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EXECUTIVE SUMMARY 

The report titled “Morphological Study of Tapi River using Remote Sensing Technique” gives 

the details of the study carried out to quantify the morphological changes in the Tapi River at decadal 

basis with respect to bank line of year 1971-79 digitized using the Survey of India toposheets. The 

decadal erosion and deposition areas along the river have been computed. Also, the migration of the 

bank lines is computed for the entire reach of the river. The report contains total 15 Chapters which 

provides the details of the literature on morphological study, characteristic of the reach and basin, 

input data used, hydrological data processing and their analyses, basin geology, land use changes, 

field reconnaissance, morphology of the river, stream bank erosion analysis, impaired stream 

analysis, details of the river training work proposed for restoration of the critical and important river 

reaches and flood affected areas along the river. The key findings of present study as well as the 

studies which require to be investigated further, are highlighted in following paragraphs: - 

 

(1) UPPER TAPI RIVER 

a) The lengths of right bank line (RBL) and left bank line (LBL) of the Upper Tapi River for 

period under consideration varies between 352 to 355 km and 351 to 354 km respectively. The 

RBL predominantly shows positive migration towards northern direction (+ve shift: 

widening), while LBL shows negative shift (migration to right side, narrowing) with respect 

to the base year under consideration (1971-1979). The shifts of RBL and LBL are opposite in 

nature, i.e., erosion on the right bank is compensated by corresponding deposition on left bank. 

The RBL of Reach 1 (Ch. 0 to 50 km) and Reach 6 (CH. 300 to 350 km) shows maximum area 

loss during base year up to 2010 in the Upper Tapi river. In Reach 1, the river passes through 

its youthful stage, where the velocity of flow is very high. The Reach 6 falls just upstream of 

Hatnur dam. Field investigations revealed that migrations of right bank line and left bank line 

are due to infilling of Hatnur reservoir, and creation of afflux in the upstream of the reservoir 

(Figs 10.3 and 10.4) 
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b) The banks of Tapi River have been observed to be erosion resistant, and no major long-term 

threats along the upper river reaches are noticed. At Chainage 308.0 km (Burhanpur Fort), the 

significant erosion was observed during the field visit near the fort. To protect the Burhanpur 

Fort (Ch. 308 km) from erosion, the gabion wall may be constructed. Moreover, repelling 

groynes or spurs can also be planned in upstream of the structure to minimize the erosion 

effects as per the guidelines laid in IS 8408:1994 (Photos 9.85-9.87).  

c) In Upper Tapi river, the sinuosity values are within the limit of threshold meandering 

(Sinuosity < 1.5) except in reach 2, which extends between Tipnapur Village (CH: 50 km) and 

Dokya Village (CH: 100 km) in Madhya Pradesh. The moderately high value of sinuosity in 

this reach can be attributed to the meandering path being followed by the river through 

confined bed rock reaches of Upper Tapi Gorge between Tipnapur Village and Teska. Also, 

the minor increase in sinuosity index values are reported with time in reaches 2 (CH: 50 to 100 

km), 5 (CH: 200 to 250 km) and 7 (CH: 300 to 350 km). This is an indication that the river 

trying to dissipate its excess energy by following curved paths, which may not accelerate the 

bank erosion rate as the banks are consisting of resistant rocks. The river flows in single 

channel in most of its course in Upper Tapi River; however, multiple channel formation is 

found in certain reaches, but of shorter lengths, not sufficient to form significant braids. 

d) Total number of the rainy days in the Upper Tapi basin is showing a decreasing trend. Out of 

24 rain gauge stations, 12 depicts the increasing trend of total annual rainfall, and the rest are 

showing decreasing trend. Mean annual maximum flow discharge at stations Dedtalai and 

Burhanpur stream gauging stations are 4191.3 m3 s-1 and 7598.5 m3 s-1 respectively. The 2.5-

year return period flood at Dedtalai and Burhanpur are 4443 m3 s-1 and 8079.1 m3 s-1 

respectively. The average runoff coefficient (runoff/ rainfall) at Hatnur dam is 0.21. At 

Burhanpur station, the decreasing trends in sediment transport rate are observed during the 

monsoon months. The construction of new minor hydraulic structures in the Upper Tapi Basin 

may be the possible reason for the decreasing trends in suspended sediment transport rates at 

the outlet of the Upper Tapi River (Table 6.7). 

e) In the Upper Tapi basin, the forest cover has been found to reduce from 59.40% to 49.56% 

during 1990-2010. In contrast to it, the agricultural land has been found to increase by 13.64% 

from 15.79% in 1990 to 29.43% year 2010. This increase in agricultural land is at the expense 

of the forest cover and fallow land in the sub-basin. The increase in built-up area (1.28%) is 
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not observed to be significant when compared with the rest of the classes. The water bodies 

are observed to be expanding, and the scrub lands are observed to be declining during 1990-

2010 by 0.35% and 0.80% respectively (Table 8.3).  

f) The analysis of cross-sections before and after the occurrence of floods in years 1994 and 2006 

reveals that the cross-sections of the Upper Tapi River were not altered significantly, except at 

Dedtalai stream gauging station in 1994, wherein the right bank was observed to get eroded 

(Fig 10.27).  

g) The observed rate of sedimentation in Hatnur Reservoir was 2.374 ha-m/100 sq.km/year, 

which is five times the rate adopted in planning of the reservoir, i.e., 0.451 ha-m/100 

sq.km/year (Annual Research Report, MERI, 2007-2008). Also, the average annual sediment 

erosion rates from Burhanpur and Yerli sub-catchments were observed to be 5.839 t/ha and 

3.98 t/ha respectively (Fig 10.20). Excessive deposited sediments into the Hatnur Reservoir 

can be planned for dredging in association with State Govt. agencies. The same can be used 

for construction of flood protection measures along the river or other construction purposes 

near the structure. 

h) The water quality in the said reach fall in the ‘C’ grade as per CPCB criteria (TOI Report, 

2017). 

(2)  MIDDLE TAPI RIVER  

a) The lengths of RBL and LBL of the Middle Tapi River for period under consideration varies 

between 234 to 256 km and 236 to 257 km respectively from the analyses of satellite imagery 

and SoI toposheets undertaken for different periods (Table 10.1). The RBL shows positive 

migration (erosion) in most of the chainages. The maximum positive shifts in LBL and RBL 

are observed just the downstream of Hatnur Dam at CH: 350 km.  The LBL, invariably shows 

negative shift (deposition) along Middle Tapi river reaches (Table 10.3). The larger width of 

the channel just downstream of Hatnur Reservoir could be due to erosion of either banks due 

to release of relatively clear water from the reservoir during the monsoon (Fig 10.10). The 

Middle Tapi River also shows prominent erosion in its right bank compared to left bank. 

Similarly, the left bank undergoes deposition in all the reaches. Reaches 8 (CH: 350-CH: 400), 

9 (CH: 400-CH: 450) and 12 (CH: 550-CH: 581) undergoes maximum loss of area due to 

bankline migration due erosion (Table 11.11). Reach 8 falls just downstream of Hatnur Dam. 

Reach 12 falls just upstream of Ukai Reservoir. The probable cause of high migration of LBL 
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and RBL in Reach 12 may be due to formation of new banklines due to afflux in the Ukai 

reservoir. It can be observed that the deposition areas are also nearing highest values in Reaches 

8, 9 and 12 (Table 11.12).  

b) At Ch. 589 km (Kavithe-Kukurmunda Bridge), Ch. 468 km (Mudawad), Ch. 454 (Gangapuri, 

Jalod) are found highly active and significant erosion were observed. At Gangapuri, Jalod, 

Maharashtra (CH: 454.0 km), repelling gryone may be constructed to arrest the erosion of the 

left bank (Photo 12.11). At, Mudawad, Maharashtra (CH: 478.0 km) (Photo 12.11), the bank 

stabilization structure such as guide bund may be constructed at the confluence to reduce/arrest 

the erosion. At Sarangkheda Bridge, Maharashtra (CH: 537.9 km) (Photos 12.8-12.9), to safe 

guard the bridge abutment, the guide bund is required to be provided on left bank between 

barrage and bridge as per the IS: 10751:1994. At Kavithe-Kukarmunda Bridge, Gujarat (CH: 

589.0 km) (Photo 12.6), to protect the left bank and safe guard the bridge abutment, the guide 

bunds are to be provided.   

c) The values of sinuosity of Middle Tapi river show that the river follows sinuous course 

throughout its translational path. Although occasional bends are present in the Middle Tapi 

River, no prominent meander reaches are found in the said reach, and the values of sinuosity 

varies from 1.10 to 1.30 (Table 11.3). The PFI values for reaches 8-12 (CH: 350 to 581 km) of 

Middle Tapi River is not showing significant braiding (Table 11.7). While examining the 

course of Middle Tapi River from Hatnur Dam to Ukai Reservoir, no major braiding pattern is 

seen anywhere. However, in Reach 8, between Vagdud (CH: 368.65 km) and Bhusawal (CH: 

376.39 km), there is a stretch of Tapi river where the river flows in multiple channels. This can 

be attributed to the considerable change in stream slope between these two locations, i.e., a 

stream slope of approximately 1 in 317. 

d) In the Middle Tapi basin, out of total 28 rainguage stations, 14 raingauge stations reflect 

increasing trend in the number of rainy days. Total annual rainfall is decreasing at 14 raingauge 

stations in the basin. Mean annual maximum flow discharge at Savkheda, Gidhade and 

Sarangkheda stations were observed to be 8720.9 m3 s-1, 8733.1 m3 s-1 and 8886.4 m3 s-1 

respectively. The 2.5-year return period floods at Savkheda, Gidhade and Sarangkheda are 

9159.4 m3 s-1, 9159.4 m3 s-1 and 9352 m3 s-1 respectively during the study period. The average 

runoff coefficient at Ukai dam (at the outlet of Middle Tapi River) is 0.18. It can be observed 

that, in the recent decade, i.e., 2000-2010, there has been an increase in the sediment transport 
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rate in all months except in September month (Table 6.17). The Tapi River flows through 

alluvial plains as it enters its Middle reaches. The increase in sediment transport rates may be 

attributed to the enhanced agricultural activities in the basin. The increase in sediment transport 

rates in Middle Tapi river in recent years, may accelerate the sediment deposition in Ukai 

reservoir (reservoir at the tail end of Middle Tapi river). The watershed areas of Middle Tapi 

river are required to be managed to reduce the excessive silt entry into the river.  

e) It can be observed that agricultural land and fallow land together occupy more than 60% of the 

total area of the sub-basin. This can be attributed to the abundancy of alluvial soil in the sub-

basin, which makes it perfect for cultivation and human occupancy. The second predominant 

land-use class is the forest cover, which can be seen on the northern as well as north-western 

part of the sub-basin. The land-use classes like built-up area, water and scrub land occupy 

comparatively less percentage area in the sub-basin. As reported in case of Upper Tapi river, 

there is continuous increase in agricultural area reported in the Middle Tapi river. On the other 

hand, there is a decrease in forest, fallow and scrub lands in the sub-basin (Fig 8.4a-8.4f) 

f) Series of barrages/minor storage structures are coming up along the reaches of Middle Tapi 

River which may store the entire flow during the lean period. Under such circumstances, the 

riparian rights of water sharing States is required to be clearly identified to avoid further 

complication regarding water availability in future.  

g) Compared to Upper Tapi River, the villages/ urban areas and State Highways in Middle Tapi 

River reaches are relatively more vulnerable to erosion vis-à-vis river reaches in Upper Tapi 

river. The locations of Middle Tapi River fall under the category of highly vulnerable to not 

vulnerable, as per the classification proposed in present study. 

h) The water quality in the said reach fall in the ‘C’ grade as per CPCB criteria (TOI Report, 

2017). 

 

(3) LOWER TAPI RIVER 

a) The length of RBL and LBL of the Lower Tapi River for period under consideration varies 

between 131 km to 136 km and 122 km to 226 km respectively, as observed while analyzing 

SoI toposheets and Satellite imagery for different periods. There is no significant migration 

observed in both banks except at last chainage, i.e., CH: 792 km (located near Hazira, Gujarat 

where Tapi River joins Arabian Sea). The larger shifting/migration of RBL and LBL at this 



viii 

 

location have occurred due to combined effects of tidal currents in the Arabian Sea and main 

flow from Tapi river. 

b) At CH: 787 km (Tapi Estuary Suvali gam), CH: 750 km (Utran-Kapodara Bridge), CH. 735 

km (near old magistrate office) the river is found to be found active and significant erosions 

are observed. At Tapi Estuary System, Suvali Gam, Hazira (CH: 787.0 km), to protect the 

banks, the provision of gabions is recommended. The series of permeable spurs in the right 

bank are required to be constructed just upstream of existing spurs to protect the adjacent road 

(NH-8) (Section 12.2.1 of report). At Kamrej and Kholvad Villages, Surat (CH: 736 km and 

739 km), the groynes or spurs at suitable locations are required to be constructed to arrest 

further erosion at inner bend (Section 12.2.2 of report). The physical model study is 

recommended before implementation and planning the layouts of aforesaid corrective 

measures. 

c) The Lower Tapi River, generally, falls in the category of sinuous river as sinuosity is in the 

range of 1.10 to 1.50. In the reach (CH: 697-747 km), the value of sinuosity has been found to 

reach threshold value of meandering river. While observing the computed values of plan form 

index (PFI), it is seen that the last reach (CH: 747-792km) of the river, falls under the category 

of braided river (Tables 11.4 and 11.8). 

d) Most of the rain gauge stations in the Lower Tapi River show increasing trend in total annual 

rainfall. Out of 11 rain gauge stations, total 9 stations, depict increasing trend in number of 

rainy days. Lower Tapi Basin falls within the zone of severe rainstorms, and heavy rainfall 

spells have been observed in the recent past.  As per historical records, Tapi river has 

experienced large floods in the years 1727, 1776, 1782,1829, 1837, 1872, 1944, 1959, 1968, 

1970, 1994, 1998 and 2006. The lower reaches of the Tapi River, especially the Surat City has 

faced maximum destruction due to the havoc caused by severe floods. The Surat city on the 

bank of the lower Tapi River was highly affected by recent floods, in the years 1994, 1998 and 

2006. The Surat flood of year 2006, alone had caused direct damages to the time of Rs. 21,000 

crores. The carrying capacity of the Tapi River in the Surat city has been found to get reduced 

drastically which is the prime reason for flooding in the Lower Tapi River. Provisioning of 

‘Early warning system’ for flood forecasting in the Surat city is essentially required while 

accounting the inflow prediction model for Ukai reservoir, reservoir simulation and 

hydrodynamic modelling downstream of the Ukai reservoir. 
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e) The agricultural land in Lower Tapi River has been increased by 8.74% during 1990-2010. 

The forest areas are observed to be declining while agricultural and built-up land are increasing 

in the duration. There has been a decrease of 6.09% in forest area in the sub-basin during 1990-

2010. There has been a transition of fallow land into cultivable land in the basin. The 

waterbodies are observed to be expanding while the scrub lands are observed to be declining 

(Table 8.5). 

f) Excessive siltation upstream and downstream of Singanpore weir and extensive development 

in coastal floodplain could be the possible causes, for reduction in the carrying capacity of the 

river in the city (Section 10.9.4). The planning for desilting of sediments in the upstream and 

downstream of Singanpore weir can be undertaken by the State Govt. agencies, and desilted 

sediments can be used for construction of river training works in the lower Tapi river and 

coastal protection works, possibly using the geo-bags and geo-tubes. The systematic study on 

possible morphological changes due to desilting of the river bed is required to be undertaken 

before planning such major desilting exercises.   

g) While analyzing the variation in the cross-sectional geometry of Ghala stream gauging station 

that falls in Lower Tapi River, it was observed that the river bed adjacent to the right bank has 

undergone local scouring, during 1989-2004, over a length of 130 m. Such erosion in the 

stream gauging site could be due to ongoing sand mining activity in the vicinity of the site. 

The possible changes in the water rating curves are required to be assessed time to time to 

account aforesaid morphological changes.  

h)  The vulnerability of Lower Tapi River ranges from highly vulnerable to not vulnerable. The 

villages like Ushked Khurd, Puna, Un, Kosadi, Umarsadi and Kamlapor, which falls in Surat 

District of Gujarat, fall under highly vulnerable category due to their proximity with the eroded 

bank lines. 

i) As per the analysis reported, using cluster analysis methodology, the water quality in the river 

in the Surat city (stations Varachha, Rander, Weir Cum Causeway) is relatively impaired 

compared to other upstream stations. Although, the Tapi River water was categorized as ‘C’ 

grade, the water quality of the river has been reported to ‘D’ and ‘E’ grades within the city 

limits (TOI Report, 2017). Also, on the upstream of the Singapore weir lake, thick layer of 

water hyacinth was noticed which might substantially deplete the dissolved oxygen (DO), and 

may cause odour in the water.  
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The following further investigations/actions need to be undertaken in due course: - 

a) The morphological study reported for Lower Tapi river indicated that, carrying capacity of 

the river in Surat city has drastically been reduced due to extensive development in the 

coastal urban floodplain and siltation in the bed of Tapi river. The following actions are 

suggested with reference to morphology/flooding of Lower Tapi river: - 

i) The Surat city is highly susceptible to flooding as and when severe storms come in the 

catchment of Ukai reservoir, particularly in the end of the monsoon, when the reservoir 

is at FRL (full reservoir level). Under such condition, entire inflow into the reservoir 

must be passed in the downstream of the reservoir, and massive loss to the life and 

property is expected in the Surat city. Keeping in view, the susceptibility of Surat city 

to flooding, it is the need of the hour to develop ‘Early warning System’ for the Surat 

city while accounting real time information of inflow into the Ukai reservoir, reservoir 

simulation, controlled releases from the reservoir in the downstream channel and 

providing advance information to the people in the city to prepare themselves against 

the flooding. 

ii) Two-dimensional hydrodynamic model for inundation of Urban Surat centre is 

required to be developed while considering releases from Ukai reservoir and sea tidal 

levels as upstream and downstream boundary conditions respectively. Such model may 

be useful in identifying various risk zones in the city, which, in turn, may be useful in 

controlling the development in the urban flood plain.  

iii) The possibility of using the desilted sediments, particularly in the river bed in Surat 

city, for the construction of flood protection measures along the river/coastal protection 

works, and other construction purposes, be explored by the Surat Municipal 

Corporation in consultation with Narmada, water resources, water supply and Kalpsar 

department and Road and building departments. The sediments silted in the 

downstream of Singanpore weir may not be suitable for construction purposes due to 

the presence of excessive salt content. 

b) The quality of water in the Tapi river, particularly in the Surat city, need to be addressed 

at the earliest while identifying the possible causes for the degraded water quality in the 

urban areas, and implement possible measures to restore the healthy condition of the river.  
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c) The critical erosion prone areas identified along the Tapi river, are required to be noted by 

the concerned State Govt. agencies. The identified critical areas need to be studied 

individually, and possible curative measures are to be adopted to avoid aggravating the 

situations further. The contents presented in Chapter 9- Chapter 12 need to be referred.  

d) The alarming siltation rate has been reported in the Hatnur reservoir. The previous studies 

have indicated that Burhanpur catchment is more fragile to erosion vis-à-vis Purna sub-

catchment. The specific study for identifying critical erosion prone areas of Burhanpur and 

Purna sub-catchments need to be undertaken for providing possible soil conservation 

measures, and reducing the silting into the Hatnur reservoir. The Hatnur reservoir, being a 

minor storage structure, the possibility of desilting of the deposited sediments and its usage 

be explored by the State Govt. agencies.  
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CHAPTER 1 

INTRODUCTION 

1.1 GENERAL 

Morphology of a river is a field of science which deals with variation in its planform and cross 

section due to the processes of erosion and sedimentation. The dynamics of flow and sediments 

play major role in shaping the river in due course. Further, hydrologic systems like river evolve 

as result of both natural and anthropogenic influences such as changes in land and water uses 

caused by urbanization, agriculture, climate change, modifications to water infrastructure and 

water usage etc. The morphological study of a river is required in planning, design and efficient 

maintenance of hydraulic structures falling along its alignment. The Tapi River, particularly its 

lower reach, is of great importance with reference to frequent flooding and its influence on 

urban infrastructures of the coastal urban flood plains like Surat city. The significance of major 

and minor structures like Ukai, Hatnur and Girna reservoirs play major roles in shaping the 

morphology of the Tapi River. 

 

The Central Water Commission, Ministry of Water Resources, River Development & Ganga 

Rejuvenation (MoWR,RD&GR), Government of India, approached SVNIT, Surat to carry out 

Morphological study of Tapi River using Remote Sensing Technique and identify the critical 

erosion prone areas along the flow of the rivers. (Proposal to SVNIT made vide letter 

No.4/19/2012-Morpho/402-406, dated 30-10-2012). The objectives and detailed scope of work 

were discussed and finalised in the first meeting of  Consultancy Evaluation cum Monitoring 

Committee (CEMC) with IIT’s and NIT’s and they were requested to submit the consultancy 

proposals on aforesaid theme. In response to the proposal submitted by Sardar Vallabhbhai 

National Institute of Technology- Surat (SVNIT-Surat) for Morphological Study of Tapi River 

using Remote Sensing Technique (letter no. CED/PLP/3282/2012-13, dated March 28, 2013), 

a meeting was held on 18th March 2015 at Central Water Commission (CWC), Government 

of India, represented by the Director, Morphology Directorate and Dr. P.L. Patel, Professor, 

Civil Engineering Department, SVNIT-Surat. As an outcome, a Memorandum of 

Understanding was signed between CWC and SVNIT-Surat, for Consultancy services for 

“Morphological Study of Tapi River using Remote Sensing Technique” and the same was 

forwarded to SVNIT-Surat vide letter No.4/19/2012/SVNIT/Morpho/287-288, dated May 11, 

2015.   
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1.2 NEED FOR MORPHOLOGICAL STUDIES 

All around the globe, the rivers are posed to threats due to excessive erosion and deposition 

owing to the lateral migration of their banks. One of the major reasons for such phenomena is 

the imbalance between the sediment transport capacity and sediment inflow. If the sediment 

inflow is less than the carrying capacity, erosion takes place and, similarly, if the inflow is 

greater than carrying capacity, the river tries to maintain its stability by depositing the excess 

sediments, both in the bed as well as its banks. In either case, it is difficult for engineers and 

planners to effectively arrest such phenomena and maintain the stability of the river reaches 

and its adjoining areas where agricultural fields, towns, monuments etc. are likely to be located. 

During the lean season, the shoals in the low water channels cause problems in navigation, 

whereas, during flood season, the deep channels migrate laterally and erode the banks posing 

threat of serious damages to valuable property, lines of communication, towns and villages etc.   

 

The study of river morphology and implementation of suitable river training works as 

appropriate have become imperative for our Nation as large areas of our country are affected 

by floods every year causing severe damages to the life and property in spite of existing flood 

control measure taken both by Central and State Governments. Problems are aggravating 

mainly due to large quantity of silt/sediment being carried and deposited in its downstream 

reaches of river. The special behaviour of the river needs to be thoroughly understood for 

evolving effective strategies to overcome the problem posed by it. The morphological studies 

play an important role in knowing the nature of rivers which helps in planning, design and 

maintenance of flood protection/ river training works and water resources projects. The 

morphological studies help in finding the vulnerable spots for bank erosion/deposition. 

 

The Tapi River has three major reservoirs; in its upper reach (Hatnur reservoir), middle reach 

(Girna reservoir) and lower reach (Ukai reservoir). The lower reach of Tapi River, downstream 

of Ukai reservoir, has been subject to the frequent flooding. The major past floods in the lower 

Tapi River reach are the floods of the years 1727, 1776, 1782,1829, 1837, 1872, 1944, 1959, 

1968, 1970, 1994, 1998 and 2006. The flood during 1968 with the peak discharge of 42500 

m3/s was largest in the last century. The average annual flood with return period of 2.33 years 

at Ukai dam is 14323 m3/s. The floods of year 2006 alone had caused damage to the Surat city 

to the tune of Rs. 21000 crores. Also, 150 human lives were lost in 2006 flood, and 80% of 

Surat city is flooded for several days. The warning level and danger level at Surat city are 8.5 

m and 9.5 m respectively. In recent past, the Tapi River at Surat City had gone major reduction 
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in its carrying capacity, may be due to encroachment in the flood plain and siltation in the river. 

The several initiatives has been undertaken for controlling the floods in Lower Tapi River 

including construction of levees on both banks of rivers. In view of above, the morphological 

study of Tapi River using Remote Sensing technique is essentially required to identify the 

critical reaches of the channel, and suggest suitable measures to maintain the stability of the 

river reaches under consideration.  

 

1.3 OBJECTIVES OF THE PRESENT STUDY 

The specific objectives of the study are: 

• To compile complete river drainage map in GIS by integrating available secondary 

maps in Water Resources Information System (WRIS) of CWC.  

• To collect additional required information on major flood protection structures, existing 

water resources projects, important cities/ towns, CWC H.O sites, airport, island etc., 

and to integrate the same with final river drainage maps. 

• To study shifting of river course and also changes in its plan form from the base year 

till 2010, by collecting 4 sets of satellite imagery at 10 years interval in addition to one 

set of Survey of India toposheets for the base year on a scale of 1: 50,000. 

• Carry out the Channel Evolution Analysis to describe the status of the river channel, 

i.e., analysis of the channel dimension, pattern, and longitudinal profile identifying 

distinct river reaches, i.e., channel in upper reaches, channel in flood plain with bank 

erosion etc.  

• To compile changes in Land Use/Land cover, and study of its impact on river 

Morphology. 

• Work out the rate of bank erosion/deposition in terms of erosion area w.r.t. base year at 

every 50 km river reach.  

• To assess the present condition of critical reaches of the main channel of river by 

conducting ground reconnaissance and field reconnaissance trips. 

• To evaluate the impacts of major hydraulic structures on morphological behaviour of 

river course and its impacts on river morphology. 

• To plot probability curve (Exceedance Probability vs Flow rate) and show flow rates 

corresponding to return periods of 1.5 and 2 years for different CWC H.O. locations. 

• To relate the morphological changes in river on the basis of available peak discharges 

of different years in the time domain considered in this study.  
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• To study impact of changes in annual rainfall in the basin on river morphology. 

• To identify critical and other vulnerable reaches / locations. Analysis of respective rate 

of river course shifting and based on it, future prediction of river course behaviours. 

• To suggest suitable river training works for restoration of critical reaches depending on 

site conditions. 

 

1.4 DETAILED SCOPE OF THE STUDY (TERMS OF REFERENCE) 

• To procure the required inventory of one set of Survey of India (SOl) toposheets in 

respect of reference time datum on a scale of 1:50,000 from SOl.  

• To acquire satellite imagery corresponding to IRS LISS-I, LISS-II, LISS-III which 

covers the study area, from NRSC. 

• Analysis using SOI toposheets (say year 1970) and digital satellite imagery of IRS 

LISS-I, LISS-II and LISS-III sensors, comprising scenes for the years 1980, 1990, 2000 

and 2010. Due non-availability of above data during 1980, the foreign satellite data 

(LANDSAT-IV) are used. The maps and imagery are registered and geo-referenced 

with respect to Survey of India (1:50,000 scale) toposheets w.r.t. to base year by using 

standard technique & GIS tool. 

• Delineation of River Bank Line, River Centre Line along with generation of important 

GIS layers of river banks, major hydraulic structures, embankments/levees, railway 

bridge line, island, airport, cities/towns/villages, and important monuments etc. located 

in the vicinity of river banks. 

• Estimation of left and right bank shifting amount(s) w.r.t. base year and appropriate 

graphical plotting of these shifting. 

• Evaluation of braiding of different river course reaches by using Plan Form Index (PFI) 

criteria along with its threshold classification, wherever required. 

• Estimation and comparison of each bank erosion for different reaches in term of erosion 

area of the river w.r.t. base year by using appropriate GIS tool. 

• Comparison of delineated different river courses on the same graphical plot on A0 size. 

• Demonstrating the most critical reaches separately with appropriate suitable stream 

reaches) restoration with a recommendation of suitable bank stabilisation technique(s) 

depending upon the channel planform and condition. 
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• Using the available cross section data for identifying riffle locations, and measure 

topography changes, extract necessary information to analyse the channel, which 

ultimately led to identifying the channel stage or condition. 

• Ascertaining the river Channel Dimension; river channel width and the representative 

cross section with the help of the channel hydrograph, suspended sediments etc.  

• To develop the Maximum Flow Probability curves at CWC H.O. sites located on Tapi 

river, to predict the channel discharge corresponding to 1.5 year and 2 year Return 

Interval (RI). These values, i.e., 2-year Return Interval is widely accepted as the 

"Channel Forming Discharge" or "Bankfull". These are the flows that contribute most 

to the channel dimensions.  

• To develop the channel profile; channel profile is commonly referred to channel slope 

or gradient.  

• To carry out impaired stream analysis; as part of the scope of work, part of impaired 

streams to be identified along with the causes and sources by the consultant and to 

recommend stream restoration mechanism/methods.  

• To compile changes in Land Use/Land cover, and study of its impact on river 

Morphology. 
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CHAPTER 2 

LITERATURE REVIEW 

2.1 SHIFTING AND EROSION OF BANKLINES 

Sarma et al. (2007) studied the Burhi Dihing River which follows a meandering pattern for 

about 220 km throughout the alluvial plains of Assam including a short rocky and hill tract in 

between. Topographical maps of 1974 and 1972; satellite data of years 2001 and 2004 were 

analysed using GIS to study the sequential changes in the position of bank lines of the river 

due to consistent erosion of banklines. Two broad kinds of changes were observed, e.g., 

alteration of direction of flow due to neck cut-off and progressive gradual change of the 

meander bends that accounts for translational, lateral, rotational, extensional and other types of 

movement of the meander bends. Study of bankline shift due to the bank erosion was carried 

out for the periods 1934-1972, 1972-2001, 2001-2004 and 1934-2004 at every 15 km intervals. 

The hard rocks of the hilly tract situated in between alluvial plains resulted in development of 

entrenched meandering and this tract had suffered minimum bank erosion. During the entire 

period (1934-2004) of study, the overall erosion on the both banks was 31.169 km2 and overall 

sediment deposition was 30.101 km2. 

 

Kummu et al. (2008) analysed the bank erosion problem in the Vierntiane-Nong Khai section 

of the Mekong River, where the Mekong borders the Thailand and Lao PDR. The bank 

movement rates were quantified using two Hydrographic Atlases dated 1961 and 1992, derived 

originally from aerial photos and a field survey, and SPOT5 satellite images acquired on 4 

December 2004 and 28 April 2005 with a resolution of 2.5 m in natural colours. Bank erosion 

and accretion rates on the left (Lao PDR) and right (Thailand) banks of the Mekong were 

analysed for two time periods: 1961–1992 and 1992–2005, respectively. The quantified 

average bank erosion rates were found to be slow, ranging from 0.8 to 1.0 m/ac for the first and 

second analysis period, respectively. These average annual erosion rates are only 0.1% of the 

channel width, which is very low on a global scale. However, erosion rates were much higher 

for the islands in the river, 2.4 and 4.8 m/ac for the two time periods. The quantified accretion 

for the main banks was 0.4 m/ac during 1961–1992 and 0.7 m/ac during 1992–2005, which for 

the islands increased from 0.6 to 6.4 m/ac from the first to the second period.  

 

Florsheim et al. (2008) recognized that bank erosion is one component of the natural 

disturbance regime of river systems and is integral to long-term geomorphic evolution of fluvial 
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systems and to ecological sustainability; hence identifying bank erosion as a desirable attribute 

of rivers. They identified four shortcomings in current river management, i.e., (1) failure to 

understand and accommodate bank erosion processes and functions, (2) failure to consider 

bank erosion management at the appropriate scale, (3) failure to consider secondary effects of 

bank erosion-control infrastructure, and (4) failure to consider long-term and cumulative 

effects of bank erosion-control infrastructure. They explained that spatial extent and temporal 

frequency of bank erosion processes should be well documented to allow for long-term 

watershed analyses that could illuminate the cumulative effects of channel bank infrastructure. 

To address current and past management failures, they have come up with broad alternatives 

to accommodate geomorphic processes that promote riparian functions, i.e., (a) dynamic-

process conservation areas, (b) erosion easements, (c) elimination of direct stressors, and (d) 

non-structural approaches, such as those that include live vegetation that may moderate bank 

erosion processes without limiting long-term geomorphic evolution. 

 

Panda and Bandyopadhyay (2011) analyzed the Bhagirathi River in Murshidabad district 

using satellite images of 1970, 1977, 1990, 2000 and 2006, and found that major changes had 

occurred in Southern part of the river compared to the Middle part. The topographic maps of 

year 1970 was also compared with the satellite images to observe the changes over time. The 

formations like point bars, oxbow lakes, meanders etc. were found to get influenced by 

discharge, soil types and sediment transport. Maximum erosion was found to take place at Dear 

Balagachi after Baidyanathpur. It was observed that traditional bank protection works like 

concrete walls, cemented stones and bricks, play significant roles in the interference in water 

dynamics of erosive and depositional phenomenon. 

 

Das et al. (2012) studied the Subansiri-Ranganadi Doab, located in Lakhimpur district, Assam, 

which is one of the worst flood-affected areas in Brahmaputra valley. Using IRS LISS imagery 

of 1997 and 2009 as input in GIS, the shifting of the bank lines in the flood plains of the 

Subansiri-Ranganadi Daob were studied. During the study period, the river Subansiri migrated 

westward and widened substantially with erosion of an area of 19.137 km2. Similarly, the 

erosion area of Ranganadi, river was 0.897 km2. The channel changes were mainly due to 

concave bank erosion associated with high flow stages.  

 

Sarkar et al. (2012) aimed to quantify the actual bank erosion/deposition along the 

Brahmaputra River within India for a period of eighteen years (1990-2008).  The entire course 
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of Brahmaputra River in Assam from upstream of Dibrugarh to the town Dhubri near 

Bangladesh border, for a stretch of around 620 km was studied using an integrated approach 

of Remote Sensing and GIS. Mapping for the channel configuration of the Brahmaputra River 

for years 1990 and 2008 was done using IRS 1A LISS-I, and IRS-P6 LISS-III satellite images 

respectively. The analysis of satellite data provided, not only the information on the channel 

configuration of the river system on repetitive basis, but also have brought out several 

significant facts about the changes in river morphology, stable and unstable reaches of the river 

banks and changes in the main channel. 

 

Thakur et al. (2012) studied the river bank erosion hazard due to morphometric changes in 

the Ganga River in the upstream of Farakka Barrage up to Rajmahal. Morphometric 

parameters, such as, Sinuosity, Braiding Index, and percentage of the island area to the total 

river reach area were measured for the years of 1955, 1977, 1990, 2001, 2003, and 2005 from 

topographical maps, LANDSAT and IRS satellite images. The analysis revealed that there were 

drastic increase in aforesaid parameters over the period of time. Sinuosity being large, the river 

was engulfing the large areas of left bank every year. The victims were mostly of Manikchak 

and Kaliachak-II blocks of Malda district, with a loss of around 1,670 ha agricultural land since 

1977. The study revealed that bank failure were due to certain factors like soil stratification of 

the river bank, presence of hard rocky area (Rajmahal), high load of sediment and difficulty of 

dredging and construction of Farakka Barrage as an obstruction to the natural river flow. 

 

2.2 PLANFORM CHANGES IN RIVERS 

Brice (1964) defined the braiding index (BI) as follows:  

𝑩𝑰 =
𝟐𝑳𝒊

𝑳𝑹
                                                                       𝟐. 𝟏 

 

where Li is the length of all the islands and/or bear in the reach, and LR is the length of the 

reach measured between the banks of the channel belt (Fig 2.1).  

 

Chitale (1970) observed that a particular stream can have single or multiple channel in one 

reach. The multiple channel was classified into anabranching, deltaic, reticulate and braided. 

The meanders were classified into regular and flat, regular and acute, irregular and flat, 

irregular and acute, simple and compound meanders. 
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Hooke (1977) identified two types of movement in channel planform in meandering rivers in 

Devon, England. The first type, where the channel moves downstream by maintaining its 

planform dimensions. It can be considered as a natural process, which occurs within the state 

of dynamic equilibrium and hence doesn’t constitute a channel change. The second type of 

movement is where there is variations in channel form and parameters such as braiding index, 

sinuosity, hydraulic geometry and pattern over the years. 

 

Kellerhals et al. (1977) classified the river channels basically on the interpretation of air photos 

and detailed survey of Canadian rivers.  

The data required to classify the channels were as follows:  

• Whether the stream passes through aggradation, degradation, partly entrenched or 

entrenched with no flood plains.  

• Description of plan-form of the channel, viz., straight, sinuous, irregular or regular 

meanders, or tortuous.  

• Presence of bars and islands.  

• Lateral activity viz., meanders moving downstream, avulsion, downstream progression, 

entrenched loop development and cut-offs. 

 

Murray-Rust et al. (1978) introduced two modifications in defining the braiding ratio. They 

stated that apparent bar length might be caused by variations in water level, and ‘braid length’ 

would be defined from upstream divergence to downstream convergence around the bars lying 

on the thalweg line of the channel. They also proposed that meander length should be measured 

for each channel belt (in a braided reaching apparently taking the major channel) and this 

should be used to define the channel belt. Rust (1978) define the braiding ratio as follows: 

𝑩𝒑 =
𝟐𝑳𝒃

𝑳𝒎
                                                                   𝟐. 𝟐 

 

where Lb is the sum in a reach, of the braid lengths, between channel thalweg divergences and 

confluences and Lm is the mean of the meander wavelength in a reach of the channel belt (Fig 

2.1). 

 

Friend and Sinha (1993) modified the definition of braiding index by using the idea of total 

sinuosity developed by Richards (1982) and measured as follows: 
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𝑩 =
𝑳𝒄𝒕𝒐𝒕

𝑳𝒄𝒎𝒂𝒙
                                                                    𝟐. 𝟑 

 

where, Lctot is the sum of the mid-channel lengths of all the segments of primary channels in a 

reach, and Lcmax is the mid-channel length of the widest channel through the reach (Fig 2.1).   

 

 

Fig 2.1 Calculation of braiding indices 

 

Winterbottom (2000) analysed the planform of the channel on a reach of the Rivers Tay and 

Tummel, Scotland by using variety of data-sources for medium (> 25 years and < 250 years) 

and short-term periods (< 25 years). Analyses of planform characteristics and changes in width, 

braiding index and sinuosity were conducted on the reach between years 1755 and 1976 using 

map data as an input to GIS. Aerial photographs of the years 1971 and 1994 were utilised to 

determine the more recent changes. In the medium term, analysis showed that significant 

changes have occurred with a mean reduction in the channel width of 34% during the period. 

In the short period also comparable rate of changes were observed. Incision and subsequent 

stabilisation of lateral and mid-channel gravel bars by vegetation had resulted in overall 

increase in the stability of the study reach.  

 

Hooke (2007) studied and examined the evidence of autogenic, self-organized and non-linear 

behaviour of the rivers around the world. Some examples exhibited trends of increasing 

sinuosity over time and a few show limits from which large decreases had occurred. Several 

case studies revealed non-linear behavior and increasing complexity of form. The example of 



Morphological Study of Tapi River using Remote Sensing Technique                Page 11 

a reach in which multiple cut-offs occurred was analyzed for mechanisms of self-organization 

of the planform and in the pool-riffle pattern. Riffles were found more closely spaced and more 

transient in rapidly changing and higher sinuosity parts of the channel. Hypothetical trajectories 

of different meander behavior, including bedrock meanders, were plotted and the behavior of 

different meandering systems were studied. 

 

Aswathy et al. (2008) carried out study to obtain the factors influencing the sinuosity of the 

Pannagon River, Kottayam, Kerala using IRS P6 LISS III satellite data and GIS. The river was 

found to follow meandering course and exhibit a narrow, highly sinuous and cut channel. The 

satellite and topographic data, geological maps, field investigations, generated themes on 

lithology, structure, geomorphology, slope etc. were analyzed to obtain the channel 

morphology of the Pannagon River. The average sinuosity index of the selected reaches in the 

river was 1.6 in 1967 and 1.8 in 2004. The sinuosity of the Pannagon River was found to depend 

on a number of geological factors including river tectonics and riparian vegetation. 

 

Nicoll and Hickin (2010) examined the planform geometry and migration behavior of 

confined meandering rivers at 23 locations in Alberta and, British Columbia in Canada. The 

relationships developed for geomorphologic parameters were found to fall within the standard 

range specified for freely meandering rivers, but small discrepancies were found due to unique 

meandering pattern of confined meanders. 

 

2.3 HYDRAULIC GEOMETRY OF RIVERS 

Yang et al. (1981) studied and observed that, by application of theory of minimum rate of 

energy dissipation along with Manning-Strickler equation and dimensionless unit stream power 

equation for the sediment transport, the exponents of hydraulic geometry relations can be 

obtained. The theoretical limitation of the analyses was that channels should be approximately 

rectangular in shape. 

 

Kale et al. (1994), in their work on geomorphic and hydrologic aspects of monsoon floods, 

reported that Narmada and Tapi Rivers in central India are characterized by one of the most 

intense flood regimes in the seasonal tropics. They studied the catastrophic flood on Tapi River 

Basin in July 1991 that occurred from heavy rains and a dam break. Flood competence studies 

indicated that flood power of the two rivers is comparable with some of the largest historic and 

prehistoric floods reported from other parts of the world. The rivers were found to preserve 
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geomorphic and sedimentological records of palaeofloods for the last two millennium. 

Examination of the synoptic conditions associated with the flood generating low-pressure 

systems revealed that, all but a few of them, are the result of Bay of Bengal depressions. They 

concluded their work with the necessity of including geomorphic, sedimentological and botanic 

information in the planning and design of water resource development projects. 

 

Singh (2003) stated at-a-site hydraulic geometry involves mean values over a certain period, 

such as a week, a month, a season or a year. He stressed on the fact that hydraulic geometry is 

of fundamental importance in planning, design, and management of river engineering and 

training works. He explained that all the theories that have been developed on hydraulic 

geometry of channels assumes that the flow is steady and uniform, and the river tends to attain 

a state of equilibrium or quasi-equilibrium. 

 

Kale (2007) explained that efficacy of extreme events is directly linked to the flood power and 

total energy expended. The geomorphic effectiveness of floods was evaluated in terms of 

distribution of stream power per unit boundary area (ω) over time, for three very large floods 

of the 20th Century in the Indian Peninsula. These floods stood out as outliers when compared 

with the peak floods per unit drainage area recorded elsewhere in the world. They used flood 

hydrographs and at-a-station hydraulic geometry equations, computed for the same gauging 

site or a nearby site, to construct approximately stream-power curves and to estimate the total 

energy expended by each flood. The estimates indicated that the minimum power per unit area 

values for all three floods were sufficiently high, and stream energy was above the threshold 

of boulder movement (90 W m− 2) for several tens of hours. The peak unit stream power values 

and the total energy expended during each flood were in the range of 290–325 W m− 2 and 65–

160 × 106 J respectively. The average and peak flood powers were found to be higher or 

comparable to those estimated for extreme palaeo or modern floods on low-gradient, alluvial 

rivers. 

 

Kale and Hire (2007) made an attempt to evaluate the temporal variations in specific stream 

power and total energy expenditure for geomorphic work during the monsoon season for the 

Tapi River, in central India. Continuous daily discharge data (1978–1990), hydraulic geometry 

equations and the relationship between discharge and water surface slope were used to compute 

the daily specific stream power (ω) for the Savkheda stream gauging site in the Middle Tapi 

Basin. The total amount of energy generated by all the monsoon flows was estimated by 
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integrating the area under the ω-graph derived for the monsoon season. They observed that the 

large floods have one-third share in the total monsoon energy expenditure. In the absence of 

appropriate data on the year wise geomorphic effects, the geomorphic work was evaluated in 

terms of the total transported suspended sediment load. The total monsoon sediment load is 

strongly related to the total monsoon energy. The results of the study indicated that the average 

flow competence and capacity were remarkably higher during wetter monsoon seasons and 

flood years than during the shorter and drier monsoon seasons. 

 

Kale and Hire (2004) said that geomorphic effects of floods are function of several controlling 

factors, such as magnitude, frequency, rate of sediment movement, flood power, duration of 

effective flows, sequence of events and the channel geometry. In their study, these measures 

of effectiveness were evaluated for the monsoon-dominated, flood-controlled and incised Tapi 

River, India by defining four flow categories: low flows, moderate flows, floods and large 

floods. Ratios between effectiveness parameters of moderate flows on one hand and the floods, 

large floods and maximum floods on the other, were computed to understand the relative 

importance of moderate and large flows. In addition to this, stream-power graphs for large 

floods were constructed, and the changes in channel form were analysed by using multi-date 

cross-sections. The results of the study indicated that morphological characteristics of the 

bedrock as well as the alluvial channels of the monsoonal and incised Tapi River are maintained 

by large-magnitude, but low frequency floods that occur at long intervals. 

 

Stewardson (2005) conducted 54 surveys on 17 river reaches, mostly in south east Australia 

and showed that the five reach hydraulic variables are sufficient to characterise the gross 

hydraulic conditions along a river reach. Reach hydraulic geometry relations have a 

considerable potential to improve the analyses of fluvial processes and physical habitats across 

catchments. Comparison between the hydraulic geometry variables at a station along the 

reaches were also undertaken. 

 

2.4 RIVER MORPHOLOGY IN CONTEXT WITH BASIN TOPOGRAPHY AND 

LAND USE CHANGES 

Hazarika et al. (2015) assessed the land-use changes driven by river dynamics in the flood 

affected areas of Upper Brahmaputra plains using Remote Sensing and GIS techniques. The 

effect of two major tributaries of Brahmaputra, i.e., Gai and Simen, were documented. The 

planform changes were analyzed using the topographic maps and Landsat data. The bankline 
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migration was quantified and the rate of erosion and deposition were calculated. The land use 

land cover mapping was done using ERDAS IMAGINE and the changes over the period of 

consideration were assessed. These changes showed an increase in the settlement and decrease 

in grass lands. Also, agricultural lands were found to get affected by the erosion-deposition 

processes of the river. 

 

Kumar et al. (2015) delineated the catchment and carried out the morphometric analysis using 

GIS technique. The study dealt with the integrated watershed management of Baliya micro 

watersheds, located in the Udaipur district of Rajasthan, India. The low value of the bifurcation 

ratio of 4.19 revealed that the drainage pattern had not been distorted by structural disturbance. 

The high value of the elongation ratio (0.68) compared to the circulatory ratio (0.27) indicated 

an elongated shape of the watershed. The high value of drainage density (5.39 km/km2) and 

stream frequency (12.32) showed that the region had impermeable subsoil material under poor 

vegetative cover with a low relief factor. The relief ratio and relative relief were found to be 

0.041 and 0.99% respectively. 

 

Biswas et al. (2014) carried out the analysis to understand the drainage basin dynamics and 

their usefulness in watershed prioritisation and management in terms of soil erosion studies 

and groundwater potential assessment and flood hazard risk reduction in mountainous rivers. 

Morphometric analysis of a Himalayan River (Supin River) basin has been taken as a case 

study. The entire Supin River basin has been subdivided into 27 sub-watersheds and 36 

morphometric parameters have been calculated under four broad categories, i.e., drainage 

network, basin geometry, drainage texture, and relief characteristics. The various 

morphometric parameters have been correlated with each other to understand their underlying 

relationship and control over the basin hydro-geomorphology. 

 

Bali et al. (2012) performed geomorphologic analysis on the Himalayan Glacio-fluvial basin, 

India. The geomorphologic parameters including the stream frequency, drainage density, 

drainage texture etc. indicated the presence of unconsolidated, unstratified and highly pervious 

glacial overburden material which aids the infiltration of rainwater and snowmelt into the soil. 

The form factor values calculated for various sub-basins indicated that the sub-basins with high 

value of form factors are more prone to flash floods. Also, the irregularities in the 

geomorphologic parameters explained the presence of tectonically active regions in the study 

area.  
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Ozdemir and Bird (2009) have evaluated two drainage networks derived from two different 

sources to determine the influence of sub-basins to flooding on the main channel in the Havran 

River basin. Drainage networks for the sub-basins were derived from both topographic maps 

scaled 1:25.000 and a 10-m resolution digital elevation model (DEM) using geographic 

information systems (GIS). Morphometric parameters were applied to the two types of drainage 

networks at sub-basin levels. These parameters were used to assess the influence of the sub-

basins on the main channel with respect to flooding. 

 

Boix-Fayos et al. (2007) in their study explained that catchment-scale land-use changes and 

erosion-control works have geomorphic consequences as can be seen in the morphological 

evolution of river channels. An analysis of the consequences of check dams and reforestation 

works that took place in the 1970s was conducted on the channel morphology in the Rogativa 

catchment (53 km2) in SE Spain. A land-use change detection analysis of the catchment 

between 1956, 1981, and 1997 was performed. River channel changes were mapped between 

1956 and 1997. Furthermore, morphological field mapping of river reaches, location of all 

check dams, and characterization of the areas upstream and downstream of them were carried 

out. Sediment sampling along 10.5 km of the channel and analysis of time series precipitation 

data were performed. 

 

Chopra et al. (2005) studied the two sub-watershed in Gurdaspur district using Remote 

Sensing and GIS techniques. They observed that both the sub-watersheds are showing dendritic 

to sub-dendritic drainage pattern with moderate drainage texture. A strong control on the 

drainage was observed by high bifurcation ratio. The deviation from straight line indicating 

regional upliftment, was observed by plotting graphs between logarithms of number of stream 

vs. stream order. The area was underlined by impermeable sub-surface material which was due 

to low drainage density value. The sub-watersheds having elongated shape were observed by 

determining circulatory and elongation ratio. 

 

Clark and Wilcock (2000) examined river channel response to pervasive land-use changes in 

three watersheds in northeastern Puerto Rico. They observed that, in the past 50 years, land use 

had shifted to forest, suburban, and industrial use, sharply reducing sediment supply and 

producing a smaller decrease in water supply. These changes in water and sediment supply are 

likely to have had a significant impact on river channels in the region, although little historical 

information is available to directly evaluate the channel response. They explained that 
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downstream trends in channel geometry and channel sedimentation may be due to an 

incomplete removal of excess coarse sediment supplied to the river during the period of 

intensive agriculture. 

 

Strahler (1952) named the headwater streams as the first order streams. Two first order streams 

joins to give a second order stream. It revolves around the assumption that two streams of the 

same order that falls in one basin carry approximately equal amount of discharge. This theory 

is most commonly used while assigning order to streams. 

 

Horton (1945) initially started with the quantitative analysis of stream network which 

facilitates the comparison between drainage basins to various aspects of the drainage patterns 

and define the properties of the drainage basin. He explained that main stream denoted by the 

same order, all the way from its mouth to headwaters is assigned with highest order and order 

changes at every junction, whereas, lowest order is assigned to the fingertip tributaries. This 

convention however, possessed certain amount of subjectivity. 

 

2.5 FLOOD FREQUENCY ANALYSIS AND TREND ANALYSIS OF HYDROLOGIC 

AND CLIMATIC DATA 

Goyal (2014) presented his work on statistical analysis of long term trends in rainfall during 

1901-2002 in the state of Assam, India. For analysing the trends, Sen’s slope estimator test and 

Mann-Kendall test were used. Precipitation data for 21 stations were collected and analysed 

for both annual and seasonal variations. 

 

Timbadiya et al. (2013) presented the trend analysis of observed annual peak flow time series 

data at four stream gauging stations in the Tapi Basin. Innovative trend analysis, recently 

proposed by Şen (2012), and Mann Kendall test were used to ascertain the trend in extreme 

annual flow (flood) at aforesaid gauging stations in the Tapi Basin. Also, the time series of 

extreme flow data were checked for their serial correlation and, subsequently, flood frequency 

analysis was undertaken to obtain floods of different return periods. The fitted probability 

distributions were also used to predict extreme flow into the Ukai Reservoir on the basis of 

information from upstream gauging stations. The methodology has also been used to predict 

runoff into the reservoir from the ungauged catchments. 
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Hussain and Pasha (2009) carried out an L-moment based regional frequency analysis on 

seven sites of Punjab, Pakistan. Discordancy measure was calculated to screen the data, 

heterogeneity measure was obtained by conducting simulation experiments using the 4-

parameter Kappa distribution and the best distribution was chosen using the L-moment ratio 

diagram and the ZDIST statistics. Based on these, three distributions; GNO, GPA and GEV were 

identified as the suitable candidates for regional distribution. Accuracy measures for the 

estimated regional growth curves and quantiles were calculated for the three candidate 

distributions, using Monte Carlo simulations. Simulations study showed that GNO distribution 

is the robust distribution with GPA as suitable alternative but GEV is not an appropriate 

distribution for the study area. 

 

Castellarin et al. (2008) studied the effect of cross correlation among sites in regional flood 

frequency analysis and assessed the impact of the same on statistical tests. They observed that 

even though generally ignored, cross correlation among flood sequences can reduce the power 

of statistical homogeneity tests significantly. The effectiveness of the well-known Hosking and 

Wallis’ H-measure when intersite dependence is taken into account was analysed through 

Monte Carlo experiments. A theoretical correction was also proposed for the test that can 

account for the impact of inter-site cross correlation of floods.  

 

Viglione et al. (2007) made a comparison of various homogeneity tests for regional frequency 

analysis. The classical homogeneity tests based on L-moments were compared with two rank 

based tests, the k-sample Anderson Darling Test and Durbin and Knott test. The performance 

of these tests were assessed by a series of Monte Carlo experiments and it was concluded that 

the homogeneity tests based on L-moments are more reliable when the sample data are slightly 

skewed whereas when the data is heavily skewed, rank based tests comes in handy.  

 

Jingyi and Hall (2004) performed regional flood frequency analysis on 86 sites in the Gan 

River Basin, China and developed regionalised relationship to estimate flood magnitudes for 

ungauged and poorly gauged catchments. Several clustering techniques like Wards method, 

fuzzy c-means method, residuals method etc. were done and finally the Kohonen Neural 

network based clustering technique which could both delineate the regions as well as assign 

the sites to the regions was found to be best suited for their study. Regional at-site growth 

curves were derived using the L-moment algorithm as well as the fuzzy c-mean algorithm and 

it was found that the latter performed well when there is considerable contrast between the 
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growth curves of different sites in the region. Regional flood relationships were developed for 

ungauged catchments using the index-flood method as well as ANN technique. ANN technique 

gave superior results compared to the index-flood method.  

 

Kumar et al. (2003) developed regional flood frequency relationship for Middle Ganga Plains 

Subzone 1(f) of India using a GEV index-flood procedure incorporating the method of L-

moments. Screening of the data was carried out using Discordancy measure and a homogenous 

region containing 8 sites were defined. The L-moment ratio diagram and ZDIST statistic showed 

that GEV was the best fit distribution of the region. Based on these results they developed 

regional frequency relationship for gauged as well as ungauged catchments. Also a relationship 

between the mean annual peak flood and the catchment area was developed. The estimation 

model was finally verified by developing test catchments and model catchments and was found 

to perform well for small, medium and large catchments in the basin.  

 

Castellarin et al. (2001) evaluated the relative performance of four hydrological similarity 

measures which are used to form homogenous regions for regional frequency analysis in 

Northern-Central Italy. These measures constitute the seasonality indexes that reflect the 

timing of extreme events and the catchment characteristics which includes the frequency 

distribution of the rainfall extremes and the extent of impervious portion of the catchment. A 

hierarchical clustering scheme is adopted in order to delineate homogenous regions. The 

performance of the similarity measures is quantified using Monte Carlo experiment. The results 

showed that for the study area, similarity measures based on seasonality indices was the most 

effective whereas for ungauged catchments, a similarity measure incorporating both rainfall 

statistics and soil permeability was the best.  

 

Kjeldsen et al. (2001) performed regional flood frequency analysis on the annual maximum 

series of flood flows in the KwaZulu-Natal province, South Africa, using the index-flood 

method. The series was developed from relatively unregulated rivers. The study area was 

divided into two homogenous sub-regions by cluster analysis taking into consideration the 

monthly rainfall concentration. The goodness of fit test carried out showed that the Generalized 

Normal Distribution (GNO), Pearson Type-III distribution and the Generalized Pareto 

Distribution were suitable for Region 2. Region 1, due to the presence of few flood events of 

extreme magnitude, was found to ill-fit all the distributions. Probability plots were made using 
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suitable plotting position formulae for revealing the tendencies such as regional bias in the 

estimation of extreme events.  

 

Adamowski (2000) performed regional frequency analysis on the annual maximum and partial 

duration flood data in the Provinces of Ontario and Quebec, Canada. Based on the density 

function shapes (unimodal and bimodal) the region was subdivided into nine homogenous 

regions. The analyses revealed the presence of unimodality and bimodality in the flood data 

which pointed to the limitations in the parametric method involved in flood estimation for the 

method assumes that all the flood events comes from a unimodal distribution. L-moment 

analysis revealed that even though the series is not unimodal, separate rainfall and snowmelt 

PD series extracted from the same data set could each be described by unimodal distributions. 

L-moment tests confirmed that separate rainfall and snowmelt PD series statistics are 

homogeneous but the overall series is heterogeneous. A regional relationship is developed 

using nonparametric analysis on the AM and PD flood series. 

 

Vogel et al. (1998) constructed L-moment diagrams for annual minimum, average and 

maximum flows for more than 1400 river basins in USA. The goodness-of-fit studies revealed 

that three distributions, LN3, GEV and LP3 were providing good approximations for annual 

maximum flows. They also observed that the two parameter distributions like Gumbel 

distribution gave not so good results in the basins. The study also revealed that for annual 

minimum and average flows in US can be best represented using P3 distribution. Also, they 

suggest that LP3 distribution is a very flexible one and can fit almost all the river basins 

considered in the study. The paper winds up pointing out that it is high time that frequency 

analysis is conducted on annual minimum as well as average flows. 

  

Burn (1989) presented a statistical technique for delineating groups of stations for regional 

flood frequency analysis. A heuristic approach which involves k-means clustering was adopted 

to divide a large area into homogenous sub-regions. The selection of appropriate number of 

clusters was done with the help of measures of the reduction in within group variability 

associated with increasing the number of groups.  A basin similarity measure coupled with 

regional homogeneity measure was used to evaluate the station partitioning obtained from the 

clustering algorithm. The methodology was adopted for flood frequency analysis of rivers in 

southern Manitoba, Canada, and the results showed that the identified group of stations can be 

considered sufficiently homogenous to effect an efficient spatial data transfer. 
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CHAPTER 3 

STUDY REACH 

3.1 TAPI RIVER 

The Tapi River originates near Multai in Betul district at an elevation of 752m above mean sea 

Level (MSL). The Tapi River joins Arabian Sea in the Gulf of Cambay after flowing past the 

Surat city. The river receives tidal influence for a length of about 25 km upstream from the 

river mouth in the sea. The total length of this west flowing river from its origin to its out fall 

into the sea is 724 km. For the first 282 km the river flows in Madhya Pradesh, out of which 

54 km forms the common boundary with Maharashtra State. It flows for 228 km in Maharashtra 

before entering the Gujarat State. Traversing a length of 214 km in Gujarat, the Tapi River 

joins the Arabian Sea in the Gulf of Cambay after flowing past the Surat city. The Tapi River 

is joined by several tributaries on both the banks. There are fourteen major tributaries, each 

having a length more than 50 km. On the right bank, four tributaries, namely, the Vaki, Gomai, 

Arunavati and Aner join the Tapi River. On the left bank, ten important tributaries, namely, the 

Nesu, Amravati, Buray, Panjhra, Bori, Girna, Waghur, Purna, Mona and Sipna drain into the 

main channel (Fig 3.1). The drainage system on the left bank of the Tapi river is, therefore, 

more extensive as compared to the right bank area. The Purna and the Girna, the two important 

left bank tributaries together account for nearly 45 percent of the total catchment area of the 

Tapi River. The Purna is the principal tributary of the Tapi River originating in Betul district 

in Gawilgarh hills of the Satpura range, mostly drains the three districts Amravati, Akola and 

Buldhana of Vidharbha Region. The Girna, another major tributary, rises in the Western Ghats 

and drains Nasik and Jalgaon districts of Maharashtra. The Multai, Dharni, Nepanagar, 

Burhanpur, Sindhkheda, Talode, Mandvi and Surat are some of the important towns that lie 

along the banks of Tapi River.  

 

3.2 MAJOR TRIBUTARIES OF TAPI RIVER 

Some of the important rivers of Tapi basin are described below (Jain et al. 2007):  

i) The Purna: The Purna is one of the principal tributaries of the Tapi river. It is the only 

river in the upper basin, which has a perennial flow. Raising in the Gawilgarh hills at 

an elevation of 900m, the Purna flows in a south westerly direction for about 60 km. 

through hills and forests, and enters into the Purna plains. The Purna drains a total area 

of 18,929 km2.  
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Fig 3.1 Tapi River, tributaries and major dams 
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ii) The Girna: The Girna rises in Western Ghats and flows in an easterly direction up to 

Jamda and then turns north. It takes a westerly turn at Nandra to join the Tapi from the 

left near Nanded. The river flows for a total distance of 260 km and drains a total area 

of 10,061 km2, which is nearly one-sixth of the total catchment of Tapi river.  

iii) The Panjhra: The Panjhra rises near Pimpalner from the crest of the Sahyadri hills and 

flows easterly for about 99 km, then takes a turn to the north and join the Tapi from the 

left, south of Thalner. The river flows for a total distance of 138 km and drains an area 

of 3,257 km2.  

iv) The Vaghur: The Vaghur rises from the Ajanta hills, flows northerly for 96 km to join 

Tapi on the left. The Vaghur drains a total area of 2,592 km2.  

v) The Bori: The Bori rises in the Malegaon sub-division of Nasik district at North and 

flows first in the easterly direction and then in a northerly direction to join the Tapi 

from the left, east of Betavad. The Bori flows for a total length of 130 km and drains 

an area of 2,580 km2. 

vi) The Aner: The Aner is the longest right bank tributary of the Tapi River; originate 

from the southern slope of the Satpura hills and flows generally in south-westerly 

direction for a total length of 74 km, to join the Tapi River from the right, south of Hol. 

The river drains a total area of 1,702 km2.  

vii) The Bura: The Bura rises in the Satmala hills and flows generally in easterly direction 

for a total distance of 64 km. and then turns north-east and flows for another 23 km. to 

join the Tapi from the left, north-east of Sindhkheda. The river drains a total area of 

1,419 km2.  

viii) The Gomai: The Gomai also rises from the Southern slopes of the Satpura hills, and 

flows in a generally south-westerly direction for a length of 72 km to join the Tapi from 

the right bank near village Prakasha. It drains a total area of 1,148 km2. 

ix) The Arunavati: The Arunavati It originates and flows from the Sangvi village and 

merges into the Tapi river from the right bank near Uparpind village in Shirpur tehsil. 

The river flows mostly in monsoon period and has a length of 61km. 

 

3.3 WATER RESOURCES PROJECTS ALONG THE TAPI RIVER 

Water resources projects are broadly categorized into irrigation projects and hydroelectric 

projects. Upper Tapi (Hatnur) Irrigation Project, Ukai - Kakrapar Irrigation Project and Ukai 

Hydroelectric Project are the major water resources projects that fall along the Tapi River. 
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Also, the construction of Lower Tapi Dam (Padalse Dam) is in progress. The details are as 

given below: 

i) Hatnur Dam (Maharashtra) - This is the first stage of Upper Tapi Project. The dam 

is constructed across Tapi River near Bhusaval City in Jalgaon District of 

Maharashtra. The construction of the dam was completed in 1982, and is maintained 

by Water Resources Department (WRD), Government of Maharashtra (GOM). The 

dam has a length of 2580 m and a maximum height of 25.5 m above the foundation. 

The spillway type is Ogee spillway of length 604.75 m, with 41 radial gates of size 

12 m × 6.5 m. The dam has been constructed with a major purpose of irrigating the 

nearby areas. It is having a live storage capacity of 255 MCM & Gross Storage 

capacity of 388.0 MCM to irrigate 3,78,384 hectares of land in Raver, Yawal and 

Chopda Taluka of Jalgaon district by a right bank canal of 95 km length. The dam 

falls in Seismic Zone- III and the design flood is 26145 m3/s. 

ii) Ukai Dam (Gujarat) - This is stage - II of the multipurpose Ukai Project. It consists 

of 4928 m long and 81 m high composite earth - cum - masonry dam across the 

Tapi River near Ukai village in Surat district of Gujarat State. The Ukai Dam, 

constructed across the Tapi River, is the largest reservoir in Gujarat. It is also known 

as Vallabh Sagar. Constructed in 1972, the dam is meant for irrigation, power 

generation and flood control. Having a catchment area of about 62,255 km2 and a 

water spread of about 52,000 hectares, its capacity is almost same as that of the 

Bhakra Nangal Dam. The site is located 94 km from Surat. The gross storage 

capacity and Live Storage Capacity are 8511.0 MCM and 7092.0 MCM 

respectively. The storage capacity of Ukai dam is almost 46% of the total capacity 

of all the other existing dams in Gujarat if put together. Thus, it can be concluded 

that the rest of the dams have as little as 0.1% average storage capacity. During the 

last 40 years, the actual irrigation potential is attained through all the major and 

medium water resources projects in the State, which comprises only 14 million 

hectares. The dam is an earth-cum-masonry dam. Its embankment wall is 4,927 m 

long. Its earth dam is 80.77 meters high, whereas the masonry dam is 68.68 meters 

high. The dam's left bank canal feeds water to an area of 1,522 km2 and its right 

canal provides water to 2,275 km2 of land. 

iii) Ukai Hydroelectric Project is associated with two power houses, i.e., Ukai power 

house & Ukai LBC power house. Ukai power House has four operational turbines 

with a total installed capacity of 300 MW, while Ukai LBC Powerhouse has 2 
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operational turbines with total installed capacity of 5 MW. All the above units were 

made by Bharat Heavy Electricals Ltd. (BHEL). Commissioning dates of units 1 to 

4 are: 8 July 1974, 13 December 1974, 22 April 1975 and 4 March 1976. The 

Minimum draw down level (MDDL) for the powerhouse is 84 m. The turbine is of 

Kaplan type with a rated speed of 300 rpm. There are four penstocks of 60 m length 

and internal diameter 6.9 m. The design discharge of each penstock is 188 m3/s.  

iv) Kakrapar (Maharashtra): Kakrapar barrage, constructed across Tapi River, is 

located near Mandvi Village in Surat District of Gujarat. The construction was done 

during 1952 – 1954 as part of the Kakrapar Barrage Major Irrigation Project. The 

barrage has a length of 633.5 m, with five number of bays. The average width of 

Tapi River at the barrage location is 621.18 m. The crest level of the spillway is 160 

m, with a High Flood Level (HFL) of 185 m. There are six under sluice gates, three 

on right bank and three on left bank. The culturable command area of Kakrapar 

Barrage Major Irrigation Project is 204000 hectares, with an ultimate irrigation 

potential of 222000 hectares. The project benefits four districts of Gujarat, Navsari, 

Bharuch, Surat and Valsad. The barrage is situated in seismic zone-III. 

v) Lower Tapi Dam (Padalse Dam): The Lower Tapi Dam, which is under 

construction, falls in the city of Amalner in Jalgaon District of Maharashtra. It is an 

earthen dam, which has a length of 1876.5 m and a maximum height of 29 m above 

the foundation. The major purpose of the dam is irrigation. The dam, which is to be 

maintained by Water Resources Department, Maharashtra, would pass a design 

flood of 50881 m3/s and can carry a a total volume of 303.72 TCM. It is also 

proposed to have an ogee shaped spillway (crest level = 139.24 m) with 23 radial 

spillway gates of size 18.30 m × 16.76 m.  
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CHAPTER 4 

RIVER BASIN  

4.1 TAPI RIVER  BASIN 

�7�K�H���7�D�S�L���E�D�V�L�Q�����V�L�W�X�D�W�H�G���L�Q���W�K�H���Q�R�U�W�K�H�U�Q���S�D�U�W���R�I���W�K�H���'�H�F�F�D�Q���3�O�D�W�H�D�X�����I�D�O�O�V���L�Q���O�R�Q�J�L�W�X�G�H�V���R�I�������Û�����¶��

�(���W�R�������Û�����¶���(���D�Q�G���O�D�W�L�W�X�G�H�V���R�I�������Û���¶���1���W�R�������Û���¶���1�����)�L�J��4.1). The basin extends over states of 

Madhya Pradesh, Maharashtra and Gujarat having an area of 65,145 km2 out of which nearly 

80% area lies in Maharashtra state. Situated in the Deccan plateau, the Satpura range forms its 

northern boundary whereas the Ajanta and Satmala hills form its southern extremity. Mahadeo 

hills form its eastern boundary. The basin finds its outlet in the Arabian Sea in the west. The 

entire Tapi basin can be divided in three sub-basins: Upper Tapi basin up to Hatnur, confluence 

of Purna with the main Tapi (29,430 km2), Middle Tapi basin from Hatnur up to the Ukai Dam 

(32,097 km2), and Lower Tapi basin from the Ukai Dam up to the sea (3,618 km2). The average 

annual rainfall for upper, middle, and lower Tapi basins are 935.55 mm, 631.5 mm, and 

1,042.33 mm respectively. 

 

 

Fig 4.1 Index map of Tapi river basin 

 

Physiographically, the area is a basaltic landscape with major physiographic units of plateau 

lands, escarpments, hills, piedmont plains, colluvium-alluvial plains and valley plains. 

Bounded on the three sides by the hill ranges, the river Tapi, along with its tributaries, flows 


