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Abstract Watershed development and management is
essential for the present as well as future constancy of
water resources in a river basin. Watershed prioritization,
planning and development are depending on the morpho-
metric analysis of a basin. The drainages of a basin are
mainly influenced on geomorphic appearances which show
a dynamic role for monitoring the basin’s hydrology as per
topographical characteristics. In this paper, the morpho-
metric study was characterized by set of parameters i.e.
linear, aerial and relief aspects of Varuna river basin (In-
dia) with the integration of geo-spatial techniques. The
mean annual rainfall, Normalized Difference Vegetation
Index, Digital Elevation Model and Land Use/Land Cover
(LULC) were taken into account for this study. The annual
rainfall pattern and its percentage departure were shown by
high frequencies of drought conditions while the season-
ality index depicts that mostly rainfall occurred in less than
3 months. Moreover, indices such as Standardized Pre-
cipitation Index and Standardized Precipitation Evapo-
transpiration Index were used to conclude past extreme
drought conditions (1996-2002, 2010-2017) over the
basin. LULC changes were monitored over the south-east
and north-west part of river basin during the period 1977 to
2013. The results revealed that an increasing trend of
urbanization was monitored due to a decrease in agricul-
tural land by 40.71% in the lower part of the basin.
Moreover, the overall study can be helpful to assess the
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quantitative depiction of basin geometry as well as land use
pattern for future development of agricultural growth.
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1 Introduction

The Varuna river basin is surrounded by south to north as
Vindhyan rocks and Gomati river basin forming the
peripheral bulge in the central alluvial plain of the Indo-
Gangetic Basin (IGB) [1, 2]. The fine particles like sand,
silt and clay formed interfluves surface where river flow
deeply incised along narrow valley [2, 3]. Varuna river and
its sub-watersheds are one of the foremost controlling
drainage systems of Varanasi city as well as controls
groundwater flow over the adjoining area [4, 5]. Owing to
fast urbanization and in-depth pumping, groundwater is
depleting rapidly over parts of the basin [6]. Hence, Varuna
river is deteriorating continuously forming as a drain with
carrying domestic wastes and sewerage of dense urbanized
Varanasi city that sound for instant attention of watershed
management in the study area [2, 3]. Tectonic activity and
climate change are responsible for drainage modification
and transformation over time. The river network forces
quantitative morphometric analysis over the interfluves of
river basin [2, 7]. Dynamic flow and structural design are
mainly controlled by geomorphic parameters of basin [8].

A natural disaster in an aspect of extreme climate events
such as drought shows large impact over the water
resources [9, 10]. However, Standardized Precipitation
Index (SPI) and Standardized Precipitation Evapotranspi-
ration Index (SPEI) are the tools for computing the severity
of drought events which are statistically based on the
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probability distribution of long-term precipitation time
series. Subedi et al. [11] used multi-scalar drought indices,
i.e. SPI, SPEI for long-term drought conditions by rainfall
deficit on monthly and annual timescale. Dai [12] analyzed
meteorological drought indices in perspective of global
warming through observations and different models. Dutta
et al. [13] evaluated the SPI based study for meteorological
as well as agricultural drought scenario over the semi-arid
and arid regions of India.

Watershed prioritization based on morphometric
parameters and geo-information techniques were studied
by various people [14]. Prakash et al. [15] established a
relation between different linear and aerial parameters for
morphometric analysis of river basin. The Normalized
Difference Vegetation Index (NDVI) is a much-admired
tool and has been used by several researchers by their
distinctive studies [16—18]. Emiru et al. [19] focused on the
long-term impacts of anthropogenic activities on rainfall,
LULC and NDVI dynamics over the study region. The
NDVI and LULC are important parameters and have been
used for determining the urbanization process in the basin.
The greenness results were associated with NDVI for the
onset date of early spring [20, 21]. Sahoo et al. [22]
explained how GIS is essential for land use/land cover
transformations, agricultural activities and water resources
management in the context of climate change. Rainfall is
another important climatic factor varied by Digital Eleva-
tion Model (DEM) of the river basin and influenced the
NDVI [23-25]. Prakash et al. [2] studied the necessity of
scientific approach to the sustainable basin management for
the Varuna basin. In addition, Raju et al. [6] examined the
high pollutant value of Fluoride and Nitrate (> 1.5 mg/l)
over the catchment area of Varuna basin. In due course of
time, the streams of the drainage basin of the Varuna river
worsened and transforming over a drain, carrying domestic
waste or sewerage and industrial debris like toxic, chemi-
cal, industrial solid and the municipal solid waste of
Allahabad and Varanasi city. Furthermore, the current
environmental status of a region and on-going adaptations
in terms of big urban growth could be better appreciated by
the analysis of spatial and temporal change in land use
planning [26].

Decreasing trends of rainfall over the basin could be one
of the factors for the low flow of water in the river Varuna.
The changes of NDVI in and around Varuna river basin
were analyzed. Keeping in view of the above facts, in this
paper, it is aimed to carry out as follows:

e Characteristics of rainfall Seasonality Index over the
Varuna basin

e Evaluation of drought events by using extreme indices
SPI and SPEI

e Long-term changes of rainfall with NDVI
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e Morphometric analysis for long-term periods over the
basin
e LULC changes in and around the Varuna basin

2 Materials and methods
2.1 Study area

The Varuna river rises at 25°27'N and 82°18'E near Mau
Aima (Pratapgarh district, Uttar Pradesh), flows east to
south-east for approximately 128 km, and joins the
Ganges at 25°1946"N to 83°02’40”E in downstream at
Varanasi, Uttar Pradesh, India. The study area lies
between the 25°21'46.89"N to 25°21'44.88"N latitudes
and 82°55'22.708"E to 82°58'28.33"E longitude (Fig. 1).
The basin is the influent or tributary of the Ganga River
that has current direction from west to east before joining
the Ganga at the Saray Mohana near Rajghat, Varanasi,
Uttar Pradesh, India.

2.1.1 Geological, geomorphological and hydrological
setting over the Varuna basin

Geologically, Varuna river basin belongs to the Indo-
Gangetic plain underlain by Quaternary alluvial sediments
of Pleistocene to recent age and has clay-kankar with
meander river deposits [6]. The geomorphology suggests
that the Varanasi district is highly agriculture dependent
area at lower Varuna basin located in the central Ganga
plain. The agricultural and urbanization activities have a
significant influence on the quality of groundwater over the
study region [6]. Hydro-geologically, the Varuna basin
suggests that in close proximity to surface groundwater
only under water table condition, while deeper aquifers
occur in semi-confined to confined conditions. In the basin,
aquifer level remains semi-confined and confined condi-
tion. Rainfall is the only source to recharge groundwater in
the Varuna basin [6].

2.2 Datasets

The data for current research is obtained from CGIR-CSI,
ESRI, USGS, NOAA, Toposheet map (SOI), Earth
Explorer (USGS) etc. LULC maps were prepared based on
Landsat-MSS/TM/ETM + satellite imageries for 1977,
1990 and 2013. LULC pattern was analysed for 40 years
period of time. NDVI analysis has been carried out using
Landsat satellite and ArcGIS environment. The morpho-
metric analysis was studied by SRTM-DEM with 90 m
spatial resolution in GIS environment (Fig. 2a—e). The
rainfall pattern and Seasonality Index (SI) were estimated
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Fig. 1 Varuna river basin and its sub watersheds

using the long-term (1960-2013) rainfall data obtained
from the India Metrological Department (IMD) over the
Varuna river basin (Fig. 3a—d). We were taken the Stan-
dardized Precipitation Index (SPI) and Standardized Pre-
cipitation Evapotranspiration Index (SPEI) for assessing
dryness condition derived from IMD and Tropical Rainfall
Measuring Mission (TRMM) monthly rainfall over the
basin (Table 1).

2.3 Methodology
2.3.1 Climatic approach

2.3.1.1 Extreme indices To examine the metrological
drought stages caused by scarcities in rainfall over the river
catchment area there has been two drought indices such as
Standardized Precipitation Index (SPI) and Standardized
Precipitation Evapotranspiration Index (SPEI) are used as
the probability distribution of long term rainfall time series
[27]. SPI and SPEI have been calculated by using the R
package based on gamma distribution to 4 and 6 months
running mean of rainfall timescales. Estimated SPI values
were higher than — 3 are considered as extremes drought
events while values between — 1 and — 2 are considered
as moderate extreme events.

82°30'E 82°45'E 83°0E

2.3.1.2 Departure The departure (Departure;) of rainfall
for an individual year was expressed as:

Departure; = tf; — rf (1)

where (rf;) = Annual rainfall for an individual year;
(if) = Average of long term annual rainfall.

2.3.2 Seasonality index (SI)

SI which helps in determining the monthly rainfall distri-
bution on temporal scale calculated by equation:

1 2 iy
=S I% -~ 2
=g 2% 1y @

n=

here X, = mean rainfall of month n and R = mean annual
rainfall.

2.3.3 Geospatial approach

2.3.3.1 Normalized difference vegetation index (NDVI)
The NDVI is calculated by the quantity of reflectance in
near-infrared and red bands of the electromagnetic spec-
trum and is a proficient indicator for assessing vegetation
dynamics. NDVI is calculated by the reflectivity of the
bands channel of Landsat imagery that is Red (R) (0.64—
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Fig. 2 Extraction of stream network by spatial-hydro procedure in a DEM b Fill ¢ Flow direction d Flow accumulation e stream order over the
Varuna basin

0.67 pum) and near-Infrared (NIR) light (0.85-0.88 pm)

NDVI mainly ranges from — 1 to 4+ 1 where the areas
[20, 28] (Eq. D).

devoid of any vegetation give a negative value or a value
(NIR —R) 3) close to zero means no vegetation and a value close to + 1

NDVI = —=
(NIR +R) (0.8-0.7) represents healthy vegetation [20].
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Fig. 3 Rainfall characteristics over Varuna River basin a Annual rainfall series b annual rainfall departure series ¢ annual cycle d seasonality

index

Table 1 Specification of data sets

SI. no. Product Period Spatial resolution Web link
SRTM-DEM 2000 90 m http://srtm.csi.cgiar.org/
Landsat-MSS/TM/ETM+ 1977, 1990, 2013 60 m/30 m https://earthexplorer.usgs.gov/
Rain gauge products 1960-2013 0.25 x 0.25 http://www.imd.gov.in
IMD

4. Satellite-based precipitation 1998-2017 0.25 x 0.25 https://earthdata.nasa.gov/

TRMM 3B42v7

2.3.3.2 Drainage morphometry The study examined the
quantitative river morphometry integrated with geo-spatial
tool over the Varuna river basin. Basin morphometry
clarified the size and drainage geometry to the devolution
of water and sediment load through the stream. The degree
of drainage basin depends on the quantity of water yield,

length, shape and relief affected the rate of water dis-
charged from the river basin [29]. The morphometric
interpretation was estimated by parameters like stream
order (S,), stream length (L,), bifurcation ratio (R;), basin
length (L) as linear aspect, Sinuosity Index (S;), drainage
density (Dy), stream frequency (F;), elongation ratio (R.),
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circularity ratio (R.) as aerial aspect and major relief
parameters viz. relief ratio (Ry;), Dissection Index (Diy),
Ruggedness number (R,) were calculated using mathe-
matical formulae [30].

2.3.3.3 Land use/land cover (LULC) Generally, LULC
represents the thematic classifications of the earth’s exte-
rior that capture biotic and abiotic assets and that are
strictly stressed to the environmental circumstance of land
areas which helps for the conservation of land and water
resources management in a basin [2, 21]. The most
notable changes include reductions in breadths of the river
streams with increases in built-up areas and industries over
the SE to NW direction due to the continuous degradation
of the cultivated land and water bodies.

3 Results and discussion
3.1 Rainfall distribution

Annual rainfall over the basin was heterogeneous with
large variation in temporal distribution with annual average
863.9 mm (Fig. 3a). The maximum rainfall was observed
1222 mm in 1971 while minimum rainfall was 397.8 mm
in 1997. The high variability in the temporal distribution of
rainfall was intermittent relation with runoff over the basin.
Figure 3b showed the annual percentage departure of
rainfall over the basin, and it was calculated by subtracting
the annual rainfall for an individual year (rf;) with an
average (rf) for the period of 54 years (1960-2013). The
Departure; of rainfall for an individual year was computed
from Eq. (1). The blue ticks represented the surplus rainfall
while red one presented the percentage deficit of rainfall
with mean annual rainfall (1960-2013). It was found that
since 1988, there was a percentage deficit of rainfall in
drier periods. Also, large intensity of rainfall departures
was observed with most of the years having more than 30%
departure. Figure 3¢ showed annual trends of rainfall (av-
erage) of IMD data over the basin. The rainfall peaks were
raised in the month of July and August (an average of
< 250 mm month™') and started decline in September.
The summer monsoon months (June—July—August—
September) were shown a large variability of rainfall from
very low to high with respect to all India average ISMR
rainfall [31].

3.2 Seasonality index (SI)
Seasonal climate variability was carried out using Sea-

sonality Index (SI) [32] which helps in determining the
monthly rainfall distribution on the temporal scale
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(Eq. 2).SI varies on scale of 0 to 1.83 where zero represents
the minimum value reflecting an equal distribution of
rainfall among all the months while maximum value 1.83
represents total rainfall in 1 month only. Figure 3d repre-
sents the SI histogram which depicts that rainfall over
Varuna generally occurred in 3 or fewer months. The
rainfall regime showed minimum SI (0.93) value reflecting
seasonal with long drier periods in 2007 while maximum
(1.36) was found in 1976. Most of the year showed SI
having > 1.0. Moreover, the basin was more prone to dry
periods rather than surplus water condition leading to more
frequency of drought.

3.3 Evaluation of dryness condition using climate
extremes indices

Hydrological and meteorological drought condition mainly
originated owing to variability in weather and climate state
over timescales, caused by below-average rainfall in a
certain region. Standardized Precipitation Index (SPI) is a
widely used index to characterize meteorological drought
in the aspect of rainfall on a range of timescales [27].
Figure 4 showed climatic extremes which defined as sta-
tistical indices for the climate impact analysis. As per
Mckee et al. [33], estimated SPI from IMD showed severe
drought events over the catchment area during monsoon
season (SPI_4 < —3) ie. 1972, 1984, 1996-1998,
2001-2003, 2005-2007, and 2009-2010 while TRMM
indicated the recent droughts stage of the study area, i.e.
SPI < — 2 include: 2002, 2007, 2016-2018 (Fig. 4a, c).
Our purpose was to calculated both rainfall with potential
evapotranspiration using SPEI which acted as a widely
extension of the SPI. Annually, SPEI was estimated by
IMD, and TRMM derived datasets that indicated the pro-
longed droughts as SPEI < — 1.5 from 1996 to 2018 which
was led to the longest hydrological drought (i.e., soil
moisture deficit) over the basin (Fig. 4b—d).

3.4 NDVI analysis

The spatio-temporal variation of NDVI was high in western
and northern part of the Varuna basin while the decreasing
trend was observed in the south-east region of the basin.
The rainfall variation as climate indicators plays a vital role
in the changes of vegetation cover in the basin. NDVI
value indicates the vegetation dynamics in the middle and
lower catchment of the basin which was crucial for the
ecological stability of the whole watershed. The leading
vegetation types were agricultural land and grassland
which can sturdily control the eco-environmental status of
the basin [24]. Though the basin has experienced a change
in its landscape and the majority of the W3 and W2
watersheds were manifested with healthy vegetation due to
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the existence of grass and agricultural cropland in the
basin. The central western part of the basin had shown a
positive trend of NDVI. While the eastern part of basin
areas shown a negative trend of NDVI values due to the
areas are covered with industrial waste materials mixed
with settlements, industries, agricultural practices, barren
lands indicating the imperviousness (Fig. 5a, b). Further-
more, the NDVI values found in the range between + 0.83
to —0.05 and + 049 to — 0.07 of 1990 and 2017
respectively, that show the decrement of average gap 0.78
to 0.32 indicates 40.71% of vegetation cover in the Varuna
river basin [using Eq. (3)]. This variation influences by the
sharp negative trends (— 0.06) of rainfall in between the
years 1963 to 1969, 1971 to 1977 and 2003 to 2013
(Fig. 6). The less NDVI can decline the local ecosystem
stability, which can accelerate soil erosion, resulting in the
reduction of river or water quality [16].

3.5 Drainage network analysis of Varuna basin

3.5.1 Linear aspects (La)

The stream segment of the Varuna river has been identified
as 292 with 5th Stream Order (Su) whereas watersheds

Basuhi and Morwa river as 4th order were estimated as per
Strahler [34] method (Table 2). A large number of first-

order streams over the study area indicated the intensity of
permeability and infiltration [35]. Stream Length (Lu) was
calculated and characterized regions with abrupt slopes and
better textures based on Horton’s law. Bifurcation Ratio
(Rb) was estimated from 3 to 4.5 (Table 2), as a degree of
branching within the hydrographic network [36, 37] and
this type of anomalies was reliant upon geological and
lithological development of the drainage basin [34, 38].
Low Mean Bifurcation Ratio (Rbm) of the main channel
(0.98) designed that drainage pattern over the basin was
typical without any structural disturbances [37-39].
Bifurcation index be able to provide useful information on
erosive processes and the degree of evolution of basin [36].
Rho Coefficient (p) (0.16) was a significant parameter
relating drainage density to physiographic development of
a watershed [40] (Table 2).

3.5.2 Aerial aspects (Aa)

Length of the Main Channel (CI) had been examined
(178 km) in the GIS platform (Table 3). Moreover, the
length of the basin (Lb) was estimated 128.63 km, as the
longest dimension equivalent to the main drainage line, i.e.
distance between origins to the mouth of the river [41]. The
highest value of lemniscates (k) was calculated as 4.80
(Table 3), which revealed that watershed captures the
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maximum area with a large number of higher stream order
[42]. As per Horton [43], Form Factor (Ff) was estimated at
0.21 and indicated that basin shape was elongation in
nature (Table 3). Furthermore, the estimated value of
Elongation ratio (Re) (0.52) was useful for hydrological
consequences in contrast to circular catchments [44]. In the
present study, the texture ratio of the basin was 0.54
(Table 3). Dimensionless Circularity Ratio (Rc) (0.24)
signified that watershed was not much elongated in shape
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(Table 3). The compactness coefficient (Cc) was 2.04. As
per Melton [45], Fitness ratio (Rf) (0.42) was the ratio of
main channel length to the length of the watershed
perimeter, which measured topographic fitness [46]. The
wandering ratio of the basin was estimated 1.38, while its
sub-watersheds were 1.26, 1.68 and 1.44 respectively,
which specify that river outright and the basin was plain in
nature (Table 3). Sinuosity Index (Si) of the Varuna river
basin (1.44) was estimated by Muller [47] and its sub-
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Table 2 Linear aspect of the study area
Stream property Formula Reference Maine river W1 w2 w3
channel (Basuhi) (Morwa)
Stream order (u) Hierarchial rank Strahler [34] 5.00 4.00 4.00 4.00
Stream length (Lu) Length of the stream Horton [36] 1282.14 564.18 240.73 211.04
Mean stream length (Lsm) Lsm = Lu/Nu Strahler [34] 4.39 3.89 4.38 4.59
Stream length ratio (RL) RL =Lu/Lu — 1 Horton [36] 0.62 0.79 0.70 0.68
Bifurcation ratio (Rb) Rb = Nu/Nu + 1 Schumm [41] 3.92 4.99 2.98 2.59
Mean bifurcation ratio (Rbm) Rbm = Average of bifurcation Strahler [37] 0.98 1.25 0.75 0.65
ratios of all order
Rho Coefficient (p) RL/Rb Horton [36] 0.16 0.16 0.24 0.26
Direct bifurcation ratio (Rdb) Rdb = Ndu/Nu + 1 - 3.02 3.22 1.84 1.75
Bifurcation Index (R) R =Rb — Rdb - 0.89 0.53 1.14 0.84

watersheds W1 (1.22), which indicated that Basuhi river
had moderate meandering in nature while W2 and W3
(Morwa river) had 1.69 and 1.50 respectively (Table 3).
Hydraulic sinuosity index (HSi) and Topographic (TSi)
value were calculated, 37.24% and 62.76% respectively. It
was observed that TSi decreased with altitude and Hsi has
increased both significant parameters in defining the stage
of river basin development as well as the controlling
aspects of sinuosity. The basin was identified as very
coarse Drainage texture (Dt) (0.69), that reflected climate,
a permeability of rocks, vegetation, etc. [48]. Channel or
Stream frequency (Fs) (0.08) helped to analyse the ero-
sional processes over the study area. Drainage density was
0.37 km/sq. Km. with moderate drainage concentrations.
Constant Channel maintenance (1/D) specified that the
relative size of landform units in a drainage basin and had a
specific genetic connotation [37]. Low values of Drainage
density (Dd) were very susceptible to flood and channel
erosion [39, 42]. Varuna drainages were identified as a
dendritic drainage pattern (Table 3). The high value (5.37)
of Length of overland flow (Lg) revealed high values in the
lower stage (old age).

3.5.3 Relief aspects (Ra)

Low relief ratio (Rhl) over the basin (0.30) and its sub-
watersheds Basuhi (0.14) and Morwa (0.86) showed a less
resistant with low degree of gradient [39]. Absolute relief
(Ra) was estimated about 107 m, which indicated the dif-
ference in altitude between specified site and sea level [42]
(Fig. 7b) (Table 4). Channel Gradient (Cg) was estimated
(0.14) as total drops (horizontal distance) in elevation from
source to mouth of the basin (Table 4). As per Strahler’s
[56] method, low value (0.01) of Ruggedness Number (Rn)
showed enlargement of the basin relief as practically
combined with slope sharpness and its length. Furthermore,
Melton Ruggedness Number (MRn) (0.65) showed relief
ruggedness in the watershed [29, 57]. Dissection Index
(Dis) (0.36) revealed a deficiency of vertical dissection or
erosion, i.e. domination of flat plane over the basin
(Table 4). Moreover, Gradient Ratio (Rg) (0.30) was an
essential indicator of channel slope, which allowed evalu-
ation of the runoff amount [39, 42, 46, 58].
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Table 4 Relief aspects of the study area
Stream property Formula Reference Maine river W1 w2 w3
channel (Basuhi) (Morwa)
Relief ratio (Rhl) Rhl = H/Lb Schumm [41] 0.30 0.41 0.67 0.86
Relative relief ratio (Rhp) Rhp = H * 100/P Melton [45] 9.01 13.76 21.48 28.26
Dissection index (Dis) Dis = H/Ra Singh and Dubey [59]  0.36 0.36 0.36  0.36
Gradient ratio (Rg) Rg=7Z — z/Lb Sreedevi et al. [60] 0.30 0.41 0.67 0.86
watershed slope (Sw) Sw = H/Lb Sreedevi et al. [60] 0.30 0.41 0.67 0.86
Ruggedness number (Rn) Rn = Dd * (H/1000) Paton and Baker [61] 0.01 0.02 0.02 0.02
Melton ruggedness number MRn = H/A"0.5 Melton [45] 0.65 1.02 1.56  1.77
(MRn)
Channel gradient (Cg) m/Kms Cg = H/{(n/ Broscoe [62] 0.14 0.21 025 038
2) * Clp}
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(a)1977

LULC
[ ] Wetland

B Built-up area

Il River or water bodies
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[ crop and agricultural land
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Fig. 8 Spatial and temporal changes of LULC in a 1977; b 1990; ¢ 2013 over the Varuna River from Landsat imagery

3.5.4 Prioritization of Varuna river watershed

The erosion risk evaluation was considered in quantitative
morphometric parameters for prioritization of sub water-
sheds. The quantitative morphometric parameters consid-
ered were (1) stream order, (2) stream frequency, (3) length
of overland flow, (4) drainage density, (5) elongation ratio
and (6) form factor [14, 63]. The linear parameters of
morphometric analysis were directly associated with
erodibility of sub-watersheds were namely W1 (Basuhi
river), W2 and W3 (Morwa river) have been assigned 1st,
2nd and 3rd rank respectively. As the value of linear
parameters increases, the susceptibility of soil erosion also
increases. According to Gajbhiye [63], the areal aspects
were inversely associated with erodibility and vice versa
(areal aspects were i.e. form factor, elongation ratio and
circulatory ratio). As the value of Ariel parameters
increased from low to high, the sub-watersheds W1, W2
and W3 were assigned 1st, 2nd and 3rd ranks, respectively.
The compound and its average value were calculated after
ranking all linear and aerial parameters in all sub-water-
sheds. The priority criteria of linear and aerial aspects were
based on average value i.e. W1, W2 and W3 as high,
medium and low priority, respectively. Our study revealed
that the sub-watershed Basuhi river was highly vulnerable
for soil erosion and therefore highly recommended for land
conservation and soil erosion prevention. Watershed W2
was given second priority for reclamation and conservation
process whereas sub-watershed Morwa river was given
least priority and examined as low risk of land degradation
in sub-basin conservation practices.

3.6 LULC changes

LULC was considerable impacts on hydrologic response at
the watershed level of the basin. Quantitative assessment of
LULC on runoff was vital for water resources development
[64]. In the present study, the remote sensing derived
Landsat satellite imageries were classified in five major
classes (Crop and agricultural land, River or water bodies,
wasteland, Wetland, Built-up area) for 1977, 1990 and
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2013. The response of streams current and runoff was
rapidly decreased due to spatial-temporal changes of
LULC pattern. The changes in wetland and agricultural
land were spotted with the increase of the built-up area
from 1977 to 2013. In 1977, 29% area was identified as a
wasteland, and about 55% area was agricultural land
(Fig. 8a). The salt-affected wasteland area was reduced by
18% from 1977 to 1990, and a large amount of reclaimed
land was occupied by industrial purpose and urban devel-
opment, i.e. road construct (built-up areas) also some for
agricultural practices (Fig. 8b). The LULC was extremely
transformed from 1990 to 2013 (Fig. 8b, c). In these years,
the percentage of urbanization was increased exponen-
tially, with the reduction of agricultural land and water
bodies. The area of wetland was somehow constant with
modest variation while streams and water bodies showed a
large variation in time span due to anomalous rainfall from
1960 to 2013 (Fig. 8c).

4 Conclusion

Drainage morphometric analysis is entirely depended upon
landform variability of a basin. The Varuna basin is not an
exception of that, and its distributional pattern, frequency,
density and basin parameters were analyzed by GIS tool.
Bifurcation ratio (low) indicated the study area underlined
by systematically branched streams. The river basin pos-
sessed moderated drainage density which was indicative of
permeable material, vegetative cover and moderate to low
relief characteristics. Circularity (low) and elongation
(high) ratio displayed the basin had an elongated formation.
Mean Bifurcation Ratio of Varuna basin was low which
designated that drainage pattern of the basin was normal
without any the structural disturbances. Estimated priori-
tization over the study area, resulted in Basuhi sub-water-
sheds evaluated the highest priority, and this may help for
conservation and development of water resource manage-
ment. The above study was an effort with the integration of
morphometry, LULC, Rainfall and NDVI parameters. The
NDVI was decreased by 40.71% due to the negative trend
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of rainfall. As an index of denoting vegetation cover,
change of NDVI reflected the condition of vegetation cover
over the basin. The rainfall pattern showed temporal
heterogeneity, and the frequency of percentage deficit in
rainfall occurred very frequently, which might lead to the
diminishing of the channel width of river basins. The
persistence of similar conditions may consequent in a
drain. It indicated drier periods with the decrease in annual
rainfall while SI further illustrated a similar pattern. The SI
showed low rainfall in less than 3 months which reflected
more proneness to drought condition. In addition, statistical
multi-scalar indices like SPI and SPEI have reflected the
level of meteorological extreme drought actions over the
basin. Four month’s time scale SPI showed more extreme
droughts (1972, 1984, 1996-1998, 2001-2003, 2005-2007
and 2009-2010) and 12 month’s time scale SPEI indicated
the prolonged droughts since 1996 to 2017. Hence, rainfall
was the main factor which influenced vegetation cover as
well as LULC of the basin. Thus, this study could find
extensive changes of LULC; in terms of loss of natural
vegetation cover, uprise of urban growth with industrial
garbage, reduction of agricultural land and extension of the
road density in and around the basin area. Our study can be
recommended to protect river bank erosion and degrada-
tion of water quality with the help of civil engineers,
planners with suitable action and planning. Moreover, the
outcome of this study can be used to build up the proper
planning of watershed management.

Acknowledgements The authors would like to thank the CGIR-CSI
for providing the SRTM DEM, Earth Explorer (USGS) for Landsat
satellite imagery used for successful analysis of the study. In addition,
we are thankful to IMD, New Delhi and JAXA for providing for
providing rainfall datasets used in this study. Authors are thankful to
DST-MCECCR sponsored by Department of Science and Technol-
ogy, Govt. of India, New Delhi for accomplishing the study.

References

1. Shukla, U. K., & Janardhana, R. N. (2008). Migration of the
Ganga river and its implication on hydro-geological potential of
Varanasi area, UP, India. Journal of Earth System Science,
117(4), 489-498. https://doi.org/10.1007/s12040-008-0048-4.

2. Prakash, K., Singh, S., & Shukla, U. K. (2016). Morphometric
changes of the Varuna River basin, Varanasi district, Uttar Pra-
desh. Journal of Geomatics, 10(1), 48-54.

3. Shukla, U. K. (2013). Varanasi and the Ganga river: A geological
perspective. In V. Jayaswal (Ed.), Varanasi, Myths and scientific
studies (pp. 100-113). New Delhi: Aryan Book International.

4. Khan, A. A., Nawani, P. C., & Srivastava, M. C. (1988). Geo-
morphological evolution of the area around Varanasi, UP with the
aid of aerial photographs and LANDSAT imageries. Geological
Survey of India, 113(8), 31-39.

5. Agarwal, C. S. (1998). Study of drainage pattern through aerial
data in Naugarh area of Varanasi district, UP. Journal of the
Indian Society of Remote Sensing, 26(4), 169-175. https://doi.
org/10.1007/BF02990795.

6. Raju, N. J., Ram, P., & Dey, S. (2009). Groundwater quality in
the lower Varuna river basin, Varanasi district, Uttar Pradesh.
Journal of the Geological Society of India, 73(2), 178-192.
https://doi.org/10.1007/512594-009-0074-0.

7. Denizman, C. A. N. (2003). Morphometric and spatial distribu-
tion parameters of karstic depressions. Lower Suwannee River
Basin, Florida. Journal of Cave and Karst Studies, 65(1), 29-35.

8. Mesa, L. M. (2006). Morphometric analysis of a subtropical
Andean basin (Tucuman, Argentina). Environmental Geology,
50(8), 1235-1242. https://doi.org/10.1007/s00254-006-0297-y.

9. Mall, R. K., Attri, S. D., & Kumar, S. (2011). Extreme weather
events and climate change policy in India. Journal of South Asia
Disaster Studies, 4(2), 37-56.

10. Mall, R. K., Kumar, R., & Bhatla, R. (2011). Climate change and
disasters in India. Journal of South Asia Disaster Studies, 4(1),
27-76.

11. Subedi, M. R., Xi, W., Edgar, C. B., Rideout-Hanzak, S., &
Hedquist, B. C. (2019). Assessment of geostatistical methods for
spatiotemporal analysis of drought patterns in East Texas, USA.
Spatial Information Research, 27(1), 11-21. https://doi.org/10.
1007/s41324-018-0216-9.

12. Dai, A. (2013). Increasing drought under global warming in
observations and models. Nature Climate Change, 3(1), 52-58.
https://doi.org/10.1038/nclimate1633.

13. Dutta, D., Kundu, A., Patel, N. R., Saha, S. K., & Siddiqui, A. R.
(2015). Assessment of agricultural drought in Rajasthan (India)
using remote sensing derived vegetation condition index (VCI)
and standardized precipitation index (SPI). The Egyptian Journal
of Remote Sensing and Space Science, 18(1), 53—63. https://doi.
org/10.1016/j.ejrs.2015.03.006.

14. Biswas, S., Sudhakar, S., & Desai, V. R. (1999). Prioritisation of
subwatersheds based on morphometric analysis of drainage basin.
A remote sensing and GIS approach. Journal of the Indian
Society of Remote Sensing, 27(3), 155-166. https://doi.org/10.
1007/s12524-009-0016-8.

15. Prakash, K., Singh, S., Mohanty, T., Chaubey, K., & Singh, C. K.
(2017). Morphometric assessment of Gomati river basin, middle
Ganga plain, Uttar Pradesh, North India. Spatial Information
Research, 25(3), 449-458. https://doi.org/10.1007/s41324-017-
0110-x.

16. Dutta, D., Kundu, A., & Patel, N. R. (2013). Predicting agricul-
tural drought in eastern Rajasthan of India using NDVI and
standardized precipitation index. Geocarto International, 28(3),
192-209. https://doi.org/10.1080/10106049.2012.679975.

17. Kundu, A., Dwivedi, S., & Dutta, D. (2016). Monitoring the
vegetation health over India during contrasting monsoon years
using satellite remote sensing indices. Arabian Journal of Geo-
sciences. https://doi.org/10.1007/s12517-015-2185-9.

18. Kundu, A., Patel, N. R., Saha, S. K., & Dutta, D. (2017).
Desertification in western Rajasthan (India): An assessment using
remote sensing derived rain-use efficiency and residual trend
methods. Natural Hazards, 86(1), 297-313. https://doi.org/10.
1007/s11069-016-2689-y.

19. Emiru, T., Naqvi, H. R., & Athick, M. A. (2018). Anthropogenic
impact on land use land cover: Influence on weather and vege-
tation in Bambasi Wereda, Ethiopia. Spatial Information
Research, 26(4), 427-436. https://doi.org/10.1007/s41324-018-
0186-y.

20. Griffith, J. A., Martinko, E. A., Whistler, J. L., & Price, K. P.
(2002). Interrelationships among landscapes, NDVI, and stream
water quality in the US Central Plains. Ecological Applications,
12(6), 1702-1718.

21. Kinthada, N. R., Gurram, M. K., Eadara, A., & Velagala, V. R.
(2014). Land use/land cover and NDVI analysis for monitoring
the health of micro-watersheds of Sarada River Basin,

@ Springer


https://doi.org/10.1007/s12040-008-0048-4
https://doi.org/10.1007/BF02990795
https://doi.org/10.1007/BF02990795
https://doi.org/10.1007/s12594-009-0074-0
https://doi.org/10.1007/s00254-006-0297-y
https://doi.org/10.1007/s41324-018-0216-9
https://doi.org/10.1007/s41324-018-0216-9
https://doi.org/10.1038/nclimate1633
https://doi.org/10.1016/j.ejrs.2015.03.006
https://doi.org/10.1016/j.ejrs.2015.03.006
https://doi.org/10.1007/s12524-009-0016-8
https://doi.org/10.1007/s12524-009-0016-8
https://doi.org/10.1007/s41324-017-0110-x
https://doi.org/10.1007/s41324-017-0110-x
https://doi.org/10.1080/10106049.2012.679975
https://doi.org/10.1007/s12517-015-2185-9
https://doi.org/10.1007/s11069-016-2689-y
https://doi.org/10.1007/s11069-016-2689-y
https://doi.org/10.1007/s41324-018-0186-y
https://doi.org/10.1007/s41324-018-0186-y

P. K. Chaubey et al.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Visakhapatnam District, India. Journal of Geosciences, 3, 146.
https://doi.org/10.4172/2329-6755.1000146.

Sahoo, S., Dhar, A., Kayet, N., & Kar, A. (2017). Detecting water
stress scenario by land use/land cover changes in an agricultural
command area. Spatial Information Research, 25(1), 11-21.
https://doi.org/10.1007/s41324-016-0073-3.

Mall, R. K., Gupta, A., Singh, R., Singh, R. S., & Rathore, L. S.
(2006). Water resources and climate change: An Indian per-
spective. Current Science, 90(12), 1610-1626.

Weil, Z., & Xinfeng, F. (2015). Analysis and evaluation of
principal climatic factors of NDVI in the Yarlung Zangbo River
Basin. Journal of Physics, 622(1), 1-8. https://doi.org/10.1088/
1742-6596/622/1/012048.

Bhatt, D., & Mall, R. K. (2015). Surface water resources, climate
change and simulation modeling. Aquatic Procedia, 4, 730-738.
https://doi.org/10.1016/j.aqpro.2015.02.094.

Turner, M. G., Romme, W. H., Gardner, R. H., O’Neill, R. V., &
Kratz, T. K. (1993). A revised concept of landscape equilibrium:
Disturbance and stability on scaled landscapes. Landscape
Ecology, 8(3), 213-227. https://doi.org/10.1007/BF00125352.
Forootan, E., Schumacher, M., Awange, J. L., & Schmied, H. M.
(2016). Exploring the influence of precipitation extremes and
human water use on total water storage (TWS) changes in the
Ganges—Brahmaputra—-Meghna River Basin. Water Resources
Research, 52(3), 2240-2258. https://doi.org/10.1002/
2015WRO018113.

Kundu, A., Denis, D. M., Patel, N. R., & Dutta, D. (2018). A geo-
spatial study for analysing temporal responses of NDVI to rain-
fall. Singapore Journal of Tropical Geography, 39(1), 107-116.
https://doi.org/10.1111/sjtg.12217.

Pophare, A. M., & Balpande, U. S. (2014). Morphometric anal-
ysis of Suketi river basin, Himachal Himalaya. Journal of Earth
System Science, 123(7), 1501-1515. https://doi.org/10.1007/
$12040-014-0487-z.

Rai, P. K., Chaubey, P. K., Mohan, K., & Singh, P. (2017).
Geoinformatics for assessing the nferences of quantitative drai-
nage morphometry of the Narmada Basin in India. Applied
Geomatics, 9(3), 167-189. https://doi.org/10.1007/s12518-017-
0191-1.

Kothawale, D. R., Revadekar, J. V., & Kumar, K. R. (2010).
Recent trends in pre-monsoon daily temperature extremes over
India. Journal of Earth System Science, 119(1), 51-65. https://
doi.org/10.1007/s12040-010-0008-7.

Walsh, R. P. D., & Lawler, D. M. (1981). Rainfall seasonality:
Description, spatial patterns and change through time. Weather,
36(7),  201-208.  https://doi.org/10.1002/j.1477-8696.1981.
tb05400.x.

McKee, T. N., Doesken, J., & Kliest, J. (1993). The relationship
of drought frequency and duration to time scales. In Proceedings
of the 8th conference on applied climatology (Vol. 17(22),
pp. 179-183). Boston, MA: American Meteorological Society.
Strahler, A. N. (1964). Part II. Quantitative geomorphology of
drainage basins and channel networks. Handbook of applied
hydrology (pp. 4-39). New York: McGraw-Hill.

Chitra, C., Alaguraja, P., Ganeshkumari, K., Yuvaraj, D., &
Manivel, M. (2011). Watershed characteristics of Kundah sub
basin using Remote Sensing and GIS techniques. International
Journal of Geomatics and Geosciences, 2(1), 311-335.

Horton, R. E. (1945). Erosional development of streams and their
drainage basins hydrophysical approach to quantitative mor-
phology. Bulletin of the Geological Society of America, 56(3),
275-370. https://doi.org/10.1177/030913339501900406.
Strahler, A. N. (1957). Quantitative analysis of watershed geo-
morphology. EOS, Transactions American Geophysical Union,
38(6), 913-920. https://doi.org/10.1029/TR038i006p00913.

@ Springer

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Verstappen, H. T. (1983). Applied geomorphology: Geomor-
phological surveys for environmental development (p. 437).
Amsterdam: Elsevier.

Singh, P., Thakur, J. K., & Singh, U. C. (2013). Morphometric
analysis of Morar River Basin, Madhya Pradesh, India, using
remote sensing and GIS techniques. Environmental Earth Sci-
ences, 68(7), 1967-1977. https://doi.org/10.1007/s12665-012-
1884-8.

Guarnieri, P., & Pirrotta, C. (2008). The response of drainage
basins to the late Quaternary tectonics in the Sicilian side of the
Messina Strait (NE Sicily). Geomorphology, 95(3—4), 260-273.
https://doi.org/10.1016/j.geomorph.2007.06.013.

Schumm, S. A. (1956). Evolution of drainage systems and slopes
in badlands at Perth Amboy, New Jersey. Geological Society of
America Bulletin, 67(5), 597-646. https://doi.org/10.1130/0016-
7606.

Pareta, K., & Pareta, U. (2011). Quantitative morphometric
analysis of a watershed of Yamuna basin, India using ASTER
(DEM) data and GIS. International Journal of Geomatics and
Geosciences, 2(1), 248-269.

Horton, R. E. (1932). Drainage-basin characteristics. Eos,
Transactions American Geophysical Union, 13(1), 350-361.
https://doi.org/10.1029/TR013i001p00350.

Singh, V. P., Yadav, S., & Yadava, R. N. (2018). Hydrologic
modeling, earth and environmental science, water science and
technology library book series (Vol. 81). Aurora: WSTL. https://
doi.org/10.1007/978-981-10-5801-1.

Melton, M. A. (1957). An analysis of the relations among ele-
ments of climate, surface properties, and geomorphology (No.
CU-TR-11). New York: Columbia University.

Sreedevi, P., Srinivasulun, S., & Kesava, R. K. (2001). Hydro-
geomorphological and groundwater prospects of the Pageru river
basin by using remote sensing data. Environmental Geology,
40(9), 1088-1094. https://doi.org/10.1007/s002540100295.
Mueller, J. E. (1968). An introduction to the hydraulic and
topographic sinuosity indexes. Annals of the Association of
American Geographers, 58(2), 371-385.

Howard, A. D. (1967). Drainage analysis in geologic interpreta-
tion: A summation. AAPG Bulletin, 51(11), 2246-2259.

Hack, J. (1957). Studies of longitudinal stream profiles in Vir-
ginia and Maryland. U.S. Geological Survey Professional Paper,
294-B. https://doi.org/10.3133/pp294B.

Chorley, R. J., Donald, Malm, E. G., & Pogorzelski, H. A. (1957).
A new standard for estimating drainage basin shape. American
Journal of Science, 255, 138-141. https://doi.org/10.2475/ajs.
255.2.138.

Miller, V. C. (1953). A quantitative geomorphic study of drainage
basin characteristics in the clinch mountain area. Virginia and
Tennessee. In: Technical Report. 3. Office of Naval Research.
Department of Geology. Columbia University, Geography
Branch, New York 1960.

Gravelius, H. (1914). Flusskunde. Goschen Verlagshan dlung
berlin. In Zavoianu I (Ed.), 1985. Morphometry of drainage
basins. Amsterdam: Elsevier.

Smart, S., & Surkan, A. J. (1967). The relation between
main stream length and area in drainage basins. Water Resources
Research, 3(4),963-973. https://doi.org/10.1029/WR003i004p00963.
Black, P. E. (1972). Hydrograph responses to geomorphic model
watershed characteristics and precipitation variables. Journal of
Hydrology, 17(4), 309-329. https://doi.org/10.1016/0022-
1694(72)90090-X.

Faniran, A. (1968). The index of drainage intensity- a provisional
new drainage factor. Australian Journal of Science, 31, 328-330.
Strahler, A. N. (1968). Quantitative geomorphology, Geomor-
phology. In R. W. Fair-Bridge (Ed.), The encyclopidia of


https://doi.org/10.4172/2329-6755.1000146
https://doi.org/10.1007/s41324-016-0073-3
https://doi.org/10.1088/1742-6596/622/1/012048
https://doi.org/10.1088/1742-6596/622/1/012048
https://doi.org/10.1016/j.aqpro.2015.02.094
https://doi.org/10.1007/BF00125352
https://doi.org/10.1002/2015WR018113
https://doi.org/10.1002/2015WR018113
https://doi.org/10.1111/sjtg.12217
https://doi.org/10.1007/s12040-014-0487-z
https://doi.org/10.1007/s12040-014-0487-z
https://doi.org/10.1007/s12518-017-0191-1
https://doi.org/10.1007/s12518-017-0191-1
https://doi.org/10.1007/s12040-010-0008-7
https://doi.org/10.1007/s12040-010-0008-7
https://doi.org/10.1002/j.1477-8696.1981.tb05400.x
https://doi.org/10.1002/j.1477-8696.1981.tb05400.x
https://doi.org/10.1177/030913339501900406
https://doi.org/10.1029/TR038i006p00913
https://doi.org/10.1007/s12665-012-1884-8
https://doi.org/10.1007/s12665-012-1884-8
https://doi.org/10.1016/j.geomorph.2007.06.013
https://doi.org/10.1130/0016-7606
https://doi.org/10.1130/0016-7606
https://doi.org/10.1029/TR013i001p00350
https://doi.org/10.1007/978-981-10-5801-1
https://doi.org/10.1007/978-981-10-5801-1
https://doi.org/10.1007/s002540100295
https://doi.org/10.3133/pp294B
https://doi.org/10.2475/ajs.255.2.138
https://doi.org/10.2475/ajs.255.2.138
https://doi.org/10.1029/WR003i004p00963
https://doi.org/10.1016/0022-1694(72)90090-X
https://doi.org/10.1016/0022-1694(72)90090-X

A geo-spatial inter-relationship with drainage morphometry, landscapes and NDVI in the...

57.

58.

59.

60.

61.

geomorphology (pp. 898-912). Strousburg: Dowden, Hutchinson
and Ross.

Melton, M. A. (1965). The geomorphic and paleoclimatic sig-
nificance of alluvial deposits in southern Arizona. The Journal of
Geology, 73(1), 1-38.

Sreedevi, P. D., Sreekanth, P. D., Khan, H. H., & Ahmed, S.
(2013). Drainage morphometry and its influence on hydrology in
an semi-arid region: Using SRTM data and GIS. Environmental
Earth Sciences, 70(2), 839-848. https://doi.org/10.1007/s12665-
012-2172-3.

Singh, S., & Dubey, A. (1994). Geoenvironmental planning of
watershed in India (pp. 28-69). Allahabad: Chugh Publications.
Sreedevi, P. D., Subrahmanyam, K. & Ahmed, S. (2005). Inte-
grated approach for delineating potential zones to explore for
groundwater in the Pageru River basin, Cuddapah District,
Andhra Pradesh, India.Hydrogeology Journal, 13(3), 534-543.
https://doi.org/10.1007/s10040-004-0375-8.

Paton, P. C., & Baker, V. R. (1976). Morphometry and floods in
small drainage basins subject to diverse Hydrogeomorphic

62.

63.

64.

controls. Water Resources Research, 12(5), 941-952. https://doi.
org/10.1029/WR012i005p00941.

Broscoe, A. J. (1959). Quantitative analysis of longitudinal
stream profiles of small watersheds, project NR 389-042, tech-
nical report No. 18. Department of Geology, Columbian
University, ONR, Geography Branch, New York 27, N.Y.
Gajbhiye, S., Mishra, S. K., & Pandey, A. (2014). Prioritizing
erosion-prone area through morphometric analysis: An RS and
GIS perspective. Applied Water Science, 4(1), 51-61. https://doi.
org/10.1007/s13201-013-0129-7.

Sharma, V. V. L. N., Krishna, G. M., Malini, B. H., & Rao, K. N.
(2001). Landuse/Landcover change detection through remote
sensing and its climatic implications in the Godavari delta region.
Journal of the Indian Society of Remote Sensing., 29(1-2), 85-91.
https://doi.org/10.1007/BF02989918.

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1007/s12665-012-2172-3
https://doi.org/10.1007/s12665-012-2172-3
https://doi.org/10.1007/s10040-004-0375-8
https://doi.org/10.1029/WR012i005p00941
https://doi.org/10.1029/WR012i005p00941
https://doi.org/10.1007/s13201-013-0129-7
https://doi.org/10.1007/s13201-013-0129-7
https://doi.org/10.1007/BF02989918

	A geo-spatial inter-relationship with drainage morphometry, landscapes and NDVI in the context of climate change: a case study over the Varuna river basin (India)
	Abstract
	Introduction
	Materials and methods
	Study area
	Geological, geomorphological and hydrological setting over the Varuna basin

	Datasets
	Methodology
	Climatic approach
	Extreme indices
	Departure

	Seasonality index (SI)
	Geospatial approach
	Normalized difference vegetation index (NDVI)
	Drainage morphometry
	Land use/land cover (LULC)



	Results and discussion
	Rainfall distribution
	Seasonality index (SI)
	Evaluation of dryness condition using climate extremes indices
	NDVI analysis
	Drainage network analysis of Varuna basin
	Linear aspects (La)
	Aerial aspects (Aa)
	Relief aspects (Ra)
	Prioritization of Varuna river watershed

	LULC changes

	Conclusion
	Acknowledgements
	References




