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                   MESSAGE 
 

India is one of the worst flood affected countries in the world. Immense damage is taking place 
every year in the country due to floods. Flood early warning is one of the most affective non-
structural flood disaster damage mitigation methods. In recent years, this approach has gained 
momentum due to availability of space based inputs, high resolution Digital Terrain Models, 
advanced modelling software’s, and high end computing systems. Many researchers and 
engineers across the country are working on flood early warning activity in isolation using different 
methods and models. Hence, there is a need to bring synergy amongst the modellers & 
researchers to understand the latest technological developments in flood early warning. 

It is my pleasure to inform that National Remote Sensing Centre, Indian Space Research Centre, 
Government of India and Central Water Commission, – Ministry of Water Resources, River 
Development & Ganga Rejuvenation, Government of India are jointly organising a National 
Conference on "Flood Early Warning for Disaster Risk Reduction" under National Hydrology 
Project on 30 & 31 May 2019 in Hyderabad. 

I believe that the Conference would be of great interest to Scientists, Researchers, Engineers, 
Academia, Industry, Government Organisations, Policy Makers etc. working in flood disasters and 
associated sectors in the country. It would provide an excellent opportunity for brain storming on 
the challenges being faced and measures to be adopted for flood disaster damage mitigation. 

The National Conference on Flood Early Warning for Disaster Risk Reduction to be jointly 
organised by CWC and NRSC at Hyderabad will bring synergy amongst expert scientists, 
engineers, managers, flood disaster management authorities, decision makers on the latest 
technological developments in the area of flood early warning at National level. I hope the 
workshop would be useful to the concerned professionals involved in flood damage mitigation, 
technical experts, disaster risk managers and policy makers in enhancement of their knowledge 
on flood early warning system. 

I wish the Conference a great success. 

Santanu Chowdhury  

 

Santanu Chowdhury 
Director, National Remote Sensing Centre  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                                                                                                   



S. Masood Husain 
Chairman, Central Water Commission  

                        

                
MESSAGE 

South Asia is the one of the most disaster prone region in the world. Building resilience to natural 
disasters is a pressing challenge for achieving sustainable development in the region. Floods are 
one of the natural disasters in India having devastating impacts on the vulnerable population, 
especially poor, who live along river side and are dependent on agriculture for their livelihood. In 
2017 alone, floods had caused huge economic damage of more than INRs. 26500 Crore. 

Early warning is an important measure for disaster risk reduction. It can prevent loss of life and 
reduce the economic and material damages in case of a disaster. Continuous monitoring of 
related parameters is essential to generate accurate warning in such a timely fashion that allows 
sufficient time to the related agencies to enact their appropriate disaster management plans. 

Flood forecasting and early warning is one of the most effective flood risk management strategies 
to minimise the negative impacts of floods. Using the recent advances in space information and 
computation technologies, Central Water Commission has achieved the capability of issuing flood 
forecast warning with longer lead time of up to 3 days at most of its flood forecasting sites. These 
information, however, are rarely used by the communities who live along the river side. It is 
important to create awareness among the common citizen to ensure early preparedness to fight 
against the probable disaster. It is also important that the operational capabilities of all agencies 
involved in disaster mitigation in the flood affected river basins in country are enhanced to 
effectively utilise these new tools and techniques to save lives and livelihoods. 

The National Conference on Flood Early Warning for Disaster Risk Reduction to be jointly 
organised by CWC and NRSC at Hyderabad will bring synergy amongst expert scientists, 
engineers, managers, flood disaster management authorities, decision makers on the latest 
technological developments in the area of flood early warning at National level. I hope the 
workshop would be useful to the concerned professionals involved in flood damage mitigation, 
technical experts, disaster risk managers and policy makers in enhancement of their knowledge 
on flood early warning system. 

I wish the Conference a great success. 

 

S. Masood Husain 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

              
MESSAGE 

Floods have been a recurrent phenomenon in India and cause huge losses to lives, properties, 
livelihood systems, infrastructure and public utilities. Out of total geographical area, more than 40 
million hectare is flood prone. Due to climate change and associated variability, in recent years 
floods have also occurred in areas, which were earlier not considered flood prone. It is a cause for 
concern that the flood related damages are showing an increasing trend. As per UNISDR report, 
India lost US $79.5 million in last 20 years (1998-2017) due to natural hazards, especially due to 
flood hazards. 

Ministry of Water Resources, River Development and Ganga Rejuvenation, National Remote 
Sensing Centre (NRSC), Central Water Commission (CWC), Indian Space Research 
Organisation and National Disaster Management Authority (NDMA) have been working together 
to build a safer and resilient nation. We have been able to take various initiatives towards Disaster 
Risk Reduction (DRR) and preparedness through meaningful engagement with all stakeholders. 

I am happy that NRSC and CWC are jointly organizing the National Conference on Flood Early 
Warning for Disaster Risk Reduction. Early Warning is a key element in overall Disaster Risk 
Management Framework. The advent of new technologies has ensured availability of real-time 
data of river flow along with high resolution hydrological data. Proper utilization of such data 
coupled with timely forecasting can not only reduce the impact of disasters but also minimize and 
prevent loss of lives, lives-stock, and property. 

This Conference will provide platform to academicians, experts, research scientists, 
meteorologists, surveyors, engineers and decision-makers to deliberate and evolve various 
technological solutions for preventing or reducing the losses due to disasters. 

My best wishes to the organizers and participants for the success of the Conference. 

 

 

Lt Gen N C Marwah (Retd) 

 

Lt Gen N C Marwah (Retd) 
Member, National Disaster Management Authority 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Preface  

India is one of the worst disaster prone countries in the world. Floods are one of the most frequent 
natural disasters in India, with devastating impact on the poor and vulnerable population who live 
along river basins and are dependent on agriculture for their livelihoods. Flood forecasting and 
early warning is one of the most effective nonstructural flood damage mitigation methods that has 
great potential with technological advances being witnessed in recent years. 
  
Central Water Commission (CWC) is the pioneer organization for flood early warning in the 
country. Development of advanced hydrological models, use of Space Technology, and invention 
of high end computing systems have made the researchers to focus on developing medium to 
long-range flood forecast models in the country. National Remote Sensing Centre has developed 
flood forecast models for the Godavari and Mahanadi Rivers in association with CWC using very 
high resolution DTMs and Space based inputs. The pilot studies led to development of operational 
flood early warning models for major flood prone rivers of the country under National Hydrology 
Project. There is need to discuss & debate the ideas on the technological trends in flood early 
warning system development. In view of this, it is proposed to organise a National Conference on 
“Flood Early Warning for Disaster Risk Reduction” jointly by National Remote Sensing Centre, 
ISRO, and Central Water Commission, MoWR, RD & GR under National Hydrology Project during 
30-31 May 2019. 
 
National Conference on Flood Early Warning for Disaster Risk Reduction is therefore an 
opportunity to bring together flood forecasting community, technical experts, disaster risk 
managers, policymakers, engineers, scientists, managers and researchers to exchange and share 
their experiences and research results on all aspects of flood early warning and disaster reduction. 
It also provides an interdisciplinary platform to present and discuss the most recent innovations, 
trends, and concerns as well as practical challenges encountered and solutions adopted in the 
fields of Flood Forecasting. This Conference on Flood Early Warning for Disaster Risk Reduction 
lent new momentum to the development of early warning practices and disaster reduction. 
  
To address the multi-faceted and increasingly serious challenges posed by floods in all their 
shapes, and to find ways to better plan, prepare, and cope with them, it is critically important to 
assemble, review and analyze the relevant facts, the past experiences and practices. This present 
publication represents such an attempt and offers a comprehensible overview of Flood Early 
Warning for Disaster Risk Reduction. This report represents the distillation of the wisdom highly 
motivated experts and practitioners concerned with disaster reduction and the use of early warning 
to save lives and property. The proceeding are arranged in  six chapters covering various themes 
of the conference like; flood early warning, recent trends and techniques in hydrological modeling, 
spatial flood early warning, urban flood modeling and flash floods, climate change impact on 
floods, and emergency preparedness and instrumentation. Conference papers and conclusions will 
make a useful contribution in improving the understanding of and support for disaster management 
and further enhancing cooperation in this vital area. 
 
 
P V N Rao 
Deputy Director, Remote Sensing Applications, NRSC 
Chairman, LOC 
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Spatial Flood Early Warning System for the Godavari and Mahanadi Rivers - 
using Space Inputs 

K H V Durga Rao, Amanpreet Singh, K Sindhu, & Shraddha Moon 
Disaster Management Support Division, RS, National Remote Sensing Centre, Indian Space 

Research Organization (ISRO), Hyderabad 500 037 

Abstract

Spatial flood early modelling is a complete transformation of conventional flood early warning to the 
spatial flood alarming using high resolution Digital Terrain Models (DTM), space inputs, hydro-
meteorological data through fully or semi-distributed hydrological modelling approach. Hydrological 
modeling of large river catchments has become a challenging task for water resources engineers due 
to its complexity in collecting and handling of both spatial and non-spatial data such as rainfall, gauge-
discharge data, and topographic and hydraulic parameters. In this article, spatial flood forecast 
models are developed for the Godavari and Mahanadi Basins, India through a semi-distributed 
modelling approach using space and aerial based inputs. The approach includes rainfall runoff 
modelling, hydrodynamic flow routing, calibration, validation of flood forecast model with field 
discharge data, developing spatial inundation simulation models using high resolution DEM. 
Topographic and hydraulic parameters of each subbasin and channel are computed using the land 
use / land cover grid that is derived from the Indian Remote Sensing Satellite (IRSP6) AWiFS sensor 
data (56 m resolution), CARTOSAT Digital Elevation Model (DEM), and the soil textural grid. The 
model is calibrated and using the field hydrometeorological data of years 2000,2001, 2006 & 2008 
collected from Central Water Commission (CWC) and India Meteorological Department (IMD). Spatial 
inundation simulation model is developed using very high resolution DTM. Spatial flood early warning 
system is developed in Bhuvan Environment using the developed models and being used in real-time 
using the real-time hydro-meteorological data support from CWC and IMD since 2014. Accuracy in
estimating the peak flood discharge is found to be 87% with peak flow lag time error of 3 hours.  The 
developed early warning system enabled in giving flood early warning with 42 hours lead time.  

Keywords: 

Distributed hydrological modelling, Flood routing, Spatial flood early warning, ALTM DTM

1 Introduction 

Flooding constitutes the most prevalent and costly natural disaster in the world. In recent years, 
satellite technology has become extremely important in providing cost-effective, reliable, and crucial 
mechanisms for preparedness, damage control, and relief management of flood disasters. A variety of 
mitigation measures can be identified and implemented to reduce or minimize the impact of flooding. 
Such mitigation measures include flood forecasting and warning, adopting proper land-use planning, 
flood-prone area zoning, and management. Improving regional flood risk forecasting requires 
extensive flood-related information. Traditionally, gathering and analyzing hydrologic data related to 
floodplains and flood-prone areas have been a time-consuming effort requiring extensive field 
observations and calculations. With the development of remote sensing and computer analysis 
techniques, traditional techniques now can be supplemented with these new methods of acquiring 
quantitative and qualitative flood hazard information.  

Complete control of floods is neither physically nor economically possible. Forecasting of floods 
enables warnings to be given to the people likely to be affected by them and civil defence measures 
to be organized in a timely manner. Simple correlations between upstream and downstream gauge 
station flows can be used for short-range forecasts. Application of rainfall runoff models and unit 
hydrograph techniques can be used for medium-range forecasts of small catchments.  

___________________________________________________________________________________________________________________________________________________________________________
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Jaun and Ahrens (2009) studied the limitation of probabilistic forecasting system, which is 
based on a hydrometeorological ensemble prediction approach. Thielen et al. (2009) presented the 
development of the European Flood Alert System (EFAS), which aims at increasing preparedness for 
floods in transnational European river basins by providing local water authorities with medium-range, 
probabilistic flood forecasting information 3 to 10 days in advance. Durga Rao, et al. (2009) have 
worked on developing a medium-range flood forecast model for the Brahmaputra Basin. They 
demonstrated the scope of using satellite-based rainfall products in flood forecasting and its 
limitations. Bogner and Kalas (2008) tested for adjusting the ensemble traces using a transformation 
derived from simulated and observed flows in the Upper Danube.  

De Roo et al. (2003) developed a prototype flood forecast system for European test basins. 
They used real-time rainfall and rainfall forecast grids of coarse resolution for flood forecasting at 
basin scale by integrating hydrological models with weather forecasts. A flood-forecasting system has 
been developed by the Danish Hydraulic Institute in collaboration with the Bangladesh Water 
Development Board for the part of the Brahmaputra River that falls in Bangladesh territory. 
Telemeteorological rainfall data were used in this study. Runoff was computed for the catchment area 
within Bangladesh and added to the inflow discharges measured at upstream sections of the river 
within the Bangladesh area (Jorgensen and Host-Madsen 1997).

Durga Rao et al., (2011) developed a flood forecast model for the Godavari basin through a 
distributed modeling approach using space inputs. They computed topographic and hydraulic 
parameters of each subbasin and channel using Land use/ Land cover grid, SRTM DEM, and the soil 
textural grid. They calibrated the model using the field hydrometeorological data of 2000 and validated 
with the data of 2001. They tested the model with real time 3-hour interval hydrometeorological and 
daily evapotranspiration data and concluded that flood forecast lead time is increased by 12 hours 
compared to conventional methods of forecasting. Kamanbedast et al., (2011) conducted a study in 
the flood Zone of Karkheh River using hydraulic model HEC-RAS and GIS. The river morphology was 
calculated using MIKE 11 model. They estimated the flood extent for return periods of 50, 100 and 
200 years. In this study, flood forecasting models have been developed using semi-distributed 
modeling approach in HEC-HMS and HEC-GeoHMS environments.   

The Central Water Commission (CWC) of India is the pioneer organization for flood forecasting 
in India. Short-range forecasting is being done by CWC in the Godavari Basin using gauge-to-gauge 
correlation technique (CWC 1989). Development of medium-range flood forecast models in river 
basins using hydrological models is essential to mitigate flood damage. Considering the current state 
of research in the field and the need for forecasting, the present research focuses on the development 
of a medium-range flood forecast model for the Godavari Basin in HEC-HMS and HEC-Geo HMS 
modelling environment (U.S. Army Corps of Engineers 2000, 2001, 2003). The model is validated with 
3-hour real-time hydrometeorological data from 2010.  

The main objectives of the study are to develop spatial flood early warning system for the Godavari 
and Mahanadi Basins through semi-distributed modeling approach and development of flood 
inundation simulation models  using LiDAR data of the main floodplains.  

2 Geographical Setting of the Study Basins 

Godavari Basin extends over an area of 312,812 km2, covering nearly 9.5 percent of the total land 
area of India. The Godavari River is perennial and is the second largest river in India. The river joins 
the Bay of Bengal after flowing a distance of 1470 km (CWC 1999). Pranahita, Sabari, and Indravati 
are the main tributaries of the Godavari River. The basin receives the major part of its rainfall during 
the Southwest Monsoon period. More than 85 percent of the rain falls from July to September. 
Annual rainfall of the basin varies from 880 to 1395 mm and the average annual rainfall is 1110 mm. 
Floods are a regular phenomenon in the basin. Badrachalam, Kunavaram, and the deltaic portion of 
the river are prone to floods frequently.  

___________________________________________________________________________________________________________________________________________________________________________
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The Mahanadi is a major river in East Central India. It drains an area of around 141,600 square 
kilometres and has a total course of 858 kilometres. The river flows through the states 
of Chhattisgarh and Odisha. Like many other seasonal Indian rivers, the Mahanadi too is a 
combination of many mountain streams and thus its precise source is impossible to pinpoint. 
Mahandi catchment receives an average annual rainfall of 1500 mm. The Mahanadi was notorious 
for its devastating floods for much of recorded history. Thus it was called 'the sorrow of Orissa'. 
However the construction of the Hirakud Dam has greatly altered the situation. Today a network of 
canals, barrages and check dams keep the river well in control. However heavy rain can still cause 
large scale flooding as evidenced in the basin.

3.0 Spatial and Non-Spatial database  

Spatial data required for the hydrological and hydrodynamic modeling includes Digital Elevation 
Model, Land use/ Land cover data and Soil data. CARTO Digital Elevation Model (DEM) of 30m 
resolution was used for flood forecast model and Airborne Laser Terrain Mapping (ALTM) DEM of 5m 
resolution was used for flood inundation simulation model. Land use/Land cover derived from the 
Indian Remote Sensing Satellite (IRS-P6) AWiFS data, and soil textural data obtained from 
NBSSLUP of the study area were used in the modeling. Hydrometeorological data includes Rainfall 
data and Discharge data. Rainfall data was obtained from Indian Meteorological Department (IMD) 
and discharge data from Central Water Commission (CWC) was used in the model development. 
Point rainfall data from more than 300 gauge stations in each based was used in the real-time 
operations. Gauge discharge data of upstream stations and reservoir operations data of main 
reservoirs in the basin collected from CWC, Hyderabad was used in real-time operations.  

4.0  Broad Methodology  

Broad methodology in spatial flood early warning includes development of Basin Model with space 
based inputs, meteorological model setup by integration the meteorological data of each sub-basin, 
gauge discharge data, integrating these models, flood hydrograph computation at various locations, 
calibration and validation at prominent locations, and development of spatial inundation simulation 
model using very high resolution DTMs. 

4.1 Basin Model Setup : Terrain pre-processing is a series of steps to derive various topographic 
and hydraulic parameters. These steps consist of computing the flow direction, flow accumulation, 
stream definition, watershed delineation, watershed polygon processing, stream processing, and 
watershed aggregation. All topographic and hydraulic parameters are computed in the terrain 
processing stage using land use and soil texture information and DEM, and exported to the 
topographic model. Due to non-availability of reservoir operational data in the upstream of the 
catchment, downstream main floodplains are only considered in the model development of the 
Godavari River. For Mahanadi River complete catchment has been considered in model 
development. Topographic characteristics of streams and watersheds have been computed using a 
model pre-processor. The physical characteristics that are extracted for the streams and subbasins 
are river length, river slope, basin centroid, longest flow path, centroidal flow path, and so forth. Other 
hydrological parameters such as time of concentration, lag time, and Muskingum routing parameters 
are computed from the terrain characteristics. All the above-mentioned hydrological parameters are 
extracted for all the subbasins of the study area in a GIS environment and fed into the model. Basin 
model setup of the Godavari and Mahanadi Basins are shown in the figures 1a & 1b.

4.2  Hydrometeorological Model Setup : The response of a watershed is driven by precipitation that 
falls on the watershed and evapotranspiration from the watershed. The precipitation may be the 
observed rainfall from a historical event or it may be a frequency-based hypothetical rainfall event. 
Historical data may be useful for calibration and validation of model parameters. Historic rainfall data 
was used in the calibration and validation of the flood forecast models. Point rainfall data collected 

___________________________________________________________________________________________________________________________________________________________________________
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from IMD, Hyderabad and IMD-Bhubaneswar was used in real-time operations by developing daily 
rainfall grids using IDW interpolation techniques.  

1 a. Basin Model Setup of the Godavari Basin 

1 b. Basin Model Setup of the Mahanadi Basin 

4.3 Model Calibration and Validation: Model calibration is the process of adjusting model parameter 
values until model results match historical data. The process can be completed using engineering 
judgement by repeatedly adjusting parameters and computing and inspecting the goodness-of-fit 
between the computed and observed hydrographs. Significant efficiency can be realized with an 
automated procedure (U.S. Army Corps of Engineers 2001). A hydrograph is computed at the target 

___________________________________________________________________________________________________________________________________________________________________________
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element (outlet) by computing all of the upstream elements and by minimizing the error (minimum 
deviation with the observed hydrograph) using the optimization module. Parameter values are 
adjusted by the search method; the hydrograph and objective function for the target element are 
recomputed. The process is repeated until the value of the objective function reaches the minimum to 
the best possible extent. During the simulation run, the model computes direct runoff of each 
watershed and the inflow and outflow hydrograph of each channel segment. The model computes the 
flood hydrograph at the outlet after routing flows from all subbasins to the basin outlet. The computed 
hydrograph at the outlet is compared with the observed hydrograph at Perur and Koida stations. After 
computing the exact value of the unknown variable during the calibration process, the calibrated 
model parameters are tested for another set of field observations to estimate the model accuracy.   

4.4 Flood Inundation Simulation Model Development: Flood inundation simulation model is to 
simulate the possible area that are going to be inundated prior to the event using very high resolution 
DTM. ALTM DTM of 5 m resolution with height accuracy of 0.3 m is used in the 2D inundation 
simulation model development using Mike 11 & 21 software. The basic geometric data consist of 
establishing the connectivity of the river system, cross section data, reach lengths, energy loss 
coefficients (friction losses, contraction and expansion losses), and stream junction information were 
computed using ALTM DTM and LULC grids. Flood hydrographs computed for all major rivers is 
given as an input to the model in simulating the flood inundation.  

5.0 Real time web enabled spatial flood early warning system for the Godavari and Mahanadi 
Basins 

Flood forecasting and alarming in spatial environment is very important for flood relief and rescue 
operations. Flood inundation simulations prior to the event can minimize the damage to human life 
and property. Developed flood forecast model for the Godavari and Mahanadi Basin using space 
based inputs through hydrological modeling approach has been applied in real time and hosted on 
Bhuvan portal. Real-time gauge discharge data of upstream gauge-stations obtained from Central 
Water Commission, and near-real-time rainfall data obtained from India Meteorological Department 
being used in the model for forecasting flood discharge. Computed flood hydrographs/flood forecast 
(previous 5 days + current day + 2 days forecast) at prominent CWC stations are posted in the web in 
real time since 2015. Figure 2 shows framework of flood early warning system of Godavari basin.  

Figure 2. Wed-enabled Spatial Flood Early Warning System for  the Godavari Basin 
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6,0 Results and Discussion  

Flood hydrograph at all prominent locations are computed, flood hydrograph at koida station of the 
Godavari Basin is shown in the figure 3 as an example. The model could forecast both flood peaks 
exactly. Accuracy in computing peak discharge during the flood events was 87% when compared to 
the observed flows. Model computations are 13% higher than the observed discharges. This error 
may be due to floodplain inundation between the Perur and Koida stations that the model could not 
take into account. The model is more than 90 percent accurate in computing discharges when there is 
no floodplain inundation. The difference between the observed flood event time and simulated flood 
event time was less than two hours. Flood forecast accuracy in the Mahanadi Basin is found to be 
nearly 80 %. As there are no riverine floods during recent years, the inundation simulations were not 
carried out in real-time.  

Figure 3. Computed and observed flood hydrograph at Koida (2015) 

Flood Inundation simulation model developed for the Godavari River main floodplains and simulated 
flood during 2016 floods is shown in the figure 4. The simulated is flood extent is found to match more 
than 90 % accurate when compared with RADARSAT image acquired during the flood.  

Flood forecast lead time is increased to 42 hours compared to the conventional method in the 
Godavari Basin. Due to the hydrological modelling technique, accuracy in discharge computations is 
improved. As the gauge-discharge function (relation) data is fed into the model for Perur and Koida 
stations, the model can forecast the flood levels along with the discharges at these stations. Flood 
discharge at any river confluence can also be computed. This will help in forecasting flood discharges 
at intermediate river junctions. Discharge in any subbasin of the study area can be predicated 
separately with the adoption of this hydrological modelling approach. 
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Figure 4. Flood Inundation Simulation in the Godavari (July 15, 2016) 

Conclusion 

The simulations show that the computed hydrographs match well with the observed hydrographs. 
These hydrographs match very well when the discharge in the river is less than 30,000 m3/s. Error will 
increase slightly when discharge is beyond this range, due to floodplain inundation in the Godavari 
Basin. Floodplain inundation causes slightly higher model computations as compared to the observed 
values. With this hydrological modelling approach, accuracy in discharge computations is improved 
compared to conventional methods, flood forecast at any river confluence can be issued, and 
influence of any tributary can be examined separately. In the real-time application the flood forecast 
model improved the lead time by 12 hours compared to conventional methods of forecasting in the 
Godavari River. Flood forecast lead time in the Godavari is also found to be improved. As the 
reservoir operations data of the Mahanadi inbuilt in the model, the accuracy of model depends upon 
how the dam is operated in real-time against the rule curve. The calibrated model is found quite stable 
in real-time operations. Model accuracy can be further improved by computing floodplain inundations.  
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Analysis of Climate Change using Real Time Decision Support System for 
Sutlej and Beas Catchments 

Anil Vyas, Ravinder Pawdia, & Anmol Bhardwaj 
Bhakra Beas Management Board (BBMB), Chandigarh 

Abstract 

Effect of climate change like increase in cloud bursts phenomenon, longer periods with droughts to 
more extreme rainfall events with temporal and spatial variation and thereby, more frequent and 
severe flooding has been affecting the Satluj and Beas basin in past few years. This year climate 
variability leads to lowest snowmelt runoff in history of BBMB since 1967 along with extreme events of 
precipitation leading to one of the highest runoff generated in Satluj and Beas catchment i.e. within a 
month, Satluj River follows historical minimum to historical maximum inflows. Integrated Water 
Resources Management (IWRM) approaches with Climate change projections and its impact 
assessment, flood forecasting system for disaster risk management using mathematical model, 
drought forecasting, adaptive capacity building and ensuring that infrastructure is resilient to climate 
change are some of the solutions to limit the challenges of water scarcity and floods. A study has 
been taken for long term effects of climate change up to 2070 under various probable scenarios (i.e. 
multiple GCMs - General Circulation Models and RCPs i.e. Representative Concentration Pathways 
accounting for different greenhouse gas emissions) for Satluj and Beas basin, Preliminary results 
have shown a consistent temperature & precipitation increase across catchments. Effects of this 
climate change on the water availability and inflows are being included in this paper. BBMB is 
continuously gathering digitized data from 2013, the previous data is also available from manual 
stations beginning with year 1963.The data is included in real time decision support system for 
analysis. The RTDSS is a tool used for short, medium term and seasonal forecast for the river basin. 
The implementation of RTDSS was very strenuous, as 35000 km2 of area lies in China and because 
of transboundary conditions equipments cannot be installed for Real Time data acquisition so real 
time data acquisition for such area is done by satellite data products. It uses quantitative forecast of 
precipitation and temperature for these forecasts and real time and historical data for model 
calibration, validation and analysis of climate change. Its main function is to provide an effective tool 
that can help a river basin authority in taking decisions about the water resources system and 
structures. It acts as a scientific tool for planning, decision making, scenario generation and event 
analysis. 

Introduction 

The Bhakra Beas Management Board (BBMB) is the pioneer organization in the field of Irrigation and 
Hydro Power in North West India. The two big storage reservoirs i.e. Bhakra Dam (Storage capacity  
6.122 MAF) on river Satluj and Pong Dam (Storage capacity 6.95 MAF) on River Beas, with 
Generation capacity 2918.73 MW and Irrigating 50.58 lakh hectares in the downstream. The Satluj 
and Beas Basin remain dynamic throughout out the year as snow accumulation/melting due to 
western disturbances and rainfall (Monsoon and cyclones) are the main sources of inflows into the 
reservoirs. Modernization of old telemetry network, developing Database and Hydrologic Modeling 
center etc. as part of adaptive capacity building has helped BBMB in short term to seasonal and long 
term planning of these reservoirs effectively. However the statistical and trend analysis of hydro-
meteorological data i.e. spatial and temporal deviations of climatic parameters like precipitation and 
temperature, Intensity and frequency of Extreme events etc. reveals the need of climate change study 
of the Basin.  

Study Area

The extraction of watershed features from Digital Elevation Model (DEM) was performed in the 
ArcGIS version 10.1. ASTER global DEM from Reverb Echo NASA website was downloaded to 
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delineate hydrographical shape files or the layout of the River Satluj-Beas and its catchment area. 
The DEM was re-projected in World Geodetic System (WGS) 1984 43N projection system for raster 
format and in North American Datum (NAD) 1927 for grid format.  

Fig1: Satluj and Beas basin shape file 

The study area comprises of the Satluj-Beas River basin shown in figure 1, having total geographical 
area of 56860 km2 and 12560 km2 respectively. Around 19,827 km2 area of Satluj basin lies in the 
Indian Territory while the rest lies in the Tibet. Satluj basin in India is elongated in shape and lies 
majorly in the greater Himalayas where heavy snowfall is experienced during winters. Beas rises from 
the southern face of Rohtang Pass in the Kullu district and joins the Satluj at Harike after flowing over 
a 400 kms.  

Case Study for climate change 

Bhakra and Pong Dam has varying inflows from 14-22 BCM & 5-13 BCM respectively in a water year 
with average inflow of 18 BCM for Bhakra dam and 9 BCM for Pong Dam. Bhakra dam has reach its 
lowest level of 1493 feet in current water year (2018) due to less snow accumulation in the catchment 
in winter along with comparatively low temperature in snow bound catchments during snow melt 
period. This lead to 3301 MCM of inflows received at Bhakra reservoir in 2018 compared to 4970 
MCM during the year 2017 and the last 10 year average of 4930 MCM. Reduced inflows in snowmelt 
period leads the reservoir level to a historical minimum of 1493 feet even during the conventional 
filling period from 21 May to 30 June. Similarly the Pong Dam has touched the lowest reservoir level 
1284 feet at the end of depletion period which is the 4th lowest level and reaches up to 1393 at the 
end of filling period which is the 3rd highest level in last 30 years (1988-2018). Another extreme event 
phenomenon was observed from 24-26 September due to cyclonic rainfall in the catchment which in 
turn increases the filling period from 20th September to 10th of October. This lead to rise of 18 feet in 
Bhakra Dam i.e. from 1651 feet  from 1669 feet and 16 feet rise in Pong Dam i.e. from 1376 feet to 
1392 feet after filling period. The long term trend analysis (30 years) for the monthly inflow, outflow 
and reservoir level summary of the reservoirs shows: 

Bhakra Dam Pong Dam
Inflow shows decreasing trend from 21249 to 
19588 cusec

Inflow shows decreasing trend from 10619 to 
9572 cusec

Outflows reduced from 21441 to 19341 cusec Outflows reduced from 10737 cusec to 9354
cusec

Reservoir level rises from 1590 feet to 1607 feet Reservoir levels rises from 1344 feet to 1335 feet

Climate Change Impacts on River Dynamics 

The Intergovernmental Panel on Climate Change (IPCC) report (2017) informs that the climate 
change is happening in distinguished ways and global warming is effecting our environment. Jain and 
Kumar (2012) analyzed studies related to patterns in precipitation and temperature over India. As per 
observations, six river catchments showed an increase in rainfall whereas 15 river catchments had 
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shown decrease in rainfall. Further, four river basins experienced increasing patterns in rainy days 
and 15 river basins had the decreasing patterns. Temperature data showed a monotonous rising 
pattern. Many studies have used the combination of climatic models and hydrological models to 
determine the climate change effects on river hydrology. Akhtar et al. (2008) demonstrated calculation 
of impacts on water resources in river catchments due to climate change. The historic climate and 
future climate Special Report on Emissions Scenarios (SRES) A2 scenario were simulated by the 
Providing Regional Climates for Impacts Studies (PRECIS) Regional Climate Model. HBV model and 
HBV-PRECIS models were developed to estimate the future runoff. Variations in annual maximum 
streamflow estimated by HBV indicated that there was uncertainty in hydrological conditions 
predictions through the downscaling approach. Thus, further research is needed to assess the 
uncertainties.  

Data Source for climate change study: GCM & RCP 

General Circulation Models (GCMs) are highly complex & sophisticated mathematical models which 
use various atmospheric & oceanic variables to generate future temperature & precipitation data. A 
number of GCMs have been developed by the modeling groups of various countries such as USA, 
UK, Norway, France, Australia, China etc. and used by pioneer organization like IPCC (Inter-
governmental Panel on Climate Change) for different climate change scenarios with different 
emission standard.  Community Earth System Model (CESM) is one of them. CESM is a fully-coupled, 
community, global climate model that provides state-of-the-art computer simulations of the Earth's 
past, present, and future climate states. CESM is sponsored by the National Science Foundation 
(NSF) and the U.S. Department of Energy (DOE). Administration of the CESM is maintained by 
the Climate and Global Dynamics Laboratory (CGD) at the National Center for Atmospheric Research 
(NCAR). The CESM project addresses important areas of climate system research. In particular, it is 
aimed at understanding and predicting the climate system.  

CESM1 (BGC) Characterize the fidelity of the Community Earth System Model (CESM1) carbon cycle 
with terrestrial carbon–nitrogen dynamics and an ocean biogeochemical model. Two sets of 
preindustrial-control and 20th century experiments were initialized and forced with prescribed 
CO2 emissions (PROG) and CO2 mole fractions (PRES). The RCP 4.5 scenario assumes that 
greenhouse gas emissions stabilize by the middle of the twenty-first century with an anthropogenic 
radiative forcing of 4.5 W m−2 at year 2100 (Thomson et al. 2011). The CESM1 (BGC) RCP4.5 
simulation was run with prescribed atmospheric CO2 levels.  

GCM Data Analysis 

Preliminary results have shown a consistent temperature & precipitation increase across catchments 
i.e. .5-.6 degree rise per decade for temperature and increase in annual precipitation per decade by 
15-20 mm.

Precipitation variation: 

The increase of annual mean precipitation in mm for Satluj and Beas basin in various decades (AS 
PER GCM CESM1_BGC AND RCP 4.5) with respect to observed mean precipitation from 1960-1990 
for Satluj and Beas Catchment as shown in Map below: 
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Graphical representation of decadal precipitation increase w.r.t. long term average: 

Summary of Decadal precipitation increase w.r.t long term average for Satluj and Beas 
Catchment 

The maximum increase of annual precipitation (approx. 100-140 mm by 2070) was observed in Satluj 
in Tibet region, and (approx. 80-100 mm by 2070) for Khab-Chitkul-Rampur region against an 
average annual increase of 94 mm rainfall for Satluj catchment in 2070. Similarly for Beas Catchment 
the maximum increase of annual precipitation (approx. 90 mm by 2070) against an annual average 
increase of 80 mm by 2070 was observed in the snow bound sub basins above the Pandoh dam 
namely Tirthan, Sainj, Parvati and Manali. 
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Temperature variation: 

The decadal rise in Satluj and Beas catchment is 0.4 to 0.5 degree Celsius w.r.t. long term average 
temperature though the spatial distribution shows comparatively more increase in temperature in 
snowbound region of the study area as depicted in Map below: 

Graphical representation of decadal temperature increase w.r.t. long term average: 
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Summary of Decadal temperature increase w.r.t long term average for Satluj and Beas 
Catchment 

S.No. Basin Long term 
average 

(1960-90)

Increase 
from 

average in 
2020

Increase 
from 

average in 
2030

Increase 
from 

average in 
2050

Increase 
from 

average in 
2070

1 Satluj 6.93 0.48 1.27 1.91 2.22
2 Beas 14.87 0.48 1.30 1.87 2.24

The major catchment area of Satluj basin are snow bound sub basins and in snow bound sub basins 
region ranging from Rampur to source Mansarovar, Spiti and Kaza region. The mean annual 
temperature of Satluj basin shows the variation from a minimum of -12 degree Celsius in Tibet to a 
maximum of 23 degree Celsius average for region near Bhakra Dam. Similarly the mean annual 
temperature of Beas basin shows the variation of minimum of 1.89 degree Celsius annual average in 
Parvati region to maximum 22.68 degree Celsius annual average for Shahpur region. An increase of 
temperature by 2-2.5 degree Celsius by 2070 may lead to major change in snow accumulation pattern 
affecting the snowmelt inflow to reservoirs. These increases in temperature can change the 
hydrological behaviors of some of the sub basins and which in turn can lead of affect the inflows 
received from these sub basins into the system. Further Studies requires establishing the impact of 
these Climatic parameters on hydrological behavior of the basin. 
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Operational Flood Early Warning System (FLEWS) in Brahmaputra and Barak 
Valleys in Assam, India with Space Technology based Hydro-Met Inputs - 

Issues, Challenges and Lessons Learnt 

Diganta Barman, Arjun B.M, Shanbor Kurba, &  P.L.N Raju 
North Eastern Space Applications Centre (NESAC) 

Department of Space, Government of India 
Umiam, Shillong, Meghalaya – 793103, India 

Abstract 

Flood is a chronic disaster occurring almost every year in different parts of the globe. The state of 
Assam is fully covered by the Brahmaputra and Barak basins. The project FLEWS was initiated for 
Lakhimpur district as a pilot exercise during 2009-10. Today, the project covers all flood prone 
districts of Assam with actionable flood alerts in revenue circle level. All these years since the 
beginning, an average year to year alert success score of 75% and an average alert to alert lead time 
of 24 to 36 hours have been maintained. The runoff forecasting component of this exercise is a quasi-
distributed hydrological model developed on HEC-HMS platform with inputs from both real time 
rainfall observations and numerical rainfall forecasts from Weather Research Forecast (WRF) model. 
For hydro-dynamic flood wave simulation, high resolution topographic data generated from airborne 
LiDAR based Digital Elevation Model has been used for generating flood discharge and level based 
inundation scenario library. The individual scenarios from these libraries can be used in future as 
inundation forecast and advisories during flood season. Being the first of its kind operational GIS 
based hydro-met flood warning system in the country, this scheme of NESAC has been able to get 
both national and regional level recognition such as Good Governance Initiative and professional best 
practice by Union Ministry of Public Grievances and Pensions, Govt. of India in 2012 as well as 
winner of E-North East award for E-governance and Citizen services delivery (2013) etc. This scheme 
has generated enough interest in the country that a good number of Parliament questions have been 
answered by NESAC / ISRO on this scheme. With the success achieved in Assam and under the 
directive from ISRO head quarter, preparatory works are in advanced stage for expansion of this 
Flood early warning system to other moderately flood prone states in NER such as Arunachal 
Pradesh, Manipur, Tripura, Nagaland etc. In this decade long exercise starting from conceptualization 
to operationalization, a good number of issues and challenges have been encountered such lack of 
quality data, maintenance of sensors, inter agency data sharing etc. This paper has been attempted 
to discuss the overall exercise in a comprehensive manner. 

Keywords: Quasi-distributed hydrological model, LiDAR DEM, Rainfall-Runoff forecast, Flood 
Simulation. HEC-HMS 

1.0. Introduction 

The forecasting of floods is an exigent proposition to the scientific community. Hydrological events 
require intensive dataset to be modeled or routine to understand its highly dynamic nature. However, 
the scarcity in gauge data has been posing constraints in the modeling process and accuracy. So far, 
this limitation has been interacted upon by various hydrological models attributing the hydro-
morphometry of the catchment. The manifold hydro-morphological parameters can be extracted using 
geospatial techniques based on refined Digital Elevation Model (DEM) and high resolution satellite 
imagery. These attributes are built-in to a hydrological model scheme to compute the runoff for 
individual catchments. Hydrologic events are studied as parametric and stochastic processes, but 
they are highly random in nature. Although informal flood warning systems have existed ever since 
people settled near to rivers and coastlines, improvements to communication and computer systems 
in recent years have opened up a range of possibilities in many aspects of the flood warning process. 
These include developments in geospatial techniques, hydro-meteorological models, ensemble 
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forecasting, automated flood warning systems and decision support systems. Early warning systems 
are often described in terms of the detection, warning dissemination, response, recovery and review 
stages. 

Hydrologic studies to determine runoff and peak discharge should ideally be based on long-term 
stationary stream-flow records for the area. Such records are seldom available for small drainage 
areas. Even where they are available, accurate statistical analysis of them is usually impossible 
because of the conversion of land to urban uses during the period of record. It is thus necessary to 
estimate peak discharges with hydrological models (physically-based, distributed) based on 
measurable watershed characteristics. Only through an understanding of these characteristics and 
experience in using these models, we can make sound judgments on how to alter model parameters 
to reflect changing watershed conditions. Floods are recurrent hydro-meteorological disasters that 
accounts for about 15 % of the total death toll related to natural disasters. In North East India, Floods 
have also been the ultimate cause for loss of human and animal lives, property, infrastructure, loss of 
biodiversity, etc. Assam as well as all other North Eastern states have been affected mostly by the 
Riverine flooding nearly in every monsoon. A catastrophic flood event occurred in Ranganadi river, 
Assam on 14th June, 2008. The FLEWS activity in Assam was started first in 2009 as a pilot exercise 
in Lakhimpur district of Assam on the request of Govt. of Assam and North Eastern Council (NEC), 
Shillong. With subsequent requests from Govt. of Assam, all flood prone districts were taken up by 
the year 2016. As a part of this activity total of 42 sub-catchments of Brahmaputra and Barak basin is 
delineated and semi-distributed models have been built (as shown in Figure 1). 

Figure 1: Catchments of Brahmaputra and Barak basin 

With the advice coming from the Chairman, ISRO the FLEWS services have been extended to other 
NE States. Therefore, hydrological data like discharge, water level, silt, river cross-section etc. of all 
the river stations in NER are very significant towards GIS based hydrological model calibration and 
validation. This will enhance the Flood Forecasting to another level of accuracy and precision. 
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2.0. Hydrologic−Hydraulic modeling & flood forecasting

2.1. Hydrological modeling 

Rainfall-runoff modeling is focused on quantifying the runoff occurrence, without necessarily looking 
into the processes of runoff generation. Runoff at the spatial and temporal scale for a basin is 
generally obtained by direct in-situ discharge measurements or indirect techniques involving ‘lumped’ 
or ‘distributed’ hydrologic models. As the conventional method is at times faces constraints with 
resources and timeframe, etc., hydrologic rainfall-runoff modeling is increasingly used for computing 
runoff and thereby put into many usages viz., flood simulation, catchment level water management, 
water balance computation, etc. 

Figure 2 shows the detailed hydrologic process involves accounting of the movement and storage of 
water through all components of the system. But the level of details to include depends on our goal in 
water resource study, i.e. model processes can be made simpler according to need.  For example, in 
a common application, detailed accounting of movement of water within the soil can be omitted. 
Similarly, in flood applications, the contribution from base flow can be neglected in the output flood 
hydrograph as it will be infinitely small addition to the peak discharge from the watershed. 

Figure 2: Systems diagram of the runoff process at a local scale (Ward 1975) 

2.2.  Hydrodynamic modeling 

After the derivation of peak flood discharges and flow hydrographs, the next step is hydraulic analysis 
to simulate the river flow and propagation of flood waters in the floodplain. Flood hydraulic modeling is 
generally carried out through a 1-D or 2-D flood routing algorithm, based on various modified forms 
and solutions of the St. Venant's hydrodynamic equations for the accurate spatial distribution of the 
flow and velocity dynamics. The more complex 2-D models had constraints with data resolutions and 
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other computational issues. Overcoming all these limitations, with the advances in geospatial 
techniques and computational algorithms, nowadays 2D flood models are widely used to replicate the 
flooding process in floodplains and urban environments. Current hydrologic-hydraulic modeling 
procedures is characterized by three main factors: (i) availability of detailed topographic data, as 
DEM/DTM, etc. and hydrologic data (ii) choice of appropriate flood simulation model and schemes 
(based on data availability), and (iii) impact of the hydrologic forcing functions on the flood mapping 
results (design hydrograph, accuracy of the hydro-meteorological data used). In this exercise, the use 
of HEC-RAS (Hydrologic Engineering Center's River Analysis System) and MIKE FLOOD (Danish 
Hydraulics Institute package) for riverine floodplains. HEC-RAS in short is a one-dimensional steady 
flow hydraulic model designed to aid hydraulic engineers in channel flow analysis and floodplain 
determination. The MIKE FLOOD is a tool that integrates the one-dimensional models MIKE 11 and 
the two-dimensional model MIKE 21 into a single, dynamically coupled modeling system. This 
coupled approach enables the best features of both a one -dimensional and two dimensional models 
to be utilized, whilst at the same time avoiding many of the limitations of resolution and accuracy 
encountered when using MIKE 11 or MIKE 21 separately. 

3. Working principles and workflow 

Based on certain scenarios and schemes with special relevance to projects in NER, a proper working 
principle and workflow is designed for effective Riverine flood hazard modeling and detection. The 
outline of major components are listed below 

Meteorological component: Numerical weather prediction/forecast & watch 

This component consists of following: 

 Generation of daily Weather forecast i.e. WRF Numerical Prediction. 

 Monitoring the real time satellite images and products – ISRO Kalpana-1, OceanSat, INSAT 
3D/3DR 

 Analysis of synoptic weather conditions and generation of advisory using – IMD, MOSDAC, 
Doppler Weather Radar etc

Hydrological component: Hydrological modeling (Flood Discharge estimation/ prediction) 

 Using Distributed/Quasi-distributed /Lumped methods for modeling and using forecasted 
WRF data for generation of peak discharge 

 Analysis of forecasted flood discharge with river water levels, threshold condition, etc 

 Ground reconciliation of current Flood level/stage with WRD-Assam, CWC, etc GD sites. 

Dissemination of flood alerts (when threshold conditions are exceeded) 

 Dissemination is done using three modes i.e. SMS, E-Mails and web dissemination 
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Figure 3: Methodology involved in FLEWS 

For any given River basin and with intricate topographic variations in NER, flood prediction needs are 
unique (e.g., one may be interested in streamflow prediction at the basin outlet or distributed 
simulation of water levels for the entire river network). These methods adopted for Assam can also be 
applied to other river basins in other states of the NER. The workflow of operational FLEWS is shown 
in Figure 3. 

3.1. Meteorological component 

WRF model description 

The Weather Research and Forecasting (WRF) Model is a next-generation mesoscale NWP system 
designed to serve both operational forecasting and atmospheric research needs. It features multiple 
dynamical cores, a 3-dimensional variational (3DVAR) data assimilation system, and a software 
architecture allowing for computational parallelism and system extensibility. With the WRF model, it is 
possible to mix and match the dynamical cores and physics packages of different models to optimize 
performance since each model has strengths and weaknesses in different areas. 

The effort to develop WRF has been a collaborative partnership, principally among the National 
Center for Atmospheric Research (NCAR), the National Oceanic and Atmospheric Administration (the 
National Centers for Environmental Prediction (NCEP) and the Forecast Systems Laboratory (FSL), 
the Air Force Weather Agency (AFWA), the Naval Research Laboratory, the University of Oklahoma, 
and the Federal Aviation Administration (FAA). WRF allows researchers the ability to conduct 
simulations reflecting either real data or idealized configurations. 

___________________________________________________________________________________________________________________________________________________________________________

___________________________________________________________________________________________________________________________________________________________________________



National Conference on Flood Early Warning for Disaster Risk Reduction   30-31 May 2019, Hyderabad   
 

 20 Jointly Organised by NRSC & CWC Under NHP

Rainfall forecast from WRF model 

WRF model has been run since 2010 in NESAC. The rainfall from WRF model is used for running 
hydrological flood forecasting model. The model forecast cannot be 100% accurate.  A typical 
weather forecast is subject to uncertainties in both the specification of the initial conditions and in the 
numerical representation of the atmospheric dynamics used to predict the forecast evolution. 
Accurate, sufficient and globally well distributed observations are therefore critical to reduce the scope 
for uncertainty at the beginning of a forecast. The WRF model with the following configuration is 
currently adopted at NESAC. A sample WRF output for the study area is shown in Figure 4. 

Table 1: Configuration of WRF model used in NESAC 

Central Lat Lon 21°N 88°E
Number of grids 180 ×180 , 184 × 184
Horizontal resolution 27 km, 9KM
Vertical levels 36
Time step 120 sec
Microphysics Thompson graupel scheme
Long Wave Radiation RRTM Scheme
Short Wave Radiation Dudhia Scheme
Surface Layer Option MoninObukhov
Land surface Option Thermal Diffusion
PBL YSU Scheme
Cumulus Option Kain Fritch (New Eta)
Time integration scheme Third-order Runge–Kutta
Horizontal Grid Arakawa C grid

Figure 4: WRF model generated rainfall forecast for 24 hours in 9 km grid for NER 
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3.2. Hydrological component 

Hydrological modeling 

The hydrological modeling is carried out using the most widely used semi-distributed model HEC-
HMS. This is a product of the US Army Corps of Engineers' research and development program and
is produced by the Hydrologic Engineering Centre (HEC). Although a host of components for 
precipitation-runoff-routing simulation is present in the model, the primary components used in 
FLEWS include: 

 Loss models which can estimate the volume of runoff, given the precipitation and properties 
of the watershed. 

 Direct Runoff models that can account for overland flow, storage and energy losses as water 
runs off a watershed and into the stream channels. 

 Hydrologic routing models that account for storage and energy flux as water moves through 
stream channels. 

 Models of naturally occurring confluences and bifurcations 

 Models of water control measures using diversions and storage facilities. 

 Links to database management system including input and analysis. HEC-DSSVue has been 
used extensively for the process. 

For Brahmaputra and Barak basin a total of 42 models have been built using a semi-distributed model 
HEC-HMS. The direct runoff is computed using the SCS curve number method and the hydraulic 
parameter is routed using Muskingum Cunge method. A sample HEC-HMS model built for Manas 
catchment in lower Assam is shown in Figure 5. 

Figure 5: HEC-HMS Model for Manas river 

___________________________________________________________________________________________________________________________________________________________________________

___________________________________________________________________________________________________________________________________________________________________________



National Conference on Flood Early Warning for Disaster Risk Reduction   30-31 May 2019, Hyderabad   
 

 22 Jointly Organised by NRSC & CWC Under NHP

Hydrological model calibration and validation 

As there is a limitation in the availability of discharge data (Q) and stage-discharge curves, adequate 
validation of the model performance in near real-time or post flood period is not possible for all 
catchments. However, real time model performance is conducted with respect to water level rise or 
drop in concurrent with daily water level data provided by Water Resources Dept., Govt. of Assam. 
Flood discharge accuracy is again dependent on the quantitative values of the numerical rainfall 
forecast, along with hydrologic model calibration with ground saturation, baseflow, current flood stage, 
etc.  

Figure 6 shows a comparison between a simulated (using lumped and semi-distributed) and observed 
discharge for Ranganadi river. It has been observed that the lumped approach although gives good 
results during low flow stages, but it underestimates heavy flood discharge. In contrast, the distributed 
approach gives better results. A similar comparison between observed and estimated results by semi-
distributed approach is shown for Subansiri river at Chouldhowaghat gauge site and Dikhow river at 
Sibsagar (as shown in Figure 7 and 8). A similar analysis has also been carried out for other river 
systems in the FLEWS domain. 

Figure 6: Comparison of computed versus observed discharge on Ranganadi 

Figure 7: Comparison of computed versus observed discharge for Subansiri river 

0

100

200

300

400

500

600

700

800

1 5 9 13 17 21 25 29

D
is

ch
ar

ge
 (c

um
ec

)

Days

Q (Cumec)_Lumped

Q (Cumec)_Observed

Q (Cumec)_distributed_30 min

0
1000
2000
3000
4000
5000
6000
7000
8000
9000

1 5 9 13 17 21 25 29

D
is

ch
ar

ge
 (C

um
ec

)

Days

Q ( Estimated)
Q(Observed)

___________________________________________________________________________________________________________________________________________________________________________

___________________________________________________________________________________________________________________________________________________________________________



National Conference on Flood Early Warning for Disaster Risk Reduction   30-31 May 2019, Hyderabad   
 

 23 Jointly Organised by NRSC & CWC Under NHP

Figure 8: Comparison of computed versus observed discharge for Dikhow river 

Hydrodynamic modeling 

For hydro-dynamic flood wave simulation, high resolution topographic data generated from airborne 
LiDAR based Digital Elevation Model has been used for generating flood discharge and level based 
inundation scenario library. The individual scenarios from these libraries can be used in future as 
inundation forecast and advisories during flood season. The flood inundation modeling is carried out 
using a coupled 1D/2D hydrodynamic MIKE FLOOD model. The product generated out of this 
exercise will also help in scientific floodplain zonation and regulation. A hypothetical inundation 
scenario generated for the upper Assam sector of Nematighat to Tezpur is shown as an example in 
the Figure 9.

Figure 9: Hypothetical inundation scenario 

4. Flood forecasting and dissemination 

The accurate prediction of the probable flood is the most complex mechanism in the whole warning 
system as it necessitates expertise to find the probability of flood from analysis of various 
meteorological and hydrological outputs. Also, the alert has to be issued with sufficient lead time so 
that the end user can take proper response measures. The next step after decision making is the 
dissemination of the alert to concerned authorities so that they can take timely mitigation measures to 
avert the effect of the probable disaster. The alert dissemination is done in the form of mobile SMS 
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and Emails. The mobile SMS is sent to the State Control Room, District Project Officers (DPOs), DCs 
and Executive Engineers (AWRD) so that immediate actions can be taken. Also, detailed alert in the 
form of emails to concerned departments is issued (as shown in Figure 11). The detailed alert also 
contain catchment map of the river where the probability of flooding is alerted (as shown in Figure 10). 

Figure 10: A typical catchment map attached with FLEWS alert 

Figure 11: A typical FLEWS alert issued to various state departments 
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5. FLEWS success statistics 

With one pilot district having four tributaries of river Brahmaputra in 2009, with periodic requests from 
Government of Assam for inclusion of additional districts in annual phases, by the year of 2016, all 
existing 27 districts and 7 newly created districts of Assam have been taken up by the small team of 
NESAC taking the total number of major watersheds to 43 covering both Brahmaputra and Barak 
valley. After the initial pilot phase from 2009 to 2011, Government of Assam expressed its willingness 
to fund and operationalize this activity for the first phase from 2012 to 2014 and again the second 
phase from 2015 to 2017 and again the third phase from 2018 to 2020. All these years since the 
beginning, an average year to year alert success score of 75% and an average alert to alert lead time 
of 24 to 36 hours have been maintained (as shown in Figure 12). 

Absolute: Flood/Inundation occurred
Partial: Rivers flowing above DL
Failure: No flooding condition reported

Figure 12: FLEWS mean seasonal alert success score 

FLEWS was declared as a Professional Best Practice by the Department of Administrative reforms 
under Union ministry of Public Grievances and Pensions in the year 2012. The same year FLEWS 
was also shortlisted as a finalist for Prime Minister’s award for innovations in Public Administration. 
FLEWS was also honored as the Winner of E-North East award for E-Governance and citizen 
services delivery by the North East development foundation, New Delhi in the year 2013. With the 
success of FLEWS, a full fledge node for risk reduction of other relevant disasters (Landslides, Forest 
fire, Cyclone, Thunderstorm, epidemics etc.) in NE region of India in the name of NER-DRR has also 
been set up at NESAC. Till date, many parliament questions regarding the feasibility of 
implementation of FLEWS in other flood prone states have been answered by ISRO. Today alerts 
issued under FLEWS are uploaded in the user website (www.asdma.gov.in). With inspiration 
gathered from its success in Assam, preparations are on to expand its ambit to the other remaining 
states of NER. Continuous efforts are being made at NESAC for further improvement and automation 
of this path breaking exercise. 

6. Expansion of FLEWS services to NER (other than Assam) 

With the success achieved in Assam and under the directive from ISRO headquarter, preparatory 
works are in advanced stage for expansion of this Flood early warning system to other moderately 
flood prone states in NER such as Arunachal Pradesh, Manipur, Tripura, Nagaland etc. In this decade 
long exercise starting from conceptualization to operationalization, a good number of issues and 
challenges have been encountered such lack of quality data, maintenance of sensors, interagency 
data sharing etc. 
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7. Conclusion 

The flood alert model design setup in Assam is very data intensive. From discharge to water level 
data, acquisition of perfect historical and current filed data is a challenge. Correct prediction of the 
flood is dependent on the presence of accurate data and assessment. Also, NWP is the only 
technique employed to predict the weather condition for the advanced forecast. Moreover, a 
Numerical Weather Prediction model is only a simulation of the evolution of the atmospheric states 
that is, it is an informatic program which has most of our current knowledge about the atmosphere. It 
will never be possible to do a perfect forecast of the future state of the atmosphere. Since WRF is an 
important input for prediction hence incorrect assessment of rain is most likely to lead to incorrect 
forecasting of flood. Similarly, the hydrological models with their different schemes can give an 
approximate estimation of probable flood and not fully replicate the hydrological processes in the 
environment.  

Despite the various hurdles and uncertainties, the FLEWS program which started as a pilot phase for 
Lakhimpur district of Assam has now extended to all districts with an accuracy of 70% to 80% 
approximately (absolute and partial success combined). Moreover, with time the database generated 
with each flood phase has greatly helped to increase the accuracy of the alerts. Thus with each 
passing years, a stage is expected when exact forecasting of a flood will be possible. 
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Abstract

North Indian River Basins, during the monsoon months of May - October experiences floods every 
year causing enormous loss of life and property in the Northern and Central parts of India. To cater
to the new demand of forecasting inundation flooding extent, an attempt has been made for 
development of Real-time 2-D Inundation numerical model for Yamuna basin. This new technique 
may prove a stepping stone in the direction of Real-time early inundation warning system which 
utilises 1-D hydrodynamic-hydrologic model to predict the future water level in the river based on
the forecasted rainfall that is input into the system & 2-D Flood Model to assess the extent of 
flooding corresponding to water levels occurred in the river system. The model has identified 11
major cities from the state of Delhi, Haryana, Uttar Pradesh and Madhya Pradesh, which are likely to
get affected by floods. The results of model shows flood inundation extent and depth for Yamuna 
River corresponding to forecasted water levels at 11 stretches where nearby major city is
prone to flooding in Monsoon season. The model set up will be further upgraded with availability
of data pertaining to various structures viz. dams/reservoirs, embankments, etc. 

Keywords: Real-time, Coupled model, Inundation

1.    Introduction

Current practices in most of the real-time flood forecast are; dissemination of water level on various 
flood forecasting sites via e-mail, SMS etc. However, these level informations are unable to express
the extent of flooding and duration of inundation. Oftenly these alerts are ignored by the common 
stakeholders as they are unable to interpret them.

The present paper attempts to debrief the real-time 1-D & 2-D coupled model recently developed for 
Yamuna basin at Central Water Commission. The inundation outputs shall be presented on the 
web portal so that common user as well as Disaster Management Authorities can be familiar with the
nearby flood extent and act accordingly in advance.

2. Study Area

11 major cities have been identified in the Yamuna basin for the purpose of real-time inundation.
These 11 cities have been grouped together into 6 models according to the vicinity to each other. 
These cities are: 

  (Karnal, Mawi, Delhi) 
  (Mathura, Agra) 
  (Auraiya) 
  (Hamirpur, Chillaghat, Banda) 
  (Naini) 
 (Ujjain) 

___________________________________________________________________________________________________________________________________________________________________________

___________________________________________________________________________________________________________________________________________________________________________



National Conference on Flood Early Warning for Disaster Risk Reduction   30-31 May 2019, Hyderabad   
 

 29 Jointly Organised by NRSC & CWC Under NHP

Figure 1: Yamuna Basin : 11 major cities 

3. Digital Elevation Model & Software

SRTM 30 m. Digital Elevation Model has been used in the model. DEM is reconditioned and clipped 
as per the maximum inundation extent (HFL) occurred on each city. 1-D river structure is 
delineated on the same DEM for extraction of river network. 

1-D & 2-D modules of MIKE Software; namely MIKE11 & MIKE 21 have been used in the study. After 
development of 1-D & 2-D models separately, both models have been coupled using MIKE FLOOD
software. 

4. Rainfall

Satellite rainfall has been used for ensuring the uninterrupted supply of rainfall data into the model. 
The basin is divided into 4 rainfall zones based on 6 years annual average IMD data:- 

 Less than 600 mm 
 Between 600 to 800 mm 
 Between 800 to 1300 mm 
 More than 1300 mm 

Yamuna basin  starts  from  Himalayan  gleciers  and  extents  upto  plains  of Ganga river near
Prayagraj. Owing to the heterogeneity of the nature and elevation of terrain, TRMM & GSMAP 
rainfall products have been evaluated as per their suitability into different regions. After the statistical 
analysis of both products, it was observed that TRMM rainfall is much suited for high zone (Zone 4)
and GSMAP is better suited for lower zones (Zone 1, Zone 2 & Zone 3). The analysis was done for
annual cumulative rainfall volume and daily rainfall volume for five years. 
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Figure 2: Rainfall Zoing in Yamuna basin based on IMD data 

5. Development of 1-D Model

Yamuna basin is delineated in the ArcGIS using ArcSWAT tool on 30 m SRTM DEM. After 
delineation,  77  rivers were marked  including 107  sub-basins  with  an  overall  basin  area of

3,40,705  km2.  Rana  Pratap  Sagar,  Rajghat  Dam  &  Matatila  Dams  were  incorporated  as
regulation structures in the model. 1-D Rainfall-Runoff model was run in combination with 1-D
Hydrodynamic model using satellite rainfall. The discharge was routed through the river channel with 
various cross-sections observed at CWC sites.

Figure 3: River Network in Yamuna basin 
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6. Development of 2-D Model

Bathymetry preparation is the major task in the development of 2-D model. The reconditioned 30 m. 
SRTM DEM is marked with the maximum HFL flood extent of each site and the maximum extent is

extracted from DEM for minimizing the DEM size thus reducing the simulation time of the model. This 
extent is converted into MIKE supported bathymetry file (.dfs2) as the primary input into 2-D model.

Figure 4: Bathymetry preparation from raw DEM 

7. Development of Coupled Model

After the development of both 1-D & 2-D models separately, both models are linked together in 
MIKE FLOOD platform. River banklines are digitized either manually or from satellite images. These 
bank lines act as the junction of 1-D cross-section and 2-D bathymetry. In order to avoid the double 
conveyance in 1-D & 2-D models, the area of river between both banklines is blocked by raising the 
elevation significantly so that this area doesn’t contribute in 2-D flow. If the area doesn’t get blocked,
the river flow occurs both in 1-D model and 2-D model twice in the river, which reduces the flood 
extent as shown below:- 

Figure 5: Comparison of River Blocking in Coupled Model 

After the blocking of river, both 1-D & 2-D models are linked together using lateral links. These links 
connect the 1-D cross-section with the adjacent DEM using bank lines as junction. 
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Figure 6: Lateral linking of 1-D & 2-D models

A peak was identified for all six models from CWC site observations and the coupled models were
run for 1 day which was covering the peak at that site. Since the running of 2-D model takes 
huge amount of CPU time, hence all the six 1-D models were run separately for long duration till the 
peak simulation day to generate hotstart files. These hotstart files were used for fetching the initial 
conditions inside the model till the peak simulation day. After the connection of both 1-D & 2-D 
models, the coupled models were run by giving the simulation time in 2-D model. These simulation 
dates are as below:- 

Figure 7: Run-time duration of coupled models

8. Inundation Outputs

Output files are generated in series of inundation with the given interval. The output files were 
analyzed and the maximum inundation depth has been shown for every station.  Inundation
results of the sites were extracted from MIKE output file (.dfs2) & converted into raster file in ArcGIS. 
These raster image files can be overlaid on Google Eath for identification of inundation extent. The 
inundation has been stretched in Red colour, in which darked Red colour indicated high depth of 
water. 
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Figure 8: Inundation output for different locations 

9. Limitations

There are few limitations in the model, which are currently under improvement. The details are as
below:- 

Simulation time

The simulation time depends upon the Area to be modelled, Parallel computing capacity of software
and Machine configuration. Few stretches are having huge Bathymetry area, thus the simulation 
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time is significantly large. Though MIKE-21 provides multithreaded calculation capacity of upto 8 
cores of machine, it is still low for multiple results per day in few stretches. Useful DEM area is
calculated in each stretch based upon the pixels which are below HFL and which would be taking 
part in 2D inundation calculation in DEM. The observed running time is compared with the useful 
DEM area and are listed below:- 

Figure 9: Useful Area in Bathumetry vs. Runtime

Verification  

Google Earth Engine was used for extracting the satellite imageries on the day of the inundation. 
The images were cloudy and the inundation pattern was difficult to observe. An example of Hamirpur 
inundation on 25/08/2013 is shown below. However the pattern of inundation is manually marked in
red and yellow shapefiles which appears to be similar to the model results. Efforts are being made 
to acquire clear satellite images for flood events for verification purpose. 

Figure 10: Clouds in Satellite Image for Hamirpur inundation 
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10.  Results and Conclusion

Realising the necessity of impact-based inundation forecast for various flood response agencies, 
CWC has endeavoured to take up the challenge of inundation mapping using 2-D modelling 
technique. This flood inundation model for Yamuna River is a dedicated effort in this direction. The 
results of model attempts to give a comprehensive picture of inundation extent and depth along the 
Yamuna, Ken & Kshipra Rivers at certain locations which are vulnerable to flooding. The model also 
gives the station-wise water level and discharges by mapping various critical river water levels
(warning level, danger level & Highest Flood Level) at the CWC Flood Forecasting Stations in
Yamuna Basin. This information can be readily used by CWC field units as well as State Govt. 
officials and other stake holders for identification of probable flooding areas or districts under 
flood situations. This version of the numerical model has been worked with the limitation of
computational capabilities at hand so far in CWC thus requiring sub- structuring  of  river regime to
handle  2-D  analysis  at  coarser  resolution,  limitation  of topographical field data to the extent 
available so far and requiring further input of operation data of various reservoirs of the Yamuna 
system. 
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Abstract 

An FF&EWS consists of a well calibrated mathematical model mounted on an automation system 
which enables its real-time linking with forecasted rainfall data from multiple sources and observed 
water level and discharge data from field. The complete mathematical model essentially is an 
amalgamation of a hydrological and hydrodynamic model, wherein the output from the first serves as 
the input for the latter. 

The scope of FF&EWS systems in India has always been very large and its usability and applicability 
is also becoming more realistic with the all data being brought to digital platforms by various 
responsible agencies. To make it more useful there is an imperative need of embankment breach risk 
assessment system and an embankment breach prediction system. This paper presents about an 
embankment breach management system tool to assess the embankment status pre-monsoon and 
will provide real time forecast with probability of an embankment breach. 

Keywords: Flood Forecasting, Data Assimilation, Embankment Breach, MIKE 11  

Introduction 

Establishing a viable flood forecasting and warning system for communities at risk requires the 
combination of data, forecast tools, and trained forecasters. A flood-forecast system must provide 
sufficient lead time for communities to respond. Increasing lead time increases the potential to lower 
the level of damages and loss of life. Forecasts must be sufficiently accurate to promote confidence 
so that communities will respond when warned. Flood can be forecast in advance then suitable 
warning and preparation can be taken to mitigate the damages and loss of life. For this purpose, 
many river basins have worked to build up the flood forecasting system for flood mitigations. A flood 
forecasting system may include all or some parts of the following three basic elements: (i) a rainfall 
forecasting model, (ii) a rainfall-runoff forecasting model, (iii) a flood routing model. The ability to 
provide reliable forecast of river stages for a short period following the storm is of great importance in 
planning proper actions during flood event. This article focuses not only on the development of the 
flood forecasting model but also touch the aspect of operational flood forecasting system with 
embankment breach prediction. This paper will describe real time flood forecasting system developed 
for Brahmaputra. The work is unique in a way that embankment breach prediction is also included in 
the flood forecasting system. 

2 Real Time Data Collection

The main component of the runoff model is the input of rainfall. For a real-time system, an essential 
quality of this data is its dependability; both in its timely periodic availability and its representativeness 
of the net rainfall received by the area that it is representing. 

Although the available rainfall data for Brahmaputra is extensive and is available with multiple 
agencies/institutions, it is not yet automated for real time, which makes it an inappropriate input for the 
flood forecasting real time system in the current scenario. There are many ongoing works and 
projects in the pipeline in Assam for making data digital and accessible in a timely fashion, which in 
due time can also start contributing to the FF&EWS. 
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The current system is using freely available real time and near real time data for the area such as 
GFS rainfall forecast data and water levels recorded by CWC.  

3. Rainfall Runoff and Hydrodynamic Modelling

The total area which contributes to the water in the main Brahmaputra River is 4,96,448 km2. Sub- 
areas of this total area contribute water at different locations/stretches of the main Brahmaputra River. 
These sub-catchments have been delineated from DEM with corresponding discharging 
points/stretches along the River; see Figure 0.1. 

Table 0.1 Sub-Catchments in the RR system 

Sr. No. Sub-catchment 
name

Area, sq. 
Km

Area, sq. Km (in 
Assam)

1 Luhit 40601 1322
2 Burhidehing 5096 2291
3 Bessamara 37302 8814
4 Subansri 27070 667
5 Bhogdoi 576 262
6 Jia_Bhareli 9541 181
7 Dhansiri 1467 143
8 Kapoli 9841 7372
9 Pandu 45524 30298

10 Manas 28893 350
11 Pancharatna 15278 10553
12 Sankosh 9913 50
13 Outlet Catchment 33319 8428
14 China Catchment 232027 0

Most of these sub-catchments represent catchments for the various tributaries of the Brahmaputra 
and essentially take their effect on the main system into the model. The other sub-catchments 
contribute directly to the main river. 

For all these sub-catchments, parameters have been calibrated to capture the net volume of runoff 
and its time lag, as an output of rainfall received in the area, is seen in the Brahmaputra.  
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Figure 0.1. Sub-catchments in the RR system 

3.1 Hydrodynamic (HD) Module 

The runoff from the sub-catchments calculated in the RR Module flows into the main river. This input 
runoff is then routed through the river and the water levels are influenced by the following: 

1. How steep the section of the river is? 

2. How wide and deep the section of the river is? 

3. How rough the bed of the section of the river is? 

These are essentially the parameters of a hydrodynamic model which need to be implemented to 
represent the actual physical system.  

1. & 2. above is information that can be obtained from cross-section surveys along the length of the 
river. The geometry of the sections in between the surveyed cross sections are calculated by 
interpolation. 

3., the roughness along the length of the river and across cross-sections is the main calibration 
parameter which has been adjusted to match the simulated water levels with observed water levels. 

The calibration of the existing system has been carried out at the locations of the water level stations 
being operated under the Central Water Commission (CWC). The hydrodynamic module has been 
developed currently from Tinsukia to Dhubri. 

3.2 Data Assimilation (DA)  

Data assimilation is the technique whereby observational data are combined with output from a 
numerical model to produce an optimal estimate of the evolving state of the system. 

The collection of the measured water levels is automated using scripts and stored in the database. 
The data assimilation process uses this data to auto-correct the simulated water levels up to the time 
of forecast to match the observed water levels exactly which ensures correct initial condition of the 
system at the start of every forecast.   
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The locations at which the DA is applied is the same as the locations where the water levels are 
available in real time. These locations are tabulated below with their identifying chainages along the 
main Brahmaputra River in the HD model: 

Table 0.2 Locations for application of DA and for observations & validation of 
FF&EWS 

Location River Name in Model Chainage in Model
Dibrugarh Brahmaputra 570200
Neamatighat Brahmaputra 483490
Tezpur Brahmaputra 319418
Guwahati Brahmaputra 197370
Pandu Brahmaputra 189210
Golapara Brahmaputra 92820
Dhubri Brahmaputra 17340

Figure 0-2 Model in MIKE 11 (Screenshot) 

Description of the integrated FF&EWS system 

Figure 0.3 Screenshot of Webpage (DSS) for FF&EWS- Brahmaputra 
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The numerical model (HD-RR-DA) is integrated with and run from within the MIKE OPERATIONS in a 
fully automated mode at intervals of 6 hours; i.e. 4 model runs and forecasts per day.  

All real-time data of forecasted rainfall and observed water levels are directly downloaded from their 
corresponding domains/ftps/websites, processed and converted into the required format by scripts 
which are being triggered by auto set jobs at regular intervals. These intervals have been decided 
based upon the frequency of the upload of the input data, i.e., the rainfall forecast. 

Figure 0.3 depicts a screen shot of the web page displaying the simulated water level forecasts at the 
monitoring locations. There is a legend for all stations with a colour scheme for highest flood levels, 
danger levels, warning level and normal levels in accordance to the norms adopted at CWC. 

Selecting these stations from the legend or the map displays the corresponding forecasted water 
levels in the graph. The horizontal lines on the graph indicate the different defined levels for the 
selected location and the vertical lines indicate the time of forecast (red) and current time (black). 

Integrated embankment failure prediction model   

Developing an integration between the flood forecast (FF) model and embankment breach model 
system as an early warning system (EWS) is another focus of the study. The embankment breach 
model coupled with flood forecast model and gives real-time forecast for embankment breach risk 
(FREMAA, 2019).  

This gives the segments that are likely to breach under the action of forecasted flood. Flood 
forecasting system also generate warnings for these segments and for the concerned authorities. In 
addition to this,  

The modules utilize the data from embankment asset management system. After the strengthening 
measures for a high-risk reach has been taken and updated in the asset database, the failure risks 
will be recomputed. If required measurements are taken the embankment will come under safe zone. 
Presently, only mechanism of overflow and overtopping is used to develop the embankment failure 
prediction model. The integrated model is explained in Figure 5 1. 

Figure 0.4 Schematic representation of breach risk module 

A preview of the developed system is shown in Figure 0.5. The breach risk assessment of 
embankments will be performed during the monsoon period and the status of embankment will be 
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updated in the interface. The green colour indicating low failure risk, yellow for medium risk and red 
indicates a high probability of embankment failure. 

Figure 0.5 Embankment failure risk assessment for Brahmaputra River 

Methodology for embankment breach risk assessment 

The embankment breach risk assessment is done according to the theory of reliability analysis. 
Reliability analysis technique is based on probabilistic methods and therefore, considers the 
uncertainties in input parameters and boundary conditions. However, these models are limited to 
cases with few modes of failure (Kortenhaus, 2003; Apel et al. 2006).  

The general procedure for calculating and predicting the risk of embankment breach is illustrated in 
Figure 0.6. The first two steps are purely deterministic. The later steps discuss the uncertainty in 
parameters and model. This uncertainty is introduced to acknowledge the variability in flow and 
embankment attributes. The steps in detail are discussed here.  

Figure 0.6 Flow chart illustrating the determination of failure probability 
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Conclusions and Recommendations 

Embankment breaches are frequently observed in Brahmaputra River Basin. Nearly 1400 dike 
breaches have been reported in the Assam State in a period of 14 years (1993 to 2007). The analysis 
of these records demonstrates the significant and inevitable threat posed by the embankment failure 
to the settlements, agriculture and industrial assets on Assam floodplains.  

This study has attempted to develop an embankment breach model system (EBMS) to evaluate the 
risk of embankment failures and to predict the probability of embankment breaches in real-time. This 
model is used for probabilistic assessment of flood embankment failure for different loading conditions 
(Q, h and duration). An embankment breach forecast tool is also developed to allow users to 
determine the serviceability of flood embankments for the projected flood scenarios. This model will 
aid the agencies in making decision for strengthening the flood protection works and take measures in 
advance in the event of high possibility of breach. 

Presently, the embankment breach assessment module takes into consideration failure due to 
overtopping and failure due to seepage as dominant failure mechanisms. Whereas the breach 
prediction module is designed only for overtopping failure. The EBMS model will be extended for 
failure due to river bank erosion and slope failure as future scope of work.  

Several assumptions have been made to estimate the values of input parameters. To reduce the 
uncertainty in the model, closer estimate of main parameters will be established from the site surveys. 
The probabilistic framework allows modelling in data-scarce areas and can be easily update for 
revised input datasets. Thus, provides a continuous utility to the users. 
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Abstract 

Floodplains having fertile soils, flay landscapes and near to water, therefore more and more people 
wants to settle near to flood plains. However, these regions are prone to flood risk and hence flood 
inundation boundaries needs to be assessed. The risk of flooding can be mitigated through structural 
and non-structural solutions like floodplain management planning. The present study has been under 
taken for flood inundation for a stretch of the length of 50 kms of river Ganga. In the present study, 
HEC RAS software has been used for flood inundation modelling. The input data required for HEC-
RAS models were created using HEC-GeoRAS software. Flood mapping has been carried out using 
Satellite data. The flood inundation maps in this study have been prepared for the flow value 
corresponding to return period of 25 years. The value corresponding to 25 year return period flood 
and June 2013 flood are very close. Hence, post flood map of 2013 prepared from Satellite data 
represents the map corresponding to 25 years return period flood. The flood map obtained in this 
study is closely matching with the flood map produced using satellite data. The area under river and 
flood inundated area comes out to be 124.98 km2 and out of this total flood area comes out to be 
59.42 km2 corresponding to the 25 year return period flood. It was found that on both the banks, no 
built up land is inundated, and only some agriculture land is submerged.

Key words: Flood plain, Return period, Inundation, Hydrodynamic modelling,Flood map  

Introduction 

India is a developing country and its economy is mainly dependent on agricultural production. 
Destruction by flood is significantly increasing in India due to occupancy of the floodplain area by 
settlement and for agricultural purposes. To reduce the flood damage, a systematic and historical 
knowledge based methods are needed. The actual assessment of floodplain zoning, flood hazard 
mapping, flood forecasting and flood risk mapping are taking key role for management of flood. Flood 
risk can be assessed by vulnerability of various elements at risk and flood hazard which are 
depending on the flood characteristic (extent, duration, depth, velocity, etc.) (Mileti 1999; Dang et al. 
2011; Samantaray et al. 2015). The data related flood modelling with good quality is needed for flood 
management to get a suitable accuracy by modelling based approaches. However, high accuracy and 
precise historical data are limited in India, which is used as input parameters for flood modelling 
(Sanyal and Lu 2004). Recently, satellite data is widely being used for extraction of flood 
characteristics in real time. High accuracy of river channels, topography and cross section are main 
prime for simulating hydrodynamic models. High resolution satellite imagery and Digital Elevation 
Model (DEM) have been used for flood modelling. Recently various DEMs like Shuttle Radar 
Topography Mission (SRTM) and Advanced Spaceborne Thermal Emission and Reflection 
Radiometer (ASTER) are globally freely available. But few studies have used Light Detection And 
Ranging (LiDAR) based DEMs (Chatterjee et al. 2008; Forster et al. 2008; Teng et al. 2015) for flood 
modelling and it is a very costly data. Resolution of DEM has an important effect on identifying the 
actual elevation of earth features (Tarolli 2014), especially for extracting cross-section of narrow-width 
rivers and little variation of height in plain land where coarse resolution DEMs fail to represent the 
accurate geometry (Jena et al. 2016). The objective of this study is to delineate flood plain boundaries 
based on channel configuration, geometry, bed form and profile characteristics of the identified stretch 
of river Ganga together with their hydraulic characteristics and to identify areas/stretches where the 
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stream flow is likely to have adverse impact on human interests during spells of high discharge 
caused by flood or flash flood.   

Study area 

The study area for the present study is a stretch of the length of 50 kms of river Ganga. The  Ganga 
River begins at the confluence of the Bhagirathi and Alaknanda rivers. The source of Bhagirathi rises 
is Gomukh i.e. snout of Gangotri glacier having an elevation of 3,892 m and after flowing 250 km, the 
Ganga emerges from the mountains at a place called as Rishikesh, and then enters into the Gangetic 
Plain at the pilgrimage town of Haridwar. The stretch considered in this study starts from the 
Bhimgoda Barrage. Bhimgoda barrage, is a barrage on the Ganga River at Haridwar.  

Data used 

In the present study historical discharge data, satellite data, DEM and cross section (through field 
survey) data have is available from 1987 to 2014 (28 years) at Bhimgoda barrage. Channel cross 
section information refers to geometry and feature information that is collected for natural stream 
channels at selected locations. This information is one of the key elements of hydraulic floodplain 
modelling as it is directly used to assess the flood carrying capacity of a channel.  The cross sections 
can be taken either by field survey or from Digital Elevation Model (DEM). In the present study, cross 
sections have been taken through field survey.  

Digital Elevation Model (DEM) 

Digital elevation models (DEMs) are topographical data which is essential for flood inundation 
modeling. DEMs can be obtained from different sources of topographic information ranging from the 
high-resolution and more accurate, but costly, LIDAR (Light Detection and Ranging) acquired from 
coarse resolution and less accurate with low-cost or open source spaceborne data, such as SRTM 
(Shuttle Radar Topography Mission) and ASTER (Advanced Spaceborne Thermal Emission and 
Reflection Radiometer). DEMs can also be generated from traditional ground surveying such as 
topographic contour maps using elevation points. The vertical and horizontal resolutions of DEM differ 
with vertical precision and accuracy considerably. This diversity is originated by the types of 
equipment and techniques used in acquiring the topographic data. In addition to these DEMs, DEM 
for India is also available i.e. CartoSat DEM. CartoSat DEM is available free at 30 m resolution while 
the data at 10 m resolution available has to be purchased. The Cartosat DEM at 10 m resolution was 
procured from National Remote Sensing Centre (NRSC), Hyderabad. The vertical datum of this DEM 
is WGS 84 while other DEMs are available at EGM96. Therefore, the vertical datum of this DEM was 
also converted to EGM96.  

Flood frequency analysis 

In order to predict floods of desired return periods, flood frequency analysis has been carried out 
using frequency distributions. Screening of the data, testing of regional homogeneity, identification of 
the regional distribution and development of regional flood frequency relationships are described 
below.

Annual maximum flood series has been extracted from the daily flow series of the gauging site at 
Bhimgoda barrage. Flood frequency analysis for the annual peak flood series of the sites have been 
carried out using L-Moments for various distributions. Performance of EV1 and GEV were found to be 
better than the other distributions, hence results of the EV1 and GEV distributions are fitted on the 
annual peak flood series of the gauging sites. It is evident from the tables that in most of the cases, 
GEV distribution has better performance in comparison EV-1 based GEV(Table 1). 
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Table 1: Error statistics for PWM based distribution for flood frequency analysis 

Distribution ADA ADR Efficiency D Index

EV1 0.09 0.01 0.94 1.1863

GEV 0.04 0.01 0.89 1.4911

Flood inundation mapping and modelling 

Many floodplain inundation models have been developed for hydro-dynamic modelling. The most 
common method for floodplain inundation modelling is to visualize the water surface horizontal and 
equal to the water levels in the main channel. A common rule is to use the model that is simple and 
has the least number of parameters (“parsimony principle”). Popular 1D flood inundation models, such 
as MIKE-11 and HEC-RAS, use the full St. Venant equations, and a series of cross-sections, to 
describe the river channel and the floodplains. In the present HEC-RAS model has been used for 
flood inundation modelling. Flood inundation mapping results are achieved by applying the water 
surface elevations computed by RAS to the interpolation surface. The water surface elevation surface 
is converted to a grid and differenced with the ground surface to create a continuous depth surface.  

Flood depth map is an important output of the model showing the vulnerability of the area by
indicating the water depths (levels).  The result shows inconsistency in the flood water depths 
of the inundated area, which depends on geometry, topography and   the hydraulic conditions of 
the river. Generally, water depth is higher along the main channel and lower at the floodplains. The 
depth of water can be calculated by subtracting grid maps of water surface and terrain. The water 
surface values corresponding to 25 year period have been interpolated for continuous surface in Arc 
GIS. Elevation value has been subtracted from water surface value to get the flood inundation area. 
Positive values have been considered as actual flood depth. Flood inundation model is also available 
in HEC GEO-RAS in Arc GIS software for automatic process. 

The water is spread in a large area around the river therefore a buffer zone (Polygon) of 1 km from 
both the banks was prepared in this stretch. The accuracy of the flood inundation maps is dependent 
on several variables such the computed flow, topography, hydraulic modelling and techniques used 
for mapping inundation extents which may have some uncertainty. There are some areas beyond 
flood plain zones or some water areas which are not connected with the flood plains. Therefore, 
editing of the flood plain zone map is required. In the presented study, discontinuous water areas 
have been removed and flood plain zones have been further corrected on the basis of water surface 
elevations at different cross sections and elevations of the embankments surrounding the river. In the 
present study, river cross sections have been taken through field survey. Selected river stretch has 
been embanked for flood protection on the right bank.  It is observed from the results that the height 
of the embankment is more than the water surface elevations up to 7th cross section, after that water 
surface elevations are higher than the elevation of the embankment. Therefore, the flood inundation 
map was taken upto embankment till the 7th cross section and downstream of that, flood water is 
overtopping embankment and occupying the flood plains. The final map of flood plain is shown in 
Figure 1. The flood depth map is shown in Figure 2. 

The final flood map was then compared with flood map produced using satellite image of post flood 
date of 2013 i.e. September 2013. The flood inundation maps in this study have been prepared for 
the flow value corresponding to return period of 25 years. These two values are very close, hence it 
can be seen that the post flood map of 2013 represents the map corresponding to 25 years return 
period flood. The flood map obtained in this study is matching more or less with the flood map 
produced using satellite data. Hence, flood plain map given in figure is the final flood plain zone map.  

After cross section 7, the values on all the maps are above the embankment height. As such there 
is not much overtopping on right side. The total flood inundation area and depth wise inundation 
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areas are given in Table 2 The area under river and flood inundated area comes out to be 124.98 
km2 and out of this total flood area comes out to be 59.42 km2.

Table 2 : Flood inundated area and flood depth including river reach 

Sl No. Flood depth (m) Area (km2) Area (%)

1 <1 7.61 12.81

2 1 to 2 10.49 17.65

3 2 to 3 12.27 20.65

4 3 to 4 10.57 17.78

5 4 to 5 7.19 12.10

6 5 to 6 4.47 7.53

7 6 to 8 4.13 6.95

8 8 to 10 1.55 2.61

9 >10 1.14 1.92

10 Total 59.42 100

Figure 1: Flood inundation mapping for 25 year return period flood 
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Figure 2: Flood depth map for 25 year return period flood 

Conclusions 

Determining flood zones for water streams is very important part of the process of preventing and 
reducing the negative impacts of floods. The main task of the present study was to determine the 
flood hazard areas (floodplains). Flood frequency analysis of peak hydrological data yielded the 
return periods of each major peak discharges and the magnitude and probability of occurrence of 
flood peaks of specified return periods so as to help preparedness to cope with such peaks. The 
present study has been carried out by integration of GIS technology with computer based flood 
modelling technique to identify flood inundation areas. Hydraulic modelling using GIS technique 
proved useful in simulating flood water depth and inundation areas for various return periods in the 
study basins. HEC-RAS model was applied to assess flood inundation corresponding to peak 
discharge with a return period of 25 years for the study area.  

The flood inundation map in this study has been prepared for the flow value corresponding to return 
period of 25 years.. The flow value corresponding to the flood of 2013 (June) was very close to the 
values predicted for 25 year return period flood. Hence it can be seen that the post flood map of 
2013 represents the map corresponding to 25 years return period flood. The flood map obtained in 
this study is matching more or less with the flood map produced using satellite data. The area under 
river and flood inundated area comes out to be 124.98 km2 and out of this total flood area comes 
out to be 59.42 km2. It was found that on both the banks, no built up land is inundated, and some 
agriculture land gets submerged. 
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Abstract 

A glacial lake outburst flood (GLOF) is created when water dammed by a glacier or a moraine 
is released. Some of the glacial lakes are unstable and most of them are potentially susceptible to 
sudden discharge of large volumes of water and debris which causes floods downstream i.e. GLOF. 
Many glacial lakes are known to have formed in the Himalaya in the last half century, and a number of 
GLOF events have been reported in the region in the last few decades. Due to extreme hazard 
potential of GLOF events, it is necessary to take into account GLOF while planning, designing and 
constructing any infrastructure, especially water resources projects, as they are located on the path of 
glacial lake outburst flood wave and would be the prime target in case of GLOF.  

GLOF modeling may be carried out by either i) scaled physical hydraulic models, or ii) 
mathematical simulation using computer. A modern tool to deal with this problem is the mathematical 
model, which is most cost effective and reasonably solves the governing flow equations of continuity 
and momentum by computer simulation. Mathematical modeling of dam breach floods can be carried 
out by either one dimensional analysis or two dimensional analysis. In one dimensional analysis, the 
information about the magnitude of flood, i.e., discharge and water levels, variation of these with time 
and velocity of flow through breach can be had in the direction of flow. In the case of two dimensional 
analyses, the additional information about the inundated area, variation of surface elevation and 
velocities in two dimensions can also be assessed. In the present paper, methodology for simulation 
of glacier lake outburst floods has been discussed. Further, the discussed methodology has been 
demonstrated to simulate GLOF due to potentially dangerous lakes in two subbasins in Bhutan.  

Key Words: GLOF, Glacial Lakes, Flood, MIKE-11, Himalaya 

Introduction 

The Indian Himalayan region is home to a numerous glaciers, which is nature’s renewable 
storehouse of fresh water. The Himalayan region is intrinsically linked to global atmospheric 
circulation, hydrological cycle, bio-diversity and water resources and play a crucial role in shaping and 
influencing the Indian environmental conditions. Due to global climatic change observed during the 
first half of the twentieth century, a tremendous impact on the high mountainous glacial environment 
has been observed. It has been reported by the various researchers that many of the big glaciers 
melted rapidly and gave birth to the origin of a large number of glacier lakes. As glaciers retreat, 
glacial lakes located at the snout of the glacier are normally formed behind moraine or ice ‘dams’. 
Due to the inherent instability of such ‘dams’, the potential of sudden outbursts/ breaches is extremely 
high. Such lakes could be dangerous as they may hold a large quantity of water and such outbursts 
can lead to a very high discharge of millions of cubic meters of water and debris in a few hours. 
Breaching and the instantaneous discharge of water from such lakes can cause flash floods in the
downstream areas and it may lead to serious damage to life, property, agriculture, livestock, forests, 
eco-systems and engineering and water resources structures such as Hydro power projects  

Since 1986, ICIMOD has been involved in the preparation of an inventory of glacier and 
glacial lakes and the identification of potentially dangerous glacial lakes. Between 1999 and 2005, 
ICIMOD in collaboration with partners in different countries, embarked on the preparation of an 
inventory of glaciers and glacial lakes, and identification of potential sites for GLOF (ICIMOD, 2010). 
Researchers have identified a number of glacial lakes and found that they are expanding as a 
consequence of climate change and glacier thinning (Reynolds 2000; Ageta et al. 2000; Benn et al. 
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2000). A number of studies related to assessment of potential of glacial lake outburst (Watanabe et 
al., 1994), automatic detection method of the lake surface using a normalized difference water index 
(NDWI) (Bolch et al., 2008). Some studies have asserted the expansion rate as posing a risk of a 
glacial lake outburst flood (GLOF) (Quincey et al 2007), determining the trigger and proof strength of 
the damming moraine is more important. For GLOF studies MIKE-11 model has been successfully 
applied by various researchers (Jain et al. 2012, Lohani et al. 2013, Aggarwal et al. 2016, Mir et al., 
2018).  

The Study Area  

 The present study demonstrates glacial lake outburst flood modelling for some of the lakes 
identified in various parts of the Himalaya. Some of these lakes are potentially dangerous lakes. In 
this paper GLOF study for biggest lakes in Chamkharchu (Bhutan) and Kuri-Gongri (Bhutan) have 
been carried out. The Chamkharchu river emerges from the glaciated terrain south of the water divide 
separating Tibet from Bhutan’s northern territory. Kuri Chhu is a tributary of the Manas River system, 
which is the largest river of Bhutan and a major tributary of the Brahmaputra River. The Gongri, main 
tributary of the Dangme Chu has its source in Tibet. In these areas river valley are located in high 
mountain ranges on both banks over most of its stretch. The river brings down a considerable amount 
of sediment load particularly during snow-melt and flood season.  

Methodology 

              In order to identify the potentially dangerous glacial lakes, a digital database of glaciers and 
glacial lakes is necessary. Different image enhancement techniques are useful for the identification of 
the individual glaciers and glacial lakes. However, complemented by the visual interpretation method 
(visual pattern recognition), with the knowledge and experience of the terrain conditions, glacier and 
glacial lake inventories and monitoring can be done. Using the combinations of  different spectral 
band in false colour composite (FCC) and in individual spectral bands, glaciers and glacial lakes can 
be identified and studied using the knowledge of image interpretation keys such as: colour, tone, 
texture, pattern, association, shape, shadow, etc. Different colour composite images highlight different 
land-cover features. The lake water in colour composite images ranges in appearance from light blue 
to blue to black. In the case of frozen lakes, it appears white. Sizes are generally small, having 
circular, semi-circular, or elongated shapes with very fine texture and are generally associated with 
glaciers in the case of high lying areas, or rivers in the case of low lying areas.  

The present study has utilized mainly digital remote sensing data from the IRS-1D/ P6 LISS-
III sensor. When applying basic techniques of multispectral classification similar to those used for the 
normalized difference vegetation index, NDVI (Hardy and Burgan 1999), a normalized difference 
water index (NDWI) for lake detection was used (Huggel 1998).  

NDWI   =    B NIR-B blue         (1) 

                       BNIR+Bblue

As a result of spectral reflection, some self shadowed areas are misclassified as lakes. These 
areas have been found with the help of DEM, the DEM was over-laid on NDWI image. It could thus be 
assured that only lake appeared as black spots. After that, manual delineation of lakes has been 
carried out. Lake boundaries were digitized using ERDAS Imagine vector module tools. The digitized 
polygons have been assigned polygon ID’s. The area of the lake was calculated using the digital 
techniques by counting the number of pixels falling inside the water body polygon. The geographic 
latitude and longitude of the centre of the lake has been computed using attributes information of the 
polygon later. There may be a possibility of some lakes which are snow covered and can not be fully 
distinguishable in the satellite data. The lakes or water bodies which are partly snow covered or fully 
snow covered and could not be distinguishable are not reported. 
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Identification of Potentially Dangerous Glacial Lakes 

The criteria for identifying potentially dangerous glacial lakes are based on field observations, 
processes and records of past events, geo-morphological and geo-technical characteristics of the 
lake and surroundings, and other physical conditions. Criteria such as area/volume of lake, breaching 
evidences, condition of lake and its surrounding etc. have been investigated. For this purpose remote 
sensing data in conjunction with Google Earth have been used.  It was observed that no lake is 
located in abalation zone of glacier and not connected with mother glacier. There were no breaching 
evidences and area of lake was not expanded much in the past.  There is no lake which is vulnerable 
from GLOF point of view, however, breaching of the biggest lake has been considered for 
demonstrating the simulation of GLOF in the present study. Arc-GIS and ERDAS Imagine software 
were used to delineate cross-sections of the stream. For this purpose the vector layer of the stream 
and the buffer lines along the stream on the both side of stream at the distance of 1 km were created. 
The stream was divided at the distance of 1 Km from lake side and the cross-section layer was 
created. 

Glacial Lake Outburst Flood (GLOF) Simulation 

Glacial lake outburst floods increase to peak flow than gradually or abruptly decrease to 
normal levels once the water source is exhausted. Outburst flood peak flow is directly related to lake 
volume, dam height and width, dam material composition, failure mechanism, downstream 
topography, and sediment availability. In order to get the maximum GLOF peak at any location, the 
breaching of moraine dams of above glacial lakes have to be considered along with channel routing. 
In order to get the maximum GLOF peak at the outlet, the outbursting or breaching of glacial lakes 
have been considered along with channel routing. Arc-GIS software was used to delineate cross-
section area along the stream. For this purpose the vector layer of the stream and the buffer lines 
along the stream on the both side of stream at the distance of 1 km. were created. The stream was 
divided at the distance of 1 km. from lake side and the cross-section layer was created. Points were 
created along cross section line and the lines were converted into point file. Then this file has been 
crossed with DEM and elevation at all the points has been obtained. There is no estimate available for 
the estimation of volume of glacial lakes in Himalaya from their water spread areas. However, Huggel 
et al. (2002) has given some estimates for glacial lakes in Swiss Alps. In the absence of information 
on the volume of potentially dangerous glacial lakes, it is considered appropriate to use the same 
relationships developed for the lakes in Swiss Alps for estimating the water volume for the lakes in 
this area. The empirical relations used by Huggel et al. (2002) are:

The lake volume V = 0.104 A1.42                                                                        (2)  

where V is the lake volume in m3 A is the lake area in m2. 

The lake depth D = 0.104 A0.42                                                                           (3)  

Where D is the lake depth in m 

Due to possible out bursting or breaching of lake existing in the study area may result a surge 
of flood at the outlet. Therefore, in order to estimate the maximum GLOF peak at the outlet, the out 
bursting or breaching of lake have to be considered along with channel routing. This study 
demonstrates the simulation of the flood hydrograph just upstream of selected outlet in the event of 
breaching of largest glacial lakes. Thus, the estimation of GLOF (Sharma et al., 2009) provides the 
flood hydrograph of discharge from the dam breach and maximum water level at different locations of 
the river downstream of the dam due to propagation of flood waves along with their time of 
occurrence.  
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The essence of dam break modelling is hydrodynamic modelling, which involves finding 
solution of two partial differential equations originally derived by Barre De Saint Venant in 1871.  
These equations are: 

(∂Q/∂X) +  ∂(A + A0) / ∂t - q = 0       (continuity equation)                                   (4)

  (∂Q/∂t) + { ∂(Q2/A)/∂X } + g A ((∂h/∂X ) + Sf + Sc ) = 0 (Momentum equation)   (5)

where,  Q = discharge; A = active flow area; A0 = inactive storage area;  

             h = water surface elevation; q= lateral flow; x = distance along waterway; t = time; 

             Sf = friction slope; Sc = expansion contraction slope and g = gravitational acceleration  

The mathematical models which approximately solve the governing flow equations of continuity and 
momentum by computer simulation are the cost effective modern tool for the dambreak analysis. 
MIKE-11and DAMBRK computer programs have been developed in the recent past; however these 
computer programs are dependent on certain inputs regarding the geometric and temporal 
characteristics of the dam breach.

GLOF Simulation for Biggest Lake 

          In some of the selected basins there is no lake which is vulnerable from GLOF point of view, in 
such cases largest Lake has been considered to carry out GLOF study to demonstrate impact of 
GLOF at downstream areas. River cross sections at an interval of 1 km. downstream of lake are 
extracted from DEM. The volume of the lake are calculated using Equation 2 taking lake areas as 
measured from satellite imagery. The depth of the lakes is computed using equation 3. The breaching 
starts at top of the dam and continues up to the breach invert level. The mode of failure for glacial 
lake outburst considered is overtopping. The breach invert level should be taken as two-third to three-
fourth of the height of dam below its top level. For average breach width, equation given by FERC, 
1987 has been used. The breach development time has been computed using Equation given by 
FERC, 1987 and it is from 0.1 to 1 hour. Mool et al. 2001 has given breach development time as 1000 
to 2000 seconds. Considering the size of the lakes, it is appropriate to assume the breach 
development time of 30 minutes to get the maximum GLOF peak. The side slope has been taken as 
1H: 1V. The Manning's roughness coefficient has been taken as 0.05 considering the boulder beds 
and hilly terrain of Himalayan. MIKE 11 software was applied for generation of flood hydrograph for 
selected breach widths. GLOF at just downstream of the lake and near outlet are shown in Figure 1 
and 2. 

Figure 1: Glacial Lake Outburst Flow modelling in Chamkharchu basin (Bhutan) 
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Figure 2: Glacial Lake Outburst Flow modelling in Kuri-Gongrai basin (Bhutan) 

Conclusions 

The integration of visual and digital image analysis with a Geographic Information System 
(GIS) can provide very useful tools for the study of glacial lakes, and Glacial Lake Outburst Floods 
(GLOFs).  MIKE-11 software was applied for generation of glacial lake flood hydrograph due to 
breach of potentially dangerous lakes in two selected basins in Bhutan. This analysis provides the 
possible extant of flooding in the downstream area of the lake, flood depths and time to arrival of 
flood. Such information are helpful for developing emergency action plans. 
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Abstract 

The Bay of Bengal coast in the East Indian peninsula is vulnerable to cyclones because of its semi-
enclosed nature and the funnel shape. As a result, the cyclone strikes in Bay of Bengal coast is five 
times more than that of in the Arabian Sea. Not only the number of strikes but also the magnitude with 
which it hits and the damage it incurs makes it a prime subject for study. Hence, there is a need to 
analyze the historical cyclone track and then generate the synthetic tracks to predict the possible 
worst-case surge scenarios for developing flood warning system. The historical data is obtained from 
the Joint Typhoon Warning Center. The analysis focuses on the Kalpakkam region in Tamil Nadu 
coast where a nuclear power plant is situated. The generated synthetic tracks require the input 
parameters such as radius of maximum wind, central pressure and maximum wind speed to run the 
storm surge model. The probability distribution function, linear regression models and joint probability 
techniques are used to compute these parameters. The maximum surge values are estimated by 
varying parameters, angle of attack and landfall location of the synthetic track. The probable 
maximum surge can be used for the protection of coastal infrastructure from floods.         

1. Introduction 

A storm surge is an abnormal increase of the ocean water level over predicted astronomical tide 
caused by natural forcings such as low atmospheric pressure and wind stress. The increase in storm 
surge can be quite significant up to 34 feet (Madsen and Jakobsen, 2004). The increased surge level 
can cause the flow of water from the ocean to the low-lying land area. As a consequence, the coastal 
area can be under risk of flood inundation. In the past two decades, 2.6 million people have died 
worldwide due to storm surges (Small and Nicholls, 2003). The low atmospheric pressure which is 
known as cyclones in the Indian sub-continent results in extreme flooding along the shallow coastal 
line of India. Nevertheless, due to rapid development and increasing popularity of coastal area more 
and more people are moving towards the coastal area that leads to a high risk to their lives and 
properties.  

The Bay of Bengal coast in the East Indian peninsular is vulnerable to cyclones because of its sea 
surface temperature (SST) (~26-27o), semi-enclosed nature and funnel shape. Hence, there is a need 
to analyze the worst-case possible scenarios to assess the impact of surge along with four maritime 
states, Tamil Nadu, Andhra Pradesh, Odisha and West Bengal. One of the major concerns that arose 
due to this storm surge is the safety of nuclear power plants which are usually built on the coastal 
regions. Hence, a proper estimate of the maximum possible surge is needed to be predicted to 
safeguard those structures from floods with the utmost importance. There is a total of seven nuclear 
power plants in India which are being operated by Nuclear Power Corporation of India (NPCIL). Out of
them, the ones which are present in Bay of Bengal side are mostly present in the state of Tamil Nadu. 
Hence the present study focuses on estimating probable maximum storm surge on the Tamil Nadu 
coast. 

In order to obtain a better insight into storm surge and inundation, understanding of historical cyclones 
becomes very important. The historical tracks provide the information of maximum wind speed, 
central pressure, the radius of maximum wind speed, forward speed, the location of the eye and the 
landfall location. The parameters are needed for constructing synthetic tracks (to generate multiple 
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scenarios) to evaluate the surge hazard. Along BOB region, Jain et al., (2010) developed district wise 
synthetic tracks for the four maritime states along the east coast of India. In their study, a constant 
pressure drop is adopted for the entire BOB region. This limits the application of the study as it does 
not account much of historical track information. Bishnupriya and Bhaskaran (2015) developed 
probable synthetic track for each maritime state using the historical cyclone tracks from the respective 
states. In their study, however, the parameters have to be fixed separately since it only provides with 
the track location and direction. These two studies along BOB used a constant wind speed and 
central pressure throughout the entire synthetic track. Although Bishnupriya and Bhaskaran (2015) 
generated tracks for the east coast for post-monsoon, pre-monsoon and annual scenarios from 
historical cyclone data, the parameter analysis was not carried out in their study. In reality, track 
parameters vary along the track, i.e., the cyclone wind speed will be maximum near the continental 
shelf and then it will decay near the landfall point. These variations are not accounted for in the 
previous studies, hence the reliability of the results becomes questionable.     

Therefore, the significance of this study is to generate synthetic tracks with storm parameters which 
produce probable maximum surge at a given location using the past data. The track is obtained by 
performing mathematical/statistical analysis of past cyclone tracks. The synthetic track represents the 
possible cyclone to which certain parameters are provided to check the possible effect which it may 
cause if occurred in that specified location. The combination of parameters required for obtaining 
maximum surge at a location is obtained through parametric analysis. The estimation of these 
parameters for the synthetic track and the storm surge analysis are discussed in the following 
sections.  

2. Methodology  

The main aim of the study is to estimate the value of the maximum amount of surge that can reach at 
a particular site by considering all the probabilities and uncertainties that may occur in the process. In 
that perspective, first, the synthetic tracks are generated along the Tamil Nadu coast. Once the 
locations of the tracks are identified the track parameters at the discrete points on the synthetic track 
are estimated in a probabilistic way. The procedure is explained in the following section.  

Synthetic track generation 

The synthetic tracks here are generated by using the archived best track data available from Joint 
Typhoon Warning Centre (JTWC) and National Oceanic and Atmospheric Administration (NOAA). 
The previous 50 years of data (1965-2015) is taken from these archives.  The cyclones that are within 
200km (beyond which the wind stress will not be significant) radius of the study area is considered for 
the analysis. The 200 Km distance on either side is chosen due to the insignificance of wind stress 
beyond that distance. Figure 1a shows the selected cyclone tracks across the Kalpakkam region, 
during the period 1965-2015. The cyclone tracks are classified differently in IMD (Indian 
Meteorological Department) and CPHC (Central Pacific Hurricane Centre) based on maximum 
sustained wind speed but with different limits of classifications. In this study, the cyclones from 
category 1 to 5 according to CPHC (Cyclonic event with 10 min sustained winds more than 56knots) 
are taken into consideration for synthetic track generation, because the tracks less than this category 
are all low intense storms which did not produce high surges. Hence by considering only these tracks, 
the developed synthetic track will have the track most suitable to cause maximum surge at the 
Kalpakkam region.  
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Figure 1. (a) Archived cyclone tracks along 200 km radius of sites during 1965-2015, (b) the synthetic 
track (c) computational mesh and observation locations  

The track data is available at 6-hour intervals, due to which the data will be spread widely across 
latitude and longitudinal coordinates making it difficult to use collectively. For this purpose, the entire 
domain is divided into smaller grids along latitudinal bands of 0.1° interval. Linear interpolation is used 
to get the coordinates in the intermediate locations based on inverse distance method as given below.  
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The constructed synthetic track for the study area is shown in Figure 1b. Once the synthetic track is 
obtained, the storm surge is simulated using the inputs of the synthetic track, track parameters and 
computational mesh. For storm surge simulation, the present study uses ADICIRC model. The results 
are compared at observation locations shown in Figure 1d. The procedure followed for obtaining track 
parameters are explained below.     

Estimation of track parameters 

The various parameters for storm surge simulation that are of utmost importance are central pressure, 
maximum wind speed, radius to maximum winds, Forward speed and the track angle at landfall. 
Since the synthetic track is already simulated for the particular region, the change in track angle can 
be altered before landfall and various outcomes can be observed.
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a. forward speed and maximum wind speed  

The forward speeds at the landfall location can be calculated for all the tracks since the distance and 
time taken for the cyclone to travel is known. The previous cyclone storms which created the 
maximum devastation can be considered and its translational speed can be obtained. For this 
parameter, all the forty-two tracks in the selected 200 km region during the period 1945 – 2016 are 
considered. It can be observed from Figure 2a that the cyclone along BOB travels almost with 
constant speed between 8 -20 kmph. Since the variation is in the narrow band the average value of 
15 kmph is chosen for storm surge analysis.  

Figure 2. (a) Distribution of the forward speed and (b) Profile of the synthetic tracks and best track 
from origin to landfall point. 

The cyclone wind speed is the most important parameter and it is available at every 6-hourly path of 
the cyclone. Since we intend to find the PDF of the wind speed at a location to obtain required wind 
speed of certain peak over frequency, the wind speed data is first spatially interpolated to obtain at 
every 0.1° (at synthetic track locations). These parameters are used to fit the inverse lognormal 
distribution to obtain wind speed values for the various peak over frequencies ranging from 2 to 200. 
Rest of the locations, the track is far away from landfall and hence the maximum value at that 
longitudes was considered. Hence, once a certain return period is chosen the corresponding 
maximum wind speed data at all locations can be obtained. The profile of the wind speed of synthetic 
track follows the trend of the best track profile (Figure 2b). Therefore, it can be emphasized historical 
information is properly taken into account in choosing the maximum wind speed. 

b. Central pressure and radius of maxim wind 

The linear multi variate regression model between the pressure, wind speed and latitude show an 
acceptable fit. The regression Equation (3) was used for the 1500 data points out of 2440 points. The 
coefficients obtained from calibration of this model with these data points as 0a  = 1022.86, 1a = -

0.746 and 2a = -0.044. In this equation the weightage for velocity is high as there is very high 

correlation between velocity and pressure values. 

0 1 2* *c maxP a a V a N          (3) 

Now this equation is used to validate the remaining data set. The observed data that is used for 
validation fits in 95% confidence band for 79% of the time. Similar correlation between maximum wind 
speed and Radius of maximum wind speed are carried out. The R2 value for this model was obtained 
as 0.5, which is better than the reported values in other basins (Takagi, 2012). The regression 
Equation (4) was used for the 1140 data points out of 1900 points for estimating radius of maximum 
wind, RMW as.  
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0 1 2* *maxRMW a a V a N          (4) 

The coefficients obtained from the calibration of this model with the data points as 0a  = 51.36, 1a = -

0.305 and 2a = -0.32. In this equation, the weightage for velocity and latitude is almost equal and 

hence there is dependency on both the variables. The above regression equations can be used for 
obtaining pressure and radius of maximum values if location and maximum wind speed are known in 
BOB region.  

3. Results And Discussion 

In this section, the results are discussed in two cases. In the first case, the basic results that are 
related synesthetic track and its parameters are discussed. In the second case, the performance of 
the synthetic track is analyzed by comparing the surge results with the previously reported results for 
the Tamil Nadu coast. After determining the impact of the synthetic track, the impact of location-
specific tracks is assessed. In order to accomplish this task, multiple synthetic tracks are constructed 
considering different landfall locations and the angle of attacks. 

3.1.  Validation of track parameters 

The track parameters are obtained using the historical track data. In order to quantify the uncertainty, 
the K-fold cross validation is carried out. The total observation points of 2440 were divided into ten 
different datasets of equal length, i.e., 240 data points for each fold. Out of the ten datasets, nine 
datasets are used for the calibration and the remaining one data set is used for validation. For 
example, in test 1 shown in Table 1, the first 9 datasets are used for calibration and the last dataset is 
used for validation. This procedure is repeated for the reaming tests as shown in Table 1. The 
uncertainty analysis is carried out by fitting the observed values of pressure in 95% confidence 
intervals of parameters obtained after the multivariate linear regression. The total amount of data 
fitting in the 95% band in each test is given in Table 1. 

Table 1: K-fold cross validation results for pressure model 

The highlighted values in Table 1 indicate the least and the best fit values. Although the above model 
fits the data very well due to very small 95% probability band, the 69% of the data usually falls inside 
that band as seen in the last column of Table 1e. These 10 parameters can now be taken and their 
averaged parameters may be considered as the most suitable parameters for this dataset. Similarly, 
the uncertainty analysis is done for the radius of maximum wind. The 95% probability band is reported 
in Table 2.  

Table 2: K-fold cross validation results for RMW model 
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After the parametric analysis, the effect of these parameters is assessed by simulating storm surge. 
For this purpose, the recent Vardah cyclone is simulated using its best track data and with parameters 
from the above parametric analysis for the period December 6 – 12, 2016. The water surface 
elevation values at Ennore and Nagapattinam stations are compared with the observed tide gauge 
data obtained from INCOIS (Figure 3a and b). Also, the comparison of surge between the best track 
data and synthetic track obtained using the estimated parameters are compared (Figure 3c-f). The 
comparison concludes that the parameter estimated using regression equations can be used in the 
storm surge simulations in the absence of these parameters with the best track as well as synthetic 
track. Therefore, the regression equations are used with all the synthetic tracks considered in this 
study for estimating the track parameters.  

Figure 3. Comparison of simulated WSE using best track data and observed data (a) at Ennore 
and (b) Nagapattinam and the comparison of WSE using best track data and modified track at (c) 

Krishnapattinam (d) Ennore, (e) Chennai and (f) Nagapattinam 

3.2. Analysis of storm surge at Kalpakkam 

The site-specific analysis is done first by choosing a particular site along the coast where the 
inundation is to be calculated. For this particular study, the Madras Atomic power station (120 33’ 27" 
N, 800 10’ 30" E) which is located in Kalpakkam is chosen as it is one of the most important structures 
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on the Tamil Nadu coast. The ADCIRC model is run with synthetic track that is made to make landfall 
near Kalpakkam corresponding to 50, 100, 150 and 200 years return periods. The water surface 
elevations at five different locations are compared in Figure 4. From Figure 4, it can be observed that 
the value of surge increases with respect to the return periods.  The maximum surges generated for 
100-year, 150-year and 200-year events are 1.07 m, 1.11 m and 1.22 m, respectively. 

Figure 4. Surge simulation for 50, 100, 150 and 200-year return period wind speed 

In addition to the above simulations, the impact of different landfall points and angle of attacks are 
also analyzed. For these purposes, the tracks are shifted in both north (left) and south (right) 
directions from Kalpakkam (Figure 5a). Tracks are shifted at the interval of 1 Km, 5 Km, 10 Km, 15 
Km, 20 Km, 25 Km, 30 Km, 50 Km, 75 Km and 100 Km. Figure 5 shows the variation of surge with 
respect to the distance of landfall from the point of interest. The maximum surge occurred on the left 
side and at 10 Km away from the site. As the point of landfall is shifted the surge kept on decreasing 
and reached a minimum of 0.42 m at 100 Km right on the coast from the site. The surge values on the 
left of the coast are higher than those on the right because the cyclone always travels in this region in 
the anti -clockwise direction and the stations shifted on the left receive more surge because of this 
factor. The cyclone has its worst effect on the left side between 10 Km to 25 Km range which is the 
range of RMW values of the track at that point.

Next, to analyze the effect of angle of attack, three angles 100°, 110° and 120° are considered (Figure 
5b).  The wind speed corresponding to 50 year return period was considered for the analysis. The 
maximum surge of 1.06 m was obtained for 100° angle of attack and 10 to 25 km away from the coast 
on the left side.   
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Figure 5. (a) Shifted tracks and (b) different angles of attack (1000, 1100 and 1200) (c) Surge values at 
different locations across Kalpakkam and (d) surge value for different angle of attack  

4. Summary and Conculsions  

This study focuses on performing parametric analysis of cyclone parameters to obtain maximum 
probable surge at a specified location. For this purpose, parametric analyses were carried out for 
RMW, wind speed and central pressure. At each longitude, a PDF was fit to obtain the required peak 
over frequency value. The pressure and RMW values were obtained by forming a linear regression on 
wind speed and longitude of that region. The ADCIRC model is used to generate storm surges for 
different scenarios. From this study, the following conclusions are drawn  

The surge value mainly depends upon the maximum wind speed value and is directly 
proportional to it. 
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There is a very strong correlation between wind speed and pressure data due to which a very 
strong linear regression fit was obtained. 

The maximum surge occurs at a region where the point of landfall is at a distance of RMW from 
the required location. 

If the cyclone occurs at a time of high tide it causes more surge than in normal cases. 

By changing the angle of attacks the surge value that reaches a coast changes and if the track 
angle aligns with the direction of the tides the surge obtained will be maximum. 

Although track shifts and angle changes were performed, the nuclear site reached a maximum 
surge of around 1 m for 50 year return period scenario which proves that it is built at a very safe 
location. 
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Abstract 

Developing flood forecasting and early warning systems with sufficient lead times have been 
considered as an important tool in reducing vulnerabilities and its flood risks. It helps in developing an 
important element of the strategy to "live with floods", which eventually contributing to national 
sustainable development. Present flood forecasting being issued by the Central Water Commission 
(CWC) is based on the gauge-to-gauge correlation which has a limitation of waiting till the flood is 
observed at the base station upstream of the forecasting station. The gauge-to-gauge correlation 
procedure does not incorporate any additional flow from tributaries joining in between the stretch of 
the base station and the forecasting station. This study has been carried out with an overall objective 
to equip FMISC, Government of Bihar with a fully operational real-time flood forecasting and warning 
system for the Kosi River Basin with an aim to disseminate flood warnings with 72 hours lead time. 

1. Introduction 

Bihar has been considered one of the most flood-prone states of India where more than two-thirds of 
population is living under flood vulnerability. The amount of flood-prone land has increased to 6.89 
million hectares by 2004 from 2.5 million hectares in 1954 (Bihar Disaster Rehabilitation and 
Reconstruction Society, 2010). Repeated flood events are damaging Bihar's economy and undermine 
resource generation efforts. There is a need to develop a long-term flood management strategy plan 
for Bihar which should be based on the analysis and stakeholder inputs on the existing problems.  

After the devastating 2008 Bihar flood, The Government of Bihar started a program to strengthen the 
flood management and flood forecasting system, under the 'Bihar Kosi Flood Recovery Project' 
(BKFRP) funded by World Bank. Strengthening flood management capacity of the Kosi basin and 
improving the emergency response action capacity for future disaster management were two key 
components of the BKFRP project to mitigate future risks. 

The development of fully operational real-time flood forecasting and warning system envisaged: (i) a 
suite of mathematical modelling system to provide distributed forecast along the river with 72 hour 
lead time, (ii) generating early warning alerts at community level for effective flood emergency 
response, (iii) inundation mapping for flood prone areas, and (iv) enhance the capacity of the Water 
Resources Department (Govt. of Bihar) by utilizing the latest state of the art tools and technologies for 
sustainable operations system. 

Key Words: Rainfall-Runoff Modeling, 1D/2D Hydrodynamic Modeling, Real Time Flood Forecasting 
and Early Warning System, Flood Inundation Modeling

2. Geographycal Setting of the Study Area 

The Kosi River is one of the major tributaries of the River Ganga that originates in the Great Himalaya 
Range and Tibetan Plateau and joins the Ganges at Kursela. The Kosi River has three main upper 
catchments, namely, Sunkosi, Arun and Tamur. Kosi River enters plain near Chatara at Nepal, d/s of 
Barahkshetra and flow south-westerly and reaches Kosi Barrage at Birpur (Figure 1).  
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Figure 1: The Kosi River Basin 

Three major tributaries join Kosi on its right bank d/s of Barahkshetra, namely Tiljuga, Bhutahi Balan, 
Bagmati. Kamala Balan joins river Bagmati before it meets with Kosi near Phuia. This study focused 
on developing a flood forecasting and early warning system for Kosi river between Barahkshetra to 
Kursela and its three tributaries, namely Trijuga, Bhutahi Balan and Kamala Balan. 

From hydrological point of view, Kosi Basin has been divided in 9 sub-catchments.Three sub-
catchments namely, Sunkosi, Arun & Tamur forms the upper catchment of Kosi; Trijuga, Kamla 
Balan, Bhutahi Balan and Khando; Kosi Dhar region in the left bank d/s of Barahkshetra (which is 
termed as Kosi Mega Fan); and lastly the catchment of Kosi Main Channel (which is mostly 
embanked) from Chatara to Dumri Bridge.  

Based on the elevation data of Shuttle Radar Topography Mission (SRTM 30M) DEM, Kosi river basin 
is divided into seven major topographic regions that extend across the length of basin: (i) High 
Himalayas (>5000 m AMSL), (ii) High Mountains (3000 to 5000 m AMSL), (iii) Middle Hills (1200 to 
3000 m AMSL), (iv) Siwalik Hills (900 to 1200 m AMSL), (v) Lower Himalaya [Bhabar] (300 to 900 m) 
(vi) Terai (67 to 300 m AMSL), and (vii) Gangetic Plain (<67 m AMSL, the Middle Ganga Plain). 
Regional and national soil database available from Natural Resources Conservation Service (NRCS), 
were collected.  Landuse and Landcover data for the Kosi River basin was also extracted from the 
Global Land Cover data provided by United States Geological Survey (USGS). The topography, land-
use & land-cover, and soil characteristics at sub-catchment were used as the driving factors for the 
rainfall-runoff modelling of this study. These initial estimates of the model parameters were further 
refined or fine-tuned based on the observed catchment response during the model calibration 
process. 

3. Data Acquisition and Inventory 

The Kosi River Basin is a large trans-boundary basin with 76,803 sq. km. area extending over parts of 
China, Nepal and India. Hydro-meteorological data were collected from Department of Hydrology & 
Meteorology, Government of Nepal; Central Water Commission, Directorate of Economic and 
Statistics, Government of Bihar and Water Resources Department, Government of Bihar. However, 
observed meteorological data were found insufficient to correctly describe the precipitation and 
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temperature records over this large basin. This necessitates the consideration of available satellite-
based gridded precipitation data. Daily precipitation data were compiled for the period 1998-2016, 
whereas sub-daily data were compiled for 1998-2017. Using the sample observations in 9 different 
sub-catchments of Kosi, the daily maximum precipitation was found 287mm in the Kosi Main stream 
sub-catchment. The highest daily maximum temperature was 34.7 C observed in the Kamal Balan 
sub-catchment. The lowest daily minimum temperature was 3.3 C observed in the Sunkosi sub-
catchment. 

There are 19 sites for which available daily discharge data were compiled for this study. Sub-daily 
discharge data was available for only 2 sites, namely, Barahkshetra and Birpur Barrage. For Nepal 
part of the Kosi river basin, long record of mean daily discharge series were available across 11 sites 
up to 2015 from Department of Hydrology & Meteorology, Government of Nepal. For the operational 
forecast, the Quantitative Precipitation Forecast (QPF) and Quantitative Temperature Forecast (QTF) 
of Indian Meteorological Department with 9 km spatial resolution, 72-hours lead time and at 3-hr 
frequency were used in generating experimental forecast for 2018 monsoon.  

4. Data Pre-Processing and Analysis  

The Kosi River Basin was discretized into 92 Sub-basin units for the purpose of Precipitation-Runoff 
Modeling. For each of these sub-basin, Cumulative Precipitation, Mean Temperature, and Cumulative 
Potential Evapo-transpiration data were processed and used to derive the hydrological model for the 
Kosi basin. The calibration and validation periods of the model were considered 2001-2007 and 2009-
2015 respectively. Data analysis revealed that both the forecasted precipitation and temperature 
series contained ‘biases’ and it was envisioned to remove them before using in hydrological model 
development. The Empirical Quantile Mapping (eQM) was selected as a suitable method for bias 
correction of precipitation data.  

5. Hydrological Modeling and Results 

For development of the Kosi Flood Forecasting and Early Warning System (Kosi-FFEWS), two well-
established open source software HEC-HMS and HEC-RAS, which are widely used in flood 
forecasting studies, were dynamically coupled (Figure 2). Based on the geospatial analysis using 
SRTM 30m resolution DEM data, Kosi River Basin (KRB) was finally divided into 92 sub-catchments 
which were subsequently used for individual hydrological estimates.  

For rainfall-runoff component, Soil Moisture Accounting (SMA) and Soil Conservation Services-Curve 
Number (SCS-CN) methods were used. The “Recession Method” was used to account for the 
baseflow component. Once the rainfall excess was computed either by SMA or SCS-CN method, the 
rainfall excess was routed to convert into discharge hydrograph at the outlet of each of the sub-
catchment using hydrologic routing technique. Clark Unit Hydrograph technique was adopted for most 
of the streams. Some important rivers specially Taimur, Arun and Sunkosi were modeled using the 
Muskingum-Cunge routing method.  

Model performance was evaluated using a number of statistical indicators (i) Nash–Sutcliffe 
efficiency, was used as the main measure for the model evaluation while performing model 
calibration; (ii) Coefficient of determination (R2); and (iii) Volumetric error. Nash coefficient was 
varying from 0.61 to 0.79 for calibration and from 0.38 to 0.7 for validation for different sub-
catchments. At most of the site, the observed value of Nash–Sutcliffe coefficient was above 0.70. The 
maximum volumetric error for calibration was about 18% and for validation it was about 25%.   
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Figure 2: Flood forecast modelling: Process flow diagram 

Model Sensitivity Analysis was conducted as some of the model parameters were more sensitive and 
could cause significant deviation in the response due to small change in their value. Soil storage, Soil 
infiltration, Groundwater Recession Constant, Groundwater Ratio to Peak and Snow water equivalent 
(if simulating snowmelt runoff) were the most sensitive parameters for simulating stream flow during 
the calibration as well as validation period. The GW percolation rate, the GW storage, the GW 
Coefficients were the least sensitive parameters. The catchment routing parameters namely; time of 
concentration and storage coefficient were not much sensitive for the present case. 

6. 1D Hydrodynamic Modeling and Results 

The channel routing of the dominant river channels was carried out by using the one-dimensional 
hydrodynamic model, HEC-RAS. The Mannings’ n was the only parameter of the dynamic wave 
model, which was initially fixed using the riverbed characteristic followed by its calibration. In this 
hydrodynamic model, the upstream boundary condition was the inflow hydrograph computed by the 
HMS at the Barahkshetra; whereas the downstream boundary condition was considered observed 
water levels at the Kursela site. For the tributaries, only upstream boundary conditions were used.  

The geometry data were developed using the surveyed cross-sections. The Kosi barrage was used 
as a hydraulic structure in the model with its operation rules. The developed hydrodynamic model 
comprises of 9 interconnected reaches of 5 rivers i.e. (Kamla Balan, Khando, Bhutahi Balan, Bagmati 
and Kosi Main Stream). 

The model was calibrated and validated using the observed water level data at Basua and Baltara 
gauge sites. It was observed that model was satisfying the water balance between the boundaries. A 
comparison of observed and simulated water levels for calibration period (2009-2012) at Basua and 
Baltara sites was made. A comparison of observed and simulated water levels was also made at
Baltara for validation period (2013-2016) which was revealed the satisfactory performance of the 
model, as the simulated water level profile was well associated with the observed profile.  

The performance evaluation of forecast modeling results was carried out for the Monsoon period of 
2018. Forecast evaluation was performed using the Skill Scores as per the criteria described in 
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WMO’s Manual on Flood Forecasting and Warning. Threat Score or Conditional Success Index (TS or 
CSI), Hit Rate or Probability of Detection (HR or PoD) and Probability of Occurrence (PoO) were 
determined for the Basua, Dumri and Baltara gauge sites. The terms ‘Hits’, ‘Misses’ and ‘False Alarm’ 
were defined based on the threshold of acceptable error between the forecasted and observed water 
levels of the flood events. It was found that the range of CSI (0.41 – 0.78), PoD (0.56 – 0.86) and PoO 
(0.60 – 0.90) for these sites up to 3-day lead-time were more than the success criteria of evaluation 
(i.e. CSI > 0.33, PoD > 0.33 and PoO > 0.10).  

7. 2D Flood Inundation Modeling and Results 

The lower catchments of Kosi River witness flooding almost every year. Apart from flooding due to 
embankment breach, some areas face regular inundation due to fluvial as well as pluvial flooding. The 
flood inundation modeling was carried out using the open source HEC-RAS 5.0.3 software’s 2D 
modelling tool. Inundation modelling was utilized different hydrological boundary conditions and 
accurate terrain model (SRTM 30m). The Diffusive Wave Approximation of the Shallow Water (DSW) 
equation was used to compute the motion of fluids. The Finite Volume Method provides an increment 
of improved stability and robustness over traditional finite difference and finite element techniques. 
HEC-RAS 1D/2D coupled hydrodynamic model was developed and used to perform flood inundation 
modeling.  

Break lines were added in the 2D flow areas along the lateral structures to enforce the mesh 
generation tools to align the computational cell faces along the break lines. The computational interval 
and 2D mesh size were chosen based on the Courant condition of the unsteady simulation. Spatially 
varied Manning’s n layer was prepared using the USGS land use map over the Kosi River basin 
areas. Inflow hydrographs (output of HEC-HMS) were considered as inflow boundary conditions 
whereas normal depths were used as external boundary conditions. 

The Kusaha breach (2008 Kosi breach) was simulated using 1D/2D coupled hydrodynamic model. 
The breach occurred on 18 August 2008 where more than 80-85% of the flow of the river passed 
through the new course and Kosi river became almost dry for several hours. Simulated inundation 
map of the breach was compared with the inundation maps published by various other sources 
(Figure-3). This comparison infers that methodology adopted in breach induced inundation modeling 
is reproducing the historically observed inundation pattern, and hence this methodology is reliable. 

Model sensitivity analysis was carried out with varying; (i) duration of inflow hydrograph peak i.e. 1-
day to 2-days and 1-day to 3-days (ii) manning roughness coefficient i.e. -20%, -10%, +10% and 
+20%. Flood inundation duration was the most sensitive model output whereas maximum flood 
inundation depth was least sensitive model output. 
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Figure 3: Comparison of simulated inundation area with published inundation maps 

8. Kosi-FFEWS Capabilities 

The developed Kosi-FFEWS system in this project integrates the hydrological and 1D/2D 
Hydrodynamics modelling system. The system has an inherent capability to issue flood 
warnings/alters with 72 hours lead time. This also comprises a robust Inundation Mapping Tool 
including the embankment breach scenario generation. This system has capabilities of automatic 
downloading of weather forecast from various sources, downloading of real-time data through web-
crawlers, and various GIS display and analysis tools. Kosi FFEWS works with both spatial and 
temporal data. Temporal data are stored in a relational database. This system is designed having 
interfaces with web services and data which includes data discovery, download, visualization, editing 
and integration with other analysis and modeling tools. By communicating with the server, Kosi 
FFEWS gives the user access to rich hydrologic datasets that have been fetched and stored via crone 
job on the server.  Kosi-FFEWS looks much like a typical GIS interface (Figure-4). Kosi-FFEWS has 
the GIS capabilities like storing, displaying and analyzing the vector and raster layers.  This system 
integrates the facility in RAS Mapper to plot the 1D model results at flood forecasting sites in the river 
reaches. The RAS Mapper displays the flood inundation maps and provides village level information 
like flood arrival time, flood inundation duration, and flood receding time.  
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Figure 4: Kosi-FFEWS interface 

9. Kosi-FFEWS Operation and Forecast Dissemination Protocol 

Kosi-FFEWS has been installed at the operational control room of FMISC and scheduled to run 
operationally once or twice a day depending on the situation during the flood period. Experimental 
forecast run of Kosi-FFEWS during 2018 monsoon was scheduled at 14:00 hrs every day and 
discharge and water level forecast were issued at 17 locations of Kosi river and its tributaries. The 
system has a provision to disseminate the warnings through Web Portal, SMS, and Email. 

10. Assessment Of Hydrometric Network 

To develop accurate catchment’s hydrologic and channel routing or hydrodynamic model for the 
basin, hydro-meteorological monitoring network should be adequate and should cover the entire river 
basin. Sufficient real-time monitoring stations are requisite for better flood forecast. Due to the 
importance of hydrometric observation in flood forecasting system, an assessment of the existing and 
proposed hydrometric sites in Kosi River Basin was carried out and summarized below.  

 The rating curve of the GD sites especially at the Barahkshetra and Jainagar Weir has not 
been updated since long leading to the uncertainty in the discharge computation.  

 The specification of hydrological monitoring site or stream-gauging sites are not adequate for 
modeling as most of the sites only measures the water level not the discharge. 

 The marking made at the sites are not visible now for few of the sites. 

 To achieve the accurate flood forecast using the flood forecasting model, a RTDAS system 
having both water level and discharge monitoring should be established at: (i) Barahkshetra 
of Kosi, (ii) downstream of Kosi barrage, (iii) Dagmara Bridge on Khando River, (iv) Ekma 
Syphon on Bhutahi-Balan River, (v) Goraul Chauk Bridge of Bhutahi-Balan (vi) Jainagar Weir 
on Kamla River, (vii) Jhanjharpur on Kamla-Balan (viii) Hayaghat Rly Bridge on Bagmati 
River, (ix) Dumri Bridge, etc. 

 At the Kosi barrage, two canals (i.e. Eastern and Western Canals) are off-taking which also 
required to be monitored for water balance.   
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1. Introduction:

The geographical area of Maharashtra state is 3, 08,000 Km2. Major river basins in the state
are the Krishna river with its major tributary as Bhima, Godavari, Tapi and the West flowing rivers of
Konkan strip. Maharashtra receives rainfall from both south-west and north-east monsoon. The
Krishna and Bhima sub basins experience highly variable rainfall both in space and time ranging
from 6000 mm in upper catchments to 400 mm in rain shadow areas (lower catchments). The state
experienced flash floods particularly in Western Ghats including Krishna and Upper Bhima basins. 
The 2005 and 2006 floods caused heavy damages to the lives and properties in the basins. The
problems are caused by the release of water from the reservoirs located in the Upper reaches of
Krishna basin. Its prerequisite, the integrated operation of multiple  reservoirs for multiple uses
including flood management is expected for establishing optimal operational decision. 

The Real Time Stream Flow Forecasting and Reservoir Operation System (RTSF & ROS) for Krishna
and Bhima Basin of area 70000 sqkm is developed in 2013 for optimal flood forecasting and reservoir 
operation. This System integrated with the real time Data Acquisition System (RTDAS), meteorological 
forecasts (from IMD), flow forecast modelling, analysis and decision support. The MIKE 11 modelling
system consists of 1) A hydrological model (Rainfall-Runoff Model) for generating runoffs from a 
number of catchments schematized in the two basins. The entire area of the two basins is subdivided
into 122 catchments 2) A Hydrodynamic Model for routing flows through the river and reservoir system
to compute flows, water levels and a Structure Operation module which incorporates Reservoir 
Operation Schedule (ROS) and Gate Operation Schedule (GOS).The River schematic with 1550 cross 
sections and 46 reservoirs in the basin is used for hydrodynamic model. Model runs regularly twice 
daily in morning and afternoon and as per the requirement during monsoon (June- October) of every 
year by WRD officers. Model gives 3 days forecast of rainfall, Reservoirs inflow & outflow, rivers water 
level and discharge. Calibration of the existing model with best use of historical data is done by every 
year. Web based Real Time Stream flow Forecasting & Reservoir Operation System (RTSF&ROS) is 
established & operational in the Control Room (Data center) located at Sinchan Bhavan, Pune.

2. Real Time Decision Support System (RTDSS) to Krishna and Bhima asins

Under HP-II, Government of Maharashtra developed Real Time Decision Support System (RTDSS)
to Krishna and Bhima basins. RTDSS consists of two components, Real Time Data Acquisition 
System(RTDAS)  and a  Real  Time  Stream  flow  Forecasting  (RTSF)  and  Reservoir  Operation
System (ROS). 

2.1 Real Time Data Acquisition System (RTDAS)

a. In RTDAS up gradation of the existing manual HIS with real time data recording and self- 
transmitting system has been done. Total 249 Real time Hydro meteorological data collection
stations are installed for Krishna and Bhima sub basins. Stations include 127 Automated 
Rainfall Stations, 39 Automated Full Climate Stations, 37 Automated River /canal Water 
Level (Stage) Discharge Station and 46 Automated Reservoir Water Level & Outflow Discharge 
Stations. To measure various hydro meteorological parameters different kinds of Rainfall, 
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Climatic, Water level and gate sensors are installed at prominent locations in the basins (rivers, 
dams, dam catchments, etc.). 

b.  Data centre for Krishna and Bhima basin is established at Sinchan Bhavan Pune. Data is
collected and transmitted in real time through VSAT/GSM mode to servers at Pune at 15 
minutes time interval. This data is made available to all stakeholders on project website;
http://www.rtsfros.com/mahakrishna at Real time data menu.

c.   The real time data is useful to know rainfall distribution, climate, water levels or storages
of reservoirs, water level and discharges of the rivers on real time basis. 

2.2  Real Time Stream Flow Forecasting and Reservoir Operation System for Krishna and 
Bhima Basins (RTSFROS)

The Real Time Stream Flow Forecasting and Reservoir Operation System for Krishna and Bhima
Basins is developed in consultation with DHI(India), Water and Environment Pvt. Ltd., New
Delhi.Modelling system developed in project is built upon the customised MIKE model and consists 
of :- 

 A hydrological model (Rainfall-Runoff Model) for generating runoff from a number of
catchments schematized in the two basins. 

 A Hydrodynamic Model for routing flows through the river and reservoir system to compute 
flows, water levels and flood maps.

 A real time flood forecast module for computing streamflow and flood forecast for period of 
3 days from the time of forecast. 
An user interface integrating the above models for operational forecasts and for providing 
reservoir operation guidance, scenarios management and flood warning and 
dissemination. 

 A river basin water resources simulation model for water allocation including optimizing 
water use and reservoir operation.

            Figure 1 : Overview of RTSF & ROS 

Sequence of Steps in Forecasting System Import data from RTDAS

1.  Import QPF – from I.M.D. 
2.  Mike 11 Simulation 
3.  Results in .dfs0 files 
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4.  Prepare Results for WEB 
5.  Archival of Results 
6.  Saving    Forecast    in    KBS    and Uploading Forecast to Web site 
http://www.rtsfros.com/maha 

2.2.1 Rainfall runoff model 

To simulate the spatial variation in the lateral inflow to the river system, the two basins have been
subdivided into 122 sub-catchments. The sub-catchment delineation is to a large degree been based
on gauging station location to make it possible to calibrate the model at as many locations as 
possible.

Figure 2 :   Comparison of Simulated and Observed   Discharges for Warna 
Catchment

R2=0.80 for the year 2017(Obs=7967mm/y,sim=8303mm/y)

2.2.2. Hydrodynamic Model

The Hydrodynamic River Model takes the rainfall-runoff from the NAM, and carries out a continuous
routing of the flows and flood waves through the main rivers and reservoirs of the basin. The model
outputs discharges and water levels throughout, for application to short term Flood Forecasting and
Optimization. The hydrodynamic model has an automatic coupling to the rainfall-runoff model. The 
entire area of the two basins is subdivided into 122 catchments. In the Krishna-Bhima model,
reservoir spillway gates, irrigation outlets, hydro power releases and leakage are incorporated as 
“control structures”. The functions of the gated control structures can be simulated for different types
of control variables, such as water level, discharge, gate level etc. 

The hydrological model maintains a quantitative memory of the water accumulated in the
catchments in the form of soil moisture, and ground water. This accumulated water volume will be 
released as runoff to the main rivers during the succeeding periods, simulated by the hydrological 
model. Converting the predicted precipitation to runoff hydrographs, the model provides a
quantitative response to the predicted weather forecast. 

The output from the model is fed into the MIKE 11 river model for forecasts. Quantitative precipitation 
forecasts have large uncertainties for extended lead time times, and the runoff becomes
correspondingly uncertain when the lead time exceeds a few days. Therefore, the flow/flood forecast 
in the RTSF&ROS refers to short-term forecast up to three days in advance. 
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3. Model Calibration

Refinement of NAM model the spill of reservoirs upstream of catchment is collected for entire run
period from Dam Authority. The time series of collected data has been prepared in MIKE ZERO. The
accuracy of refinement of NAM model depends mainly on the frequency of reservoir spill data and
observed discharge data collected from individual officials (if not available in Real Time data System). 

Figure 3 : Plot of comparison between simulated and observed discharge at
Balinga/Panchaganga (Krishna basin)

Figure 4 : Plot of comparison between simulated and observed discharge 
Navarasta/koyana (Krishna basin) 

4. Model Outcomes  

The calibrated MIKE11 model has been used to simulate large historical floods as well as with some
probabilistic inflows to identify critical river reaches. Based on information available 2018 from WRD,
the alert and warning values of discharge and water level are generated for further validation. 
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Figure 5 : Plot of comparison between Forecasted and observed 
discharge Wadange/Panchaganga (Krishna basin)

Figure 6 : Model Output on website dated 17 July2018 for Wadange GD Station showing
in above Fig 5 

4.1 Evaluation study is done as per “ D. N. Moriasi, J. G. Arnold, M. W. Van Liew, R.L. Bingner, R.
D. Harmel, T. L. Veith “ Model Evaluation Guidelines For Systematic Quantification Of Accuracy In 
Watershed Simulations”.
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 Major Ouputs:

 During rainy season real time data of hydro meteorological parameters is viewed online
for decision making by reservoir operators in basin.

 Huge expenditure on data collection and transmission, storage is saved. In Koyna project 
alone Rs. 15 lacs are saved each year. Similar advantage in 46 reservoirs is received in
basin.

 On 28th July 2013, discharge in Bhima River at Daund was high of about 50073       
Cusecs. There was rainfall in the catchment of Chaskaman dam on Bhima River and dam 
was almost full. It was necessary to release highest discharge over spillway of about  8190
Cusecs.  Using  offline scenario generation facility in  the  model,  post release effects on
downstream side were studied before release. Ability is developed to act faster before and 
during floods. 

 On  10th  Sept  2013,  the  model  has  predicted  rainfall  32mm  in short  period  in
catchments of Kasarsai dam located on upstream of pimpri chinchwad city. Dam storage 
was about 98 %. Considering this forecast / early warning, the decision of releasing
discharge was taken in advance and afterword’s it found to be the good decision. 

 The RTDSS is used for managing flood in Krishna Bhima basin since 2014 and on no. of  
occasions guidance of  output is taken for making releases from reservoirs. It
supported very well on all occasions of flood in Koyna; one of the most important reservoir 
from flood point of view. Also WRD officers are using rainfall forecast for Kharif Rotation. 

 Now there is good understanding of flood modeling and forecasting among the engineers in 
the Basin.

 On 11 July 2016 rainfall forecast was 73 mm in the catchment of Khadakwasla dam which  
was  95%  full.  The  operation  control  room  has  been consulted  and  the forecasted
results were used by dam managers for making decision. 

 One of the major dams in basin is Koyna dam. The spillway releases of Koyna dam are 
operated as per forecasts given by the system. 

 Concerned Municipal Corporations ,Collector offices ,Revenue departments, Disaster 
management cells use the RTDSS for proper management in monsoon every year. Also 
common people use this system for their day to day planning in monsoon.

6 .Challenges:

 No. of times dams are not operated as per ROS. 
 Limitation of accuracy for Quantitative Precipitation Forecast (QPF) . 

Difficulties in Incorporation & checking of new forecast product. 
 Expert Guidance required for addition of new structures like K.T weirs, Bridges & to add 

new cross sections. 
 Updation in RTDAS data script is required. 
 Continuous help desk facilities required. 

7. Conclusion:

The Real Time Stream flow forecast results used by all stakeholders and WRD officers for decision
making, scenarios management, early flood warning & reservoir optimization. These Results made
available on website http://www.rtsfros.com/mahakrishna in Real time Forecast menu. This helps to
field officers in proper flood monitoring and warning to flood affecting areas well in advance by 72 
Hours. The basic outputs of the MIKE 11 hydrodynamic model are discharges and water levels in the 
main rivers and reservoirs. However, the frequency of the output has to be compatible to the
frequency of input data. Hydrographs at daily, hourly and 15 minutes may be produced once the 
RTDAS provides data at every 15 minutes. This System is in use from 2013 monsoon and found to
be very useful. Due to the available system, ability has been developed in the reservoir operators to
act faster before and during floods. There is improved communication and coordination between
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stake holders of flood management. Model run efficiency for Monsoon 2018 is approximately 93%. 
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Abstract

Hydrologic ensemble prediction systems are increasingly being used by flood forecasting centres  
around  the  world  to generate  probabilistic  forecasts.  Recently,  United  States National Weather 
Service developed HEFS (Hydrologic Ensemble Forecast Service), which uses a  combination  of
hydrologic,  ensemble  and  statistical  modelling  approaches  to generate probabilistic hydrologic
forecasts. This paper investigates the potential of HEFS in generating short to medium range 
probabilistic streamflow forecasts for Tel river, which is a tributary of flood prone Mahanadi river in 
India. Precipitation and temperature forecasts obtained from Global Ensemble Forecast System 
(GEFS) were used as input to HEFS for generating streamflow forecasts corresponding to 1-day to 
1-month lead times. Verification of the forecasts against the corresponding observations
indicated fairly good skill at short lead  times. The skill of HEFS forecasts was found  to be
better than that  of forecasts generated by ARIMA model and climatological forecasts. 

Keywords: Ensemble streamflow forecast, HEFS, GEFS, ARIMA, Mahanadi 

1.  Introduction

India receives about 80% of its annual rainfall during the south-west monsoon (June- September). 
The livelihood of a large fraction of Indian population depends on agriculture for which availability of
water is critical. Floods and droughts occur frequently in different parts of the country due to 
variations in the spatial and temporal distribution of monsoon rainfall. In this context, skilful 
forecasts of streamflow are highly valuable. Short range forecasts are useful for flood warning, 
medium range forecasts are useful for reservoir operation, and long range forecasts are useful for 
water resources planning and management (Wang, 2006). Methods available for streamflow
forecasting can be broadly classified as process-driven and statistical/data-driven methods 
(Wang, 2006). Process-driven methods use a hydrologic model in which different components of 
hydrologic system are represented by simple mathematical models. The hydrologic model can be
initialised with basin conditions and forced with meteorological observations/forecasts to obtain 
streamflow forecasts. On the other hand, data-driven methods consider the hydrologic system
as a black box and try to model  the  relationship  between  streamflow  (predictand)  and
variables  influencing  it(predictors) using a data-driven or statistical model. 

Central Water Commission (CWC) issues flood forecasts for various hotspots (e.g., dams, flood 
prone localities) in river basins across India. The CWC predominantly uses statistical methods with 
rainfall and upstream flow data as predictors for generating the forecasts, while hydrologic 
models and precipitation forecasts are also used for some locations (Bank,

2016). Many studies on streamflow forecasting in India used statistical/data-driven approaches 
such as Auto-Regressive Integrated Moving Average (ARIMA), Artificial Neural Networks (ANN) 
based fuzzy inference system (ANFIS) and Support Vector Regression. Skilful rainfall forecasts 
during monsoon season are advantageous for arriving at streamflow forecasts. However, 
forecasting rainfall during monsoon season is very difficult due to complex nature of its causal 
factors and large spatio-temporal variations. Recently, a few studies (Goswami et al., 2018; Shah et
al., 2017) considered process-driven approach for streamflow forecasting  utilising  meteorological 
forecasts from  NWP (Numerical Weather Prediction) to force hydrologic models namely SWAT 
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(Soil and Water Assessment Tool) and VIC (Variable Infiltration Capacity). 

Forecasts always have an element of uncertainty associated with them due to inherent randomness 
in the system, and limitations in data and modelling. It is important to quantify this uncertainty in an
effective manner for making risk-based decisions using the forecasts. Recently, Hydrologic 
Ensemble Prediction Systems (HEPS; Cloke et al., 2013) are gaining popularity for forecasting
streamflows, especially floods. They use ensembles in process- driven approach for quantifying
forecast uncertainty. Apart from hydrologic models, HEPS typically include models/methods which
perform tasks such as bias correction and postprocessing for improving the quality of forecasts. The 
models/methods considered in HEPS  developed by different  agencies  could differ.  More  
recently,  National  Center  for Atmospheric Research (NCAR) of United States developed a HEPS 
(called NCAR flood forecasting system) for the transboundary Ganges-Brahmaputra-Meghna 
basins (Priya et al., 2017) whose performance was reported to be promising. In this 
connection, it is of interest to explore potential of HEPS developed by different agencies on more 
Indian river basins. 

Hydrologic Ensemble Forecast Service (HEFS; Demargne et al., 2014) is a HEPS developed by the
United States National Weather Service (NWS) to generate seamless probabilistic hydrologic 
forecasts from short to long lead times. Verification studies in the United States (e.g., Kim et al., 
2018) indicate that streamflow forecasts generated by HEFS have good skill. This study is 
motivated to explore potential of HEFS in generating skilful short to medium range streamflow 
forecasts for Indian rivers. This is investigated through a case study on Tel river, which is tributary 
of the flood-prone Mahanadi river. Precipitation and temperature forecasts generated by the GEFS 
(Global Ensemble Forecast System) were used as input to HEFS to generate streamflow forecasts. 
The skill of those forecasts is compared with that of forecasts generated using ARIMA model and 
climatological forecasts.

2.  Streamflow forecasting using HEFS

A brief description of HEFS (Figure 1) is provided here. More details can be found in Demargne et
al. (2014). In HEFS, total uncertainty in streamflow forecasts is decomposed into meteorological 
uncertainty and hydrologic uncertainty which are modelled separately and combined numerically. 
Meteorological uncertainty consists of uncertainty in meteorological forecasts, whereas hydrologic 
uncertainty consists of uncertainties such as those related to model structure, parameter estimates, 
basin initial conditions, measurement of hydro-meteorological (forcing) variables and streamflow. 

Figure 1: Schematic diagram of HEFS (modified from Demargne et al. (2014)). 

Three main  components  of HEFS  are  (i)  Meteorological  Ensemble  Forecast  Processor 
(MEFP), (ii) Hydrologic Processor and (iii) Hydrologic Ensemble Postprocessor (EnsPost). MEFP
generates meteorological ensemble forecast representing meteorological uncertainty which is 
propagated through the Hydrologic Processor initialised with basin conditions at forecast 
initialisation time. The resulting streamflow ensemble forecast is input to EnsPost for generating 
postprocessed streamflow ensemble forecast which reflects the total forecast uncertainty 
accounting for both meteorological and hydrologic uncertainties. The parameters of hydrologic and 
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statistical models used in HEFS need to be estimated before generating forecasts. For this 
purpose, an archive of retrospective forecasts (reforecasts or hindcasts) and observations of 
precipitation and temperature are required, along with streamflow observations. The models in
HEFS are set-up at daily time scale in this study. 

Ensemble forecasts of precipitation and temperature available from various global models have 
biases (e.g. in mean and spread) in their raw form, which must be corrected. MEFP takes as input
single-valued (ensemble mean) raw forecasts of precipitation and temperature from  multiple
sources  like  GEFS  (for  medium  range)  and  CFS  (for  long  range)  and generates  seamless  
(merged)  and  bias  corrected  ensemble  forecasts  which  are  skilful across multiple time scales, 
and which also preserve the observed space-time correlation structure. To extend lead time, 
climatological forecast can be used, which is an ensemble forecast constructed using historical 
data. For a given forecast initialisation day, lead time(s) and forecast horizon, each ensemble 
member of the climatological forecast consists of observed values of the forecasted variable (e.g.,
precipitation, temperature, streamflow) from different year(s) in the historical record corresponding
to the period (time window) of the forecast horizon. Climatological forecast can be used as a 
base/reference forecast when other sources of forecast are not available.

A lumped rainfall-runoff model called GR4J (Perrin et al., 2003) is considered as Hydrologic
Processor in this study due to its advantages such as parsimony, computational efficiency and 
limited data requirements. It operates on daily scale and has four parameters, which are calibrated  
such  that  simulated  flows  mimic  observed  flows  as  closely  as  possible.  A schematic diagram 
of the model is shown in Figure 2. 

Figure 2: Schematic diagram of GR4J model (Perrin et al., 2003).

The GR4J model requires basin averages of precipitation and Potential Evapotranspiration (PET)

as inputs. The PET (mm day−1) is estimated using the following expression (Oudin et al., 2005), 
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where e is extra-terrestrial radiation (MJ m−2 day−1) which depends on the latitude and 

Julian day, is the latent heat flux (MJ kg−1), is the density of water (kg m−3),  and a is mean 

daily air temperature (°C). 

EnsPost uses a statistical procedure based on quantile mapping and linear regression to correct the
hydrologic bias and to account for hydrologic uncertainty in the ensemble streamflow forecast 
generated by the Hydrologic Processor (GR4J model). 

3. Case study on Tel river

The potential of HEFS is tested by applying it to forecast streamflow in Tel river, which is one of the
major tributaries of the Mahanadi river located in peninsular India (Figure 3). The Tel river joins the 
Mahanadi river downstream of Hirakud dam at Sonepur. Contribution of flow from the catchment of 

Tel river (covering about 25,000 km2) can be critical in causing severe floods in the delta. Hence,
forecasting the flows would be useful for flood warning and water management in the delta region. 
Streamflow forecasts were generated for a gauge located at Kantamal, which is about 35 km 
upstream of Sonepur. The flow at Kantamal is assumed to be uncontrolled since there are no 
major water control structures upstream of the location. 

Figure 3: Catchment of Tel river (red) in Mahanadi basin contributing flow to the gauge at
Kantamal where forecasts are generated 

Records of daily precipitation (Pai et al., 2014) and temperature (Srivastava et al., 2009) were 
procured for the study area from IMD (India Meteorological Department) at 0.25° and 1° resolution
respectively. The period of record was 1901-2013 for precipitation and 1951-2013 for
temperature. Further, record of daily streamflow at Kantamal gauge was obtained for the period
1972-2011 from the India-WRIS database (http://www.india-wris.nrsc.gov.in/). In  addition,  six-
hourly  precipitation  and  temperature  ensemble  reforecasts  covering  the period 1985-2013 were 
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obtained at 1° spatial resolution for the study area from the GEFSv2 reforecast dataset (Hamill et
al., 2013) through the web link  https://www.esrl.noaa.gov/psd/ forecasts/reforecast2/download.html 
The reforecasts had 11 ensemble members and they were  issued daily (at 0 UTC) for 1 to 16 days 
lead times. 

A split sample approach was considered for validation/verification of forecasts. Parameters of the
models used in the HEFS and ARIMA (4,0,1) model were estimated using the data available up to 
the year 1999. Data for the period 2000-2011 was used for forecast verification. Streamflow 
forecasts corresponding to different lead times (1 to 31 days) were generated using HEFS and
ARIMA model for wet season (June to October) in the validation period (2000-2011). The lead 
time of HEFS forecasts was extended beyond 16 days by using climatological forecasts of 
precipitation and temperature for days 17 to 31. In the case of ARIMA model, square-root 
transformation was applied to ensure that generated forecasts have positive values. The generated 
forecasts were verified against their corresponding observations to evaluate their skill. In addition, 
forecasts and observations corresponding to daily (finer) time scale were aggregated (averaged)
over time windows of different durations for evaluation of forecast skill over coarser time scales. 
The lead time of the aggregated forecast is considered to be the same as the width/duration of the
time window. Three measures namely Continuous Ranked Probability Skill Score (CRPSS, Kim et
al., 2018) , Mean Error (ME) or bias, and Pearson correlation coefficient were used to quantify
performance  of  the  forecasts.  CRPSS  measures  the  relative  performance  or  skill  of
generated forecasts with respect to reference forecasts, which were considered as climatological 
streamflow forecasts in this study. On the other hand, ME denotes average of the differences 
between the forecasts and the corresponding observations. Forecasts which yield small value 
(close to 0) for ME and positive values (close to 1) for CRPSS and correlation are preferred. To
estimate ME and correlation for ensemble forecasts, ensemble mean is considered. 

4. Results and discussion

The flows simulated by the GR4J model were found to match fairly well with the observed flows.  
Estimates  of  correlation,  root  mean  squared  error  (RMSE)  and  Nash-Sutcliffe efficiency
(NSE) obtained on comparison of simulated flows with the corresponding observations were 0.92, 
2.22 mm/day and 0.8 respectively. A major flood event occurred in the Mahanadi river in 
September 2008 with major contribution of flow from the Tel river. HEFS forecast for Kantamal

gauge initialised on 15th September is able to indicate possibility of flood on 18th and 19th

September (Figure 4). However, magnitude of the flood is underestimated. 

a.
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b

(a) Figure 4: (a) Ensemble streamflow forecast (initialised on 15-09-2008) generated by
HEFS and observed streamflow, and (b) median forecast along with prediction
intervals (corresponding to different probabilities of occurrence) estimated from the
distribution of values of ensemble members.

Estimates of verification metrics obtained for HEFS, ARIMA and climatological streamflow 
forecasts are plotted corresponding to different lead times for daily and aggregated time
scales (Figure 5). Correlation and CRPSS values indicate that both HEFS and ARIMA forecasts
have good skill at a lead time of 1 day. Bias is also less at 1 day lead time as indicated by the ME 
value. The good skill and low bias of the forecasts at a lead time of 1 day is due to the high 
persistence/autocorrelation of streamflow. At the daily time scale, skill of the HEFS and ARIMA
forecasts is found to decrease with lead time, whereas (under- forecasting) bias is found to 
increase with lead time, which is expected. HEFS forecasts are found to have greater skill and 
lesser bias compared to ARIMA and climatological forecasts for all lead times at both daily and 
aggregated time scales (Figure 5). 

5.  Concluding remarks

Rainfall forecasts from GEFS were found to have limited skill for the study area (results not shown). 
Rainfall forecasts generated by regional agencies like IMD (India Meteorological Department) and 
National Centre for Medium Range Weather Forecasting (NCMRWF) can have higher skill than
GEFS forecasts at short lead times. Incorporating these forecasts into HEFS can improve the skill 
of the streamflow forecasts. Also, there is scope for trying alternate  hydrologic  models  in lieu  of
GR4J  model  in  the  Hydrologic  Processor.  The forecasts can be provided as input to hydraulic 
routing models (e.g., HEC-RAS) to determine the corresponding probabilistic inundation maps
during floods. The study could be extended to basins located in other parts of India to strengthen
the conclusions drawn.
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Figure 5: Metrics obtained by verifying HEFS, ARIMA and climatological (CLIM) streamflow 
forecasts against the corresponding observed streamflows. Results are shown for different lead

times and time scales. 
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Abstract 

Flooding is the major problem which causes due to improper knowledge and time management of 
natural flow. Yerrakalava river basin is located in Kolleru-Upputeru catchment of Andhra Pradesh, 
India is facing frequent floods during rainy season. In the present study, a flood model has been 
developed using HEC-HMS hydrological model. This model uses the SCS loss, SCS transform, 
Recession base-flow and Muskingum routing methods. The input data are generated by using ArcGIS 
and HEC-GeoHMS software. The model is calibrated for two rainfall events and validated for three 
rainfall events. The model efficiency during calibration and validation are 0.865 and 0.826 respectively 
indicating good performance of the model. The sensitivity analysis of different model parameters 
describes the high influence of curve number on the flooding of the river basin. Different scenarios of 
curve number and its influence on peak flood and flood volume were identified. Modifications of curve 
number by ±30% will lead to deviation of peak flow from -50.77 to +53.10 and runoff volume from -
46.19 to +60.31 over the actual curve number 

Keywords: Yerrakalava basin; HEC-HMS; Event Hydrological Modeling, Sensitivity analysis. 

Introduction 

In recent times, extremes of hydrological and meteorological events are increasing and are 
significantly impacting the society and economy. The findings of Intergovernmental Panel on Climate 
Change (IPCC, 2014) are indicating that there is a possibility of occurrence of more floods in some 
river basins of the world. During 1995-2015 around 3,062 flood disasters have occurred in the world 
which accounts for 43% of all natural disasters (UNISDR and CRED, 2016). India is one of the worst 
flood affecting country in the world after the Bangladesh and accounts for one fifth of global death 
count. Yerrakalava River Basin is the part of Kolleru-Upputeru catchment located in between Krishna 
and Godavari River Basins of India. The basin experiencing the floods in the downstream areas 
causing submergence of agriculture lands extending in thousands of hectares (EENADU, 2012). The 
floods are almost perennial in nature except in dry years. The satellite image observations during 
2005-2013 indicate that the aggregate flood submergence area is around 2800 ha. 

Many hydrological models have been developed and are found to be extensively used in 
many river basins of the world (Chu and Steinman, 2009; Lin et al., 2009; Meenu et al., 2012). Most of 
the studies indicate that Hydrological Engineering Center – Hydrological Modeling System (HEC-
HMS) developed by US Army Corps of Engineers is an most promising hydrological model for a 
generation of annual river flows and peak floods. An informal survey by Felming (2009) indicates that 
the HEC-HMS model is the most widely used model after the Hydrologiska Byråns 
Vattenbalansavdelning (HBV) model. Du et al., (2012) have studied the impact of land use change on 
annual river flows and daily peak flows using the HEC-HMS hydrological model in a Qinhuai River 
basin (2631 km2), China. Suriya and Mudgal (2012) studied the impacts of urbanization on stream 
flows in Chennai, India using HEC-HMS model. Verma et al., (2010) evaluated the HEC-HMS and 
WEPP models and simulated daily watershed runoff in Baitarani River basin of India and concluded 
that the HEC-HMS model is superior to WEPP model. Ali et al., (2011) used the HEC-HMS model to 
assess the impacts of the increased urbanization on stream flows in Islamabad. In the present study, 
HEC-HMS model is adopted to develop hydrological model of Yerrakalava river basin. The main 
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objective of the present study is to create the spatial database and to build the event hydrological 
model that predicts the floods with different magnitudes under different rainfall conditions using HEC-
HMS model.  

Study Area and Data Sources

Description of the Study Area 

Yerrakalava River Basin is part of Kolleru-Upputeru catchment at East Coast of India lies in 
between 80°54' to 81°39' of East longitudes and 16°51' to 17°25' of North latitudes with an aerial 
extent of 2402 km2. The altitudes (above mean sea level) in the range of 10 m at southern side near 
the basin outlet to 731 m at north-eastern part.  Fig. 1 is showing the location map of the study area. 
Yerrakalava basin is drained by major river Yerrakalava and its tributary streams namely Jalleru,
Jalavagu, Baineru, and Turpukalava. At the confluence point of Yerrakalava and Jalleru Rivers, a 
reservoir was constructed in the year 1988 with a design flood of 1370.5 m3/s, gross storage capacity 
of 155.4×106 m3 and it has a flood controlling capacity of 28.32 million m3. The normal onset of South-
West monsoon is 1st week of June. The average annual rainfall of the basin is 1103 mm. The South-
West monsoon (June-Sep) is contributing 73% and North-East monsoon (Oct-Nov) is contributing 
16% of the total rainfall. The data used in this study area are Survey of India toposheets (1:50000 
scale), daily rainfall of 23 years at 14 rain gauges, daily stream flow data of 4 years at two locations, 
multi-spectral satellite images, soil map and geological map of the study area and SRTM digital 
elevation data. 

Fig. 1 Location map of the study area 

Methodology 

Land Use / Land Cover Classification 

Using the on-screen visual interpretation techniques and field visits, a total of 14 land 
use/land cover classes were delineated (NRSA, 1995). The land use / land cover units include 
cropland (54.51%), plantation (13.7%), deciduous forest (12.41%), forest plantation (4.9%), fallow 
land (4.8%), water bodies (2.4%), rural area (2.4%), scrubland (2.3%), evergreen / semi-evergreen 
forest (0.98%), rivers/streams/canals (0.82%), scrub forest (0.53%), Gullied and ravenous land (0.12 
%), grass/grazing (0.02 %), and barren rocky area (0.03%). These classes were further reclassified 
into agriculture, plantation, impervious areas, scrubs, and water bodies for SCS curve number 
generation.
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Hydrological Soil Groups 

United States Department of Agriculture and Soil Conservation Service (USDA and SCS, 
1989) has classified the soils into four Hydrological Soil Groups (HSGs) namely A, B, C, and D based 
on the infiltration and runoff characters of the soils. The study area is occupied by soil group B 
(moderate infiltration rates) at northern part and soil group D (very low infiltration rates) at rest of the 
area. The high percentage of very low infiltration rate soil (group D) is possibly one of the reasons for 
flooding in the lower parts of the basin.  

Curve Number Generation 

Curve number grid has been generated using HEC-GeoHMS tool in ArcGIS environment (USACE, 
2010a). The curve number (CN) values are ranging from 100 (Water bodies) to 30 (permeable soils 
with high infiltration rates). Fig. 2 is showing the curve number map of the study area. The study area 
has been divided into a total of 12 sub-basins and each sub-basin has various parameters are given 
in Table 1. The slope of sub-basins is ranging from 1.1 % to 8.3 % with more than 5% in sub-basins 
w1210 and w570 located at north-eastern side of the study area results in high runoff concentration in 
shorter duration. The lumped curve number (CN) of sub-basins is varying between 48.3 to 73.4. The 
relative curve number for different flood events as per the antecedent moisture condition of five days 
rainfall were given in Table 2. The lumped curve number is found to be more than 70% in w1210, 
w1010, w570, and w1350 indicating more runoff from these sub-basins. The impervious area is 
calculated for different land classes using available literature. The impervious areas change the water 
cycle and obstruct natural runoff leads to flood risks to inhabitants. Impervious values of different land 
use classes were obtained from HEC-GeoHMS user manual (USACE, 2010a). The impervious areas 
of sub-basins are varying from 6.2% to 14.1% with maximum in w1360. The  time is found to be 
maximum in sub-basin w560 and minimum in sub-basin W570. 

Table 1 Sub-basins with area, slope, CN, impervious area and lag time 

Area,
km2

Basin 
slope (%)

Curve 
number(CN)

Impervious 
area, %

Longest flow 
Length (miles)

Lag time, 
minutes

w1010 181.2 1.29 72.7 8.1 21.9 930.2
w1050 177.7 1.11 67.3 8.3 19.98 1077.5
w1210 211.8 8.23 73.4 10.4 33.56 508.4
w1260 145.8 2.67 69.8 9.9 20.16 655.4
w1350 241.0 1.76 72.0 8.9 19.41 736.9
w1360 196.9 1.90 67.3 14.1 17.77 751.3
w1400 121.1 1.22 54.9 6.8 14.64 1099.5
w1410 134.5 1.68 66.9 8.0 16.01 741.3
w560 358.0 2.74 48.3 6.2 29.75 1534.4
w570 171.2 5.71 72.5 8.8 24.15 480.7
w670 134.1 2.79 53.1 7.9 18.79 940.0
w700 329.0 2.82 60.5 8.2 23.01 902.5

Table 2 Relative curve numbers for different flood events 

Sub-Basin AMC-II

Calibration Validation
Oct. 2 to
Oct. 10, 2007

Aug. 4 to 
Aug. 17, 2008

Jul. 25 to 
Aug. 6, 2010

Sep. 2 to 
Sep. 9, 2010

Sep. 25 to 
Oct. 10, 2010

w1010 72.7 71.4 71.4 93.4 93.0 93.4
w1050 67.3 71.2 71.2 71.2 93.0 71.2
w1210 73.4 61.8 61.8 78.7 89.6 78.7
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w1260 69.8 71.7 71.7 93.1 93.1 93.1
w1350 72.0 85.9 72.7 95.9 93.4 95.9
w1360 67.3 65.9 65.9 81.5 91.2 81.5
w1400 54.9 81.3 65.5 81.3 91.0 81.3
w1410 66.9 84.4 70.4 84.4 92.7 84.4
w560 48.3 47.3 47.3 67.2 82.8 67.2
w570 72.5 61.6 61.6 78.6 89.6 78.6
w670 53.1 53.7 53.7 72.5 86.1 72.5
w700 60.5 60.5 60.5 77.7 89.1 77.7

Fig. 2 Curve number map of the study area 

HEC-HMS Model Set-up

The excess rainfall transformation is modeled using the SCS unit hydrograph method. The 
base flow is computed using the recession method. The Muskingum routing method is applied to 
route the flow from the basin to the outlet and uses the Muskingum Travel time (K) and Muskingum 
weighing factor (X). The recession constant, base flow threshold ratio, Muskingum travel time (K) and 
weighing factor (X) values are estimated using calibration. The SCS method estimates the 
precipitation excess as a function of cumulative precipitation, land use, soil cover, and antecedent 
moisture. The recession base flow separation model, uses the parameters on Initial discharge, 
recession constant and ratio to peak (threshold ratio) in which the later two parameters are estimated 
using calibration of the model.  

The Muskingum X represents the weighing factor between inflows and outflows; it ranges 
from 0.0 to 0.5. The value of 0.0 results in maximum attenuation and 0.5 results in no attenuation. 
Most of the stream reaches require an intermediate value and it was estimated through calibration 
(USACE, 2010a). In the present study, both muskingum K and X are taken as calibration parameters.  
Fig. 3 is showing the un-scaled map of the 12 sub-basins (w560, w1360…...), reaches (R150, 
R180….), junctions (J244, J265….), Reservoir, and sink.  Thiessen polygon method with fourteen rain 
gauge stations is used to compute the sub-basins average precipitation. The Evapo-transpiration (ET) 
losses were negligible for a given high intensity storm events (Ali et al., 2011).  
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Since, the available data on rainfall and discharge are at daily time step (24 hours), so the 
model also simulated for daily time step. In the present study, HEC-HMS model is used to simulate 
the five flood events (two for calibration and three for verification) occurred between 2007 and 2010. 
Since, the model is developed for flood studies so that the events are selected in such a way that they 
produce peak runoff of more than 250 m3/s. These events are selected based on the availability of the 
rainfall data, discharge and reservoir inflows, and outflows. The paired data used in the study area are 
Elevation-Storage data of Yerrakalava reservoir and Elevation-discharge data of Anantapalli river 
gauge.   

Fig. 3 Yerrakalava River Basin model set-up in HEC-HMS 

For the assessment of model performance, four evaluation criteria including Nash-Sutcliffe 
Model Efficiency (NSE), the deviation of runoff volumes ( ), the deviation of peak discharge ( ), 
and absolute error of time to peak  were used(Ali et al., 2011; Chen et al., 2009; Gupta et al., 
1999). The Nash-Sutcliffe Model Efficiency (NSE) uses to quantify the goodness of-fit between the 
modeled streamflow and observed records. The value of NSE ranges between 0 and 1. A value of 1
indicates a perfect fit and 0 is a poor fit. NSE values between 0.5 and 0.95 indicate a good simulation 
result (Andersen et al., 2001). Deviation of peak discharge  is negative for under prediction and 
positive for over prediction.   

Results and Discussion 

Calibration of the Model 

The calibration is made for two flood events happened during “Oct. 2 to Oct. 10, 2007” and 
“Aug. 4 to Aug. 17, 2008” (Fig.4). The stream flow data at Anantapalli river gauge is showing that the 
maximum peak discharge during these events are 291.9 m3/s and 637.5 m3/s respectively. The initial 
values of recession constant, base flow threshold ratio, Muskingum K and Muskingum X are adopted 
from the similar studies (Ali et al., 2011, Chen et al., 2009; Du et al., 2012) and later modified during 
calibration (Table 3).  

Table 3 Calibrated parameters of the HEC-HMS model of different rain events 

Sub-basin

Recession constant
Base flow

Threshold ratio

Oct.2-10, 2007
Aug.4-17, 

2008
Oct.2-10,

2007
Aug.4-17, 

2008
W1210 0.3068 0.3900 0.2539 0.27
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W1260 0.3571 0.4399 0.2460 0.27
W1350 0.3900 0.4938 0.2395 0.27
W1360 0.5081 0.5940 0.2640 0.15
W1410 0.2712 0.3248 0.2472 0.24
W560 0.5291 0.6019 0.2764 0.16
W570 0.4083 0.4687 0.2787 0.16
W670 0.8106 0.8180 0.2810 0.16
W700 0.5821 0.6167 0.2831 0.16

Reach
Element

Muskingum K Muskingum X

Oct.2-10, 2007
Aug.4-17,

2008
Oct.2-10,

2007
Aug.4- 17, 

2008
R1430 2.6172 2.5166 0.4597 0.4376
R150 4.8201 4.8394 0.4365 0.4197
R180 5.0101 5.0162 0.4604 0.4424
R320 6.1335 6.0383 0.4784 0.4631

Reach-11 5.1554 5.1599 0.4808 0.4463

The calibrated flood event of “Oct. 2 to Oct. 10, 2007” is showing excellent match between 
simulated and observed hydrograph (Fig.4). The performance statistics of NSE, Dv, Dp and  are 
0.98, -0.82, 12.2 and 0 respectively representing very good calibration of the model (Table 4). 
Similarly for flood event of Aug. 4 to 17, 2008, the flow pattern of simulated and observed 
hydrographs are also well matched (Fig.4). The values of NSE, Dv, Dp and  are 0.75, -4.31, 6.16 
and 0 are also representing good model calibration. 

Table 4 Model performance during calibration and validation 

Rain event
Observed

peak (m3/s)

Statistics

NSE Dp, % Dv, %
Oct.2-10, 2007 292.1 0.98 -0.82 12.12 0.00
Aug.4-17, 2008 637.5 0.75 -4.31 6.16 0.00

Jul. 25 to Aug. 6, 
2010 354.1 0.97 -3.98 3.08 0.00

Sep. 2 to Sep. 9, 
2010 308.5 0.64 -29.62 20.41 0.00

Sep. 25 to Oct. 3, 
2010 609.6 0.87 -2.72 10.1 0.00

In both the events, the time of simulated & observed peak discharges matched exactly 
indicating the good calibration of the HEC-HMS model. The negative values (-0.82 & -4.31) in 
deviation of peak indicates the under prediction of the model. The average NSE value of 0.865 
indicates the good performance of the model. Similar results were observed in Xitiaoxi basin & Lai 
Nullah basin (Chen et al., 2009; Ali et al., 2011). Hence, the present HEC-HMS model can be used for 
further studies.  

Validation of the Model 

The validation of the model is performed for three flood events which occurred during 2010. 
The rain events include “Jul. 25 to Aug. 6, 2010”, “Sep. 2 to Sep. 9, 2010” and “Sep. 25 to Oct. 3, 
2010” (Fig.4). The statistical performance of these three events is shown in Table 4. The model 
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efficiency (NSE) values of the three validated events are 0.97, 0.64 and 0.87 respectively showing the 
good validation of the model (Meenu et al., 2012; Du et al., 2012). 

Fig.4  Observed and simulated hydrographs during calibration and validation  

The average NSE value of the validated model is 0.82 which is showing the good agreement 
of the model validation results. The deviation of the peak (Dp, %) is -3.98, -29.62 and -2.72 
respectively for three rainfall events are indicating good agreement of the peak discharge. The similar 
results were observed in Ali et al., (2011). Hence, it is concluded that the model is reasonably 
predicting the peak discharge. The deviation in flood volume (Dv, %) from observed data for three 
flood events are 3.08, 20.41 and 10.1 respectively indicates the flood volume are within limits. The 
time to peak discharge for simulated and observed is exactly matched. The calibration and validation 
results indicate that the HEC-HMS model with the selected sub-models are accurately predicting the 
peak discharge, flood volume and time to peak for selected Yerrakalava River Basin. 

Sensitivity of the Model 

The sensitivity of model for different parameters gives the clue about the impact of change in 
particular parameter on flood event. Seven parameters are considered for sensitivity analysis include 
initial abstraction, curve number, impervious area, Lag time, recession constant, base flow threshold 
ratio and Muskingum K.  For each parameter six sensitivity scenarios were considered. The scenarios 
are -30%, -20%, -10%, +10%, +20% & +30% change in parameter. Each parameter under different 
scenarios gave different flood magnitudes in which the curve number (CN) has shown the highest 
impact on peak flood and runoff volume while compared with other parameters. The change in curve 
number by ±30% causes the flood modification by more than 50% (Table 7). The impact of change in 
other parameters on flood magnitude is less than 6%. Therefore, it is concluded that CN plays a 
critical role and other parameters plays nominal role in the intensification of flood. Land use/land 
cover pattern is changing time to time and plays a critical role in runoff modification of the catchment.  
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Table 5 Summary of curve number sensitivity on stream flow 

% Change 
in CN

Deviation of
peak (Dp, %)

Deviation in runoff 
volume (Dv, %)

-30% -50.77 -46.19
-20% -35.10 -32.47
-10% -18.10 -17.01
10% 18.81 18.48
20% 37.13 38.46
30% 53.10 60.31

Conclusion 

 Yerrakalava River Basin of Kolleru-Upputeru catchment is located in between Krishna and 
Godavari River Basin is facing frequent floods. The HEC-HMS model is applied to the present study 
area and the results are in good agreement. The model simulates the daily stream flow & predicts the 
floods with an accuracy of more than 85%. Curve number is highly influencing the model results than 
any other parameter. Hence, it is recommended to focus more on land use/land cover practices. In 
similar studies of flood modeling where the data is scarce and not available, HEC-HMS model will 
provide best results.  
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Abstract: 

The prediction of a peak discharge and accurate flood inundation area is an essential part of a flood 
forecasting system. In the present study, an attempt has been made for the assessment of flood 
inundation area of a Yerrakalava River Basin using HEC-HMS model and satellite images. The 
developed event hydrological model of the Yerrakalava River basin has been used for flood 
prognostic studies which include the estimation of submergence area using satellite observations, 
relating peak flood with corresponding flood inundated area, identification of minimum discharge 
(Threshold discharge) that is causing the flood submergence. The calculated threshold discharge is 
117.85 m3/s is used to predict the floods in lower parts of the basin. Later, the flood contributing sub-
basins were identified using the threshold discharge. The systematic study of the runoff from each 
sub-basin indicates that most of the flood is generated from lower part of the basin and mostly from 
north eastern part of the study area.  

Keywords: Flood prognostics, Yerrakalava Basin, HEC-HMS model, Regression, Flood submergence. 

Introduction 

 The floods are highly impacting the ecosystem of the nature, sometimes needs special 
attention to predict the system of flood movement. Flood movement depends on the physiographical 
and hydro-meteorological conditions of an Area.  In recent times, satellite data applications in 
combination with physical measurements and Hydrological modeling are highly valid in prediction and 
movement of flood waters.  For studying the hydrological processes in a river basin, many 
hydrological models have been developed and are extensively used in many river basins of the world 
(Chu and Steinman,2009; Li and Wang., 2009; Lin et al.,2009; Meenu et al., 2012; Perrin et al., 2012; 
Rogelis., 2016; Yan et al., 2013;). Most of these studies indicate that Hydrological Engineering Center 
– Hydrological Modeling System (HEC-HMS) is a most promising hydrological model for a generation 
of annual river flows and peak floods. Tramblay et al., (2012) reproduced the runoff and floods with 
limited rainfall data in northern Morocco catchment. Du et al., (2012) studied the impact of land use 
change on annual river flows and daily peak flows in a Qinhuai River basin (2631 km2), China. 
Saghafian et al., (2008) has identified the flood source areas in the Golestan watershed located in the 
northeast of Iran. Sanyal et al., (2014) evaluated the varying degrees of land-use/land cover changes 
across different sub-catchments that are affecting the flood peak at the catchment outlet in a Konar 
catchment, Eastern India. Suriya and Mudgal (2012) studied the impacts of urbanization on stream 
flows in Chennai, India. Verma et al., (2010) simulated daily watershed runoff in Baitarani River basin 
of India using HEC-HMS and WEPP models and conclude that the HEC-HMS model was predicted 
well compared to WEPP model. Ali et al., (2011) assessed the impacts of increased urbanization on 
stream flows in Islamabad. All the above studies are indicating the suitability and superiority of the 
HEC-HMS model in the Hydrological modeling of a river basin. In the present study, a validated HEC-
HMS model of the Yerrakalava River basin is used to predict the threshold runoff at Anantapalli that 
creates the flood & identified the flood contributing sub-basins.   
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Study Area and Data Sources 

 Yerrakalava River Basin is part of Kolleru-Upputeru catchment at East Coast of India lies in 
between 80°54' to 81°39' of East longitudes and 16°51' to 17°25' of North latitudes with an areal 
extent of 2402 km2. Fig. 1 is showing the location map of the study area. 

Fig. 1 Location map of the study area 

Methodology 

The validated HEC-HMS model for Yerrakalava River Basin is used for present flood 
prognostics studies. The flood inundation maps are acquired from NRSC (Bhuvan website), Govt. of 
India were geo-referenced and digitized for calculation of flood inundation area. The flood inundation 
maps are available for different dates and the corresponding rain events were selected for model 
simulation. The comparative study was made between flood inundation area and the peak discharges 
of different rain events and a regression equation has been developed. This equation has been used 
for identifying the threshold runoff which creates the flood inundation in lower part of the river basin. 
Using the threshold discharge value, flood contributing sub-basins were identified.  

Results and Discussion 

Assessment of peak discharge and flood submergence area 

The validated HEC-HMS model (with efficiency (NSE) values are 0.87 and 0.82) is used for 
the assessment of peak discharge at Anantapalli village for different rain events. The Yerrakalava 
River basin has total 12 sub-basins in which the sub-basins w560, w570, w670, w700 and w1360 fall 
in upper basin and sub-basins w1210, w1260, w1350, w1010, w1400, w1050 and w1410 fall in lower 
basin. All sub-basins are contributing runoff to Anantapalli river gauge except sub-basins w1010, 
w1400 and w1050. These three sub-basins are below the Anantapalli river gauge in which sub-basin 
w1050 is experiencing the flood submergence (blue color) (Fig.2). From the NRSC website, flood 
submergence maps of Yerrakalava river are available for Sep. 23, 2005; Aug. 7, 2008; Aug. 13, 2008; 
Jul. 30, 2010; Sep. 8, 2010; and Nov.6, 2012. For each flood map, the duration of rainfall and 
corresponding peak discharge is estimated using the HEC-HMS model. 

The satellite image of Sep. 23, 2005 is showing the flood submergence area of 6897 acres. 
For this flood, the duration of the rainfall is from Sep. 19 to Sep. 26, 2005 and estimated peak flood is 
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700 m3/s on Sep. 20, 2005 (Fig. 2). In the month of August, 2008, two satellite images were captured 
and they are on Aug. 7, 2008, and on Aug. 13, 2008. The duration of the rainfall for these two flood 
images is from Aug. 4 to Aug. 16, 2008. The model simulated peak discharge on Aug. 5, 2008 is 
360.6 m3/s and the corresponding satellite image on Aug. 7, 2008 is showing the flood inundation 
area of 3543 acres. The simulated peak discharge on Aug. 10, 2008 is 897 m3/s and the flood 
inundation area is 10410 acres which was happened on Aug.13, 2008. The flood inundation is more 
on Aug. 13, 2008 compared to Aug. 7, 2008 and it was the highest flood inundation in recent years. 
However, the maximum flood inundation on Aug. 13, 2008 is due to the immediate occurrence of 
second flood after the first flood on Aug. 7, 2008.   

Fig. 2 Simulated stream flow and corresponding flood inundation for different rain events 

The simulated runoff during Jul. 24 to Aug. 7, 2010 at Anantapalli river gauge is showing 
many peaks in hydrograph (Fig. 2), in which the maximum peak dicharge of 387.1 m3/s is observed 
on Jul. 29, 2010. The other two peak discharges were identified before and after the maximum peak 
and have the peak discharge of less than 200 m3/s. The satellite image of  Jul. 30, 2010 is showing 
the flood inundation area of 3050 acres. The accumulated flow before the peak flood on Jul. 29, 2010 
has created the high antecedent moisture conditions and causing the flood inundation on Jul. 30, 
2010. The satellite image of Sep. 8, 2010 is showing that there is a flood submergence area of 2834 
acres. The duration of the rainfall corresponding to flood on Sep. 8, 2010 is from Sep. 2 to Sep. 9, 
2010 (Fig. 2). The simulated hydrograph is showing that one peak occurred on Sep. 4, 2010 with 
peak discharge of 402 m3/s and the other peak occurred on Sep. 7, 2010 with peak discharge of 303 
m3/s. The image corresponding to the second event is also representing first event in terms of 
antecedent moisture. Hence, the maximum peak discharge considered for the flood inundation is 402 
m3/s which is observed on Sep. 4, 2010. The satellite image of Yerrakalava river basin on Nov. 6, 
2012 is showing the flood submergence area of 4160 acres. The rain event from Nov.1 to Nov. 9, 
2012 creates the maximum peak discharge of 597 m3/s on Nov. 4, 2012.  
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Correlation of peak discharge and flood submergence area 

The physiographic study was conducted for slope analysis and found that, the change in 
slope is less than 1% in and around the flood submergence area.  Based on this, the assumptions are 
made to correlate the peak discharge and flood inundation area. In this particular case, it is assumed 
that, the peak discharge is directly proportional to flood inundation area. The simulated peak 
discharge and the corresponding areal submergence given in Table 1.

Table 1 Simulated peak discharge and flood submergence area 

Flood map
Peak 
Discharge(m3/s)

Flood Area
(Acres)

Sep.22, 2005 700.0 6897.0
Aug.7, 2008 360.6 3543.4
Aug.13,2008 897.1 10409.7
Jul.30, 2010 387.1 3050.4
Sep.8, 2010 303.8 2834.2
Nov.6, 2012 597.0 4159.5

Fig. 3 is depicting the correlation graph of peak discharge (m3/s) and flood submergence area 
(Acres). The regression line is showing the coefficient of determination (R2) of 0.90 indicates the good 
relation between the observed inundation area and simulated peak discharge. The value of R2 is 
ranging between 1.0 (Good) and 0.0 (unacceptable).  

Fig. 3 Relation between the peak discharge and area of inundation 

The  regression equation for peak discharge and flood inundation area is : 

Y = 12.168X- 1433     

Where Y= Area of submergence; X= Peak discharge at the Anantapalli. 

From the regression equation, it was assessed that, the area of submergence is equal to zero 
if the discharge at the Anantapalli is less than 117.85 m3/s. So that the value of 117.85 m3/s is 
considered as the threshold discharge for flood submergence in lower basin.  

Sub-basins runoff analysis 

The runoff from individual sub-basins were assessed for different rain events using model. 
Four rain events are selected for this analysis which include Aug. 4 to Aug. 17, 2008; Jul. 24 to Aug. 
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7, 2010; Sep. 2 to Sep. 9, 2010; and Nov. 1 to Nov. 10, 2012. The upper basin (six sub-basins) has 
reservoir control for release of water but there is no control from lower basin (six sub-basins). Here 
two conditions were assumed for assessment of flood contributing areas: (1) reservoir releases with 
less than threshold discharge and (2) reservoir releases with more than threshold discharge. If the 
water release from reservoir exceeds the threshold value of 117.85 m3/s, the flooding will start in the 
lower basin. The discharge from different sub-basins during different rain events is given in Table. 2. 
The flood sub-mergence is identified on satellite images of Aug. 7, 2008 and Aug. 13, 2008. For this 
event, the model simulated time to peak is identified on Aug. 10, 2008 in all sub-basins except in 
w560 in which on Aug. 11, 2008. The reservoir releases shows that there is no release during Aug. 4-
6, 2008 and the release of water is more than the threshold value during Aug. 10-13, 2008 (Table 3). 
The simulated hydrograph at Anantapalli is showing that the maximum peak discharge has occurred 
on Aug. 10, 2008 which is 897 m3/s. The observed reservoir release on Aug. 10, 2008 is 265.7 m3/s 
which is more than the threshold discharge of 117.85 m3/s. The observed reservoir releases, 
simulated discharge at Anantapalli, and flood submergence area at lower part indicate that before 
starting the threshold discharge from reservoir, the flooding has been occurred at lower part of the 
basin. This indicates the flood submergence on Aug.7, 2008 is occurred from lower sub-basin 
especially from north-eastern side. The reservoir discharges are added to the lower basin during later 
period and causing maximum flood submergence on Aug.13, 2008.   

 The event of Jul. 24 to Aug. 7, 2010 indicates that the peak discharge has occurred at 
Anantapalli River gauge on Jul. 29, 2010 which is 387.1 m3/s. In almost all sub-basins, the peak 
discharge is observed on the same day of Jul. 29, 2010 except in w1350 (Jul. 25, 2010) and w560 
(Jul. 30, 2010) (Table 2). The water releases from reservoir (Table 3) during Jul. 24 to Jul. 27 is zero 
and after that slowly increased and reaches the maximum of 43.7 m3/s indicates that there is no 
significant discharges from the reservoir (upper basin). The sub-basins contributing more than the 
threshold discharge in lower basin are w1210, w1260 and w1010. The sub-basins w1210 and w1260 
are located in northeastern part of the study area and are contributing more flood and located in lower 
sub-basin.  

Table 2 Model simulated peak flood and time of different rainfall events of different sub-basins 

Sub-
basin

Area, 
km2

Aug. 4 to Aug. 17, 
2008

Jul. 24 to Aug. 7, 
2010 Sep.2 to Sep. 9, 2010

Nov. 1 to Nov. 10, 
2012

Rainfa
ll,
mm

Pea
k,
m3/s

Time,
8 AM

Rainfa
ll,
mm

Pea
k,
m3/s

Time,
8 AM

Rainfa
ll,
mm

Pea
k,
m3/s

Time,
8 AM

Rainfa
ll,
mm

Pea
k,
m3/s

Time,
8 AM

W1010 181.
2

262.7
7

147.
9

10Aug20
08

193.2 145.
4

29Jul20
10

95.87 74.7 04Sep20
10

199.9
8

131 04Nov20
12

W1050 177.
7

313.4
7

117.
6

10Aug20
08

135.4
1

50 29Jul20
10

76.72 13.2 08Sep20
10

250.3
1

141.
2

04Nov20
12

W1210 211.
8

367.5
3

234.
2

10Aug20
08

226.0
8

171.
5

29Jul20
10

99.15 50.9 04Sep20
10

194.2
1

170 03Nov20
12

W1260 145.
8

317.7
6

154.
6

10Aug20
08

243.4 149.
8

29Jul20
10

145.5
8

117 04Sep20
10

183.7
6

135.
7

03Nov20
12

W1350 241.
0

342.7 230.
1

10Aug20
08

131.9
4

95.1 25Jul20
10

103.6
1

109.
8

04Sep20
10

159.6
6

202.
5

03Nov20
12

W1360 196.
9

360.7
2

195.
7

10Aug20
08

154.3
8

83.6 29Jul20
10

92.91 43.8 04Sep20
10

179.1
7

152.
4

03Nov20
12

W1400 121.
1

272.9 69.7 10Aug20
08

88 19.6 29Jul20
10

90.81 18.3 04Sep20
10

157.4
6

53.5 04Nov20
12

W1410 134. 278.2 107 10Aug20 148.9 65.5 29Jul20 122.8 61.5 04Sep20 164.7 76.2 03Nov20
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5 9 08 6 10 5 10 9 12
W560 358.

0
392.9
8

236.
6

11Aug20
08

181.9
8

98.5 30Jul20
10

101.1
5

29.3 05Sep20
10

221.2
4

202.
2

04Nov20
12

W570 171.
2

379.7
3

195.
9

10Aug20
08

235.3
7

145.
2

29Jul20
10

102.3
9

42.6 04Sep20
10

199.7
3

141.
7

03Nov20
12

W670 134.
1

399.9
4

131 10Aug20
08

155.4
3

42.1 29Jul20
10

95.25 16.7 04Sep20
10

225.4
4

106.
5

03Nov20
12

W700 329.
0

345.1
1

291.
2

10Aug20
08

131.0
3

75.2 29Jul20
10

99.49 54.8 08Sep20
10

210.8
7

289.
8

03Nov20
12

Table 3 Observed reservoir discharges for different model simulations 

Aug. 4 to Aug. 17,2008 Jul. 24 to Aug. 7, 2010 Sep. 2 to Sep. 9, 2010 Nov. 1 to Nov. 10, 2010
Date Discharge(

m3/s) Date
Discharge(
m3/s) Date

Discharge(
m3/s) Date

Discharge(m3/
s)

4-Aug-08 0 24-Jul-10 0 2-Sep-10 113.4 1-Nov-12 2.5
5-Aug-08 0 25-Jul-10 0 3-Sep-10 110 2-Nov-12 2.5
6-Aug-08 0 26-Jul-10 0 4-Sep-10 77.9 3-Nov-12 6.8
7-Aug-08 10 27-Jul-10 0 5-Sep-10 203.8 4-Nov-12 200.6
8-Aug-08 78.7 28-Jul-10 3.5 6-Sep-10 147.9 5-Nov-12 233.6
9-Aug-08 110.7 29-Jul-10 3.5 7-Sep-10 76.5 6-Nov-12 29.5

10-Aug-08 265.7 30-Jul-10 16 8-Sep-10 76.5 7-Nov-12 60
11-Aug-08 421.9 31-Jul-10 43.7 9-Sep-10 76.5 8-Nov-12 31.6
12-Aug-08 208.9 1-Aug-10 27.1 9-Nov-12 17.5
13-Aug-08 134.3

2-Aug-10 22.7
10-Nov-

12 14.2
14-Aug-08 84.8 3-Aug-10 22.7
15-Aug-08 75.6 4-Aug-10 22.7
16-Aug-08 75.6 5-Aug-10 22.7
17-Aug-08 73.8 6-Aug-10 12.6

7-Aug-10 8.5

The simulated flood event of Sep. 2 to Sep. 9, 2010 shows that, the maximum peak discharge 
at Anantapalli gauge is 402 m3/s on Sep. 4, 2010 and the other is 303 m3/s on Sep. 7, 2010 (Fig. 2). 
The individual sub-basins runoff shows that from both upper and lower parts, there is no sub-basin 
which is contributing discharge more than 117 m3/s (Table 2) indicates no sub-basin is individually 
creating flood in lower basin. The reservoir releases during Sep. 2 to Sep. 9, 2010 (Table 3) is 
showing reasonable discharge everyday and more than threshold discharge on Sep. 5 and Sep. 6, 
2010 indicates the extra contribution to flood submergence which is shown in second peak of the 
simulated hydrograph (Fig.2). The sub-basin wise discharge analysis (Table 2) indicates that w1260 
and w1350 are more contributing to the flood & both are located at lower basin. 

The simulated rain event of Nov.1 to Nov. 10, 2012 shows the peak flood of 597 m3/s on Nov. 
4, 2012 at Anantapalli river gauge (Fig. 2). The sub-basins w700 & w560 in upper basin and the sub-
basin w1350 in lower sub-basin are contributing more runoff to the flood submergence. The observed 
reservoir outflows show maximum discharge on Nov. 4 and Nov. 5, 2012. The simulated peak 
discharge and the observed reservoir releases indicate the peak flood at Anantapalli is due upper and 
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lower basin runoff. From the lower basin, the sub-basins w1350 and w1210 are contributing more 
runoff to the inundated area.  

After careful observation of simulated runoff from sub-basins, the source of flooding at lower 
part is from both the upper and lower basins. From the upper basin, the reservoir is controlling the 
flood but from lower basin especially from north-eastern side the sub-basins w1210 and w1260 are 
contributing maximum runoff most of the time and does not have any flood controlling structures. This 
means the streams Bineru (w1210) and Turpukalava & Pulivagu (w1260) are major flood contributing 
sources. Also, the flood from these two sub-basins directly reaching the inundated area and makes 
the submergence in sub-basin w1050. So that these two sub-basins must be considered, before 
implementing any flood controlling activities in lower part of the catchment.  

Conclusion 

In the present study a developed HEC-HMS model is used to generate the peak discharge for 
different rain events and the corresponding flood inundation area is mapped using the satellite 
images. A relation has been developed between peak flood and the flood submergence area by using 
regression method with a correlation value (R2) of 0.90, indicates good relation. The threshold peak 
discharge (117.85 m3/s) has been estimated and used to assess the sub-basins which are 
contributing more runoff to the flooding area. The systematic study implies that, the sub-basins in 
lower basins namely w1210 (Bineru Vagu)  and w1260 (Turpu Kalava & Pulivagu) are contributing 
more runoff to the flooding area due to non availability of storage structures in this part of river basin. 
The study indicates that the usefulness of the HEC-HMS model in flood modeling of a river basin and 
identification of flood source areas.  

References: 

1. Ali, M., Khan, S.J., Aslam, I., and Khan, Z., (2011). “Simulation of the impacts of land-use 
change on surface runoff of Lai Nullah Basin in Islamabad, Pakistan”, Landscape and Urban 
Planning, Vol. 102, pp. 271-279.

2. Du, J., Xie, S., Xu, Y., Xu, C., Singh, V.P., (2007). “Development and testing of a simple 
physically-based distributed rainfall-runoff model for storm runoff simulation in humid forested 
basins”, Journal of Hydrology, Vol. 336, pp. 334–346.  

3. Li, Y.K. and Wang, C.Z., (2009). “Impacts of urbanization on surface runoff of the Dardenne 
Creek watershed, ST. Charles county, Missouri”, Physical Geography, Vol. 30, pp. 556–573 

4. Lin, Y.-P.P., Verburg, P.H., Chang, C.-R.R., and Chen, H.-Y.Y., Chen, M.-H.H., (2009). 
“Developing and comparing optimal and empirical land-use models for the development of an 
urbanized watershed forest in Taiwan”, Landscape and Urban Planning, Vol. 92, No. 3-4, 
pp.242-254. 

5. Meenu, R., Rehana, S., and Mujumdar, P.P., (2012). “Assessment of hydrologic impacts of 
climate change in Tunga-Bhadra river basin, India with HEC-HMS and SDSM”, Hydrological 
Processes, Vol. 27, pp.1572–1589. 

6. Perrin, J., Ferrant, S.,Massuel, S.,Dewandel, B.,Maréchal, J.C.,Aulong, S.,Ahmedg, S., 
(2012). “Assessing water availability in a semi-arid watershed of southern India using a semi-
distributed model”, Journal of Hydrology, Vol. 460-461, pp.143-155. 

7. Rogelis, M.C., Werner, M., Obregón, N., and Wright, N.,(2016).“Hydrological model 
assessment for flood early warning in a tropical high mountain basin”,Hydrological Earth 
System Sciences Discussion, p.30. 

___________________________________________________________________________________________________________________________________________________________________________

___________________________________________________________________________________________________________________________________________________________________________



National Conference on Flood Early Warning for Disaster Risk Reduction   30-31 May 2019, Hyderabad   
 
 

 104 Jointly Organised by NRSC & CWC Under NHP

8. Saghafian, B., Farazjoo, H., Bozorgy, B., Yazdandoost, F., (2008). “Flood Intensification due 
to Changes in Land Use”, Water Resources Management, Vol. 22, No. 8, pp. 1051-1067. 

9. Sanyal, J., Densmore, A.L., Carbonneau, P., (2014). “Analysing the effect of land-use/cover 
changes at sub-catchment levels on downstream flood peaks: A semi-distributed modelling 
approach with sparse data”, Catena, Vol. 118, pp.28-40. 

10. Suriya, S., and Mudgal, B.V., (2012). “Impact of urbanization on flooding: The Thirusoolam 
sub watershed-A case study”, Journal of Hydrology, Vol. 412-413, pp. 210-219. 

11. Tramblay, Y., Bouvier, C., Ayral, P.-A., and Marchandise, A., (2012). “Impact of rainfall spatial 
distribution on rainfall–runoff modelling efficiency and initial soil moisture conditions 
estimation”, Natural Hazards and Earth System Sciences., Vo. 11, pp. 157–170.  

12. Verma, A.K., Jha, M. K., and Mahana, R.K., (2010). “Evaluation of HEC-HMS and WEPP for 
simulating watershed runoff using remote sensing and geographical information system”, 
Paddy Water Environment, Vol. 8, pp. 131–144. 

13. Yan, B., Fang, N.F., Zhang, P.C., Shi, Z.H., (2013).“Impacts of land use change on 
watershed streamflow and sediment yield: An assessment using hydrologic modelling and
partial least squares regression”,Journal of Hydrology, Vol. 484, pp. 26-37.

___________________________________________________________________________________________________________________________________________________________________________

___________________________________________________________________________________________________________________________________________________________________________



National Conference on Flood Early Warning for Disaster Risk Reduction   30-31 May 2019, Hyderabad   
 
 

 105 Jointly Organised by NRSC & CWC Under NHP

Analysis of Channel Hydraulics of Lower Bagjola Canal by Numerical 
Modelling Technique to Obtain the ‘Requirement of Capacity Augmentation’ of 
the Existing Pumping Station at the Outfall, to Ease Out Drainage Congestion, 

in Some Parts of Upper Bagjola Catchment. 

Sri Partha Paul  
Deputy Director of Designs (Canals and Flood control), Irrigation and Waterways Department, 

Government of West Bengal 
Email: dd-cfccdo@wbiwd.gov.in 

Abstract 

Surface run-off from north Kolkata suburb areas is carried away by Bagjola canal, which outfalls into 
river Bidyadhari (Kulti gang) of Sundarban delta system, around 30 km east of the city. The river 
Bidyadhari is a tidal river, and the canal is having a sluice structures (19 vents) with flap shutter gates 
at it’s outfall, to prevent ingress of tide water. During the period of tidal lockage, canal water can’t be 
discharged into river by gravity and run-off water from the city is stored up in the canal, causing water 
level of the canal to rise up. With more rainfall, run-off from low-lying areas of Upper Bagjola 
catchment, can’t flow out through this canal and these areas remain water logged for a certain period 
of time.  

To solve this problem, a Pumping Station of capacity 1650 cusec, was installed at it’s outfall, in 2002, 
to quickly drain out water from the canal during the period of tidal lockage also. 

Due to rapid urbanization in the Upper catchment area, and with upcoming New Town smart city 
project, capacity of pumping station, at the outfall is found inadequate for quickly draining out water 
during monsoon. 

To give respite to the people of this area, from this catastrophic situation, augmentation in the 
capacity of the existing Pumping Station is under consideration of the Government for some time 
past. 

The hydraulic analysis, for the requirement of additional pumps, have been carried out by numerical 
analysis, using HEC-RAS 1D software, and found that an additional capacity of 4050 cusec of 
pumps will be adequate to dispose water quickly, from the Upper Bagjola catchment, for a 25-year 
return period rainfall event. 

1. Introduction 

1.1. Overview of Bagjola Canal 

Bagjola canal is one of the major canal system of Kolkata for drainage. It originates at municipal areas 
of North Kolkata, combining narrow drains and gradually becomes wider and flowing east ward to 
outfall at KULTI Gang, which is a river of Matla estuary system. The canal is distinguished by two 
parts. The initial 9.235 km, where it passes through fully urbanized area is known as Upper Bagjola 
canal. The basin area of the Upper Bagjola is 56.57 sq. km. The lower 28.8 km is known as Lower 
Bagjola canal where for the initial 3 km it flows through semi urbanized area and 10 km through 
upcoming New Town area and after that for the rest of the length is flowing through rural areas. Lower 
Bagjola canal is mainly a carrier channel of discharge from Upper Bagjola catchment and has very 
little catchment run-off of it’s own. Except from New Town area no major inflow from the catchment is 
allowed during peak flow, as flap shutter gates are installed to prevent water to flow from low 
adjoining catchment.  
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1.2. Drainage stagnation in Upper Bagjola catchment area 

There are low lying pockets within the upper Bagjola catchment, of area approximately 8.4 km2. There 
are 10 pumping stations installed in the Upper Bagjola catchment to drain out the storm water from 
these areas. Their total installed capacity is around 1200 cusec (33 cumec). Pumping stations can 
successfully operate, when the water level in the Lower Bagjola canal is low. But when the water level 
is high, water starts flowing backward through different pockets. It is observed that, when the level of 
water at the end of Upper Bagjola canal is below 2.1m mark, all the areas in the upper catchment 
remains free from water logging.

1.3. Proposal for pumping capacity augmentation at outfall 

There is absolutely no scope for widening the Upper Bagjola canal and also no scope of diversion of 
water to adjacent canals for lowering down of water level of Upper Bagjola canal below 2.1 m mark.  
With the existing capacity of pump at the outfall (1650 cusec), water level can’t be lowered down 
below that mark and there has been instances of water logging with all pumps running at their full 
capacities at outfall. So the augmentation in pumping capacity at the outfall, is one of the viable option 
available.

1.4. Numerical analysis for determination of augmented capacity of pumps 

The mathematical model study has been carried out, with an objective to find out the capacity and 
levels of the pumps, to be augmented, at the outfall so that the water level at the boundary of the 
lower Bagjola canal do not cross the mark of 2.1m. for a design storm event of 25 year return period. 

2. Characteristics of Upper and Lower Bagjola catchment 

2.1. Upper Bagjola catchment 

The catchment is bounded by the river Hooghly in the west, natural boundary in the north, VIP road in 
the east, Jessore road, Sealdah main line railway track and VIP road in the south.The catchment area 
includes very small portion of the  Kolkata Municipal Corporation area, Baranagar Municipality, 
Kamarhati Municipality, Dumdum Municipality, North Dumdum Municipality, South Dumdum 
Municipality, part of Rajarhat Gopalpur Municipality, part of Panihati Municipality. The municipality 
wise area of the catchment and is given below. 

Table 3.1 

The main drainage channel in the Upper Bagjola catchment is Upper Bagjola canal. It ends at the VIP 
road crossing near Keshtopur. After that the name of the canal changes to Lower Bagjola canal. 
Major tributaries and channels inletting into Upper Bagjola canal is given in the table below. 

Municipality Area within catchment in 
km2

Inundated area  in 
km2

K.M.C. area 8.67 nil
Barahnagar Municipality 8.51 1.9
Kamarhati Municipality 13.83 1.11
Dumdum Municipality 2.84 nil
North Dumdum Municipality 3.96 0.23
South Dumdum Municipality 13.15 3.91
Rajarhat Gopalpur Municipality 3.56 1.21
Panihati Municipality 1.71 nil
Total 56.23 8.36
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Table 3.2 

Dantia khal Kamarhati Municipality
East and West side drain of B.T.Road Panihati Municipality
Full bagan  nikashi khal Baranagar Municipality
Udaypur khal North and South Dumdum Municipality
Lalababu Nikashi khal/Birpara khal KMC area
Cantonment khal South Dumdum Municipality

Water from the low lying area can’t move by gravity flow. Pumping arrangements have been made for 
these areas to get the stagnant water drained out. The list of pumping stations is given below. 

Table 3.3 

Name of pumping station Location Capacity in cusec 
1 Kamarhati Pumping station 10m 149
2 Naopara pumping station 2900m 198.6
3 Birpara pumping station (KMC) 6815m 170
4 Duttabagan pumping station (old) 7390m 80
5 Bangur pumping station 156
6 Laketownbagan pumping station 20
7 Duttabagan pumping station (new) 7460m 162
8 Dumdum park pumping station(KMDA) 7530m 123.56
9 Bangur pumping station 8080m 21.21
10 Duttabaganpuming station 8610m 88.29

Total 1168.66 ( 33 cumec)

2.2. Lower Bagjola  

The entire area through which the Lower Bagjola canal passes is low lying. The canal was built as a 
carrier channel of the run-off from Upper Bagjola catchment.  The initial 3 km of the canal passes 
through semi urbanized area. In the next 10 km NEW TOWN (a smart city project) is coming up on 
both bank of the canal. The entire NEW TOWN area has been filled up to raise the elevation of the 
township. The last 15 km of the canal is through rural areas. 

The canal is mainly a carrier channel of the discharge of Upper Bagjola canal. The canal mainly 
passes through the low lying areas and the canal is built up in filling in almost all through it’s length. 
The surface water from the adjacent low lying areas can enter into the canal through flap shutter 
gates. When the canal water recedes, the water stored on both sides gradually released.  

3. Numerical Analysis 

3.1. Overview of the Modelling approach 

Hydraulic analysis of the Lower Bagjola canal system, is carried out, with the help of HEC-RAS 1D 
(version 5.0.6) software. HEC-RAS is a computer programme that models the hydraulics of water flow 
through natural rivers and other channels. It solves 1D Saint-Venant equation using an implicit finite 
difference method. 

The objective of the modelling, is to assess the augmented capacity of pumping, required at the outlet 
of the Lower Bagjola canal, so that the combined surface run-off and pumped run-off, from the entire 
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Bagjola catchment area, can easily drain out through the Lower Bagjola canal, without causing water 
logging in low lying areas of the Upper Bagjola catchment. 

For this study, the model of the entire Bagjola canal has not been prepared. Model and 1-D analysis 
has been done for the Lower Bagjola canal reach only. The Upper Bagjola canal, along with it’s 
tributaries is kept out of the purview of the model because a proper representation of the entire Upper 
Bagjola catchment in a model, may require a combination of 1-D and 2-D model study, for which 
guage  data and survey data is not presently available. Further, the model of the Upper reach may 
become too intricate and complex for validation by a mathematical model. 

It is obtained from record that, when the water level at the end of the Upper Bagjola canal flows below 
the mark of 2.1 m PWD level, there is generally no report of water logging in any area in the upper 
catchment. Keeping this in view, this level data is taken as a reference index in the model and it is 
targeted that the required capacity of pumps at the outfall will be of such capacity that for a design 
rainfall event, over the entire Bagjola catchment, the water mark at the junction point will never cross 
the reference index mark. 

Thus, from the model created for the Lower Bagjola canal reach only, the possibility of inundation in 
the Upper catchment has been predicted. 

Simulation of the model of the Lower Bagjola canal has been done under two different PLANs. They 
are briefly mentioned in the Table below. 

Table 4.1

Plan Geometric data Unsteady flow data Simulation period
a PLAN1 Existing canal system 

of Lower Bagjola 
canal

Observed stage data;
Actual pump operation 
data at outfall. 

25 Jul 2018 01:00 hrs. 
to 27 Jul 2018 06:00 
hrs (53 hrs)

b PLAN2 Same as PLAN1 + 
additional outflow 
pumps at outfall+ 
additional run-off lifting 
pumps in the New 
Town area.

Design inflow data (25 
yr. return period); 
Theoritical pump 
operation data

Do

Plan 1 : VALIDATION of the ‘existing canal network’ is done in this PLAN . After validation, the same 
Geometric data (with additional pump) will be used as the Geometric data of PLAN 2 also. 

For validation, Stage data were measured at 6 locations along the Lower Bagjola canal. They are at 
Keshtopur(ch.0 km), Nashkarhati( ch. 7.1 km), Gaptala ( ch. 13.5 km), Sonpur( ch. 21.5 km), U/S of 
sluice structure, D/S of sluice structure. The stage data of the initial and terminal river station of the 
reach are given as the boundary condition in the model. After simulation, the measured stage data of 
the intermediate 4 locations are compared with that obtained from the model simulation, at the same 
locations. 

Validation is not a one step process. Parameters of Geometric data (mainly Manning’s n) are 
tuned gradually to match the observed and obtained stage hydrograph. 

Plan2 is for obtaining the requirement of additional pumps at the outlet of the LOWER BAGJOLA 
canal for a 25 yr return period of rainfall event. 

 FLOW HYDROGRAPH is given as input for Unsteady flow data instead of Stage hydrograph as 
given in PLAN 1. Flow hydrograph given at the upstream boundary condition has been obtained from 
simulation of STAGE DATA in PLAN1. The value of the peak of this FLOW hydrograph is 65.36 
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cumec, which is approximately equal to the theoretical peak discharge from Upper Bagjola catchment, 
for a return period of 25 years. (63.5cumecs, calculation is given in Annexure I). LATERAL INFLOW 
hydrograph and INFLOW data through pumps from New Town area are also given as input for some 
canal stretches. 

3.2. Plan1 

GEOMETRIC DATA and UNSTEADY FLOW DATA inputs and VALIDATION of the Geometric model 
is discussed here. 

3.2.1. Geometric Data  

The geometry of the model is shown by the schematic diagram and described in the Table below. 

Fig. 4.1 

Table 4.2 

Sl. Name Description Geometry Type
1. lower Lower Bagjola reach 

ch. 444m- 28km
River reach

2 lower_9vent Lower Bagjola reach 
ch. 28km- 28.92km

3 Lower_10vent Lower Bagjola reach 
ch. 28km- 28.98km

4 bifurcation Bifurcation point of 
Lower Bagjola canal

Junction

5 LS_1 Diversion to sump 
well@28.47km

Lateral Structure

6 LS_2 Diversion to sump 
well@28.58km

7 IS_1 9-vent 
sluice@28.86km

Inline Structure ( Refer table 4.4below)

8 IS_2 10-vent 
sluice@28.83km

9 PS Pumping station 
1650 cusec

Pump ( Refer table 4.5 below)
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10 Sump old Pump sump  
( Bottom level-5m)

Storage area

11 Bidyadhari r_1 Outfall river  
( Bottom level -8 m)

12 RS 70 Upstream cross 
section of reach R1

Cross section ( There are 57 nos., 5 
nos.,6 nos. surveyed C/S given in reach 
R1,R2,R3 respectively).13 RS 14 Downstream cross 

section of reach R1

14 Bridges ( 13 nos.) 
over reach 1

Bridge ( Refer table 4.3 below)

As mentioned in the Table above, these are the 7 types of Geometric data, given as input in 
Geometric Data Editor. They are River reach, Junction, Cross section, Lateral Structure, Inline 
Structure, Pump Storage area and Bridge.  

As the model is one dimensional one, the bends in the reach is ignored and the reaches are assumed 
as a straight one. The reaches in this model is non-georeferenced. It will not affect the result outcome. 

Table 4.3 

Sl Location of the 
bridges

Chainage 
in km

River 
station

Number 
of piers

Width 
of piers

Length of 
bridge in m

1. Jagatpur 1.114 67.78 2 1 29.5
2. Shantimoynagar 2.396 65.225 2 1 31
3. Gouranganagar 3.113 63.725 3 0.9 33.5
4. Jatragachi 5.76 58.505 2 1.2 37.5
5. Naskarhati 7.095 55.865 2 1.2 39
6. Natunpukur 9.451 51.125 2 1 48.5
7. Gaptala 13.073 43.835 2 1 46.5
8. Jirangachi 14.013 41.908 2 1 66
9. Krishnamati 15.034 39.925 5 0.9 63
10. Saduli 15.951 38.125 5 1 63
11. Sonpur 20.385 29.175 2 1 35
12. Jamirgachi 23.048 23.905 2 1 66
13. Radhanagar-II 24.533 20.915 2 1 60

Existing sluice data: 

Table 4.4 

Sl Type 
of
sluice

Location 
of cross 
sections

Identifier 
name in model

Sill 
level 
in m

Width 
of the 
gate 
opening

Height 
of the 
gate 
opening

Number 
of
openings

Type 
of the 
gate

1. 9 vent ch- 28.6 Reach lower_9 
vent,R.S.3

-2.1 1.79 m 3 m 9 Flap 
shutter
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2. 10
vent 

ch- 28.8 Reach 
lower_10 
vent,R.S.3.6

-2.3 1.52 m 3 m 10 Flap 
shutter

Pumping station: 

 There are 14 numbers of pumps of 100 cusecs capacity and 5 numbers of pumps of 50 cusecs 
capacity installed in the Pump station. But in PLAN 1, 13 nos. 100 cusec pumps and 4 nos. 50 were 
actually in operation during the period of simulation as shown in the table below. 

Table 4.5 

Sl Capacity 
of pump

Location 
of pump 
(approx.)

Number 
of
pumps

Pump 
operation 
start level

Pump 
operation 
end level

Identifier Pump Group name in 
model

Chainage 
in km

1. 50 cusecs 28.47 4 -0.4 m -0.45 m 1. Kulti 50 cusec (Pump 1,2)=2
2. Kulti 50 cusec_2 (Pump 3)=1
3. Kulti 50 cusec_3 ( Pump 4)=1

2. 100
cusecs

28.58 13 0.4 m 0.3 m 1. A(Pump 1,2)=2
2. B(Pump 3,4,5,6) = 4
3. C (Pump 7) =1
4. D (Pump 8) =1
5. E (Pump 9) =1
6. F (Pump 10) =1
7. G( Pump 11)=1
8. H (Pump 12)=1
9. I (Pump 13)=1

Unsteady Flow Data:  

 Boundary condition: 

a) Stage hydrograph: The boundary condition is given as observed 
stage hydrograph at river station 70 of reach lower, and observed 
tide curve at river station 1 each of reach lower_9 vent and 
lower_10 vent respectively. Graphs of the stage hydrographs are 
shown in the figure below.  
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Fig 4.2 

Fig 4.3 

Pump operation data: 

Pump operation data is another form of boundary condition to be given as input. The number of 
pumps running during the period of simulation at a particular hour is given in the graph below. 
Number of pumps operated, is plotted in the Y axis with time in hours in the X axis. The pumps have 
been classified under different groups, for modelling in PLAN 1. 

Fig 4.4 

Table 4.6 

Pum
p No.

Pump operation periods
( from hr.-To hr.)

Total Pump 
operation in 
hrs.

Pump 
group

100
cusec 

1 1-5(5) 7-18(12) 20-30(11) 32-54(23) 51
=(5+12+11+23)
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pumps 2 1-5 7-18 20-30 32-54 51
3 1-5 8-18 20-30 32-54 50 B
4 1-5 8-18 20-30 32-54 50
5 1-5 8-18 20-30 32-54 50
6 1-5 8-18 20-30 32-54 50
7 1-4 8-17 21-30 32-54 47 C
8 1-4 9-17 22-30 33-54 44 D
9 1-4 9-17 22-28 33-42 44-54 41 E
10 1-4 10-17 22-28 33-42 44-54 40 F
11 34-41 44-54 19 G
12 34-41 44-53 18 H
13 38-41 47-53 11 I
14 0

50
cusec 
pumps

1 1-54 54 Kulti 
50cusec2 1-54 54

3 7-54 48 Kulti 
50cusec_
2

4 35-54 20 Kulti 
50cusec_
3

5 0
Pump operation data is given as input, based on rules.  

3.2.2. Validation of the model: 

Validation is required for assessment of the completeness of the Geometric data on which a model is 
based. To validate a model in HEC-RAS, the out-put, obtained from simulation, is compared with the 
measured data. No model can be validated 100 %. The degree of validation, which may be accepted 
to give the desired result from any model, may be assessed by the Modeller, on his best judgement. 

Validation is not a one step process. To validate a model, simulation is done several times, by 
changing (fine tuning) the values of different PARAMETER of the Geometric data and comparing it 
with the observed values from site before concluding that the model is validated. After a model is 
validated to a desired degree of satisfaction, it may then safely be used for prediction of different 
results, based on several design events of rainfall. 

In PLAN 1, Manning’s rugosity coefficient (Geometric Parameter) is adjusted several times to obtain 
an optimally validated Geometric data, that may be used for prediction of FLOOD EVENT in PLAN 2.  

Comparison of the two graphs of STAGE hydrograph, observed and simulated, at 4 intermediate 
River Stations of Lower Bagjola reach, is shown below. 
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Fig. 4.5 

Fig. 4.6 

Fig.4.7 
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Fig. 4.8 

In the above graphs, it can be seen that, the maximum difference between the observed and 
measured stages is around 300 mm, for very small durations. So, it is recommended that the model is 
validated with a required degree of accuracy, and can be used for prediction of different hydraulic 
parameter. 

3.3. Plan2  

PLAN 2 is for prediction of the stage of River Station 70 by installing additional Pumping Station with 
capacity 4050 cusecs. (10 nos.@75 cusec +22 nos. @150 cusec). 

3.3.1. Geometric Data:

The geometry of the model is shown by the schematic diagram and described in the Table below. 
Additional connections have been made in the validated Geometric model of PLAN 1. One reach has 
been added from the junction to supply water to the new Pumping station. One Lateral structure has 
also been added to the new reach to pass water from the canal to the new Pump sump. There are 10 
separate Pumping station in the New Town area, which lift surface run-off from the New Town area 
and discharge into Lower Bagjola canal. In the schematic the Pumping stations are combined to show 
as PS_3.  

Fig. 4.9 
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Table 4.7 

Sl. Name Description Geometry Type
1. lower Lower Bagjola reach ch. 444m- 28km River reach
2 lower_9vent Lower Bagjola reach ch. 28km- 28.92km
3 Lower_10vent Lower Bagjola reach ch. 28km- 28.98km
4 new New canal ch. 28km- 28.3km
5 bifurcation Bifurcation point of Lower Bagjola canal Junction

6 LS_1 Diversion to sump well@28.47km Lateral Structure
7 LS_2 Diversion to sump well@28.58km
8 LS_3 Diversion to new sump well

9 IS_1 9-vent sluice@28.86km Inline Structure
10 IS_2 10-vent sluice@28.83km

11 PS_1 Pumping station 1650 cusec (outflow 
from system)

Pump (Refer table 4.8,4.9  
below)

12 PS_2 Pumping station 4050 cusec (outflow 
from system)

13 PS_3 Pumping station 1990 cusec (inflow into 
system)

12 Sump old Pump sump for PS_1 Storage area
13 Bidyadhari r_1 Outfall river
14 Sump new Pump sump for PS_2
15 Newtown area Pump sump for PS_3
16 RS 70 Upstream cross section of reach R1 Cross section
17 RS 14 Downstream cross section of reach R1

18 Bridges ( 10 nos.) over reach 1 Bridge

New Pump station data: 

  There will be a new Pumping station to be created at the outlet. This Pumping station will 
have 10 nos. new75 cusec pumps and 22 nos. new 150 cusec pumps. In addition to this, additional 
pumps are added to the river reach flowing inside the New Town area, for lifting surface runoff from 
New Town area. 

Table 4.8 

Sl Capacity 
of pump 
in cusec

Location of 
pump
(approx.)

Identifier 
name in 
model

Number 
of
pumps

Pump 
operation 
start
level

Pump 
operation 
end level

Chainage 
in km

1. 75 28.3 75 cusec new 10 -0.7 m -1.4 m
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2. 150 28.3 150 cusec new 22 0.5 m -0.5 m

Table 4.9 

Sl Capac
ity of 
pump
in
cusec

Location of pump 
(approx.)

Identifier 
name in 
model

Numb
er of 
pump
s

Pump 
operati
on start 
level

Pump 
operati
on end 
level

Chainag
e in km

River 
Station

1. 50 2.5 65 PointA 5 1 m 0.5 m
2. 50 4.2 61.5 PointC 5 1 m 0.5 m
3. 30 4.49 61 PointIB 4 0.8m 0.3m
4. 50 5 60 Jatragachi 10 1.2m 0.7m
5. 50 6.5 57 PointF 3 1 m 0.5 m
6. 50 8 54 PointH 3 1 m 0.5 m
7. 50 9.5 51 CBD VII 5 1 m 0.5 m
8. 20 10.5 49 Point IIIB 1 0.8m 0.3m
9. 50 11.5 47 Point IIIC 1 0.8m 0.3m
10
.

50 12.5 45 Point IIID 5 1 m 0.5 m

3.3.2 Unsteady Flow Data:

 Boundary condition: 

a) Flow hydrograph: The discharge data obtained from the PLAN 1, is 
given as input to the cross section at the upstream River Station.( 
RS 70). The peak discharge obtained from the model almost equals 
the theoretical peak discharge from the Upper catchment for 25 year 
return period.(63 cumec).  

Fig. 4.10 

b) Lateral inflow hydrograph: Lateral inflows are given to the reach 
lower from RS 44 to 24. The calculation of the peak discharge from 
this area is given in the Annexure I. 

c) Tide curve data: Tide curve data given here is the maximum 
recorded tide curve data of the river during monsoon. 
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Fig. 4.11 

4. Review of the Simulation results of PLAN 1 and PLAN 2. 

Each and every detail of hydraulic parameters, for the entire duration of the simulation run, for all the 
PLAN is available in HEC-RAS.  Here only the important one, from both the PLANS is given. This is : 

a) Comparison of stage hydrograph at RS 70 for PLAN 1 and PLAN 
2.(Fig.5.1) 

Fig.5. 1 

5. Conclusion 

It is evident from the analysis and also shown in Fig. 5.1 above, that for the same inflow at the 
upstream River Station, the maximum water level reaches at the RS 70 is 2.19 m and 2.7 m in PLAN 
1 and PLAN 2 respectively. So, it is suggested to install 10 nos. 75 cusec pumps and 22 nos. 150 
cusec pumps (Total 4050 cusec, 114.68 cumec) at the levels, mentioned in the report. This new 
arrangement will efficiently dispose of surface run-off from Upper Bagjola catchment for a 25 year 
Return Period of rainfall event. 

6. Reference:  

1. An overview of Kolkata Drainage system & major outfall channels. By Sri Anjan Chatterjee, 
Ex. Secretary, Irrigation & Waterways Dept. Govt. of West Bengal. 

2. HEC-RAS 5.0.6 reference manual 

3. IRC: SP:13-2004 GUIDELINES FOR THE DESIGN OF SMALL BRIDGES AND CULVERTS 
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4. IMD ATLAS of Statewise Generalised ISOPLUVIAL ( Return Period) Maps of Eastern India 
(Part-II)

Annexure I  (CALCULATION OF PEAK DISCHARGE AS PER IRC SP-13)

1. Calculation of Peak Discharge from Upper Bagjola catchment for a 25 yr. return period
of rainfall. 

The catchment area of the Upper Bagjola catchment is 5681 Ha. There arelow lying pockets, with 
cumulative areaof 840 Ha, inside the catchment, from which the rain water discharge is lifted through 
pumps during heavy rainfall. Discharge from this low lying areas, do not contribute towards the peak 
value of discharge, obtained by Rational method, as specified in IRC-SP-13. The peak discharge 
through pumps, from the low lying areas, practically do not coincide with the peak surface run-off
discharge. Hence for calculating the value of peak discharge, the contribution from the low lying areas 
have been neglected. So, the area is taken as = (5681-840) Ha= 4841 Ha. 

The length of the catchment from the farthest area to the outlet is 13 km. 

The fall is taken as 1m. 

So, the time of concentration is = tc=(0.87L3/H)0.385= 18.3 hrs. 

So, a rainfall event of 18 hr. duration and 25 yr. return period is required to be taken for this event.The 
value of the rainfall is obtained from ATLAS of Statewise Generalised ISOPLUVIAL    ( Return Period) 
Maps of Eastern India(Part-II).  

The value of the 24 hr. rainfall is = 24 cm. 

In absence of 18 hr. rainfall duration data, the value of the 18 hr. effective rainfall is approximately 
taken as 14 cm. 

Areal reduction factor f=1

Coefficient of run-off for the catchment characteristics =0.6 

Critical intensity of rainfall Ic= (F/T).(T+1)/(tc+1) = 0.76 cm/hr. 

The peak Discharge = 0.028. A. F.P.Ic = 62.1cumec

2. Calculation of Peak Discharge from a certain part of Lower Bagjola catchment for a 25 
yr. return period of rainfall. 

The area of contribution is taken as = 3000 Ha. 

The length of the catchment from the farthest area to the outlet is 4 km.  

The fall is taken as 0.3 m. 

So, the time of concentration is = tc=(0.87L3/H)0.385= 8 hrs. 

So, a rainfall event of 8 hr. duration and 25 yr. return period is required to be taken for this event. The 
value of the rainfall is obtained from ATLAS of Statewise Generalised ISOPLUVIAL   ( Return Period) 
Maps of Eastern India(Part-II). 

In absence of 8 hr. rainfall duration data, the value of the effective rainfall is approximately 
taken as 6 cm. 

Areal reduction factor f=1 
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Coefficient of run-off for the catchment characteristics =0.2 

Critical intensity of rainfall Ic= (F/T).(T+1)/(tc+1) = 0.75 cm/hr. 

The peak Discharge = 0.028. A. F.P.Ic = 12.6 cumec

Annexure II  (MAPS)  

Catchment area boundary map of upper Bagjola 
canal

Municipal boundaries and inundation area map of 
upper Bagjola canal

Location of pumping stations inside upper Bagjola 
canal

Lower Bagjola canal with outfalling river, new 
town area with pumps, lower Bagjola contribution 
area and kmc area
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Inter-Relationship between Timing Parameters Derived From Synthetic Unit 
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Abstract 

Ungauged catchments present a great challenge in determination of design flood for the purpose of 
fixing the design parameters of any irrigation, hydroelectric or multipurpose project at any location. 
Development of unit hydrograph for such a catchment requires estimation of certain key parameter 
either by resorting to some thumb rule or using synthetic unit hydrograph approach. Time to peak, 
time base and concentration time being the most important parameter in deciding the shape of unit 
hydrograph, they are often not estimated as independent parameters but as being a function of other 
parameters. This paper examines the relationship between these different parameters as estimated 
from the Flood Estimation Reports of Central Water Commission, which have equation for synthetic 
generation of key unit hydrograph parameters.    

Keywords: Time to peak, Base time, Concentration time, Unit Hydrograph, Synthetic 

1. Introduction 

Unit hydrograph is the most powerful tool in prediction of peak flood and the flood hydrograph for 
gauged basins having observed rainfall-runoff data. The method primarily involves development of a 
catchment response function in the form of a hydrograph of direct runoff resulting from unit depth of 
rainfall excess uniformly occurring over a catchment at a uniform rate for a specified duration. Since 
its formulation by Sherman in 1932, the concept has undergone a number of refinements, and there 
are methods available to develop unit hydrograph from the runoff data of isolated or complex storms 
of longer durations. However, very few catchments have detailed information about the rainfall and 
the resulting runoff. Moreover, their availability is limited at a few locations only in any basin and in 
remote locations, the data length is also very scanty.  

There are basically two approaches to development of unit hydrographs for specific watersheds. If 
sufficient rainfall-runoff data are available in the catchment, then there are numerous techniques that 
can be applied to estimate the unit hydrograph using this data. However, if no data or insufficient data 
is available, then methods of synthetic generation of hydrograph must be applied. The methods of 
regionalization are used for transferring known hydrographs or some hydrologic characteristics from a 
location where observed datasets are available to ungauged or unmonitored watersheds. The 
regionalization primarily involves determining key timing parameters which may include time to peak, 
time base, or time of concentration, and then developing regional regression equations for the 
different timing parameters and other unit hydrograph parameters (Fang et al, 2005).  

Many empirical formulas for timing parameters have been developed by researchers from various 
rainfall runoff databases in different watersheds. These equations are all based on regression relation 
among various watershed parameters and observed rainfall/runoff data. In many cases, some timing 
parameters have been developed as functions of some other timing parameters.  

Central Water Commission (CWC), with the assistance of India Meteorological Department (IMD), 
carried out analysis of concurrent rainfall and runoff data collected by different Zonal Railways under 
the guidance of Bridges and Flood wing of Research Designs and Standards Organizations (RDSO) 
of Ministry of Railways and Ministry of Surface Transport, and derived unit hydrographs of mostly 1 
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hour duration. For this, the entire country was divided into 7 zones and 26 hydro-meteorologically 
homogenous subzones. The characteristics of the catchments and the unit hydrographs, prepared for 
several catchments in a subzone were correlated by regression analysis and the equations for 
synthetic unit hydrograph for the subzone were derived for estimating design flood for ungauged 
catchments. 

The subzonal reports incorporating studies carried out by CWC and IMD were prepared and 
published by CWC on approval of Flood Estimation Planning & Coordination Committee (FEPCC). So 
far, 21 Flood Estimation Reports (FER) covering 24 subzones have been published. These are: 

1. Luni subzone 1(a) 

2. Chambal subzone 1(b) 

3. Betwa subzone 1(c) 

4. Sone subzone 1(d) 

5. Upper Indo-Ganga Plains subzone 1(e) 

6. Middle Ganga Plains subzone 1(f) 

7. Lower Ganga Plains subzone 1(g) 

8. North Brahmaputra subzone 2(a) 

9. South Brahmaputra subzone 2(b) 

10. Mahi & Sabermati subzone 3(a) 

11. Lower Narmada & Tapi subzone 3(b) 

12. Upper Narmada & Tapi subzone 3(c) 

13. Mahanadi subzone 3(d) 

14. Upper Godavari subzone 3(e) 

15. Lower Godavari subzone 3(f) 

16. Indravati subzone 3(g) 

17. Krishna & Pennar subzone 3(h) 

18. Kaveri Basin subzone 3(i) 

19. East Coast subzone 4(a), (b) & (c) 

20. West Coast Region subzone 5(a) & (b) 

21. Western Himalayas subzone 7  

The present paper involves analysis of the different timing parameters of the unit hydrograph 
developed for different hydro-meteorological subzones along with the variation of these parameters 
with key catchment characteristics as well as inter-relationship among these timing parameters 
themselves.

2. Estimation of Timing Parameters in Unit Hydrograph 

While CWC FER has specific relations for time to peak and time base of the synthetic unit hydrograph 
based on certain physiographic parameters, the time of concentration is generally computed using 
various empirical equations developed by researchers based on data collected from different basins.  
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Time to peak and Time base 

The time to peak (tp) is an important parameter for developing synthetic unit hydrograph. It is the time 
from the beginning of rainfall excess or direct runoff to the peak discharge in a unit hydrograph. The 
peak flow, which is a part of the crest segment of the unit hydrograph represents the highest 
concentration of runoff at the outlet point and it usually occurs soon after the end of rainfall. There 
have been many researchers who have given empirical formulae for time to peak as a function of 
various basin characteristics. 

Time base (TB) is another parameters that decides the shape of the unit hydrograph. It is the time 
difference from the start of direct runoff till the time the direct runoff component becomes zero after 
the end of storm event. This is the time from the beginning of direct runoff till the time it returns to 
base flow. Comparatively, there are very few studies on time base of the unit hydrograph. Except a 
few, most researchers did not consider time base to be a separate parameter independent of other 
timing parameters. Espey et al (1966) and Espey & Altman (1978) are notable among few who 
developed regression equations for time base based on peak discharge and catchment area. 

The first attempt to establish a set of empirical equations relating the physical characteristics of the 
basin to different properties of the resulting hydrograph, including the time to peak and time base was
done by Snyder (1938).  His formulae were based on the analysis of 20 basins in the Appalachian 
Highlands of eastern United States. The formula for the time to peak as per Snyder did not contain 
any variable to reflect the slope of the basin, but had two length parameters – L, the length of the 
longest main stream / river from the farthest point of the watershed boundary to the outlet point, and 
Lca as the length of the main stream from a point near the centre of gravity of the catchment to the 
outlet. The main branch of the stream is taken as the one having the biggest contributing drainage 
area. Further, since the upper portion of the basin had relatively little influence on the flow prior to 
occurrence of peak discharge (Black, 1972), the measurement of shape is the most important for the 
lower part of the basin, which is recognized by Snyder in parameter Lca (Hoffmeister & Weisman, 
1977). A constant Ct in the Snyder's equation was a regional constant depending on units, watershed 
slope and storage effects. The Snyder’s equations are in widespread use in the USA. However, the 
constant Ct varies over wide range and from region to region, and may not be equally suitable for all 
the regions and with some modifications in many other countries. 

The value of time to peak (along with peak discharge) may also be estimated using simplified model 
of triangular dimensionless unit hydrograph (DUH) as suggested by Soil Conservation Service (SCS) 
now known as Natural Resources Conservation Service (NRCS) based on the analysis of a large 
number of watersheds. Further, on the basis of a large number of small rural watersheds, SCS found 
that the time to peak is about one-fifth of base time and equal to 0.6 times the time of concentration. 

Time of concentration 

The third parameter influencing the shape of the unit hydrograph is the time of concentration (tc). It is 
the time that a water parcel takes to travel from the hydraulically most distant point of the watershed 
to the outlet point downstream. In hydrograph analysis, it is considered to be the difference in time 
from the end of rainfall excess to the inflection point of the hydrograph, or the point where the 
recession curve begins. The recession limb of the hydrograph extends from the point of inflection at 
the end of the crest segment and continues up to the commencement of the natural base flow. This 
point of inflection also represents the condition of maximum storage and it indicates the withdrawal of 
water from the storage that has built up in the catchment in the initial phases of the hydrograph.  

The definition of time of concentration originates from the consideration of overland flow. If a uniform 
rain falls on a tract of land, the portions nearest to the outlet contribute runoff at the outlet almost 
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immediately. As rain continues, runoff contributions from various points upstream arrive at later times, 
until flow eventually arrives from all points on the watershed, “concentrating” at the outlet. Thus, time 
of concentration is the time required, with uniform rain, for 100 percent of a tract of land to contribute 
to the direct runoff at the outlet (Viessman and Lewis, 2002). 

To sophisticatedly determine tc for a watershed, the hydraulics of each part of flow path needs to be 
considered separately. This can be done by dividing the flow path into overland flow, shallow 
concentrated flow, and channel flow segments. The travel time can be computed for each segment 
and their total gives the tc. However, time of concentration is often computed using empirical formulae, 
the first of which was given by Kirpich (1940) and was modified subsequently by various authors. It is 
still the most popular method for computation of time of concentration with some modification world 
over.  

3. Data Analysis 

For the analysis of variation in timing parameters, the time to peak and time base for all the 21 
subzones were calculated using empirical equations given in the CWC Flood Estimation Reports 
(FER). In most FERs, the timing parameters were functions of L, Lc and S, except a few subzones for 
which there was no Lc parameter in the equation for tp or TB. In FER for subzone 2(b) South 
Brahmaputra subzone, there was no slope parameters and it has been excluded from the analysis. 
Further, the FER for 1(a) Luni subzone has also not been considered in the analysis because it 
contains area of catchment instead of length of longest stream flow path as one of the factors apart 
from stream slope in its formula for tp. The L and Lc parameters as defined in FER were as defined 
earlier in Section 2, i.e. L is the length of the longest main stream / river from the farthest point of the 
watershed boundary to the outlet point, and Lc as the length of the main stream from a point near the 
centre of gravity of the catchment to the outlet. The parameter S is defined as the equivalent stream 
slope, which is slope of a straight line drawn on the longitudinal profile of a stream such that the line 
passes through the outlet and on an average basis the cutting and filling are equal. i.e. the area of the 
L-section profile above and below the line are equal.  

Analysis was carried out for two different scenarios of basin size - small and large. For small size 
basins, the L values considered were 10 km and 50 km, while for large basins, L values considered 
were of 60 km to 200 km length. Three stream slope values were considered - flat (2%), mild (10%) 
and steep (15%). The small basins were assumed to be fan shaped with the Lc value approximated as 
0.7L, while large basins were considered to be elongated with Lc value approximated as 0.5L.  

Variation in time to peak 

The variation in time to peak for different regions as computed from the equations given in FER is 
summarised in Table 1 for both small and large basins and for different stream slopes considered. 

Table 1: Variation in Time to Peak (Hours) for different FER 

Small Basin Size Large Basin Size
Flat Slope Mild Slope Steep Slope Flat Slope Mild Slope Steep Slope

FER Min Max Min Max Min Max Min Max Min Max Min Max
1(b) 1.7 6.4 0.9 3.3 0.7 2.8 7.5 20.3 3.9 10.4 3.3 8.8
1(c) 3.5 7.5 1.7 3.5 1.4 2.9 8.1 14.2 3.9 6.7 3.2 5.6
1(d) 2.7 16.0 1.1 6.6 0.9 5.3 19.5 73.6 8.0 30.3 6.4 24.3
1(e) 3.3 9.8 1.9 5.7 1.7 5.0 11.1 25.0 6.5 14.6 5.6 12.7
1(f) 7.7 16.5 5.3 11.3 4.8 10.2 18.0 31.7 12.3 21.7 11.2 19.7
1(g) 3.6 9.0 2.9 7.1 2.7 6.7 9.1 18.0 7.2 14.3 6.8 13.5
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2(a) 4.5 15.5 3.3 11.3 3.0 10.5 15.6 39.4 11.5 29.0 10.6 26.8
3(a) 1.7 5.3 1.0 3.0 0.8 2.6 6.1 14.1 3.4 8.0 3.0 7.0
3(b) 1.9 5.0 1.5 3.9 1.4 3.7 5.1 10.5 4.0 8.2 3.7 7.7
3(c) 2.8 6.6 2.3 5.3 2.1 5.0 6.6 12.6 5.4 10.2 5.1 9.6
3(d) 4.9 11.3 3.9 9.1 3.7 8.7 11.4 21.3 9.2 17.3 8.7 16.4
3(e) 2.3 6.0 1.4 3.7 1.3 3.3 6.6 13.5 4.1 8.4 3.7 7.5
3(f) 1.7 7.5 0.8 3.6 0.7 3.0 7.6 22.8 3.7 11.0 3.1 9.1
3(g) 2.0 8.7 1.4 6.1 1.3 5.5 8.8 26.0 6.1 18.1 5.6 16.5
3(h) 1.9 7.8 1.3 5.5 1.2 5.0 7.9 23.3 5.5 16.3 5.1 14.9
3(i) 2.7 9.9 1.9 7.1 1.8 6.6 10.0 26.5 7.2 19.2 6.7 17.6
4(a,b,c) 2.0 8.3 1.4 5.8 1.3 5.3 8.4 23.8 5.9 16.8 5.4 15.4
5(a,b) 3.6 7.7 1.7 3.6 1.4 3.0 8.4 14.7 4.0 6.9 3.3 5.7
7 4.3 7.2 3.4 5.6 3.2 5.2 7.2 10.5 5.6 8.2 5.3 7.7

Min 1.7 5.0 0.8 3.0 0.7 2.6 5.1 10.5 3.4 6.7 3.0 5.6
Max 7.7 16.5 5.3 11.3 4.8 10.5 19.5 73.6 12.3 30.3 11.2 26.8

Average 3.1 9.0 2.1 5.9 1.9 5.3 9.6 23.3 6.2 14.5 5.6 13.0

In this table the minimum time to peak for small size basins corresponds to the basin of L equal to 10 
km and the maximum corresponds to basin of L equal to 50 km. It is seen that for the small size 
basins, the variation in time to peak is quite significant, ranging from 1.7 hour to 16.5 hour for flat 
slope, 0.8 to 11.3 hour for mild and 0.7 to 10.5 hour for steep slope. For flat slope, the minimum time 
to peak is attained in 1(b) Chambal subzone, and the maximum in 1(f) Middle Ganga Plains subzone. 
For mild slope, the minimum time to peak is obtained in 3(f) Lower Godavari subzone and maximum 
in 1(f) Middle Ganga Plains subzone. For steep slope, the scenario is similar to that for mild slope.  

Similarly, for large size basins, the minimum time to peak corresponds to basin with L equal to 60 km 
and the maximum to basin with L equal to 200 km. For large size basins, the variation in time to peak 
is between 5.1 to as high as 73.6 hours for flat slopes, 3.4 to 30.3 hours for mild slopes and 3.0 to 
26.8 hours for steep slopes. For flat slope, the minimum time to peak is attained in 3(b) Krishna & 
Pennar subzone, and the maximum in 1(d) Sone subzone. For mild slope, the minimum is obtained in 
3(a) Mahi & Sabarmati subzone and maximum in 1(d) Sone subzone. For steep slope, the minimum 
peak time is obtained in 3(a) Mahi & Sabarmati subzone and maximum in 2(a) North Brahmaputra 
subzone. 

Variation in Time Base 

There are comparatively few studies on time base (TB) for the UH. Time base is often not considered 
as a separate parameter from other timing parameters, such as tp (Fang et al, 2005). The NRCS UH 
(1972) has a point of inflection indicative of concentration time approximately 1.7 times the time to 
peak and the time to peak is 0.2 times the time base.  

A comparison was made between time base of the unit hydrograph with respect to time to peak as 
per the equations derived for different FERs and they are presented in Table 2, 3 and 4 separately for 
flat, mild and steep slope.  

Table 2: Ratio of time base and time to peak for different regions for flat slopes 

Flat slope 2 m/km
Small catchment (L in km) Large catchment (L in km)

FER 10 20 30 40 50 60 80 100 150 200
1(b) 5.42 4.34 3.81 3.48 3.24 3.06 2.79 2.60 2.28 2.08
1(c) 3.87 3.86 3.85 3.84 3.84 3.84 3.83 3.83 3.82 3.81
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1(d) 4.83 4.36 4.11 3.94 3.81 3.71 3.56 3.44 3.24 3.11
1(e) 5.94 5.35 5.04 4.83 4.67 4.55 4.36 4.21 3.97 3.80
1(f) 7.97 7.10 6.64 6.33 6.09 5.91 5.63 5.43 5.07 4.84
1(g) 4.46 4.16 3.99 3.88 3.79 3.79 3.68 3.60 3.46 3.36
2(a) 4.35 4.02 3.84 3.71 3.62 3.61 3.50 3.41 3.26 3.15
3(a) 6.43 5.07 4.41 4.00 3.70 3.48 3.15 2.92 2.54 2.30
3(b) 5.31 4.42 3.97 3.67 3.46 3.45 3.19 3.01 2.70 2.50
3(c) 3.77 3.39 3.19 3.06 2.96 2.95 2.82 2.73 2.57 2.46
3(d) 4.11 3.86 3.72 3.62 3.55 3.55 3.45 3.38 3.26 3.18
3(e) 4.38 3.92 3.67 3.51 3.39 3.29 3.14 3.03 2.84 2.72
3(f) 4.33 4.05 3.89 3.78 3.70 3.70 3.60 3.52 3.39 3.29
3(g) 4.26 4.00 3.86 3.76 3.68 3.68 3.58 3.51 3.39 3.30
3(h) 5.50 4.10 3.45 3.05 2.77 2.76 2.44 2.22 1.87 1.65
3(i) 3.90 3.36 3.08 2.89 2.76 2.75 2.58 2.46 2.25 2.12
4(a,b,c) 5.82 4.64 4.06 3.70 3.44 3.42 3.11 2.89 2.53 2.31
5(a,b) 5.24 4.81 4.57 4.41 4.29 4.20 4.05 3.94 3.75 3.62
7 3.51 3.12 2.91 2.77 2.67 2.66 2.53 2.44 2.28 2.17

Min 3.5 3.1 2.9 2.8 2.7 2.7 2.4 2.2 1.9 1.7
Max 8.0 7.1 6.6 6.3 6.1 5.9 5.6 5.4 5.1 4.8

Average 4.9 4.3 4.0 3.8 3.7 3.6 3.4 3.3 3.1 2.9

Table 3: Ratio of time base and time to peak for different regions for mild slope 

Mild slope 10 m/km
Small catchment(L in km) Large catchment(L in km)

FER 10 20 30 40 50 60 80 100 150 200
1(b) 7.01 5.62 4.93 4.50 4.19 3.95 3.60 3.36 2.95 2.69
1(c) 3.90 3.88 3.88 3.87 3.87 3.86 3.86 3.86 3.85 3.84
1(d) 5.44 4.92 4.63 4.44 4.29 4.18 4.01 3.88 3.65 3.50
1(e) 6.69 6.04 5.68 5.44 5.27 5.13 4.91 4.75 4.47 4.28
1(f) 9.12 8.12 7.59 7.23 6.97 6.76 6.44 6.21 5.80 5.53
1(g) 4.64 4.33 4.16 4.04 3.95 3.94 3.83 3.75 3.60 3.50
2(a) 4.55 4.21 4.02 3.89 3.79 3.78 3.66 3.57 3.41 3.30
3(a) 8.48 6.69 5.82 5.27 4.88 4.58 4.15 3.85 3.35 3.03
3(b) 5.91 4.92 4.41 4.09 3.85 3.84 3.55 3.35 3.01 2.78
3(c) 4.00 3.61 3.39 3.25 3.14 3.13 3.00 2.90 2.73 2.61
3(d) 4.26 4.00 3.86 3.76 3.68 3.68 3.58 3.51 3.38 3.30
3(e) 4.98 4.46 4.18 3.99 3.85 3.74 3.57 3.45 3.23 3.09
3(f) 4.67 4.37 4.20 4.09 4.00 4.00 3.89 3.81 3.66 3.56
3(g) 4.41 4.15 4.00 3.90 3.82 3.81 3.72 3.64 3.51 3.42
3(h) 6.53 4.86 4.09 3.62 3.44 3.27 2.90 2.63 2.22 1.96
3(i) 4.26 3.67 3.36 3.16 3.01 3.00 2.82 2.68 2.46 2.31
4(a,b,c) 6.64 5.29 4.63 4.22 3.92 3.90 3.55 3.30 2.89 2.63
5(a,b) 6.40 5.87 5.58 5.39 5.24 5.12 4.94 4.81 4.57 4.41
7 4.03 3.58 3.34 3.18 3.06 3.05 2.91 2.80 2.61 2.49

Min 3.9 3.6 3.3 3.2 3.0 3.0 2.8 2.6 2.2 2.0
Max 9.1 8.1 7.6 7.2 7.0 6.8 6.4 6.2 5.8 5.5

Average 5.6 4.9 4.5 4.3 4.1 4.0 3.8 3.7 3.4 3.3
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Table 4: Ratio of time base and time to peak for different regions for steep slope 

Steep slope 15 m/km
Small catchment(L in km) Large catchment(L in km)

FER 10 20 30 40 50 60 80 100 150 200
1(b) 7.48 5.99 5.26 4.80 4.47 4.22 3.85 3.58 3.15 2.87
1(c) 3.90 3.89 3.88 3.88 3.88 3.87 3.87 3.86 3.86 3.85
1(d) 5.61 5.06 4.77 4.57 4.42 4.31 4.13 3.99 3.76 3.60
1(e) 6.90 6.22 5.86 5.61 5.43 5.28 5.06 4.90 4.61 4.42
1(f) 9.43 8.40 7.85 7.48 7.21 6.99 6.67 6.42 6.00 5.72
1(g) 4.69 4.37 4.20 4.08 3.99 3.98 3.87 3.79 3.63 3.53
2(a) 4.60 4.25 4.06 3.93 3.83 3.83 3.70 3.61 3.45 3.34
3(a) 9.10 7.17 6.24 5.65 5.23 4.91 4.45 4.12 3.59 3.25
3(b) 6.08 5.05 4.53 4.20 3.96 3.94 3.65 3.44 3.09 2.86
3(c) 4.06 3.66 3.44 3.30 3.19 3.18 3.05 2.95 2.77 2.65
3(d) 4.30 4.04 3.89 3.79 3.72 3.71 3.62 3.54 3.42 3.33
3(e) 5.14 4.60 4.31 4.12 3.98 3.86 3.69 3.56 3.34 3.19
3(f) 4.77 4.46 4.29 4.17 4.08 4.08 3.96 3.88 3.73 3.63
3(g) 4.45 4.18 4.03 3.93 3.85 3.85 3.75 3.68 3.54 3.45
3(h) 6.82 5.08 4.27 3.78 3.44 3.42 3.02 2.75 2.31 2.05
3(i) 4.35 3.75 3.43 3.23 3.07 3.06 2.88 2.74 2.51 2.36
4(a,b,c) 6.86 5.47 4.79 4.36 4.05 4.03 3.67 3.41 2.99 2.72
5(a,b) 6.73 6.17 5.87 5.67 5.51 5.39 5.20 5.06 4.81 4.64
7 4.17 3.70 3.46 3.29 3.17 3.16 3.01 2.90 2.70 2.57

Min 3.9 3.7 3.4 3.2 3.1 3.1 2.9 2.7 2.3 2.0
Max 9.4 8.4 7.9 7.5 7.2 7.0 6.7 6.4 6.0 5.7

Average 5.8 5.0 4.7 4.4 4.2 4.2 4.0 3.8 3.5 3.4

The ratio of TB and tp falls in a wide range between 1.7 and 8 for flat slope, 2 to 9.1 for mild and 2 to 
9.4 for steep slope. For smaller basin size, the ratio is generally between 3 to 9, depending on stream 
slopes, which is considered to be widely acceptable, in view of the fact that the unit hydrographs are 
generally characterized by a flatter recession curve as compared to the steep slopes the rising limbs 
of the hydrograph tend to have. However, as the basin size increases, irrespective of the stream
slope, this ratio tends to get lower and in some cases approaching 2 or even less.  

This variation in TB/tp ratio as basin size changes can be easily seen in the Fig 1 for different level of 
stream slopes. 
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Fig 1: Variation of TB/tp for different regions 

A comparison has been made in this analysis between tc computed using Kirpich equation and tp

computed using different FER. Since the applicability of tc using Kirpich formula is limited to small 
catchments, this comparison has been made only for small basins considered in this analysis, i.e. L 
up to 50 km. The ratio of tp and tc obtained for different hydro-meteorological regions is given in the 
following table: 
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Table 5: Ratio of tp and tc for different stream slopes in different regions 

Flat slope 2 m/km Mild slope 10 m/km Steep slope 15 m/km
FER 10 20 30 40 50 10 20 30 40 50 10 20 30 40 50
1(b) 0.4

0 0.42
0.4

2
0.4

3
0.4

4
0.3

8
0.4

0
0.4

1
0.4

1
0.4

2
0.3

8
0.3

9
0.4

0
0.4

1
0.4

1
1(c) 0.8

3 0.67
0.5

9
0.5

4
0.5

1
0.7

3
0.5

9
0.5

2
0.4

8
0.4

5
0.7

1
0.5

7
0.5

0
0.4

6
0.4

3
1(d) 0.6

3 0.80
0.9

1
1.0

1
1.0

8
0.4

9
0.6

1
0.7

0
0.7

7
0.8

3
0.4

5
0.5

7
0.6

5
0.7

2
0.7

8
1(e) 0.7

8 0.73
0.7

0
0.6

8
0.6

7
0.8

4
0.7

9
0.7

6
0.7

4
0.7

2
0.8

6
0.8

0
0.7

7
0.7

5
0.7

4
1(f) 1.8

1 1.47
1.3

0
1.1

9
1.1

2
2.3

0
1.8

7
1.6

6
1.5

2
1.4

2
2.4

4
1.9

8
1.7

6
1.6

1
1.5

1
1(g) 0.8

4 0.73
0.6

8
0.6

4
0.6

1
1.2

4
1.0

8
1.0

0
0.9

4
0.9

0
1.3

7
1.3

7
1.1

0
1.0

4
0.9

9
2(a) 1.0

5 1.05
1.0

5
1.0

5
1.0

5
1.4

3
1.4

3
1.4

3
1.4

3
1.4

3
1.5

5
1.5

5
1.5

5
1.5

5
1.5

5
3(a) 0.4

0 0.38
0.3

7
0.3

7
0.3

6
0.4

2
0.4

0
0.3

9
0.3

9
0.3

8
0.4

3
0.4

1
0.4

0
0.3

9
0.3

9
3(b) 0.4

4 0.40
0.3

7
0.3

5
0.3

4
0.6

5
0.5

8
0.5

4
0.5

1
0.5

0
0.7

1
0.6

3
0.5

9
0.5

6
0.5

4
3(c) 0.6

6 0.56
0.5

0
0.4

7
0.4

5
0.9

9
0.8

3
0.7

6
0.7

1
0.6

7
1.0

9
0.9

2
0.8

4
0.7

8
0.7

4
3(d) 1.1

4 0.96
0.8

7
0.8

1
0.7

6
1.7

2
1.4

5
1.3

1
1.2

2
1.1

5
1.9

0
1.6

0
1.4

5
1.3

5
1.2

8
3(e) 0.5

4 0.48
0.4

4
0.4

2
0.4

0
0.6

2
0.5

5
0.5

1
0.4

9
0.4

7
0.6

5
0.5

7
0.5

3
0.5

0
0.4

8
3(f) 0.4

1 0.45
0.4

8
0.5

0
0.5

1
0.3

7
0.4

0
0.4

3
0.4

4
0.4

6
0.3

6
0.3

9
0.4

1
0.4

3
0.4

4
3(g) 0.4

8 0.52
0.5

5
0.5

7
0.5

9
0.6

2
0.6

8
0.7

1
0.7

4
0.7

6
0.6

6
0.7

2
0.7

6
0.7

9
0.8

1
3(h) 0.4

4 0.47
0.5

0
0.5

2
0.5

3
0.5

6
0.6

2
0.6

5
0.6

7
0.7

4
0.6

0
0.6

6
0.6

9
0.7

2
0.7

4
3(i) 0.6

3 0.65
0.6

6
0.6

6
0.6

7
0.8

4
0.8

7
0.8

8
0.8

9
0.9

0
0.9

1
0.9

3
0.9

5
0.9

6
0.9

7
4(a,b,
c)

0.4
8 0.51

0.5
3

0.5
5

0.5
6

0.6
3

0.6
7

0.7
0

0.7
2

0.7
3

0.6
7

0.6
7

0.7
5

0.7
7

0.7
9

5(a,b) 0.8
5 0.69

0.6
1

0.5
6

0.5
2

0.7
5

0.6
0

0.5
3

0.4
9

0.4
6

0.7
2

0.5
8

0.5
2

0.4
7

0.4
4

7 1.0
2 0.74

0.6
2

0.5
4

0.4
9

1.4
7

1.0
7

0.8
9

0.7
8

0.7
0

1.6
2

1.1
8

0.9
8

0.8
6

0.7
7

Min 0.4
0

0.38 0.3
7

0.3
5

0.3
4

0.3
7

0.4
0

0.3
9

0.3
9

0.3
8

0.3
6

0.3
9

0.4
0

0.3
9

0.3
9

Max 1.8
1

1.47 1.3
0

1.1
9

1.1
2

2.3
0

1.8
7

1.6
6

1.5
2

1.4
3

2.4
4

1.9
8

1.7
6

1.6
1

1.5
5

Avera
ge

0.7
3

0.67 0.6
4

0.6
2

0.6
1

0.9
0

0.8
2

0.7
8

0.7
5

0.7
4

0.9
5

0.8
7

0.8
2

0.8
0

0.7
8

It can be seen from above table that ratio of tp and tc varies within a wide range for flat, mild as well as 
steep slopes, varying between 0.34 and 2.4. Though there is a general trend of tp/tc ratio decreasing 
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as the L value increases, in a number of regions, this trend is opposite irrespective of stream slope. 
As far as the change in this ratio for different slopes is concerned, there is no perceptible trend and 
variations, if any with slope for a given basin size is very small and in either direction, i.e. increasing 
for some regions while decreasing for some other regions. The variation of this ratio for any subzone 
is seen for any L as the stream slope is varied, the variation is not very significant. Moreover, the 
average ratio across different FERs is fairly consistent irrespective of the slope. While for flat slope, 
the average ratio is in the range of 0.61 to 0.73 depending on different values of L, for mild slope, this 
ratio is in the range of 0.74 to 0.90. For steep slope, this ratio is in the range of 0.78 to 0.95.  

4. Results and Discussion 

The time to peak for any basin increases as the basin size characterized by the parameter L, i.e. the 
longest stream path increases. However, there are some regions, where there is a sharp increase in 
tp value as compared to others. With increase in basin area, the maximum percentage increase in tp is 
witnessed in 1(d) Sone subzone, where the tp corresponding to L value of 50 km is 5.9 times that 
corresponding to L of 10 km for all stream slopes. The minimum increase is witnessed in FER 7 
Western Himalayas zone, where this ratio is only 1.65 for all slopes. Similar trends exist irrespective 
of whether basin area is small or large.  

Though there are wide variations in time to peak across different subzones, the spread of variation is 
maximum when the stream slope is flatter as compared to steeper slopes in which case the inter-
subzonal variation is not as significant as for milder slopes. This pattern is even more clearly marked 
when inter-subzonal variation in tp is seen for large basin sizes. Here, the variation in the tp values 
across different subzones for steep slope is much less in comparison to that for flat slopes. 

The time to peak for any basin would decrease with increasing stream slope. However, there is wide 
variation in the amount by which the tp value decreases. Going from flat to mild slope, there is a 
decrease of 59% in tp for a given basin size for FER 1(d), whereas, this decrease is only 19% for 3(d), 
with the average being 35.1%. Similar trend continues when the slope increases from mild to steep. 
For large basin sizes as well, similar trend continues.  

In some subzones the tp values appear to approach unreasonable values for large basin sizes. For 
instance, for 1(d) Sone subzone, this value is 73.6 hours for L value equal to 200 km for flat stream 
slope, i.e. 2 m/km. This would appear to be an unreasonably high figure for tp if we consider that it 
would translate into a time base of more than 150 km and  even if this basin size fulfills the maximum 
size criterion for applying the unit hydrograph theory, it could translate into a flood wave translation 
speed much below the generally observable range. Similar is the case for 2(a) North Brahmaputra 
subzone, where the maximum tp is about 39 hours, and thus it may be logical to place an upper limit 
on the basin size for these and possibly other subzones, purely based on the flood wave translation 
speed that is likely to be attained corresponding to the computed tp values. 

The ratio of time base of the unit hydrograph computed for different subzones does not seem to vary 
significantly as the stream slope is increased from flat to mild and then to steep. The average 
increase in this ratio when the stream slope is increased from flat to mild is about 12% and from mild 
to steep, about 3%. Accounting for the fact that the three stream slopes considered in the analysis 
represent unequal proportionate increase, it can be said that the TB/tp ratio is not affected significantly 
by the stream slope. Even though the time to peak is affected quite significantly by change of stream 
slope, the ratio of TB and tp is not affected that much and the shape of the unit hydrograph remains 
about the same with changing stream slope.  

As mentioned earlier, the ratio of TB and tp tends to get lower and in some cases approaching 2 or 
even less This is indicative of the recession limb having a slope comparable to the rising limb, and in 
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some cases even higher, which is not consistent with the widely accepted understanding of time 
taken in the buildup of the peak flood at outlet and the time taken in the depletion of built up storage 
after the end of rainfall. This nature of the unit hydrograph obtained in some hydro-meteorological 
regions from the synthetic formula may need ground verification, especially in FER subzones 1(b), 
3(a) , 3(b), 3(c), 3(h), 3(i) and 7.  

In spite of some variation in tp/tc ratio across different subzones considered in this analysis, the 
average values obtained for different levels of longest stream length are fairly constant and variations 
in this ratio as stream slope is increased is also not very significant. It gives an indication that it is not 
wrong to adopt a thumb rule for adopting a tp/tc ratio if no other estimation can be made from the 
available data in a particular region. Adopting a ratio of about 0.6 to 0.7 for flat slopes and higher 
value if the slope is higher may be acceptable.   

5. Conclusion 

Natural Resources Conservation Service (NRCS) dimensionless unit hydrograph developed by NRCS 
(1972) that was derived from watersheds widely varying in size as well as geographical locations had 
developed a unit hydrograph having a point of inflection that is approximately 1.7 times the time to 
peak and a time to peak about 0.2 times the time base. This relationship has often served as a thumb 
rule for many hydrologists to take quick decisions about timing parameters of the unit hydrograph for 
an ungauged catchment. However, the present analysis carried out on the basis of Flood Estimation 
Reports of different hydro-meteorological regions in India does not support drawing any quick 
inference in such scenario, considering the level of variation in different timing parameters for different 
basin sizes and stream slopes and also across different regions. 

In case of some FERs, the relationship between TB and tp is in complete contrast to the general theory 
about unit hydrograph that says that the occurrence of peak discharge at outlet of a basin is faster 
than the time it takes for the storage built up in the basin after the cessation of rainfall. It may be 
interesting to carry out further studies in some of the regions that display a characteristic of recession 
limb being comparable in slope to the rising limb.  

The relationship between tp and tc too is far from being simply put as a certain fraction of each other, 
as often suggested by hydrologists. More extensive studies on catchments in different hydro-
meteorological regions using the short-term observed rainfall and runoff data could possibly reveal a 
better relationship that could be used as a thumb rule in different regions. It would be a challenging 
task indeed given the lack of sufficient data, but until such studies are carried out to firm our 
understanding of the issue, the fallacy of using such thumb rules should also be kept in mind while 
taking crucial decisions about catchment response function.   
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Abstract 

Urban flooding is a universal phenomenon and possesses a great challenge to the urban planners of 
the world over. Over the past decades, there have been an increasing number of extreme rainfall and 
flood events occurring globally due to climate change, which paralyze cities and result in serious 
social and economic consequences. Conventional 1D modeling approaches are able to simulate quite 
accurately the drainage network. However, in cases of major rainfall events, these types of models 
are unable to simulate inundation depth in built-up areas and to visualize flood extent.  Coupling of the 
1D and 2D hydrodynamic model is necessary to consider flow interactions between underground 
pipes and the ground’s surface. This paper presents the efforts in assessing three different modeling 
approaches for the simulation of urban flooding for a small urban catchment in Hyderabad city in 
Telangana. Hyderabad city has witnessed flooding in the year 2001, 2003, 2008, 2016, 2017 due to 
heavy rainfall and many low lying areas were inundated.  HEC-RAS, a hydraulic model was used to 
simulate the behavior of flow of water in open channels and PCSWMM, a hydrologic and hydraulic 
model was used to evaluate runoff from a rainfall event and behavior of flow of water through pipes.  
Further, a terrain based model called HAND was used to identify the vulnerable low lying areas in the 
city. The results of the study demonstrate that the three models gave efficient results and complement 
each other in different meteorological conditions.  

Keywords- Urban Floods, Hyderabad, HEC-RAS, PCSWMM, HAND 

1. Introduction  

Urban flooding is one of the most severe disasters as it directly affects mostly mankind in urban 
areas. Urban floods are caused by many factors but one of the major factors is the precipitation in a 
short duration of time means high rainfall intensity. Urban floods are also caused by encroaching 
floodplains, poor storm water draining capacity of natural drains like nalas or storm water sewer and 
dumping unwanted waste in nalas resulting blockage. Urban population forecast states that 5 billion 
people will be residing in cities and towns by 2030 and the urban population of Africa and Asia 
continents will be twice in a single generation [1]. The United Nations (UN) reported that the world’s 
population living in urban areas has overtaken the rural population, and it is projected that the world’s 
urban population will grow both in absolute terms, and as a fraction of a growing global population [2]. 
As more people move to the cities they inevitably turn green areas into impervious areas, increasing 
urban runoff, and as more people live in densely populated urban areas, often situated on flood plains 
and low-lying coastal areas, their exposure to flood hazards is increased. The possibility for climate 
change also leads to more extreme rainfall which is variable across temporal and spatial scales. As 
for future projections, a Special Report of the Intergovernmental Panel on Climate Change reports 
that “it is likely that the frequency of heavy precipitation will increase in the 21st century over many 
areas on the globe”, although recent analyses have “highlighted fairly large uncertainties and model 
biases” [3]. The notable examples of urban flooding in India which caused huge loss in terms of 
money and human life are Chennai in 2015, Srinagar in 2014, Mumbai in 2005 and Kolkata in 2013 
and Hyderabad in 2016 [4] .

Many researchers have reviewed the applicability of various rainfall-runoff models for urban areas [5, 
6 &7]. Two well known and most used models are SWMM [8] and MOUSE. Urban drainage models 
earlier used were conventional 1D model based on mass, energy and momentum conservation and 
were able to simulate the drainage system correctly unless there is no overflow from the drainage 
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network but if it overflows it becomes difficult to reproduce actual flood extents [9]. However, in cases 
of major rainfall events, these types of models were unable to simulate inundation depth in built-up
areas and to visualize flood extent [10]. Hydrodynamic models are solid tools in urban storm water 
management. Numerical simulations of urban floods are important when scientifically planning and 
designing urban drainage systems and providing efficient urban flood disaster control and 
management strategies. Although many models have been developed for river and coastal flooding, 
urban flooding models have not yet been adequately developed; this partly attributes to the complex 
flow processes in urban areas when inundation occurs [11, 12 &13]. To accurately simulate detailed 
urban flood propagation and inundation of the ground’s surface, coupling of the 1D and 2D 
hydrodynamic model is necessary to consider flow interactions between underground pipes and the 
ground’s surface, and the 1D model and 2D model in the coupled model are used to simulate flows in 
the pipe/river drainage system and surface inundation, respectively. 

For the representation of the surface flooding depth and simulating flooding in urban areas, new 
models like PCSWMM (Storm Water Management Model) and MIKE URBAN have been introduced 
by coupling 1D with 2D flood inundation models [14]. Some hydraulic models like HEC-RAS 
(Hydrologic Engineering Centre River Analysis System ) are capable to solve 2D Equation and can be 
used for urban flooding in the case where flooding is due to overflowing of the streams in urban areas. 
Another terrain based model called Height Above Nearest Drain model (HAND) was used to find the 
possible low lying areas or floodplains along the local drainage line. This model normalizes 
topography according to the local relative heights found along the drainage network which is used. 
The results will assist the local urban municipal corporation for identification of low lying areas, 
probable inundated areas in spatial format at the time of flooding, and decision making for resource 
allocation during disaster. This paper presents and assesses three different modeling approaches for 
the simulation of urban flooding for a small urban catchment in Hyderabad city in Telangana.   

2. Study Area 

Major floods in Hyderabad were witnessed during 2001, 2002, 2006, 2008, 2016, 2014, and 2016 
mainly due to the major urbanization of Hyderabad which started after 1990. This had an impact on 
the average annual rainfall of the city. From 1971 to 1990 the average rainfall of Hyderabad city was 
796 mm per year further it has increased to 840 mm per year during 1991-2013 [15]. The soil type 
found in Hyderabad city is mainly red sandy with areas of black cotton soil and falls in the seismic 
zone -2 which is least exposed to earthquake. The drainage system in Hyderabad city is old and 
comprises of natural drains called Nalas that ultimately discharges in to Musi River.   Severe floods in 
August 2016 had created havoc in the city and puts pressure on Greater Hyderabad Municipal 
Corporation (GHMC), a local governing body for mitigation. The GHMC area is covered with 16 
catchment zones. The study area has an average elevation of 474.5 meters above mean sea level 
and lies between the latitudes 17.4920 and 17.5020 and longitudes 78.4530 and 78.4630. The study 
area falls in zone 12 which is located to the north side of Musi River covering the local areas like 
Sainagar, Srinivas nagar, Gandhinagar, Kakatiya nagar, Vani nagar, Prasuna nagar, Ambedkar 
nagar. Figure-1 shows the study area.  
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Figure-1. Study Area

3. Data used 

The type of data varied for different models. Common data used for all three models is Digital 
Elevation Model (DEM) from CARTODEM 10 meter resolution which is a product of CARTOSAT-1
satellite designed and maintained by Indian Space Research Organization (ISRO). Further, for 
PCSWMM model hourly rainfall was collected from Indian Meteorological Department (IMD) located at 
Begumpet, Hyderabad. The discharge data flowing in nalas/streams was used for hydraulic modeling 
by HEC-RAS.  

4. Methodology 

PCSWMM is hydrologic model in which routing portion transfers the runoff to the collection system in 
urban areas, HEC-RAS is hydraulic model and HAND model is a tool to find low lying areas along the 
drainage. So all the three models have different approaches.  

4.1 HEC-RAS Model 

HEC-RAS 5.0.1 version was used to simulate flood inundation due to overflowing of Nalas. HEC-RAS 
has capabilities to solve 2D Full momentum equation (Saint Venant equation) or 2D Diffusion wave 
equation. For the present study, full momentum equations were used as it includes all parameters for 
simulations.  The brief outline of the methodology is shown in fig.2. 

Figure-2. Methodology flow chart for HEC-RAS 
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A Triangular Irregular Network (TIN) is created from input CARTODEM 10 meter resolution as shown 
in figure 3. Further, the 2D polygon area contributing maximum flood extent within the  study area are 
defined  as shown in figure 4 and boundary conditions are assigned as shown in figure 5. The upper 
boundary condition is the flow hydrograph and the downstream boundary condition is kept as normal 
depth. The inflow hydrograph provided at Qutubullapur is shown in figure 6 and normal depth 
0.000345 was assigned at Ganesh nagar according to topographic conditions of study area. 

Figure-6. Inflow hydrograph boundary condition at Qutubullapur 

4.1.1 HEC-RAS simulations 

HEC-RAS 2D 5.0.1 beta version was used to solve diffusion wave and full momentum equation. 
Diffusion wave considers parameters such as gravity, friction and pressure whereas full momentum 
equation considers parameters like gravity, friction, pressure, acceleration, turbulent eddy viscosity 
and corollis effect. For the present study, full momentum equation was used to simulate the flood 
event and all parameters were considered. The full momentum equations for two directional specific 
flows p and q are shown in Equation 1&2.

where, p and q are the specific flow in the x and y directions (m2/sec), n is the manning’s resistance, s 
is the surface elevation in (meters), h is the water depth (meters), g is gravitational acceleration 

Figure-3.  Terrain in TIN Figure-4. Defined Polygon Figure-5. Boundary Condition
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(m/sec2 ), ρ is the density of water (kg/m3), τxx,τyy, τxy are the components of effective shear stress and f 
is the Corollis(/sec). 

4.2 PCSWMM 

PCSWMM was primarily developed for urban areas and can be used for the design, analysis and 
planning of drainage systems, and for the simulation of runoff quality [16, 17, 18 & 19]. It is a spatial 
decision support system for EPA SWMM5 (Storm Water Management Model) utilized for storm water 
management, wastewater and watershed modeling. The model can be used to perform both single 
event and long-term (continuous) simulation of runoff quantity and quality, primarily for urban areas. 
Its runoff component operates on a collection of sub catchment areas that receive precipitation and 
generate runoff and pollutant loads. 

Figure-7. Methodology for PCSWMM  

To simulate the rainfall-runoff process in urban areas, the study area is firstly divided into 12 sub 
catchment areas, these represent land areas that collect rainwater and allow infiltration and drainage 
to a specific  node. These sub catchments are then divided into impervious and pervious areas to 
enable the separate calculation of runoff, and the Horton infiltration method is used to simulate the 
infiltration process in pervious area. Rainwater collected by the sub catchments finally drains to the 
drainage network, and the 1D model is used to calculate the flow routing in the drainage network. The 
routing portion transports this runoff through a system of pipes, channels, storage or treatment 
devices, pumps and regulators. The quantity and quality of runoff generated within each sub 
catchment and the flow rate, flow depth, and water quality in each pipe and channel during a 
simulation period were tracked.  

The Dynamic Wave (DW) model was used for the hydraulic calculations and infiltration was calculated 
using the Curve Number (CN) method. The main parameters for a sub catchment in SWMM software 
are: (i) area (ha); (ii) width (m); (iii) slope (%); (iv) percent impervious; (v) Manning’s n for pervious 
and impervious areas; (vi) depression storage (mm) in pervious and impervious areas. Parameters (i), 
(iii) and (iv) were determined using the appropriate tools in ArcGIS 10.3.1. The width of the sub 
catchments (parameter ii) was determined as the area divided by the average maximum length of the 
sub catchment [8]. Finally, for parameters (v) and (vi), typical values from the literature were used [8].  
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4.3 HAND Model 

The application of the HAND model provides the possibility of capturing and examining 
heterogeneities in local environments in a quantitative and widely comparable manner [20]. The 
HAND model normalizes the topography in respect to the drainage network through two sets of 
procedures on a DEM. First, it runs a sequence of computations to create a hydrological coherent 
DEM, define flow paths and delineate the drainage channels as shown in figure 8. The correct 
definition of the stream network is the key to the HAND procedure because the elevations of the 
drainage channel system are used to calculate the normalized terrain heights. Depressions in the 
DEM data can interfere with the determination of flow directions [20].  

Figure-8. Methodology for Hand Model  

4.3.1 Defining HAND classes 

A HAND terrain class is defined as the range of vertical distances to the nearest drainage reference 
level that bears roughly uniform hydrological relevance [20]. The HAND classes were defined in order 
to know the water logged area within a catchment. From ground truth sources, local news and past 
flood experiences in the catchment the values of HAND 1meter and 2 meter are best estimated 
classes for water logged area within the catchment. HAND 1meter and 2meter classes is designated 
as High vulnerable and Low vulnerable respectively. 

5. Result and Discussion 

5.1 HEC-RAS 

The outputs of HEC-RAS model are the inundation extent with depth, water surface elevation and 
velocity with respect to time. Simulated raster results are stored in two decimal floating point numbers 
in tiff file format. The simulation was carried out for 13 September 2016 from 00.00 hrs to 2400 hrs, 
since highest rainfall was recorded on that day. The flood simulated area for 0.05 roughness 
coefficient is 11.3268 hectares. Figure-9 shows the flood depth layer generated for the inflow 
hydrograph and draped over the satellite image. The localities Vani Nagar, Gandhi Nagar, Kakatiya 
Nagar, Srinivas Nagar, Venkateshwara Nagar are highly vulnerable to floods. In the study area, the 
depth of the nala/stream is about 4m which is the highest and in the flooding localities the depth of 
water is in between 0.5 m to 3.9m. The locality Sai Nagar is not inundated since it is at a higher 
elevation. 
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Figure-9.  Flood depth from HECRAS model 

5.2 PCSWMM 

The capabilities of both hydrological and hydraulic modeling have been investigated. At each node, 
the water overflow, hours flooded, maximum hours of flooding, total flood volume, maximum rate and 
hours surcharged were calculated with respect to time. Node is an element where runoff water enters 
or comes out when node is overflowed. Links are the connectivity between two nodes which can be 
storm water pipes or open channel like stream, nalas or river. Figure 10 shows the flood depth layer 
draped over satellite image and Figure 11 shows the urban flood map. For the present study, links are 
in the form of nalas. For the catchment 12 of Hyderabad it can be concluded that if 144 mm of rainfall 
occurs uniformly over the catchment within 10-12 hrs, the catchment will experience flooding and the 
localities Srinivas Nagar, Gandhi Nagar, Kakatiya Nagar, Vani Nagar and Prasuna Nagar get 
inundated.  

Figure-10. Result from PCSWMM Model                                  Figure-11. Urban Flood Map 
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5.2.1 Conduits Surcharge  

Surcharge is overloading of the sewer beyond its design capacity due to inflow of water. A 
surcharging sewer often results in sewer overflow at manholes. Table 1 shows conduit surcharge 
summary results for the study area and it is inferred that the conduits are full in hours.  

Table 1 Summary of the conduit surcharge  

5.2.2 Sub catchment Runoff  

Runoff is a parameter which depends upon precipation, infiltration, evaporation loss and 
subcatchment area. Runoff from any subcatchment is assumed to flow directly to the outlet. Table 2 
shows the summary of  subcatchment runoff in the form of depth, discharge, volume for the 
corresponding subcatchments. 

Table 2 Summary of the sub catchment runoff 

5.2.3 Runoff Quantity Continuity 

The total runoff quantity is the result of precipitation-infiltration- storage from all the sub catchments. 
Table 3 shows the runoff quantity continuity. 

Table  3 Runoff quantity continuity 

Runoff Quantity Continuity Volume Ha-m Depth (mm)
Total Precipitation 1237.246 303.85
Evaporation Loss 0 0
Infiltration Loss 48.053 11.801
Surface Runoff 651.783 160.069
Final Storage 537.745 132.063
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5.2.4 Flow Routing Continuity  

For the present study, flow routing has been carried out using dynamic wave routing which solves the 
Saint Venant flow equations that consist of the continuity and momentum equations for conduits and a 
volume continuity equation at nodes. Channel storage, backwater, entrance or exit losses, flow 
reversal and pressurized flow can be represented using this form of routing equation. Table 4 shows 
the results of flow routing continuity for study area.  

Table 4 Flow Routing Continuity 

5.3 HAND Model 

We have generated various classes in the model showcasing vulnerable areas in the study area as 
shown in Figure- 12.  The localities within study area like Gandhi Nagar, Kakatiya Nagar, Srinivas 
Nagar, Venkateshwara Nagar are found to be highly vulnerable whereas New Vivek Nagar is less 
vulnerable. During September 2016, when heavy rainfall was reported in Hyderabad resulting in 
urban flooding, HAND model was used to simulate the vulnerable localities. Low lying regions were 
extracted and flood vulnerability maps were generated based on the increase of water level by one 
metre. From the ground survey, it is observed that Sriinvas Nagar, Gandhi Nagar, and Vani Nagar get 
flooded every year with low rainfall . Hence, based on the threshold, various zones are defined and 
the low vulnerable regions are delineated. These maps were provided to the State line departments 
for decision making in the Emergency Management. Further the Hyderabad city police have used 
them for traffic regulation operations.  

Flow Routing
Continuity

Volume
(Hectare-

meter)

Volume
x 106 Litre

Dry weather Inflow 0 0

Wet  weather Inflow 651.442 6514.22

Initial Stored Volume 0.012 0.019

Final Stored Volume 214.693 2146.93

Figure-12. Results of HAND Model 
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6. Conclusion  

This paper presents  three models SWMM, HEC-RAS and HAND for the simulation of a small urban 
catchment in Zone 12 in Hyderabad city. Though the three models are different in nature and theory, 
the model results have their own operational applicability and utility. All the three models gave 
appreciable and encouraging results. It is found that when the flooding is due to overtopping of 
river/nalas or any open channels passing through urban areas, it is suggested to use HEC-RAS 
Model. For the catchment zone 12 of Hyderabad, it is concluded that if 144 mm of rainfall occurs 
uniformly over the catchment within 10-12 hrs, the catchment will experience flooding. SWMM model 
is suitable in cities where systematic sewerage network, closed conduits  and storm water drainage 
network exists. HAND model which has the potential to systematically classify the ground terrain has 
a greater applicability in the field of surface hydrology, land-use and hazard risk assessment. GIS 
maps can be generated providing information on delineation of flood plains, zone areas and risk 
zones for protection from flooding and management of different types of land use. These 
measurements, coupled with forecasts of rainfall based on weather radar and global ensemble 
predictions, can help to provide a digital overview of the risks associated with the potential urban flood 
disaster. Further, there is a growing need for storm water management strategies to reduce urban 
flood risk. Further research work is to be focused on the implementation of an alert system based on 
the simulation results.  A sensitivity analysis is also to be carried out for all the models. The  results 
showed a spatial variation of flood depth for a given rainfall intensity which helps for hazard and risk 
assessment and identification of low-lying areas which can  aid in emergency management  like real 
time traffic management, decision making, resources allocation, rescue operations. 

Limitations  

For urban flood management and modeling, high resolution DEM of centimeter accuracy will produce 
more accurate results. However, due to non availability of high resolution DEM, the study is carried 
out with Cartosat satellite derived DEM of 10 meters resolution with vertical accuracy of 1-2 meters.  
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Abstract 

Blockage of rivers due to landslides in Himalayas and consequent formation of lakes behind landslide 
dams has been observed at a number of places in the recent past. These landslide dams pose a 
major threat of flash flood to downstream areas in event of their breaching. As landslide dams are 
quite porous, they are vulnerable to breach by cavity formation or overtopping. In past a number of 
flash flood events occurred due to breaching of landslide dams on river Parechu, Kurichhu etc. For an 
effective disaster management planning, it is essential to have proper estimate of lake volume behind 
landslide dam, possible dam break flood magnitude, its attenuation and travel time along the river 
reach. In majority of the cases getting the input data for dam break simulation is not possible. In the 
present paper methodology for extracting the desired input using the open source data, estimating the 
flood scenario due to possible breaching of landslide dams has been discussed. The methodology 
has been presented through a case study of Phutkal landslide dam, formed on river Phuktal in Kargil 
district of J&K during December 2014. For effective disaster management planning in the downstream 
reaches of Phuktal river in J&K, it was essential to estimate the possible rise in river water level in 
event of landslide dam breach and travel time of flood peak. The available input data was latitude, 
longitude of landslide dam site and fetch of the lake thus formed. Based on the latitude and longitude 
information of land slide dam formation and fetch of the lake, storage volume was estimated using 
HEC-RAS mathematical model. The dam break flood and propagation of flood wave in downstream 
valley was simulated using MIKE11 mathematical model to estimate the possible rise in river water 
level and its arrival time at salient locations. The study results were shared with relevant authorities 
responsible for disaster management planning. 

Keywords - Landslide dam; Dam break flood; Flood attenuation; Warning time; Disaster management 

1.0.  Event Brief 

A land slide dam was formed on river Phuktal between Shaday Sumdo and Shun probably on 31st

December, 2014. Phuktal is a tributary of Zanskar river a north-flowing tributary of the Indus river in 
J&K state of India. The Zanskar mountain Range separates Zanskar from Ladakh. An aerial recce of 
the region by the a Committee formed by State Government revealed that a whole side of mountain 
soil had landed on the Phuktal river from Shaday Sumdo at a distance of 5.5km from Marshun. The 
mound of earth was about 50 m high. As per the information available the accumulated water was 
frozen and had formed a temporary artificial lake extending about 5 km upstream. The latitude and 
longitude of land slide blockage was 33.289 0 N and 77.295 0 E respectively. After receiving the above 
information necessary study was carried out by Central Water Commission to estimate the possible 
flood peak at different locations downstream of the land slide dam in the event of a dam break. The 
study results were shared with relevant authorities responsible for disaster management planning. A
location map of land slide dam site is shown in Fig.1. A site photograph of land slide dam and lake 
formed behind the dam is shown in Fig.2. 
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Fig. 1: Location of Phuktal land slide dam 

Fig. 2: Site photograph of land slide dam 

2.0.  Data Constraints 

The available data were latitude and longitude of landslide dam, its aerial photograph and 
approximate height and fetch of the lake formed behind the land slide dam. In order to have a proper 
estimate of flood peak, its travel time and differential rise in river water level at different downstream 
locations in event of a possible dam break, the proper estimate of storage volume behind landslide 
dam, cross sections of river, catchment area of the river at landslide dam location.  

3.0.  Methodology Adopted To Formulate The Dam Break Flood Forecast Of Land Slide Dam 

Location of landslide dam was marked on Google Earth. Drainage area and hypsometry of phuktal 
river at landslide dam and Zanskar river at its confluence with Indus river has been estimated by GIS 
processing of the SRTM DEM (Fig.3). Cross sections of river upstream of landslide dam and were 
extracted from ASTER DEM. From these cross sections the storage volume behind dam was 
estimated using open source software HEC-RAS. Dam break simulation and hydro dynamic channel 
routing of dam break flood has been carried on MIKE11 mathematical model to get flood peak, its 
travel time and possible additional rise in river water level at different downstream locations. For 
hydrodynamic channel routing cross sections of Phuktal and Zanskar rivers from landslide dam site 
upto Zanskar-Indus confluence were also extracted from ASTER DEM. 
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Fig. 3: Drainage area map of Phuktal/Zanskar rivers 

The drainage area of Zanskar river up to its confluence with Indus is about 15854 sq.km. The 
catchment area of the Phuktal river at land slide dam location is about 5607 sq.km, out of which 
about 90% lies above the elevation band 4500 m (permanent snow line). 

4.0. Volume Estimate Of Lake Behind Land Slide Dam 

The volume of the lake was estimated on HEC-RAS for 50 m depth of water near land slide dam. 
The estimated volume was about 24 million cubic meter.  The volume estimate is given in Table-1. 
The bed profile of the river upstream of the land slide dam along with water surface profile is given in 
Fig.4.   

Table-1: Estimated volume behind land slide dam for 50m depth of water near dam site 

River Reach Chainage (m) 
u/s of land 
slide dam

River bed 
elevation

Water 
Surface  Elev

Volume Surface area 
total

(m) (m) (1000 m3) (1000 m2)

Phuktal 11000 3981.67 3982.52 23508.15 1078.79
Phuktal 10000 3980.33 3980.66 23504.41 1067.1
Phuktal 9000 3974.09 3976 23493.35 1051.59
Phuktal 8000 3970.65 3976 23191.88 964.27
Phuktal 7000 3960.81 3976 22461.42 841.56
Phuktal 6000 3948.18 3976 21170.79 745.56
Phuktal 5000 3932.81 3976 16763.27 572.01
Phuktal 4000 3928.49 3976 9345.12 309.95
Phuktal 3000 3926.4 3976
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Fig. 4: Possible fetch of lake behind land slide dam for 50 m depth of water near dam site 

5.0 Dam Break Simulation 

For the estimated volume of 24 MCM the possible critical dam break scenario was simulated on 
MIKE11 to estimate the flood peak, its travel time and possible rise in river water level. For the 
simulation the initial condition flood in the river was adopted as 100 cumec. For the average breach 
width of 60m, breach depth of 40 m and breach development time of 2 hours the maximum discharge 
through the breach was estimated as 4865 cumec. The flood peak at different locations along with 
additional rise in river water level in dam break scenario is given in Table-2.

Table-2: Estimated flood peak due to land slide dam breach and possible additional rise in water level 
at different locations of Phuktal river 
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Initial 
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Flood peak 
due to 
breach of 
landslide 
dam (cumec)

Possible 
additional rise 
in water level 
due to land 
slide breach 
(m)

Flood Peak 
occurance 
time (date-
hr:min)

Landslide Dam 0 4865 4865 10.50 00:00
Phuktal  17500.00
(Phutkal Gompa)

100 4423 4323 12.30 00:30

Phuktal  47500.00 100 3494 3394 6.40 01:30
Phuktal  75000.00 100 3204 3104 7.00 02:30
Phuktal  87500.00
(Padum)

100 2361 2261 4.20 03:30

Phuktal  112500.00 100 1918 1818 6.30 05:30
Phuktal  177500.00 100 1525 1425 6.00 08:20
Phuktal  197500.00
(Nimoo)

100 1451 1351 3.40 09:30
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(Note: PHUKTAL 17500.00 denotes the location 17500 m downstream of landslide dam. Same way 
all other locations may please be read) 

6.0. Lanslide Dam Breach 

NDMA in association with other agencies was able to develop a controlled breach section of size 2m 
x 2m on the top of the blockage in the middle of March 2015 in spite of permafrost conditions. Due to 
this controlled breaching section the possibility of further rise in lake water level was controlled up to a 
large extent. The land slide dam finally breached on 7th May around 9.30 AM. The breaching of dam 
was immediately detected with the help of Digital Water Level Recorder(DWLR) at Phuktal Gompa 
where abnormal rise in water level was recorded. Based on such reading, immediate warning was 
given to all concerned. At 8am, WL at Phuktal risen to 2.3m and at 10 AM, peak WL was around 10 m 
to 12m as reported by local people. Due to regular monitoring and early system in place, there was no 
casualty. No loss of human lives and livestock has been reported. Only inevitable damage reported is 
to the low & small bridges and few small buildings near river bank,  erosion of river banks. There was 
no damage to Nimoo Bazgo HEP except shutting down of plant for few days due to exceptionally high 
silt content which is natural in case of GLOF and land slide dam breach events. 

7.0. Dambreak Study VIS a VIS Actual Flood at Different Locations Additional Rise in Water 
Level 

A comparison of simulated land slide dam break flood peak and its travel time with the actual 
occurred event has been presented in Fig.5. It can be seen that the simulated travel time is almost 
similar to actually recorded travel time. Regarding addition rise in water level the difference in water 
level was about 30 to 40 cm, which is because of the river cross sections which were extracted from 
ASTER  DEM of 30 m x 30 m resolution. For the finer resolution DEM, perhaps the difference would 
have been further narrowed down.

Fig 5: Comparison of simulated flood peak and its travel time with the actual event 

8.0.  Conclusion 

In majority of the cases of land slide dam formations it may not be possible to get the data of lake 
volume and river cross sections, which are essential for hydrodynamic simulation. However, from the 
available open source DEM and modeling tools some of the important data can be extracted and 
used for hydrodynamic simulation to provide the desired input for disaster management planning. 
While providing the inputs regarding additional rise in river water level and warning time etc limitations 
of the data should be clearly mentioned in order to take some reasonable additional factor of safety in 
the estimate and consequent disaster management planning. In case of phuktal land slide dam, dam 
break simulation of land slide dam in advance, it was possible to estimate the flood peak and its 
arrival timings at different location of Phuktal, Zanskar and Indus rivers. The proper volume estimate 
of lake formed behind the land slide dam and dam break simulation gave a fairly good idea of its 

___________________________________________________________________________________________________________________________________________________________________________

___________________________________________________________________________________________________________________________________________________________________________



National Conference on Flood Early Warning for Disaster Risk Reduction   30-31 May 2019, Hyderabad   
 
 

 149 Jointly Organised by NRSC & CWC Under NHP

hazard potential, which eventually provided essential input in formulation of disaster management 
strategies. 

Disclaimer: The views expressed in the paper are purely personal and not necessarily the views of 
the organisation. 
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Abstract 

Dams provide many benefits to society, but floods resulting from failure of dams have produced most 
devastating disasters of last two centuries. For reducing the damage by dam failures, it is necessary 
to estimate the dam break flood. Such studies are required for Emergency Action Planning purpose. 
This paper gives a case study of dam break analysis and flood plain mapping for proposed Sri 
Komaravelli Mallanna Sagar Reservoir in Telangana. The study is carried out to estimate the flooding 
in the case of dam failure. Field survey for extracting cross section is time consuming and expensive. 
Hence GIS technology is used to extract the cross sections downstream of the reservoir using ASTER 
DEM of 30 m resolution. 1-D model HEC-RAS has been used for routing the flow downstream. The 
results were imported in ArcGIS for the preparation of flood inundation map on Toposheet to use it for 
Disaster Management Planning.

Introduction

Dams provide many benefits to our society. The first Prime Minister of India Shri Pandit Jawaharlal 
Nehru called Dams as ‘Temples of Modern India’. However, floods resulting from the failure of 
constructed dams have also produced some of the most devastating disasters of the last two 
centuries. In recent years, there is an increasing concern in terms of potential risk for the people living 
and for the properties and facilities located downstream of, especially, the large dams.  Dam-break 
floods may happen in case of a dam failure. Therefore, the relation between disaster management 
due to dam break and effective flood mitigation after such disaster is a focal point in every such 
analysis. 

Dam failures may arise due to different reasons ranging from seepage, piping (internal erosion), 
overtopping due to insufficient spillway capacity and insufficient free board, liquification due to 
earthquakes etc. Regardless of the reason, almost all failures begin with a breach formation. 
Basically, breach is defined as the opening formed in the dam body that leads the dam to fail and this 
phenomenon causes the concentrated water behind the dam to propagate towards downstream 
regions. Analyzing the failure of an embankment dam can be viewed as a two-step process. First, the 
actual breach of the dam must be analyzed and second, the outflow from the breach must be routed 
through the downstream valley to determine the resulting flood (inundation) at population centers.  

In this paper a case study of dam break analysis and flood plain mapping for proposed Sri 
Komaravelli Mallanna Sagar Reservoir in Telangana is taken up. It is one of the main components of 
Kaleshwaram project having a storage capacity of about 50 TMC. The study is carried out to estimate 
the effect of flooding in the downstream of the proposed project area in the case of eventuality of 
failure of the dam 

Application of GIS Technology   

The main data required for such study is topographical information in the d/s of dam, i.e. cross-
sectional data of the river / stream flowing in the downstream of dam. Obtaining this data by manual 
survey is time consuming process. Therefore, GIS technology can be used to extract the cross 
sections downstream of the reservoir using ASTER DEM having appropriate resolution at the required 
interval along the river. Secondly, GIS has been used for flood plain mapping by importing flood 
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results in ArcGIS for the preparation of inundation map of the downstream area for likely worst 
scenarios. 

Literature Review  

Yang et al (2006) explains development of direct processing approach to river floodplain delineation 
on part of South Nation River System in Ottawa, Ontario in Canada. Floodplain mapping is done by 
integrating Geographic Information System (GIS) with HEC-RAS. Numerical model simulations are 
performed to generate water surface profile for six different design storm events. Geo-referenced 
maps are integrated with digital elevation model (DEM) data to develop triangular irregular network 
(TIN) terrain model and floodplain zones for six design storm events were reproduced by overlaying 
the integrated terrain model with the corresponding water surface. Validation of the model is carried 
out using 100-year flood zone of Bear Brook sub-watershed. They concluded that HEC-RAS river 
network model provides upgraded simulations with better computational routine, supports import and 
export of GIS data and allows to view the river reach and cross-section data. This study focuses on 
integrating the hydraulic data with GIS map for inundation floodplain zones. 

Yochum et al (2008) mention one dimensional unsteady numerical model using HEC-RAS to simulate 
Big Bay dam embankment failure which happened on March 12, 2004 and to predict the behavior of 
floodwave generated caused by dam breach through the downstream valley. The model was 
developed using observed breach geometry and the HEC-RAS model gives relatively accurate result 
comparing with the water marks measured immediately after the failure. However, the random error in 
the projected peak water surface elevation from the model in comparison with the water marks 
measured indicates the geometry generated from 10m DEM will add small amount of error to the 
analysis and concluded that breach inundation studies can be carried out by gathering high resolution 
data using LiDAR or other advanced techniques to eliminate the errors.  

Patrol et al (2009) present a detailed review related to issues and limitations of hydrodynamic 
modelling of floods in data scarce countries with large flood prone rivers. In this study, a one-
dimensional (1D) hydrodynamic model is used to study the river flow with limited available data in 
delta region of Mahanadi river. SRTM DEM was analyzed and compared with the elevation obtained 
from topo maps and actual river cross-section obtained from detailed survey. SRTM derived cross-
section are refined and used in hydrodynamic model. One dimensional model is developed and 
calibrated using the cross-section obtained from SRTM DEM along with measured cross-section, 
discharge and depth of water at different gauging stations in monsoon season of 2004 is considered 
for simulating the One-dimensional simulation of river. The values of discharge and water levels 
obtained from the model simulation are almost similar to the observed values. The study 
demonstrates the use of cross-section derived from SRTM DEM in hydrodynamic modelling studies 
on data scarce regions.  

Salajeghah et al (2009) conducted study on Polasjan river basin in Iran central plateau for floodplain 
analysis using HEC-RAS and GIS. They presents direct approach for processing output of HEC-RAS 
in ArcGIS platform and identified from the results obtained that GIS is an effective tool for floodplain 
mapping and analysis. Integrated HEC-RAS and ArcGIS acts as effective tool for floodplain mapping 
and analysis. The model developed by integrated HEC-RAS and ArcGIS has the many advantages 
such as user friendly, digital output, savings in resources. Menu based software doesn’t require much 
expertise in working in the software. Digital output obtained can be compared with other digital data 
and covers many structures like infrastructures and buildings and this methodology saves time and 
resources in revising and updating the floodplain maps as and when changes in hydrologic and 
hydraulic conditions are observed. 
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Objective  

The primary objective of the case study presented in this paper is to find the effect of breach of the 
proposed Komaravelli Mallanna Sagar Reservoir and the consequent high flood levels and discharges 
in Kurelli Vaagu River downstream of the reservoir. The basic elements of the study are given below.    

1) To study the topography of the area from proposed Sri Komaravelli Mallanna Sagar reservoir 
upto Upper Maniar reservoir in downstream with the help of Aster DEM data of 30 m 
resolution and extracting the cross sections from the DEM at the interval of 500 m. 

2) Estimation of Dam Breach flood hydrographs due to breach of proposed dam under different 
scenarios and routing the flood till Upper Maniar reservoir using 1-D Mathematical Model 
HEC-RAS. 

3) Prediction of maximum water surface profiles along the stream in downstream reach from the 
simulation of HEC-RAS 1-D Model. 

4) Preparation of flood inundation map by marking the probable inundation area using ArcGIS on 
the Survey of India toposheet to identify the localities affected under dam breach conditions. 

Dam Break Analysis  

Dam breach is the opening formed in the structure as it fails. Dam break analysis helps in evaluation 
of extent of the damage on downstream of dam for particular breach shape by analysis of peak flood 
values, time for peak flood, size and time of break. Likely worst case scenarios can be studied for 
identifying the population at risk downstream of the dam for Disaster Management purpose. 

The failure of an embankment dam can be viewed as a two-stage process. First, the actual breach of 
the dam that is to be analyzed, and second, the outflow from the breach to be routed through the 
downstream valley to determine the resulting flood at population centers. Predicting the outflow 
hydrograph can be subdivided into predicting the breach characteristics (e.g., shape, depth, width, 
rate of breach formation) and routing the reservoir storage due to the outflow through the breach. The 
models do not directly simulate the breach; rather the user determines the breach characteristics 
independently and provides that information as input to the routing model. One dimensional 
mathematical model (HEC-RAS) under unsteady flow condition is used for Dam break analysis of the 
present study. Dam break flood hydrographs have been simulated under different conditions of 
breaking when the reservoir is full. Unsteady flow component of this model has been used for routing 
the generated flood hydrograph due to dam break. The Unsteady flow component is based on law of 
conservation of mass and law of conservation of momentum. 

The dam break studies for Sri Komaravelli Mallanna Sagar reservoir have been carried out 
considering rectangular breach with maximum width of 300m. This optimum size of breach has been 
derived as per the standard guidelines with reference to the nature of bund and height of the dam. 
The most vulnerable point of breach could be the location where bund is having maximum height. 
This location was identified with the help of toposheet (SOI) and satellite imageries. The failure of this 
section of bund was considered due to overtopping, considering likely worst scenario. 

Application of GIS

For this study the data related to dam like salient features of bund, Area Elevation Capacity curve of 
reservoir has been used. As mentioned earlier, the 1-D model requires topographical data as well as 
the boundary condition for running the model. In the absence of actual topographical survey data of 
the stream downstream of proposed Shri Komaravelli Mallanna Sagar reservoir, topographical data a 
Digital Elevation Model (DEM) of 30 m resolution available at USGS website (figure 1) was 
downloaded and processed using ArcGIS software for topographical data of the stream on the 
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downstream of the proposed Sri Komaravelli Mallanna Sagar reservoir. The geometric data required 
for development of 1-D mathematical model were extracted from ASTER DEM using ArcGIS and MS-
Excel software. For validation purpose, the cross sections extracted were compared with few cross 
sections obtained from actual ground survey, and these were found to be matching fairly. About 47 
km of channel reach from proposed Sri Komaravelli Mallanna Sagar reservoir upto Upper Maniar 
reservoir has been considered in the study. In all, 112 cross sections of the Kurelli Vaagu Stream 
including 3 sections close to the proposed bund of dam on the upstream were simulated in the model. 
The geometry in the HEC-RAS model showing the reservoir and cross sections upto 47 kms as given 
in model are shown in figure 2. The cross sections were appropriately extended beyond both the 
banks of the stream varying from 2 to 8 km in length, to know the maximum extent of inundation.
Storage (level pool) routing was carried out within the reservoir with FRL of Upper Maniar reservoir as 
downstream boundary. Dynamic routing was carried out in downstream reach and water surface 
elevations were computed in HEC-RAS using Saint Venant equations by numerical simulations. For 
the worst possible scenario, the shape of break was considered as rectangular. Three simulations 
with the breaching time as 18 minutes, 30 minutes and 1 hour, as per the standard methods for 
simulation of the failure of earthen dams, with the level at FRL of the dam have been considered. 
Since, this proposed reservoir is a pumped storage type of reservoir, catchment flow addition to the 
reservoir will be negligible and hence not accounted for. Therefore, the worst breaching scenario 
could be the dam breaching at FRL and having minimum breaching time. 

Figure 1: Digital Elevation Model (DEM)           Figure 2: Schematic Geometry used in  HEC- used 
for extraction of cross sections                            RAS model for proposed Sri Komaravelli  
of stream near proposed Sri Komaravelli                 Mallanna Sagar with Kurelli Vaagu stream 
Mallanna Sagar Reservior 

Estimated Water Surface Profile :

The dam break model runs have been carried out for the three cases under level pool scenarios for 
unsteady flow condition. The water surface profile for each scenario was estimated on reviewing all 
estimated water surface profiles, it was noticed that the dam break model runs for 18 min breaching 
time with rectangular shape of breach 300 m wide and depth 50 m under level pool scenario has 
given maximum water levels. The details of maximum estimated water surface profiles is shown in 
Figure 3. 

Inundation Map for the Maximum Flooding Scenario :  

The results estimated using 1-D mathematical model in HEC-RAS were further imported in ArcGIS for 
the preparation of inundation map for maximum flooding scenario. The flood levels extracted from the 
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water surface profile were marked on the respective cross sections with reference to the contours 
using ArcGIS. The flood levels were marked on the cross sections along the left and right banks of 
study reach of stream Kurelli Vaagu. All marked flood points and cross sections of study reach were 
imported into ArcGIS for the preparation of inundation map. The villages affected on the right and left 
banks of study reach were identified and marked on Toposheet. The villages influenced by flood 
generated due to dam break were enlisted.  The inundation map corresponding to maximum flooding 
case scenario is shown in Figure 4. 

Figure 3 : Longitudinal water surface profile                Figure 4: inundation map of most 
Along with Bed and banks for downstream                  likely flooding area under study 

channel of proposed Sri Komaravelli Mallanna 
               Sagar for 18 minutes breach time. 

Conclusion  

Following conclusions were drawn from the study. 

Without the use of GIS, Dam break analysis was very difficult as extracting cross sections by 
field survey has been a very laborious, time consuming and expensive job. Also after 
performing the routing, mapping flood plain on a map accurately was a very difficult task.  

Use of DEM has made the cross section extraction very easy and very economical. The 
accuracy of cross section is directly proportional to the resolution of the DEM. For undulated 
areas like Himalayan region, high resolution DEM is preferred, while for plain areas 30 m 
resolution DEM which is freely available may be considered appropriate in the absence of 
high resolution data.

The flood plain mapping has also become very convenient by the use of GIS. The maximum 
flood levels obtained from the flood routing can directly be mapped on toposheet using 
ArcGIS or Q-GIS
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Abstract

The operational National Water Model (NWM) was created in cooperation between the National
Center for Atmospheric Research (NCAR) and the National Oceanic and Atmospheric
Administration (NOAA) to forecast streamflow and hydrologic states across the continental U.S. The
NWM was built from the Weather Research and Forecast-Hydrologic (WRF-Hydro) modeling
framework and includes a land surface model, an overland hydrologic routing model, and a river
routing model. This paper describes the implementation of this system as the US National Water 
Model, through a description of the system, tools, computational components, and real-time 
operations.  Experiments for the evaluation and validation of parameters in NWM when compared
with measurements at gauges and long-term streamflow performance across the continental United
States show the general attributes of streamflow in terms of both hight and low flow estimates are 
largely captured in the NWM. 

Key Words: Realtime Hydrologic Forecasts, Continental Scale Hydrology, High Performance 
Computing 

1. Introduction

Large-scale hydrologic models in the United States have been built for applications and research in 
water supply management, climate change adaptation, flood forecasting, and for general 
accounting of the hydrologic system (Arnold et al., 1998). The Weather Research and Forecast-
Hydrologic model (WRF-Hydro) is one such model (Gochis et al. 2018). A particular instance of 
WRF-Hydro has been designated as the National Oceanic and Atmospheric Administration’s 
(NOAA) National Water Model (NWM).  The NWM is an operational implementation of WRF-Hydro 
that runs over the continental United States (CONUS) and Hawaii (as of version 2.0). The NWM 
generates forecasts of streamflow and other hydrologic states in multiple forecast cycles, and 
presents and analyzes those forecasts in real time via web-based services. A primary motivation 
for the development of the NWM was to increase the spatial coverage of hydrologic forecasts to 
‘hydro-blind’ regions of the CONUS, where currently forecasts do not exist beyond the current
~3,700 locations. NWM forecasts are intended to supplement current National Weather Service 
River Forecast Center (RFC) forecasts, not only by increasing spatial representation from 3,700 
points to ~2.7 million, but also temporally, as the NWM has medium and long range cycles that 
carry out to 10 and 30 days, respectively, compared to typical 24 to 48-hour RFC forecasts. 

The core of the WRF-Hydro model is the representation of land surface physics; very high-
resolution descriptions of terrestrial hydrologic process representations such as land- atmosphere
exchanges of energy and moisture, snowpack evolution, infiltration, terrain routing, channel routing,
basic reservoir representation and hydrologic data assimilation (Clark et al. 

2015). The objectives of this paper are twofold: (1) describe the NWM and its implementation of the
hydrologic and hydraulic methodology of the NWM configuration of the WRF-Hydro model, and (2) 
demonstrate the model’s hydrologic components and methods of calibration and validation of those
various hydrologic components.

2. Model Description

The NWM runs on NOAA’s WCOSS computers in four different configurations: analysis and
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assimilation (hourly, -3-0 hours), short range forecast (hourly, 0-18 hours), medium range forecast
(six hourly, 0-10 days), and long range forecast (daily, 0-30 days, 4 ensembles). These 
configurations use different forcing inputs and the long range configuration has different physics and
parameters. For complete details on the operational configurations and links to meteorological 
forcing and NWM output files, see http://water.noaa.gov/about/nwm.

The physics of the NWM are built on the WRF-Hydro framework. The NWM configurations
are just two specific configurations among a large number of permutations in the suite of land
surface, hydrologic, and hydraulic physics options that are part of WRF-Hydro. 

The main physics components of the primary NWM configurations (analysis and assimilation, 
short range and medium range) are shown in Figure 1. The long range configuration does not
incorporate terrain routing. This information is current with the time of publication.  The
components include a meteorological forcing engine, a geospatial fabric pre-processing tool suite,
a data assimilation system, and various model physics components. Outputs from the model 
simulations are analyzed using statistical tools and web-based visualization methods (Zambrano-
Bigiarini, 2017). 

Figure 1. The full ecosystem of the of the WRF-Hydro, NWM v2.0 system.

With the upper-boundary conditions (meteorological forcing) and lower-boundary conditions (terrain
and land surface datasets) provided, the workflow for the NWM configuration of WRF-Hydro 
proceeds as follows: the 1-dimensional (1D) column land surface model, NoahMP (Niu et al., 2011)
calculates infiltration and exfiltration on a 1-kilometer grid across the land surface (i.e. LSM grid). 
These volumes are then disaggregated to a 250 meter “hydro” overland routing grid using a time-
step weighted method (Gochis and Chen, 2003) and the excess water is routed horizontally across 
a the hydro grid using an overland diffusive wave scheme. This horizontally routed flow is 
aggregated into catchments defined by National Hydrologic Database (NHDPlus) and transferred
into the channel network, inserting the flow at the top of each reach per time step. The process of 
mapping water from the hydro grid to the NHDPlus catchments is achieved through a spatial weight
mapping between each catchment and hydro grid cell on the land surface. Figure 2 illustrates the
conceptual relationship between the LSM grid (shaded, 1 km), the hydro grid (250 m), the NHDPlus 
catchments (polygon), the channel network (dashed line), gauges (point), and waterbodies 
(triangle).
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Figure 2. Left: Diagram of channel network overlaid with the LSM (1 km) and hydro grids (250 
meter), a sample gauge (point), reservoir (triangle) and river (dashed). Right: The mapping between 

the catchment and its contributing fluxes are shown in the area-weighted grid. 

As flow moves through the network, lakes and reservoirs, generally termed “waterbodies”,
represented on the network serve to attenuate flow by storing and releasing water according to a 
level-pool routing scheme. The NWM contains capability to read in time- varying waterbody
parameters, such as prescribed outflows, pool elevation requirements, or time varying orifice and 
weir coefficients. In future versions, we envision implementing relationships to vary discharge 
mechanisms in time, however, the data to support these advancements are still in nascent form.
The final network of rivers and catchments of the CONUS implementation of the NWM are 
depicted in Figure 3. 

Figure 3.  Physiographic domain of the NWM showing the major and minor tributaries across 
the CONUS and a representation of instantaneous flow magnitude.

3. Validation of Streamflow

A factor to determine the utility of the NWM is demonstrating the ability of the model to reproduce 
streamflow estimates at various locations across the domain. Streamflow performance has been
analysed at 6,400 US Geological Survey (USGS) gauge locations. These 6,400 gauges were 
selected from the ~7,000 real time USGS gauges available over CONUS based on a
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completeness of observational record of greater than 75% during a six-year evaluation period.
The simulation experiments were as follows: the WRF-Hydro NWM configuration was setup over
the CONUS domain (source code available at https://ral.ucar.edu/projects/wrf_hydro/model-code,
doi:10.5065/D6J38RBJ) and run retrospectively with hourly output for seven water years, 2010-
2017, with the first year removed from statistics as a spin-up period. Simulations were conducted
on the NCAR supercomputer, “Cheyenne” (CISL, 2017). 

Computational efficiency is a crucial element of the operational NWM, since 
computational power is limited and the run time per cycle needs to be efficient in producing 
timely output such that the short-range and analysis cycles can be updated hourly. 

Hydrographs from the retrospective simulation period were extracted at 12 randomly
selected USGS gauge locations (one per River Forecast Center) to provide a snapshot of
streamflow performance across CONUS (Figure 4). The 12 locations were chosen from a
uniform distribution of 7,429 active USGS streamflow gauges, intended to truly test one of the 
novel concepts of the NWM: the ability to simulate streamflow at any location across the
CONUS.  As Figure 10 indicates, performance is mixed according to river size, geographic
location, and the presence of management, however, the general cyclic behavior is largely
captured, with the peak flows represented often better than baseflow. 

Figure 4.  Hydrographs of log-scaled hourly discharge (m3/s) at 12 randomly-selected USGS 
gauge locations (one per RFC) illustrating the comparison between NWMV20 (orange) and the 

USGS observations (black) for a retrospective simulation, 10/2011 – 10/2017. 

4. Conclusions 

This paper presents the basics of WRF-Hydro configured as the US National Water Model, which is 
a real-time distributed hydrologic forecasting system. Six-years of hourly retrospective simulations
across CONUS served as the basis of evaluation of the model performance in simulating
streamflow. In general, representing rivers and waterbodies at the CONUS scale presents unique
challenges in developing a reasonable set of scientific and observation based parameters, 
sometimes limiting the use of cutting-edge technologies that do not scale to the entire domain.

___________________________________________________________________________________________________________________________________________________________________________

___________________________________________________________________________________________________________________________________________________________________________



National Conference on Flood Early Warning for Disaster Risk Reduction   30-31 May 2019, Hyderabad   
 
 

 160 Jointly Organised by NRSC & CWC Under NHP

These challenges are in addition to the operational requirements, which mandate the development
of a stable, efficient model at a meaningful resolution; these requirements can also constrain the
implementation of more sophisticated routing methodologies, due to the risk of operational failure 
and/or the inability to produce forecasts with sufficient lead times.  As computational power and
large-scale modeling efforts continue to grow, the NWM will evolve to utilize such advancements.
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Abstract 

Flash floods are among the world’s deadliest natural disasters with more than 5,000 lives lost 
annually and result in significant social, economic and environmental impacts.  Flash floods have a 
different character than river floods, notably short time scales and occurring in small spatial scales, 
which make forecasting of flash floods quite a different challenge than traditional flood forecasting 
approaches. In forecasting of flash floods, one is concerned foremost with the forecast of occurrence, 
and herein focused on two causative events: 1) heavy rainfall and 2) rainfall on saturated soils. 

Recognizing that flash floods are less time scale events with disastrous impacts, a Flash Flood 
Guidance System (FFGS) tool is necessary to provide real-time informational guidance products 
pertaining to the threat of small-scale flash flooding to operational forecasters and disaster managers. 

In this paper, the use of FFGS tool for forecasters and disaster managers is detailed and how this 
vital information/ guidance aid them in avoiding major disastrous events in the potential area with 
good lead time. FFGS MAPSERVER enhances the visualization of multiple products at a time and 
thereby comparing different features for better results. More Interactive Features on guidance 
products enable effective visualizations for better understanding. The interface is more interactive 
friendly with adaptive zoom function up to watershed level to conclude better results. Calibration and 
validation of the system is discussed with a recent case study in this working paper. 

Keywords – Flash Flood Guidance, Rainfall estimates, Sacramental Soil moisture, bankful runoff. 

1.   Introduction 

Recognizing  that  flash  floods  have  a particularly disastrous impact on lives and properties of the 
affected populations, the Fifteenth WMO Congress had approved the implementation of a Flash Flood 
Guidance System  (FFGS)  project  with  global  coverage that had been developed by the WMO 
Commission  for  Hydrology  (CHy)  jointly  with the  WMO   Commission  for Basic   Systems (CBS) 
and in collaboration with the US National Weather Service, the US Hydrologic Research Center 
(HRC) and USAID/OFDA[1]. 

The FFGS is a robust system designed to provide the necessary products to support the development 
of warnings for flash floods from rainfall  events  through  the  use  of  remote sensed precipitation 
(e.g., radar and satellite- based rainfall estimates) and hydrological models. 

The Flash Flood Guidance component is used to  estimate  the  amount  of  rainfall  that  is required 
to cause bankfull flow for a given duration (e.g., one, three and six hours) at the outlet of each sub-
basin taking into account of current soil moisture conditions. 

To assess the threat of a local flash flood, the FFGS is designed to allow product adjustments based 
on forecaster experience with local conditions, incorporation of other information (e.g.,  Numerical  
Weather  Prediction  output) and any last-minute local observations (e.g., non-traditional   rain   gauge   
data)   or   local observer reports [1]. 
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Fig 1: FFGS with Global Coverage 

The   main   objectives   of   the   Flash   Flood Guidance System with global coverage are[2]: 

To enhance National Meteorological and Hydrological  Services’  capacity  to  issue effective 
flash flood warnings and alerts; 

 To enhance collaborations between NMHSs and Emergency Management Agencies; 

 To foster regional developments and collaborations; 

 To   generate   flash   flood   early   warning products by using state of the art 
hydrometeorological forecasting models; 

 To provide extensive training including on line training to the hydrometeorological forecasters; 

 To support WMO Flood Forecasting Initiative. 

2.   Technical Components of the FFGS Framework 

1) Bring details of discretization of micro water sheds all over India and across the trans national 
boundaries of Nepal, Bhutan and Bangladesh who have continuous river basin boundaries. 

2) Framework configuration and customization of live FFGS. 

3) Integrity checks carried out for stabilization of real time FFGS. 

Flash  floods  have  a  different  character  than river floods, notably short time scales and occurring 
on small spatial scales, which makes forecasting of flash floods quite a different challenge than 
forecasting large-river flooding. In forecasting of flash floods, we are concerned foremost with the 
forecast of occurrence, and herein focuses on two causative events: 1) intense rainfall; and 2) rainfall 
activity continued/persisted on saturated soils. 

The Flash Flood Guidance System technical components are depicted in Fig-2. The key model 
components consist of Threshold Runoff Model (drainage network characteristics) that is computed 
once for each sub-basin. Estimated precipitation  from  several  sources  like satellites,  radar  as 
available,  and gauges as available are input into a snow model, which estimates snow water 
equivalent (SWE) and MELT that is inputted into a soil water accounting model to estimate soil water 
deficit in upper and lower soils. The Flash Flood Guidance component is used to estimate the amount 
of rainfall that is required to cause bankfull flow for  a given  duration (e.g.,  one, three and six hours) 
at the outlet of each sub- basin   taking   into   account   of   current   soil moisture conditions. The 
Flash Flood Threat is the amount of mean areal rainfall of a given duration that is greater than the 
Flash Flood Guidance  value  of  the  same  duration  for  a basin. 
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Fig-2: Schematic Flow Chart of the Flash Flood Guidance System 

3.   Case Study – 29th May 2018 

The FFGS products can be classified into three groups: 1) Diagnostic products such as radar and 
satellite precipitation, Mean Areal Precipitation, Soil Water, and Flash Flood Guidance; 2) Prognostic 
products such as Mesoscale Precipitation Forecasts in gridded and mean areal precipitation form; 
and 3) Warning products such as Flash Flood Threat. In addition, for regions with seasonal snow, 
products pertinent to snow accumulation and melt are generated. 

3.1  Synoptic Conditions 

On 29th May 2018, a well-marked low-pressure area was present over southeast Arabian sea and 
adjoining east central Arabian Sea off north Kerala Karnataka coasts. Also, an associated cyclonic   
circulation   extended   upto   7.6   km above mean sea level. 

Fig 3: IMD GFS 850 hPa Wind Forecast (24 Hrs) 
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3.2  Diagnostic Products 

3.2.1 Global  Hydro  Estimator  (GHE) Precipitation: 

The FFGS is designed to use the NOAA/NESDIS Operational Global Hydro Estimator (GHE) satellite 
rainfall estimates as a primary  precipitation  source,  because  of  the data low latency. Adjustments 
are made based on operational global numerical weather prediction models. 1, 3, 6 and 24-hr GHE 
precipitation products are available. Here the product shows heavy rainfall over north Kerala 
Karnataka coast. 

Fig 4: GHE – 06 hr based on 00 UTC of 29-05-
2018

Fig 5: GHE – 24 hr based on 00 UTC of 29-05-
2018

Fig 6: GHE – 24 hr based on 06 UTC of 29-05-2018 

3.2.2     Microwave-adjusted Global Hydro Estimator (MWGHE) Precipitation: 

The microwave-based estimates use the CMORPH products available from NOAA/Climate Prediction 
Center. However, while  the GHE products from  NOAA have a latency of approximately 20 minutes, 
the CMORPH   products   have   a   much   greater latency  of  one-half  day  or  more.  Therefore, 
GHE precipitation is adjusted by using microwave  precipitation  data  to  create MWGHE. 1, 3, 6 and 
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24-hr MWGHE precipitation products are available. Here the product shows heavy rainfall over north 
Kerala Karnataka coast. 

Fig 7: MWGHE – 06 hr based 00 UTC of 29-05-
2018

Fig 8: MWGHE – 24 hr based on 00 UTC of 29-
05-2018

Fig 9: MWGHE – 24 hr based 06 UTC of 29-05-2018 

3.2.3     Merged Mean Areal Precipitation (Merged MAP): 

It is produced using bias-adjusted RADAR, MWGHE  or  GHE  precipitation  using  gauge data, 
depending on the availability of such data for the domain of interest. FFGS provides 1, 3, 6   and   24-
hr   merged   MAP   products.   The Merged MAP product provides the data that is quality controlled 
and ingested into the snow and soil water dynamical models and some of the flash flood threat 
procedures. 
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Fig 10: MAP – 24 hr based 00 UTC of 29-05-2018 Fig 11: MAP – 24 hr based 06 UTC of 29-05-
2018

3.2.4     Average Soil Moisture (ASM): 

For each FFGS basin, it is the saturation fraction of the upper soil (20-30 cm). The time- continuous 
version of the Sacramento Soil Moisture Accounting model is used to estimate the soil water content. 
For each basin, real time input for this model is the mean areal precipitation while soil, terrain and 
land cover are used to determine a priori parameters. Typically, ASM is generated and updated every 
six hours at the model runtimes at 00, 06, 12 and 18 UTC. 

Fig 12: ASM – 06 hr based 00 UTC of 29-05-
2018

Fig 13: ASM – 06 hr based 06 UTC of 29-05-
2018
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3.2.5  Flash Flood Guidance (FFG): 

It is defined as the amount of actual rainfall for a given duration (e.g. 1, 3 and 6 hours) and over a 
basin that causes bankfull flow at the outlet of the basin. The FFG is calculated and updated every six 
hours at the model runtimes of 00, 06, 12 and 18 UTC and is valid for the next 1, 3 and 6 hours. One 
of the parameters for FFG is threshold runoff (FFG when the soil water deficit is zero). Threshold 
runoff is calculated once from geomorphologic unit hydrograph, drainage channel and catchment 
characteristics. 

Fig 14: FFG – 01 hr based 00 UTC of 29-05-2018 Fig 15: FFG – 03 hr based 00 UTC of 29-05-2018

Fig 16: FFG – 06 hr based 00 UTC of 29-05-2018 
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3.3  Warning Products 

3.3.1     Imminent Flash Flood Threat (IFFT): 

It is the difference between the corresponding merged MAP and FFG for the same duration, indicating 
that flash flood is happening now or is  about  to  happen  very  soon.  It  should  be noted that IFFT is 
estimated and updated by using current precipitation. Fig 19 and Fig 20 shows imminent flash flood 
threats over some regions of coastal Karnataka. 

Fig 17: IFFT – 06 hr based 00 UTC of 29-05-
2018

Fig 18: IFFT – 06 hr based 06 UTC of 29-05-
2018

3.3.2     Persistence Flash Flood Threat (PFFT): 

The concept is that previous precipitation of a given duration will persist for the same duration into the 
future. Therefore, the PFFT is considered a “forecast” flash flood threat using persistence forecast for 
the rainfall. Fig 21 and Fig 22 shows forecast flash flood threats over some regions of coastal 
Karnataka. 

3.3.3     Flash Flood Risk: 

Flash Flood Risk products is 12-hour, 24-hour and 36-hour relative frequency of positive flash flood 
threat for the entire forecast lead time interval that is due to forecast rainfall of 3-, or 6-hour  duration  
from  WRF  Model  Forecast. This is a measure of the forecast flash flood occurrence frequency. Fig 
23 shows flash flood risk for 12 hours over coastal Karnataka region. 
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Fig 19: FFFT – 06 hr based 00 UTC of 29-05-
2018

Fig 20: FFFT – 06 hr based 06 UTC of 29-05-
2018

Fig 21: FFR – 12 hr based 00 UTC of 29-05-2018 

4.   Mapserver:

CUSTOMISED WEBGIS VISUALIZATION INTERFACE MAPSERVER for flash flood guidance 
system is an open source interface whose purpose is to display dynamic spatial maps over the 
Internet. Some of its major features include: 

1) Support for display and querying of hundreds of raster, vector, and database formats, 

2) Ability to run on various operating systems (Windows, Linux, Mac OS X, etc.), 

3) Support for popular scripting languages and development environments (PHP, Python, Perl, Ruby, 
Java, .NET), 
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4) On-the-fly projections, 

5) High quality rendering, 

6) Fully customizable application output, 

7) Many ready-to-use Open Source application environments, etc. 

MAPSERVER enhances the visualization capabilities by allowing four products view at a time and 
thereby comparing different features for better results. There are different types of base maps 
available like OpenStreetMap, terrain, SRTM DEM on which different products can be overlayered for 
effective visualizations. The interface helps to zoom in up to watershed level to conclude better results 
and thereby increasing the accuracy of forecast. 

5.   Advisory 

Heavy rainfall warnings were issued by India Meteorological  Department  at  National  and local 
level[3] in the form of National and state bulletin. 

6.   Observations 

Heavy rainfall resulted in flooding in Mangaluru, Mudubidre, Panambur, Udupi and others parts of 
coastal Karnataka[3]. 
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Abstract 

Flood due to heavy rainfall is a serious problem for NER and advanced estimation of rainfall is one of 
the essential measures to mitigate such disasters. However, the prediction of rainfall is one of the 
most challenging tasks due to its spatial and temporal variability. In the recent time, NWP models are 
considered as one of the important tools to forecast rainfall. In this paper, sensitivity of Weather 
Research Forecast (WRF) model to different microphysical (MP) and cumulus (CP) parameterization 
schemes for simulation of rainfall over North Eastern Region (NER) of India is studied. In addition, 
assimilation of updated land use land cover (LULC) data and other atmospheric parameters on rainfall 
forecast is also explored. The result reveals the remarkable impact of CP schemes on rainfall 
prediction, whereas minimal impact of MP schemes is observed. LULC  from NRSC, ISRO has shown 
a better result than default USGS  available with WRF.  

Key words: rainfall, WRF, parameterization, LULC 

1 Introduction 

The measurement of rainfall is important to describe short term, medium range and long term weather 
forecast and to explain the climate of any region. Rainfall is one of the most irresistible meteorological 
parameter responsible for occurrence of disaster such as flood which eradicates years of 
development in a matter of hours or days. The advanced estimation of exact rainfall is very much 
important to forecast flood. During the last decade only technique employed to predict the weather 
condition for advanced forecast is the high resolution Numerical Weather Prediction (NWP) model. 
The accuracy in the prediction of rainfall always depends on the ability of the model to determine the 
size, scale and evolution of the atmospheric system involved. Rainfall forcing parameterization 
schemes are the key factors which regulates the models performance in rainfall simulation. However, 
the impact of a paramerization scheme is not unique for a variety of regions over the globe. To further 
improve the forecast, it is very important to ingest local atmospheric conditions in to the model so that 
the region specific convection can be triggered by the parameterization schemes on time. In NWP 
models, data assimilation techniques are available to breeze the gap between observations and 
model forecast.  

North Eastern Region of India (NER) receives heavy rainfall in the pre-monsoon (March to 
May) and monsoon (June to September) season every year. Monsoon enters NER along the south 
and south-west corridor over hilly region. It affects almost all the north eastern states Meghalaya, 
Mizoram, Tripura, Nagaland, Assam which cause flood in the valley regions especially in 
Brahmaputra and Barak valley of Assam. Special attention has been paid to predict rainfall in 
advance using high resolution numerical model (WRF) for different kind of microphysics and cumulus 
physics scheme. Microphysics includes explicitly resolved water vapor, cloud, and precipitation 
processes whereas cumulus parameterization schemes are responsible for the sub-grid scale effects 
of convective and shallow clouds. 

Microphysics parameterizations vary widely in complexity, with a general trend toward use of 
more detailed multi-moment and multi-species schemes. While more complex schemes improve 
physical realism and are able to simulate microphysical processes more realistically, they may not 
necessarily lead to consistently better results (Hugh Morrison, 2010). Cumulus parameterization 
which is nothing but the representation of the interaction between cumulus convection and large scale 
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circulation is still a young subject in the weather research field. A lot of effort has been made to model 
such interaction and a number of CP schemes are also developed. But despite of such effort no one 
single scheme is found to outperform other schemes consistently in a wide range of weather situation 
(Kuo et al.,1996).  So it is very much essential to understand the efficiency of these schemes before 
going for an operational forecast for any region. Such sensitivity studies are done by many 
researchers with different models for different locations (T. N. Krishnamurthy et al, 1979; Laura D. 
Fowler et al, 2002; Belair et al, 2008; R. Anil Kumar et al, 2010; M. Rajeevan et al, 2010; Abdellatif 
Esawy Awwad Abdou, Fengxue Qiao and Xin-Zhong Liang). All these studies are done for different 
regions of the world and comparative results are also different. This implicates that for various study 
areas depending on the atmospheric behavior as well as topographic settings, the influence of MP-CP 
schemes is not unique.  

In addition, impact of LULC changes in model simulated rainfall is essential to explore. Land 
use changes plays an important role in modification of rainfall patterns as it modulates the energy 
exchange processes between land surface and atmosphere by affecting albedo and 
evapotranspiration.  As per as it is known, no such study has been done for NER, so it is vital to carry 
out such study for reliable operational forecast over NER.  

2.  Methodology

2a. Model description 

In this study we have used the Weather Research Forecasting (WRF) model version 3.8.0 
with ARW core option developed primarily at the National Center for Atmospheric Research (NCAR) 
in collaboration with different agencies like the National Oceanic and Atmospheric Administration 
(NOAA) for the simulation of the rainfall over the NER of two heavy rainfall events on June 2012. The 
WRF is a limited area non-hydrostatic model with hydrostatic options. It includes provision of multiple 
other options for the various physical and chemical parameterizations schemes (Skamarock et al.
2008). The meteorological input data sets used are the Global Forecast System (GFS) Model data of 
1 degree grid resolution distributed by National Oceanic and Atmospheric Administration (NOAA).  
The WRF model output for two different domains is named according to the domain number and 
simulation date. The schematic diagram of the nested domains is shown in figure 1. 

2b. Convective schemes 

The precipitation in WRF model is produced in two different forms; resolvable (large scale) 
precipitation which is represented by Microphysics that includes explicitly resolved water vapor, cloud 
and precipitation processes and convective precipitation which is represented by Cumulus 
parameterization that are responsible for the sub grid scale effects of convective and/or shallow 
clouds. For our sensitivity study we have selected three MP schemes such as Lin, WSM6, Thompson 
schemes. The WSM6, Purdue Lin, and Thompson schemes contain prognostic equations for cloud 
water, rain water, ice, snow, and graupel mixing ratios (Jason Otkin et al). The Thompson scheme 
also predicts the total number concentration of ice. We have selected three CP schemes such as 
Kain-Fritch (new Eta), Betts-Miller-Janjic, New Grell. KF is a deep and shallow convection scheme 
using a mass flux approach with downdrafts and CAPE removal time scale. BMJ is an operational Eta 
scheme which is a column moist adjustment scheme relaxing towards a well mixed profile. NG is for 
higher resolution domains allowing for subsidence in neighboring columns (Das et al). The information 
about model domain and different physical parameters used are given in Table 1. 

2c. Study Region and experimental set up 

We have used two nested domain for the study of the rainfall over North East Region of India. 
The bigger domain covers whole Indian continent within the latitude range (30S - 43oN) and longitude 
range (60oE – 115oE) with the spatial resolution of 27 km. On the other hand the smaller domain of 9 
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km resolution covers the entire North East India along with some part of Bay of Bengal and Bhutan. 
The experiments for MP/CP sensitivity studies are carried out for the month of July 2016 whereas 
daily rainfall forecast for three consecutive months such as June, July, August of 2016 are used for 
LULC sensitivity study. 

2d. Data  

The meteorological input data used for this study are the Global Forecast System (GFS) 
Model data of half degree grid resolution distributed by National Oceanic and Atmospheric 
Administration (NOAA) and data for assimilation are used from NCEP ADP global upper air and 
surface weather observations. Two different land use land cover (LU/LC) data from WRF-USGS and 
ISRO NRSC (2012-2013) at a resolution of 30 sec is used to study the model sensitivity to land 
surface changes. Model validation is done by comparing rainfall forecast with IMD gridded rainfall and 
AWS measured rainfall (http://www.mosdac.gov.in/, http://www.imdaws.com ).

2f. Statistical Evaluation 

Statistical evaluation of the results are done based on the following skill scores where hits, 
misses, false alarms and correct negatives are represented by a.b,c,d respectively:. 

BIAS: The bias score  

                                      
ca
baBIAS                  ----------------------------------- (1) 

 measures the ratio of the predicted rain area (or frequency) of predicted to the observed area 
(frequency), without regard to forecast accuracy. The bias score is used to assess the model’s 
tendency to under or over predict rain occurrence. If BIAS = 1.0, then the predicted rainfall area 
(frequency) is the same as was observed, although it may not be located in the same place (time). 

ETS: The ETS score is defined as: 

   
random

random

abca
aa

ETS ---------------------------------- (2) 

where, randoma  is the expected fraction of hits for a random forecast  and defined as                     

                     
dcba
bacaarandom

))((
------------------------------------- (3) 

It measures the fraction of observed and/or forecast events that were correctly predicted, adjusted for 
the frequency of hits that would be expected to occur simply by random chance (for example, it is 
easier to correctly forecast rain occurrence in a wet climate than in a dry climate). The ETS ranges 
from –1/3 to 1, with a value of 1 indicating perfect correspondence between predicted and observed 
rain occurrence. The ETS is now used in preference to the threat score for rainfall verification at most 
operational centers because its "equitability" allows scores to be compared more fairly across different 
regimes; however it is not truly equitable. Sensitive to hits. Because it penalizes both misses and false 
alarms in the same way, it does not distinguish the source of forecast error. 

3. Result and Discussion 

3a. MP/CP Parameterization scheme: 

Results from the first experiment where the model forecast using different Microphysics-Cumulus 
Parameterization (MP-CP) schemes is compared with IMD gridded rainfall are shown in Figure 1 to 
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Figure 2. Sensitivity of WRF model to Rainfall forcing parameterization schemes is studied using skill 
scores and threshold value for the skill scores are 2mm/day, 10mm/day, 20mm/day, 40mm/day and 
60mm/day respectively (Figure 3). It is observed that impact of MP schemes is very minimal as shown 
in Figure1 whereas CP schemes have remarkable influence on rainfall simulation (Figure 2). Among 
the entire CP schemes GR scheme shows improved results over NER. It is also evident from the ETS 
score plot (Figure 3) that GR schemes outperforms all the other CP schemes used in this study. 

3b. LULC data: 

Land surface processes play a significant role in the evolution of boundary layer atmospheric motion 
which results in formation of precipitation. Figure 4  shows the huge difference between both the 
LULC and this difference definitely impact the rainfall forecast, as rainfall is extremely dependent on 
surface atmosphere interaction. Figure 5 reveals the benefit of updated NRSC LU/LC which improves 
the rainfall forecast with correlation coefficient 0.80 as compared to USGS LU/LC with correlation 
coefficient 0.69. Skill scores such as BIAS, POD, FAR, ETS are calculated with threshold value of 10 
mm/day, 20mm/day, 40mm/day respectively. More overestimation and false alarm by WRF model is 
observed using USGS LULC data (not shown). 

5. Conclusion 

Operational forecast of rainfall for North Eastern Region of India has been started at NESAC 
since 2010 using WRF model. WRF is a non-hydrostatic mesoscale model with sophisticated 
parameterization schemes and data assimilation techniques. Real time rainfall forecast were 
generated at 9km resolution for NER and data has been used operationally for Flood forecasting 
mainly in Assam. Using rainfall forecast from WRF model increases the accuracy of Flood forecast 
from mere 25% in 2009 to 75% in 2011 and the results are authenticated by reports obtained from 
Assam State Disaster Management Authority (ASDMA).  

Model sensitivity test reveals that WRF model is more sensitive to Cumulus parameterization 
schemes than Microphysics. Among all the cumulus parameterization schemes Gr scheme is found to 
be the most influential one. 

The available LULC data in WRF model is generated from NOAA AVHHR for the period 1992-1993. 
However land surface pattern are not static and any changes in it affects the mesoscale atmospheric 
circulation, so we have used updated LULC data from NRSC generated using AWIFS data for the 
period 2012-2013. Model sensitivity to LULC data is also well observed and updated land surface 
data from NRSC improved the rainfall forecast to a large extent.  
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7. Table 

Table 1: Design of the model for the simulation of heavy rainfall events 

Map and Grids
Map projection Lambert Conformal
Center point of domain 21.00o N , 88.00o E
Number of vertical layers 37 (1000 – 100 mb)
Horizontal grid spacing 27 km, 9 km
Nesting Two way nesting
Physical parameterization schemes
Microphysics Lin scheme (LI)

WRF Single Moment 6-class scheme (W6)
Thompson Grapple scheme (TH)

Cumulus parameterization Kein-Fritch scheme (KF)
Betts-Miller-Janjic scheme (BM)
New Grell scheme (GR)

Experiments LI_KF , LI_BM, LI_GR, TH_KF, TH_BM, TH_GR, 
W6_KF, W6_BM, W6_GR

Figure 1- Top spatial plot is for IMD gridded rainfall. Middle row represents spatial plot of rainfall from 
model experiments namely LI_KF, W6_KF, TH_KF. The bottom row represents BIAS (mm) for the 

mentioned experiments 
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Figure 2- Top plot is for IMD gridded rainfall. Middle row represents spatial plot of rainfall from model 
experiments namely TH_KF, TH_BM, TH_GR. The bottom row represents RMSE (mm) for the 

mentioned experiments 

Figure 3- Left plot represents Equitable threat score for the experiments namely TH_KF, TH_BM, 
TH_GR. Right plot represents BIAS score for the mentioned experiments 
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Figure 4- Land Use Land Cover (LULC) data from USGS (Left) and Land Use Land Cover (LULC) 
data from NRSC (right) 

Figure 5-Sactter Plot between WRF forecasted rainfall and AWS recorded rainfall using NRSC (TOP) 
,USGS (Bottom) LULC 
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Abstract 

Kerala witnessed one of its worst ever flood during August 2018. Besides, extreme meteorological 
event during this year’s South West Monsoon, untimely releases from various dams/ reservoirs have 
also been cited as one of the main reason of deluge. Storage dams, especially the one having large 
reservoirs, have to serve the two contradictory objectives, the one being to store water to meet the 
demands during the deficit time and the other being to maintain flood cushion in case of impending 
flood situation. Floods in case of unscheduled releases from reservoirs are considered as man-made 
disaster. Dams are vulnerable for flooding if the reservoir operation not done properly, a perception 
created during the recent Kerala Floods 2018. The present paper explores the main reason of 
disastrous floods in Kerala during August 2018, major challenges viz. the hilly terrain, the availability 
of lesser travel time, inter-state issues in reservoir operation, use of static rule curve, etc. for effective 
flood forecasting having sufficient response time and how can flood forecasting; inflow advisories in 
particular, can help with specific reference to Kerala Floods. Further, the initiatives taken by Central 
Water Commission (CWC) for impact based inundation forecasting, short/long range forecasting, 
integrated reservoir operations (IRO), etc. in reference to Kerala Floods have been discussed.  

1 Introduction 

Floods are generally considered as a natural phenomenon caused due to high intensity of rainfall. 
Other factors related to precipitation influencing the flood situation are the duration and extent of 
rainfall.But in some cases, flooding may be due to anthropogenic factors also. Reservoir induced 
flooding due to unscheduled releases from reservoirs is an example of man-made disaster. Dams are 
more vulnerable for flooding if the reservoir operation not done properly. This perception was specially 
created during the Chennai Floods 2015 due to releases from Chembarampakkam Lake on river 
Adyar, Bihar Floods 2016 due to releases from Bansagar Dam on river Sone and even during the 
recent Kerala Floods 2018.  

Complete immunity to floods from protection structures is not possible and what is needed is to adopt 
an integrated flood management approach to minimise the impacts by having judicious mix of 
structural and non-structural measures. Flood forecasting has been considered as the most cost 
effective non-structural tool for flood management. However, there are some challenges/limitations to 
issue effective flood advisories, owing to topography of the area as well as non-availability of robust 
historical, real time and forecasted data pertaining to rainfall,inflow/outflow to dams, etc. 

2  Kerala Floods 2018 

Due to an abnormally high rainfall from 1stJune 2018 to 19thAugust 2018, Kerala experienced severe 
flooding in 13 out of 14 districts in the State. Districts affected were Kannur, Wynad, Kozhikode, 
Malappuram, Palakkad, Thrissur, Ernakulam, Idukki, Pattanamthitta, Kottayam, Alapuzzah, Kollam 
and Thiruvananthapuram

2.1 Rainfall Situation 

During the South West (SW) monsoon period from 1st June to 20th August 2018, rainfall was excess 
with a 41.9% above normal rainfall as shown in Fig. 1.This departure of rainfall excess in Idukki 
district was found to be above 92% from the normal. It is clear that Kerala was consistently getting 
widespread above normal rainfall from 7th Junein spells of around 10-15 days in all the three rainy 
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months of June, July and August 2018 with peak rainfall between 15th and 17th August 2018. The 
rainfall over Kerala during June, July and 1stto 20thof August was 15%, 18% and 164%above normal 
respectively. During the three days of 15th to 17th August it was 600% above normal. 

Fig. 1: Daily Average Rainfall for Kerala during SW Monsoon season 2018 

2.2 Reservoir Situation  

The pattern of reservoir filling in main dams of Kerala viz. Idamalayar,Idukki, Kallada, Kaki, 
MullaPeriyar and Mallampuzha are shown in Fig.2.The pattern of reservoir filling indicated that the 
reservoirs were having more storage when compared to the last 10 years average which indicated the 
uniform spread of heavy rainfall in the catchment areas of the dams.Further, it indicated that most of 
the reservoirs have exceeded the normal storage even before the start of the severe rainfall in 
August.As the levels of MullaPeriyar, Idukki and Idamalayar rose significantly in the spell of rainfall 
from 8th to 11th August 2018,Idukki Dam started spillway releases for the first time in 26 years. 

Fig. 2: Reservoir filling during 2018 in Kerala 

2.3 Flood Situation 

Due to very heavy rainfall in the first week of June in association with vigorous SW monsoon 
conditions, river Periyar at Vandiperiyar in Idukki District crossed its previous Highest Flood Level 
(HFL) on 11th June 2018. There were no releases from any upstream dam in this event and this was 
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mainly due to widespread rainfall in its free catchment area.During July 2018, river Meenachil at 
Kidangoor in Kottayam District crossed HFL on 11th July 2018. This event also has no contribution 
from any of the upstream reservoirs and was mainly due to widespread rainfall all over its catchment 
areas.During the first spell of rain in the month of August from 8th to 11th August 2018, rivers Kabini at 
Muthankera in Wynad District and river Valapatnam at Perumannu in Kannur District crossed HFL. 
Banasurasagar Dam in Wynad District also released heavily leading to flood like situation in 
Wynad.Further, as this spell of rainfall was also widespread, the water level in most of the rivers 
where sufficiently high when the severe rainfall between 15th and 17th August occurred. This was also 
spread across almost all districts of Kerala except that of Kasargod in Northern Parts. Extreme Flood 
Situation having water Level at or above Highest Flood Level (HFL) was witnessed in 13 out of 22 
Flood Monitoring Stations of CWC.The hydrograph of some of the flood monitoring stations 
maintained by CWC and which crossed the HFL are shown in Fig.3. 

3 Challenges in Flood Management During Kerala Fllod

Kerala is situated along the Western Ghats with most of the towns and cities located on the foothills. 
The state has several small intra-state rivers, almost all of them flowing west toward Arabian Sea. 
These rivers have very small catchment areas. Also, the steep slopes of rivers leave a very small 
response time to issue a conventional statistical-correlation based (level) forecast for any station with 
respect to any base station upstream. Thus, rivers are flashy in nature and swell up pretty quickly, 
and hence, effective level based forecast is very difficult to make. Main challenges faced include: 

Fig. 3: Hydrographs of some of the Flood Monitoring Stations which crossed HFL

 Integrated Reservoir Operation for small reservoir systems having lesser time of 
concentration 

Inter-State issues like conflicting interest of party states is also a major challenge as is evident 
in case of Mulla-Periyar Dam issue between Tamilnadu and Kerala 

 Forecast formulation on flashy rivers having less travel time 

 Estimation of safe release based on downstream conditions 

 Non-Availability of real-time Rainfall of high resolution both spatially and temporally 
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 Non-Availability of robust and accurate Quantitative Precipitation Forecast (QPF) 

The flood forecasting by rainfall-runoff mathematical modeling may be possible provided sufficiently 
representative areal and temporal distribution of real time rainfall for sufficient number of stations are 
available. Additionally, it is essential to know the real time data available with State Government in 
respect of out flow releases/ reservoir levels/ area capacity curve from the various dams and their 
schedule of operation to be executed in responding to flood situations. The mathematical models to 
forecast floods in advance with a purposeful lead time also require its calibration with these inputs for 
historical events of floods.Thus, while constraints of terrain and short time of concentration are a 
limitation for a worthwhile forecast by conventional system at any Flood Forecasting station, in case of 
mathematical model based flood forecasting, the non-availability of real time rainfall data for sufficient 
number of locations, data of releases from dams and historical data of floods have been major 
limitations for an effective forecast of floods in Kerala.

4 CWC Initiatives In Aftermath Of Kerala Flood 

In the aftermath of Kerala floods, CWC constituted a committee with certain tasks like studying 
feasibility of IRO, setting up of model to provide flood/Inflow forecasts, preparing atlas of frequency 
based inundation plans and studying feasibility of establishing Flood Forecasting Network using 
conventional techniques. 

4.1 Feasibility of IRO 

A number of reservoirs have been planned and constructed in Kerala for conservation and utilisation 
of the water resources for deriving various benefits including flood control. The economic 
developments, compounded with increase in population have resulted in perceivable increase in 
demand for water. The operation of reservoir(s) in the wake of conflicting nature of conservation 
demands and flood moderation becomes very complex and tricky in real time. The IRO is concerned 
with maximisation of benefits while trying to minimise the adverse effects.The decision regarding 
releases generally depends upon the state of the reservoir at that instant, inflow forecasts and the 
flood conditions downstream. The release decisions have to be made relatively quickly, based on 
short term information. For flood management operations, it may be daily or even hourly, whereas for 
conservational benefits, the short term may be a week, 10 day, or a month.The operation schedule of 
a reservoir/system of reservoirs for conservational purpose is first derived, which would usually 
consist of two parts – the lower bound and upper bound. For each project it will be necessary to 
prepare rule curves separately for the filling period and for the depletion period. The rule curve (lower 
bound) for conservational benefits will be derived from long term historical inflow series (typically 30-
40 years), various types of demands to be met by the reservoir(s), losses from the reservoirs/in-
stream losses and the storage characteristics of the reservoir(s). The upper bound for meeting the 
conservational demands is derived from the point of view of probability of filling of the reservoir. The 
reservoir is supposed to be operated between the two bounds throughout the year i.e. the lower 
bound and the upper bound. In case, of system of reservoirs, the modeling requires a number of 
iterations to achieve a reasonable level of acceptability. The process requires number of trial runs.The 
upper bound may or may not be adequate from the point of view of flood moderation to a desired 
level. The spillway capacity, dedicated flood storage space, downstream river channel discharge 
capacity and flood inundation areas play a vital role in fixing the upper bound of rule levels. The 
Reservoir Operation studies are probability based simulation studies and thus they require historical 
observed inflows for at least 30-40 years to arrive at a certain operation policy at desired confidence 
level. In the absence of such data, it may not be fruitful to undertake reservoir operation studies based 
upon the synthetic inflows and the absence of demand data. 

The pattern of reservoir filling in reservoir as shown in Fig. 2,calls for better reservoir operation on 
real–time basis based on the inflow forecast. For larger reservoirs, flood cushion should be 
maintained considering changing rainfall pattern and demand over the years. In the absence of actual 
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data of inflow and demands, based on 35 years rainfall the synthetic weekly dependable flow series 
have been developed and subsequently representative rule curve for two dams Idukki and Idamalayar 
have been derived and shown in Fig. 4. These rule curves need to be finalized based on actual 
demand series and actual observed inflow series.  

Decision support system (DSS) developed for IRO of reservoirs on inter-state river basins should be 
operated through some regulatory authorities involving all concerned stakeholders/ States. This 
regulatory authority will take into account all the aspects of Reservoir operation and releases including 
downstream condition while giving the release advisories. Integrated real time monitoring network for 
such system of reservoirs shall also have to be put in place. 

Fig. 4: Model developed Rule Curves 

4.2 Feasibility of Rainfall Runoff Based Inflow Forecasting  

CWC also developed a one-dimensional flood forecast mathematical model using Mike-11 for rainfall
runoff based flood advisories. This model uses the satellite derived rainfall such as Tropical Rainfall 
Measuring Mission (TRMM), Global Precipitation Mission (GPM) developed by NASA on near real-
time basis as well as the existing AWS/ARG rainfall of IMD on real-time basis alongwith the Weather 
Research and Forecast (WRF) model for 72 hours and Global Forecasting System (GFS) for 240 
hours model products at a resolution of 0.25x0.25grid as supplied by Numerical Weather Prediction 
Division of IMD. The model was run on different dates during 2018 floods in the basins of Periyar, 
Pamba and Chalakudyand the model runs indicated that this model can be utilised for providing inflow 
forecast to reservoirs which have a capacity of more than 200 MCM with sufficient warning time. This 
model needs to be validated with more ground truth data for various years as well as availability of 
real-time data from the dams on operational basis during the flood season. However, advisories for 
flood can be issued with the available model from 2019 onwards. Inflow frequency based flood 
warning may also be developed for all major reservoirs. Inflow advisories can also be used for 
revision/updating of static rule curves. 

4.3 Preparing Atlas of Frequency Based Inundation Plans 

Based on Rainfall-Runoff model and 2-dimensional hydrodynamic modeling, an atlas containing 
frequency based inundation maps have been prepared for 2, 5, 10, 25, 50 and 100 years flood. These 
are shown in Fig. 5. As assumption, water depth less than 2 m, 2 m to 4 m and above 4 m have been 
categorized as low, medium and high flood risk areas.The atlas may be utilized by stakeholders for 
use in operational flood forecasting. This may be used by using the flow generated by rainfall-runoff 
three day advisories and conversion of flows to water level by using rating curves. The trigger of 
inundation warning is possible by picking up corresponding map of nearest flood frequency from the 
library created. 
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Fig. 5: Flood Inundation maps 

4.4 Feasibility of Establishing Flood Forecasting Network  

The two major river systems in Kerala viz. Periyar and Bharathapuzhaare inter-state. They have 
sufficiently large catchment and have warning time of 12 to 24 hours. Further, river Pamba also was 
affected severely by the August 2018 flood and hence, it was decided that three of the existing 
Hydrological Observation (HO) Stations in Kerala viz.Neeleswaram on river Periyar in Ernakulam 
District, Kumbidi on river Bharathapuzha in Palakkad District and Malakkara on river Pamba in 
Pattanamthitta District shall be studied in detail for providing conventional flood forecasting with 
warning time of 12 hours.In order to forecast the incoming floods, the conventional method uses 
statistical correlation between upstream and downstream gauges, outflow from dams which can be 
converted to stage by a stable rating curve and unit hydrograph (UH) for rainfall runoff from 
intervening catchment area. The warning and danger levels can be indirectly fixed by seeing the 
cross-section of the river at the forecasting station.For drawing a correlation curve using the above 
mentioned parameters the data required are:hourly water level data for level forecasting sites (at least 
last 15 years), inflow discharge for reservoir sites (at least last 20 years), outflow discharge from 
reservoirs, rule Curves, X- Section data, etc.Further, the mathematical models for all the basins in 
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Kerala including inflow forecasts to major dams are being developed while information sought from 
Kerala Government for model calibrations are awaited.  

4.4.1  Flood Forecasting for Kumbidi On Bharathapuzha 

The cross-section at Kumbidiindicated that the Danger Level (DL) at Kumbidi is around 9m and the 
Warning Level (WL) is 8m.Using corresponding data of Mankaraand Kumbidi, a travel time curve was 
drawn using Stage at Mankara in Y-axis and Travel Time between Mankaraand Kumbidi in X-axis.An 
analysis of rise and fall at Kumbidi with reference to the rise and fall at Mankara during the travel time 
was made for all the available data. Based on this analysis, the best fit lines were drawn for variation 
at Mankara for steady state (between +0.25 m to -0.25 m, rise or fall at Mankara), +0.5 m (between 
0.25 and 0.75 m rise at Mankara), +1.00 m (between +0.75 m and 1.25 m rise at Mankara) and >1 m 
rise (above +1.25 m rise at Mankara) correlating the travel time with corresponding rise/fall at 
Kumbidi. These were drawn as straight lines. Similarly, lines were drawn for falling stages for -0.5 m 
(between -0.25 m and -0.75 m at Mankara) correlating with corresponding fall at Kumbidi during the 
travel time. The correlation diagram is shown in Fig.6.The statistical correlations were well correlated 
with r2 values for no Change was as high as 0.98 and that for >1m it was 0.884. So as a first 
approximation, this correlation curve can be readily used for formulation of flood forecast to Kumbidi. 
The improvement over first quadrant correlation can be done by using unit hydrographs for 
intervening catchment area rainfall and accounting the effect of tributary river Pulanthodu (site 
Pulamanthole) further. 

Fig.6: Correlation curves for Kumbidi 

4.4.2  Flood Forecasting for Neeleswaram on Periyar 

The river Periyar is an inter-state river between Tamilnadu and Kerala with 98% catchment in Kerala. 
Major Dams such as MullaPeriyar, Idukki and Idamalayar Dams are situated in this basin. CWC is 
having a hydrological observation (HO) Site at Neeleswaramin Ernakulam District of Kerala. It is 
proposed to issue level flood forecast for Neeleswaram using dam discharges of the Idukki Dam and 
Idamalayar Dam.  

The Stage vs Discharge (S-D) curve (Fig.7) at Neeleswaram is shown below.Based on the cross-
section, WL of 9 m and DL of 10 m has been approximately fixed.Since hourly discharge from these 
project authorities were not available, the outflow hydrograph as generated by Mike11 model was 
used as outflow from these dams.Further, it was seen that Idukki dam has released water only on 
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three occasionsviz. in 1988, 1992 and 2007; hence, these cannot give a clear picture of available flow 
at Neeleswaram.In order to account for the rainfall in the intervening catchment, a UH was developed 
using the daily rainfall at around 12 stations in the catchment and the daily discharges at 
Neeleswaram. 

Fig.7: S-D curve for Neeleswaram  Fig.8: UH for free catchments 

The analysis was done only for 2018 using the outflow hydrograph from Mike-11 at Idukki and 
Idamalayar dams and the difference in discharge at Neeleswaram and combined discharge at both 
dams with a travel time of 8 hours. This excess discharge on daily basis was used for developing the 
UH for the free catchment area (subtracting the catchment area of both the dams) of 3042 sq.km.The 
ordinates of UH are shown inFig. 8.Based on this unit hydrograph ordinates and daily rainfall for any 
day, the total runoff available can be calculated by adding the base flow and the combined discharges 
from dams. This flow can be converted to stage using the S-D curve at Neeleswaramfor issuance of 
level forecast at Neeleswaram. 

4.4.3  Flood Forecasting for Malakkara on Pamba 

Based on the X-section of Malakkara,WL of 6 m and DL of 7 m is fixed for issue of Level Forecast. 
Since the dam releases from Kakki Dam is one of the main contributors for flow in Pamba, the hourly 
discharge from Pamba is main input for the conventional model. Since it is not available, it is not 
possible to do the conventional model. The unit hydrograph generated by Mike 11 model can be used 
as an input to the model and with daily rainfall, the discharge generated can be converted to level with 
Stage Discharge curve of Malakkara. 

5  Summing Up 

The nature of flooding witnessed during August 2018 may be chiefly attributed to the typical steep 
slope terrain experiencing an extreme meteorological event. Besides, the extremely high intensity of 
rainfall, its duration/spell was also longer and the extent was widespread which affected almost all the 
districts of Kerala except the northernmost Kasaragod District. In such type of flooding event, 
reservoirs have only minor role in either flood augmentation or attenuation. At times, it has been seen 
that the unscheduled heavy releases from these reservoirs proved catastrophic leading to flood 
hazards. The importance of inflow forecasting as a strategic tool to minimize the damaging impacts of 
sudden releases from dams which create floods may not be more overemphasized. The utility of 
short/ long range inflow forecasting for real time reservoir operation for flood management needs to 
be immediately realized. Provision of inflow forecasting for all large reservoirs having its storage 
capacity beyond certain threshold may be considered mandatory. Regular revision/ updating of rule 
curve for reservoir operation based on changing rainfall pattern and demand is also recommended. 
DSS for IRO basin wise/ system wise is also the need of the hour. Such DSS needs to be operated 
through some regulatory authorities involving all concerned stakeholders/States. Integrated real time 
monitoring network for such system of reservoirs may also be put in place.Major challenges faced 
during Kerala Flood 2018 were IRO for small reservoir systems having lesser time of concentration; 
forecast formulation on flashy rivers having less travel time; non-availability of real-time rainfall of high 
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resolution both spatially and temporally as well as of robust and accurate QPF.CWC has taken 
concrete initiatives towardsimpact based inundation warnings. 
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Abstract  

The destruction due to storm surge flooding caused by extreme wind waves and heavy rainfall 
generated by the cyclones is a severe concern along the coastal regions of India. The storm surge 
flooding is the most loss-causing hazard associated with cyclones, which can cause massive damage 
to assets in the coastal region and lead to severe losses in coastal human and livestock populations. 
Recent cyclones, Hudhud, Phailin, Thane, Titli and Fani caused extensive damage over the coastal 
districts of India. Thus, the provision of precise prediction and warning of storm surges is of great 
interest over the region. Keeping this in mind, RMSI India has developed a web-based dynamic 
cyclone risk assessment application to predict real-time flooding as a result of the combined effect of 
the interaction of storm surge with tides, wind waves, and cyclone induced rainfall.    

The Web-based application will take real-time input data, namely cyclone track details and rainfall 
from IMD to generate a real-time analysis of an impending cyclone. An advanced two-dimensional 
depth-integrated (ADCIRC-2DDI) storm surge model generates wind and storm surge flood hazards 
using IMD's cyclone track details on a real-time basis. HEC-RAS and HEC-HMS flood models 
estimate the flood based on cyclone induced rainfall. Finally, the application would provide the 
composite loss from cyclonic wind, storm surge and cyclonic induced rainfall flood for the real-time 
event. 

This application would be helpful to provide early warnings to low-lying areas, guide evacuation of the 
local population, and rescue operations in the event of any cyclone crossing the coastal regions of 
India. It is also believed that this study would help the coastal authorities to develop a short and long-
term disaster management and vulnerability reduction action plan and emergency response in the 
event of storm surge flooding.

Keywords: ADCIRC model, HEC-RAS model, tropical cyclone, storm surge, flood, Web-based 
application 

1. Introduction 

The entire Indian coast is affected by tropical cyclones with varying frequency and intensity. Historical 
records reveal that thirteen coastal states and Union Territories (UTs) in the country are affected by 
tropical cyclones. Extremely violent winds, heavy rains causing floods and storm tides (combination of 
storm surge and astronomical tides) causing coastal inundation are the destructive factors associated 
with tropical cyclones. Storm surges cause heavy loss of lives and property damage to the coastal 
structures and losses of agriculture which lead to annual economic losses in the country. Historical 
records state that the deadliest super cyclones of October 1999 and May 1990 severely affected 
coastal regions of Odisha and Andhra Pradesh, respectively. The November 1977 Andhra cyclone 
crossed the Andhra coast near Nizampatnam and devastated parts of the eastern coast of India, 
killing about 10,000 people and 27,000 cattle heads. Orissa coast of India was struck by a severe 
cyclonic storm in October 1999, killing more than 15,000 people besides enormous loss to the 
property in the region. The number of causalities would be much lower if these surges could be 
predicted reasonably well in advance allowing effective warnings and evacuations in the threatened 
areas. Thus, the real-time monitoring and warning of storm surges is of great interest. 
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The main objective of this paper is to highlight the real-time cyclone event impact forecasting and risk 
assessment through Web-based application for Indian coast. It is expected, this web-based risk 
assessment system provides the concerned stakeholders with a risk assessment framework that 
offers cross-cutting decision support for response, preparedness and mitigation planning at all levels 
of Government - Central, State, District, Taluka/Tehsil/Mandal (Taluka), City/Town and Village.  

2. Study Area and Bathymetry 

The study area includes the coastal stretches that lie up to 10 m Mean Sea Level (MSL) in the 
districts of the 13 States/UTs, which could be vulnerable to cyclone winds, surge and cyclone induced 
flooding. The coastal bathymetric charts of India obtained from National Hydrographic Office (NHO), 
and GEBCO- horizontal resolution 30 arc -second and vertical resolution 1m at deeper region were 
used in the model.  

3. Description of Hazard Models Imbedded into the Web-based Application

3.1 Methodology for Cyclonic Wind Hazard Assessment  

Surface winds associated with a tropical cyclone are derived using a dynamic storm model 
(Jelesnianski and Taylor, 1973). Meteorological inputs required for this model include positions of the 
cyclone, pressure drop, and radii of maximum winds at any fixed interval of times. The main 
component of the storm model is a trajectory model and a wind speed profile approximation scheme. 
The trajectory model represents a balance among pressure gradient, and centrifugal, Coriolis, and 
surface frictional forces for a stationary storm. A variable pressure deficit, forward speed, and radius 
of maximum winds are used in the location-specific storm model for computation of maximum wind 
field at each grid point of the analysis area. The storm model was then calibrated and validated using 
available observed data related to important historical cyclones.  

The key output of the wind model is a wind speed that provides maximum wind at every grid point 
covering the area of impact. This output of the cyclone hazard analysis is used to develop wind 
hazard maps at city level.   

3.2 Storm Surge Hazard Modeling 

Storm surge hazard modeling is performed using the ADCIRC-2DDI hydrodynamic finite-element 
model. A detailed description of the finite-element based hydrodynamic model ADCIRC-2DDI is 
available in Luettich et al (1992). The governing model equations comprise of the depth-integrated 
equations for mass and momentum conservation, subject to incompressibility, and Boussinesq, and 
hydrostatic pressure approximations. These equations are discretized in space using linear finite 
elements and in time by a finite-difference scheme.  

A finite-element mesh for the study area is constructed using the software package Surface Modeling 
System (SMS) (Westerink et al. 1994). The SMS generates a grid with a low resolution in the deeper 
region, and high-resolution when approaching near the coast. The node spacing was set to 100 m 
near the coast and about 30-50 km in the open ocean. The landward boundary of the model is fixed 
from the coast based on 10m topo contour, presuming that the surge would never exceed 10 m in this 
region. An explicit scheme is used in time discretization with a time step of 2 Sec.  

The ADCIRC model requires wind forcing as an essential input parameter. For this purpose, the wind 
fields are computed using the dynamic storm model. Further, the wind model provides the wind-fields 
and pressure gradient to the ADCIRC model. ‘Le Provost’ tidal database is used to obtain the water 
level along the open boundary. This database was developed based on Finite Element Solution (FES) 
Version 95.2 (Le Provost et al., 1998), available at 0.5 x 0.5  grids. The 13 tidal constituents (K1, M2, 
N2, O1, P1, S2, K2, L2, 2N2, MU2, NU2, Q1, and T2) are prescribed at the open water boundary.  
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The framework in the Fig.1 shows the complete methodology followed for storm surge and cyclonic 
rainfall induced flood hazards assessment. All the three models are imbedded into the Web-based 
application, which would provide the wind distribution, storm surge flood and extent and cyclonic 
rainfall induced flooding associated with real-time cyclone event.  

Fig.1 Framework of  s torm surge and f lood hazard model ing  

3.3 Calibration and validation of the cyclonic wind Model 

The performance of the dynamic storm model and ADCIRC model were assessed against several 
historical events wherever observed values were available for wind speed and storm surge height. 
The validation of wind speeds for the important cyclones  is given in the Table 1. The percentage 
error between computed and observed wind speed varies between 0.5% - 5%, which exhibits a good 
agreement between them; indicating that the numerical solutions represent a realistic distribution of 
wind fields in the study region. 

Table 1 Validation of modelled wind speeds for major cyclones 

Cyclone Name 
and Year

Observed Peak 
Maximum 

Sustained Wind 
(km/h)

Modeled Peak 
Maximum

Sustained Wind 
(km/h)

Error in % between 
Observed and Modeled 

Peak Maximum 
Sustained Wind

1999 Odisha 260 267 2.7
2013 Phailin 213 219 2.8
1977 Andhra 204 209 2.5
1990 Andhra 235 241 2.6
2014 Hudhud 185 191 3.2
2008 Nisha 75 78 4.0
2011 Thane 140 138 1.5
2009 Alia 112 108 3.5
Nov 1982 Veraval 155 161 3.8
June 1996 Diu 111 108 2.7
2009 Phyan 68 70 3.0

Cyclone Tracks (Input.dat)

Jelesnianski and Taylor 
Dynamic Wind Model (wind.exe)

HEC-RAS output
(Discharge Output.dss, Flood Depth 

map, Velocity, Water surface elevation)

Surge.dss

IMD Observed and 
Rainfall Forecast

Rainfall.dss

Hydrologic Model 
(HEC-HMS)

HECHMSCALL.exe

Cyclone Induced 
Rainfall Model

Hydraulic Model
(HEC-RAS)

HECRASCALL.exe

Surge inundation, Water levels 
and Current velocity

Storm Surge Model 
(ADCIRC.exe, fort.14, fort.15)

Wind and Pressure 
fields (fort.22)
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3.4 Calibration and Validation of the storm surge model 

Storm surge simulations resulting from the forcing of wind, surface pressure and tidal constituents of 
K1, O1, P1, M2, S2, N2, K1, K2, L2, 2N2, MU2, NU2, Q1, and T2 along the open ocean boundary, were 
consistent with the observations. RMSI team collected information on maximum wind speeds and 
associated surge heights for several historical cyclonic events from various Government agencies and 
institutes, and various published literature, which is used for validation purposes.  

The validation of maximum surge heights for various important cyclones is given in the Table 2. The 
model computed maximum surge heights are found in good agreement with the available 
observations. The error between the observed and computed maximum surge heights varies between 
0.5% - 3.3%, which indicates a good agreement between them, indicating that the numerical solutions 
represent a realistic distribution of surge in the study region. 

Table 2 Validation of modelled surge heights for major cyclones 

Cyclone Name 
and Year

Observed 
Maximum Surge 

Height (m)

Modeled 
Maximum Surge 

Height (m)

Error in % between 
Observed and Modeled 

Surge Height
1977 Andhra 5 5.3 6
1982 Nov Veraval 3.2 3.3 3.1
1990 Andhra 4-5 4.3 5
1996 June Diu 3.7 3.8 2.7
1999 Odisha 6-7 6.8 2.8
2008 Nisha NA 0.66 -
2009 Aila 2-3 3.1 3.3

2009 Phyan 1 m above 
astronomical tides

1 m above 
astronomical tides 0

2011 Thane 1.0 1.03 3
2013 Phailin 2-3 3.0 0.0
2014 Hudhud 2.0 2.1 5

3.5 HEC HMS & HEC RAS models 

Cyclone induced rainfall flooding utilizes the HEC HMS and HEC RAS suites from the USACE. The 
HEC-HMS model is a generalized modeling system capable of representing many different 
watersheds. HEC-HMS is designed to simulate the precipitation-runoff processes of dendritic 
watershed systems.  

HEC-RAS is an integrated software suit. It can calculate water surface profiles for both steady and 
unsteady, gradually varied flows for a full network of natural and constructed channels. The basic 
computational procedure is based on the solution of the two-dimensional energy equation. Energy 
losses are evaluated by friction, expansion, and contraction losses. The momentum equation is 
utilized in situations where the water surface profile is varying rapidly. The situations include a mixed 
flow regime. 

3.6 Calibration and validation of 2D-hydraulic models 

The development of hydraulic models across a large floodplain requires a rigorous calibration process 
to ensure that the hydraulic model accurately reproduces the observed flood behavior. The calibration 
process consists of systematically comparing observed flood behavior within the study area against 
the hydraulic model’s reproduction of that behavior. This process generally incorporates comparisons 
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between simulated flood levels and observed flood levels. This can also be done by comparing the 
areas of inundation from historical event with simulated flood extents from the model. 

The first approach requires detailed data about the flood levels over time (temporal distribution) at 
discrete points of interest within and along the river, such as important bridges, levees, and 
embankments. The Gauge-Discharge data downloaded from India WRIS (Water Resource 
Information System) were used for the comparison. The hard copy water level data available from 
CWC WRIS were used for comparison. 

The water level data for various gauge stations were available from 1985 onwards. Table 3 and Table 
4 give the comparison of observed and simulated water levels for various gauge stations during 
various cyclonic events. 

Table 3  Compar ison of  observed and simulated water  levels (m) for  var ious gauge 
stat ion for  30-Sept-2004 severe cyc lonic s torm Oni l  

Gauge Station River Name Observed Water Level, m Simulated Water Level, m
Gadat Ambika 3.22 2.51
Ghala Tapi 4.79 3.26
Surat Tapi 2.90 2.45
Bharuch Narmada 4.40 4.67
Khanpur Mahi 9.28 9.87
Ganod Bhadar 26.94 27.25

Table 4 Comparison of observed and simulated water levels (m) for various gauge station for 14-
Sept-2005 cyclonic depression 

Gauge Station River Name Observed Water Level, m Simulated Water Level, m
Gadat Ambika 3.22 3.46
Ghala Tapi 7.95 8.89
Surat Tapi 3.40 3.89
Bharuch Narmada - -
Khanpur Mahi 9.45 10.15
Ganod Bhadar 27.62 27.92

The second approach requires flood extent and/or depth measurements (spatial distribution) for 
particular events. Global mapping agencies, such as the Dartmouth Flood Observatory (DFO), and 
government agencies record the behavior of historical flood events and provide footprints of recent 
floods. As the historical flood event footprint associated with any cyclonic event was not available, the 
modeled flood extent could not be validated. 

4. Mapping of historical events for cyclone, storm surge and rainfall induced flood hazards 

4.1 Cyclonic wind extent mapping for historical events 

The dynamic storm model was used for the computation of wind fields at each grid point of the model 
domain associated with historical cyclone events. Wind hazard maps (Fig. 2) showing modeled 
maximum sustained wind speeds for the historical events, October 1999 SuCS Odisha and October 
2013 ESCS Phailin, were prepared by integrating model results with GIS themes. 
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4.2 Storm surge flood extent mapping for historical events 

The modeled flood depth and flood extents associated with computed maximum surge height for 1999 
Paradip cyclone is shown in Fig 3. Model simulates maximum surge height of about 6.5 m. The super 
cyclone centered over coastal areas of Odisha for three days was accompanied by torrential rain as a 
tidal surge of about 7 m that swept more than 20 km inland. As per post-storm survey reports, storm 
surges of more than 6 m above the astronomical tide level affected the region to the right of the track 
of the cyclone near Paradip (IMD report, 1999).  

4.3 Cyclone rainfall induced flood extent mapping for historical events 

As mentioned in the methodology above based on the river discharges during the various cyclonic 
events, the boundaries of the flood plains have been determined by using two-dimensional hydraulic 
model HEC-RAS 2D. Flood extent maps have been prepared by integrating model results with 
elevation data to produce a map with varying flood depths using GIS tools. The cyclone induced flood 
hazards maps for three major historical cyclones affecting Odisha are shown in Fig. 4 

Fig. 2 Modelled wind field of October 1999 SuCS Odisha (left) and October 2013 ESCS Phailin (right) 

 

E 
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Fig. 3 Storm surge flood hazard map associated with October 1999 Super cyclone 

Fig. 4 Cyclone induced flood map for October 1999 Odisha Super Cyclone 

5. Real Time Cyclone Risk Forecast module 

The Real Time Cyclone Risk Forecast application provides the track of real time cyclone events along
with a forecast of the risks associated with the event. The module allows users to run an analysis to 
pinpoint affected areas. Process flow of WEB-based dynamic analysis engine is shown through Fig 5. 
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Fig. 5 Process flow of WEB-based dynamic analysis engine 

A sample of the real time cyclone event ‘FANI’ is shown in the Fig. 6.

Fig. 6 A detailed view of the Event FANI as displayed in the Real Time Cyclone Risk Forecast 
module along with main parts of the dashboard window 

The top panel highlighted by a red colored rectangle helps provide:  

Event Info – information about the event like name, category, location etc. is provided under 
Event Info Section. It will pull the event related data from the IMD website and update it here. 
For detailed information, IMD website link is also provided. 
Most Affected Areas – Using the above information and the exposure data, the model will 
run an analysis and provide the percentage of the areas affected due to the event like shown 
in, Fig. 6 FANI has affected 30% of the area in Odisha and 20% of the area in Andhra 
Pradesh.
Available Safe Shelters- Similarly, analysis using the affected area information and the 
population in these areas will be run and provide the details like available safe shelters, how 
much population is impacted and potentially undamaged shelters. 
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The right panel, highlighted in a black colored rectangle helps provide: 

Weather Forecast – It provides the visualization of the real time rainfall data as well as the 
three days of forecasted data from IMD. It gives the amount of rainfall occurred on the event 
day in millimeters. 
Damage Potential – Based on analysis, it gives the information like how much the total 
damage is expected financially. Also it provides the details like household damage, damage 
to the standing crops and affected villages. 

The middle panel, highlighted by an orange colored rectangle consists of the map window which 
provides the track of the real time cyclone event with sustained winds and surge details which could 
be overlayed with Exposure and Loss Layers for visualization. 

Similarly, the left panel, highlighted by a green colored rectangle, consists of collapsible Exposure and 
Loss Layers. Users can see the available layers by expanding the panel by clicking on it and then 
checking the layers of interest for viewing them on the map window for better visualization. 

Link to other sites 

The bottom panel provides line to the INCOIS Cyclone and Surge warning web-site. This site also 
provides the information about the surge heights from a live event. 

5. Real time simulation of ESCS FANI through the module 

5.1 Estimated Wind Profile of Cyclone FANI 

RMSI applied the above wind model for the computation of cyclonic wind fields (km/h) induced by 
extremely severe cyclonic storm ‘FANI’ and analyzed the extent of maximum winds and associated 
surge height which could have devastating effects on coastal areas based on IMD bulletin issued at 
03 May 0830 IST. Using data about storm size, intensity, and position of the cyclone at any fixed 
interval of times, the model captures wind field footprints at each location, every 3 min over the entire 
duration of the storm. Map depicting landfall location and the range of estimated wind speeds and 
surge heights under the influence of ‘FANI’ (Fig. 6 and Fig. 7).

Fig. 6 Estimated wind speeds under the influence of ‘FANI’
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Fig. 7 Estimated surge height under the influence of ‘FANI’

Model Output Analysis: RMSI forecasted the maximum sustained wind and surge heights, which are 
given below:   

 Maximum surge height 2.17 m above the astronomical tides 
 Maximum wind speed 203 km/h 
 District: Ganjam at Pincode 761045 
 State: Odisha 

Affected Areas: The model estimated maximum wind speed of about 180-200 km/h along and off 
Srikakulam district of Andhra Pradesh and adjoining Khordha and Nayagarh district of Odisha. The 
probable maximum storm surge amplitude of about 2.17 m (above the astronomical tides) is 
estimated along coastal region of Puri district. The peak surge value at Baleshwar is around 1.70 m. 
Also, it is seen that a coastal stretch of about 50-60 km to the north of the landfall point is affected 
with a surges of 1.5m. Impacted districts due to maximum wind speeds and associated surge heights 
and impacted pincodes due to maximum wind speed are given in the Tables 5 and Table 6, 
respectively. 

Table 5 Districts affected with maximum wind speed and surge height

District State Wind Speed (km/h) Surge (m)

Ganjam Orissa 203.25 1.04

Srikakulam Andhra Pradesh 199.21 0.71

Medinipur West Bengal 102.18 0.83
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Table 6 Pincodes affected with maximum wind speed  

Pincode District State Wind Speed 
(km/h)

Damage Expected (As 
per IMD Guidelines)

761045 Ganjam Orissa 203.25 Extensive   damage   to  
kutcha houses.  Some 
damage to old buildings. 
Large-scale disruption of 
power and communication 
lines. Disruption   of   rail  
and   road traffic due to 
extensive flooding.  Potential  
threat    from    flying debris.

532322 Srikakulam Andhra Pradesh 199.21

752031 Khordha Orissa 195.61

752011 Puri Orissa 194.74

752025 Nayagarh Orissa 187.80

754009 Cuttack Orissa 178.87

759015 Dhenkanal Orissa 162.33 Extensive   damage   to  
kutcha houses.   Partial  
disruption   of power and 
communication   line. Minor 
disruption of rail and road  
traffic.   Potential   threat from 
flying debris.  Flooding  of 
escape routes

755028 Jajapur Orissa 159.02

758082 Kendujhar Orissa 157.86

761212 Gajapati Orissa 153.64

754111 Jagatsinghapur Orissa 148.40

756121 Bhadrak Orissa 142.86

758021 Mayurbhanj Orissa 140.37

754289 Kendrapara Orissa 134.87

756059 Baleshwar Orissa 131.64

759128 Anugul Orissa 129.44

833214 Pashchimi 
Singhbhum

Jharkhand 116.99 Extensive damage to 
thatched roofs and huts.  
Minor damage to power   and  
communication lines due to 
uprooting of large avenue  
trees.    Flooding    of escape 
routes.

721436 Medinipur West Bengal 102.18

759132 Baudh Orissa 101.66

762028 Kandhamal Orissa 101.57

765022 Rayagada Orissa 100.14

832302 Purbi Singhbhum Jharkhand 99.02

535125 Vizianagaram Andhra Pradesh 96.69

768110 Debagarh Orissa 89.49

770048 Sundargarh Orissa 83.98 Damage to thatched huts. 
Breaking of tree branches 
causing    minor    damage  
to power and communication 
lines.

531163 Visakhapatnam Andhra Pradesh 81.66

833219 Saraikela-
kharsawan

Jharkhand 73.95

768106 Sambalpur Orissa 71.76

721502 Bankura West Bengal 71.70

723129 Puruliya West Bengal 71.14

764027 Koraput Orissa 70.40
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Conclusion 

Winds and surge in the model calculated by using the ADCIRC and  dynamic storm model of 
Jelesnianski and Taylor (1973) are giving reliable results. Model computed maximum of wind speed of 
203 kmph and surge heights 2.17 m (above the astronomical tides) are found in good agreement 
when compared with the forecasted values given in IMD bulletin issued on 03 May 0830 IST. The 
maximum sustained wind speed 185-195 gusting to 205 and peak surge height of about 3.5 
(Storm+Tide) associated with FANI was forecasted by India Meteorological Department. The results 
emphasize the suitability of a fine resolution location specific model for a reasonable prediction of 
surges along the Orissa coast, west Bengal and Andhra Pradesh coasts. Hence, model may be used 
for operational prediction of storm surges in this region. The advantage of the model is that it not just 
provides the hazard forecast but also gives information about population impacted, safe shelters 
where the population could be moved, and potential damage to structures due the event. 
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762014 Sonapur Orissa 66.15

835216 Ranchi Jharkhand 62.05

762016 Balangir Orissa 61.33 Minor damage to loose and
unsecured structures.

766102 Kalahandi Orissa 60.82

835201 Simdega Jharkhand 53.98

743378 South Twenty 
Four Parganas

West Bengal 50.90
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Introduction 

India with its long coastline and diversity in terrain and weather conditions is severely prone to natural 
disasters such as floods, cyclones, earth quakes, forest fires and droughts. Combined with varying 
degrees of socio-economic conditions of people across the country, the impact of a natural disaster is 
seriously felt in terms of loss of life, shelter and property. In addition, anthropogenic disasters such as 
oil spill, increased air pollution due to ever increasing vehicular traffic in urban areas and agriculture 
residue burning has been a serious cause of concern in recent years from the perspective of public 
health and global climate change. Disaster risk assessment in the country  shows 12% of land area 
(40 mha) is flood prone, 8% of land area along the coast is cyclone prone, over 65% of land under 
cultivation is drought prone, around 25% land (under Seismic zones IV-V) area is Earthquake prone 
and Himalayan and Western Ghats regions are  Landslide prone. Average annual direct loss is 
estimated in terms of 4350 lives, 1.42 Mha of affected crop area, 2.36 M damaged houses resulting in 
loss of 2% of the GDP. The indirect losses include expenses on emergency response and relief,   
diversion of developmental funds, and the socio-psychological losses that cannot be quantified.[1]

In the light of above scenario, identifying disaster vulnerability areas and risk assessment, setting up 
of ground and space based monitoring systems, developing early warning systems for prevention and 
mitigation of loss of life and property as well as for timely relief measures and damage assessment 
assume importance.  Government of India, in recognition of the importance of Disaster Management 
as a national priority, on 23 December 2005 enacted the Disaster Management Act, which envisaged 
the creation of National Disaster Management Authority (NDMA), headed by the Prime Minister, and 
State Disaster Management Authorities (SDMAs) headed by respective Chief Ministers, to spearhead 
and implement a holistic and integrated approach to Disaster Management in India. NDMA is striving 
to realise its vision "to build a safer and disaster resilient India by a holistic, pro-active, technology 
driven and sustainable development strategy that involves all stakeholders and fosters a culture of 
prevention, preparedness and mitigation" with multi-institutional participation.[2]

Role of Space Technology  

Space technology with its three components of remote sensing, navigation and communication 
satellite systems combined with the data processing and analytical expertise in the respective subject 
domains has a big role in providing near real time spatial inputs on natural disasters and their 
monitoring for damage assessment in space and time at regional to local scales and disseminate the 
information to the decision makers and the relief departments for timely action. Space-borne remote 
sensing sensors have the advantage of frequent large area coverage at desired intervals of time and 
spatial resolution, and access to humanly impossible remote areas. True to the saying "a picture is 
worth a thousand words", remote sensing brings reality on the ground to the decision makers for quick 
action resulting in efficient governance and transparency.  In addition to bringing near real time 
information products in map form, remote sensing provides invaluable data to generate databases on 
land use land cover, water resources, annual net sown area, urban sprawl etc., to use along with the 
disaster time data for damage assessment. Additionally, remote sensing provides much needed 
information for generating high resolution Digital Elevation Models and on weather parameters on 
regular basis for developing models for early warning.   In recent times, using locational services 
through navigational satellites and internet services through communication satellites, crowd sourcing 
has assumed greater significance in bringing in-situ conditions by way of location (lat/long) and field 
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photographs through Mobile Apps, which in turn is strengthening the information derived by remote 
sensing[3].

ISRO Disaster Management Support Programme (DMSP) 

DMSP, conceived and implemented during the 10th Five Year Plan by ISRO, adopted a 
comprehensive approach with its major components of (i) Earth observation (EO) satellites for 
thematic inputs, (ii) weather inputs from meteorological satellites, (iii) communication support through 
communication satellites, (iv) a single window EO information dissemination service through the 
Decision Support Centre (DSC) at National Remote Sensing Centre (NRSC), and (v) a GIS based 
National Database for Emergency Management (NDEM) at NRSC. ISRO Bhuvan Geoportal at NRSC 
enables data visualisation & access and geospatial support. Disaster management support from 
global level is enables through international charter, Sentinel Asia, UN-SPIDER and UNESCAP, apart 
from aerial support for high resolution terrain data and R&D for early warning using space inputs. Fig 
1 shows ISRO-DMS programme at a glance with the information and support services, institutional 
participation and the stakeholders. Following sections focus on DSC and NDEM being executed at 
NRSC as addressing all aspects of DMSP is out of scope of this article. 

Disaster Management Support Centre (DSC): It is established at NRSC as a single delivery point 
for space and aerial enabled inputs for disaster management with major activities being (i) near real 
time monitoring of disasters (floods, cyclones, forest fires, landslides, earthquakes), (ii) generation of 
vulnerability and hazard zonation maps and provide information for planning disaster mitigation 
measures, (iii) provide  comprehensive  disaster specific multi-scale inputs to build database under 
NDEM, (iv) inputs to MHA, NDMA, CWC, IMD, Central & state DMA, (v) Disaster Early Warning, (vi) 
Capacity Building and (vii) Sentinel Asia and Charter activities[4].

Fig.1 ISRO-DMSP (left) and major activities of its Decision Support Centre at NRSC (right) 

Major activity of DSC is generating near real time spaceborne satellite  derived spatial information on 
floods, which are perennial in nature. In 2018, nearly 92 flood inundation maps covering 10 states 
were prepared and disseminated. Similarly, in 2017, nearly 101 flood inundation maps covering 8 
states were prepared and disseminated. As a long term measure to risk reduction due to floods, flood 
hazard zonation maps, based on the coverage of historical occurrence of floods,  are prepared for 
West Bengal, Bihar, Odisha (Fig.3) and similar maps are under preparation for a few more states.
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Fig. 2 Near real time flood mapping at Decision Support Centre at NRSC under DMSP  

In addition, monitoring and mapping of damage due cyclones namely, Okhi, Titli, Gaja, Daye, Phethai 
cyclones has been carried out using Indian and foreign satellite data and the information is 
disseminated to the concerned stakeholders. More recently, flood inundated areas and the damage 
caused by the strong winds due to cyclone Fani have been identified and mapped and monitored 
during April-May 2019 (Fig. 4).

Fig. 3 Flood hazard zonation map of Odisha  

Fig. 4 Cyclone Fani and its impact as observed and assessed using satellite data (DSC, 2019)  
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A robust and a fully automated system for active forest fire alerts in terms of their location has 
been developed at NRSC using thermal data available on daily basis from MODIS sensor 
onboard Terra & Aqua satellites and the VIIRS onboard SNPP and JPSS-1. The system typically 
covers 16 passes a day and delivers the fire alerts in about 30-90 minutes from the satellite data 
acquisition. As an example, the number of fire counts that could be detected using MODIS data 
(for both Terra and Aqua satellites) during the year 2018 with the turnaround time for 
disseminating the information is shown in Fig. 5. 

Fig. 5 Countrywide active forest fire counts detected in 2018 by MODIS 

National Database for Emergency Management (NDEM): Implemented at NRSC as the lead 
agency on the behest of Ministry of Home Affairs (MHA) with multi-institutional participation,  NDEM is 
a GIS based repository of data to support disaster/ emergency management for the entire country 
with a set of Decision Support System tools. Fully operational since 2013, the NDEM Version3.0 is 
populated with multi-scale geospatial database for entire country at 1:50,000 scale, for 350 Multi-
hazard prone districts at 1:10,000 scale and for 5 Mega-cities at 1:2,000 scale,  and supported by the 
necessary  computer infrastructure to facilitate network connectivity, data ingest, validation, GIS 
databases organization, data dissemination and services hosting.  The database consists of 45 layers 
of base, thematic, infrastructure, disaster specific information and raster data in addition to more than 
3 million points of interest with location & attribute information for use in emergency situation. Major 
functionalities of NDEM are shown in Fig.6 and the portal can be accessed from 
https://ndem.nrsc.gov.in/

  

Fig.6 Functionalities of NDEM Version 3.0 
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Support to International Community 

ISRO is an active partner in international initiatives to share the experiences, exchange the 
information and best practices towards global disaster management. DMS programme of ISRO is 
responding to the International Charter on “Space and Major Disasters” and Sentinel Asia project for 
supporting disaster management activities in the Asia-Pacific region and the initiatives of UNOOSA, 
UNESCAP and BIMSTEC. NRSC /ISRO is actively involved in Sentinel Asia (SA) program, a 
voluntary initiative led by Asia-Pacific Regional Space Agency Forum, and supports the Emergency 
Observation Requests (EOR’s) with IRS series of satellite datasets comprising of Resourcesat-1/2 
(AWiFS , LISS III and LISS IV), Cartosat-1/2, RISAT-1 etc. on voluntary basis. In this regard, about 67 
Emergency observation requests were supported with more than 144 satellite datasets during 2011- 
2016 and some of the major disasters supported include Nepal Landslides 2015, Taiwan 
Typhoon2015, Philippines Typhoon “BOPHA” 2012, Japan Tsunami, 2011. Fig. 7 shows the 
distribution of the events covered. 

Fig. 7 NRSC/ISRO in Sentinel Asia 

Conclusions 

Space technology through its components of remote sensing, location and communication services is 
providing vital inputs to all four stages of disaster management cycle consisting of mitigation, 
preparedness, response and recovery.  Availability of much needed real time remote sensing data, 
weather models and early warning systems combined with capacity building with necessary 
infrastructure and skilled manpower will make disaster management support programme effective and 
efficient in minimising the loss of life and property for sustainable development. 
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Abstract 

Multibeam SONAR survey have opened an avenue for under water observations through 
Bathymetry survey in conjunction with conventional surveys. Multibeam Echo Sounder (MBES) is a 
compact equipment which provides accurate depth of water and side scan too. A motion sensor is 
normally used to reduce the error of movement and Differential Global Positioning System is being 
used to obtained co-ordinates of positioning of surveyed data. An acoustic (SONAR) wave sent 
through equipment in form of pulses and being analysed in form of reflection. Bathyswath transducer 
is being used to transmit and receiving the sound waves. The MBES is being used for survey to
understand the underwater topography for the assessment of storage capacity of reservoir and 
behaviour of siltation, which ultimately help in dredging of canals and rivers. 

 In the present study, Bathymetry surveys have been conducted in Upper Ganga Canal-
Haridwar to Muzaffarnagar,  Indira Canal stretch in the vicinity of Lucknow, Matatila Dam & Shahzad 
Dam in Lalitpur district and  in parts of Ghaghra & Gomti rivers of U.P. A three dimensional approach 
has been understand in analysis of Bathymetry survey in order to undertaken the underwater 
topography of the water bodies, which helps for the navigation, dredging and also in increasing the 
storage capacity of reservoirs. A channel of 10 Km stretch has been surveyed in Ghaghra river, 
Ayodhya for dredging to bring the water at Ram-ki-Pauri, Ayodhya. The survey has been conducted in 
the areas of flood protection structure and for assessment of silt in canal & reservoirs. The 
bathymetric survey in Upper Ganga Canal stretch falls in Muzaffarpur district of U.P. has encountered 
two 14 meter deep  pits in the canal due to mining within the canal bed. This has further damaged the 
bank of the canal. An timely reporting effort  has saved the area from the disaster. The results of 
analysis of bathymetry survey in the Ghaghra river in the vicinity of Ayodhya district is now being used 
by the engineers engaged in dredging through assessment of actual volume of silt, which is to be 
removed from the river. 

 This emerging technology is highly useful for the assessment of level of siltation in the water 
bodies and in-turn useful for flood forecasting also. The similar type of studies can be taken up in 
other states of India and abroad.  

 Keyword: Bathymatry, Sonar,Multibeam, Sidescan 

Introduction : Modern techniques of SONAR survey and mapping have given way for peeping to the 
submerged surface, whether it be of a river like Ghaghra & Rapti , Matatila & Shahzad reservoir or 
Upper Ganga canal. The sediments are deposited due to low velocity and gradient. It helps for the 
preparation of underwater topography of silt and Digital elevation model for dredging work which 
facilitates the carrying capacity of river and in turns flooding. For the present study the system was 
fitted on a motorized boat with wooden planks and accurate measurements were taken regularly for 
input reading and real time survey data acquisition

1.0 Equipments: Equipment which are being used for Bathymetry survey can broadly be categorized 
as positioning equipment, depth measurement equipment and water level measurement equipment 
(river level gauges). 
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1.1 Positioning Equipment: Differential GPS has been adopted as the primary method to fix survey 
boat position during Bathymetry survey. The source of the differential corrections is verified by 
comparison with a known mark with local base station is established. GPS receivers configured to 
output position in the WGS84 datum with associated quality tags.  

1.2 Depth Measurement Equipment Depth measurement is achieved using Multibeam 
Echosounders (MBES). MBES along with Kinematic GPS is conjunction with accelerometer based 
motion sensor are being used for the survey and gyro is correctly integrated for operation. 

1.3 Water level measurement  The ability to measure SV profiles through the water column is 
corrected for the refraction of beams, particularly when using wide swath widths.  

1.4 Survey boat Setup The position of the various sensors on the survey boat is carefully measured 
in relation to a common datum point and correctly applied within the survey acquisition software. River 
Gauge measurements of height and time are required to reduce collected soundings to Chart Datum 
and are subsequently used for Mean Sea Level. Base setup is used to transmit corrections via UHF-
Radio link. Kinematic GPS was used as the survey with radio link. 

2.0 Function of MBES (BATHYSWATH) Bathyswath is a wide swath sonar system for surveying 
underwater surfaces.  It provides high-density bathymetry and sidescan data. Processed data output 
includes Digital Terrain Models (DTM) and sidescan. It is equally well suited for use at sea for inland 
waterways and lakes.

2.1Swath A  swath system  is  one  that  sends out  sonar signals either  side of  the boat in  a beam 
that is wide  in the vertical  direction but  narrow in the horizontal  direction. These  beams form  a 
“footprint”  on  the  bed   that  is  a  narrow strip at  right angles to  the direction  of travel. As the boat 
moves forwards a ribbon-shaped swath of seabed measurements is built up. Bathyswath    
simultaneously   measures    two kinds   of information:   the   direction   of the echoes from the bed, 
and the strength of the signal. The first is used to measure the depth of the bed (bathymetry) and the 
second is used to provide a black-and-white image (sidescan). For the operation transducers are 
fixed in a pole. By measuring and recording the motion and location of the transducers, the depth 
information is correctly located with respect   to   a   survey   grid   system.  Displays shown  in  real  
time  allow  the   bed  to  be inspected  while the  survey  is  underway. The post-processing   
software  allows  the   data  recorded   during   a survey   to  be   processed   into  a   continuous 
surface  for  charting  in  the  form  of  a Digital Terrain Model (DTM).

2.2 Data Processing Bathyswath acquires, processes and displays data while a survey is underway 
using a program called “Swath”.  The processed data is filtered, and then written out in a file format 
that suits the post processing system being used. Post processing software converts the data 
acquired in real-time into Digital Depth Models. These depth models are used to produce displays 
and plots of the surveyed area. The  Swath  program  is  used  to  provide  the  first  pass of  post-
processing  when  using  the Bathyswath software. It reads its own raw data files and produces 
processed data files. The second  pass  of  the  post-processing  converts  the  processed   swath  
data  files  into  Digital Terrain Models. This program is called “Grid”. Grid also allows 3D 
visualization, filtering, data correction and calibration functions. Post processing is an essential 
component of SONAR system as the same is processed along with DGPS data through computer. 
The corrections includes necessary modifications also and infrastructural details on basis of field 
inputs.

3.0 Case Study  

3.1 Bathymetry survey in Upper Ganga Canal 

3.1.1 Study area: Upper Ganga Canal starts from a place called Dam Kothi in Haridwar to west of 
Nagla Kanchi village, where it is further divided into Kanpur branch and Etawah branch. 
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Physiographically,  the area is gently sloping. Slope is high in higher reaches and reduces as the 
canal heads towards south. It comprises of boulder and cobbles near Haridwar and the sediment size 
decreases to downstream with sand, silt and clay.  

3.1.2 Discussion The total surveyed area of Upper Ganga Canal is approximately 69 Km. Field 
survey and data collection is divided into five Chains A,B, C, D and E based on accessibility and 
location. Each Chain is further subdivided into subchain (A1…..,B1…..,C1……,D1……….,E1…...). A
representative map of subchain A1 is described in Figure-1.

Figure-1 Map showing 10 cm contour of silt in the canal 

3.1.2.1 Chain A: Chain A is a 6091 meter in length and lies in Hardiwar block of Hardiwar district, 
Uttrakhand. Slope of the canal is 0.1% and elevation difference is 287 meter to 281 meter and 
originates from near Dam Kothi. The surveyed area lies between 29°56'31 and 29°55'10 latitudes and 
78°09'21 to 78°06'13 longitude and subdivided into five parts 

 (Table 1). Further each subchain is divided into part A, B,C, D, E,........ 

Table:1 Showing locations of  subchains of Chain A  

Chain Subchain Start                
(in Lat.-Long.)

End                                  (in 
Lat.-Long.)

Length        (in 
meter)

A
A1

29°56'31 N
78°09'21 E

29°56'00 N
78°08'31 E 1607

A2
29°56'01 N
78°08'31 E

29°55'45 N
78°08'05 E 927
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A3
29°55'36 N
78°07'51 E

29°55'23 N
78°07'26 E 780

A4
29°55'23 N
78°07'26 E

29°55'11 N
78°06'42 E 1242

A5
29°55'11 N
78°06'42 E

29°55'10 N
78°06'13 E 858

Subchain A1  

A1 part of Chain A lies in Haridwar block of Haridwar district of Uttrakhand state. Total length 
of surveyed subchain of A1 part is 1607 meter. Elevation difference is 1m. from 288m to 287 m. 
Surveyed area lies between 29° 56’31 to 29°56’60 latitude and 78°09’21 to 78°08’31 longitude. The 
deepest point in this subchain is more than 4.7  

Subchain A2  

A2 part of Chain A lies in Hardiwar block of Haridwar district in Uttrakhand state. The total 
length of surveyed subchain 927m. Elevation difference is 1 m from 287m to 286m. Surveyed area 
lies between 29° 56’01 to 29° 55’45 latitude and 78°08’35 to 78°08’05 longitudes. The deepest point 
in this subchain is more than 4.9m. 

Subchain A3 

A3 part of Chain A lies in Hardiwar block of Haridwar district in Uttrakhand state. The total 
length of surveyed subchain 780m. Elevation difference is 1m from 285m to 286m. Surveyed area lies 
between 29°55’36 to 29°55’23 latitude and 78°07’51 to 78°07’26 longitudes. The deepest point in this 
Chain is more than 4.9m. 

Subchain A4 

A4 part of Chain A lies in Hardiwar block of Haridwar district in Uttrakhand state. The total 
length of surveyed subchain 1242m. Elevation difference is 2m from 285m to 283m. Surveyed area 
lies between 29°55’23 to 29°55’11 latitude and 78°07’26 to 78°06’42 longitudes. The deepest point in 
this Chain is more than 4.8m. 

Subchain A5 

A5 part of Chain A lies in Hardiwar block of Haridwar district in Uttrakhand state. The total 
length of surveyed subchain 858m. Elevation difference is 1m from 283m to 284m. Surveyed area lies 
between 29°55’11 to 29°55’10 latitude and 78°07’26 to 78°06’42 longitudes. The deepest point in this 
subchain is more than 4.8m. Similarly all the area where mapped showing point depth of water at 10
m interval and a contour at 37cm interval. 

3.1.3 Mining in the Upper Ganga Canal: Near Muzafarpur, it was observed that the canal is about to 
break its boundary and a disaster is about to occur in the nearby area. The bathymetry survey in this 
area identified two deep pits of 14m depth exists due to mining within the canal. A 80m wide canal 
with two 14m deep pits with a high gradient water is disastrous. 

4.0 Bathymetry Survey in Matatila Dam 

4.1 Study area: Matatila is situated in Lalitpur District in U.P. and Sivpuri District, M.P. with 
coordinates  25°5'52.24"N latitude and  78°22'21.95"E longitude. The total area of Matatila reservoir is 
98.44 sqkm. as per the satellite data of Nov., 2017.  
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4.2 Discussion: Total accessible area for Bathymetry survey is 5976 ha (including Island) and 
inaccessible area is 3867 ha. Out of the total accessible area of 5976 ha, 3497 ha has been surveyed 
by bathymetry instrument. The bathymetry survey in rest of the past could not be conducted, due to 
undulating surface and rocky hillocks. Matatila reservoir having the depth of water column 4-18 m is 
showing underwater siltation pattern, underwater river path, depth of water at gate etc. A number of 
islands and shallow water columns were also present in the southern part . The contour line of water 
column in the surveyed area in the Matatila reservoir varies from 2-18 m and the pattern of contour is 
horizontal (east-west) in the central part and vertical (North-South) in the southern part. The channel 
path of underwater river has also observed at the depth of 7-9 m water column in the southern part. A 
deep well for power generation of 21-22 m was observed near weir wall. The slope has been 
classified into 5 categories as <2%, 2-4.5%, 4.5-7.5%, 7.5-22.5% and >22.5%. The enlarge view of 
the silt deposition in the centre of Matatila reservoir at the depth of 6-9 m water column shows a 
parallel pattern of undulations of silt deposition. It may be due to gentle regression of water in the lean 
period. This area is suitable for desiltation by machine as no rocky out crops has been observed in 
the centre of the reservoir. The map prepared from the bathymetric survey has been classified into 
two categories for the water column   >9 m and <9 m keeping in mind the requirement of desiltation in
the Matatila reservoir and improving the water storage capacity by desiltation. 

Figure 3 Maps showing area of survey, depth of water, pattern of silt deposition andits contour 
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5.0 Bathymetry survey in Shahzad Dam  

5.1 Study area: Shahzad dam is situated in Talbehat, Tehsil, District Lalitpur located on the Shahzad 
river (tributaries of Jamini river) at 58 Km of Jhansi Lalitpur highway (SH-26). Shahzad reservoir 
having the depth of water column 4-6 m is showing underwater siltation pattern, underwater river 
path, depth of water at gate etc. The total area of Shahzad reservoir is 408.54 ha as per the satellite 
data of May, 2018. Total accessible area for Bathymetry survey is 288.69 ha and inaccessible area is 
120.39 ha. Out of the total accessible area of 288.69 ha, 228.70 ha has been surveyed by bathymetry 
instrument. 

5.2  Discussion: A representative map of 1 m contour interval of depth of water column has been 
prepared. It is observed that  the maximum depth of water (9-11 m) at weir site and 3-4 m at the other 
end and in between the depth of water varies between 9-13 m. The contour line of depth to water in 
the Shahzad reservoir varies from 2-13 m and the pattern of contour is horizontal (east-west) in the 
central part and vertical (North-South) in the southern part. The channel path of underwater river has 
also observed at the depth of 7-9 m water column in the southern part. The slope map of silt pattern 
has been classified into 4 categories as <2%, 2-6%, 6-10%, and >10% respectively. The area has 
been classified into two categories for the water column >5 m and <5 m keeping in mind the 
requirement of desiltation in the Shahzad reservoir and improving the water storage capacity by 
desiltation in the surrounding area.( Figure 4). Undulation of the sub surface in 3D view is  shown in 
blue colour which is 9-10 m deep and the surrounding depth is 5 -8 m shown in green colour(Figure 
5). This location is on the southern part of the dam and right shore of the river. 

Figure  4 Map showing area of survey, depth to water ,pattern of silt deposition and its contour 
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Figure5  3D view of Under Water Surface of Shahzad Dam 

6.0 Conclusion: The emerging technology is highly useful for assessment siltation in canal, reservoir 
and rivers. The precise depth of water column helps in the navigation of ships etc. The Multibeam 
Sonar survey technique is being used for the estimation of silt before and after dredging work. The 
estimation of load carrying capacity of rivers is useful for planning of flood management. 
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Abstract 

Water issues are at the heart of economic and social development, and no less so in India with its 
rapid economic development requiring improved water management in order to overcome key water 
challenges. Recurrent flooding is one of those challenges. The Ganges and Brahmaputra basins are 
prone to substantial flood-related human suffering and economic loss. In recognition of these 
challenges, the World Bank is actively and cooperatively engaged in reducing India’s vulnerability to 
flooding. As a contribution to these efforts, the World Bank and the National Center for Atmospheric 
Research recently completed an assessment of flood forecasting potential and to design and evaluate 
flood forecasting tools for the greater Ganges-Brahmaputra basin (Lnu et al. 2017). In this 
presentation, we discuss some of the key findings of this study. Discussed is the importance of 
utilizing rainfall forecasts to predict river flows and flooding at long lead times days in advance. 
Significantly for decision makers, long-lead flood forecasting requires forecasts that inherently 
express not only a prediction of future water levels but also the appropriate level of confidence 
regarding each forecast. Such forecasts do not answer the question, “Is the river predicted to flood 
above the danger level, yes or no?” but rather, “What is the probability that the river will flood above 
the danger level?” To make the most skillful predictions, the assessment also indicates that a 
“blending” approach— incorporating multiple data sets and multiple computational models—
significantly improves flood forecasting skill. The evaluations indicate benefit in incorporating rainfall 
predictions from multiple weather centers, as well as rainfall and river observations from multiple 
platforms and institutions. Finally, we conclude by highlighting more recent work being done by the 
World Bank-NCAR team to provide locally-focused rainfall and river flood prediction data and support 
for the Bihar and Assam regions. 

Key Words flood, prediction, Ganges, Brahmaputra, ensemble forecasting 

Introduction

Nearly 650 million people depend on the Ganges and the Brahmaputra in South Asia for drinking 
water, irrigation, electricity, and myriad other uses crucial to life along these great rivers. However, 
these great rivers and their tributaries are prone to periodic disastrous floods that cause severe 
impacts on livelihoods, infrastructure, and loss of life. In recognition of these impacts on well-being 
and economic development in South Asia, the World Bank is actively engaged in reducing India’s 
vulnerability to flooding. As part of these efforts, the World Bank and the National Center for 
Atmospheric Research recently completed an assessment of flood forecasting potential and to design 
and evaluate flood forecasting tools for the greater Ganges-Brahmaputra basin (Lnu et al. 2017). In 
this paper, we discuss some of the key findings of this study. 

As part of this study, the Multi-Model Ensemble Forecasting Engine (MMEFE) was developed by the 
National Center for Atmospheric Research (NCAR) in conjunction with the World Bank, to provide 
river stage forecasts at gaging locations throughout the Ganges, Brahmaputra, and Meghna (GBM) 
river basins, where there were none before. The basis of the MMEFE system is the multi-model 
approach (MM): combining together forecasts from different systems produces the most skillful 
forecast (on average). The MMEFE utilizes the MM philosophy in combining ensemble rainfall 
forecasts from eight global forecast centers, as well as combining outputs from three different 
hydrologic models (along with a suite of observations: satellite rainfall estimates from three different 
sources, rain gauge estimates, river stage and “width” measurements; all filtered through quality 
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control algorithms). The MMEFE has been shown to generate skillful river stage forecasts throughout 
the GBM out well past two week lead-times.  

Significantly for decision makers, these ensemble long-lead flood forecasts inherently express not 
only a prediction of future water levels but also the appropriate level of confidence regarding each 
forecast. Such forecasts do not answer the question, “Is the river predicted to flood above the danger 
level, yes or no?” but rather, “What is the probability that the river will flood above the danger level?”

Data and Modeling Tools 

To be accurately captured, forecasting different types of flood requires different tools and approaches.
Flash floods are relatively small and brief, but intense. Large river basin floods are widespread and 
longer lasting. The different tools used to forecast river water levels (for example, rain gauges, 
weather forecasts, etc.) also operate over a range of spatial scales (geographic extent) and time 
scales (minutes to months). Each tool makes its own distinct contribution to the goal of increasing 
forecast lead times and usefulness for the different types of flood (Figure 1). Observations of river 
conditions, for example, are essential for flood forecasting but can never directly provide lead times 
longer than the time required for a flood wave to make its way downstream through the basin. Rainfall 
measurements can improve lead times but never directly beyond the time required for upper-basin 
rainfall to make its way into the river and then downstream to the river outlet (called “time of 
concentration”). For longer lead times, weather forecasts should be incorporated into a flood-
forecasting methodology. Numerical weather prediction outputs from “global circulation models” are 
one source for these forecasts of future precipitation. In particular, we provide an evaluation of the 
skill of these outputs in this study.

Figure 1: Forecasting tools and methods for different types of floods. 

Various forecasting tools provide information at different scales, thereby providing different lead-time 
contributions. The NCAR model, which focuses on large river basin flooding, relies on weather 
forecasts (blue), simulation models (orange), and measurements (black). GLOFs = glacial lake 
outburst floods.  

To highlight how these different tools can be integrated into providing effective and operational flood 
forecasts, the NCAR developed MMEFE forecasting scheme (Figure 2) not only provides such 
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forecasts, but also allows for an evaluation of the different contributions these tools and data sets 
provide to the forecast skill. The MMEFE system also relies on “blending” techniques and redundancy 
safeguards. Specifically, the scheme is unique in its use of multiple probability-based rainfall 
forecasts, multiple sets of rainfall observations, and multiple hydrologic forecasting model 
approaches. More specifically, blending techniques are useful because strengths in one weather 
forecast or data set can compensate for weaknesses in another; also having duplicate data sources 
helps to guard against system failure. If one instrument goes down—for example, if a satellite stops 
transmitting rainfall data—others are still available to guide the flood forecast. The forecasting scheme 
provides short- to medium-range forecasts, with lead times ranging from one day to two weeks. Lead 
times of this length are useful for saving lives and preserving livelihood assets. 

Figure 2: The NCAR MMEFE flood forecasting scheme for the Ganges and Brahmaputra Basins. The 
NCAR “blending” flood forecasting scheme for the Ganges and Brahmaputra basins relies on multiple 

data sources and multiple hydrologic modelling approaches. 

Results 

The NCAR MMEFE flood forecasting scheme uses ensemble rainfall forecasts from eight weather 
centers around the world (which generate more than 300 ensemble members daily). The NCAR flood 
forecasting scheme is one of the world’s first to incorporate information from so many different 
weather centers. Blending rainfall forecasts from multiple weather centers can improve flood forecasts 
and provide longer lead times. More specifically, optimally combining weather forecasts leads to 
better flood forecasts with roughly two additional days of warning time beyond the skill of the single 
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best model. Also, the best mix of weather forecasts is different for different catchments, with no one
center always performing best (Figure 3). Although ECMWF provides the single best overall forecast 
for this region, on average, in most catchments, the multi-model forecast is the best choice—as good 
as or better than the single best center. 

Figure 3: Blending rainfall forecasts from different weather centers. 

Flood forecasts can be improved by using different rainfall forecasts for different catchments. Panels 
a–d show evaluations of rainfall forecasts from four different weather centers, each evaluated within 
individual catchments. The “hotter” the color, the better the rainfall prediction. For example, the 
UKMET forecast provides the best predictions for the Manas (M) catchment but the worst predictions 
for the Lower Ganges (LG) catchment. The single best overall forecast is the ECMWF. Panel e shows 
the results for a “multi-model” blended (simple average) forecast. In most catchments, the multi-model 
forecast is the best choice—as good as or better than the single best center.  

The blended NCAR MMEFE forecast scheme provides generally greater skill and reliability than 
forecasts based only on individual data inputs (Figure 4). An important question is whether significant 
benefit accrues from using a complex (multi-model, multi-data) forecasting scheme rather than a 
simpler, more convenient approach. NCAR therefore assessed forecast skill for the different 
approaches at 78 different locations. The results were as follows:  

 Forecasts based only on gauge measurements of upstream water levels provide lead times of 
1 to 16 days.  

 Forecasts based only on satellite measurements of upstream river widths provide lead times 
of 0 to 12 days.  

 Forecasts based on both upstream gauges and satellite information provide lead times of 3 to 
16 days. 

 Forecasts based on the full MMEFE model provide the best skill and reliability—well past 16 
days in all cases.  

NCEP

UKMET

CANADA

ECMWF

ALL

Anomaly Correlation

Spatial pattern of skill:  July/August     0-4 day forecast
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Figure 4: These maps show outcomes for three different types of flood forecasts combined into the 
NCAR MMEFE scheme at 16-day lead times: panel a based on local river gauges, panel b based on 
local river gauges and upstream river information (river gauges and satellite-based river width), and 
panel c based on local and upstream river information, plus predicted and measured rainfall. The 
outlines on the maps show catchments within the GBM basins. The “warmer” colors (purple, red, 
orange) indicate more skillful forecasts, and the “cooler” colors (blues) indicate less skillful forecasts. 
The hatched areas indicate catchments where data were not available. These results highlight how 
the multi-model approach can greatly contribute to overall forecast skill. 

Rainfall information is especially powerful in improving flood forecasts. Figure 4 illustrates the 
increase in skill that rainfall information can provide. Panel a shows the skill of a multi-model forecast 
that relies only on river-level information from a local gauge. Panel b shows the improvement that 
comes with the addition of river information from upstream locations—about a one-day improvement 
in useful lead time. Panel c shows the dramatic improvement that comes from including rainfall 
information (weather forecasts + rainfall observations). This improvement translates to forecasts with 
skill out to more than three weeks in lead time.  

For almost all basins, the NCAR MMEFE flood forecasts show significant utility, even at long (16-day) 
lead times. Figure 5 shows one measure of forecast skill. The higher the “skill score,” the better the 
forecast. For all basins, regardless of size, the MMEFE forecasts score significantly better than zero. 
Other measures of forecast skill (not shown here) yield essentially the same result. The NCAR system 
limits its forecasts to 16 days because the underlying rainfall forecasts are available for only the next 
16 days.  

The NCAR flood forecasts are generally better for stations with larger upriver catchment areas. Figure 
5 illustrates this general principle. According to this particular measure of forecast skill, approximately 
10 percent better predictability is gained with every 40,000 square kilometers of additional basin size. 
For some stations downriver of smaller catchment areas, the NCAR MMEFE forecast exhibits utility to 
about 16 days. For some stations with larger upriver catchment areas, the forecasts can provide 
useful information well beyond 16 days in advance. Some of the smaller low-scoring basins might, 
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with investigation and site-specific adjustment, see considerable improvement. Some of the larger 
basins might be suitable for the development of longer-lead forecasts.  

Figure 5: The effect of basin size on forecast skill at 16-day lead time. 

This graph shows one measure of forecast skill: correlation -- the higher the skill score, the better the 
forecast. Each “star” symbol represents one subbasin. All of the forecasts show some utility, 
regardless of basin size. Forecasts for larger basins display generally better skill than forecasts for 
smaller basins. Compared with the group as a whole, forecasts for basins in the blue area perform 
very well; those in the pink area are “underperforming.” 
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Abstract:  

Reliable and timely precipitation data available at a fine temporal scale is crucial in modeling and 
monitoring of extreme events such as floods.  However, given the spatiotemporal heterogeneity 
involved in the distribution of rainfall, accurate estimation of rainfall often pose a major challenge in 
hydrologic modeling.  Satellite-based precipitation products from Tropical Rainfall Measuring Mission 
(TRMM) and time series of precipitation datasets from radar networks constitute alternative sources of 
input data for such applications.  In this context, the current study evaluated the potential of 
precipitation accumulation product of Doppler Weather Radar along with time series of TRMM and 
hourly estimates of rain gauge data to capture the hydrological response of Adyar basin to the 
flooding event of December 2015.   The study employed HEC-HMS, a semi-distributed, event scale 
model developed by the United States Army Corps of Engineers (USACE), which is capable of 
simulating the precipitation-runoff processes of watershed systems (USACE, 2000).  Based on the 
Digital Elevation Model (DEM), land-use and soil related to the basin along with the meteorological 
datasets; HEC-HMS provides hydrological modeling options with its main components focusing on the 
generation of runoff hydrographs from subbasins followed by routing the hydrographs through 
channels to the outlet.  Prior to hydrologic modeling, a comparison of the precipitation reported from 
rain gauge and corresponding TRMM and radar rainfall products was carried out to assess the degree 
of similarity among the datasets.  Preliminary analysis showed that the variability of precipitation 
among the different data sources was minimum and they were effective in capturing the spatial 
variability in rainfall across the basin.  This was further reflected in the simulated flow hydrograph 
generated by the hydrologic model for different sources of precipitation data.  Irrespective of the input 
precipitation, HEC-HMS was effective in simulating the pattern and volume of observed flow 
hydrograph at the control location within the Adyar basin.  The results showed that satellite-based 
rainfall estimates, as well as precipitation datasets acquired from radar networks, can form 
prospective model inputs for real-time flood modeling systems. 

Key words: Hydrologic Modeling, TRMM, Radar, Urban Flooding, HEC-HMS Model

Introduction 

Observations of rainfall are often required as part of the flash flood warning process. The main 
measurement techniques which are used are rain gauges, weather radar, and satellite precipitation 
estimation. Each approach has its own advantages and limitations and the methods are 
complementary to some extent, providing information at different spatial and temporal scales. This 
has therefore led to the increasing use of multi-sensor precipitation estimates which combine the 
strengths of each approach and use information from other sources, such as lightning detection 
systems and atmospheric models. 

Almost every year, the city of Chennai witnesses unprecedented monsoon followed by cases of lake 
breach that leaves several areas inundated for days.  Considering the fact that Chennai basin 
receives an average annual rainfall of 1,200 mm from both the Southwest and Northeast monsoon, 
the problem is related to ineffective water management since the river basin faces conflicting 
challenges of being water-scarce as well as prone to flooding.  The basin, on one hand, struggles to 
meet its water needs to the extent of desalinating seawater at a huge expense; while on the other 
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hand, it had to bear the brunt of 2015’s heavy record deluge of rainfall that left almost entire Chennai 
inundated.  Although scientific studies have attributed the cause of such events to above normal sea 
surface temperatures in the Bay of Bengal, much of the flooding and subsequent inundation was the 
result of the outflows from major reservoirs into swollen rivers and into the city following heavy rains.  
Across the globe, studies have observed that extreme weather events are increasing due to global 
warming.  Such an increasing frequency of extreme events calls for change in conventional 
approaches adopted in water resources management.   

 Although several factors such as poorly designed drainage system, unpredictable weather conditions 
contribute to flooding, land use change resulting from unplanned development of human activities 
have a significant impact on the hydrological behavior of a watershed.  This is further supported by 
newspaper reports that states that during Chennai floods, much of the fury was unleashed by the 
Adyar River, whose depth and width had shrunk owing to rapid urbanization and encroachments 
resulting in disgorging flood water into the neighborhoods along the banks.  Since the Adyar basin 
experienced major flooding during the extreme precipitation event, the objective of this work is to 
simulate the rainfall-runoff process of the basin for the major flooding event of 2015.   In this context, 
the current study modeled the extreme rainfall event that occurred in December-2015 via a semi-
distributed hydrological model, HEC- HMS with input precipitation data obtained from rain gauges 
along with satellite-based estimates of precipitation. 

Study area 

The study area selected is Adyar basin that extends between latitudes 12°47’6’’ N and 13°3’22’’N and 
longitudes 80° 17’1’’E and 79°52’36’’E with an area of about 720 km2.  The basin is relatively flat with 
slightly undulating terrain.  The basin falls under semi-arid tropical zone with average monthly 
minimum and maximum temperatures in the range of 20oC and 42oC respectively.  Adyar River of 
length 40 km from its origin at Guduvancheri hills to the confluence point at the Bay of Bengal is one 
of the main rivers that drain Chennai basin. The river empties into the Bay of Bengal at Adyar estuary, 
towards the eastern part of Chennai basin.  The land use pattern of the basin is heterogeneous with 
built-up land, forest, agriculture, wasteland, and water bodies constituting the major types.  Fig. 1 
shows the layout map of Adyar basin. 

Figure 1: Location of Adyar River basin 

Methodology 

HEC-HMS model setup 
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Inflow forecasting with enough lead time will enable the Engineers/ Decision makers to manage the 
reservoir operations in an effective manner and ensure minimum impact resulting from extreme flows 
downstream of the reservoir, and save water for drier times of the year.  The methodology adopted in 
the proposed study will focus on the development of a hydrologic model to capture the hydrological 
response of the Adyar basin which forms part of the Chennai basin.  The layout map shown in fig. 1 
shows the location of the basin along with the river network and reservoir.  The major reservoir 
located within the basin is Chembarambakkam and the proposed modeling framework intends to 
model the inflows to this reservoir. 

HEC-HMS is a semi-distributed, event scale model developed by the United States Army Corps of 
Engineers (USACE), which is capable of simulating the precipitation-runoff processes of dendritic 
watershed systems (USACE, 2000).  HEC-HMS simulates the water balance by modeling the 
hydrologic processes such as evaporation, surface runoff, infiltration, and groundwater recharge.  The 
model subdivides basins into subbasins which are treated as homogeneous in land use and soil type.  
The HEC-HMS model setup has four main components: basin model, meteorological model, control 
specifications, and input data which comprises of time series, paired and gridded data.  HEC-HMS 
uses separate models to represent each component of the runoff process, including models that 
compute runoff volume, models of direct runoff, and models of base flow. The Basin model includes 
the hydrologic elements and their connectivity which represents the transport/ movement of water 
through the drainage system.  The meteorological component is meant to provide the precipitation as 
input, spatially and temporally distributed across the basin.   Further, HEC-HMS provides hydrological 
modeling options, with the main components focusing on the generation of runoff hydrographs from 
subbasins followed by routing the hydrographs through channels to the outlet.   

Each model run of HEC-HMS combines a basin model, meteorological model and control 
specifications with run options to obtain results. The current study adopted the following methods for 
modeling the components of runoff process: Canopy (Simple Canopy), Surface (Simple surface), 
Loss (Deficit and constant method), Transform (SCS unit Hydrograph method), Baseflow (Recession) 
and routing option (Kinematic wave).  Evapotranspiration (ET) losses were accounted for in terms of 
monthly average values.   These methods are selected based on the availability of data, and 
suitability for the given hydrologic condition.   The above-mentioned methods along with the 
meteorological information were employed to develop the hydrologic model for Adyar basin.   

The watershed structure which can be imported directly to HEC-HMS was derived using HEC- 
GeoHMS which works within a GIS platform.  The topographic information in terms of the Digital 
Elevation Model (DEM) and stream network was employed to delineate the sub-basins and watershed 
structure using HEC-GeoHMS (http://www.hec.usace.army.mil/software/hec-geohms/download.html).  
Next step was to derive the topographic attributes for each subbasin in terms of area, slope, flow 
paths, the centroid of the subbasins, etc.  The inputs to the model in order to derive the particulars 
included land use and soil map along with the hydrologic soil groups and soil characteristic 
information.  The land-use maps were reclassified into four types namely, water body, urban, forest, 
and agriculture.  Based on the land use data and hydrologic soil groups, the lumped Curve Number 
(CN) value for each subbasin was generated by HEC- GeoHMS.  Thus the background map file, 
parameters, and distributed basin schematic model file were derived using HEC-GeoHMS and fig. 2 
shows the HEC-HMS framework adopted for Adyar basin..   
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The meteorological model developed for the basin used daily precipitation from rain gauges spatially 
distributed across the basin.  The hydrologic simulations were also performed with TRMM datasets. 

Results and Discussion 

Prior to setting up the HEC-HMS model framework with TRMM grids a comparison of the precipitation 
reported from rain gauges and corresponding TRMM grids was carried out.  Preliminary analysis 
showed that the variability of precipitation among the TRMM grids falling within a subbasin was 
minimum. 

Figure 2: Scatter plot between TRMM data and Raingauge data 

The scatter plot comparison showed appreciable agreement between IMD raingauges and TRMM 
grids in terms of statistical performance measures (R2 = 0.98) 

The time series plots of TRMM rainfall estimates with IMD rain gauges for the 2015 flood event are 
shown below. The magnitude of peak rainfall is matching closely with raingauge data and the 
difference is found to be within a magnitude of ten percent.  

Figure 2: Scatter plot between TRMM data and Raingauge data
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Figure 3: Comparison of time series of IMD, TRMM Rainfall data 

Inorder to compare the flows generated by HEC-HMS model with the TRMM grids, the meteorological 
model of the calibrated HEC-HMS_IMD set up was replaced with the TRMM grids.   

Comparison of flows (HEC-HMS_IMD vs HEC-HMS_TRMM) at the control point within Adyar 
(inflow to Chembarambakkam) 

Figure 4: HEC-HMS Result at Chembarambakkam Reservoir 
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Figure 5: HEC-HMS Result at the Adyar watershed outlet. 

The results from the HEC-HMS simulation with TRMM, Radar rainfall estimates, and Raingauge data 
are close to each other and magnitude of peak discharge which is important in the context of flooding 
is observed to be efficiently simulated. Using radar and satellite-based estimated rainfall data is a 
great enhancement to point rainfall estimates especially in the context of urban hydrology.  High 
spatial and temporal resolution data also helps in reducing the uncertainties in the simulated 
discharge and helps in better understanding of the complex urban hydrology. 
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Abstract 

Flood Friction Coefficient or Manning’s ‘n’ is one of the critical parameters in flood modelling. 
Currently, during modelling, single Manning’s ‘n’ value is assigned to each land-use class in spite of 
having spatial variability within class (based on published ‘n’ values) as generating the coefficient of 
roughness using field measurements is time consuming and needs more efforts. Flood models 
derived by this method are biased as single Manning’s value is assigned to each class of land use. To 
minimise these biases and to improve the model results, Terrain Roughness Grid which accounts for 
spatial variation may be supplemented.  

As Airborne topographic LiDAR Scanner (ALS) has the potential of acquiring terrain heights with 3-5
cm relative accuracy, a study has been taken up to evaluate the potential in deriving the terrain 
roughness parameter and utilizing it in computing Manning’s ‘n’. In this study, various methods have 
been implemented in deriving the terrain roughness and detrending of LiDAR data. This paper covers 
the methodology in deriving the Manning’s ‘n’ grid using LiDAR data.

Key words: ALS, Manning’s ’n’, DTM, Detrending, LiDAR, Terrain Roughness

Introduction 

Terrain roughness (TR) can be defined as variability/irregularity of surface per unit length/area. TR 
can be in the form of coefficient or with units, depending on the metric it is considered to represent. 
TR is measured either from terrain profiles or from DEM grid values. 

Digital Surface Models (DSMs) are standard products from aerial photogrammetry. The introduction of 
LiDAR technology has provided an alternative method for producing high quality DSMs (Bharat 
Lohani et.al, 2001). Airborne Laser Scanning (ALS), an active 3D data acquisition sensor often 
referred to as LiDAR, is used as a fast and accurate technique to collect topographic information 
(David M. Cobby et.al, 2001). ALS has become a state-of-the-art data source for capturing terrain 
data. It is a time and cost-effective method to acquire large area topographic data with low amount of 
user interaction, high ground sampling density, and height accuracy of better than 15 cm. The 
introduction of multi-echo LiDAR technology has made possible the acquisition of simultaneous 
measurements of the canopies, both inside the vegetation and the earth surface under the vegetation.  
Nowadays advancements in ALS such as full-waveform (M. Hollaus et.al,2010), multiple pulses in air, 
multiple wavelengths, on-line radiometric calibration, higher sampling density, increasing vertical 
resolution, have enabled providing higher resolution data sets with more density. These capabilities of 
ALS data have led to development of new applications using terrain roughness. (Pommerol et.al 
2012, Micheal K.Shepard et.al 2001). 

As ALS has potential to achieve high spatial resolution and high density terrain points, this study has 
been taken up to develop the methodology to derive the terrain roughness from LiDAR data and to 
study its potential in deriving flood friction coefficient i.e. Manning’s ‘n’.

Utilising ALS data in deriving Manning’s ‘n’

Heavy rainfall in river catchments can accumulate large amounts of water which flow through the river 
system producing a rapid rising in the river water level. When the flow rate exceeds the discharging 
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capacity of the river, water overflows the banks of the river to the surrounding land causing damage to 
the embankments, property and hazards to the environment. Studying the hydraulic properties of the 
flood helps develop an understanding of the factors controlling the behaviour of the water. Many 
different factors control the flow of water i.e. the flow rate, the topography of the area, the cross 
sectional area of the water boundary, the wetted perimeter of the boundary layer and the coefficient of 
roughness. The coefficient of roughness ‘n’ represents the hydraulic roughness and is known as 
Manning’s coefficient of roughness or Manning’s ‘n’ (Chow, 1973). The hydraulic roughness develops 
resistance to the water flow through creating a retarding force. The roughness of the terrain and the 
type of vegetation (trees, shrubs or grass) have a strong influence on the floodplain and channel flow.  
Hydraulic models need to parameterize the effect of roughness through the use of hydraulic friction 
coefficients such as Manning’s n or Chézy’s C, which describe the resistance of the channel and 
floodplain to the flow of water.  

Currently, the hydraulic roughness parameterization is done using land cover maps derived from 
aerial images and/or field trips. This method is not optimal because for an entire class of land-use, 
single roughness value is assigned. To fulfil the deficiency and to derive roughness for every pixel of 
single class and to show the intra variability, high resolution (HR) DTMs are required and these HR 
DTMs can be obtained using ALS. Major benefit of using ALS data is that the Digital Terrain Model 
(DTM) and the roughness are derived from the same ALS point cloud and, thus, have no temporal 
difference. High vertical resolution provides variable roughness for every pixel of roughness map. 

Study area description 

Study area is located at Hyderabad covering an area of approximately 1 sq.km. It is covered with 
buildings having single story to 10 stories, tree canopy with varied heights and horizontal spread from 
scrubs to tall trees (0.1m to 17m), open areas with bare earth and open ground with grass cover.  
Area of interest is bounded by the following coordinates. 

Lower left coordinates:  lat: 170 28’ 32’’, long: 780 26’ 31’’

Upper right coordinates:  lat: 170 24’ 56’’, long: 780 24’ 56’’

LiDAR data and digital images were acquired using ALS70 sensor and RCD30 camera, respectively. 
Both sensors are integrated to acquire data simultaneously/synchronously. 

 Data characteristics 

Parameter Value
Flying date 03/06/2014
Flying height 1400 m
LiDAR Point density, FOV 6 pts/m2, 50°
OrthoImage GSD 16 cm
Accuracy: z, x-y 15 cm, 31cm
Camera parameters: f, pixel size, FOV 53 mm, 6 microns, 50°

Table 1 Data characteristics. 

The following figures (Fig. 1 and Fig. 2) show the data characteristics. 
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Fig. 1 Terrain variation of study area viewed using LiDAR data 

Fig. 2 Ortho-mosaic of study area.

Derivation of Manning’s ‘n’ from Roughness 

Many equations have been developed for the purpose of studying open channel flow, however 
Manning’s equation is one of the most widely used. It is a semi-empirical equation and was developed 
in the 19th century by Manning in order to simulate open channel water flow. It was first designed for 
the purposes of studying uniform steady state flows of constant discharge, constant velocity and 
constant channel dimensions with time. However, practical experience proved that this equation can 
be successfully applied on gradually varied flow, which is the common natural flow. It is also used in 
defining the water flow over floodplains. 

Manning’s equation takes the following form:

v = (R2/3 S1/2)
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where, v = mean velocity through the channel in m/s 

n = Manning’s coefficient of roughness 

S = channel bed slope in m/m 

R = channel hydraulic radius  

R is calculated using the following relation. 

R =   

where, A = cross sectional area of the channel 

WP = wetted-perimeter of the channel 

Factors affecting Manning’s ‘n’

The input data for flood modelling are: (i) the geometry (provided as DTM) of the watercourse (LiDAR, 
photogrammetry or terrestrial survey), (ii) roughness information, based on land cover maps which 
are produced from aerial images or field trips, and (iii) the boundary conditions (water levels and/or 
discharge data). 

Manning’s ‘n’ depends on the building material of the channel bed, like gravel, sand, silt, clay, or any 
other material and the channel vegetation texture, which imposes difficulty in estimating it with any 
degree of accuracy(M.J.Smith,2013). Furthermore, Chow (1973) and French (1994) described the 
value of Manning’s ‘n’ is not constant with time as the vegetation growth changes with time. 

Computing Manning’s ‘n’

Chow.V.T (1973) presented the following equation which relates Manning’s ‘n’ to the roughness.

, here 

where, n = coefficient of roughness 

= slope angle of sides of water boundary 

R = hydraulic radius of the cross section of the water boundary (ft). For floodplains, R is equal 
to flood depth over land. 

k = height of roughness (ft) 

Chow (1973) further states that experimental studies showed the variation in the term Ф(R/k) is very 
small in a wide range of variation of R/k. So an approximation can be made. Hence, the term Ф(R/k) is 
considered as a constant with an average value of 0.0342 in ‘foot-pound-second’ system. Therefore, 
above equation takes the following form. 

where, k is height of roughness (ft).
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Derivation of Terrain Roughness Coefficient (TRC) 

Roughness parameters are classified into amplitude parameters (representing some form of elevation 
variance normal to a surface), spacing parameters (representing horizontal characteristics of surface 
deviations), hybrid parameters (a combination of the two) and multi-scale parameters (Mark, 2014). A 
number of roughness metrics can be calculated to represent topographic expression (Ahmad Fadzil 
et.al, 2012). Spacing parameters focus solely on the horizontal scale of surface deviations. Hybrid 
parameters are especially dependent upon sample spacing and will typically increase in value at finer 
sampling resolutions. However In modelling studies or experiments with regular geometries, element 
spacing is a reasonably well-constrained parameter. 

Many methods are available to derive the terrain roughness such as (1) Fitting Plane Method 
(M.Hollaus et.al, 2010), (2) High Pass Filtering, (3) Average Heights along Diagonal, (4) RMS Slope, 
(5) Deviation from Trend / Global Deviations, (6) Local Deviations (Michael et.al, 2001), and (7) 
Tortuosity (F.Bretar et.al, 2013, Currence et.al 1970,Fabian Neugirg et.al,2015).  

Detrending of LiDAR Data 

To generate the roughness from LiDAR point cloud, relative heights of the objects of interest are 
required. To obtain relative heights, LiDAR data is to be detrended as non detrended data in slope 
areas would provide erroneous roughness as illustrated in Fig. 3. In this process, the effect of 
topographic trends present in the data are removed.  

The following figure shows the effect of detrending and its outcome. a) Red line is data fitted using 
detrending technique and grey boxes are undulation present in data, b) shows the detrended data.  

Fig. 3 Detrending process.  a: Non-detrended data (DTM with roughness)  b: Detrended data

Processing of LiDAR Data 

Airborne laser scanner is integrated with GPS and IMU sensors to acquire the position and orientation 
of aircraft. Range data acquired using LiDAR scanner is integrated during pre-processing to geo 
reference the range data using refined trajectory derived using GPS and IMU data. Apart from 
position and orientation, other sensor geometric correction parameters, such as bore-sight 
misalignments, encoder latency, scan angle offset, torsion and radiometric corrections, such as 
intensity and gain corrections are also applied. The final data after pre-processing is stored in LAS, 
ASPRS format having information of X, Y, Z (3D terrain position in WGS84 datum), time, scan angle, 
class, echo number, line number. The 3D point cloud in LAS format contains all the terrain features 
which includes all features which are seen from the sensor from air i.e. trees ,buildings, water bodies, 
cloud ,vehicles etc. The surface made out of this point cloud is called DSM (Digital Surface Model). 

a 

b
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Digital Camera, RCD30 is also pre-processed to generate the final images after geometric and 
radiometric correction in TIFF format. These images are used subsequently to generate the 
orthoimages using external LiDAR DEM with the help of direct geo referenced information extracted 
from GPS and IMU integrated solution.  

Terrain Detrending and Generation of Terrain Roughness  

Since ALS provides DSM in WGS84 datum, the data is processed to get relative heights with respect 
to zero elevation reference. There are several ways to detrend the data such as (i) Thin Spline 
Interpolation (Radial bias function), (ii) Polynomial Interpolation, (iii) Distance above Ground, (iv) DTM 
Densification, and (v) Fourier Transformation (Helen Dorn et.al 2014, Joel B. Sankey et.al 
2011).During this study, it is observed (Fig. 4), out of all methods, DTM Densification (DSM 
normalised after populating with interpolated DTM (ground surface) beneath buildings and trees) is 
most effective.  

Fig. 4 DSM with densified points using triangulated lattice.

To derive terrain roughness from LiDAR data, methods – RMSh (Root mean square height)/Stand 
Deviation of heights was used as it is simple to implement practically and also provides a useful 
summary of topographic irregularity in units of length. Moreover RMSh is interpretable physically as it 
has dimension too.  

Methodology and Derivation of Manning’s ‘n’ 

Following flow charts provides the processing steps need to derive the Manning’s ‘n’, using terrain 
roughness. 

 

Fig. 5 Terrain Roughness Grid 
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Derivation of Hydraulic Coefficient (Manning’s ‘n’)

To derive the Manning’s ‘n’, initially LiDAR point cloud is processed to remove the noise present in the 
data (air points and low points which are turned out because of multiple reflections). This noise filtered 
data is used to derive the relative heights by removing the trends present in the data, using the 
algorithm derived by Chow. The following flowchart shows the steps involved in deriving the 
Manning’s ‘n’ from raw LiDAR data.

Flowchart for generation of Manning’s ‘n’ using LiDAR data 

Results 

LiDAR data has been processed by above methodology the following result was obtained. 

Fig. 6 Variation of derived Manning’s ‘n’
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For this study area, derived Manning’s ‘n’ values are ranging from 0.001 to 0.06. 

Following table compares derived Manning’s ‘n’ values against the Published Manning’s ‘n’ values as 
per Chow 1959 [23] for different land cover classes. 

Type of Land Cover Derived Manning’s ‘n’ Chow 1959 Manning’s ‘n’
Open Area 0.020 to 0.023 0.02 to 0.04
Light brush and trees 0.020 0.035 to 0.05
Heavy stand of trees 0.04 to 0.055 0.08 to 0.1

Table 2 Comparison of derived Manning’s ‘n’ values against Chow 1959 Published Manning’s ‘n’ 
values for different land cover classes. 

The values are in agreement with published values in literature in case of open area. However, for 
vegetation class, lower values were observed compared to Chow 1959 published values. This may be 
due to roughness being derived from top of vegetation only (crown) which is smoother compared to 
the tree trunk which obstructs the water flow (ALS LiDAR records tree crowns and doesn’t capture 
tree trunks). 

Conclusions 

1. To derive the Terrain Roughness Coefficient (TRC), RMSh has been used and found to be 
effective and simple to implement practically.  

2. It is observed that DTM densification method for detrending of LiDAR data proved to be the most 
effective (ref 4.2.4). 

3. Methodology for extraction of Manning’s ‘n’/ hydraulic coefficient was developed. For this study 
area, derived manning’s n values are ranging from 0.001 to 0.06. The values are in agreement 
with published values of Chow 1959 literature, in case of open areas. For vegetation class, slight 
underestimation is observed. This is because roughness generated using points from tree crown 
is less. 
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asiya.b@nrsc.gov.in 

Abstract: 

Floods and cyclones occur quite frequently in the lower Mahanadi basin of Odisha state. The coastal 
region of Odisha is highly dynamic with the presence of deltaic rivers and is often affected and 
damaged by the cyclonic activities that occur almost every year. Hence it is of great interest to 
monitor these changes and build warning systems for storm surges. As Mahanadi river basin can 
experience both chronic floods and cyclones, it is necessary to estimate the combined and integrated 
impact of storm surges, for different scenarios, and extreme rainfall events within the basin. The 
current work presented here involves the modeling and analysis of spatial extent of flood inundations 
due to multiple scenarios of high river discharge and storm surge, ranging from 1m to 2m with a 
variable upstream discharge of 2000m3/sec, 3000m3/sec and 5000m3/sec at tikarpada gauge.  MIKE 
11 and MIKE 21FM models were used to create a single model for assessing the combined effect 
over a grid spacing of 30m, based on CARTODEM as the topographic data. In this work, the 
numerical solution of two-dimensional shallow water equations, as provided in MIKE 21, are used to 
simulate variations in water level and depth-averaged unsteady free-surface flows. The model 
boundary conditions upstream are defined at Tikarpada guage station, while at the downstream surge 
heights are given. The two-dimensional MIKE 21FM storm surge model system was used to examine 
the hydrodynamic response to cyclone. To estimate and assess the spatial extent of inundation that 
such combined phenomena may have, we have adopted a scenario based approach.  A series of 
numerical experiments were carried out to simulate the inland inundation by storm surge for different 
discharges and different storm surge heights. It was found that the results of inundation simulation 
done in this study showed a good correspondence with the satellite derived maps.  

We hope that the outcome of this analysis would be rather helpful to the planners and coastal 
authorities in developing disaster mitigation and management plans and emergency response in the 
event of a storm surge flooding. 

Keywords: Storm surge, MIKE 11 & MIKE 21HD, Modeling, Mahanadi River 

1.0 Introduction: 

Most of the countries around the North Indian Ocean are threatened by storm surges associated with 
severe tropical cyclones. The destruction due to the storm surge flooding is a serious concern along 
the coastal regions of India. Storm surges cause heavy loss of lives and property damage to the 
coastal structures and losses of agriculture which lead to annual economic losses in these countries. 
The Orissa coast of India was struck by a severe cyclonic storm in October 1999, killing more than 
15,000 people besides enormous loss to the property in the region. In the past several decades, there 
are many storm surge studies conducted in the Chesapeake Bay (Bretschneider, 1959; Harris, 1963; 
Pore, 1965; Valle-Levinson et al., 2002; Wang et al., 2005;Li et al., 2006; Shen et al., 2006a, 2006b, 
2008). DUBE et al. (1994) developed a real-time storm surge prediction system. Further 
improvements in the prediction system are carried out by developing a model on the regional scale for 
the Andhra coast (RAO et al., 1997).Most of the world’s greatest natural disasters associated with the 
tropical cyclones have been directly attributed to storm surges. The damage from cyclones is mainly 
due to three factors: rain, strong winds, and storm surges. Storm surges associated with severe 
tropical cyclones are by far the most damaging. Death and destruction arise directly from the intense 
winds that are characteristic of tropical cyclones blowing over a large surface of water. If bounded by 
a shallow basin, these winds cause the sea water to pile up on the coast and lead to sudden 
inundation and flooding of coastal regions. About 90% of the damage is due to inundation of land by 
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sea water. In addition, flooding of the river deltas occurs from the combined effects of tides and 
surges from the sea, which penetrate into the rivers. The 482 km long of coastline of Orissa exposes 
the State to flood, cyclones and storm surges. The flat coastal belts with poor drainage, high degree 
of siltation of the rivers, soil erosion, breaching of the embankments and spilling of floodwaters over 
them, cause severe floods in the river basin and delta areas. The water level rises due to deposits of 
silt on the river-bed. Rivers often overflow their banks or water rushes through new channels causing 
heavy damages. Thus, the real-time monitoring and warning of storm surges is of great interest. MIKE 
21 FM model considers the river discharge to have better estimates in the vicinity of the delta and 
estuary. Table 1 shows the different open source models available. In the present paper, The two-
dimensional MIKE 21FM storm surge model system was used to examine the hydrodynamic 
response to cyclone and to estimate and assess the spatial extent of inundation that such combined 
phenomena may have, we have adopted a scenario based approach.  A series of numerical 
experiments were carried out to simulate the inland inundation by storm surge for different discharges 
and different storm surge heights. 

Table 1 Shows the different open source models available 

2.0 Study Area: 

The study area is a chronic flood prone area in Mahanadi basin in Odisha, India. Severe floods are 
experienced every year due to high floods in River. The latitudinal extent of the study area is 
20°22'10"N to 20°54'04"N and its longitudinal extent is 84°02'20"E to 84°54'11"E .Figure 1 shows the 
study area. The Mahanadi delta is formed by a network of three major rivers draining into the Bay of 
Bengal: the Mahanadi, Brahmhani and Baitarini. The coastline of the delta is approximately 200km 
long from near Chilika in the south to the Dhamra River in the north. The study area comprises over 
15,000 sq.km. Mahanadi river stretch of 190km from tikarpada to bottom of the sea. 
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Figure-1 (a) Study area 

3.0 Satellite data  used 

For the present study, The Digital Elevation Model (DEM) is the main input for topographic parameter 
extraction. In this study we have used CARTODEM of 30 m resolution generated from Indian Remote 
Sensing Satellite Cartosat-1. Figure 3 shows the CARTODEM for a part of Mahanadi Basin. The 
elevation within the study area varies between 0.1 and 746m, the higher elevation representing the 
hills at both sides of the Mahanadi river. Central Water Commission (CWC) has one gauge discharge 
site established along the river at Tikarpada upstream side. Figure-1 (a & b) shows the location map 
of the selected study area, its environs and elevation. The elevation starts decreasing towards the 
delta region in Odisha. 

Figure- 1 (b) Digital Elevation Model (CARTODEM (30m)) showing the lowest and highest points of 
elevation in the Mahanadi basin 

Land Use/ Land Cover Map on 1:250,000 scale using temporal Resourcesat-2 terrain corrected 
AWIFS data of  56m resolution was used as shown in the Figure 2 given below. The image 
corresponds to the 2015-2016 year. Crop land forms as the major constituent, followed by deciduous 
forest and fallow land. 
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Figure 2.  Land Use/Land cover map 

4.0 Methodology  

4.1 Model Setup 

In the present study, we defined a model domain including the sea surrounding of the Odhisa coast. 
DEM of Mahanadi basin area is divided into 3 parts and converted into ASCII format of xyz. These 
points scattered data is used to generate the bathymetry for easy computation and create the flexible 
mesh. The topographic data is processed in MIKE 11 and MIKE ZERO and converted into MIKE 21 
HD compatible format. This processed data is provided as an input to hydrodynamic model MIKE 
21.Hydrologic data (boundary condition) and Storm surge height are directly provided to MIKE 21 HD 
model. A 2-Dimensional (2D) coastal storm surge model developed by Danish Hydraulic Institute’s 
(DHI) MIKE 21- Flexible Mesh (FM) Hydrodynamic (HD) module is used to evaluate flood propagation 
of coastal storm surge within the study area. MIKE 21-FM HD module is based on a flexible mesh 
approach which allows variations in the model resolution within the model domain. The MIKE 21 
model utilizes the numerical solution of two-dimensional shallow water equations. The MIKE 21 FM 
hydrodynamic models determine their solutions based on the resolution of a set of differential 
equations called the Navier Stokes equations. 
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where x, y and z are the spatial coordinates ; u, v and w are the velocity components in the directions 
x, y and z, respectively; ρ is the density; g is the gravitational acceleration ; p is the pressure and is 
the kinematic viscosity. For this study, the Navier Stokes equations are simplified for a 2D flow 
Luettich & Westerink (2004). MIKE 21HD makes use of a so called Alternating Direction Implicit (ADI) 
technique to integrate the equations for mass and momentum conservation in the space-time domain. 
The equation matrices that result for each direction and each individual grid line are resolved by a 
Double sweep (DS) algorithm. Figure 3 shows the detail methodology adopted. Spatial extent of flood 
inundations due to multiple scenarios of high river discharge and storm surge, ranging from 1m to 2m 
with a variable upstream discharge of 2000m3/sec, 3000m3/sec and 5000m3/sec at  tikarpada gauge 
was simulated.  

Figure-3 Methodology 

4.2 Model Extent and Resolution: 

 In this study, we defined a model domain including the Odisha coast. We created a mesh from 
triangular elements covering a defined extent, or model domain. The element size in the mesh is 
varied throughout the model domain depending upon the complexity of the floodplain .Figure 4 shows 
the mesh generated from MIKE 21 FM HD model. 
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Figure 4 Shows the mesh generated from MIKE 21 FM HD model. 

4.3 Hydraulic Roughness or Manning’s Roughness:

 Hydraulic roughness (also referred to as bottom bed roughness) represents the conveyance capacity 
of the vegetative growth, bed and bank material, channel, sinuosity and structures of the floodplain. In 
hydrodynamic models, hydraulic roughness is often accounted for by assigning roughness 
coefficients. Heavily vegetated or densely developed areas would be assigned a higher hydraulic 
roughness coefficient, while paved open areas would be assigned a lower roughness coefficient. 
Within the MIKE 21 model, hydraulic roughness is defined by a dimensionless Manning’s ‘M’ 
roughness coefficient which is calculated as 1/Manning’s n roughness coefficient (1/n). The 
roughness coefficients vary spatially, but are kept constant in time. A detailed Manning’s roughness 
coefficient map was created based on existing land use/land cover. Figure 2 shows the land use land 
cover map. Table 2 below shows the Manning’s n and M values for various land use/land cover 
classes. Manning’s “M” and “n” Roughness Coefficients for  Land use/Land cover Classes Land 
Cover Classes Manning's "M" Manning's "n" Water 40.0 ,0.025 Roads 50.0 ,0.020 and for  Buildings 
6.66 ,0.150.  

Table:2   Manning's  "M" and "n" Roughness Coefficients for Landuse/Landcover Classes 

4.4 Time Step: 

 The model time step specified for the MIKE 21 simulations is important with respect to the numerical 
stability of the hydrodynamic model. The stability of the model is defined by two stability criteria, 
namely the courant number and the Courant-Friedrich- Lévy (CFL) stability condition. In order to 
ensure numerical stability the courant number was kept smaller than 0.80 during the entire simulation 
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while the maximum CFL stability condition was kept less than 1.0. For all of the MIKE 21 coastal 
model simulations, a time step of 30 seconds was specified.  

4.5 Flooding and Drying 

Flooding and drying basically is a functionality of rules for how the domain of calculation can be 
expanded or reduced as a function of time. 

These two parameters will regulate when a given cells should be expressed for a flooding or drying 
during simulation. A Wet/flooded cell is a cell, which in the result files will have a water depth greater 
than zero. A dry cell on the other hand is a cell which appears blank in the result files.  

4.6 Boundary Conditions: 

 Another critical component in the modeling process is the specification of the water levels and flow at 
the open boundaries (i.e. the "boundary conditions"). Well defined boundary conditions will give better 
results and fewer instability problems. The MIKE 21 model has two boundaries - surge height and 
river discharge. The time dependent surge height and river discharge at tikarpada gauge station 
provides the important input to the model. The River discharge boundary was located at the upstream 
end of the model domain as shown in the figure 5 below. The code 5 in the figure 5 shows the 
discharge location and Code 4 shows the sea boundary condition for storm surge height. The average 
discharge was applied at the upstream boundary of the MIKE 21 coastal model domain. 

Figure 5 shows the upstream and downstream boundary condition in MIKE 21 FM HD Model 

4.7 Calibration data:  

The data required for calibration includes Manning’s roughness coefficient for river and flood plain, 
eddy’s viscosity and wind friction coefficient. Calibration is carried out by trial and error method until a 
reasonable match between observed and modeled discharge is achieved. 
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5.0 Simulation Results & Conclusion: 

In this study, we analyzed the performance of a coastal surge and inundation modeling based on 
MIKE 11 and MIKE 21 HD model. A storm surge was simulated to investigate its inundation 
characteristics over the low-lying coastal area near Mahanadi coast in Odisha state. A two-
dimensional MIKE 21FM storm surge model system was used in this study to examine the 
hydrodynamic response to the cyclone. Based on this verified model system, a series of 
numerical experiments were carried out to simulate the inland inundation by storm surge with 
different discharges and different storm surge height. The results of inundation simulations in this 
study showed a good correspondence with the observed inundation area as shown in figure 14. 
We also estimated the spatial distributions for probable inundation for different surge height. From 
the table 3 we can see that constant discharge of 2000 m3/sec and  variable surge height of 
1,1.5m and 2m  the number of villages affected (316,760 and 845) and area inundated (38430ha, 
86683ha and 109770)  is more. Statistics of villages, taluk and area affected with different 
discharges (2000m3/sec,3000m3/sec and 5000m3/sec at tikarpada guage station and storm 
surge height of 1m,1.5m and 2m are shown in the table 3.The MIKE 21FM numerical model 
system adopted in this study can be expected to be a useful tool for the analysis of storm surges, 
prediction of coastal inundation, and hazard mapping. The results can be more refined using high 
resolution DTM. 

Discharge 
(m3/sec)

Surge Height 
(m) Districts affected

Villages 
affected

Taluks  
affected

Area in ha

2000 1
Jagatsinghapur,Cuttack,  
Kendrapara, Puri and 
Nayagarh

316 18 38430

2000 1.5
Jagatsinghapur,Cuttack,  
Kendrapara,  Puri and 
Nayagarh

760 23 86683

2000 2
Jagatsinghapur,Cuttack, 
Kendrapada, Puri and 
Nayagarh

845 23 109770

3000
1

Jagatsinghapur,Cuttack, 
Kendrapara,Puri and 
Nayagarh

422
20

45372

3000
1.5

Jagatsinghapur,Cuttack, 
Kendrapara, Puri, Khorda 
and Nayagarh 759 23

93575

3000
2

Jagatsinghapur,Cuttack,  
Kendrapara, Puri, Khorda 
and Nayagarh 904 24

116662

5000 1

Jagatsinghapur,Cuttack, 
Kendrapara, Puri, Khorda 
and Nayagarh 479 18

53980

5000 2

Jagatsinghapur,Cuttack, 
Kendrapara, Puri, Khorda 
and Nayagarh 985 28

130794

Table:3   Shows statistics of Villages, taluk and area affected with different  Storm surges and 
discharges 
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Figure 6 shows the inundation due to Surge Height 1m and Discharge of 2000m3/sec 

Figure 7 shows the inundation due to Surge Height 1.5 m and Discharge of 2000m3/sec 

Figure 8 shows the inundation due to Surge Height 2m and Discharge of 2000m3/sec 
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Figure 9 shows the inundation due to Surge Height 1.5m and Discharge of 2000m3/sec 

Figure 10 shows the inundation due to Surge Height 1.5m and Discharge of 3000m3/sec 

Figure 11 shows the inundation due to Surge Height 2m and Discharge of 3000m3/sec 
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Figure 12 shows the inundation due to Surge Height 1m and Discharge of 5000m3/sec 

Figure 13 shows the inundation due to Surge Height 2m and Discharge of 5000m3/sec 

Radarsat-1 Image of 4th Nov 1999 Storm surge -2m & Discharge -5000m3/sec

Figure 14 shows the inundation due to Surge Height 2m and Discharge of 5000m3/sec overlaid on 
Radarsat-1 image of 4th Nov,1999 Cyclone
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