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ABSTRACT:

Floods are one of the most common and widespread disasters in India, with an estimated 40Mha of land prone to this natural disaster
(National Flood Commission, India). Significant loss of property, infrastructure, livestock, public utilities resulting in large economic
losses due to floods are recurrent every year in many parts of India. Flood forecasting and early warning is widely recognized and
adopted as non-structural measure to lower the damages caused by the flood events. Estimating the rainfall excess that results into
excessive river flow is preliminary effort in riverine flood estimation. Flood forecasting models are in general, are event based and
do not fully account for successive and persistent excessive surface runoff conditions. Successive high rainfall events result in
saturated soil moisture conditions, favourable for high surface runoff conditions.

The present study is to explore the usefulness of hydrological model derived surface runoff, running on continuous times-step, to
relate to the occurrence of flood inundation due to persistent and successive high surface runoff conditions. Variable Infiltration
Capacity (VIC), a macro-scale hydrological model, was used to simulate daily runoff at systematic grid level incorporating daily
meteorological data and land cover data. VIC is a physically based, semi-distributed macroscale hydrological model that represents
surface and subsurface hydrologic process on spatially distributed grid cell. It explicitly represents sub-grid heterogeneity in land
cover classes, taking their phenological changes into account. In this study, the model was setup for entire India using geo-spatial
data available from multiple sources (NRSC, NBSS&LUP, NOAA, and IMD) and was calibrated with river discharge data from
CWC at selected river basins. Using the grid-wise surface runoff estimates from the model, an algorithm was developed through a set
of thresholds of successive high runoff values in order to identify grids/locations with probable flooding conditions. These thresholds
were refined through iterative process by comparing with satellite data derived flood maps of 2013 and 2014 monsoon season over
India.

India encountered many cyclonic flood events during Oct-Dec 2013, among which Phailin, Lehar, and Madi were rated to be very
severe cyclonic storm. The path and intensity of these cyclonic events was very well captured by the model and areas were marked
with persistent coverage of high runoff risk/flooded area. These thresholds were used to monitor floods in Jammu Kashmir during 4-
5 Sep and Odisha during 8-9 Aug, 2014. The analysis indicated the need to vary the thresholds across space considering the terrain
and geographical conditions. With respect to this a sub-basin wise study was made based on terrain characteristics (slope, elevation)
using Aster DEM. It was found that basins with higher elevation represent higher thresholds as compared to basins with lesser
elevation. The results show very promising correlation with the satellite derived flood maps.

Further refinement and optimization of thresholds, varying them spatially accounting for topographic/terrain conditions, would lead
to estimation of high runoff/flood risk areas for both riverine and drainage congested areas. Use of weather forecast data (NCMWRF,
(GEFS/R)), etc. would enhance the scope to develop early warning systems.
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Introduction

Floods in the Mahanadi and Godavari basins during 2013
caused by cyclone Phailin, Lehar, and Madi, have led to
increased interest in research and development of flood
forecasting systems. Key information to this includes
meteorological observation, rainfall estimates from weather
radar and satellites as well as hydrological model for rainfall-
runoff and resulting flood estimation.

India being a vast country, the problem due to floods is
visualized on regional basis. Drainage congestion due to
urbanization, inundation and soil/silt erosion are the main
problems in India with respect to floods. More than 40Mha area
is identified as flood prone area (National Flood Commission,
India). Seasonal floods are experienced by large number of
rivers in India. Central and northern parts of India are
experiencing frequent floods during south-west monsoon season
due to which a large number of people are suffering with a
heavy loss on agriculture sector, and valuable property etc. To
minimize losses due to floods, various measures to control
floods are adopted. It can be strategically planned either by
taking structural measures or non-structural measures.
Structural measures encompass multiple reservoirs which can
store flood water, flood carrying capacity through channel
development, whereas in Non-structural measures, flood
decision support, flood forecasting and to provide early warning
information in near-real time to decision makers. These
measures are widely recognized to lower the damages caused by
the flood events.

Flood occurs due to natural as well as man-made causes.
Artificial modifications of the environment including
urbanization, irrigation structure, construction of dams/reservoir
and flow regulation occurs on a large scale that significantly
affect seasonal and annual hydrologic variations. In the view of
these prospective developments, it is thus becomes necessary to
understand and quantify various hydrological/land parameter
components for water resource management.

The severity and intensity of the flood, depends upon the
duration & magnitude of rainfall and land/surface
characteristics of watershed. For example, shorter duration
heavy rainfall in hilly terrain will result into flash floods,
whereas the heavy rainfall of longer period in a large catchment
may not lead to inundation. Runoff rates often exceeds due to
the rapid response of watershed to intense rainfall, populated by
infiltration rate and soil hydraulic properties. Thus in order to
monitor such events, an algorithm was developed through a set
of thresholds of successive high runoff values in order to
identify grids/locations with probable flooding conditions for
entire India. This study has been taken up using macro-scale
process based hydrological model as Variable Infiltration
Capacity (VIC). It is developed by university of Washington
and Princeton in 1994 (Liang X., 1994). The goal of this study
is to estimate water balance components with a specific
objective to understand the influence of various model
parameterizations with respect to model derived surface
runoff, and provide reliable flood inundated area and related
information.

The main emphasis was to develop an algorithm with a set of
threshold values based on terrain characteristics in order to
represent runoff generation in excess of underlying physics such
as infiltration, exfiltration, and lateral distribution of soil
moisture.

Data and Methodology

Earth Observation (EQO) data from multitude platforms are
providing wide ranging datasets that are useful for creation of
spatially distributed parameters appropriate for hydrological
modeling. For the present study, meteorological forcing datasets
were created using observational data sets from both in-situ
measurements and remote sensing data from various satellite
sensors. The daily temperature data was prepared from hourly
data acquired from IMD AWS stations for entire India. High
resolution satellite based daily rainfall data for southern Asia
domain (70°-110° E, 5°-35° N) from NOAA Climate Prediction
Center (NOAA/CPC) are used.
(http://cpe.ncep.noaa.gov/products/fews/SASIA/rfe.shtml).

VIC Land Surface Model

The Variable Infiltration Capacity (VIC), a semi distributed &
physically based hydrological model that solves both the water
balance and the energy balance. VIC is an open source research
model, its various forms has been applied to many watersheds
including the Fraser River, Columbia River, the Ohio River, the
Arkansas-Red Rivers, and the Upper Mississippi Rivers. The
VIC model has been applied for climate change studies in cold
mountainous (Schnorbus M.A et al., 2009).

The study of the water balance in hydrology is the application
of the principle of conservation of mass, often referred to as the
continuity equation. This states that, for any arbitrary volume
and during any period of time, the difference between total
input and output will be balanced by the change of water
storage within the volume. The water balance equation may be
written as follows

P-Q-ET-AS-AG=0 1)
Where, P is precipitation (mm),

Q is stream flow/Runoff (mm),
ET is evapotranspiration (mm),

AS is change in soil moisture (mm),
AG is the change in ground water storage (mm).

VIC is capable of partitioning incoming (solar and long wave)
radiation at the land surface into latent and sensible heat, and
the partitioning of precipitation (or snowmelt) into direct runoff
and infiltration. It utilizes a soil-vegetation—-atmosphere transfer
scheme that accounts for the influence of vegetation and soil
moisture on land—-atmosphere interactions. The model handles
the subsurface into multiple soil layers. Each layer characterizes
soil hydrological response such as bulk density, infiltration
capacity, saturated hydraulic conductivity, soil layer depths, and
soil moisture diffusion parameters. VIC explicitly represents
sub-grid heterogeneity in land cover classes taking their
phenological changes into account such as their leaf area index
(LAI), albedo, canopy resistance, and relative fraction of roots
in each of the soil layers. Roots can extend to deepest layer
depending on vegetation and soil type. Bare soil (no vegetation
cover) is also simulated by the model. The evapotranspiration
from each land cover type is simulated using vegetation-class
specific potential evapotranspiration, canopy resistance,
aerodynamic resistance to the transport water, and architectural
resistance coefficients defined in Penman-Monteith equation. In
this model, the ET includes evaporation from the canopy layer
of each vegetation class, transpiration from each vegetation
class, and evaporation from bare soil. Total evapotranspiration
ET over each grid cell is calculated as the area weighted sum of
these three components. VIC uses the infiltration mechanism
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used in Xinanjang model (Zhao, 1992) to generate runoff from
precipitation in excess of available infiltration capacity and base
flow is computed using Arno model conceptualization (Todini,
1996). It requires the definition of its input and parameters for
each grid, which are provided by four major input files: Soil
parameter file, Vegetation parameter file, Vegetation library file
and Meteorological forcing file. The data sets used for the
preparation of these input files are Land use land cover (LULC-
NRC-250k), NBSSLUP (1:50,000) scale soil map of India. The
model is driven by forcing parameters such as precipitation,
maximum minimum temperature, and wind speed at daily or
sub-daily time step, as an input for the full energy and water
balance.

9> X 9 (~16.5km) grid level (total - 13709) modelling frame
work has been setup for the entire county using geo-spatial data
sets and historic meteorological data (figure 1). Current season
daily meteorological data (Maximum &  Minimum
Temperature) from IMD-AWS with satellite derived rainfall
measurement of CPC/TRMM were used to compute
hydrological fluxes at daily time-step. Model computes
evapotranspiration, surface runoff, soil moisture, base flow and
energy fluxes at the predefined grid resolution (few km to
hundred km).

Figure 1 9° X 9’ grids for India

A river routing module when coupled with VIC daily surface
runoff, permits comparisons between the model-derived
discharge hydrograph and field observations at gauging stations.
Input files for routing module such as flow direction and flow
fraction were prepared using 30mts Aster DEM. Routing
module is a linear transfer function model characterized by its
internal impulse response function which is used to calculate the
within-cell routing. Assuming all runoff exits a cell in a single
flow direction, a channel routing based on the linearized Saint-
Venant equation is used to simulate the discharge at the basin
outlet gauge site. The routing model is described in detail by
Lohmann et al. (1996, 1998a).

Basin wise model is calibrated for the water years between 1976
and 1985 and validation conducted for the water years between
1986 and 2005 using the observed stream flow data of CWC at
the selected basin outlet. Calibration of a hydrological model is
an iterative process which involves changing the values of
model parameters to obtain best fit between the observed and
simulated values. Nash-Sutcliffe efficiency (NSE), performance
measuring criteria was considered for calibration purposes. The
values of performance of the model for the daily stream flow
simulation based on performance measuring criteria is tabulated

for calibration periods in Table 1, which satisfy the
recommended values suggested in literature.

S.No River Basin Gauge Site NSE
1 Godavari Polavaram 0.73
2 Mahanadi Tikarapara 0.64
3 Krishna Vijayawada 0.59
4 Narmada Gurudeshwar | 0.77
5 Subarnarekha Ghatsila 0.68
Table 1 Model Performances
Methodology

A knowledge based algorithm was developed to mark areas
with persistent high runoff conditions which may lead to
riverine flood and inundation of low lying pockets/drainage
congested areas.

a

Ii}'g:i,|:|+!:| = E_u=1ai,|:| (2
ain=t Forn=1,23 3)

Where, X 5,3 is the sum of runoff values (a; ) for consecutive
three days at grid point i. If the value of Xj,.; exceeds
threshold T and satisfies equation (3), where t is minimum
runoff value for a particular day which can lead to a flood, the
corresponding grid i is considered to be the probable flooded

grid(FFi_u+!]-
I:FIFi_I:|+!:| =1 For (Xi_:H.!:I =T (4)
I:l:|F|i_|:|+!:| = 0 For [Xi_u+g:| =T

Refining further to high alert grid from probable flooded grid,
by considering (F'FLME:I scoring value 1 for continues next two
days. If the criteria is satisfied the grid point i is marked to be
high alert region (Z; +.4).

I:zi_u+4:| =2 for I:FFi_u+!:| = I:FFi_I:IMII =1 ®)

India encountered many cyclonic flood events in recent past
years among which Phailin, Lehar, and Madi were rated to be
very severe cyclonic storm. The path and intensity of these
cyclonic events was very well captured by the model and areas
were marked with persistent coverage of high runoff
risk/flooded area.

The developed algorithm was applied to the model derived
surface runoff for the year 2013, which led to the understanding
of varying thresholds across space. Various observation and
modification were adopted which are discussed in next section.

Results and Discussion

The developed algorithm was implemented for the year 2013
and 2014 high rainfall events. The persistent high runoff areas
were represented well across the country. Some results
including floods in Srinagar, Meghalaya, Gujarat and Odisha
are shown in figure.3. & figure.4. The results shows very
promising correlation with the satellite derived flood maps. This
effort is continued to monitor flood with three days lead time
using NOAA Global Ensemble Forecast System (GEFS/R) data,
which provides weather forecast for next 8 days (3hr/6hr time-
step) at 0.5deg resolution
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(ftp://ftp.cdc.noaa.gov/Projects/Reforecast2). A first-hand look
at the probable flooding condition for the entire India shows a
considerable deviation from the satellite derived pattern of the
inundated areas. This clarifies that same threshold is not
adequate to mark areas with persistent coverage of high runoff
risk/flooded area for entire India. This indicates the need to vary
the thresholds across space considering the terrain and
geographical conditions. With respect to this a sub-basin wise
study was made based on terrain characteristics (slope,
elevation) using Aster digital elevation model (DEM).

As discussed earlier, the problem depends on the river system
topography and flow phenomenon. Being a vast country, the
India may be broadly classified into five zones of flooding, viz.
(a) Indus River Basin, (b) Ganga River Basin, (c) Brahmaputra
River Basin, (d) Central India River Basins, (e) Southern River
Basins of India (figure 2).

Flooding Zones
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Figure 2 Flooding zones of India

Indus zone comprises of North-West Rivers such as the Sutlej,
Kosi, Jhelum, and Beas. The main problem in this zone is that
of scant surface drainage which causes inundation and water
logging. Yamuna, Sone, the Ghaghra, the Gandak, and
Mahananda constitute the second zone. It covers Uttaranchal,
Uttar Pradesh, Bihar, south and central parts of West Bengal,
parts of Haryana, Himachal Pradesh, Rajasthan, Madhya
Pradesh and Delhi. The normal annual rainfall of this region
varies from about 60 cm to 190 cm. The third zone belongs to
the basins of the rivers Brahmaputra and Barak with their
tributaries. It receives large amount of rainfall as a result floods
takes place very often. Mahi, Sabarmati, Narmada, and Tapi
together form Central India River Basin, whereas Godavari,
Mahanadi, Krishna, and Cauvery falls into Southern River
Basins of India with flat average bed slope. These rivers have
well defined course.

Using ESRI-GIS technology, minimum, maximum, mean
elevation and slope were calculated for these flooding zones.
Thresholds were revised iteratively, till it represents spatial
variation in flooding in different zones. It was found that zone

with higher mean elevation (steeper slope) represent higher
thresholds as compared to zone with lesser mean elevation
(Table 2).

S.No Zone Threshold (t) Threshold
mm (T) mm
1 Indus 80 310
2 Ganga 60 220
3 Brahmaputra 110 350
4 Central India 50 180
5 Southern India 60 225

Table 2 Thresholds with respect to different flooding zones in
India

Conclusion

Hydrological models, when run on continuous time step, permit
estimation of persistent and high surface runoff conditions,
resulting from successive high rainfall events. These high
surface runoff areas, depending on the terrain/geographical
conditions, translate into riverine flood/drainage congestion
flood. The present paper describes the results of the
retrospective analysis of 2013-2014 flood events across India
with the persistent, successive high runoff estimates from VIC
Hydrological modelling framework. Model derived persistent,
high surface runoff conditions are related to the occurrence of
flood inundation as captured by satellite observations, through a
set of runoff thresholds. The results show promising correlation
with the satellite derived flood inundation. Further refinement
and optimization of thresholds, varying them spatially
accounting for topographic/terrain conditions, would lead to
estimation of flood risk areas for both riverine and drainage
congested areas. Use of weather forecast data (NCMWREF,
GEFS/R), etc. would enhance the scope to develop early
warning systems.
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Figure.3. High surface runoff over India for the year 2014 during (a) J&K floods and (c) Odisha Floods with
corresponding satellite derived flood maps (b) & (d) [Bhuvan, www.bhuvan.nrsc.gov.in/]
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Figure.4. High surface runoff over India for the year 2013 during (a) Cyclone Phailin and (c) Gujarat Floods
with corresponding satellite derived flood maps (b) & (d) [Bhuvan, www.bhuvan.nrsc.qov.in/]
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