 Ha m day-1). The average gauge heights

from 2015, 2016, and 2017 have been calculated as

158.39 m, 158.35 m, and 158.19 m, respectively.

Fig. 6 Stage–discharge (SD)

relationship at Odlabari station,

a SD plot of 2015, b SD plot of

2016, c SD plot of 2018,

d power regression of 2015,

e power regression of 2016,

f power regression of 2017

6 Gauge heights are the heights of the water level at a station of river

channel from a 0 reduced level.
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3.6 Estimation of flood discharge

The frequency analysis shows a model estimate to char-

acterize peak flood discharge [25, 43] (Table 3). The

characterization of flood frequency for 100 years at Odla-

bari Station is approximated as 218.9 cumecs (Table 4).

However, the 5 years ‘return period of peak flood dis-

charge is quite synonymous with the discharge data studied

from 2015 to 2017. The slowly decreasing trend (of July

rainfall falling below the monthly average of 600 mm from

1950 to 2002) of rainfall on the piedmont of the Darjeeling

Himalayas limits the peak flood discharge estimation at

Chel slightly above 200 cumecs, even at 1000 years in

future (Fig. 8b).

Fig. 7 Peak runoff yield from 3rd order sub basins (in cumces), a 2 years probability of runoff yield, b 10 years probability of runoff yield

Fig. 8 Presentation on

hydrological character of Chel,

a temporal variation of channel

gauge height at Odlabari station,

b power regression model on

recurrence interval of peak flood

discharge
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3.7 Conclusion

The process and occurrence of channel flood is a complex

event. It is related to multiple controlling factors including

basin area, shape, lag in storm hydrograph,7 rainfall

intensity in upper catchment, etc. The runoff length causes

the delay in forming peaks in hydrograph immediately after

a rainfall with storm intensity. The arrival of peak dis-

charge keeps pace with high rainfall intensity in the upper

catchment. The rational method reveals that 10 years’ flood

peak discharge is comparatively higher than 2 years’

probability. Therefore, the flood dynamics in terms of a

large temporal scale produces results that are more sig-

nificant. In Gumbel’s method, the outcomes are really

interesting, as 10 years’ probability of flood flow

(158.6 cumecs) marginally increases up to 218.88 cumecs

in a 100 years’ (large) temporal scale of probability. This

slight increase of flood recurrence probability after the

lapse of 100 years indicates the drastic change in present

climatic conditions in the future. The present and past flood

discharge in Chel Basin is efficient in transforming the

morphology of the channel through avulsions, massive

bank erosion, changes in channel sinuosity and braided

nature, etc.
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Table 3 Analysis of flood probability by Gumbel’s method

Year Peak Q (cumec) x Average M order no. T return period P probability (X[ x) P% x2

2016 116.02 136.17 1 18.00 0.06 5.56 13,460.64

2003 132.45 136.17 2 17.50 0.11 11.11 17,543.00

2001 132.53 136.17 3 17.33 0.17 16.67 17,564.20

2008 132.61 136.17 4 17.25 0.22 22.22 17,585.41

2011 132.67 136.17 5 17.20 0.28 27.78 17,601.33

2004 132.66 136.17 6 17.17 0.33 33.33 17,598.68

2007 132.75 136.17 7 17.14 0.39 38.89 17,622.56

2010 132.7 136.17 8 17.13 0.44 44.44 17,609.29

2013 132.7 136.17 9 17.11 0.50 50.00 17,609.29

2014 132.73 136.17 10 17.10 0.56 55.56 17,617.25

2006 132.74 136.17 11 17.09 0.61 61.11 17,619.91

2002 132.78 136.17 12 17.08 0.67 66.67 17,630.53

2005 132.82 136.17 13 17.08 0.72 72.22 17,641.15

2009 132.99 136.17 14 17.07 0.78 77.78 17,686.34

2012 133.07 136.17 15 17.07 0.83 83.33 17,707.62

2015 169.61 136.17 16 17.06 0.89 88.89 28,767.55

2017 171.03 136.17 17 17.06 0.94 94.44 29,251.26

Table 4 Flood peak discharge recurrence probability

T-year recurrence interval P-% annual exceedence probability Mean ( �X) SD (r) K (Ref. table) K*r Flood discharge (Cumec)

X ¼ �X þ Kr

5 20 136.17 13.47 0.943 12.70221 148.87221

10 10 136.17 13.47 1.664 22.41408 158.58408

20 5 136.17 13.47 2.36 31.7892 167.9592

50 2 136.17 13.47 3.25 43.7775 179.9475

100 1 136.17 13.47 6.14 82.7058 218.8758

7 Storm hydrographs are graphs that show how a drainage basin

responds to a period of rainfall.
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Abstract
Channel behavior is related to the existing channel processes that lead to frequent changes in the water and sediment flow 
pattern of a river. The channel behavior reflects its tendency of auto-cyclic cut and fill processes. On the piedmont surface, 
the channel hydraulic geometry transforms due to the huge supply of bed load and the fluctuation of flood discharge. The 
heterogeneity of load and nature of load dispersal favors braiding of a river which adjusts with auto-cyclic processes of cut 
and fill. In the present study, conventional models for braiding proposed by Brice (BI: 3.69–9.04), Rust (BP: 5.1–12.3) and 
Richards (modified) (4.7–10.9) have attempted to associate them with channel network analysis by computing vertex detour 
index (VDI) with temporal changes, eta index, theta index, pie index, planform index (PFI), flow geometry index (FGI), and 
execution of the planner circuit model of the braided course based on link-node ratios like α index, β index, and ƴ index. The 
standard sinuosity index (SSI) was calculated to be maximum (1.11) for the reach 4 with the average range of 1.027–1.045 
in 2016 keeping the same persisting trend over 1981. The flow geometry index is 107.4 compared to the planform index of 
braid accounting for 0.35 which held flood as the most responsible factor. In 2016, the channel network of river Chel revealed 
moderate channel efficiency with a greater degree of channel diversion along the bars (103–111). Moreover, complex or 
volatility of braid vs. sinuosity has been noticed in case of the river which unshadows no spectacular trend over time.

Keywords Avulsion · Channel dynamics · Braiding index · Sinuosity index · Foreland basin · Planner circuit model

Introduction

Channel behavior on the piedmont surface is related to the 
channel processes, flow and sediment flow pattern of the 
river. The qualitative determination of channel patterns 
(Dury 1969; Leopold and Wolman 1957) and their behavio-
ral trend develop with temporal channel dynamics and can 
be derived from ‘reach statistics’(Goudie et al. 1990) like 
simple planform identity of channel sinuosity (Muller 1968) 

and complex topological expression from the planner circuit 
model of multi-thread channels (Kansky 1963). Nowadays, 
the channel morphological changes with respect to water 
and sediment supply can be studied through digital terrain 
analysis (DTM) (Allen 1978). In the braided course, the 
dominant morphological changes are duly related to the sedi-
ment supply (Lane et al. 1996). The braided courses are often 
considered as a stochastic system from the analysis of sedi-
ment flux during turbulent flows (Paola 1996). The braided 
behavior of a channel is adjusted with the rate of aggrada-
tion, channel belt mobility, bed scour activity (Huggenberger 
1993) and moreover channel adjustment related to channel 
gradient, cross-section and discharge. The channel behav-
ior in the piedmont of Darjeeling Himalaya (North Bengal) 
reflects a tendency of auto-cyclic cut and fill (Field Investiga-
tion 2015) process evolving with the changes in the relative 
heights of the existing river terraces. The channel exhibits 
succession of fan sediment that indicates maturity of the 
surface with the channel braided network (Knighton and 
Nanson 1993) triggered by flood recurrences. These flood 
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recurrences frequently change the channel hydraulics and 
cause high variability in the channel bed forms. It gradu-
ally alters with the rainfall magnitude in the upper catch-
ment and the sediment supply within the discharge. These 
frequent hydrological adjustments in flow pattern, sediment 
supply, channel bed slope, hydraulic parameters and channel 
flow thresholds for sediment deposition bring about seasonal 
changes in the channel braiding pattern and sinuosity. The 
author’s work of understanding braiding process and channel 
behavior of the rivers of sub-Himalayan North Bengal has 
been shaped through old and contemporary literature survey 
and thus the research gap has been endeavored to be filled 
in. So, the authors tried to document this dynamic braiding 
behavior with some traditional and modern analysis tools. 
The channel bed sedimentation over time creates different 
lithofacies of the channel bars which preserves the deposition 
in relation to the past flood events. Nowadays, the lithofa-
cies can better be determined by ground-penetrating radars 
(GPR) to know the situation of sub-surface layers, aquifers 
(Huggenberger 1993; Hardage 1987), etc. Braiding is directly 
related to channel sinuosity and shape threshold potentiality 
of transformation as pointed out by Leopold and Wolman 
(1957) and Carson (1984). The braided plan form analysis 
in laboratory flume was attempted by Leopold and Wol-
man (1957) and its bar dynamics is described by Ashmore 
(1991). The piedmont tract of North Bengal Dooars receives 
an altitudinal declination of 320–200 m towards the moun-
tain front patterned by diversity depending both on tectonic 
activity as well as the hydrological regime and sediment load 
(Starkel et al. 2008; Sarkar 2012). Contrary to this, the upper 
fan surface represents the coalescence of a number of allu-
vial fans of quaternary sand deposition (Mandal and Sarkar 

2016), whereas the drainage is controlled by the structure and 
neo-tectonic activity within the poly-genetic activity (Bis-
was 2014) which further controls the channel behavior and 
braiding. Actually, the quaternary alluvial fan deposits on the 
Himalayan Foreland Basin (HFB) are ideal for understand-
ing the role of tectonics versus climate behind alluvial fan 
sedimentation (Nakata 1972) and braiding in piedmont and 
downstream segments. The paper introduces a comparison 
between the traditional and recent techniques (planner circuit 
model study and network analysis) for studying the braided 
behavior of the channel flowing through the mountain fore-
land basin of Darjeeling Himalaya.

Method and materials

Geology and geomorphology of the basin

The geologic formation of the upper catchment of Chel is 
attributed to the sequence of Darjeeling Gneiss, Daling Schist 
and Daling Slate from north to south (Acharyya 1982). The 
stratigraphic unit below the Main Central Thrust (MCT) is 
over-thrusted along the Main Boundary Thrust (MBT) on the 
Neogene–Quaternary Siwalik beds (Starkel et al. 2015). The 
geo-morphological setup of the basin is divided into three 
distinct categories, viz., (a) high dissected mountain part, (b) 
piedmont tract and (c) flat floodplain which is divided into two 
sections,  (c1) proximal fan and  (c2) distal fan (Fig. 1). The head 
streams of Chel namely Manzing Khola and Sukha Khola as 
well as the small rain-fed rivulets are the main carrier of huge 
load, but the highly active fan coalescences are because of 

Fig. 1  Location of the study 
area (Chel river basin)
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tectonics which is of prime importance behind sedimentation 
(Kumar et al. 2007).

The study area: Chel river basin (CRB)

The river Chel (basin area 316.78 km2 and total length 56.66 km) 
is situated in the dense Pankhashari reserve forest (Neora Val-
ley National Park) which is situated on the semi-circular scarp 
at an elevation of 2390 m above sea level (m.a.s.l) (Fig. 1). The 
upper catchment is 98 km2 which falls under the virgin forest 
tracts of Kalimpong District (West Bengal). The calculated maxi-
mum relative relief and ruggedness indices are 550 m and 1.35, 
respectively. The hypsometric integral value of the basin is 49% 
which indicates the dynamic personality of the basin interpreting 
a semi-youthful stage. Up to the Odlabari Rail bridge (margin 
of piedmont), the FGDP (fan gradient-declining propensity) is 
almost 1 in 0.01 (Fig. 2b) and slope variation of 0.005 m m−1 on 
average. The Chel river is a left bank tributary of the river Tista, 
passing over a fan face/surface with an average fan gradient-
declining propensity (FSDP) of 1 in 61.87 (Fig. 2a, b).

Contemporary techniques of braid analysis

The morphology of multi-thread channel and tendency of 
braiding have been analyzed by traditional braiding index 
(BI) (Brice 1964; Rust 1978a), braid parameter (Bp) and by 
total sinuosity index (B) following the method of Rust (1978b), 
Richards (1982) and Friend and Sinha, (1993) by simplifying 
few equations as shown in 1–4.

(1)BI = 2
(

∑

Li

)

∕Lt(Brice 1964),

(2)Bp =
∑

Lb∕Lm(Rust 1978),

[Derivations given with subsequent sections accordingly 
for Eqs. 1–4].

The braid planform has been derived in relation to the 
calculation of various sinuosity indices (Muller 1968), i.e., 
hydraulic sinuosity (HSI), topographic sinuosity index (TSI) 
and total sinuosity index (TSI) in the form of equations as 
shown in 5–10.

where AL is the actual length and SL is the straight length.
Studies on channel sinuosity have been carried out based 

on Eqs. 5–10.

where CL is the channel length and AL (air length) is the 
aerial distance between the two inflection points.

where VL is the valley length and AL (air length) is the 
aerial distance between the two inflection points.

(3)B = Lctot∕Lcmax(Richards 1982,)

(4)
B = Lctot∕

(

P × LR

)

= Pctot∕P (Friend and Sinha 1993).

(5)The measured sinuosity index value (P) = AL∕SL.

(6)CI (channel index) ∶ CL∕AL,

(7)VI (valley index)∶VL∕AL,

(8)
HSI (hydraulic sinuosity index)∶% equivalent of CI − VI∕VI − 1,

(9)
TSI (topographic sinuosity index)∶% equivalent of VI − 1∕CI − 1,

(10)
SSI (standard sinuosity index)∶% equivalent of CI∕VI.

Fig. 2  Representation of 
channel gradient-declining pro-
pensity: a temporal variation of 
channel gradient along with the 
fan surface change (FSC) since 
1961 based on topographical 
map till 2016 (based on ASTER 
DEM) 30 m which shows het-
erogeneous depositions and is 
indicative of haphazard fan load 
stagnancy (HFLS), b Nature of 
fan gradient-declining propen-
sity (FGDP) of 1 in 61.87 (from 
SOI topographical map, 1961)
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Modeling on channel network analysis

Channel network connectivity to assess braiding has been 
done by topological formulations in a complex graph the-
ory. The planner circuit execution of the braided course of 
Chel river on the basis of link-node ratio (LNR) has been 
expressed by the following basic equations as shown in 5–7 
which are recent techniques used in identifying braiding 
behavior. The directness of the network and efficiency of 
each node in the planner circuit were assessed through the 
shortest possible linkage against the actual length of direc-
tion between the nodes by calculating vertex detour index 
(VDI) (Kansky 1963; Nystuen and Dacey 1961a):

[Derivations given with subsequent sections accordingly 
for Eqs. 11–14].

Further accessibility and efficiency of the channel among 
the nodes within the network have been calculated using the 
index values as shown in Eqs. 15–17.

[Derivations given with subsequent sections accordingly 
for Eqs. 15–17].

The downstream changes of channel bar formation 
(Patharjhora, Manabari and Odlabari tea gardens) on pied-
mont has been studied and mapped from Google Earth 
images (2018) and also cross-verified with field observa-
tions. Smith’s (1970) bar relief index (BRI) has been used 
to know the degree of braiding. A technique was developed 
by Sharma (2004) for studying the river Brahmaputra and 
we modified with respect to the study area. Channel braiding 
was calculated by the following modified Sharma’s (2004) 
technique and the proposed indicators areas as shown in 
Eqs. 12, 13:

[Derivations given with subsequent sections accordingly 
for Eqs. 18, 19].

Thematic map layers have been created under the GIS and 
standard statistical environment (second degree polynomial 

(11)� index = t − (n + e) + 1∕2 (n + e) − 5,

(12)� index = t∕ n + e,

(13)

(14)Vertex detour index (VDI) = DSp∕DD.

(15)Eta index (�) = Rl∕e,

(16)Theta index (�) = Rl∕v,

(17)Pie index
(

∏

)

= Lc∕D.

(18)Planform index (PFI) = (T∕b × 100)∕N,

(19)Flow geometry index (FGI) =
∑

di × xi × 100∕R.T.

and power regression equations) and cartographic techniques 
were used for analysis, summery statistics and inferential 
outcome.

Results and discussion

Channel behavior vs. fan morphology

Patterns of channel planform dynamics (CPD) have linked 
a variety of flow conditions and sediment regimes actually 
with those which are seriously controlled by climatic and 
geologic conditions (Brierley 2010; Cheng-Wei et al. 2017). 
The dominant channel pattern is haphazard anabranching 
streams with properties of sinuosity, braiding and sediment 
load characters (Rust 1978c; Mollard 1973) that illustrate 
the hydrological and channel morphological evolutions 
(Knighton and Nanson 1993; Nanson and Croke 1992). As 
per Rouse 1965, flow resistance within the channel actually 
causes changes in the channel load pattern which is of four 
types as per componential aspects: (a) surface resistance, 
(b) form resistance, (c) wave resistance from free surface 
effects, and (d) resistance due to local acceleration mainly 
through flow unsteadiness (Järvelä 2004) which is more evi-
dent here. Manning’s “n” value for roughness due to bed 
bottom irregularity shows moderate to high resistance rang-
ing between 0.03 and 0.05 (average 0.04). At the mountain 
outlet, the course was turned to southeast to fall on the fan 
surface. It flows almost parallel to the curved upper Fagu 
ridge. Dating of radiocarbon signatures of organic-rich clay 
components indicate the Gorubathan thrust post-dated to 
33,875 ± 550 BP (Bansal and Verma 2013) and is still active 
(Guha et al. 2007) and having imprints of surface ruptures. 
Though dynamism can be attested with gravels from 5 m 
depth near Ranichera tea Garden (lower terrace) associated 
with 30 m high terrace of river Chel (Starkel et al. 2015) 
which is showing optically stimulated luminescence dating 
(OSL) of 57.4 ± 4.4 ka (kilo annum: 1000 year span) BP 
(before present) meaning thereby about 59,600 year olds 
than 1950 or 0 BPY and the fan surface is dissected by the 
younger rivers emanating out from the mountainous fore-
land. The migrating Himalayan front tectonically cross-cut 
these fans and tilting, folding and uplifting is quite com-
mon (Srivastava and Mukul 2017). The identified contour 
segments unshadows the scenario that fan face morphology 
(FFM) which is reshaped by huge load depositions due to 
the loss of surface drainage and wastage of runoff in an area 
having more than 1000–1500 mm per annum of rainfall. 
The areal segments bounded by contours, viz., 200–220 m, 
240–260 m, 260–280 m and 280–300 m account for gradient 
of 1 in 1074.01, 1 in 84.45, 1 in 51.85 and 1 in 43.75, respec-
tively (Fig. 2b), which is almost low gradient initiated by fre-
quent avulsion and anabranching drainage pattern implicated 
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on the outer fan face and factorized through equilibrium vs. 
in equilibrium of the explained sediment transport capacity 
as well as the channel sedimentation processes (Fig. 3a–f). 
The struggle of the channel to transport load with feeble 
velocity has repercussions on the changing channel shape 
(w/d: channel width–depth ratio) and multi-threading of 
channel with anabranching and high channel roughness 
(Nanson and Huang 1999).

Observational statement on channel braid

Carson and Griffiths (1987) recognized some types of 
braided rivers: like unstable multiple stream, stable multi-
ple stream and multi-thalweg stream which is noticeable in 
case of Chel being the mostly unstable multiple type. Both 
the erosional and depositional fluvial characteristics are 
responsible for complex braiding. Ashmore (1991) identi-
fied four types of mechanisms of braid formation, viz., mid-
dle bar accretion (MBA), transverse bar conversion (TBC), 
chute cutoffs (CCO), and multiple bar dissection (MBD) 
out of which MBD is quite common here. Chute cutoff is 
visible along the course of Manzing Khola (Fig. 4). The 

mid-channel accretion bars inclusively linguoid types 
(Leopold and Wolman 1957) elongated in the downstream 
direction and is observable beside the Manabari tea garden 
(Fig. 5) and West Damdim. The identical mid-channel gravel 
bars composed of lag sediment deposits are predominant 
beside the Patharjhora tea garden (Fig. 4). The presence of 
transverse bars (Ashmore 1991) and their ongoing trans-
formation process significantly indicate the dominance of 
comparatively good stream power condition below Goruba-
than site (Fig. 3b). 

Channel braid planform (CBP) beside Patharjhora 
(active fan head)

This reach is designated as the Patharjhora section (PJhPF) 
with engulfed channel width (Fig. 4). The mean channel 
width (µw) besides the Patharjhora tea garden area (Fig. 3c) 
is 1.2 km. Excessive internal bed deposition caused near 
bank flow. During the pre-monsoon (2017), a feeble active 
flow is found along the right bank mainly of seepage water. 
The bed form is composed of pebbles and an unsorted 

Fig. 3  Reach design and 
description for braiding–sinuos-
ity calculation: a Reach design 
for braiding (R1–R9) and 
sinuosity (S1–S4) calculation. 
b Monsoon channel condition 
at Upper Fagu. c Aggradation 
of channel bed at Patharjhora 
d Mid-channel bar accretion 
at Manabari. e Multi-thalweg 
channel at Odlabari (Upstream 
of bridge). f Elongated boulder 
levee at Odlabari (Downstream 
of bridge). g Linguoid channel 
bar at Apalchad. h Point and 
oblique bars at Rajadanga
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admixture of sand with size varying from 45 to 2048 mm of 
diameters (d50—510 mm).

Channel braid planform (CBP) beside Manabari (in 
active proximal fan)

This reach is designated as the reach of Lower Fan of Mana-
bari tea garden (LfMTg) (Fig. 3d). This reach carries evi-
dence of channel off-shooting and excess braiding on the 
lower extension of the fan surface (Fig. 5) with occasional 
bank slips. Elongated point bars and mid-channel bars are 
carrying newer colluvium imprinting previous flood occur-
rences. Bar heights are variable in response to the variable 
discharge rates. Sinuosity index and braiding index for most 
of the cases is more than the median (quartile 2) to the third 
quartile range accounting to 4.84, i.e., a high degree of 
braiding in comparison to sinuosity of 0.9 with a differential 
of 3.94 which seemingly proves high braiding.

Channel braid planform beside Odlabari (distal fan 
surface)

The Odlabari distal fan surface (ODFS) is composed of 
well-shorted pebbles ranging from 45 to 90 mm and the 
lions share is composed of fine sediment. The channel bed 
slope is 1 in 0.004 m within a stretch of 200 m from up to 
downstream. The channel holds the capacity of transporta-
tion of finer sediment particles in suspension. The nature 
of channel bars is highly seasonal and changes are being 
influenced by bed material extraction also. The point bar 
accretion is observable during the post-monsoon season 
(2017) (Figs. 3e, f, 6). During the monsoon, the formation 
of elongated boulder levees (Fig. 3f) is observable in front 
of the bridge pillars. The mid-channel bars are made highly 
unstable due to excessive channel mining.

Analysis of sinuosity parameter

The measured sinuosity index (SI) value (P = actual length/
straight length) of Chel river is 1.34 (Muller 1968). The sin-
uosity of a river is inversely proportional to the width–depth 
relation (Mackin 1956). Muller (1968) emphasizes about 
the deviation of a course from its actual straight line as a 
result of its hydraulic factors and topographic interference 
(Ezizshi 1999).

Brice (1964) introduced the sinuosity index as the 
ratio of the channel length to the length of the meander-
belt axis and for the meandering channel, it refers to the 
ratio of thalweg length to the air distance (Ezizshi 1999). 
The channel sinuosity is inversely related to the sediment 
load at a constant valley slope. Here, the channel has been 
divided into four reaches (Fig. 3a) to derive the values of 
topographic and hydraulic sinuosity indices. The hydraulic 

Fig. 4  Braid planform analysis and growth of various channel bars at 
Patharjhora reach base on Google Earth image 2018 (PJhPF)

Fig. 5  Braid planform analysis and growth of various channel bars at 
Manabari reach based on Google Earth image 2018 (LfMTg)
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sinuosity index (HSI) is the main morphometric aspect to 
determine the stage of basin development. The standard 
sinuosity index (SSI) calculated a maximum of 1.045 for 
the reach 1 and the course is approaching towards mean-
dering (> 1.05). The hydro-dynamic factors are responsible 
for sinuosity of the channel for all reaches ranging between 
1.027 and 1.045 (Table 1). The reach 1 (below Ambiok tea 
garden) is confined by steep valley walls and terraces that 
cause increment of the topographic sinuosity index (TSI) 
(75 and 68.75 in 2016 and 1981, respectively). In reach 2 
(below Patharjhora tea garden), the TSI value is high (73.68 
and 66.67 in 1981 and 2016, respectively) which identifies 
well-developed flood plains. The value of HSI at reaches 2 
and 3 (reach 3, below Patharjhora up to the Odlabari bridge 

site) is less because of the channel confinement by embank-
ment. The SSI of the channel increases in the downstream 
due to the gradual flattening of slope and high amount of 
bank erosion. The curve fit in polynomial regression pre-
sents true non co-linearity of y (SI) on x (channel gradi-
ent) (y = − 13.96x2 + 5.5x + 0.486). But, it truly indicates 
the chance of non-linearity in second degree estimation of 
regression which is purely negative in respect to changes of 
y on x. It presents 63.3% of variation in y on x. The Pearson’s 
t test also proves the regression to be significant (p = 0.033) 
and the F statistics (5.18) at 2, 8 degrees of freedom at 95% 
level of significance indicates the difference of means of x 
and y are significant. The difference in variation of channel 
gradient and sinuosity index is due to the spatial difference 
of channel bed morphology, ever-changing boundary con-
ditions and fluvial actions along the river course. Calcu-
lated value of SSI (Table 1) for reach 2 (Patharjhora tea 
garden) is high (1.045) when attributed to channel avulsion 
and comparatively a little lower (1.018 in 2016 from 1.027 
in 1981) in reach 3 due to channel diversion with appear-
ing and formative mid-channel bars over a span of 36 years 
(1981–2016). The nature of braiding and channel sinuosity 
is for many a case incompatible pertaining to the dynamic 
nature of channel bed slope modification.

Braiding parameters

Sediment transportation and low threshold of bank erosion 
are the essential conditions of braiding, whereas discharge 
fluctuations are for sand-bed rivers. Braided pattern displays 
the scaling hierarchy of channel sizes (Rust 1978a, b). Rich-
ards (1982), Friend and Sinha’s (1993) calculation (Table 2) 
produced similar results with low variation. It revealed the 
braid on the basis of sinuosity parameter (P). The higher 
count in total primary channel lengths on the piedmont sur-
face (reach 1–4) is the main cause behind the high value of 
B parameters (Table 2) in both the calculations. Richards 
(1982), Friend and Sinha’s (1993) calculation shared a high 
R2 value of 0.986 that indicates a high amount of explained 
variability with positive correlation between the values. But 
in Bp index, the calculation takes into account every possible 

Fig. 6  Braid planform analysis and growth of various channel bars at 
Odlabari reach

Table 1  Sinuosity index values 
of 1981 and 2016

Reaches CL VL AL CI VI HSI (%) TSI (%) SSI (%)

1981 R1 8.30 8.05 7.40 1.12 1.09 33.33 75.00 1.027
R2 8.20 7.80 7.10 1.15 1.10 50.00 66.67 1.045
R3 10.32 10.17 9.57 1.08 1.06 33.34 75.00 1.018
R4 8.20 7.90 7.40 1.10 1.07 42.86 70.00 1.028

2016 R1 7.64 7.35 6.61 1.16 1.11 45.56 68.75 1.045
R2 9.89 9.54 8.34 1.19 1.14 35.71 73.68 1.044
R3 9.13 8.89 7.84 1.16 1.13 23.07 81.25 1.027
R4 9.17 8.83 7.37 1.24 1.20 20.00 83.33 1.033

Author's personal copy



1670 Modeling Earth Systems and Environment (2019) 5:1663–1678

1 3

Ta
bl

e 
2 

 C
om

pu
ta

tio
n 

on
 b

ra
id

in
g 

an
d 

si
nu

os
ity

 in
di

ce
s

∑

L b
 s

um
 o

f b
ra

id
 c

ha
nn

el
 le

ng
th

s, 
L m

 th
e 

m
ea

n 
of

 th
e 

m
ea

nd
er

 w
av

el
en

gt
hs

 in
 a

 re
ac

h 
of

 th
e 

ch
an

ne
l b

el
t, 

P 
si

nu
os

ity
 p

ar
am

et
er

, P
ct

ot
 o

r 
L c

ot
 s

um
 o

f t
he

 m
id

-c
ha

nn
el

 le
ng

th
s 

of
 a

ll 
se

gm
en

ts
 o

f 
pr

im
ar

y 
ch

an
ne

ls
, L

cm
ax

 m
id

-c
ha

nn
el

 le
ng

th
 o

f t
he

 w
id

es
t c

ha
nn

el
, B

 b
ra

id
–c

ha
nn

el
 ra

tio
, B

P 
br

ai
d 

pa
ra

m
et

er
, B

I b
ra

id
 in

de
x,

 S
I s

in
uo

si
ty

 in
de

x,
 H

E 
ho

riz
on

ta
l d

ist
an

ce
 (c

on
to

ur
 s

eg
m

en
t),

 V
I 

ve
rti

ca
l i

nt
er

va
l (

co
nt

ou
r s

eg
m

en
t)

Re
ac

h 
no

∑

 L
b

L m
 (k

m
)

P
P c

to
t

B 
=

 P
ct

ot
/P

 (F
rie

nd
 

an
d 

Si
nh

a 
19

93
)

R
ic

ha
rd

s (
19

82
)

B 
=

 L
co

t/L
cm

ax

Ru
st 

(1
97

8c
) 

B P
 =

 ∑

 L
b/L

m

B
ric

e 
(1

96
4)

B
I

SI
C

om
po

si
te

 B
I a

nd
 

SI
 (B

I +
 S

I)
G

ra
di

en
t (

1:
 

H
E/

V
I)

 m
/m

1
11

.4
1.

2
1.

01
11

.0
2

10
.9

1
10

.9
9.

5
4.

0
1.

01
5.

01
0.

06
2

9.
17

0.
74

1.
11

11
.4

2
10

.2
8

10
.3

12
.3

7.
6

1.
11

8.
71

0.
07

3
9.

30
1.

01
1.

01
7.

12
7.

04
7.

05
9.

2
9.

04
1.

01
10

.0
5

0.
11

4
10

.0
1

1.
13

1.
02

6.
15

6.
03

6.
0

8.
8

6.
54

1.
02

7.
56

0.
16

5
5.

20
1.

08
1.

05
5.

8
5.

52
5.

5
4.

8
4.

46
1.

05
5.

51
0.

15
6

9.
37

1.
16

1.
10

7.
02

6.
38

6.
4

8.
0

3.
69

1.
10

4.
79

0.
36

7
17

.8
0

2.
0

1.
20

8.
9

7.
42

7.
4

8.
9

6.
36

1.
20

7.
56

0.
32

8
12

.3
1

1.
76

1.
11

6.
85

6.
17

6.
9

6.
9

4.
5

1.
11

5.
61

0.
36

9
16

.5
3.

2
1.

12
5.

3
4.

73
4.

7
5.

1
4.

84
1.

12
5.

96
0.

26
R

an
ge

4.
7–

10
.9

5.
1–

12
.3

M
ed

ia
n

6.
9

8.
8

M
ea

n
7.

24
8.

17
Sk

ew
ne

ss
0.

95
5

0.
07

3

Author's personal copy



1671Modeling Earth Systems and Environment (2019) 5:1663–1678 

1 3

channel thalwegs that diverge and converge around the bars 
(Fig. 7).

The Bp value (Table 2) is found to be high at Manabari 
reach (reach 2) and again increased at reach 7 (Fig. 3a). 
At reach 7, it is duly affected by the regional influence of 
flow capacity and increasing length of channel bend due to 
meandering. In the calculation of Brice (1964), the contra-
dictory low value at reach 1 indicates the low tendency of 
mid-channel bar formation due to heavy sedimentation at the 
fan surface. The BI values (Table 2) are high for Manabari 
and Odlabari reaches (reach 2 and 3) which shows a greater 
degree of braiding. The values go on decreasing in down-
stream except reach 7. The increase in channel mid-way 
length and decrease in the numbers of channel bars cause 
the high value in reach 7. It indicates channel meandering.

Planform index (PFI)

This index points out the percentage of actual flow width 
on the overall channel width as per braid channel (Sharma 
2004) (Fig. 8a, b). The maximum fragmented flow width 
for a given channel cross-section is considered to assess 

the braiding tendency cum channel diversion. The flow top 
width (Table 3) is proportionately distributed among the 
total number of braided channels for that transect and the 
lower the value is, the higher the braid efficiency will be. 
During monsoon, the values ranged between 0.54 and 2.48 
except 2017 (0.51). In all other monsoon seasons of 2015 
and 2016, the index values showed less braiding (> 1.0). At 
Patharjhora (2015–2017), the maximum coefficient of varia-
tion  (COVmax) for PFI was calculated to be 51.87% that char-
acterized its frequent hydrodynamics along the immediate 
foothill location. The median value of PFI is 1.08 at Mana-
bari site  (S2) which indicates less braiding in 2015–2017. 
During monsoon, the bankful condition causes submergence 
of braid flow paths and increases the value of PFI, i.e., less 
braiding. The PFI values also indicate comparatively less 
braiding at Odlabari site  (s3) may be due to bed excavation 
for anthropogenic requirements (Table 3).

Flow geometry index (FGI)

Flow geometry index (FGI) stands for the hydraulic effi-
ciency of a braided channel. It characterizes the submerged 

Fig. 7  Channel braid network 
planform for calculating differ-
ent braid parameters
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flow pattern. It is basically a width–depth relationship for 
each braided channel. The near bed velocity, turbulence, 
bank stress and settling velocity are attached with deter-
mining the value of FGI (Fig. 8a, b). Further, cross-slope 
 (CrS) parameter (bank to bank) works as one of the deter-
minants for FGI. The power regression model between  CrS 
and FGI shows only 1 unit change in  CrS by and caused a 
0.45 unit change in FGI and only 14.4% variation in FGI 
has been explained by  CrS. The relation between PFI and 
FGI presents (Fig. 9c) a negative slope on semi-log plotting 
for power function. Here the PFI value is able to explain 
75.2% of variation of FGI. The negative relationship estab-
lishes the rule of less braiding in case of high PFI value and 
vice versa. Lower FGI indicates inefficiency of the effective 
channel and thereon persisting chances of braiding chan-
nel (Table 3). The 100% coefficient of determination (R2) 
indicates that the model is effectively explainable at every 
variability of the concerned response data around the com-
puted mean, but 0% confirms none of the variability of the 
concerned response data around when the computed mean 
is explained, i.e., the extremes of range is 0–1 or 0–100%. 
Here, the coefficient of variation (R2) presents the ratio 
between explained variations in the response or dependent 
variables and the variation (Table 4) in the residuals. The 
low R2 between width–average depth ratio (B/D) and PFI 

(Table 4) indicates the low explained variation (6.9%) by the 
regression model (Fig. 9e). So, B/D ratio can hardly predict 
the expected variation in PFI. The increase or decrease in 
the rate of change of y parameter goes on changing by n0.42th 
function of x parameter.

The river Chel exhibits a tendency of moderate braiding 
from the analysis of three parameters (B/D,  CrS and FGI) 
except PGI. The channel bifurcations with the sedimentary 
environment consider the number of aspect ratio between 
flow width and overall channel width per braid. It increases 
the efficiency of braiding which is reflected in the PGI value 
(Table 5).

Relationship of braid and sinuosity parameters

The total sinuosity of a river is a combined measure of chan-
nel sinuosity and degree of braiding (Bridge 1993). The cor-
relation of channel braiding and sinuosity for the selected 
reaches results in a moderate positive correlation with the 
value of correlation coefficient (r—0.69). The Braid index is 
able to explain (R2—0.48) 48% of the variables of the values 
of sinuosity index. The relationship between braiding and 
sinuosity index showed a positive trend which means that 
change in one variable will result in causal change in the 
other. Hence, braiding can be explained as positive impetus 

Fig. 8  Channel cross-sectional model of pre- and post-monsoon period: a Demarcation of channel flow width (T) and overall channel width (B) 
for PFI calculation, b Demarcation of submerged flow width (x) and flow depth (d) for FGI calculation
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to sinuosity. The relation in power equation results in R2 of 
0.42 compared to R2 of exponential equation of only 0.37 
and R2 of linear equation of 0.35, i.e., a difference of 0.02 
being nominal in validity. The highest value of R2 has been 
noticed in case of polynomial (y = − 0.021x2 + 0.322x − 0.20
9) relations at 0.48 and higher trends of braiding are associ-
ated with most number of bars. But, it is very hard to con-
clude about the persistence of positive trend of sinuosity and 
braid relation at various reaches to downstream, because the 
seasonal hydrodynamics of the channel frequently changes 
the nature of bar deposition within the channel. The braiding 

causes minimum influence on channel sinuosity in the case 
of Chel. The process of channel avulsion mainly controls 
the channel sinuosity on the piedmont zone. Below Odla-
bari bridge (Fig. 3f), the channel sinuosity is the manifesta-
tion of bar formation and high near bank stress causes bank 
failure during monsoon.

Temporal variation in channel connectivity analysis

The topological indices have been proposed to measure the 
degree of connection between nodes on a planner graph 

Table 3  Calculation of channel 
braid parameters

T top flow width, B overall channel width, N number of braid channels, di depth of submerged channels, 
xi width of sub-channels, Rh hydraulic mean depth, Pre pre-monsoon, Mons monsoon, Post post-monsoon

Station Year Time T (m) B (m) N di (m) xi (m) Rh (m) PFI FGI

S1
Patharjhora

2015 Pre 14 178 23 0.70 12.00 0.18 0.34 76.00
Mons 56 210 35 7.0 35.00 1.84 1.05 83.30
Post 13 176 26 1.31 14.6 0.76 0.39 50.30

2016 Pre 16.7 172.4 19 0.61 13.7 0.15 0.50 55.70
Mons 59.3 191 29 6.52 28.00 1.80 1.07 101.40
Post 16.3 164 22 1.87 16.78 0.83 0.45 51.02

2017 Pre 13 181.4 17 0.75 15.4 0.37 0.36 49.09
Mons 58.4 234.3 46 7.34 40.1 1.66 0.51 139.70
Post 16 177 29 2.10 20.32 0.72 0.35 107.40

S2
Manabari

2015 Pre 32.00 178.2 16 2.1 4.67 0.54 1.12 9.08
Mons 86.3 188.2 24 2.79 33.7 1.45 1.91 18.00
Post 30.4 174.6 21 2.57 10.6 1.39 0.83 13.50

2016 Pre 26.3 175.1 14 2.3 6.30 0.52 1.20 14.80
Mons 84.2 180.1 24 2.36 38.4 1.55 2.48 16.70
Post 32.5 176.3 21 3.19 12.00 0.99 1.17 24.90

2017 Pre 27 176.2 18 1.9 6.00 0.59 1.43 12.88
Mons 87.2 189.3 27 3.10 37.13 1.64 0.70 21.73
Post 32.67 178.7 23 3.5 7.2 1.01 1.12 17.60

S3
Odlabari

2015 Pre 24.2 142 11 0.58 6.5 0.59 1.54 2.90
Mons 92.8 151.5 25 4.61 38.3 1.37 2.45 34.70
Post 23.8 145.3 18 0.71 8.1 0.77 0.90 5.65

2016 Pre 22.3 143.5 13 0.59 5.6 0.54 1.20 3.57
Mons 85.3 149.7 23 4.12 34.7 1.13 2.48 34.10
Post 23.6 144.4 14 1.47 6.0 0.77 1.17 6.80

2017 Pre 24.7 144 12 0.58 5.6 0.57 1.43 2.80
Mons 90.16 155 27 1.77 40.64 1.48 0.70 14.60
Post 28.3 148.3 17 1.57 7.25 0.80 1.12 8.60

S4
Apalchad

2015 Pre 19 281.4 10 0.45 7.0 0.15 0.68 11.00
Mons 37.3 295.0 19 2.51 45.00 1.23 0.67 46.80
Post 30 284.3 14 1.37 9.0 0.30 0.75 19.20

2016 Pre 21.0 275.6 12 0.62 8.00 0.50 0.63 5.67
Mons 38.3 287.4 18 2.43 42.7 1.39 0.74 35.09
Post 23.1 281.74 15 1.40 8.30 0.21 0.55 35.90

2017 Pre 20.7 282.3 10 0.62 5.23 0.17 0.73 9.21
Mons 40.3 296.7 21 2.69 47.3 1.50 0.64 44.20
Post 27.0 283.4 16 1.12 6.00 0.21 0.59 18.90
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(Garrison and Marble 1962). The topological properties are 
the basic construction of graph theory (Nystuen and Dacey 
1961b). The calculation of α, β, ƴ indices provide mean-
ingful simplification of the complex topological properties 
(Table 6). The topological analysis (Table 7) is based on 
some pre-fixed simplified equations that are always true for a 
planner circuit network (Kansky 1963; Kissling 1969; Berge 
2001; Howard et al. 1970). 

Vertex detour index (VDI)

In 2007, (Fig.  10) Chel river network presents higher 
stream efficiency along the right bank and the VDI value 
was > 105 with anabranches (seasonal) along the right 
bank. The channel belt is wider beside the left bank. At 
the lower end, the directness of the channel is highly 
disturbed by the formation of various fragmented mid-
channel bars. The VDI value is higher at the lower part 
(> 108). The complex network enhances the channel effi-
ciency (< 109) in respect to the discharge capability. In 

Fig. 9  Functional relationship between braiding parameters: a cross-slope vs. flow geometry index, b cross-slope vs. plan form index, c plan 
form index vs. flow geometry index, d width–average depth ratio vs. flow geometry index, e width–average depth ratio (B/D) vs. planform index

Table 4  Explanation of the 
regression model

Relations Regression equation R2 Remarks Probability of braiding

B/D and PFI PFI = 1.616 X0.422 0.069 Exponents: a = 1.616, b = 0.422 High
B/D and FGI FGI = 1.232 X−0.09 0.018 Exponents: k = 1.232, c = − 0.09 Comparatively high
CrS and PFI PFI = 1.684 X−0.17 0.115 Exponents: t = 1.684, w = − 0.17 Moderate
CrS and FGI FGI = 1.889X0.45 0.144 Exponents: m = 1.889, v = 0.45 Moderate
PFI and FGI PFI = 8.515X−1.97 0.752 Exponents: s = 8.535, j = − 1.97 Low to moderate

Table 5  Range of braiding parameters (Sharma 2004)

BComponent Range for high 
braiding

Range for moderate braiding Range of parameters in Chel 
basin  (s1,  s2,  s3,  s4)

Probability of braiding

B/D B/D > 1000 350 < B/D < 1000 104 > B/D < 980 Moderate braiding
CrS CrS > 800 170 < CrS < 800 12 > CrS < 306.7 Moderate braiding
PFI PGI < 4 19 > PFI > 4 0.34 > PFI < 1.54 High braiding
FGI FGI > 35 7 < FGI < 35 2.8 > FGI < 24 Moderate braiding
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Table 6  Comparative status of channel network properties

i cyclomatic number, t total number of segments, n total number of 
nodes, e total number of bisected segments (basic topological proper-
ties), e1 edge, v vertices, α alpha index, β beta index, ƴ gamma index 
[calculation for connectivity, efficiency and shape analysis], M total 
route length (m), C total length of network (m), D length of diameter 
of the network (m), η eta index, θ theta index, Π pie index, ND net-
work density (km/km2)

Parameters 2007 2016

i 17 21
t 37 42
n 13 15
e 6 5
e1 13 23
v 10 14
α 0.51 0.6
β 1.95 2.1
ƴ 0.73 0.78
M 18.93 24.01
C 18.93 24.01
D 1400 1660
η 145.62 104.39
θ 240.1 171.5
∏ 1.35 1.45
ND 1.21 1.45

Table 7  Results of various topological modeling indices of braided network analysis

Index Formula Range of 
value

Results

2007 2016

Vertex detour 
index (VDI)

Shortest path distance (DSp)/
desired path(DDP) distance

101–117 Active along the right bank with quasi-com-
plex network indicates low channel efficiency 
by less directness network of connectivity

More complex network indicating moderate 
channel efficiency with high degree of braid-
ing and channel migration through avulsions

α (alpha index) t − (n + e) + 1/2 (n + e) − 5 
[derivations of t, n, and e 
referred to Table 6]

0.51–0.60 Less number of fundamental circuits and sea-
sonal redundancy of braid paths is common

The maximum connectivity has appeared. The 
channel was divided into more numbers of 
regular flow paths interpreting more chances 
of barding (Table 6)

β (beta index) t/n + e [derivations of t, n, and 
e referred to Table 6]

1.95–2.10 Approaches to the formation of complex and 
complete network (circuit). Braiding highly 
chanceful

It indicates the appearance of complex network 
of Chel with high cyclomatic number with 
possibilities of braiding (Table 6)

ƴ (gamma 
index)

t/(n + e − 2) [derivations of t, n, 
and e referred to Table 6]

0.73–0.78 Less direct channel connectivity and haphazard 
braiding

High nodal connectivity presents greater chan-
nel efficiency and regular braiding (Table 6)

η (eta index) Rl/e (total route length/Total 
number of edges)

104.39–
145.62

Less flow paths within the whole circuit 
indicating low accessibility and moderate 
braiding

Large number of short flow path diversions 
indicates high braiding with chances of 
improving channel accessibility (Table 6)

θ (theta index) Rl/v (total route length/number 
of vertices)

171.5–
240.10

Slow channel diversion along the bars 
increases the route length per minimum 
vertices. It indicates less connectivity of the 
braid network

Frequent and small channel diversions within 
complex braid environment reduce the route 
length of per maximum vertices and indica-
tions of high channel connectivity (Table 6)

∏ (pie index) Lc/D (total length of network/
length of diameter of 
network)

1.35–1.45 Low channel lengths with braid and less 
circumference of a circle reflecting poorly 
connected network shape

Frequent channel diversion and expansion of 
braid network presents chances of connected 
network shape (Fig. 8c)

Fig. 10  Analysis of channel nodal accessibility through vertex detour 
index in 2007
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2018, (Fig. 11) more complex network revealed moderate 
channel efficiency for maximum channel area with greater 
degree of channel diversion along the bars (103–111). The 
nodal point ‘m’ of the network indicates high channel effi-
ciency with VDI value of > 111, whereas Manzing Khola 
is dominated by moderate VDI value (111–118) which is 
comparably low than the Chel network. Obviously, VDI is 
indicating a high probability of braids.

Bar relief index (BRI)

High bar relief index (BRI) (Smith 1970) indicates appear-
ance of maximum channel bar deposits. The index val-
ues change with seasonal fluvial dynamics (Goudie et al. 
1990). The difference in bar height maxima and minima 
for three sites (Patharjhora, Manabari and Odlabari) pre-
sents difference of 1.83 m, 1.66 m and 1.48 m, respec-
tively. It indicates high to moderate probability of braiding 
in the channel towards downstream direction. The cross-
section at Patharjhora reveals the appearance of many 
fragmented mid-channel bars as the bed slope declines (1 

in 0.012) gradually. This causes the favorable condition 
of bar depositions. The Manabari (6 km downstream) site 
is identical to the formation of elongated boulder bars, 
small transverse bars and bank adjacent point bars with 
fine sand.

Conclusion

On the piedmont surface, the competent flow of the chan-
nel bears affinity to the processes of avulsion and hydraulic 
friction to cut across the thalweg along the course. But, the 
submerged coarse particles scroll over the bed until the flow 
loses its competency. The braiding of Chel reveals frequent 
changes in connection to the adjustments in channel hydrau-
lic parameters. The channel braid complexity has increased 
from 2007 to 2018 with increasing cyclomatic number (i) 
and total number of segments (t) (Table 6). The low ver-
tex detour index (VDI) value of 2018 (97–114) shows high 
probability of braiding with less hydraulic efficiency of 
sediment-carrying capacity and thus causes frequent avul-
sion during high spates. The paper concludes with indicating 

Fig. 11  Analysis of channel 
nodal accessibility through 
vertex detour index in 2018
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spatial variability of the present braiding status in relation 
to channel sinuosity parameter which negatively varies with 
fan gradient-declining propensity. The braiding parameters 
recognize the sharp variation by showing the magnitude of 
braiding. The effect of total sinuosity parameter (P) on the 
calculation of braiding by Friend-Sinha and Richardson 
produced similar results of high degree of braiding on the 
piedmont surface. The calculation of Brice (1964) indicates 
that Chel does not show high braiding immediately after the 
mountain outlet. On the proximal fan surface below Pathar-
jhora, the channel indicates high braiding. The values of 
bar relief index introduced the moderate to high probability 
of braiding. From Sharma’s (2004) calculation, we come to 
know that a higher value of channel cross-slope parameter 
 (CrS) causes lesser chances of braiding. As the braid network 
increases with much segmentation, it indicates decreasing 
hydraulic efficiency of the multi-tread channel pattern. In 
2007, comparatively less connectivity indicates high stream 
efficiency (Chel) along the right bank (VDI: 94–102). But, 
the multi-thalweg complex channel network in 2018 caused 
the reduction of hydraulic efficiency of the channel (VDI: 
105–109). It led to the occurrence of flash flood in the chan-
nel with high chances of avulsion on the piedmont.
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