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	Abstract:
The lower Basin of the Ajoy River confronts regular floods resulting in regular erosion and breeches, mostly its right embankment, adding to its meandering downstream of  Illambazar. The erosion is intense after the Kunur tributary joins the Ajoy River. Bank erosion, breeching, and flash flood inundation create havoc in Birbhum and  Bardhhaman (Purva) districts before joining the River Bhagirath at Katwa. Literature is meagre about the causes and remedial measures for the splash floods.
The present research, various published studies, physical collection of in-situ spatial information and  (GIS/RS)-based assessment and ERDAS-based mapping of the lower flood-delta of the Ajoy River have been tried through slope map, land use (LU) AND Land cover (LC) map. The river’s seasonal water level (1991-2023)  at Gheopara gauge station (Least G&D stations at lower reaches) is considered. The JAVA script uses Landsat images from Google’s cloud platform and Q-GIS soft wares used for finding the “Normalized Differentiated Moisture Index” (NDMI), and  “Normalized Difference Vegetation Index” the ( NDVI) for the tail reaches of the Ajoy River.   The novel modified BEHI (The modified Bank Erosion Hazard Index) model was applied to the Ajoy River Bank’s erodibility probabilities calculation. 
The analysis results infer that the frequency and power of floods have surged with climate change (CC), mining, urbanization, deforestation, erroneous tillage, and anthropogenic interventions.  Multidimensional structural judicious approaches by calculating bank erosion potentialities can ameliorate the increasing bank stability of the Ajoy tributary by preserving SDG 6 and SDG 13 to 15. 
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Introduction;
In deltas and watersheds, the erosion of banks is a natural geomorphic process that integrates the river system into its riverine ecosystem. Bank Erosion occurs during flash floods, receding floods, or low tides in estuary setups being accelerated by anthropogenic activities like mining activities, construction of roads, increased urbanization, construction, deforestation, or defective agricultural performance John et al., (2008)[1]; Chakraborty et al.,( 2022)[2]. Estimating the bank erosion (BE) using models and field procedures to assess stream sediment sources is difficult. BE may occur at regular intervals as a cyclic process. The attributes are (i) Initially erosion occurs at the river bank toe under fluvial action, (ii) the steep bank loses stability, and slip failure occurs, (iii) Failed bank is carried to the river bed, and (iv) the materials of failed bank slumps move to downstream by the current. The erosion process may be magnified based on natural hazards like floods, high waves, and human activities near banks in the future if adequate ameliorative measures are not taken Sajjid et al.,(2024[3)]; Muzahid et al., (2024)[4].  
The rural Mouzas of Kogram and Nutanhat, Purva Burdwan of West Bengal, have been selected and housed on the bank of the Ajay River (R.). The bank soil is of recent alluvium of the Gangetic plains with ample sediment. The stream banks are eroded substantially in the riverine fluvial environment and anthropogenic activities like urbanization, industrialization, agriculture, and dam construction. However, stream bank erosion may be natural or unnatural but occurs profusely due to changes in hydraulics, hydrology or sediment loads. Survey of India (SoI) toposheets nos. 72L / 6-8,10-12,15, and 16, 73I/13, 73M/1,2,5-7,10,11,14,15 and 79A/1. 
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     Fig 1 (a- b): The Ajay R bank erosion (Rt), at Nutanhat and  Kogram  in Purva Bardhhaman
 Study site
The study site is an eroded reach of the Ajay River, a 2nd-order tributary to the Ganga River and first-order to Bhagirath in the Bengal basin, a single-thread free meandering river. The   Ajoy River is 288km long, 152km in West Bengal and the rest in Jharkhand. It originates in the low hills near Deoghar (Jharkhand). The River Ajoy enters WB state at Kalipahari, flows for 152km, and debouches in the Bhagirathi R. at Katwa. It runs SE-ly and passes through the Birbhum and Burdwan Districts (dist.) of West Bengal (WB). Ultimately, the river debouches into the Bhagirathi River at Katwa, after running for 216 km in NW of Kolkata. The tail reach of 8-10 km is meandering, liable to intense erosion, and needs prioritization for conservation and protection.  
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 Fig 2: The river map SW West Bengal (b) bank erosion potential in River Ajoy (Source Modified: Sutradhar et al., 2023[5])
The Ajay River structure is interlaced between the Mayurakshi river (R.) towards the north, and the Damodar R. in the south. The Ajoy River’s catchment area is  2490 Km2 in WB, whereas the total drainage area is  6221 Km2, decanting the runoff between lat. 23°24′27″ N to 24º36′14″ N and Long. 86º16′13″ E to 88º 10′1″ E. The critical tributaries of the Ajaya River are Dakua, Parth,  Hinglow, Tumoni,  Jainti, Kunur, and Kana Kunur, which are prone to regular floods as they lie below the line.
The river banks are protected through Riprap to a meandering concave reach of 120 m width. However, a long stretch of the riverbanks has been protected after independence. The structures are construction revetments, Syphons, ripraps, CD works and groins, which have saved the banks from erosion processes. The rural Mouza of Kogram and Nutanhat, Purva Burdwan of West Bengal, near the confluence point of Ajay and the Kunur tributaries, has been selected, warranting immediate attention to bring normalcy to regular maintaining a regime channel of a fixed wetted perimeter to discharge the flood efficiently. 
Review of Literature:
The BEHI protocol covers the Bank-Height (BH) Ratio elimination metric, including bank-full assessment decisions. The modified BEHI (MBEHI) model is based on and compatible with the original BEHI model, Newton et al., 2015[6]; Bhusan et al., 2022[7]. Koutalakis et al., 2024[8]. As per the standard operating procedure (SoP) of BEHI protocol, the practice is finding the ratio of bank height (ht.) to the full height of the Levee,  and the share of the depth of roots to bank ht., the density of roots (in %), Bank angle in degrees, and Surface protection (%). Whereas the modified BEHI model is advocated when the survey personnel are inexperienced in identifying bankfull concept total indicators, the height up to the submerged bank ./ total bank height ratio metric is not considered as the BEHI calculation is complex, leaving four metrics. (Castro  et al, 2018[9], Pusztai et al, 2024[10]. 
Anthropogenic activities, such as demographic growth, dam construction, urbanization, deforestation and climate change, potentially affect an area's rainfall, flooding, final bank erosion, and breeches (Koutalakis et al., 2024[8]). Bank erosion can impair the river environment and floodplains, cause the loss of agricultural land, and affect vegetation along the surface of the bank, relieving erosion in the embankments Dias et al., 2022[11]; White et al., 2024[12]; Shampa et al., 2024[13].   
Distinguishing between streambank's natural and anthropogenic erosion is problematic and has the potential to erode (Rosgen, 2001[14]; Newton et al., 2015[6]). Bank erosion depends upon flood and the embankment soil of the area (Rincon et al., 2018[15]; Sharma et al., 2024[16]). The lack of execution of riverbank erosion control measures is ascribed to a lack of knowledge, paucity of funds, limited resources, and delusions about the efficiency of these techniques, which are leg-pulling the bank erosion protective structures Calixto et al., 2024[17]. 
The BEHI protocol allocates the  BEHI rating as extreme. very high,   high,  moderate.  very low, low for a definite stream bank. This code of behaviour is operative to assess potential streambank erosion and is utilised to evaluate water quality and habitat assessments (Fox et al., 2004) [18]; Kassa et al., 2023[19]. 
The losses include shifting of bank line, shifting of course, bed slope deposition, sand play, etc. The river bank erosion along the Ajoy River mouth at Katwa and near confluence points of the Kunur tributary channel has posed social impacts like loss of farmland, settlements, fisheries, stored crops, bovines, loss of employment and social insecurity Mukhoapadhaya et al., 2010[20], Ghosh et al., 2015[21], Sarif et al., 2021[22]
All these past researches are reviewed and found the  gap in the basin study through GIS and application of some new methods (Panda et al., 2019[23]). So, it is necessary to have the research on Ajoy River’s morphologic, geomorphic and flood frequency study, which has been attempted in this work. Attempts have been made to analyze the cause and amelioration measures of the bank instability in the nadir reaches of the Ajoy River’s right bank both by GIS technique and BEHI’s protocol. 
A few literatures are available on societal impact and river bank erosion due to flash floods on the tributaries and causing flood in the Hooghly River in lower Ganges R. in West Bengal. Present attempt is made to fulfill the gap. 
	Methods of Bank erosion estimation:
Bank erosion causes land and habitat loss and ecosystem decline. It adds sediment to riverine flow that may have adverse impacts like river course variation, redundancy generation, and the deployment of river bank informal settlements, finally leading to poverty. Several methods are employed for projecting bank erosion, including: 
· Erosion pins: This plot scaled assessment model is where metal rods are inserted into the bank. BE is determined by measuring the protrusion portion between the exposed length of the rod and the original depth that sticks out of the bank. The inexpensive and straightforward method is crude; multiple rods may be used.  (Myers et al., 2019[24],  Koutalakis et al.,( 2024[8])
· Repeated cross-sectional surveys: The geometry of stream banks and the erosion rate are measured by repeatedly surveying a stream cross-section Muzahid et al., 2024[25]. 
· Aerial and satellite imagery: Bank locations at different times are compared to measure the rates of river channel migration and bank erosion Mishra et al, 2023[26], Pusztai-Eredics et al., 2024[10].
· Lidar technology: Light Detection and Ranging scanning methodology can quantify streambank erosion rates. Differences between  LiDAR-derived DEMs can detect geomorphic changes related to streambank erosion (Kessler et al., 2012[27]; Tha et al., 2023[28]). 
· Photogrammetry methods: Used to measure riverbank erosion (Koutalakis et al., 2024[8]) 
· Geomorphic assessment: Rosegen's geomorphic assessment can quantify riverbank erosion and later be designed to restore the same (Rosgen, 2006[14]). 
· Botanical and sedimentological analyses:  Used for quantifying streambank erosion (Lawler DM., 2006[29]). 
· Predictive models: The model “Bank Assessment for the Non-point Source and Consequences of Sediment” (BANCS) is applied as  input constraints as per field data  to predict erosion intensity Duro et al., 2018[30]
· Unmanned aerial vehicles (UAVs): UAVs can accurately capture images for the reach scale ( Meinen et al., 2019[31]). 
· Laser scanning: Used at the plot scale to provide more detailed and accurate data. 
Factors affecting bank erosion include Mean discharge of floods, Peak discharges, Bank angle, Weather conditions, and Composition of bank material Longoni et al., 2016[32]. 
	Methodology:
The modern and updated GIS technology is used to find the meandering channels towards tail end of the river. The bands used for getting satellite imageries band 4 and band 3 for the past data and band 4 , band 5 for recent imageries. In the present research, the river bank erosion estimation has been done applying the Bank Erosion Hazard Index (BEHI) methodology adopted by  Rosgen Dave in 2001 and modified later (Rosgen,2006), a standard procedure for assessing bank erosion of streams.  It considers many parameters of an embankment that specify the bank condition prioritizing eroding Levees and their remedial actions, etc.
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Fig 3: The workflow diagram for predicting bank erosion by knowing the river course, LULC, 
The methods adopted for the present study use Rosgen BEHI methodology, including the identification width of the bank when filled. The modified BEHI technique never utilizes the bank's full width, which is challenging to identify. The modified BEHI practice is envisioned for observers without experience or past skills. Identifying total indicators of the bank, together with volunteer monitors. Identifying correct and appropriate banks and the total indicators necessitates substantial aptness, and the highly deterministic step was recommended in the original BEHI technique.
Though frequency analysis, UHG (Unit Hydro Graphs), Rainfall runoff models, regression analysis and ANN models can predict flood at a section of a river, the bank erosion on high and flash floods can be visualised and estimated by GIS and BEHI technique easily with less engineering covered within few pages. .
In the present research, the river bank potential erosion estimation was started from  Rosgen’s  BEHI methodology (Rosgen,2006[42]), a standard procedure for assessing bank erosion of streams.  It considers many parameters of an embankment that specify the bank condition prioritizing eroding Levees and their remedial actions, etc.
The Ajoy River in the debouching reaches
The  river emanates from the Chhota Nagpur Plateau at Munger (300m elevation), running for a total length of 288km from Sarwan blocks of Deodhar Hills in Bihar, Jharkhand and West Bengal (152km), and joins Bhagirathi R. in South Bengal near Katwa. The total catchment is 6093 Km2, out of which the sharing of Bihar, Jharkhand and WB are  386, 3204, and 2503 Km, respectively.  The river enters WB at Simjuri at Chittaranjan. It is fed by significant drainage channels Dudhwa in Bihar and Jharkhand, Pathro and Jayanti at Jharkhand,  Hinglow in Jharkhand and WB (Birbhum), and Tumoni, Kunur and Kana Ajoy in Purva Bardhhaman, Birbhum, Murshida bad and Nadia in WB. The sub-basin Ajoy occupies 386 km2 in Bihar, 3204 km2 in Jharkhand, and 2503 Km2 in West Bengal, originating from the Munger Hills of Bihar at  ≈300m. Roy et al., (2016)[33]; Mishra et al, 2023[34], Ghosh et al., 2024[35]. 
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Fig 4 (a-b): (a) The Meandering Ajoy R. showing the regular erosion (blue) and deposition (Brown) change in course and fast flow areas (b) the DEM Map of the river in W.B. 
Ajay has no flood control structures except a barrage at Sikatia in Jharkhand.  The rivers mostly flow in the hilly terrain, with ungagged catchments without flood control structures in WB and maximum precipitation in September. The river enjoys flash floods for a short duration in large areas in Purva Bardhhaman, Birbhum, and Murshidabad districts. Vast areas remain waterlogged near the confluence points of the Ajoy and Kunur tributaries. The Ajay-Kunur Doab (land between two rivers) are congested and suffers from bank/Levee erosion.  The Ajoy River lies in the Gangetic alluvial and deltaic plains and enjoys an average rainfall of 1300-1400mm. The distinctive drainage pattern causes floods due to steep slopes from a narrow basin of the plateau to flat terrain, Annual Flood Report, WB. 1991-2023 (https://wbiwd.gov.in/[36)); 
Geomorphology of Ajay-Kunur Doab.
The Ajay River is east-flowing and emanates from the Sarwan block of Bihar. It joins the river Bhagirath at Katwa after the debouching of the Kunur tributary. The upstream land mass comprises the Archean genesis complex over patches of Gondwana sedimentary rocks and overlain by quaternary sediments, dominated by sandstone,   shales and clays with locally existing coal strata. The southern fringe soils of the catchment  comprise of the alluvium deposits  over the  Ganga basin (Hooghly). (Roy et al., 2016[33]). The area is highly flood-prone as the narrow and long basin has several meanders with a meandering length ≈of 1200m to 125m. The Ajoy river bed's gradient is flatter than its tributaries. and the upper reaches are steeper than the lower reaches. The river is ungagged, and the maximum discharge is an average of about 300 Cumec. The 5th-order Kunur is the right distributary house over the laterite zone in the upper reaches and alluvium in the lower part, which covers about one-third of the Ajoy basin (Dhar S 2010[37], Mishra et al., 2013[38])
GIS Maps for Geophysical parameters:
[bookmark: _Hlk181312844]The GIS methods  used for flood inundation mapping are by using Land use (LU) and land cover (LC), the normalized differenced Vegetation Index (NDVI), and the normalized differentiated moisture index (NDMI) methodologies for analysis (Stoyanova 2023[39]).
Geospatial differences in LULC:
Various environments that quantify the flood inundation and BEHI’s bank erodibility indices depend upon are related to the LULC of the catchment of a river basin.  The LU/LC are the terrain's status parameters. The LULC map of the tail reaches of the Ajoy River basin is used for the years 1986m and 2024 for comparision, (Quallali et al., 2024[40]), Fig- 5 (a and b)
 [image: ] 
Fig 5(a-b): (a) LU/LC Maps the end reaches 1986 (b) LU/LC Map of the same area 2024
The LULC maps drawn for 1986 indicate that sizable buffer lands are available on both sides of the Ajoy River bank in the end reach, whereas in 2024, those buffer zones are covered by the built-up area. There is scope for flood mitigation and bank erosion protective measures through catchment treatment plans or sediment retaining structures.
Geospatial differences in NDVI:
The NDVI for the lower reaches of the Ajoy River was constructed in 1989, 2013 and 2024 (Mishra et al., 2024[41]). The map shows that in 1986, the built-up area was less. Grassland and dense forests covered most of the Ajoy River's catchment area and the Kunur tributary. The Kunur tributary contributes more to the flood and bank erosion adjacent to the confluence reach where the survey was undertaken.
  =     
where NIR is the Near-infrared region of the spectral band  and Red = Red spectral region.
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Fig 6 (a-c): The NDVI maps of lower reaches of the  river for (a) 1986, (b) 2000, and (c) 2024 
Geospatial differences in NDMI:
The Normal differentiated structured index (NDMI) was constructed for 1989, 2013 and 2024. That determines the moisture stages in vegetation growth by knowing NIR spectral bands and bands, the short-wave infrared (SWIR). NDMI is found as the ratio of the near-infrared (NIR) and short-wave infrared (SWIR) values of different bands and is given as:                                
[bookmark: _Hlk181313588]               =  
     				           for Landsat 8-9
	  Where NIR is the Near-infrared  band and SWIR = Short-wave infrared band
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Fig 7 (a-c): The NDMI map of the Ajoy River for the years (a)1989, (b) 2013 and (2024)
The NDMI maps are prepared for the years 1989, 2013 and 2024.  On analysis, it is observed that the NDMI values were low and discontinuous during 1989. In 2013, the right bank had a higher dry index in most areas but more wet areas than in 1989.   However, by 2024, most right banks have converted to moisture-dry areas except near the confluence point.
Hydrometeorology of Ajoy Basin:
The Ajoy River has three rain gauges (at Debogram, Nanur and Satkahania). Ordinary rain gauge (ORG)  stations in West Bengal reach an average annual rainfall of 1400 mm-1460 mm. The existing River Gauge stations are at Champadanga, Gheropara (Birbhum) and Amulia ghat (Birbhum), with danger levels (DL)  of 12.9m and 39.42m, extreme danger levels (EDL) of 13.5 and 40.42 m in height without discharge extent setup and with primary danger levels (PDL) of 104.13(m), DL (104.73m) and EDL (105.33m), Two stations are proposed to be started at Chorki, Katwa, Pandeswar and Burda are  under the Real-Time Data Acquisition System (RTDAS) belonging to the National Hydrology Project (NHP) funded by the World Bank. 
Flood History:
Apart from Himalayan and sub-Himalayan areas, several river systems join from the right embankment on the Ajoy River bank of the  Bhagirathi-Hooghly systems. They contribute exceptionally, like Pagla-Bansloi, Dwarka-Brahmani, Mayurakshi- Babla and Ajoy from the Chhota Nagpur area of 18177 sq. km.    These rivers contribute 25% of the peak flood flow generated in the mighty Ganges River. The Ajoy River’s right bank suffers from bank erosion in its alluvium stretch more than the left bank during high floods (Roy S., 2012[48], Irrigation report 2023[36]),  
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 Fig 8(a-e): The gauge level of the Ajoy R. at Gheropara ( 23.6259° N and  87.7037° E) during monsoon from 2019 to 2024 Source: https://wbiwd.gov.in/uploads/anual_flood_report 
After independence, the lower Ajay River stretches faced massive, devastating floods in 1956, 1959, 1970, 1971, 1978, 1995, 1999, 2000, 2004, 2006, 2007,2009,  2011, 2013, 2015,  2016, 2017, 2021 (18 floods in 73years). The areas affected are Bolpur, Nanur, Mongalkot, Katwa and Ketugramm (I & II) CD Blocks. The fifth stream order is the Kunur tributary channel, and the maximum erosion occurs between Katwa and Nutanhat, which is considered for the study. The zoning of flood inundation is high (>60%), moderate (40-60%), and least  (<40%), and the rest are uplands extending 5 to 8km  (Roy et al., 2023[41]; Mishra et al., 2024[42]). 
	BEHI’s procedure
The present study adopts Rosgen BEHI methodology, including identifying the bank's full width. In contrast, the modified BEHI procedure is currently being used and does not require the bank's full-width identification. Observing conditions on both banks' assessment and score calculated separately if differentially consistent is necessary.
1. [bookmark: _Hlk181308872]Bank Height (BH) to Bankfull depth (BD): This ratio is essential for BEHI’s matrix as identification of the bankfull ht. is difficult for inexperienced field staff. The usual bankfull indicators are bank top level,  Point bar top, changes in channel gradient, and vegetative cover. 
2. The ratio of Root depth (RD) to bank height(BH): The fraction of the av. (average)  RD height of the plant growth over the bank top and slopes.
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     Fig 9: The shapes of the embankment or levees erodibility as per Hasen’s BEHI Model (source modified: https://dep.wv.gov/WWE/getinvolved/sos/Documents/SOPs/BEHI-Overview   
3. Root density (RD): The forest plants' roots cover the streambank surface ( in %). 
4. Surface Shield (SS): The surface of the bank top levees, benches and slopes is covered with rocks, laterite covers,  plant roots, trunks, branches, leaves, etc., to protect the land cover.
5.  Bank angle (BA): The bank angle at thalweg to the lower bank of the flow strip at the base is compared to benches at higher floodplain elevations. At the toe of the bank/Levee, the bank angles occur 90(%) greater than on undercut banks. An inclinometer measures it, or even a visual estimate can quantify it.  
6. Modified BEHI’s model: In the ‘modified BEHI’ model, the BEHI scores are calculated on simplification by not considering the matrix, such as Bank Height (BH) to Bankfull depth (BD), which is conflicting. 	The inexperienced observers cannot access the bank height/bankfull height ratio. So, it is not considered the modified BEHI calculation without four metrics: (a) Ratio of RD to BH, (b) Root density (in %), (c) Surface protection (SP) (in %), and (d) the BA (in degrees).
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Fig 10: Two tables  (Table 1) depicting parameters and assigned score values such as embankment height to bankfull height,  RD, density, BA, SP etc.
As given in Table 1, the metrics point values required to be assigned for an adequate reach of the river (after 2 to 3 meanders). So that the representative conditions can be identified, both banks (left and right) should be assessed and scored separately if they are consistently different. SoPs and  must be followed where to make- and not make- the observations.
Data calculation and interpretation
A record of the observations for the modified BEHI protocol is shown in Appendix 1. Final scores for the  BEHI metrics are computed by summing the scores for each metric using the values in Table 1.  The Modified BEHI is similar in that it adds the values in Table 2. The overall BEHI scores are counted in the erosion hazard class. All BEHI scores are as created by Rosgen’s work.  
Precautions  at site 
1) Accuracy:  The observers' accuracy must be of high precision. The actions can be optimized by proper training and engaging experienced observers in river morphology.  
2) Precision: To assess precision and accuracy, the observational procedure must be cross-verified with spot-checks within a short interval after initial recorded observations by river geomorphology experts.
3) Reference reaches: The highly vulnerable stream is undergoing river erosion, undisturbed by river bank protection works, Flood protection measures, restoration of embankments for urban development, stream channelization, etc. The Ajoy River must be planned for an adjacent rivulet of identical size (e.g., equivalent stream order or baseflow of  wetted width) and with an similar sslope and oil type.
6. Stream reach selection (Representativeness): 
1)About 200 reaches of streams can be considered before the BEHI methods application for  accuracy. 2). Banks adjacent to riffle areas considered as the  stable section of the channel. In contrast, banks in meander bends tend to have the highest erosion rates.  3) Banks adjacent to traffic areas such as parks, settlements, factories,  livestock crossings, etc. are avoided .4) The criteria are not considered unless they are the specifically focussed of the study.
BEHI Field data:
Date: _____________	Personnel:__________    Location: _________
	Root Depth (RD)
(% of BH)
	Root
Density
(%)
	Surface Protection (SP) 
(Avg. %)
	Bank Angle
BA (Degrees)

	90-100
	80-100
	80-100
	0-20

	50-89
	55-79
	55-79
	21-60

	30-49
	30-54
	30-54
	61-80

	15-29
	15-29
	15-29
	81-90

	5-14
	5-14
	10-14
	91-119

	<5
	<5
	<10
	>119


	Comments:________________________________
  SOP Prepared by: Joe Rathbun, Michigan Dept of Envir. Quality – Water Bureau – Nonpoint Source Unit (517) 373-8868,   rathbunj@michigan.gov 
		BEHI Field Form – Modified
Location Description: ____________________ Analysis by: ______________ Date: __________; Latitude: _________________ Longitude: _________________
	BEHI Category
	Root Depth
	RDH Score
	Root Density
	RD Score
	Surface Protection
	SP Score
	Bank Angle
	BA Score

	Very low
	90-100
	1
	80-100
	1
	80-100
	1
	0-20
	1

	Low
	50-89
	3
	55-79
	3
	55-79
	3
	21-60
	3

	Moderate
	30-49
	5
	30-54
	5
	30-54
	5
	61-80
	5

	High
	15-29
	7
	15-29
	7
	15-29
	7
	81-90
	7

	Very high
	5-14
	8.5
	5-14
	8.5
	10-14
	8.5
	91-119
	8.5

	Extreme
	<5
	10
	<5
	10
	<10
	10
	>119
	10



	Material adjustment(F)
	Stratification adjustment(G)
	Total Score

	 Bedrock-automatically
	Very low
	No layer
	No adjustment
	Sum(A-G)

	Boulder-automatically
	Low
	Single layer
	(+)5
	

	Cobble
	(-)10
	Multiple layers
	(+)10
	

	Garvel or mostly gravel
	(+)5

	Sand or mostly sands
	(+)10

	Slit/loam
	No adjustment

	Clay
	(-)20



	



BEHI Category: ____________________________________
	Very Low
	Low
	Moderate
	High
	Very High
	Extreme

	≤6
	6-12
	13-20
	21-28
	29-34
	>34


RESULTS
Only experienced field survey staff,  excellent observers, can collect large amounts of use BEHI data with trained skills and experience. The results obtained from the field observations and computer calculations determine the calcification of erodible banks, as in Fig - 11.  
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               Fig 11: Observational matrices for BEHI potential score  and categorization 
(a)[image: ] (b) [image: ]
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Fig 12 (a-d): River Bank Erosion Potential measurement at Kogram, Purva Burdwan of BEHI’s Method
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Fig 13: The modified BEHI analysis to study the bank erosion potential in Ajoy River
Discussion: 
The erosion of stream banks is significant for sediment in fluvial systems and anthropogenic activities such as urbanization, agriculture, and dam construction. Conceptualization of differences between stream banks eroding either naturally or manmade or both.  The causes may be attributed to hydrologic changes or sedimentary loading. The Ajay – Kunur catchment is highly flood-prone, and bank erosion is prevalent,  particularly at the receding stage of a flood. So, the following procedures may be adopted to reduce bank erosion in the final reaches of the Ajoy River.  
Cause of flood in the lower reach: The various causes that cause flood resulting bank erodibility in the Ajoy R. catchment (a) excessive rainfall in the catchment, (b) excess runoff exceeding the carrying capacity of the river, (c). Cyclones and westerly disturbances cause fast floods (d). Backing of water in tributaries, ( e). Landslides block/choke flow in the gorges; (f)Urbanization and encroaching natural drainages; (g). The flood-prone basin is susceptible to floods, bank erosion, and embankment breaches (h) Hinglow dam surplus flood flow with the discharge received from adjacent states Bihar and Jharkhand.       
The course of the Ajoy River runs below parallel to the Tropic of Cancer, Intertropical Climate Zone (ITCZ ) during active summer Monsoon (ISM ) trough line and the Northwestern. The catchment areas receive heavy precipitation during Rainy days. Hence, the catchment is highly vulnerable to regular floods. The narrow basin receives torrential rains, causing fast floods up to the bank's full depth, and embankments are highly susceptible to bank destruction in the lower reaches due to water logging and flow congestion. It is pertinent for water resources managers to reconstruct the river's paleochannels and restrict changing flow patterns.
Causes of bank erosion: The natural causes are deforestation, urbanization, industrialization, mining activities, soil erosion, environmental degradation, river biodiversity, water pollution, etc.
Hydrological changes in the upper catchment: The flood frequency and magnitude of a river narrow catchment depends upon the catchment area, rainfall intensity, mean annual rainfall, Form factor (basin's area to the square of its length), Stream density, mean annual evapotranspiration, mainstream slope and existing forests in the basin. During a receding flood, a regime change erodes the riverside bank slope. In the case of the Ajaya River lower basin, the flow gradient is high, so the velocity of flow increases, which causes the embankment to erode. The present bank erosion is due to high stream power, debris transport,  climate change, sedimented bed slope and bankfull water levels, which is conducive for intense bank erodibility
Meandering in channels:  Meandering in channels and bank erosion are two faces of a coin. A single stream turns through a valley in a series of sinusoidal curves. The sinuosity of a channel is the ratio of the channel's length to the straight-line distance down the valley and the degree of meandering. The Ajoy River has several meanderings within the channel, causing bank erosion on the outer edge of the channel. The bank erosion process is fluvial and accelerated  under low bank resistance, poor bank material, bald, sporadic  vegetation, soil moisture, and high pour water pressures 
Bank Migration: The centrifugal force drives the sediment in the fluvial flow against the bank at the lower reaches due to the water mass inertia. In this case, the water mass can exert the most significant erosion here, resulting in a gradual downstream migration of the meander. The Meandered channels drift oblique and downstream over time. The sideways movement is caused by the outer bank's erosion and sediment deposition on the inner bank. Bank migration is the combined effect of interaction between the bank’s erosion and accretion and alluvial bed changes. In the case of the Ajoy River, there is regular meandering options and may finally form some oxbow lakes in future.
Bank Erosion process: The potential erosion processes in the Ajoy River are (a). Solution: The suspension of soluble sediments is followed by the disintegration/ decomposition of soluble rocks, separated from the bank by slipping or sliding by the river's running water. (b) The abrasion: The abrasion loosened materials of the rocks of the valley walls and valley floors, such as boulders, pebbles, cobbles, gravels, etc. ( c) Attrition: In case of the boulder reaches the rolling stones, it creates a massive number of rounded grits that elevate the confluence zone at the lower reach of the Ajoy R. causing more erosion and abrasion. (d) the hydraulic action: the rocks and alluvium in the valley sides are carried away by the current due to hydraulic flow Mondal et al., 2020[43].
Bank erosion conservation measures: 
The stump roots of plant species raise the soil's holding capacity. This makes the bank stable against mass failure. Further, plants can absorb shocks to resist the impacts of heavy rainfall. The bank erosion conservation measures that can be used in India are:
Natural protective structures
a. Planting vegetation: Planting native plant species, trees, and fast-growing plants can help bind the soil to the ground and prevent erosion from water and wind. 
b. Catchment Treatment Plans: Protect fluvial water that drains and debouches a large water body or river by detecting highly erodible areas, prioritizing areas for treatment, planning erosion control measures, and estimating the plan's cost. cross bunds,  
c. Perimeter runoff control: Ground cover, trees, and shrubs can help prevent soil erosion by obstructing surface flows. 
d. Mixed cropping and crop rotation: These methods can help prevent nutrients from eroding. 
e. Improved tillage practices: Deep tillage can improve soil water storage and minimize water stress in areas with black soils.
Hydraulic structures: 
f. Revetment by C.C. blocks underlain by geotextile filters (trap bags) are placed on the slopes to defend the bank from attrition and prevent seepage.
g. Guide bunds: At bridge crossing, they are constructed to save the bridge abutments Upstream and downstream.
h. Graded boulders, brick mattresses, and riprap will be placed at the bed (below the bridge as an apron) and on the bank toe to lessen shear due to curvature and near-bank flow velocity.
i. Contour bunding: Contour bunds can help reduce soil erosion by acting as a barrier to water flow and reducing its velocity. 
j. Graded bunds are appropriate substitutes against low infiltration and high rainfall, which can save the floodplain and up to 35% of the riverside slope area. 
k. Gauge and discharge observation: The river Ajoy has a novice gauge and discharge observatories in its 182 km without long experience.
l. Analysis and Models: The rainfall and gauge discharge data will be structured and stored in big data platforms for future analysis and physical application model applications Islam  2008[44]
Hydro-dynamic flow intervention structures:
a.  Groynes/  wires are of RCC, CC or submerged spurs that reflect and wash away from the embankments by energy dissipation and lessen near-bank flow velocity, reducing bank erosion or breeches. 
b.  Fully or partially submerged Spurs: They may be submerged or non-submerged types constructed from earthen,  CC, RCC, stone or brick masonry or wooden logs of solid or permeable.
c.  Vanes at the river bends. They divide and direct the  flow velocity where meandering occurs 
d. Windrows and trenches: Determining the Bank erosion stretches are essential to pile erosion-resistant materials on the river bank and countryside slope, which can be used to slide down at erosion points to avoid breaches. 
e. Submerged bend way weirs: They are erected U/S of the bend, redirecting the water flow near the unstable bank at a right angle to the weir. 

Qualifying SDGs:
Ajoy R. play a vital role in maintaining  the Sustainable Development Goals (SDGs) as a player for adaptation to  climate change, biodiversity preservation, and access to clean drinking water: 
SDG 6: Depleting bank erosion, the access to clean drinking water by reducing pollution, potable water efficiency, climate resilience in planning and management of water resources
SDG 13: Emphasizes climate change impacts and environmental anomalies to maintain a healthy biome.
SDG 14: The Ajoy River joins Bhagirath and, later debouch in the Hooghly River. The lower stream shall be sediment-reduced by protecting the catchment and can save life below water.
SDG 15: Saving the floodplain from floods and managing wetlands in the catchment shall restore and manage wetlands. 
	Conclusion
	At some vulnerable reaches, it is observed that the river Ajay suffers from bank erosion, ranging from low to moderate. In the past, there was significant surface protective vegetation and root density. The majority of alluvial bank reaches were less susceptible to erosion without embankments. Prior to bank erosion planning and management of the Ajoy River with hydraulic, natural and flow diversion structures with fitting bank protective actions and sustainable trials,  bank erosion is to be assessed with available predictive models and techniques using pre-observed hydraulic, hydrologic morphological, sediment data, with vegetative cover, soil and geo technical properties and bank features flood moderation structures. These data will be taken accurately, highly precise, and reliably for future research and flood mitigation activities.
It is pertinent to moderate floods in the Ajoy River using hydrogeomorphic methods, root-based erosion methods, erosion prevention structures, and erection of intervening dams, barrages, and weirs need to be planned and executed to handle bank protection in the lower reaches of the Ajoy River. 
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|Gauge Level of R. Ajoy at Gheropara during Flood Season 2023|
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|Gauge Level of R. Ajoy at Gheropara during Flood Season 2021 ‘
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Gauge Level of R. Ajoy at Amuliaghat during Flood Season 2020
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Table 1: Scores for the complete BEHI

ser | BankHeight | oo Root Root Root Root. Surface | Surface Bank Bank | Total Score
- /Bankfull Sty Depth Depth Density Density | protection | protection Angel Angel by
Cotnmo Height (% of BFH) | _Score (%) Score | (Avg. %) Score | (Degrees) | Score Category
Verylow | 1.0-1.1 145 90-100 145 80-100 145 80-100 1.45 0-20 1.45 <7.25
Low 1.11-1.19 2.95 50-89 2.95 55-79 2.95 55-79 2.95 21-60 2.95 7.26-14.75
12-15 495 30-49 495 30-54 4.95 30-54 4.95 61-80 495 | 14762475
High 1.6-2.0 6.95 15-29 6.95 15-29 6.95 15-29 6.95 81-90 6.95 | 24.76-34.75
VeryHigh | 2.1-28 85 514 85 514 85 1014 8.5 91-119 8.5 34.76-42.50
Extreme >2.8 10 <5 10 <s 10 <10 10 >119 10 42.51-50.00
Table 2: Scores for the complete BEHI
o Root Root Root Root Surface Surface Bank Bank | Total Score
& Depth Depth Density | Density | protection | protection | Angel Angel by
CAeEOrY | (% of BFH) | Score (%) Score (Avg. %) Score (Degrees) Score & y
Very Low | 90-100 145 80-100 145 80-100 145 0-20 145 <5.8
Low 50-89 295 55-79 295 55-79 295 21-60 2.95 5.9-11.8
Moderate |  30-49 4.95 3054 495 30-54 495 61-80 4.95 11.9-19.8
High 15-29 6.95 15-29 6.95 15-29 6.95 81-90 6.95 19.9-27.8
Very High 514 85 514 85 10-14 85 91-119 85 27.9-34.0
Extreme <5 10 <5 10 <10 10 >119 10 34.1-40.0





image22.png




image120.png




image23.emf
OBSERVATION 

NO.

PARAMETERS

ACTUAL FIELD 

VALUE

BEHI SCORE

Root Depth

10.95% 8.5

Root Density

52% 4.95

Surface Density

80% 1.45

Bank Angle

140

⁰

10

24.9(HIGH)

Root Depth

15.13% 8.5

Root Density

60% 2.95

Surface Density

64% 2.95

Bank Angle

150⁰ 10

24.4(HIGH)

Root Depth

15.89% 6.95

Root Density

56% 2.95

Surface Density

80% 1.445

Bank Angle

115⁰ 8.5

19.85(MODERATE)

Root Depth

16.59% 6.95

Root Density

60% 2.95

Surface Density

84% 8.5

Bank Angle

110⁰ 1.45

19.85(MODERATE)

3

4

Total BEHI Score

Total BEHI Score

Total BEHI Score

Total BEHI Score

1

2
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Nutanhat, West Bengal, India
GVRX+235, Kogram, Nutanhat, West Bengal 713147, India
Lat 23.54017°

¥ Long 87.808175°
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OBSERVATIO!

Data Collection Template for Modified BEHI analysis to show River Bank,
Erosion Hazard
DATA COLLECTED BY: AYAN MANDAL

DATE OF COLLECTION: 12.10.2024

River Name: Ajay River Bank: Right[ | Let ]
Date: 12/10/2024 Place: __ Kogram _|.

Location: (Lat.) __23°32'36" _N.; (Long) __ 87°53'51" E.

Height above MSL:, 45 ‘meters.

Modified BEHI Values:

Root Hoghtf6) _ 59

L. Ratio of Root Depth to Bank Height (in %): £~ =% 188 = =2

10.95% = 8.5
2. Root Density (in %)= + 100 = 52% — 495
3. Bank Angle (In degree):__140° =10
4. Surface protection (in %):5¢ » 100 = 80% = 145

TOTAL: 24.9 (HIGH)
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OBSERVATION-2

Data Collection Template for Modified BEHI analysis to show River Bank,
Erosion Hazard
DATA COLLECTED BY: AYAN MANDAL

DATE OF COLLECTION: 12.10.2024

River Name: Ajay River Bank: Left /Rightl:l
Date: 12/10/2024 Place: __ Kogram .

Location: (Lat) __23°32'34" _N.; (Long) __ 87°53'50" E.

Height above MSL:, 46 meters.

M, ied BEHI Values:

RootHeight(ft) _ 92 10 _

L. Ratio of Root Depth to Bank Height (in %): £ 7 =208 = =%

15.13% = 8.5
2. Root Density (in %):32 + 100 = 60% — 295
3. Bank Angle (In degree): __150° =10
22 100 = 64% = 2.95

4. Surface protection (in %)

TOTAL: 24.4 (HIGH)
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OBSERVATION:3

Data Collection Template for Modified BEHI analysis to show River Bank,
Erosion Hazard
DATA COLLECTED BY: AYAN MANDAL

DATE OF COLLECTION: 12.10.2024
River Name: Ajay River Bank: Rigm Meft[ ]
Date: 13/10/2024. Place: __Notunhat.

Location: (Lat) __23°32'49" _N.; (Long) __87°54'35" E.

Height above MSL:, 45 ‘meters.

d BEHI Values:

Root Height(ft) _ 685 _
Bank Height(ft) 100 =

1. Ratio of Root Depth to Bank Height (in %)
15.89% = 6.95

2. Root Density (in %)= + 100 = 56% — 295

3. Bank Angle (In degree): __115° =85

4. Surface protection (in %):5¢ » 100 = 80% = 145

TOTAL: 19.85 (Moderate)
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OBSERVATION-4

Data Collection Template for Modified BEHI analysis to show River Bank,
Erosion Hazard
DATA COLLECTED BY: AYAN MANDAL

DATE OF COLLECTION: 12.10.2024
River Name: Ajay River Bank: Rigm et ]
Date: 13/10/2024. Place: __Notunhat.

Location: (Lat) __23°32'43" _N.; (Long) __87°54'30" _E.

Height above MSL:, 49 meters.

Modified BEHI Values:

RootHeight(ft) _ 735 10 _

L. Ratio of Root Depth to Bank Height (in %): £ 1= Z 108 = 222

16.59% = 6.95
2. Root Density (in %):32 + 100 = 60% — 295
3. Bank Angle (In degree): __110° =85

4. Surface protection (in %):5% « 100 = 84% = 145

TOTAL: 19.85 (Moderate)
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