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Abstract

The present study identifies water-stressed areas based on linkages between NOAH model-based soil moisture and seasonal
paddy rice cultivation in the Dwarakeswar—Gandheswari river basin. Soil moisture provides information about crop water
stress distribution. A new analytic hierarchy process (AHP)-based index is proposed for water stress evaluation. The spatially
distributed paddy rice cultivation is essential from the water resource management point of view. Temperature vegetation
dryness index (TVDI), regional water stress index, standardized water level index, and vegetation health index (VHI) are
considered for detecting water-stressed area. Water stress indices, soil moisture, and paddy rice cultivation are considered
on a seasonal basis (Boro, Aus, and Aman) for the period 2011-2016. The spatial patterns of TVDI, VHI, and rice cultiva-
tion are derived from Landsat 7 Enhanced Thematic Mapper Plus and Landsat 8 Operational Land Imager satellite images.
Kendall’s tau is considered for correlation analysis. Sensitivity analysis is performed for the generation of AHP-based new
water-stressed zone map. The results show that the downstream portion of the river basin has low water stress compared
to the upstream part. Ultimately, the results are validated using 20 field sample points. This analysis will be helpful for the
irrigation water management framework.

Keywords Water stress - AHP - Paddy rice - Soil moisture - Groundwater - NOAH - Kendall’s tau - Remote sensing

Introduction

Water scarcity is a very important issue for most of the
countries because of insufficient water availability (Nilsalab
et al. 2017). This crisis affects both human and environmen-
tal activities. Irrigation has a direct impact on water stress

Electronic supplementary material The online version of this
article (https://doi.org/10.1007/s10333-019-00774-7) contains
supplementary material, which is available to authorized users.
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(Pfister and Bayer 2014). Crop cultivation can alter irriga-
tion water consumption pattern. However, it is an essential
indicator for measuring the stress on water resources. Thus,
construction of the water treatment plants and distribution
network are required for water supply to meet water demand
(Uche et al. 2015). Dwarakeswar—Gandheswari river without
any hydraulic structure(s) is a water-deficient basin (EIA-
EMP-Report 2007). Two reservoirs and one barrage struc-
tures are proposed to control water resources in the river
basin. Thus, a proper water management plan is required for
this relatively small river basin. In this research, water stress
scenarios are identified for the Dwarakeswar—Gandheswari
river basin.

Water stress scenarios can be identified based on rice
cultivation, soil moisture, vegetation, land surface tem-
perature (LST), and evapotranspiration (ET) factors using
remote sensing technique and land surface modeling. Only
a few studies are available on water stress scenario iden-
tification using integrated hydrological parameters. Iden-
tification of mixed paddy rice agricultural patterns based
on the enhanced vegetation index and land surface water
index using MODIS data is available in Peng et al. (2011).

@ Springer
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ARTICLE INFO ABSTRACT

Assessing the impact of climate variability is important for water resources planning and management. In the
present study, climate model data were utilized in conjunction with the hydrological model to analyze the effect
of climate change on projected streamflow and groundwater recharge values for the Dwarakeswar-Gandherswari
basin, India. Regional Climate Model (RCM) data [Representative Concentration Pathway (RCP 2.6, RCP 4.5,

Keywords:

Land use change
Climate change
Bias correction

?&T{CLUE RCP 6 and RCP 8.5)] were considered for future climate change scenarios. Five bias correction methods [linear
GIS scaling (LS), local intensity scaling (LOCI), power transformation (PWTR), distribution mapping (DM) and

variance scaling (VARI)] were applied for RCM based precipitation and temperature data. Projected Land Use
and Land Cover (LULC) values were obtained from Dyna-CLUE model. Discharge data (1990-2016) was utilized
for model calibration and validation purpose. Total twelve scenarios (4 RCPs per year for the years 2030, 2050
and 2080) were considered. The results showed increasing trend in simulated discharge for the months June to
September and reverse trend for the months October to December. The results also showed that groundwater
recharge increased for the maximum number of sub-watersheds for the interval 2016-2030 compared to
2016-2050 and 2016-2080 under all RCPs. Uncertainties in streamflow were quantified in terms of exceedance
probability and recurrence interval. ALPHA BF was the most sensitive parameter for the river basin. However,
gross increase in groundwater recharge was observed for all the scenarios. These results can be effectively
utilized for irrigation planning purpose.

Concentration Pathways) data were used for future climate change
scenarios using five bias-correction methods. In this research, a com-
bined framework has been proposed that includes RCM data, Dyna-
CLUE to simulate future hydrological variables for predicting the

1. Introduction

Climate change is expected to cause water shortage over the next
century due to uncertain behavior in precipitation pattern (Acharjee

et al., 2017). General Circulation Models (GCMs) are commonly used to
assess the impact of climate change on the hydrological cycle (Smitha
et al.,, 2018). GCM is a large-scale circulation pattern. Downscaling
techniques are available for converting the coarse resolution (GCM)
climatic variable values to the fine resolution (RCM) level. However,
neither GCM nor RCM can be used directly for hydrological simulations
(Zhang et al., 2014). The statistical concepts are very important for risk
analysis (Haerter et al., 2011). Therefore, global or regional climate
models were used to create future scenarios of hydrological variables.
All hydrological models suffer from systematic error. However, pre-
processing is necessary to remove the biases from climate data for fu-
ture hydrological simulations. Four RCPs (Representative

changes in water availability in Dwarakeswar-Gandheswari river basin.

Various researchers have investigated the use of RCP scenarios to
estimate the impacts of different anthropogenic forcings on the re-
sponse of the hydrologic regime. Leander et al. (2008) estimated
changes in flood counties of the river Meuse from RCM data using
nearest neighbor technique. Li et al. (2010) studied quantile-based
method for bias correction of monthly temperature and precipitation
data under global circulation model. Haerter et al. (2011) performed a
probability density function (PDF) for climate model bias correction of
future components of the hydrological cycle. The delta change ap-
proach and a statistical bias correction for large-scale modeling of flood
flow under global climate projections were presented by Eisner et al.

* Corresponding author at: Faculty of Interdisciplinary Studies, Law & Management, Jadavpur University, Kolkata, WB 700032, India.
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Any sustainable resource utilization plan requires evaluation of the present and future
environmental impact. The present research focuses on future scenario generation of envi-
ronmental vulnerability zones based on grey analytic hierarchy process (grey-AHP). Grey-
AHP combines the advantages of grey clustering method and the classical analytic hierarchy
process (AHP). Environmental vulnerability index (EVI) considers twenty-five natural,
environmental and anthropogenic parameters, e.g. soil, geology, aspect, elevation, slope,
rainfall, maximum and minimum temperature, normalized difference vegetation index,
drainage density, groundwater recharge, groundwater level, groundwater potential, water
yield, evapotranspiration, land use/land cover, soil moisture, sediment yield, water stress,
water quality, storage capacity, land suitability, population density, road density and nor-
malized difference built-up index. Nine futuristic parameters were used for EVI calculation
from the Dynamic Conversion of Land-Use and its Effects, Model for Interdisciplinary
Research on Climate 5 and Soil and Water Assessment Tool. The resulting maps were
classified into three classes: “‘high”, “moderate” and “low”. The result shows that the up-
stream portion of the river basin comes under the high vulnerability zone for the years 2010
and 2030, 2050. The effectiveness of zonation approach was between ‘“‘better’” and ‘‘com-
mon” classes. Sensitivity analysis was performed for EVI. Field-based soil moisture point
data were utilized for validation purpose. The resulting maps provide a guideline for plan-
ning of detailed hydrogeological studies.

KEY WORDS: Environmental vulnerability, Grey-AHP, MIROCS, Dyna-CLUE, SWAT, GIS,
Remote sensing.

INTRODUCTION

Environmental vulnerability assessment is an
important step for sustainable environmental plan-
ning and management framework. The effective
assessment of environmental condition is important
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measurement approaches is difficult to conceptual-
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ize under varying uncertainty. Natural (e.g. soil,
geology), environmental (e.g. groundwater) and
anthropogenic (e.g. population) impact-related
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The present study focuses on future scenarios of land-use suitability zone (LSZ) mapping based on the
analytic hierarchy process (AHP) for agricultural sustainability. Proposed case study area is Dwarakeswar
- Gandheswari river basin, India. Future estimation of LULC and climate scenarios has been performed.
Dynamic Conversion of Land-Use and its Effects (Dyna-CLUE) model and Statistical DownScaling Model
(SDSM) are used for this analysis. CLUE model performs the dynamic simulation of land use conversion
based on competition between land uses. Future LULC maps are utilized for LSZs mapping. Future LULC
scenarios are developed starting from the year 1990. Various hydro-meteorological and geological pa-
rameters (Elevation, slope, rainfall, soil, geology, future LULC, groundwater level, evapotranspiration (ET),
soil moisture and NDVI) are considered for LSZs. Overall LULC classification accuracy of 1990, 2000 and
2010 is 94.29%, 95.70% and 95%. The LSZs (poor, moderate, good, very good and unsuitable) are evaluated
with four scenarios (for the years 2010, 2030, 2050 and 2080). The results reveal a maximum conversion
of cultivated land to urban built-up land. The accuracy of the predictive LULC model is tested using
receiver operating characteristic (ROC: Built-up- 0.985) curves. Moreover, the unsuitable zones for
agricultural sustainability are on the downstream portion of the river basin. Finally, LSZs are validated by
using 20 soil moisture field sample points in the proposed command area. These analyses provide

valuable information to land use planners for taking a preliminary decision.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

India is bestowed with valuable natural resources consisting of
forests, mineral deposits, wetlands, rivers, surface water bodies and
vast areas of agricultural serving the needs of around a billion
population and varied ecological functions. Due to increase in
population, industrialization and with large variations in climate
and natural disasters, the natural resources management has
become very complex (Hoeppe, 2016). The present land use system
shows that there is a very few landscapes which belong to their
original state. This land use system plays a key role in establishing a
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link between the biosphere and the socioeconomic structure.
Anthropogenic factors have significantly altered the land use and
with the passage of time man is leaving behind a profound change
in the environment which is ultimately resulting in an observable
changed pattern of land use over time. Observational and modeling
studies involving the presence (or absence) of large dams and their
associated LULC change should be the key to understanding how
the historical impact of dams on climate will play out in the future
for better dam building and operations. Water management re-
quires a good understanding of the geographical and spatial in-
formation (e.g., rainfall, temperature, Land use/cover, soil, geology,
elevation, and watershed). Dwarakeswar-Gandheswari river basin
is a water-scarce basin. It is proposed that two reservoirs will be
constructed on Dwarakeswar and Gandheswari rivers respectively.
Upon construction, farmers will be able to utilize the water from
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Abstract

The present study focuses on an assessment of the impact of future water demand on the hydrological regime under land use/
land cover (LULC) and climate change scenarios. The impact has been quantified in terms of streamflow and groundwater
recharge in the Gandherswari River basin, West Bengal, India. dynamic conversion of land use and its effects (Dyna-CLUE)
and statistical downscaling model (SDSM) are used for quantifying the future LULC and climate change scenarios, respec-
tively. Physical-based semi-distributed model Soil and Water Assessment Tool (SWAT) is used for estimating future stream-
flow and spatiotemporally distributed groundwater recharge. Model calibration and validation have been performed using
discharge data (1990-2016). The impacts of LULC and climate change on hydrological variables are evaluated with three
scenarios (for the years 2030, 2050 and 2080). Temperature Vegetation Dyrness Index (TVDI) and evapotranspiration (ET)
are considered for estimation of water-deficit conditions in the river basin. Exceedance probability and recurrence interval
representation are considered for uncertainty analysis. The results show increased discharge in case of monsoon season and
decreased discharge in case of the non-monsoon season for the years 2030 and 2050. However, a reverse trend is obtained
for the year 2080. The overall increase in groundwater recharge is visible for all the years. This analysis provides valuable
information for the irrigation water management framework.

Keywords Streamflow - Groundwater recharge - SWAT - Dyna-CLUE - SDSM - Uncertainty analysis - Sensitivity analysis -
Remote sensing

Introduction small watershed. Thus, a sustainable, integrated water man-
agement plan is required for the Gandheswari River basin.

Water demand is key information for any sustainable  Integrated framework combines SWAT, Dyna-CLUE, and

development planning framework. River basins are most
vulnerable to the LULC and climate change scenarios.
The Gandheswari River basin is a water-scarce basin. It is
proposed that one reservoir will be constructed on Gand-
heswari River. Water Resources Information System (WRIS,
INDIA) does not provide information about this relatively
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SDSM to simulate future scenarios (LULC and climate)
and to predict the changes in water availability in the Gan-
dheswari River basin. In the present work, a methodology
is proposed for simulation of future streamflow and ground-
water recharge scenarios in the Gandheswari River basin.
Numerious studies are available on integrated hydro-
logical modeling for estimation of future streamflow
scenarios. Minihane (2012) studied future streamflow
estimation based on index-gauge method and a micro-
scale hydrological model in the Rovuma River. Narsimlu
et al. (2013) performed an uncertainty analysis based on
Sequential Uncertainty Fitting (SUFI— 2) method using
the SWAT model for the Upper Sind River Basin, India.
Estimation of groundwater recharge based on the com-
bined hydrological model using GIS techniques is avail-
able in Awan et al. (2013). The hydrological responses
to climate change analysis using regional climate model
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