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Abstract Floods are one of the most disastrous and
dangerous catastrophes faced by humanity for ages.
Though mostly deemed a natural phenomenon, floods
can be anthropogenic and can be equally devastating
in modern times. Remote sensing with its non-evasive
data availability and high temporal resolution stands
unparalleled for flood mapping and modelling. Since
floods in India occur mainly in monsoon months,
optical remote sensing has limited applications in
proper flood mapping owing to lesser number of
cloud-free days. Remotely sensed microwave/synthetic
aperture radar (SAR) data has penetration ability and
has high temporal data availability, making it both
weather independent and highly versatile for the study
of floods. This study uses space-borne SAR data in
C-band with VV (vertically emitted and vertically
received) and VH (vertically emitted and horizontally
received) polarization channels from Sentinel-1A
satellite for SAR interferometry-based flood mapping
and runoff modeling for Rupnagar (Punjab) floods
of 2019. The flood maps were prepared using
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coherence-based thresholding, and digital elevation
map (DEM) was prepared by correlating the
unwrapped phase to elevation. The DEM was further
used for Soil Conservation Service-curve number
(SCS-CN)-based runoff modelling. The maximum
runoff on 18 August 2019 was 350 mm while the
average daily rainfall was 120 mm. The estimated
runoff significantly correlated with the rainfall with
an R? statistics value of 0.93 for 18 August 2019. On
18 August 2019, Rupnagar saw the most devastating
floods and waterlogging that submerged acres of land
and displaced thousands of people.

Keywords Coherence - DEM - Runoff - SAR
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Introduction

The phenomenon of a flood is the most common and
one of India’s most devastating natural disasters (Gupta
et al., 2003). Floods are a yearly and common feature in
the Gangetic and Brahmaputra plains and lead to huge
loss of life and property. Apart from this, floods render
millions of people homeless, cause food shortage, and
waterlogging that often leads to widespread epidemics
(Phalkey et al., 2012). Apart from this, floods cause
the failure of cities” drainage systems, disruption of the
telecommunications network, and widespread submer-
gence of precious agricultural and forest land. All this
causes a considerable loss for the country’s economy
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(Kale et al., 1994). Since ages, floods have been a nat-
urally occurring event, caused due to heavy rainfalls,
glacial lake outbursts, and cloud bursts. With increased
human intervention in the surrounding environments,
the causes of floods became anthropogenic (Sanyal &
Lu, 2005). If losses due to floods are to be reduced, the
aim should be to predict, model, map, and prepare a
reliable database on a yearly and decadal basis. This
would help to study floods, and mark out flood-prone
and low-lying areas (Mishra et al., 2010).

With the advent of remote sensing, it is now pos-
sible to have reliable and accurate maps that help in
relief measures and relocate populations dwelling in
flood-prone and low-lying regions (Jayraman et al.,
1997). Remotely sensed data is also utilized to mark
out the weak canal linings that could be repaired
before the monsoon season. But optical remote sens-
ing, mainly the multi-spectral remote sensing data
used so far, does not have an all-weather availability
(Peters et al., 2012) and thus, microwave remote sens-
ing or SAR data was brought into use.

Topological characters, and different soil types
with land use as hydrological soil group, have been
essential for runoff studies. Further, surface runoff has
often been dependent on the climatic, geomorpho-
logical, topological, and land use/land cover (LULC)
features of a catchment area or watershed (Mishra &
Singh, 1999). Combining the characteristics which
are favorable for the runoff generation and concentra-
tion of runoff leads to an increase in the flood poten-
tial of a watershed (Amutha & Porchelvan, 2009).
Most Indian watersheds are poorly gauged or at times
ungauged, as there is a paucity of records for runoff
generation for a rainfall or flash flood event to under-
stand hydrological response (Mishra et al., 2004). It
is crucial to calculate peak flood discharge or flood
potential of each watershed in a flood-affected catch-
ment. Several methods are used for discharge estima-
tion—the rational method, Soil Conservation Service-
curve number (SCS-CN) method, Cook’s method,
and the unit hydrograph method (Mishra et al., 2008).

However, the most important and commonly
used is the SCS-CN method for predicting runoff or
discharge from rainfall events in ungauged watershed
areas (Geetha et al., 2008). This method is robust and
facilitates the delineation and watershed zoning in
areas with a high risk of re-occurring floods, and for
areas exposed to large volumes of runoff generations.
Along with the soil, the LULC parameters control
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the surface runoff and are evaluated and mapped
with high accuracy using various remote sensing
satellite imageries (Nishida et al., 2003). Research
conducted by Sharma and Singh (2015) successfully
utilized Landsat TM data to estimate the runoff
potential of the Luni river basin using the SCS-CN
method. Another study conducted by Katimon et al.
(2003) utilized remote sensing data from Landsat
TM and Geographical Information System (GIS) for
runoff modeling of two watersheds in the Selangor
and Pontian of Malaysia using the same method
successfully. It generated a relationship between
rainfall and runoff. However, it was found that the
SCS-CN method though highly robust yet, suffers
from a limitation that it needs hydrological soil group
data for accuracy. Large variations in runoff and
rainfall relationships were reported in the event of a
change in soil group.

A study that used the SCS-CN method for runoff
modeling of the Tarik basin of Iran was conducted by
Behzad et al. (2012) as cited by Sharma and Singh
(2014). However, the study concentrated more on the
geomorphological properties of the area. The reliabil-
ity of the parameters largely varied between the vari-
ous methods, and none of them were found to be suit-
able. Despite few limitations in the SCS-CN method,
with hydrological soil group, and LULC information,
it remains a widespread flood potential estimating tech-
nique for the poorly gauged and ungauged catchment
areas owing to its robustness and accuracy.

Changing monsoon trends: fewer rainy days
but more rainfall

Climate change and increased anthropogenic
interference like clearing of forest lands (Bronstert,
2003) and construction of megastructures are causing
changes in rainfall trends worldwide, and India is
no exception (Revi, 2008). While this is leading
to increased desertification in few areas, and on
the other hand, is causing unprecedented floods in
different regions (Sivakumar, 2007). The 2013 floods
in Kedarnath valley stand testimony of how the
sudden excess rains due to cloud bursts and glacial
lake outflows can cause devastation down the valley
slopes (Ahluwalia et al., 2016). Over the years, flash
floods have become a significant catastrophe in
Indian Himalayan region where despite the fewer
number of rainy days, there have been excessive and
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sudden rainfalls recorded (Kumar et al., 2018). The
recent floods that happened in the Indian state of
Kerala in 2019 is a fresh example of this and what is
more serious is that no or inadequate rainfall during
cropping months can delay sowing of crops and
sudden downpour causes submergence of large chunks
of agricultural lands (Saini et al., 2020). In recent
years, there have been flooding events in arid and semi-
arid regions of Rajasthan in India all due to sudden and
excessive rainfalls. Such rainfalls often cause drainage
problems and high surface runoff. Similar events are
being recorded the world over, and a recent example
from Egyptian drylands is a fresh example recorded by
Abdeldayem et al. (2020). On analyzing the trends in
the Indian rainfall scenario, the difference between the
mean and median rainfall is increasing significantly.
Since the last and current decade of this century, the
mean rainfall and median rainfall difference are much
more than the difference in five decades of the previous
century (Alexander & Arblaster, 2009; Hughes, 2000).
When most of the season is dry, the middle value of
rainfall is called the median value, and it becomes
more significant when there is a sudden burst of
rainfall for a few days. The analysis window must be
narrowed down for a more detailed study of rainfall
variations (Heino et al., 1999). With more availability
of satellite data with a high temporal resolution, it is
easy to utilize space-borne remote sensing to study and
analyze the rainfall trends that are changing abruptly
and the causative factors behind them. Sentinel-1 has
a 12-day repeat pass and is exceptionally helpful for
mapping and monitoring flood events. Its high spatial
resolution can help runoff estimation for smaller
regions in shorter periods, as used in this study.

Strength of Sentinel-1A, C-band SAR data
for flood inundation mapping

Floods worldwide, mostly are rain-induced or occur
in rainy seasons when there is dense cloud cover
(Kuenzer et al., 2013). Hence, optical remotely sensed
data is not feasible for flood mapping and runoff
estimation as it is opaque to cloud cover (Tripathi &
Tiwari, 2020). SAR data with its penetration abilities
and weather independence is highly feasible for remote
sensing analysis in rainy seasons (Kuenzer et al., 2011;
Tsai et al., 2019). SAR data applications include crop
monitoring, flood mapping, and runoff estimation

and modelling. Since floods are a highly dynamic
phenomenon and runoff is a short span event; hence
it becomes more critical to have remotely sensed SAR
data with a high temporal resolution (Clauss et al.,
2018; Sanyal & Lu, 2004). Sentinel-1 has a repeat
pass of 12 days and a spatial resolution after multi
looking close to 14 m. Thus, it is highly feasible for
a high-resolution interferometric DEM generation
and a coherence-based flood inundation mapping
irrespective of how dense the cloud cover over an area
(Chini et al., 2019). The high-resolution DEM can be
used for a time-saving runoff estimation. Moreover, as
this data is freely available, it makes the study time-
saving and cost-effective (Sanyal & Lu, 2004).

Of the many studies conducted for flood inundation
mapping using Sentinel-1 SAR data, a study conducted
by Borah et al. (2018) is noteworthy. It utilized
Sentinel-1 SAR data and threshold-based backscattering
for flood inundation mapping for Kaziranga National
Park in Assam, India. The constraint with optical data in
this context was the dense cloud cover and limited cloud-
free data availability. A similar study was conducted
using Sentinel-1 SAR Interferometry and coherence-
based thresholding to map the flooded regions for
Gorakhpur floods of Uttar Pradesh in India by Tripathi
and Tiwari (2019a). Sentinel-1 SAR data is highly
feasible for flood mapping globally owing to its weather
independence, high temporal data availability, and high
spatial resolution, as extensively reviewed by Shen et al.
(2019). The high temporal resolution of Sentinel-1 SAR
data increases the chance of data availability on the
day of flood occurrence. A recent study conducted for
flood inundation mapping for Pakistan by Zhang et al.
(2020) also establishes Sentinel-1 C-Band SAR data, as
a highly robust and potent tool for flood mapping.

SCS-CN method and its applicability in the Indian
context

Though developed initially for the USA, the SCS-CN
method has evolved over the years as a robust and widely
used technique for runoff estimation. It has been proved
by the many studies carried out successfully using the
SCS-CN technique all over the world, including India.
However, since it is an analytically developed technique,
with varying watersheds and different soil types than
mentioned in the US Geological Survey (USGS) soil
groups, the method needs certain empirical modifications

@ Springer



110 Page 4 of 16

Environ Monit Assess (2021) 193:110

to explain when surface retention “S” equals the peak
maximum accumulation “F.” Mishra and Singh (1999)
suggested a modification in the SCS-CN technique.
However, in most cases, the method can be applied in its
raw form and has given encouraging results as shown by
the studies conducted by Ramakrishnan et al. (2009) to
estimate the runoff for Kali watershed of the Mahi river.
The study assessed the surface runoff successfully and
suggested the means and measures to arrest this runoff
by constructing infiltration trenches so that increasing
desertification problems and groundwater table lowering
problems could be minimized.

A noteworthy study for runoff estimation modeling
was conducted by Satheeshkumar et al. (2017), where
the authors mentioned the constraint in the technique for
a large area with heterogeneous soil type (based on grain
size, porosity, and other soil properties). For smaller
areas under study and with similar soil types over an
extensive watershed, the SCS-CN method becomes easy,
robust, and time-saving. Geetha et al. (2007) utilized the
SCS-CN method for runoff estimation for Hemavati
watershed in Karnataka, India. The study observed that
when the antecedent moisture condition is replaced with
antecedent moisture condition amount, the efficiency
of the technique improved over large watersheds and is
highly feasible for large-scale hydrological simulations.
Latha et al. (2012) compared the SCS-CN method with
the field-based strange table method used by the Tamil
Nadu irrigation department to estimate surface runoff.
The study found that the SCS-CN method performed
better and more efficiently than the strange table method
used earlier. Despite some limitations and constraints
like varied soil types, a larger area under watershed,
and different watershed types, the SCS-CN method has
been applied successfully in Indian contexts for different
regions in an efficient manner (Amutha & Porchelvan,
2009; Kadam et al., 2012).

In August 2019, flash floods in Rupnagar district and
many other districts of Punjab were observed due to
cloud bursting in Himachal Pradesh. It was found that
there is an abrupt variation in the correlation between
rainfall and runoff on 18 August 2019 in Rupnagar
when despite being average rainfall, the runoff was
high. It led to waterlogging in large parts of the district
and submerged acres of precious agricultural land and
displacing thousands of people. It was an abnormal
situation that occurred due to cloud bursting events
high up in the Himalayas that caused Sutluj river
waters to swell up beyond the critical marks.
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This study relies mainly upon the SAR data from
Sentinel-1 A for runoff modelling and coherence-
based flood mapping. The study aims to establish
the versatility of SAR data and does not use optical
datasets at all. The study is cost-effective since freely
available DEM has a coarser spatial resolution (up to
30 m for ASTER DEM). This study uses dual polar-
ized SAR data with VV and VH polarization chan-
nels for 14 m DEM generation using interferomet-
ric processing (InSAR). The rest of the procedure is
in with the SCS-CN method. SCS-CN method was
used in this study due to its simplicity, efficiency,
and reliability, which was found after a rigorous
literature survey. The method development dates to
1954 which has been well documented in Sect. 4 of
National Engineering Handbook (NEH), published
by the SCS now (since 1956) called the National
Resource Conservation Service of the United States
Agriculture Department (Mishra & Singh, 2004).

Study area

The study area chosen for this study is the Rupnagar
watershed which is in the Rupnagar district. Rupnagar
is a district of Punjab state in India and one of the
sites of Indus Valley Civilization (Wright, 2009).
Today Rupnagar is located on the river Sutlej banks
and the foothills of mighty Shivalik hills of the
lofty Himalayas. As it is well known, Punjab is the
cradle of India’s first green revolution and for dec-
ades dominated the wheat production in the coun-
try owing to its vast canal network and mechanized
agricultural practices (Damodaran, 2008). Rupnagar
is no exception to this. It has lush green agrarian
fields with wheat and sugarcane being significant
crops. Rupnagar is located at 30.97° N, and 76.53° E
with an average elevation of 260 m above mean sea
level. Figure 1 shows the Sentinel-1A imagery of the
study area.

Materials and methods
Materials
Slant range Single Look Complex (SLC) datasets from

Sentinel-1A, for August 6, 18, and 31 for the year 2019
of Rupnagar area was used for this study. The rainfall
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Fig. 1 (a) Sentinel-1 SAR imagery with Rupnagar watershed draped over and field photographs of flood scenario of the study area.

(b) DEM map of Rupnagar watershed with elevation in meters

data for August 2019 over Rupnagar was used from the
CHRS data portal (https://chrsdata.eng.uci.edu/).

Sentinel-1A is a RADAR imaging satellite of the
European Space Agency (ESA) onboard the Copernicus
mission (Bézy et al., 2014). It was launched in February
2014 and had since been providing all-weather, day,
and night data with global coverage and a 12-day repeat
pass. This satellite data has been extensively used for
coastal landform monitoring, ship detection, sea-routes
monitoring (Zhu et al., 2018), LULC change and mod-
eling, Flood mapping, and archaeological applications.
It has a primary operation mode over landmasses and a
separate over the ocean, which provides a conflict and
error-free data acquisition. The primary operational
mode offers it a large swath of 250 km and 20 m spatial
resolution for Level-1 product and a high radiometric
resolution (Tapete, 2018).

For this study IW product (since it is the standard
Sentinel-1 product overland) of 20 m, spatial resolu-
tion was taken. Since the Sentinel-1 IW product has
different spatial resolutions in range and azimuth
directions, it was necessary to generate square pixels.
For generating square pixels, space domain averaging
was done, and the process is termed multi looking. It
resulted in an image with 14 m spatial resolution.

Methods

Time series Sentinel-1A, C-band SAR datasets were
taken and pre-processed followed by interferometric
processing for DEM generation. Based on the DEM
map, the Rupnagar watershed was delineated and was
utilized for runoff estimation. The detailed methodol-
ogy flowchart is shown in Fig. 2.

@ Springer


https://chrsdata.eng.uci.edu/

110 Page 6 of 16

Environ Monit Assess (2021) 193:110

DEM generation

The microwave datasets were in interferometric wide
(IW) tile format; hence, to delineate the study area,
it had to be split first before further processing. This
also removed any residual radiometric distortions in
the imagery (Tripathi & Tiwari, 2019a). Followed by
this, since the datasets were acquired in burst or scan
mode, it had to be deburst to remove any RADAR
distortions. Therefore, calibration of the datasets
was done to generate pure backscatter signals from
different features—single bounce from smooth sur-
faces, double bounce from urban and built-up, and
volumetric from trees and vegetation. For the genera-
tion of square pixels of 14 mXx 14 m size, since the
data has a different spatial resolution in range and
azimuth directions, multilooking was performed (Xu
& Jin, 2007). Following this, the data co-registration
was conducted date wise where earliest date data was

taken as a master image and rest as slave images,
and their pixels were aligned to the master image.
For correlating the image with the actual ground co-
ordinates, the image was orthorectified in a process
known as terrain correction using World Geodetic
System (WGS) 1984 as the projection system (Gran-
din et al., 2016). This was followed by the interfero-
metric processing, in which the phase variations and
amplitude distortions that occur in backscattered
waves throughout the study are analyzed to phase
and amplitude values of the master image (Lanari
et al., 1996; Sandwell & Price, 1998).

After this, the interferometric phase and amplitude
were observed for changes. Interferogram generation is
achieved by the multiplication of the master image used
in co-registration with the complex conjugate of itself
(Tripathi & Tiwari, 2019b). Here, the phase change in
the backscattered signal received, and the emitted wave
from the sensor were analyzed (Lloyd, 1987). Regularity

Coregistration Split
|
! v
Interferogram Calibrate
Formation
! Deburst
Coherence
map Terrain
v — Correction
’ Phase
__'_/
Unwrapping —
i Land Use/Land
\E — Cover Map

Fig. 2 Methodology flow diagram for runoff estimation
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in the interferogram fringes shows flatness in the land
area, while irregular ones show a topography change
(Naab et al., 2013). Persistent scatterers like built-up
features show a high value of coherence (close to 1)
between original and backscattered signals as they do
not tend to vary over time (Frederick et al., 1986). The
coherence maps generated from the interferogram were
analyzed for loss of coherence from persistent Scatter-
ers due to any water accumulation as permanent features
tend to show high coherence value (close to 1) com-
pared to dynamic features like soil and vegetation that
loose coherence very quickly (Tripathi & Kumar, 2019).

The phase wrap ambiguity occurs when an interfero-
gram wraps each time to value of 2x is removed. The
phase unwrapping is done to remove the 2x phase ambi-
guity in the interferogram, which renders an unwrapped
phase. From the unwrapped interferometric phase, the
phase information is related to elevation. It is done by
removing all the integer number of amplitudes of ambi-
guity (equivalent to an integer number of 2rm phase
cycles). The time-scale variation in phase, between
two different points on flattened interferogram, gives a
measurement of the actual variation of altitude, which
is then used for a phase to elevation relation for DEM
generation (Chung et al., 2015; Dongchen et al., 2004).

The phase formula is given as follows (Cosgrove &
Loucks, 2015; Tripathi & Tiwari, 2019c):

@l =4zR/A (1)
@2=(R+dR)/A 2)

doi, k(s, ) = @2i(s, ) — plk(s, 1)
= Interferrometric phase difference
=4xn(dR)/A 3)

where R is the satellite target distance, and @ is the
phase. The interferogram formula is as follows (Jung
etal., 2016)-

Int; (s, ) = Img(s, 1).Img, (s, )* @)

[73£3]
1

where “i” and “k” are master and slave images, respec-
tively, (s,])" represents the complex conjugate. After
that, a coherence map was obtained since coherence
shows the similarity between master and slave images.
Usually, urban and built-up areas show high values of
coherence, close to 1. However, there was a consider-
able loss of coherence in and around the areas located

near the river and the lake in the city core in this study.
Only the areas at a higher elevation, show a high value
of coherence. The coherence varies typically between
0 and 1. The interferometric coherence equation is as
follows (Boerner, 2007):

Elimgi.imgk*]

yi,k =

\/ Elimgi)?E[imgk*]* )

where “1” and “k” represent the master and slave images,
respectively.

Phase to height conversion for DEM generation is
done by the following formula (Small et al., 1996):

A.rl.sinf

Ah = W.A(b (6)
where 1, is the slant range in the first image, B is the
normal component to the baseline, Ais the radar wave-
length, and 0 is the incidence angle. The above relation-
ship is used to integrate across the image, transforming
from phase to height values. The model’s accuracy suf-
fers from using only a single normal baseline value for all
heights at the same slant range. The generated DEM map
for the Rupnagar watershed is shown in Figs. 1b and 4a.

Runoff modelling
Watershed delineation

A digital elevation model (DEM) of 15 m raster cell
size has been used to delineate watershed for the Sutlej
river basin around Rupnagar North using BASIN
hydrological model (Murmu et al., 2019). The steps were
followed as follows: (i) create a depression less DEM;
(ii) calculation of the flow direction based on 3x3 cell
neighborhood; (iii) calculation of the flow accumulation
and identification of cell having given area under study;
(iv) watershed delineated outlet points leading to the
delineation of watersheds for the given threshold area.
The watershed area was calculated to be 700.49 km?. The
Rupnagar watershed is shown in Fig. 1a.

LULC map
A LULC map was prepared by classifying the Sentinel-
1A imagery using artificial neural network classifier with

93% overall accuracy and kappa coefficient of 0.92. The
LULC map for Rupnagar watershed is shown in Fig. 3.
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HSG Map

For the generation of hydrological soil group (HSG)
maps, a comparison of the soil types was done with
the soil texture map obtained from a soil survey of
India. Soil properties were then identified, and a GIS
map for HSG was prepared. The HSG map gives an
idea of the soil infiltration properties of an area and
the overall drainage. The soil group B here refers to
the rate of moderate infiltration and well-drained to
moderately drained soil. The soil group C here refers
to soils with moderately fine to rough textures and
moderate rates of transmission. When combined with
the LULC map of the watershed, the HDG Map helps
to find the runoff curve number, as shown in Fig. 4b.

CN map generation

CN value denotes the maximum soil retention value
of an area. A value of CN =100 denotes an impervi-
ous surface while a value of O denotes a highly pervi-
ous surface (Pandit & Heck, 2009). The value varies
from O to 100. Based on the curve number, the maxi-
mum potential storage varies with the LULC of the
area, the HSG properties of the soil, and the hydro-
logical conditions.

CN plugin of ArcGIS Hydro was used in this study
for the CN map generation for the Rupnagar water-
shed. For vector intersection, HSG map and LULC
map of the watershed as shown in Fig. 4, were used
(Mishra et al., 2008). After the intersection, curve
numbers were assigned to each polygon of the result-
ing CN map as shown in Fig. 4c.

The runoff CN is an empirical parameter that is
used for the estimation of runoff or infiltration from
an excess of rainfall. Low values of CN indicate a low
runoff potential, while higher values indicate a higher
potential for the runoff. A lower curve number indi-
cates a highly permeable soil. As inferred from Fig. 4c,
runoff begins after the initial abstraction value has
been met that is the minimum CN value for a water-
shed. The CN is based on event rainfall and cannot
be used for single annual rainfall value which misses
antecedent moisture conditions that are needed in this
technique for runoff estimation. Figure 4d shows the
flooding in the southern direction of the watershed in
and around the Indian Institute of Technology Rupna-
gar campus. The reason being that runoff follows the
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natural slope of the terrain and flood being an outpour
event of a runoff, occurs where there is flat land and
water can accumulate. Table 1 shows the contribution
of LULC categories to runoff contribution-

Comparing the data given in Table 1, with the esti-
mated runoff map, the land use category contributing to
the maximum runoff can be inferred.

Estimation of runoff

An assumption made with the SCS-CN method is
that the surface runoff is generated after compensat-
ing and minimization of the losses. SCS-CN water
balance equations are as follows (Cheng et al., 2006).
Here, it is assumed that the direct runoff and rainfall
depth ratio minus the initial losses equals the cumula-
tive infiltration-

P=0Q0+F+1Ia 7

rP__F
S

O—la ®)

where P is the total rainfall in mm, /, represents the
initial abstraction in mm, Q is a runoff in mm, S is
the maximum retention or the storage capacity of
the soil. According to the USDA-SCS Guidelines
of 1985 as mentioned by Boughton (1989), the
abstraction initially is assumed in terms of the fraction
of maximum retention (usually, A=0.2) (Walgga &
Rutkowska, 2015).

I,=1S )

The runoff Q,, is related to the maximum precipitation
and the maximum retention by soil using the water
balance equation, assuming [,=02S (Walega &
Rutkowska, 2015)—

P —la)2 P —0.25)2
Qp—( a2 _( )

T (P—la+S) (P+089) (10)

If the effective rainfall P < A S, then the effective run-

off is assumed to be zero. The potential maximum reten-
tion S is obtained from curve number CN using the fol-
lowing equation (Hoomehr et al., 2013).

g _ 254400
CN

— 254 (11)
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Fig. 3 LULC map of Rupnagar
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Fig. 4 a DEM of Rupnagar watershed. b HSG map of Rupnagar watershed. ¢ CN II map of Rupnagar watershed. d Flood inundation
map (Rupnagar city) for 18 August 2019 with Rupnagar watershed
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Table 1 Distribution of curve numbers (CN), land use catego-
ries, and hydrological soil group

Land use HSG CN Area (km?)
Built-up B 86 10.4
C 89 60.09
Dry agricultural fields B 89 6.03
C 96 50.21
Moist agricultural fields B 86 80.12
C 79 200.07
Plantations B 74 100.08
C 61 26.02
Rocky terrain B 74 45.02
C 89 55.05
Vegetation B 74 12.21
C 79 30.15
Water B 91 1.01
C 96 20.3

The CN is obtained from a table based on
land use, HSG of soil, and antecedent moisture

condition (AMC). Based on the infiltration of soil,
HSG has four categories A, B, C, and D while
AMC has four classes as I, II, III, and IV based on
precipitation for sowing and crop growth seasons
(Schwartz, 2010). Since the runoff inputs (rainfall,
peak retention, etc.) were in millimeters (mm), the
SCS-CN method gives the runoff in mm as well
in terms of equivalent of standing water and not
in terms of volume (Soulis & Valiantzas, 2012).
The estimated runoff was correlated with the rain-
fall data from the CHRS data portal, as shown in
Fig. 6.

The flood map
Since the areas with persistent Scatterers in InSAR

data show a high degree of coherence, mainly from
built-up areas, but in flood events, these areas are

Legend

= 100.97 NS
=71100.97-237.00 PR
771237.00-271.06

B 271.06-353.36 a

Legend
High : 51.9282 |
- s
Low : 0.000185604
b

Fig. 5 a Estimated runoff (in mm) map of Rupnagar watershed for 18 August 2019. b Slope map for Rupnagar watershed
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RUN-OFF Vs RAIN-FALL 18/08/2019
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Fig. 6 Correlative plots for runoff vs rainfall for 18 August 2019 for Rupnagar (Punjab), India

well submerged underwater leading to loss of coher-
ence. Based on coherence thresholding, since coher-
ence varies from O to 1 (1 for persistent scatterers),
a flood map was prepared for 6, 18, and 31 August
2019 for Rupnagar (coherence threshold value =0.2,
higher than this were masked out). The flood mask
was overlaid on Google earth to understand and vis-
ualize the scenario better. The flood inundation map
is shown in Fig. 4d.

Results and discussion

Results

The surface runoff, especially in urban areas,
depends on many factors like the soil properties,

retention capacity, texture of the soil, and the LULC
of the target area. Most of the studies that used the

@ Springer

SCS-CN method for runoff modeling use optical
data that has often cloud cover constraints in mon-
soon months; using entirely remotely sensed SAR
data gives better temporal data availability. Moreo-
ver, coherence-based thresholding for flood map-
ping is another way in which SAR remote sensing
has been phenomenally successful. As explained
in the previous section, a runoff map was prepared
based on the estimated runoff. The minimum run-
off was estimated to be 100.97 mm, and the maxi-
mum runoff was 353.68 mm on 18 August 2019, as
shown in Fig. 5a.

The correlation between rainfall in mm and run-
off in mm for August 2019 in Rupnagar is shown
in Fig. 6.

Figure 6 shows that due to flash floods in
Himachal Pradesh on 18 August 2019, the runoff
increased abruptly bearing a high correlation with
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the rainfall that occurred on that day. The plot was
prepared by plotting runoff vs rainfall and corre-
lating the two. The results showed a high R? sta-
tistics of 0.93. The rainfall data was acquired on
15 min interval for 7 h and 30 min from the CHRS
data portal, and runoff was calculated using the
SCS-CN method. It showed that heavy rainfall,
cloud burst, and flash floods that occurred in the
upper reaches of the Himalayas accumulated into
causing a high surface runoff in the Rupnagar
watershed and led to submergence of large chunks
of agricultural lands and human settlements, cal-
culated to be around 250 km?. It caused the dis-
placement of many people from their homes who
were forced to take shelter in the upper reaches
less affected by floods.

Discussion

SAR remote sensing with its high temporal resolution,
all-weather data availability, and high spatial resolu-
tion, effectively and efficiently helps in high-resolution
DEM generation and flood inundation mapping and
surface runoff estimation modelling. From this study,
it was found that the higher the CN value, the higher
is the runoff. When there are floods with an average
amount of rainfall, the causes often lie elsewhere as in
the areas mentioned above. The areas near the Indian
Institute of Technology transit campus and main cam-
pus were found to have high flooding potential owing
to high CN values. The maximum runoff approxi-
mating to 350 mm was found in and around the two
campuses of IIT Ropar in Rupnagar, as shown by the
runoff map (Fig. 5a) for 18 August 2019, when flood-
ing was at its peak. The SCS-CN method, due to its
simplicity, predictability, and based on one parameter
approach, is highly responsive to major runoff produc-
ing watershed properties. Making use of the soil type,
LULC, surface condition, and antecedent moisture
condition. The SCS-CN method does not take time
factor into account and neither the intensity of rain-
fall nor its distribution spatially. However, the hydro-
logical findings can be used to plan and develop water
resources and reservoirs at the watershed level, for
areas with high rainfall and less number of rainy days.

Conclusions

This study utilizes dual polarised SAR data from
Sentinel-1A for DEM generation and coherence-
based flood inundation mapping. Both studies use
SAR interferometry, which has seen wide applications
in displacement and subsidence mapping research.
The study shows that a higher resolution DEM can be
obtained using InSAR and it can be used for effective
and accurate runoff modeling.

From the study, the following inferences can be
drawn-

e At areas located on high slopes, the runoff is
lowest as the water quickly tends to rush down,
evident from Fig. 5a, b.

e In previous areas and areas without vegetation
cover, the runoff is low due to high water penetra-
tion through the surface.

e On comparing the runoff map with Table 1, it was
inferred that the maximum amount of runoff is
generated in built-up areas and areas with a good
amount of vegetation and for areas where there is
an abrupt change in slope.

The novelties of this study include:

o This study relies entirely on SAR data and uses a
15 m spatial resolution DEM generated using SAR
interferometry, unlike 30 m DEMs generated from
optical stereo-pair datasets.

e This study is cost-effective as it utilizes freely
available SAR datasets from Sentinel-1A.

e It has high applicability for mapping of flood-
prone areas in planning exercises to shift the exist-
ing populations to safer places before the onset of
monsoons as it can easily delineate the high-risk
areas.

e It shows the applicability of the SCS-CN method
with SAR data.
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