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Abstract

India has a growing water crisis fueled by global warming and a rising population. There is an urgent need for accurate water
availability assessments and sustainable water management strategies for urban and rural areas. This can be achieved by
developing novel decision-making tools for effective water resource management by improving the hydrological models and
our understanding of hydrological processes. The changing climate adds complexity to hydrological processes, necessitating
accurate modelling and impact assessments to build climate change-resilient water resource systems. This review examines
the advancements in hydrological process understanding and surface hydrological modelling in India from 2019 to 2023.
Recent years have witnessed substantial contributions from the Indian hydrology community, which include quantifying
climate change impacts on water and carbon cycle at a basin scale, improvements in hydrological modelling and forecasting
extremes, the introduction of novel physics-based data-driven approaches, urban flood modelling and the development of
first-ever state-of-the-art flood early warning system among other notable climate services. In addition, the idea of studying
natural systems as coupled human-natural systems has gained prominence in India. This review aims to provide insights
into recent developments in surface water hydrology in India and highlight the potential future avenues of research that can
uplift water resources management in India.

Keywords Surface water hydrology - Hydrological modelling - Hydrological processes - Water resource management -
Climate extremes - Climate change

Introduction livelihood practiced across the country, water resources
management strategies for the country must factor in the
complexities introduced by climate change on human-man-

aged natural systems. The modern hydrology in India has

Climate change is altering the global hydrological cycle.
The sixth assessment report by the Intergovernmental Panel

on Climate Change (IPCC) projects an increase in extremes
and spatial variability in the Indian summer monsoon (ISM),
which poses a challenge to water security in India (Canadell
et al. 2021). Since agriculture remains the most important
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been shaped by advancements spanning several decades
after India’s independence (Fig. 1). Chandra and Mujumdar
(2018, 2019) and Singh et al. (2020b) provide a summary
of advancements in modern hydrology-related research in
India prior to 2019, and Singh et al. (2020a) discuss the
history of hydrology in ancient India. This paper summa-
rizes the advancements in hydrology made in India from
2019-2023, focusing on surface hydrological processes and
modelling. The following sections review the recent studies
by the hydrology community for the Indian region.

Understanding hydrological processes

Substantial research has been done by the Indian hydrol-
ogy community in recent years to better our understanding
of surface hydrological processes like evapotranspiration
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(ET), throughfall (TF), stemflow (SF), interception (IT),
runoff (Q), infiltration (IF), etc. (Dey and Mujumdar 2019,
2022; Adarsh et al. 2020; Mahapatra et al. 2020; Bharat and
Mishra 2021; Sahoo et al. 2021; Anand et al. 2022; Shukla
et al. 2022; Tomar et al. 2022; Pandey and Raghubanshi
2022; Dhaloiya et al. 2023; Ramachandran et al. 2023;
Ramarao et al. 2023). Bharat and Mishra (2021) examined
the sensitivity of runoff to precipitation (P) and potential
evapotranspiration (PET) in 18 river basins and 222 sub-
basins from 1980-2014. The authors found that north-Indian
rivers have experienced a decline in rainfall due to reduced
P and high PET, whereas the river basins in south and east
have experienced an increase in the runoff primarily driven
by increasing P. Jana et al. (2021) studied the TF and SF in
the deodar and oak forests of the Garhwal region and found
that deodar forests have higher interception loss than oak
forests, which helps maintain water-rich soils and support
sustainable agriculture.

Groundwater-surface water interactions

The net direction of water transfer between ground water
(GW) and surface water (SW) is an important characteristic
of any region (Kshetrimayum and Laishram 2020; Preetha
et al. 2021). Climate change can alter this water balance,
and human activities can also cause contamination of the
groundwater, which has serious implications because of its
long residence times (Wagh et al. 2020; Joseph et al. 2022a;
Huggannavar and Indu 2023). Preetha et al. (2021) quan-
tified the GW-SW interaction in the Chennai River basin

=

________ S - _ /

using coupled Soil and Water Assessment Tool (SWAT)
model and GW finite element model (FEM) and found that
GW-SW interaction is high along the mainstream of the
basin and is impacted by human activities like pond irriga-
tion. GW-SW interactions are also critical in the formation
of natural springs. In recent years, initiatives have been taken
to address the spring ecosystem management in the Himala-
yas in India; however, the lack of observed data is one of the
greatest challenges in this field (Gosavi et al. 2021).

Land-atmosphere interactions

The exchange of energy, water vapor, and momentum
between the land surface and the overlying atmosphere,
called the land—atmosphere feedback (Fig. 2), is known to
impact the spatial variability of the Indian summer mon-
soon (ISM) and hence the water availability in different river
basins of India (Ashfaq 2020; Budakoti et al. 2021; Nandi-
tha et al. 2022; Chauhan et al. 2023; Mohanty et al. 2023;
Navale and Karthikeyan 2023; Sahastrabuddhe et al. 2023).
The ISM receives up to 25% of its rainfall from recycled
precipitation which varies with the intra-seasonal oscilla-
tions of ISM, has a spatio-temporal variation, and peaks in
the afternoon due to enhanced convective activity (Pathak
et al. 2014; Navale and Karthikeyan 2023). Hence, a bet-
ter representation of land surface processes can improve
the simulations of ISM which was missing prior to 2018
leading to a dry bias in ISM simulations (Devanand et al.
2018; Sahana et al. 2019). To bridge this gap, Devanand
et al. (2019) developed an India-specific irrigation module
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Fig.2 Schematic representation of the land—atmosphere feedback (left) and the response of vegetation to elevated CO2 (right)

for a coupled regional climate model (WRF-CLM4) which
included flood irrigation and paddy cultivation and showed
improvements in the simulations of ISM and its extremes.
On the role of irrigation, Mishra et al. (2020) stated that
irrigation increases pre-monsoon moist heat stress in India;
however, Jha et al. (2022) showed that the increase in the
relative humidity by irrigation is minuscule, which cannot
be a critical control of moist heat stress during pre-monsoon.
Many other studies have shown that changes in land use and
land cover (LULC) can also affect the hydrological cycle
(Kumar and Jayakumar 2020; Mathur and AchutaRao 2020;
Boyaj et al. 2020; Jain et al. 2021; Swarnkar et al. 2021;
Tanksali and Soraganvi 2021; Kumar et al. 2023).

Carbon and water cycle interactions

The land—atmosphere feedback also couples the carbon and
water cycle as vegetation productivity is sensitive to changes
in soil moisture (SM) and atmospheric conditions like CO,
concentration, as shown in Fig. 2 (Dubey and Ghosh 2023a,
b). This research area has gained momentum in India only
in recent years and broadly comprises the following types of
studies: (1) Impact of changes in the water cycle on the ter-
restrial carbon cycle, which focuses on quantifying the role of
atmosphere and land surface processes like SM, Precipitation
(P), Temperature (T), and VPD, in modulating vegetation pro-
ductivity, its efficiency, its resilience, and their projections for
rising CO2 concentrations and future climate scenarios (Verma
et al. 2022; Dubey and Ghosh 2023b; Kashyap et al. 2023).
(2) Studies on the effects of carbon dynamics on land—surface
and atmospheric processes like humidity and temperature and
their projections in future climate change scenarios (Sebas-
tian et al. 2019; Devanand et al. 2019; Budakoti et al. 2021;
Joseph and Ghosh 2023; Dubey and Ghosh 2023a). (3) Studies
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on estimating ecosystem services under rising CO, and other
anthropogenic and natural changes considering a holistic view
of ecosystems (Das and Das 2019; Gosavi et al. 2021).

Coupled human-natural systems

Studying the earth system as a coupled human and natural
system (CHANS) has also gained attention in India in recent
years because climate, water, food, energy, and human behav-
iour are tightly coupled (Tripathy et al. 2020; Katyaini et al.
2021; Roy et al. 2021; Vora and Singh 2021; Devaraj et al.
2022; Mukherji 2022; Chakraborti et al. 2023; Joseph and
Ghosh 2023). In this framework, the water-food-energy nexus
(WEF, Fig. 3) has gained special recognition in because of its
importance in shaping the agricultural output of the country
(Amjath-Babu et al. 2019; Katyaini et al. 2021; Yadav et al.
2021; Roy et al. 2022; Sarangi and Sekhar 2022; Fagodiya
et al. 2023). Mukherji (2022) discusses the history of the
WEEF nexus and states that India’s calorie-centric approach to
ensuring food availability fuels a WEF that promotes rampant
irrigation and GW reduction. Shifting to a nutrition-centric
approach of food subsidy would incentivize less water-inten-
sive crops and also improve GW as a co-benefit. Chakraborti
et al. (2023) demonstrated these co-benefits of switching
crops in the Ganga basin — India’s food bowl. They found that
switching from rice to millets could reduce water consumption
by up to 34% while increasing farmer profits by up to 140%,
along with other benefits.
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Fig.3 Schematic representation of the water-food-energy nexus

Improved water resource management
in changing climate

In order to increase the resilience of water resources against
climate change, India has planned for ambitious inter-basin
water transfer projects (NWDA 2022). While the potential
of these projects to remedy water scarcity sounds promis-
ing, their optimized operation strategies and environmental
consequences are unknown (Singh et al. 2022b). Poor multi-
reservoir management can lead to flooding amid increasing
connections between reservoirs (Sudheer et al. 2019); hence,
co-operative strategies and novel frameworks are needed
for the efficient management of connected water resource
systems (Veena et al. 2021; Molakala and Singh 2023).
Chauhan et al. (2023) showed that physically transferring
water from one basin to another for irrigation can change
the spatial variability of ISM by land—atmosphere feedback
and calls for including land—atmosphere feedback in multi-
reservoir operations. Amid rising water scarcity, managing
irrigation at farm scale is a challenge which needs accurate
estimates of water demand and novel technologies (Sarangi
and Sekhar 2022; Sushanth et al. 2023). To address this, a
state-of-the-art optimization framework has been proposed
by Roy et al. (2021, 2022, 2023a), which utilizes mini-
mal in situ soil moisture measurements along with short,
medium, and extended-range weather forecasts to generate
irrigation schedules for farmers. Their framework demon-
strated water savings of up to 30% without any loss of agri-
cultural yields in grape farms of Nashik district. Joseph and
Ghosh (2023) developed an India-specific irrigation module
in the Variable Infiltration Capacity (VIC) model to repre-
sent the dynamics of flood irrigation and paddy cultivation
in India, which improved the estimates of ET and SM in the
Indo-Gangetic Plains (IGP). Further, Joseph et al. (2022a)
found an improvement in GW levels post-shifting from flood
to drip irrigation in paddy-cultivated areas.

AN

With the growing concern over climate change and its
potential implications, hydrological modelling has gained
significant importance as a means to assess the impact of
shifting climate patterns on water resources. Several stud-
ies have been conducted in Indian river basins on climate
change impact assessment through hydrological modelling
approaches in recent years, suggesting the pressing need for
adaptive water management strategies in the country (Chok-
kavarapu and Mandla 2019; Pandey et al. 2019; Ramachan-
dran et al. 2019; Hunt and Menon 2020; Dahri et al. 2021).
Similarly, various studies assessing the impact of land use
and irrigation pattern changes have also implied that holistic
and integrated frameworks are crucial for sustainable water
management in the Indian river basins (Munoth and Goyal
2020; Santy et al. 2020; Sinha et al. 2020; Srivastava et al.
2020; Gowri et al. 2021; Gunjan et al. 2023). Bhatta et al.
(2019) studied a Himalayan basin (Tamor river basin) and
found that under RCP 8.5 scenarios, the basin would expe-
rience over 8.5% decline in streamflow in the twenty-first
century.

Glacial and snow hydrology

Substantial research has been done in India on snow and
glacial hydrology in recent years. Research in this field
is primarily structured in three broad categories: Remote
sensing and GIS-based studies, in-situ field-based studies,
and hydrological models or data-driven techniques to study
the dynamics of snow and glacial processes (Joshi et al.
2020; Maurya et al. 2020; Shukla and Garg 2020; Azam
et al. 2021; Majeed et al. 2021; Pandey et al. 2021; Shukla
et al. 2021; Singh et al. 2021; Sood et al. 2021; Romshoo
et al. 2022; Singh et al. 2022¢; Verma and Ramsankaran
2022; Banerjee et al. 2023; Laha et al. 2023). Prior to 2021,
hydrological models like VIC did not account for glacial
melt in their simulations. Chandel and Ghosh (2021) inte-
grated a glacial melt model with VIC and demonstrated its
improved performance in estimating runoff from five river
basins in the Himalayas. Banerjee (2022) found contrasting
responses of glacial runoff across the globe to variability
in precipitation and temperature, which ensures the stabil-
ity of glacial runoff against climate variability. Hence, the
interplay of precipitation-driven runoff from a catchment
and temperature-driven runoff from the glacier shapes the
glacial and snow hydrology in a changing climate. Azam
et al. (2019) developed a glacio-hydrological model using
comprehensive field-derived data for a glacial basin in the
western Himalayas. The study revealed that mean annual
runoff had contributions from snowmelt (63%), glacier melt
(17%) and rainfall (20%). Some major gaps in this field are
due to the lack of observations and a poor understanding of
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processes associated with sublimation, black carbon, debris
cover, glacier volumes, permafrost, etc. (Azam et al. 2021).

Surface water modelling

Surface water modelling in India has witnessed remark-
able progress in recent years, driven by innovative data-
driven approaches like machine learning (ML), advanced
Geographic Information System (GIS), and improved data
availability from ground observations and high-resolution
satellite imagery to improve hydrological models (Jaiswal
et al. 2020; Mujumdar et al. 2021; Saharia et al. 2021; Sarkar
and Himesh 2021; Shukla et al. 2021; Sundaram et al. 2021;
Chakrabortty et al. 2022; Maity and Maity 2022; Singh et al.
2022d; Visweshwaran et al. 2022; Maharana et al. 2022;
Himanshu et al. 2023; Verma and Indu 2023; Teja et al.
2023). Horan et al. (2021) compared the predictive capabil-
ity of three hydrological models, GWAVA (Global Water
AVailability Assessment), SWAT and VIC, in the Cauvery
river basin in Peninsular India and suggested that a multi-
model ensemble is superior to individual models.

In recent years, the India Meteorological Department
(IMD) has improved its observation network for precipi-
tation across India, which combined with improvements
in modelling, led to a 40% improvement in the accuracy
of heavy rainfall forecasts in 2018-2022 (Mohapatra et al.
2023). Mahto and Mishra (2019) compared the most recent
fifth-generate reanalysis product (ERA-5) from the Euro-
pean Centre for Medium Weather Forecasts (ECMWF) with
other reanalysis products and reported that it has the highest
efficacy for most applications in India. A comprehensive
analysis to evaluate the digital elevation models DEMs by
Munoth and Goyal (2019) found that CARTOSAT-Versionl
(CARTO-V1) and CARTOSAT-Version3 (CATRO-V3 Digi-
tal Surface Model) exhibited superior vertical accuracy at a
90% confidence interval compared to other datasets. Chawla
and Mujumdar (2020) compared rainfall from Weather
Research and Forecast (WRF) model simulations, reanalysis,
and satellite products for the Himalayan region and found
that WRF showed the highest efficacy in replicating extreme
rainfall events and flood discharge.

With an explosion of data availability in recent decades
due to advancements in remote sensing techniques, data-
driven techniques like ML and information theory are
becoming increasingly popular in hydrology (Behera et al.
2019; Singh et al. 2019; Guntu et al. 2020; Bhasme et al.
2022; Sarkar et al. 2022; Sharma and Mujumdar 2022).
Kumar et al. (2019) demonstrated the utility of machine
learning models like Recurrent Neural Networks (RNN) and
Long Short-term Memory networks (LSTM) for monthly
rainfall forecasting over India. Bhasme et al. (2022) devel-
oped a novel physics-guided ML framework which estimates
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evapotranspiration using ML within a physically-based
hydrological model, delivering significant performance
gains. As data availability continues to grow in the future,
data-driven approaches will hold increasing potential to
solve modern hydrological problems.

Modelling hydrological extremes

IPCC projects an increase in the frequency and intensity of
extremes in the future (Canadell et al. 2021). The frequency
and spatial extent of droughts and heatwaves in India have
increased significantly in past decades, primarily driven by
a mean summer monsoon rainfall decline and rise in tem-
peratures (Mujumdar et al. 2020a; Nepal et al. 2021; Pal
and Ojha 2021; Saha and Sateesh 2022; Goyal et al. 2023).
Recent years have seen an emphasis on flash droughts, tran-
sition between different types of droughts, and drought indi-
ces (Bhardwaj et al. 2020; Shah and Mishra 2020; Prajapati
et al. 2021; Rehana and Naidu 2021; Das et al. 2022, 2023;
Kanthavel et al. 2023; Mahto and Mishra 2023). Bhardwaj
et al. (2020) found that the Indus, Sabarmati, and Godavari
River basins have higher propagation times for meteorologi-
cal to hydrological droughts. The high (low) development
rate of hydrological drought is followed by the high (low)
recovery rate for most of the basins. Much research has also
been done in modelling floods and cloudbursts in recent
years using data driven approaches, coupling hydrological
models to a regional climate model like the WRF, semi-dis-
tributed hydrological models like VIC, and various lumped
and distributed models like GR4J, HBV, SIMHYD, HEC-
RAS 1D and 2D, MIKE HYDRO RIVER, and HEC-HMS
(Sharma and Mujumdar 2019, 2022; Chawla and Mujum-
dar 2020; Mujumdar et al. 2020a, b; Natarajan and Rad-
hakrishnan 2020; Rajulapati et al. 2020; Singh et al. 2020c;
Agilan et al. 2021; Dubey et al. 2021; Pathan and Agnihotri
2021; Samantaray et al. 2021; Chaubey et al. 2022; Mane
and Chandrasekar 2022; Ruidas et al. 2022; Maharana et al.
2022; Swarnkar and Mujumdar 2023; Teja et al. 2023).

Modelling urban floods

Urban floods have often paralyzed India’s cities for many
decades (Gupta 2020), with incidents in Mumbai (2005),
Uttarakhand (2013), Chennai (2015), Kerala (2018), Maha-
rashtra (2021), Assam (2022), and Himachal Pradesh (2023)
being some of the most devastating ones. In response to the
Chennai floods of 2015, which affected more than 4 million
people and caused damage of around USD 2 billion, the
need for real-time flood forecasting was recognized in India.
This led to the development of the Chennai flood warning
system (C-FLOWS, Fig. 4) by a team of 30 scientists from 8
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Fig.4 Framework developed for Chennai flood early warning system (from Ghosh et al. 2019)

Indian institutes/national labs (Ghosh et al. 2019). It utilizes
multiple aspects of flood formation like real-time weather
forecasts/nowcasts, hydrological modelling considering past
conditions, reservoir operation, water level in the rivers, and
terrain effects, and combines tidal and storm surge modelling
to deliver flood inundation maps for Chennai city with a lead
time of up to 3 days and flood forecasts at 6 hour intervals.
Increasing the lead time of forecasts is a major challenge in
this area that needs to be addressed in the future. Similarly,
an urban flood model is also developed for the Bengaluru
city which utilizes a network of water level sensors, rain-
fall forecasts, and a comprehensive flood model to deliver
an integrated flood mitigation and management system
(Mujumdar et al. 2021; Kaginalkar et al. 2022). In recent
years, multiple techniques ranging from GIS and remote
sensing, improved Numerical Weather Prediction (NWP),
hydrological and hydrodynamical modelling, and ML and
data-driven techniques have been used for flood modelling
and risk mapping (Ghosh et al. 2020; Rajulapati et al. 2020;
Tripathy et al. 2020; Agilan et al. 2021; Sundaram et al.
2021; Davis et al. 2022; Deroliya et al. 2022; Joseph et al.
2022b; Karmakar et al. 2022; Ramesh and Igbal 2022). Vari-
ous studies have also highlighted the effectiveness of green
spaces and green infrastructure (GI) like green roofs, per-
meable pavements, infiltration trenches, and bio-retention

systems in managing floods (Avashia and Garg 2020; Kadav-
erugu et al. 2021; Kumar et al. 2022; Borah et al. 2023).
Borah et al. (2023) compared the effectiveness of four GI
technologies in managing flood risk in the Ahmedabad city
and found permeable pavements as the best GI technique
having the ability to reduce flood volume and area by 23%
and 1.5%, respectively.

Modelling ungauged basins

India has a high number of ungauged watersheds. The
Indian hydrology community has made contributions to
improve the estimates of runoff from ungauged basins
(Grover et al. 2020; Kanishka and Eldho 2020; Natarajan
and Radhakrishnan 2020; Rao 2020; Tanksali and Sora-
ganvi 2021). These methods involve modelling techniques
based on regionalization, empirical approaches like SCS-
CN and regional regression, semi-distributed methods like
unit hydrograph, and physically based methods like rainfall-
runoff models and distributed hydrograph models, and data
driven methods. Multiple studies have also applied ML-
based techniques to improve the modelling of ungauged
basin processes (Deroliya et al. 2022; Saha et al. 2022; Singh
et al. 2022a; Bhasme and Bhatia 2023; Roy et al. 2023b).

@ Springer



488

Proceedings of the Indian National Science Academy (2024) 90:482-493

Bhasme and Bhatia (2023) demonstrated the utility of Phys-
ics Informed Machine Learning (PIML) in improving the
streamflow prediction in gauged and ungauged basins.

Challenges and way forward

In a warming world, understanding the hydrological pro-
cesses for improved hydrological modelling is becoming
increasingly imperative for informed decision-making
and judicious water resources management. The last few
years saw some landmark developments in hydrology
research in India. While there have been contributions from
the hydrology community in studying the variability of land-
surface processes over major gauged and ungauged river
basins across the country, the application of data-driven
and ML techniques along with hydrologic modelling has
also received much attention in recent years. The focus of
the community is building towards generating climate ser-
vices and tools for climate change adaptation and efficient
water resources management. Recent years also witnessed
the development of state-of-the-art early warning systems
for hydrological extremes which need to be implemented
at a larger scale. However, many challenges still remain
in hydrology because of our limited understanding of pro-
cesses at varying spatio-temporal scales, uncertainties in
modelling, lack of observed data, and uncertainty in climate
projections. Accurate predictions also require accounting for
human activities amid climate change and its effect on land
surface processes. At present, data quality, consistency, and
spatial coverage in India is still an issue for many fields like
snow and glacial hydrology which needs a rigorous expan-
sion of observation networks. Efforts are needed to develop
novel data-driven methods for hydrological modelling for
bridging these gaps to advance hydrology research in India,
which requires continued interdisciplinary collaboration
between researchers, policymakers, and stakeholders.

Data availability A data availability statement is not needed for this
manuscript. All figures are either conceptual or are representatives of
a methodology cited in the text.

References

Adarsh, S., Nourani, V., Archana, D.S., Dharan, D.S.: Multifractal
description of daily rainfall fields over India. J. Hydrol. 586,
124913 (2020). https://doi.org/10.1016/j.jhydrol.2020.124913

Agilan, V., Umamahesh, N.V., Mujumdar, P.P.: Influence of threshold
selection in modeling peaks over threshold based nonstationary
extreme rainfall series. J. Hydrol. 593, 125625 (2021). https://
doi.org/10.1016/j.jhydrol.2020.125625

Amjath-Babu, T.S., Sharma, B., Brouwer, R., et al.: Integrated model-
ling of the impacts of hydropower projects on the water-food-
energy nexus in a transboundary Himalayan river basin. Appl.

@ Springer

Energy 239, 494-503 (2019). https://doi.org/10.1016/j.apenergy.
2019.01.147

Anand, R., Chaturvedi, S., Kumar, A., et al.: Rainfall partitioning
in important multipurpose tree species of Himalayan foot-
hills. Trop. Ecol. 63, 480-484 (2022). https://doi.org/10.1007/
$42965-022-00221-5

Ashfaq, M.: Topographic Controls on the Distribution of Summer
Monsoon Precipitation over South Asia. Earth Syst Environ 4,
667-683 (2020). https://doi.org/10.1007/s41748-020-00196-0

Avashia, V., Garg, A.: Implications of land use transitions and climate
change on local flooding in urban areas: An assessment of 42
Indian cities. Land Polic 95, 104571 (2020). https://doi.org/10.
1016/j.Jandusepol.2020.104571

Azam, M., Kargel, J.S., Shea, J.M., et al.: Glaciohydrology of the
Himalaya-Karakoram. Science. (2021). https://doi.org/10.1126/
science.abf3668

Azam M., Wagnon, P., Vincent, C., et al.: Snow and ice melt contribu-
tions in a highly glacierized catchment of Chhota Shigri Gla-
cier (India) over the last five decades. J. Hydrol. 574, 760-773
(2019). https://doi.org/10.1016/j.jhydrol.2019.04.075

Banerjee, A.: A weak precipitation sensitivity of glacier runoff. Geo-
phys. Res. Lett. (2022).https://doi.org/10.1029/2021g1096989

Banerjee, A., Singh, U., Sheth, C.: Disaggregating geodetic glacier
mass balance to annual scale using remote-sensing proxies. J.
Glaciol. 69, 683-692 (2023). https://doi.org/10.1017/jog.2022.89

Behera, S.S., Nikam, B.R., Babel, M.S., et al.: The Assimilation of
Remote Sensing-Derived Soil Moisture Data into a Hydro-
logical Model for the Mahanadi Basin, India. J Indian Soc
Remote Sens 47, 1357-1374 (2019). https://doi.org/10.1007/
$12524-019-00954-2

Bharat, S., Mishra, V.: Runoff sensitivity of Indian sub-continental
river basins. Sci. Total. Environ. 766, 142642 (2021). https://doi.
org/10.1016/j.scitotenv.2020.142642

Bhardwaj, K., Shah, D., Aadhar, S., Mishra, V.: Propagation of Mete-
orological to Hydrological Droughts in India. J] Geophys. Res.
Atmos. (2020). https://doi.org/10.1029/2020jd033455

Bhasme, P., Bhatia, U.: Improving the interpretability and predictive
power of hydrological models: Applications for daily stream-
flow in managed and unmanaged catchments. J. Hydrol. (2023).
https://doi.org/10.1016/j.jhydrol.2023.130421

Bhasme, P., Vagadiya, J., Bhatia, U.: Enhancing predictive skills in
physically-consistent way: Physics Informed Machine Learn-
ing for hydrological processes. J. Hydrol. 615, 128618 (2022).
https://doi.org/10.1016/j.jhydrol.2022.128618

Bhatta, B., Shrestha, S., Shrestha, P.K., Talchabhadel, R.: Evaluation
and application of a SWAT model to assess the climate change
impact on the hydrology of the Himalayan River Basin. CAT-
ENA 181, 104082 (2019). https://doi.org/10.1016/j.catena.2019.
104082

Borah, A., Bardhan, R., Bhatia, U.: Protecting heritage: Insights into
effective flood management using green infrastructure in a highly
urbanized environment. Int. J. Disaster Risk Reduct. (2023).
https://doi.org/10.1016/j.1jdrr.2023.104075

Boyaj, A., Dasari, H.P., Hoteit, I., Ashok, K.: Increasing heavy rainfall
events in south India due to changing land use and land cover.
Q J Roy Meteor Soc 146, 3064-3085 (2020). https://doi.org/10.
1002/q;.3826

Budakoti, S., Chauhan, T., Murtugudde, R., et al.: Feedback From
Vegetation to Interannual Variations of Indian Summer Monsoon
Rainfall. Water Resources Res. (2021). https://doi.org/10.1029/
2020wr028750

Canadell, J.G., Monteiro, PM.S., Costa, M.H., et al.: Global Carbon
and other Biogeochemical Cycles and Feedbacks.(2021). https://
doi.org/10.1017/9781009157896.007

Chakraborti, R., Davis, K.F., DeFries, R., et al.: Crop switching for
water sustainability in India’s food bowl yields co-benefits




Proceedings of the Indian National Science Academy (2024) 90:482-493

489

for food security and farmers’ profits. Nat Water 1, 864—878
(2023). https://doi.org/10.1038/s44221-023-00135-z

Chakrabortty, R., Pal, S.C., Rezaie, F., et al.: Flash-flood hazard sus-
ceptibility mapping in Kangsabati River Basin, India. Geocarto
Int. 37, 6713-6735 (2022). https://doi.org/10.1080/10106049.
2021.1953618

Chandel VS, Ghosh S (2021) Components of Himalayan River Flows
in a Changing Climate. Water Resources Research 57:. https://
doi.org/10.1029/2020wr027589

Chandra RR, Mujumdar PP (2019) Flood Modelling: Recent Indian
Contributions. Proc Indian Natl Sci Acad 705-722. https://doi.
org/10.16943/ptinsa/2019/49648

Chandra RR, Mujumdar PP (2018) Hydrologic Impacts of Climate
Change : Quantification of Uncertainties. Proc Indian Natl Sci
Acad 99:77-94. https://doi.org/10.16943/ptinsa/2018/49506

Chaubey PK, Mall RK, Jaiswal R, Payra S (2022) Spatio-Tempo-
ral Changes in Extreme Rainfall Events Over Different Indian
River Basins. Earth Space Sci 9:. https://doi.org/10.1029/
2021ea001930

Chauhan, T., Devanand, A., Roxy, M.K., et al.: River interlinking
alters land-atmosphere feedback and changes the Indian sum-
mer monsoon. Nat. Commun. 14, 5928 (2023). https://doi.org/
10.1038/s41467-023-41668-x

Chawla, I., Mujumdar, P.P.: Evaluating rainfall datasets to recon-
struct floods in data-sparse Himalayan region. J. Hydrol. 588,
125090 (2020). https://doi.org/10.1016/j.jhydrol.2020.125090

Chokkavarapu, N., Mandla, V.R.: Comparative study of GCMs,
RCMs, downscaling and hydrological models: a review toward
future climate change impact estimation. SN Applied Sciences
1, 1-15 (2019). https://doi.org/10.1007/s42452-019-1764-x

Dahri, Z.H., Ludwig, F., Moors, E., et al.: Climate change and hydro-
logical regime of the high-altitude Indus basin under extreme
climate scenarios. Sci. Total Environ. 768, 144467 (2021).
https://doi.org/10.1016/j.scitotenv.2020.144467

Das, M., Das, A.: Dynamics of Urbanization and its impact on Urban
Ecosystem Services (UESs): A study of a medium size town of
West Bengal, Eastern India. J Urban Manag 8, 420-434 (2019).
https://doi.org/10.1016/j.jum.2019.03.002

Das, S., Das, J., Umamahesh, N.V.: A Non-Stationary Based
Approach to Understand the Propagation of Meteorological to
Agricultural Droughts. Water Resour Manag 37, 2483-2504
(2023). https://doi.org/10.1007/s11269-022-03297-9

Das, S., Das, J., Umamahesh, N.V.: Investigating the propagation of
droughts under the influence of large-scale climate indices in
India. J. Hydrol. 610, 127900 (2022). https://doi.org/10.1016/j.
jhydrol.2022.127900

Davis, S., Pentakota, L., Saptarishy, N., PradeepP, M.: A Flood
Forecasting Framework Coupling a High Resolution WRF
Ensemble With an Urban Hydrologic Model. Front. Earth Sci.
10, 883842 (2022). https://doi.org/10.3389/feart.2022.883842

Deroliya, P., Ghosh, M., Mohanty, M.P., et al.: A novel flood risk
mapping approach with machine learning considering geomor-
phic and socio-economic vulnerability dimensions. Sci. Total.
Environ. 851, 158002 (2022). https://doi.org/10.1016/j.scito
tenv.2022.158002

Devanand, A., Huang, M., Ashfaq, M., et al.: Choice of Irrigation
Water Management Practice Affects Indian Summer Monsoon
Rainfall and Its Extremes. Geophys. Res. Lett. 46, 9126-9135
(2019). https://doi.org/10.1029/2019g1083875

Devanand, A., Roxy, M.K., Ghosh, S.: Coupled Land-Atmosphere
Regional Model Reduces Dry Bias in Indian Summer Mon-
soon Rainfall Simulated by CFSv2. Geophys. Res. Lett. 45,
2476-2486 (2018). https://doi.org/10.1002/2018g1077218

Devaraj S, Latha CJ, Priya MG, et al (2022) Climate Change Impact
on Groundwater Resources, Human Health Risk Assessment

in Arid and Semi-arid Regions. 313-327. https://doi.org/10.
1007/978-3-031-04707-7_17

Dey, P., Mujumdar, P.: On the statistical complexity of streamflow.
Hydrol. Sci. J. 67, 40-53 (2022). https://doi.org/10.1080/02626
667.2021.2000991

Dey, P., Mujumdar, P.P.: On the uniformity of rainfall distribution over
India. J. Hydrol. 578, 124017 (2019). https://doi.org/10.1016/j.
jhydrol.2019.124017

Dhaloiya A, Duhan D, Denis DM, et al (2023) Modeling medium
resolution evapotranspiration using downscaling techniques in
north-western part of India. MAUSAM 74:561-578. https://doi.
org/10.54302/mausam.v74i3.5112

Dubey, A.K., Kumar, P., Chembolu, V., et al.: Flood modeling of a
large transboundary river using WRF-Hydro and microwave
remote sensing. J. Hydrol. 598, 126391 (2021). https://doi.org/
10.1016/j.jhydrol.2021.126391

Dubey, N., Ghosh, S.: CO , fertilization enhances vegetation productiv-
ity and reduces ecological drought in India. Environ. Res. Lett.
18, 064025 (2023a). https://doi.org/10.1088/1748-9326/acd5e7

Dubey, N., Ghosh, S.: The relative role of soil moisture and vapor
pressure deficit in affecting the Indian vegetation productivity.
Environ. Res. Lett. 18, 064012 (2023b). https://doi.org/10.1088/
1748-9326/acd2ef

Fagodiya, R.K., Singh, A., Singh, R., et al.: The food-energy-water-
carbon nexus of the rice-wheat production system in the western
Indo-Gangetic Plain of India: An impact of irrigation system,
conservational tillage and residue management. Sci. Total. Envi-
ron. 860, 160428 (2023). https://doi.org/10.1016/j.scitotenv.
2022.160428

Ghosh, M., Mohanty, M.P., Kishore, P., Karmakar, S.: Performance
evaluation of potential inland flood management options through
a three-way linked hydrodynamic modelling framework for a
coastal urban watershed. Hydrol. Res. 52, 61-77 (2020). https://
doi.org/10.2166/nh.2020.123

Ghosh, S., Karmakar, S., Saha, A., et al.: Development of India’s first
integrated expert urban flood forecasting system for Chennai.
Curr. Sci. 117, 741-745 (2019)

Gosavi, V., Mukherjee, S., Tiwari, A., et al.: Water security in the
Himalaya through spring-ecosystem assessment and manage-
ment. Curr. Sci. 121, 1008-1010 (2021)

Gowri, R., Dey, P., Mujumdar, P.P.: A hydro-climatological outlook
on the long-term availability of water resources in Cauvery river
basin. Water Secur 14, 100102 (2021). https://doi.org/10.1016/].
wasec.2021.100102

Goyal, M.K., Singh, S., Jain, V.: Heat waves characteristics intensi-
fication across Indian smart cities. Sci. Rep. 13, 14786 (2023).
https://doi.org/10.1038/s41598-023-41968-8

Grover, S., Tayal, S., Beldring, S., Li, H.: Modeling Hydrological Pro-
cesses in Ungauged Snow-Fed Catchment of Western Himalaya.
Water Resour. 47, 987-995 (2020). https://doi.org/10.1134/s0097
807820060147

Gunjan P, Mishra SK, Lohani AK, Chandniha SK (2023) Impact
estimation of landuse/land cover changes and role of hydrologi-
cal response unit in hydrological modelling in a watershed of
Mahanadi river basin, India. Nat Hazards 1-22. https://doi.org/
10.1007/s11069-023-06147-y

Guntu, R.K., Rathinasamy, M., Agarwal, A., Sivakumar, B.: Spati-
otemporal variability of Indian rainfall using multiscale entropy.
J. Hydrol. 587, 124916 (2020). https://doi.org/10.1016/j.jhydrol.
2020.124916

Gupta, K.: Challenges in developing urban flood resilience in India.
Philosophical Transactions of the Royal Society a: Mathemati-
cal, Physical and Engineering Sciences 378, 20190211 (2020).
https://doi.org/10.1098/rsta.2019.0211

Himanshu, S.K., Pandey, A., Madolli, M.J., et al.: An Ensemble
Hydrologic Modeling System for Runoff and Evapotranspiration

@ Springer



490

Proceedings of the Indian National Science Academy (2024) 90:482-493

Evaluation over an Agricultural Watershed. J Indian Soc
Remote Sens 51, 177-196 (2023). https://doi.org/10.1007/
$12524-022-01634-4

Horan, R., Gowri, R., Wable, P.S., et al.: A Comparative Assessment
of Hydrological Models in the Upper Cauvery Catchment. Water
13, 151 (2021). https://doi.org/10.3390/w13020151

Huggannavar V, Indu J (2023) Ramifications of groundwater model in
WRF/Noah-MP coupled system: Effects on soil-moisture and
regional climate simulation. Hydrol Process 37:. https://doi.org/
10.1002/hyp.14967

Hunt, K.M.R., Menon, A.: The 2018 Kerala floods: a climate change
perspective. Clim. Dyn. 54, 2433-2446 (2020). https://doi.org/
10.1007/500382-020-05123-7

Jain, S., Roy, S.B., Panda, J., Rath, S.S.: Modeling of land-use and
land-cover change impact on summertime near-surface tem-
perature variability over the Delhi-Mumbai Industrial Corridor.
Model Earth Syst Environ 7, 1309-1319 (2021). https://doi.org/
10.1007/s40808-020-00959-8

Jaiswal, R.K., Ali, S., Bharti, B.: Comparative evaluation of concep-
tual and physical rainfall-runoff models. Appl Water Sci 10, 48
(2020). https://doi.org/10.1007/s13201-019-1122-6

Jana, P., Dasgupta, S., Todaria, N.P.: Throughfall and stemflow nutri-
ent flux in deodar and oak forests, Garhwal Himalaya, India.
Water Supply 21, 1649-1656 (2021). https://doi.org/10.2166/
ws.2021.009

Jha, R., Mondal, A., Devanand, A., et al.: Limited influence of irri-
gation on pre-monsoon heat stress in the Indo-Gangetic Plain.
Nat. Commun. 13, 4275 (2022). https://doi.org/10.1038/
s41467-022-31962-5

Joseph J, Ghosh S (2023) Representing Indian Agricultural Practices
and Paddy Cultivation in the Variable Infiltration Capacity
Model. Water Resour Res 59:. https://doi.org/10.1029/2022w
1033612

Joseph, J., Scheidegger, J.M., Jackson, C.R., et al.: Is flood to drip irri-
gation a solution to groundwater depletion in the Indo-Gangetic
plain? Environ. Res. Lett. 17, 104002 (2022a). https://doi.org/10.
1088/1748-9326/ac8f5d

Joseph, R., Mujumdar, P.P., Bhowmik, R.D.: Reconstruction of Urban
Rainfall Measurements to Estimate the Spatiotemporal Variabil-
ity of Extreme Rainfall. Water 14, 3900 (2022b). https://doi.org/
10.3390/w14233900

Joshi, J.C., Kaur, P., Kumar, B., et al.: HIM-STRAT: a neural network-
based model for snow cover simulation and avalanche hazard pre-
diction over North-West Himalaya. Nat. Hazards 103, 1239-1260
(2020). https://doi.org/10.1007/s11069-020-04032-6

Kadaverugu, A., Rao, C.N., Viswanadh, G.K.: Quantification of flood
mitigation services by urban green spaces using InVEST model:
a case study of Hyderabad city, India. Model Earth Syst Environ
7, 589-602 (2021). https://doi.org/10.1007/s40808-020-00937-0

Kaginalkar, A., Ghude, S.D., Mohanty, U.C., et al.: Integrated Urban
Environmental System of Systems for Weather Ready Cities in
India. Bull. Am. Meteorol. Soc. 103, E54-E76 (2022). https://
doi.org/10.1175/bams-d-20-0279.1

Kanishka, G., Eldho, T.I.: Streamflow estimation in ungauged basins
using watershed classification and regionalization techniques.
J. Earth Syst. Sci. 129, 186 (2020). https://doi.org/10.1007/
$12040-020-01451-8

Kanthavel, P., Saxena, C.K., Singh, R.K.: Risk analysis of meteoro-
logical, agricultural, and hydrological drought events and study
of drought propagation features: a case study in the upper Tapti
River sub-basin, Central India. J] Water Clim Chang 14, 1912—
1923 (2023). https://doi.org/10.2166/wcc.2023.009

Karmakar S, Sherly MA, Mohanty M (2022) Advances in Urban
Design and Engineering, Perspectives from India. Des Sci Innov
125-156. https://doi.org/10.1007/978-981-19-0412-7_5

@ Springer

Kashyap, R., Kuttippurath, J., Kumar, P.: Browning of vegetation in
efficient carbon sink regions of India during the past two dec-
ades is driven by climate change and anthropogenic intrusions. J.
Environ. Manage. 336, 117655 (2023). https://doi.org/10.1016/j.
jenvman.2023.117655

Katyaini, S., Mukherjee, M., Barua, A.: Water-Food Nexus through the
Lens of Virtual Water Flows: The Case of India. Water 13, 768
(2021). https://doi.org/10.3390/w13060768

Kshetrimayum, K.S., Laishram, P.: Assessment of surface water and
groundwater interaction using hydrogeology, hydrochemical and
isotopic constituents in the Imphal river basin. Northeast India.
Groundw Sustain Dev 11, 100391 (2020). https://doi.org/10.
1016/j.gsd.2020.100391

Kumar, A., Singh, A., Gaurav, K.: Assessing the synergic effect of land
use and climate change on the upper Betwa River catchment in
Central India under present, past, and future climate scenarios.
Environ. Dev. Sustain. 25, 5163-5184 (2023). https://doi.org/10.
1007/510668-022-02260-3

Kumar, A.U., Jayakumar, K.V.: Hydrological alterations due to anthro-
pogenic activities in Krishna River Basin. India. Ecol Indic 108,
105663 (2020). https://doi.org/10.1016/j.ecolind.2019.105663

Kumar, D., Singh, A., Samui, P., Jha, R.K.: Forecasting monthly pre-
cipitation using sequential modelling. Hydrol. Sci. J. 64, 690—
700 (2019). https://doi.org/10.1080/02626667.2019.1595624

Kumar, S., Guntu, R.K., Agarwal, A., et al.: Multi-objective optimiza-
tion for stormwater management by green-roofs and infiltration
trenches to reduce urban flooding in central Delhi. J. Hydrol. 606,
127455 (2022). https://doi.org/10.1016/j.jhydrol.2022.127455

Laha, S., Winter-Billington, A., Banerjee, A., et al.: Estimation of ice
ablation on a debris-covered glacier from vertical debris-tem-
perature profiles. J. Glaciol. 69, 1-12 (2023). https://doi.org/10.
1017/jog.2022.35

Mahapatra, S., Jha, M.K., Biswal, S., Senapati, D.: Assessing Vari-
ability of Infiltration Characteristics and Reliability of Infiltration
Models in a Tropical Sub-humid Region of India. Sci. Rep. 10,
1515 (2020). https://doi.org/10.1038/s41598-020-58333-8

Maharana, P., Kumar, D., Kumar, R., et al.: Diagnostic of the mas-
sive flood event and flood hazard mapping in Tons River basin.
Theoret. Appl. Climatol. 148, 1459-1476 (2022). https://doi.org/
10.1007/s00704-022-04008-5

Mahto, S.S., Mishra, V.: Does ERA-5 Outperform Other Reanalysis
Products for Hydrologic Applications in India? J Geophys Res:
Atmos 124, 9423-9441 (2019). https://doi.org/10.1029/2019j
d031155

Mahto, S.S., Mishra, V.: Increasing risk of simultaneous occurrence
of flash drought in major global croplands. Environ. Res. Lett.
18, 044044 (2023). https://doi.org/10.1088/1748-9326/acc8ed

Maity, S.S., Maity, R.: Changing Pattern of Intensity—Duration—Fre-
quency Relationship of Precipitation due to Climate Change.
Water Resour Manag 36, 5371-5399 (2022). https://doi.org/10.
1007/511269-022-03313-y

Majeed, U., Rashid, 1., Sattar, A., et al.: Recession of Gya Glacier
and the 2014 glacial lake outburst flood in the Trans-Himalayan
region of Ladakh. India. Sci Total Environ 756, 144008 (2021).
https://doi.org/10.1016/j.scitotenv.2020.144008

Mane, D., Chandrasekar, A.: Evaluation of a Stand-Alone WREF-
Hydro Modeling System Using Different Rainfall Forcing Data:
Case Study Over the Godavari River Basin, India. Pure Appl.
Geophys. 179, 3807-3826 (2022). https://doi.org/10.1007/
$00024-022-03136-3

Mathur, R., AchutaRao, K.: A modelling exploration of the sensitivity
of the India’s climate to irrigation. Clim. Dyn. 54, 1851-1872
(2020). https://doi.org/10.1007/s00382-019-05090-8

Maurya, A.K., Varade, D.M., Dikshit, O.: Effect of Pansharpen-
ing in Fusion Based Change Detection of Snow Cover Using




Proceedings of the Indian National Science Academy (2024) 90:482-493

491

Convolutional Neural Networks. IETE Tech. Rev. 37, 465-475
(2020). https://doi.org/10.1080/02564602.2019.1657043
Mishra, V., Ambika, A.K., Asoka, A., et al.: Moist heat stress extremes
in India enhanced by irrigation. Nat. Geosci. 13, 722-728 (2020).
https://doi.org/10.1038/541561-020-00650-8

Mohanty UC, Nayak H, Mohanty MR, et al (2023) Role of land surface
processes on Indian summer monsoon rainfall: Understanding
and impact assessment. MAUSAM 74:345-360. https://doi.org/
10.54302/mausam.v74i2.6199

Mohapatra M, Chauhan A, Varshney A, et al (2023) Short to medium
range impact based forecasting of heavy rainfall in India.
MAUSAM 74:311-344. https://doi.org/10.54302/mausam.v74i2.
6180

Molakala, M., Singh, R.: A source tracking framework for attribution
of reservoir fluxes in multi-reservoir systems. J. Hydrol. 617,
128953 (2023). https://doi.org/10.1016/j.jhydrol.2022.128953

Mujumdar M, Bhaskar P, Ramarao MVS, et al (2020a) Assessment of
Climate Change over the Indian Region, A Report of the Minis-
try of Earth Sciences (MoES), Government of India. 117-141.
https://doi.org/10.1007/978-981-15-4327-2_6

Mujumdar M, Bhaskar P, Ramarao MVS, et al (2020b) Droughts and
floods. Assessment of Climate Change over the Indian Region: A
Report of the Ministry of Earth Sciences (MoES), Government
of India 117-141. https://doi.org/10.1007/978-981-15-4327-2_
6/figures/5

Mujumdar PP, Kumar MSM, Reddy GSS, et al (2021) Development
of an urban flood model for Bengaluru city, Karnataka, India.
Current Science 120:1441-1448. https://doi.org/10.18520/cs/
v120/i9/1441-1448

Mukherji, A.: Sustainable Groundwater Management in India Needs
a Water-Energy-Food Nexus Approach. Appl. Econ. Perspect.
Policy 44, 394-410 (2022). https://doi.org/10.1002/aepp.13123

Munoth, P., Goyal, R.: Impacts of land use land cover change on runoff
and sediment yield of Upper Tapi River Sub-Basin, India. Int J
River Basin Manag 18, 177-189 (2020). https://doi.org/10.1080/
15715124.2019.1613413

Munoth, P., Goyal, R.: Effects of DEM Source, Spatial Resolution and
Drainage Area Threshold Values on Hydrological Modeling.
Water Resour Manag 33, 3303-3319 (2019). https://doi.org/10.
1007/511269-019-02303-x

Nanditha, J.S., Rajagopalan, B., Mishra, V.: Combined signatures
of atmospheric drivers, soil moisture, and moisture source on
floods in Narmada River basin, India. Clim. Dyn. 59, 2831-2851
(2022). https://doi.org/10.1007/s00382-022-06244-x

Natarajan, S., Radhakrishnan, N.: Flood hazard delineation in an
ungauged catchment by coupling hydrologic and hydraulic mod-
els with geospatial techniques—a case study of Koraiyar basin,
Tiruchirappalli City, Tamil Nadu. India. Environ Monit Assess
192, 689 (2020). https://doi.org/10.1007/s10661-020-08650-2

Navale A, Karthikeyan L (2023) Understanding Recycled Precipita-
tion at Different Spatio-Temporal Scales Over India: An Eulerian
Water Tagging Approach. Water Resour Res 59:. https://doi.org/
10.1029/2022wr032605

Nepal, S., Pradhananga, S., Shrestha, N.K., et al.: Space—time variabil-
ity in soil moisture droughts in the Himalayan region. Hydrol.
Earth Syst. Sci. 25, 1761-1783 (2021). https://doi.org/10.5194/
hess-25-1761-2021

NWDA (2022) Ministry of Jal Shakti Government of India. National
Water Development Agency, Detailed Project Reports on Inter-
linking Projects. https://nwda.gov.in/content/innerpage/detailed-
project-report.php. Accessed 15 Oct 2022

Pal L, Ojha CSP (2021) The Ganga River Basin: A Hydrometeoro-
logical Approach. Soc Earth Sci Ser 291-308. https://doi.org/
10.1007/978-3-030-60869-9_19

Pandey, B.K., Khare, D., Kawasaki, A., Mishra, P.K.: Climate
Change Impact Assessment on Blue and Green Water by

Coupling of Representative CMIP5 Climate Models with
Physical Based Hydrological Model. Water Resour Manag 33,
141-158 (2019). https://doi.org/10.1007/s11269-018-2093-3

Pandey, P., Ali, S.N., Ray, P.K.C.: Glacier-Glacial Lake Interactions
and Glacial Lake Development in the Central Himalaya, India
(1994-2017). J Earth Sci 32, 1563-1574 (2021). https://doi.
org/10.1007/s12583-020-1056-9

Pandey, R., Raghubanshi, A.S.: Impact of throughfall deposition and
its runoff through different land use surfaces on the chemis-
try of Ganga water, Varanasi. Limnology 23, 111-125 (2022).
https://doi.org/10.1007/s10201-021-00672-0

Pathak, A., Ghosh, S., Kumar, P.: Precipitation recycling in the
Indian subcontinent during summer monsoon. J. Hydromete-
orol. (2014). https://doi.org/10.1175/jhm-d-13-0172.1

Pathan, A.I., Agnihotri, P.G.: Application of new HEC-RAS version
5 for 1D hydrodynamic flood modeling with special reference
through geospatial techniques: a case of River Purna at Navs-
ari, Gujarat, India. Model Earth Syst Environ 7, 1133-1144
(2021). https://doi.org/10.1007/s40808-020-00961-0

Prajapati, V.K., Khanna, M., Singh, M., et al.: Evaluation of time
scale of meteorological, hydrological and agricultural drought
indices. Nat. Hazards 109, 89-109 (2021). https://doi.org/10.
1007/s11069-021-04827-1

Preetha, P.P., Joseph, N., Narasimhan, B.: Quantifying Surface
Water and Ground Water Interactions using a Coupled
SWAT_FEM Model: Implications of Management Practices
on Hydrological Processes in Irrigated River Basins. Water
Resour Manag 35, 2781-2797 (2021). https://doi.org/10.1007/
s11269-021-02867-7

Rajulapati, C.R., Gupta, H., Mujumdar, P.P.: Diurnal variability of
hydrological variables in urban areas. Urban Clim 33, 100669
(2020). https://doi.org/10.1016/j.uclim.2020.100669

Ramachandran, A., Palanivelu, K., Mudgal, B.V., et al.: Climate change
impact on fluvial flooding in the Indian sub-basin: A case study
on the Adyar sub-basin. PLoS ONE 14, 0216461 (2019). https://
doi.org/10.1371/journal.pone.0216461

Ramachandran J, Lalitha R, Kannan Sv, Sivasubramanian K (2023)
Investigation of Valiantzas’ Simplified forms of FAO56 Pen-
man-Monteith Reference Evapotranspiration Models in a semi-
arid region. MAUSAM 74:815-824. https://doi.org/10.54302/
mausam.v74i3.931

Ramarao MVS, Ayantika DC, Krishnan R, et al (2023) Signatures of
aerosol-induced decline in evapotranspiration over the Indo-
Gangetic Plain during the recent decades. MAUSAM 74:297-
310. https://doi.org/10.54302/mausam.v74i2.6031

Ramesh, V., Igbal, S.S.: Urban flood susceptibility zonation map-
ping using evidential belief function, frequency ratio and fuzzy
gamma operator models in GIS: a case study of Greater Mumbai,
Mabharashtra, India. Geocarto Int. 37, 581-606 (2022). https://
doi.org/10.1080/10106049.2020.1730448

Rao, K.N.: Analysis of surface runoff potential in ungauged basin using
basin parameters and SCS-CN method. Appl Water Sci 10, 47
(2020). https://doi.org/10.1007/s13201-019-1129-z

Rehana, S., Naidu, G.S.: Development of hydro-meteorological drought
index under climate change — Semi-arid river basin of Peninsular
India. J. Hydrol. 594, 125973 (2021). https://doi.org/10.1016/j.
jhydrol.2021.125973

Romshoo, S.A., Abdullah, T., Rashid, I., Bahuguna, I.M.: Explaining
the differential response of glaciers across different mountain
ranges in the north-western Himalaya. India. Cold Reg Sci Tech-
nol 196, 103515 (2022). https://doi.org/10.1016/j.coldregions.
2022.103515

Roy, A., Murtugudde, R., Narvekar, P., et al.: Remote sensing and
climate services improve irrigation water management at farm
scale in Western-Central India. Sci. Total. Environ. 879, 163003
(2023a). https://doi.org/10.1016/j.scitotenv.2023.163003

@ Springer



492

Proceedings of the Indian National Science Academy (2024) 90:482-493

Roy, A., Murtugudde, R., Sahai, A.K., et al.: Water Savings with
Irrigation Water Management at Multi-week Lead Time Using
Extended Range Predictions. Clim Serv 27, 100320 (2022).
https://doi.org/10.1016/j.cliser.2022.100320

Roy A, Narvekar P, Murtugudde R, et al (2021) Short and Medium
Range Irrigation Scheduling Using Stochastic Simulation-
Optimization Framework With Farm-Scale Ecohydrological
Model and Weather Forecasts. Water Resour Res 57:. https://
doi.org/10.1029/2020wr029004

Roy D, Dhar A, Desai VR (2023b) A grey fuzzy analytic hierar-
chy process-based flash flood vulnerability assessment in an
ungauged Himalayan watershed. Environ, Dev Sustain 1-26.
https://doi.org/10.1007/s10668-023-03385-9

Ruidas, D., Chakrabortty, R., Islam, A.RMd.T., et al.: A novel hybrid
of meta-optimization approach for flash flood-susceptibility
assessment in a monsoon-dominated watershed. Eastern India.
Environ Earth Sci 81, 145 (2022). https://doi.org/10.1007/
$12665-022-10269-0

Saha, S., Gayen, A., Bayen, B.: Deep learning algorithms to develop
Flood susceptibility map in Data-Scarce and Ungauged River
Basin in India. Stoch Environ Res Risk Assess 36, 3295-3310
(2022). https://doi.org/10.1007/s00477-022-02195-1

Saha, U., Sateesh, M.: Rainfall extremes on the rise: Observations
during 1951-2020 and bias-corrected CMIP6 projections for
near- and late 21st century over Indian landmass. J. Hydrol.
608, 127682 (2022). https://doi.org/10.1016/j.jhydrol.2022.
127682

Sahana, A.S., Pathak, A., Roxy, M.K., Ghosh, S.: Understanding the
role of moisture transport on the dry bias in indian monsoon
simulations by CFSv2. Clim. Dyn. 52, 637-651 (2019). https://
doi.org/10.1007/s00382-018-4154-y

Saharia, M., Jain, A., Baishya, R.R., et al.: India flood inventory:
creation of a multi-source national geospatial database to facili-
tate comprehensive flood research. Nat. Hazards 108, 619-633
(2021). https://doi.org/10.1007/s11069-021-04698-6

Sahastrabuddhe, R., Ghausi, S.A., Joseph, J., Ghosh, S.: Indian Sum-
mer Monsoon Rainfall in a changing climate: a review. Journal
of Water and Climate Change 14, 1061-1088 (2023). https://doi.
org/10.2166/wcc.2023.127

Sahoo, S., Khatun, M., Pradhan, S., Das, P.: Evaluation of a physi-
cally based model to assess the eco-hydrological components on
the basin hydrology. Sustain Water Resour Manag 7, 53 (2021).
https://doi.org/10.1007/s40899-021-00536-6

Samantaray, S., Sahoo, A., Agnihotri, A.: Assessment of Flood Fre-
quency using Statistical and Hybrid Neural Network Method:
Mahanadi River Basin, India. J. Geol. Soc. India 97, 867-880
(2021). https://doi.org/10.1007/s12594-021-1785-0

Santy, S., Mujumdar, P., Bala, G.: Potential Impacts of Climate and
Land Use Change on the Water Quality of Ganga River around
the Industrialized Kanpur Region. Sci. Rep. 10, 9107 (2020).
https://doi.org/10.1038/s41598-020-66171-x

Sarangi, Sekhar M (2022) Food, Energy, and Water Nexus, A Con-
sideration for the 21st Century. 67-95. https://doi.org/10.1007/
978-3-030-85728-8_4

Sarkar, D., Saha, S., Mondal, P.: GIS-based frequency ratio and
Shannon’s entropy techniques for flood vulnerability assess-
ment in Patna district, Central Bihar, India. Int. J. Environ.
Sci. Technol. 19, 8911-8932 (2022). https://doi.org/10.1007/
s13762-021-03627-1

Sarkar, S., Himesh, S.: Evaluation of the Skill of a Fully-Coupled
Atmospheric-Hydrological Model in Simulating Extreme Hydro-
meteorological Event: A Case Study Over Cauvery River Catch-
ment. Pure Appl. Geophys. 178, 1063—1086 (2021). https://doi.
0rg/10.1007/s00024-021-02684-4

Sebastian, D.E., Ganguly, S., Krishnaswamy, J., et al.: Multi-Scale
Association between Vegetation Growth and Climate in India:

@ Springer

A Wavelet Analysis Approach. Remote Sens 11, 2703 (2019).
https://doi.org/10.3390/rs11222703

Shah D, Mishra V (2020) Drought Onset and Termination in India. J
Geophys Res: Atmos 125:. https://doi.org/10.1029/2020jd032871

Sharma S, Mujumdar PP (2022) Modeling Concurrent Hydroclimatic
Extremes With Parametric Multivariate Extreme Value Models.
Water Resour Res 58:. https://doi.org/10.1029/2021wr031519

Sharma, S., Mujumdar, P.P.: On the relationship of daily rainfall
extremes and local mean temperature. J. Hydrol. 572, 179-191
(2019). https://doi.org/10.1016/j.jhydrol.2019.02.048

Shukla, A., Garg, P.K.: Spatio-temporal trends in the surface ice veloci-
ties of the central Himalayan glaciers. India. Glob Planet Chang
190, 103187 (2020). https://doi.org/10.1016/j.gloplacha.2020.
103187

Shukla, C., Tiwari, K.N., Mishra, S.K.: Multi-point sampling
for improved throughfall measurement from tree planta-
tions. Trees 36, 241-259 (2022). https://doi.org/10.1007/
s00468-021-02202-y

Shukla, S., Jain, S.K., Kansal, M.L.: Hydrological modelling of a snow/
glacier-fed western Himalayan basin to simulate the current and
future streamflows under changing climate scenarios. Sci. Total.
Environ. 795, 148871 (2021). https://doi.org/10.1016/j.scitotenv.
2021.148871

Singh, K.R., Dutta, R., Kalamdhad, A.S., Kumar, B.: An investigation
on water quality variability and identification of ideal monitor-
ing locations by using entropy based disorder indices. Sci. Total
Environ. 647, 1444-1455 (2019). https://doi.org/10.1016/j.scito
tenv.2018.07.463

Singh, L., Mishra, P.K., Pingale, S.M., et al.: Streamflow region-
alisation of an ungauged catchment with machine learning
approaches. Hydrol. Sci.J. 67, 886-897 (2022a). https://doi.org/
10.1080/02626667.2022.2049271

Singh, P.K., Dey, P., Jain, S.K., Mujumdar, P.P.: Hydrology and
water resources management in ancient India. Hydrol. Earth
Syst. Sci. 24, 4691-4707 (2020a). https://doi.org/10.5194/
hess-24-4691-2020

Singh R, Mishra V, Narasimhan B, et al (2020b) Hydrological Mod-
eling in India. Proc Indian Natl Sci Acad 86:479-494. https://doi.
org/10.16943/ptinsa/2020/49802

Singh RK, Tirth V, Sahu V, Singh M (2022b) Water Quality, Assess-
ment and Management in India. Earth Environ Sci Libr 15-27.
https://doi.org/10.1007/978-3-030-95687-5_2

Singh, R.K., Villuri, V.G.K., Pasupuleti, S., Nune, R.: Hydrodynamic
modeling for identifying flood vulnerability zones in lower
Damodar river of eastern India. Ain Shams Engineering Journal
11, 1035-1046 (2020c). https://doi.org/10.1016/j.asej.2020.01.
011

Singh, S., Tiwari, R.K., Sood, V., et al.: Estimation and validation of
standalone SCATSAT-1 derived snow cover area using differ-
ent MODIS products. Geocarto Int. 37, 18474-18490 (2022c).
https://doi.org/10.1080/10106049.2022.2142962

Singh, V., Jain, S.K., Goyal, M.K.: An assessment of snow-glacier melt
runoff under climate change scenarios in the Himalayan basin.
Stoch Environ Res Risk Assess 35, 2067-2092 (2021). https://
doi.org/10.1007/s00477-021-01987-1

Singh, V., Lohani, A.K., Jain, S.K.: Reconstruction of extreme flood
events by performing integrated real-time and probabilistic
flood modeling in the Periyar river basin, Southern India. Nat.
Hazards 112, 2433-2463 (2022d). https://doi.org/10.1007/
s11069-022-05272-4

Sinha, R.K., Eldho, T.I., Subimal, G.: Assessing the impacts of land
cover and climate on runoff and sediment yield of a river basin.
Hydrol. Sci. J. 65, 2097-2115 (2020). https://doi.org/10.1080/
02626667.2020.1791336

Sood, V., Gusain, H.S., Gupta, S., et al.: Detection of snow/ice cover
changes using subpixel-based change detection approach over

P )




Proceedings of the Indian National Science Academy (2024) 90:482-493

493

Chhota-Shigri glacier, Western Himalaya, India. Quat. Int. 575,
204-212 (2021). https://doi.org/10.1016/j.quaint.2020.05.016

Srivastava, A., Deb, P., Kumari, N.: Multi-Model Approach to Assess
the Dynamics of Hydrologic Components in a Tropical Ecosys-
tem. Water Resour. Manage 34, 327-341 (2020). https://doi.org/
10.1007/s11269-019-02452-7

Sudheer KP, Bhallamudi SM, Narasimhan B, et al (2019) Role of Dams
on the Floods of August 2018 in Periyar River Basin, Kerala.
Curr Sci 116:780-794. https://doi.org/10.18520/cs/v116/i5/
780-794

Sundaram, S., Devaraj, S., Yarrakula, K.: Modeling, mapping and
analysis of urban floods in India—a review on geospatial meth-
odologies. Environ. Sci. Pollut. Res. 28, 67940-67956 (2021).
https://doi.org/10.1007/s11356-021-16747-5

Sushanth, K., Behera, A., Mishra, A., Singh, R.: Assessment of Irriga-
tion Demands Based on Soil Moisture Deficits Using a Satel-
lite-Based Hydrological Model. Remote Sens 15, 1119 (2023).
https://doi.org/10.3390/rs15041119

Swarnkar S, Mujumdar P (2023) Increasing Flood Frequencies Under
Warming in the West-Central Himalayas. Water Resour Res 59:.
https://doi.org/10.1029/2022wr032772

Swarnkar, S., Mujumdar, P., Sinha, R.: Modified hydrologic regime
of upper Ganga basin induced by natural and anthropogenic
stressors. Sci. Rep. 11, 19491 (2021). https://doi.org/10.1038/
s41598-021-98827-7

Tanksali, A., Soraganvi, V.S.: Assessment of impacts of land use/land
cover changes upstream of a dam in a semi-arid watershed using
QSWAT. Model Earth Syst Environ 7, 2391-2406 (2021). https://
doi.org/10.1007/s40808-020-00978-5

Teja, K.N., Manikanta, V., Das, J., Umamahesh, N.V.: Enhancing
the predictability of flood forecasts by combining Numerical
Weather Prediction ensembles with multiple hydrological mod-
els. J. Hydrol. 625, 130176 (2023). https://doi.org/10.1016/j.
jhydrol.2023.130176

Tomar, J.M.S., Kar, S.K., Ahmed, A., et al.: Hydrological fluxes from
Sal (Shorea robusta) forests under various disturbance gradients
of Himalayan foothills. Ecohydrol. Hydrobiol. 22, 541-552
(2022). https://doi.org/10.1016/j.ecohyd.2021.12.002

Tripathy, S.S., Vittal, H., Karmakar, S., Ghosh, S.: Flood risk forecast-
ing at weather to medium range incorporating weather model,
topography, socio-economic information and land use exposure.

Adv. Water Resour. 146, 103785 (2020). https://doi.org/10.
1016/j.advwatres.2020.103785

Veena, S., Singh, R., Gold, D, et al.: Improving Information-Based
Coordinated Operations in Interbasin Water Transfer Megapro-
jects: Case Study in Southern India. J. Water Resour. Plan.
Manag. 147, 4021075 (2021). https://doi.org/10.1061/(asce)wr.
1943-5452.0001456

Verma, A., Chandel, V., Ghosh, S.: Climate drivers of the variations of
vegetation productivity in India. Environ. Res. Lett. 17, 084023
(2022). https://doi.org/10.1088/1748-9326/ac7c7f

Verma K, Indu J (2023) Applicability of SWOT data in calibrating
WRF-Hydro hydrological model over the Tawa River basin.
Geocarto International 38:. https://doi.org/10.1080/10106049.
2023.2185292

Verma, P., Ramsankaran, R.: Semi-automated mapping of glacial lakes
— a study in Sikkim Himalayas, India. Geocarto Int. 37, 8254—
8272 (2022). https://doi.org/10.1080/10106049.2021.1996640

Visweshwaran, R., Ramsankaran, R., Eldho, T.I., Jha, M.K.: Hydro-
logical Impact Assessment of Future Climate Change on a Com-
plex River Basin of Western Ghats. India. Water 14, 3571 (2022).
https://doi.org/10.3390/w14213571

Vora, A., Singh, R.: Satellite based Budyko framework reveals the
human imprint on long-term surface water partitioning across
India. J. Hydrol. 602, 126770 (2021). https://doi.org/10.1016/j].
jhydrol.2021.126770

Wagh, V., Mukate, S., Muley, A., et al.: Study of groundwater contami-
nation and drinking suitability in basaltic terrain of Maharashtra,
India through PIG and multivariate statistical techniques. J Water
Supply: Res Technol-Aqua 69, 398—414 (2020). https://doi.org/
10.2166/aqua.2020.108

Yadav, G.S., Das, A., Kandpal, B.K., et al.: The food-energy-water-
carbon nexus in a maize-maize-mustard cropping sequence of
the Indian Himalayas: An impact of tillage-cum-live mulching.
Renew. Sustain. Energy Rev. 151, 111602 (2021). https://doi.org/
10.1016/j.rser.2021.111602

Springer Nature or its licensor (e.g. a society or other partner) holds
exclusive rights to this article under a publishing agreement with the
author(s) or other rightsholder(s); author self-archiving of the accepted
manuscript version of this article is solely governed by the terms of
such publishing agreement and applicable law.

@ Springer




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.01667
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 2.03333
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 2250
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (sRGB IEC61966-2.1)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<


    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>



    /HUN <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 6.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200036002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 6.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>


    /SKY <>

    /SUO <>
    /SVE <>
    /TUR <>

    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


		2024-07-16T12:15:37+0530
	Preflight Ticket Signature




