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ABSTRACT

Water is the basis of life on earth and iver is one of the prime sources where people get a
large portion of water for their uses. The Brahmaputra is one of the major rivers of south
Asia that majestically flows for catering to the people of its basin covering four nations
viz. China, India, Bangladesh and Bhutan. The physica-climatological complexities and
transboundary issues of the Brahmaputra river basin pose a huge challenge for drawing the
effective benefits of the water resources. Besides, the study of this basin encounters
difficulties due to limited information of hydro-climatological variables. In the absence of
observed data, the researchers can utilize the globally available satellite based data,
although their reliability is of concern. Of course, we could identify a weather dataset
consisting of global gridded CFSR data, IMD data and stations data over Tibet as the best
suitable combination to provide a reasonably acceptable hydrologic assessment of the

Brahmaputra basin.

Hydrologic models can be used as a tool for water resources management of this data-
scarce basin, although their calibration demand spatially observed data for such a large
river basin. Moreover, a hydrologic model established for a large basin should be made
capable to replicate the basin hydrology even at sub-basin levels. All these issues are
incorporated in the present study based on hydrologic modeling approach in SWAT
platform. The purpose of the study is to derive science-based elements required for water
resources managements at desired locations across the Brahmaputra basin. The basin scale
impact analysis using SWAT hydrologic model has provided a reasonably acceptable

outcomes at the basin as well as its sub-basin levels.

Man-made activity within the jurisdiction of a river leads to change in its basin hydrology
to subsequently impact on the hydraulic behaviour. In the absence of cooperation among
the basin sharing nations, it becomes difficult to understand the extent of impacts on the

lower riparian countries due to dams and reservoirs constructed in the upper riparian

Vv
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country. This study presents quantifications of such impacts due to water diverted from a
specified location, based on the results of the hydrologic model simulated with a provision
of a dam and reservoir. The impact of such a reservoir on water resources parameters like
stream flow, sediments, etc. are found to be significant corresponding to 10%, 25%, 50%,

and 80% water diversion scenarios adopted in the analyses.

The Brahmaputra river basin characterized by glaciers at its source and ocean at its mouth
is susceptible to global climate change. The present study projects the climatic variables
for future periods and evaluates the probable impacts on the basin hydrology based on the
GCMs. The uncertainties associated with the GCMs were handled by applications of
interpolation followed by bias correction methods. Man-Kendall and Sen’s slope trend
analyses depict the Brahmaputra basin would undergo significant changes in the climatic
pattern that will consequently impact on the streamflow till the end of the current century.
As such, implications of these impacts that need to be strategically managed for the greater
interest of obtaining the utmost benefits of water resources of this mighty basin are also

forwarded to help the stakeholders.
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. Chapter 1

Intfroduction

1.0 Background

Ever since the earth was inhabited, the survival of humans and other living creatures have
depended on the natural resources that exist freely in nature. Natural resources are the basis
of life on earth. However, they are not evenly distributed all over the world. Natural
resources are available to sustain the very complex interaction between the living as well
as the non-living things. In fact, natural resources are continuously facing a significant
threat probably due to the increasing population. Overpopulation demands industrial
growth that leads to the consumption of more raw materials and natural resources. Even
though natural resources are the basic support structures of life, its abundance or scarcity
can come with a lot of trouble and conflict.

Water resources are the sources of water that are potentially useful to life for existence.
Salient uses of water include household, agriculture, industrial, environmental and
recreational activities. All these uses virtually require fresh water obtained from surface
and groundwater sources. As compared to the groundwater, surface water is mostly used
by people worldwide, as they are easily accessible. River, lake, pond and wetland are some
of the freshwater sources available on the earth surface. Although rivers account for only
a small amount of freshwater, this is where humans get a large portion of their water from.
A river traverses along a long path, and its basin includes several places consisting of
streams, lakes, forests, dwellings, and landscapes, etc. As such, maintaining ecology within
a natural river basin is necessary for the sustainability of all living beings.

The ecological balance of a natural river basin is disturbed primarily by human
interventions. Human needs have historically taken priority over environmental
apprehensions while managing water and other natural assets. Natural beings do not follow
political restrictions, so laws and other policy activities in majority cases, are not aligned

with the definite wishes of plants, animals, and water. Therefore, a natural river basin

1
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should be so managed that its original system remains merely undisturbed while deriving
benefits from its water resources.

Effective river basin management policy requires consideration of multi-dimensional
aspects of nature as well as man-made activities, for deriving the utmost benefits from the
water resources. With the advent of computer tools, studies related to such management
have nowadays become easier where multiple objectives in terms of hydrologic, hydraulic,
economic, social and ecological analysis can be incorporated in a single platform. In fact,
there could be a challenge to understand the basin hydrology for a watershed having
complex characteristics like the transboundary Brahmaputra river basin.

The Brahmaputra river basin is characterized by high spatial variations, in terms of
topography, weather components, landuse, and land cover. Originating at high altitudes in
Tibet, the Brahmaputra river merges into the Bay of Bengal in Bangladesh. So, the source
of this mighty river is glacier-fed, whereas the mouth is driven by a high rate of
evaporation. Understanding the Brahmaputra basin has always been challenging due to its
complex characteristics, both hydraulically and hydrologically (Rao et al., 2009). The
Brahmaputra basin is shared by four countries namely China, India, Bangladesh, and
Bhutan. The challenge of hydrologic studies of the Brahmaputra basin lies in obtaining
correct and adequate input information, especially hydro-climatic data mainly due to
transboundary issues. This is because the data scarcity situations widely impact the results
of hydrologic studies (Tabari et al. 2012; Chen et al., 2018).

The Brahmaputra river is the youngest among the major rivers in the world, and it is also
known as a moving ocean. The Brahmaputra is one of the highly sediment-laden rivers of
the world (Goswami, 1985). Locating in the area of high structural instability (Lahiri and
Sinha, 2012), the Brahmaputra river carries the largest amount of water and silt among all
Indian rivers. The mean annual flow of this mighty river is about 600 billion cubic meters,
at its outfall at Bangladesh (Sarma and Singha, 2017). Despite the severe hazards like flood
and bank erosion faced by the inhabitants, this basin has enormous potential towards
various sectors of water resources including hydropower generation (Singh et al., 2004).
The Brahmaputra is the lifeline for many people living along its bank, especially India and
Bangladesh regions. However, this is probably the least exploited river in terms of research

and management, and there is no comprehensive management policy to date, for this
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important river basin. Exploring the Brahmaputra basin hydrologically and hydraulically,
by consideration of versatile and complex basin characteristics coupled with the

transboundary issues and impact of global climate change is the need of time.

1.1 Purpose of the study

Water basin is a biophysical unit for hydrological analysis, to generate the basis of
governance for water resources management. Interestingly, every river basin of the world
possesses its unique characteristics. Hydrological models serve as a tool for hydrologic
assessment from a river basin, and as such, they should be made capable to represent the
basin hydrology in the best possible ways. The versatile complexities and transboundary
issues of the Brahmaputra river basin pose a huge challenge to the researchers, engineers,
environmentalists, and policymakers, to culminate the effective benefits while managing
the water resources. In the absence of available information beyond the national boundary,
it becomes difficult to establish a suitable hydrologic model and even to validate at
ungauged locations. This complexity is escalated if certain man-made activities are
performed at the upper riparian countries that may likely impact the lower riparian country.
Hydrology changed upstream would surely impact on the hydrology downstream. Besides,
the Brahmaputra river basin characterized by glaciers at its source and ocean at its mouth
is susceptible to global climate change. It, therefore, is necessary to incorporate all possible
components while assessing the hydrologic parameters of a data-scarce and complex river
basin. Especially, the evaluations for impacts due to transboundary effects and future
climate change are the need of time. This would facilitate the stakeholders with pieces of

information required for managing the water resources of the Brahmaputra.

1.2 Research objectives

Following research objectives have been laid in the present work:
1] Hydrologic assessment at gauged and un-gauged locations by establishing a
hydrologic model for the entire Brahmaputra basin.
2] Basin-scale impact studies of the hydrologic model established in the present

study.
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3] Quantifications of transboundary effects.

4] Assessment of climate change impact on precipitation and temperature of the
Brahmaputra river basin, for the present and future periods.

5] Projection of Brahmaputra streamflow as per IPCC emission scenarios.

1.3 Organization of the thesis

The present research work is divided into several chapters as explained below:

>

TH-2396_166104038

Chapter 2 describes the brief literature review of the works already done by the
researchers worldwide, on the topics selected for the present works. Initially, all
kinds of literature related to the hydrological aspects of Brahmaputra basin and/or
its part were reviewed to identify the potential scopes of research. Later, literatures
in the lines of study scopes so identified were reviewed and presented in the
subsequent sections. Finally, a critical appraisal of the reviewed literature was done
to identify the present research objectives.

Chapter 3 enlists the study area, and various input datasets used in the present
study. The descriptions of datasets along with its processing are also presented in
this chapter. As the satellite data often bears certain systemic errors, their
applicability was tested before application, and they are presented in Sec. 3.3.
Chapter 4 describes the processes involved during the development, calibration,
and validation of the hydrologic model. The model results are also presented in this
chapter, along with the relevant discussion. The model applicability in water
resources management of the Brahmaputra river basin has also been presented in
this chapter.

Chapter 5 comprises the detailed description of the basin impact study of the
SWAT (Soil and Water Assessment Tool) model. Here, the applicability of a
hydrologic model was tested to understand if a model established for a large river
basin would provide acceptable outputs for its sub-basins of smaller areas, at the
tributary level.

Chapter 6 describes the probable transboundary effects of the Brahmaputra river.

The subsequent impacts at the lower riparian country (India) due to certain flow
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augmentation activities at the upper riparian country (China) are evaluated and
presented in this chapter.

Chapter 7 is a description of evaluations for the climate change impacts on the
weather variables, especially precipitation and temperature. Here, the detailed
procedures like interpolation, bias correction, and uncertainty analysis, etc., of the
GCM (Global climatic model) data are presented. Besides, their trend pattern
analyses, w.r.t. the IPCC emission scenarios, for the present and future periods are
presented in this chapter.

Chapter 8 describes how the streamflow of the Brahmaputra River is projected for
future periods. Here, climate change impact on streamflow with relevant results and
discussions are presented corresponding to the IPCC emission scenarios.

Chapter 9 provides the conclusion and discussion of the entire research works.

Finally, the future scopes of research are also presented to conclude the thesis.

HEHHHIHRY SRR



. Chapter 2

Literature Review

2.0 Introduction

This chapter presents the relevant literature of the studies already conducted across the
globe, in regards to hydrological modeling, climate change issues and its impacts on water
resources, transboundary river issues, etc. Initially, all kinds of literature for the studies
regarding the Brahmaputra river basin and its sub-basins are reviewed, to identify the scope
of studies at a glance, for this mighty river basin. For this, the resources available at all
possible kinds of sources in soft (i.e. online) as well as hard (i.e. library of institutions/
universities etc.) forms are collected. The pieces of literature of the past studies are

organized in such a way to cover all the salient objectives of the present area.

2.1 Studies on Brahmaputra river basin

An integrated approach for effective management of the water resources of the river
Brahmaputra is essentially needed due to its international character which originates in
Tibet, flows through China and India before reaching Bangladesh and finally merging into
the Bay of Bengal. The Brahmaputra has been causing a serious threat to life and property
lying in the basin. As an approach to mitigate the flood hazard, Latif (1969) carried out a
detailed hydrographical and hydrological investigation and is of the opinion for providing
embankments on both the banks of the Brahmaputra.

The Brahmaputra river in Assam, characterized by high seasonal variability in flow,
sediment transport, and channel configuration, is currently experiencing a secular period
of aggradations. In a study, Goswami (1985) found that suspended load budget indicates
the overall aggradation of the 607 km Assam reach of the Brahmaputra between Ranaghat
and Jogighopa by about 16 cm during the period 1971- 1979, whereas about 70% of the
suspended sediment inflow into the reach being retained in the channel. The current high
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rate of the denudation of river may be caused due to rapid uplift of the mountain system,
recent earthquake activity and high susceptibility of geologic formations to erosion by
running water along with the effectiveness of the monsoon rainfall regime. Brahmaputra
River is located in the area of high structural instability as the large numbers of earthquakes
have been evidenced in the Himalayan catchment through which it flows (Lahiri and Sinha,
2012).

The pattern and pathways of sediment transport (both bedload and suspended load) and the
evolution of channel planform are all strongly affected by secondary currents. Richardson
and Thorne (1998) forwarded a study to understand the effect of secondary current on
channel morphology around a braided bar in the Brahmaputra by measuring flow velocities
using Acoustic Doppler Current Profiler. In another study, Kotoky and Sarma (2001)
forwarded sedimentologic, geomorphologic and hydrological assessment on the
Brahmaputra river channel from Majuli to Kaziranga. This study presented evaluations of
suspended load characteristics, erosion, and deposition, hydrology and sediment transport
pattern based on hydrographs, flood frequency analysis, and sediment rating analysis along
with an evaluation of wetlands. Bezbaruah et al. (2003) also added a similar study based
on toposheets and IRS imageries. They revealed that the low lying nature combined with
frequent shifting of stream channels (Gogoi et al., 2012) in a relatively short time has given
rise to the development of numerous swampy areas.

The South Asian river basins are quite different geologically, hydrologically,
geomorphologically, hydrodynamically than the other rivers of America (Sikder et al.,
2016). For extracting the morphological characteristics of the middle reach of the
Brahmaputra river, a 2-dimensional hydrodynamic and sediment transport model was
forwarded by considering the flow variation, sediment rating curve and bed material
composition (Ravindra and Dutta, 2011). In another study, a hydraulic and sediment
transport modelling was carried out by Nandi and Mahanta (2014), and found 23 cm
aggradations & 150 cm degradation between Pandughat and Pancharatna, during 2008-
2010. Besides, Fischer (2015) attempted to investigate the sensitivity of sediment transport
on the Brahmaputra river. In another approach for sediment analysis, Singh and Sarma
(2014) forwarded a study related to scouring around the Saraighat bridge piers, where

sediment analyses were carried out using different empirical equations. They considered
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hydraulic characteristics of the Brahmaputra river. Phukan et al (2012) highlighted the
various causes of bank erosion of the Brahmaputra, the 2" largest river in the world after
the Yellow River in China in terms of sediment transport per unit drainage area. Riverbank
erosion leads to many damages to the people living aside the river line which are well
elaborated by Das et al. (2014).

The experimental studies (Singh et al., 2003; Talukdar, 2013) carried out an experimental
based study on a transboundary river basin to understand the erosion pattern. Bank
sediments and suspended loads were collected from different locations starting from the
Himalayan Front to Bangladesh for the Brahmaputra and its major tributaries. Chemical
and isotopic compositions of the sediments are used to trace sediment provenance and to
understand erosion patterns in the basin. The study revealed that the composition of
Brahmaputra is stable and the Siang-Tsangpo River is the major source of sediment to the
whole Brahmaputra.

The geomorphologic studies (Kathar and Sarma, 2009; Sarma and Ashagrie, 2012) reveal
that the Brahmaputra river bank is very prone to erosion. The river banks get eroded during
high flood seasons and cause a threat to the people living aside the river bank. However,
this kind of hazard can be controlled by the application of certain structural measures as
suggested by Garimella and Sarma (2007). Generally, hydraulic and sedimentologic
analyses are based on Lacey’s regime equation, although its applicability is to be checked
for the Brahmaputra river having unique characteristics. In such a study, Swamee et al.
(2008) developed a regime equation for this mighty river and revealed that the Brahmaputra
river follows the structure of Lacey’s regime equations, but the values of the coefficients
were found to be little different than the original ones. Here, the coefficients stand higher
for area and perimeter, whereas the velocity coefficient was found to be greater than that
in the original equations. Interestingly, the coefficients for hydraulic radius were found to
be of the same order as the original.

Several studies regarding erosion/ deposition patterns were carried out (Jain, 2003; Kotoky
et al., 2003; Sarma and Phukan, 2006) for ‘Majuli’, the world’s largest river island. The
land area of Majuli follows a consistently decreasing trend from 735.01 sg. Km (1920) to
577.65 sg. Km (1998). Even, application of radiogenic study, based on chemical analysis
of river sediments (Singh et al., 2003; Bora and Mahanta, 2006; Kotoly et al., 2006; Sarma
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et al.,, 2007; Sarma and Acharjee, 2012) were forwarded to understand the erosion/
deposition of Majuli. The erosion rate (8.76 km?/yr) is higher than the deposition rates
(1.87 km?/yr) of Majuli island (Dutta et al., 2010). The agencies like WRD, Brahmaputra
Board, etc. are adopting various structural measures to the sub-basins of the Brahmaputra,
aiming to prevent bank erosion. The usefulness of permeable groynes in the Brahmaputra
and its tributaries are claimed by those departments. A combination of a series of groynes
(Kalita and Sarma, 2014) helps control the Brahmaputra riverbank erosion.

The Brahmaputra river system consists of numerous sub-basins. There have been several
studies (Perambudoor, 2005; Girija et al., 2007; Kamal and Sarma, 2008; Shil, 2010;
Mahanta et al.,, 2011; Hazarika and Das, 2014; Bora and Goswami, 2015; etc.) in
connection with the tributaries like ‘Bharalu’, ‘Subansiri’. ‘Pagladiya’, Ghorajan’,
‘Dhansiri’ etc. etc. These studies include the determination of peak runoff, sediment yield,
water quality assessment, bank line migration, etc. using various approaches such as
theoretical, experimental, analytical, etc. Even the areas like geographical setting and their
associated physical, ecological and socio-economic characteristics of the sub-basins were
covered in certain of these studies. The Brahmaputra basin tributaries exhibit quite different
characteristics (Devi and Goswami, 2014) than the other Himalayan rivers. Here, the flood
characteristics of rivers are different and therefore, post-flood analyses (Sarma and Sarma,
2010; Roy and Hussain, 2014) play an important role in river restoration. The Brahmaputra
basin has also been studied (Bhatt et al., 2013), for accurate assessment of losses in regards
to life and property due to floods.

With the advent of computer software, the studies of watershed hydrology have become
easier nowadays. Apart from the other available tools like HEC-RAS, HEC-HMS, Mike
11, SWAT, etc., autoregression and time series models (Maheswari and Sarma, 2005) have
widely been used for hydrodynamic studies of the Brahmaputra basin and/or its part. A
real-time forecast model for stage (Sankhua et al., 2006) and streamflow (Reddy and
Sreeja, 2011) was found helpful in predicting the flood events of the Brahmaputra river
and its tributaries. Even, genetic algorithm (GA), ANN model (Sharma et al., 2004) are
found to be suitable for prediction of the studies of a braided river like the Brahmaputra.
However, this study may be advanced through the use of a three-layered ANN model

(Singh et al., 2004). The use of the ANN model provides both accuracy and speed
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(Siddiquee and Hossain, 2015) over the traditional hydrodynamic modelling in predicting
river water levels of the Brahmaputra.

The flows of the Brahmaputra basin are highly seasonal and influenced by monsoon
rainfall.  Realizing that, meteorological behaviour of the basin was introduced by
Chowdhury and Ward (2004) along with the hydrological behaviour, to take stock of
variation of streamflow along the river channel. The monsoon flood is very serious (Derry
etal., 2007) in the Brahmaputra plain. The hydro-meteorological behaviour in the upstream
(India) leading to serious issues of water resources in the downstream (Bangladesh) is
presented in this study. The hydro-meteorological variability of the basin including
headwater regions in India and their role in the streamflow in the downstream area in
Bangladesh are explored based on the climatic patterns of both the countries. The
Brahmaputra river basin mass balance model, if developed in combination with the radar
altimetry data, provides a better result for predicting flood events (Finsen et al., 2014). This
enables the direct use of radar altimetry data for real-time modelling and hydrological
forecasting.

The success of a hydraulic project depends upon the knowledge of the accurate peak flow
before its design and construction. Flood frequency analysis can be forwarded using L-
Moments (Kumar and Chatterjee, 2005) for estimation of the peak flow. Homogeneity of
the North Brahmaputra region is developed using discordance measure coupled with
heterogeneity measure based on L-Moments for 13 gauge sites of the basin. A total of 500
simulations were performed using Kappa Distribution for computing the heterogeneity
measure. Comparative flood frequency analysis was carried out employing L-Moments
based on the commonly used frequency distribution. Regional flood frequency relationship
was developed for estimation of peak flood for various return periods. Hazarika and Sarma
(2013) used meteorological data from GCM and 10 IMD stations including the Barak basin
and compared both Fuzzy clustered data sets. GCM data provides a better result of
clustering while identifying the homogeneous climatic region.

There have been several studies made on the mighty Brahmaputra regarding bank line
migration, erosion/ deposition, streamflow forecasting, geological investigation, etc. Apart
from these, certain researches have so far carried out a certain assessment of the water

quality. A study of this kind has been formulated by Mandal (2005) for an urban stretch of
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20 km of the Brahmaputra river covering upstream and downstream and the entire length
of the Guwabhati city to understand the water characteristics. Water samples were collected
from seventeen sites during several seasons over seven months. The samples were analyzed
for water quality evaluation through the application of Water Quality Indices (WQI). To
support and strengthen the findings so analyzed, an analysis of the data based on multiple
regression was done to examine whether seasonal or spatial variation in different
parameters can be explained and predicted based upon their interrelationship in terms of
source and mobility. Kriging map was also developed for the prediction of water quality
zoning. Similar studies (Reddy, 2005; Hanumagutti, 2006) under the same area of the
Brahmaputra river for assessing the quality of water using QUAL2K with emphasis on
widespread geological sources that contribute to loads of mineral substances (Sulphate and
Phosphate). A regional perspective is provided with river water quality being interpreted
concerning catchment geography.

Saxena and Mahanta (2006) presented a study for the distribution of heavy metals in the
Brahmaputra floodplain. Sediments were collected from various locations near Guwahati
of the Brahmaputra river and tested for heavy metals like Cu, Mn, Fe, and Al by using
Scanning Electron Microscope (SEM) and Atomic Absorption Spectroscopy (AAS). The
concentrations so obtained were plotted in a GIS to assess the present distribution pattern
of metal in the river. The study on the distribution and solid phase of toxic heavy metals of
bed sediments concludes addition towards the pollution level of Brahmaputra (Hoque et
al., 2011; Sailo and Mahanta, 2014) carried out a study on an unexplored part of the river
Brahmaputra basin which is characterized by alluvial deposits and contains high organic
carbon. The groundwater of the Brahmaputra basin is enriched by soluble ions and arsenic
(Verma et al., 2015), leading to health hazards to its inhabitants.

For proper management of the water resources of a river basin, the understanding of river
dynamics is an important parameter. A systematic analysis of river dynamics using ANN
robust model using Survey of India toposheets and IRS images coupled with the application
of GIS may be helpful to investigate the fluvial-morphology of the river (Sankhua, 2005;
Sarma, 2005) for monitoring and management of the Brahmaputra river system. The
Brahmaputra river bed morphology in space and time during 1957-1988 (Swamee et al.,

2008) changed exponentially. There has been a significant decrease in bed level of upper
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reach as compared to the lower reach due to tectonic setting. A similar study for an alluvial
reach of the Brahmaputra at ‘Palashbari’ area, using various bank protection measures was
carried out by Mukherjee and Sarma (2006) with the help of mathematical modelling
software MIKE 21C. The sensitivity of the eddy viscosity and Chezy coefficient was also
evaluated in this study. Though few studies are being earlier made on certain short sections
only, Sarkar et al (2012) covered a relatively long reach of the Brahmaputra from
Dibrugarh to Dhubri to understand the river dynamics using RS & GIS techniques. The
channel configuration has been mapped from 1990-2008 using IRS 1A LISS-1 & IRS-O6
LISS- 111 satellite images. Results show that there are sharp changes in fluvial landform in
recent years resulting in considerable land loss. Gogoi and Goswami (2013) have
contributed a similar study on the Subansiri river, one of the largest among the Trans-
Himalayan tributaries of the Brahmaputra river in Assam. The rate of Brahmaputra bank
erosion depends upon the hydrodynamic & morphological conditions of the river near the
bank, and its value is high during high flows and when the flood stage is on the receding
phases (Prasad and Dutta, 2009). High overflow and consequent sediment discharge during
the rainy season are the prime factors for the bank line migration of Brahmaputra (Chetry,
2014).

Though the engineering and technological aspects are indeed needed, the other aspects like
social, economic, ecological, political, etc. should also be paid similar importance for
proper management of the water resources. Such kind of concept has been forwarded by
Blackmore (2006) for consideration by researchers, planners, and the implementing
authorities citing a comprehensive management structure to lead the Brahmaputra basin
into the 21 century. The Brahmaputra river basin provides the basis for the production of
food and fiber that supports millions of people living in the northeastern part of India. On
the other hand, the Brahmaputra regularly continues to pose a real threat to peoples’
existence and livelihood through periodically devastating floods. It is therefore very needed
of the time for developing comprehensive management involving the riparian states, for
extraction of the natural resources, considering economic, social, ecological and political
aspects to the best possible extent. However, the basin remains both under-developed and
sub-optimally managed as there is no single approach that can be simply “rolled out” and

applied to the Brahmaputra basin (Hazarika, 2012).
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The applicability of innovative techniques in understanding 2D seismic survey used for
hydrocarbon explorations in a logistically difficult, hazardous and environmentally
protected river bed area is discussed by Mandal et al. (2006) aiming to protect the ecology
and the bio-diversity of the Brahmaputra basin. The use of air guns, hydrophone etc. creates
noise pollution which may lead to an unbalance of the flora and fauna of the river basin.
The environmental degradation of the Brahmaputra has led to declining in river animals
(Wakid, 2009; Deori and Abujam, 2015), especially fish and river dolphins, as well as the
land animals (Bora et al., 2010) in the Brahmaputra river basin.

The peculiarities of the hydrological regime have led the mouth of the mighty Brahmaputra
as one of the most vulnerable areas on earth as to natural disasters. The main features of
natural as well as the climatic conditions are studied by Mikhailov and Dotsenko (2006)
for the mouth of the river Brahmaputra. Characterization of the drainage system,
assessment of water and sediment runoff for the river is presented in addition to the
hydrological regime.

The global climate change is responsible for the change in land cover and its subsequent
impact on the watershed characteristics of the Brahmaputra basin is to be properly
evaluated (Kumar and Dutta, 2008). A change detection technique has been proposed and
evaluated for time-series NDVI data. The impact of climatic change coupled with the
change in land use/ land cover on flood vulnerability of the Brahmaputra basin (Ghosh and
Dutta, 2011) has been presented to predict flood in 2070. The morpho-dynamic behaviour
of the river was addressed based on sediment transport, soil erosion and variation in run-
off due to that change in land use/ land cover to assess the basin characteristics by Sarma
etal (2011). The global climate change would be responsible to impact on the Brahmaputra
basin weather variables (Deka and Sarma, 2011) and river runoff (Gupta et al., 2011). The
impact of climate change on the water cycle leads to intensifying the hydrological and its
associated processes (Patil, 2013; Apurv et al., 2015; Gain and Giupponi, 2015) of this
mighty basin. Interestingly, all these studies w.r.t. the climate change impacts over the
Brahmaputra basin has been carried out for a definite part only. However, certain studies
(Akhtar et al., 2011; Aktar et al., 2015; Alam et al., 2016; Mohammad et al., 2017)
considered the entire Brahmaputra basin, but the emphasis was paid to the Bangladesh area

only, and no spatial analyses was forwarded.
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2.2 Hydrologic modelling

Watershed studies have wide applications of computer-based hydrologic as well as water
quality models that use various input information like landuse, soil, topography, weather
data etc, and process to produce output. However, the choice of input data has a large
impact on decision making in any hydrologic assessment for water resource management
and planning. Moreover, the watershed characteristics and processes being simulated in a
model are one of the salient issues to understand by the model practitioners for simulating
the real world situations from the watershed (Daggupati et al., 2015). The model should be
made capable to capture hydrologic processes, spatially across the basin to produce water
balance within reasonable limits (Seibert and McDonnell, 2002; Yen et al., 2014).

With the advent of numerous software tools, hydrologic modelling has nowadays become
easier to assess the real ground situations by using correct input data. Unfortunately,
hydrologic modelling often suffers difficulties due to the scarcity of hydro-climatological
data. The effects of data scarcity on hydrologic model results have been forwarded by many
researchers (Yu et al., 2011; Tabari et al., 2012; Ploeg et al., 2012; Valdivieso and Sendra,
2014). In an attempt, Brath et al. (2004) found a spatial scarcity of weather data has many
influences on model results and concluded that using a higher density of raingauges in the
model provides better simulation results. Whereas, in another study, Chen et al. (2018)
described temporal scarcity of data as a concern for obtaining poorer simulation results.
However, the missing variables may be generated to use in the hydrologic model, although
their reliability is yet a big concern. Nyeko (2015) adopted different techniques in
generating missing model parameters especially solar radiation, saturated soil hydraulic
conductivity, available soil water content, USLE erodability factor and moist soil albedo;
and used in a semi-distributed hydrologic model of a data-scarce basin located in Uganda.
Besides, the different hydrologic processes within a basin can be modeled by explicitly
training the missing data as constraints in mathematical programming (Pande et al., 2012).
Even, the process of calibration and validation of a hydrologic model is again a major
challenge at the un-gauged sections where discharge data is not available. In the absence
of adequate flow data, researchers can adopt an internal mass balance method for validation

(Jang et al., 2012) of model results. However, attaining satisfactory simulation and

14
TH-2396_166104038



calibration results from such models for a basin with scarce data has always been difficult,
and often remains less satisfactory.

Watershed simulation models are widely used across the globe to investigate the water-
related issues incorporating land use and climate change impacts, pollutant load assessment
and the best management practices (Stone et al., 2001; Kannan et al., 2005; Tuppad et al.,
2010; Jha and Gassman, 2014). Watershed models are key tool for addressing a wide
spectrum of watershed problems (Singh and Frevert, 2006). In the event of various
presently available software to build hydrologic and water quality models, choosing the
appropriate one to help to fulfill the study objectives is important. A comparative
assessment of 22 different hydrologic and water quality models have been forwarded by
Moriasi et al. (2012), highlighting the key aspects, including calibration and validation. In
an attempt, Borah and Bera (2004) compared SWAT model with several other hydrologic
and water quality models and found that SWAT is a promising model for continuous
simulations. They found that SWAT is efficient in predicting annual and monthly flow
volumes and pollutant losses. In another study, Shepherd et al. (1999) compared 14
different watershed models and found SWAT to be the most suitable for the estimation of
phosphorus loss from low land in the UK. Moreover, SWAT is more consistent than
Hydrologic Simulation Program-Fortran (HSPF) in the prediction of streamflow for
different climatic conditions and can suitably be used in investigating long term impacts of
climate variability on surface water resources (VanLiew and Garbrecht, 2003). In another
approach, the flow estimation was accurately found (Srinivasan et al., 2005) in SWAT
model for 39.5 ha experimental watershed in east-central Pennsylvania as compared to Soil
Moisture Distribution Routing (SMDR) model. It is, therefore, Soil and Water Assessment
Tool (SWAT) is found to be more suitable for modeling the transboundary Brahmaputra
river basin. In addition to that, the SWAT model is computationally efficient and capable
of continuous simulation over long periods (Arnold et al., 2012). Whereas SWAT is a
continuous, semi-distributed process-based river model, and it considers spatially detailed
input/output parameters and describes interactions between elementary units of various

hydrological processes (Lempert and Ostrowski, 2002).
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2.3 Rainfall comparison

Rainfall is the main driving variable for hydrological assessment of a catchment. Accurate
rainfall data is essentially needed for modeling a watershed. Although Hydrological models
are capable to provide the necessary information about the ground response, it is extremely
difficult to establish models and generate representative water resource availability
information without adequately accurate climate (temperature, rainfall, evaporation, etc.)
input information. In the light of sufficient data, rainfall characteristics especially
variability and trend are important for water resource schemes (Nyatuame et al., 2014).
Effective stormwater management plans depend on reliable rainfall intensity-duration-
frequency (IDF) relationships (Trefry et al., 2005). The ground observations for
meteorological data are sparse, especially in developing and underdeveloped countries due
to a lack of available resources (Hughes, 2006). Precipitation data is principal information
in most hydro-climatological studies. In large parts of the world, however, observed
precipitation records are often scarce, discontinuous and frequently contain discrepancies
(Koutsouris et al., 2016). Although longer records are found in gauge observations (Yatagai
et al., 2009) they do not provide a reliable spatial representation of precipitation (Gruber
and Levizzani, 2008). The distribution of global precipitation was not well documented up
to a few years ago, both because of its wide spatial and temporal variability (Xie and Arkin,
1995). Nowadays various countries have developed tools for estimating the gridded data
with better spatial and temporal representations. Since observational rainfall datasets over
land areas for most of Asia lack, Yatagai et al. (2008, 2009) have generated a high-
resolution rain gauge-based daily precipitation gridded dataset for East, Middle East, and
Russia. Similar attempts have been made to develop and improve global gridded
precipitation data in recent years (e.g. New et al., 2000; Mitchell and Jones, 2005).
Remote sensing techniques, such as those using radar or satellites, are useful for
monitoring rainfall over large mountainous and oceanic regions. Though these data provide
more homogeneous quality, their time series accuracy and precision is lower than the
existing and corresponding gauge-based ground observations data sets (Schulz et al.,
2009).

The choice of input data in any hydrologic assessment study has a large impact on decision
making in water management and planning. In the event of a large number of global
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precipitation data available, its’ evaluation and inter-comparison are needed to justify
applicability for both research and resource planning (Koutsouris et al., 2016). There have
been many region-specific studies (Todd et al., 1999; Thorne et al., 2001; Grimes and Diop,
2003), wherein statistical and other analyses were carried out for the use of satellite rainfall
data. Goyal (2014) applied Mann-Kendell and Sen’s slope estimator test to check the
applicability of India water portal metadata (provided by IMD) to help provide rational
regulatory and policy concerning water resources.

The use of synthetic weather data derived from satellite or so has gained importance, while
its' reliability is to be checked before developing a hydrological model. Wilk et al. (2006)
forwarded some of the issues of using the synthetic data together with the historical rainfall
data in the river flow simulation studies. There have been many studies to evaluate the
gridded precipitation data against gauge data (Sapiano and Arkin, 2009; Dinku et al., 2011;
Romilly and Gebremichael, 2011; Liechti et al., 2012; Guo and Liu, 2016; Rossi et al.,
2017). The amount of disagreement between the radar estimates and the gauge rainfall is
much significant (Barnston and Thomas, 1983; Masunga et al., 2002). While comparing
the Doppler radar outcomes with the actual rain gauge data, Espinosa et al (2015)
concluded that possible topographic interference may be necessary for most storm events
based upon the use of radar data. Satellite estimates of TRMM outcomes do not conform
to good agreements while compared with the high resolution gridded precipitation data sets
of Iran (Javanmard et al., 2010). Again, TRMM data is found over-estimated in some
stations while under-estimated in some other stations over Bolivia when compared to gauge
rainfall data (Blacutt et al., 2015). However, TMPA satellite products tend to under-
estimate the rain gauge rainfalls over Italy (Rossi et al., 2017). Because the global
precipitation data do not tally with the corresponding actual gauge precipitation, this study
has been forwarded to evaluate and analyze the number of discrepancies between them to

help in the choice of the data.

2.4 Climate change

2.4.1 Greenhouse gas emissions and Climate change
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Life on Earth depends on the Sun. The Sunlight passes through the air and clouds of the
earth’s atmosphere, to reach the surface. This energy is absorbed in the surface and then
radiated upward in the form of infrared heat. This heat is then absorbed by the greenhouse
gases and radiated back toward the surface, and making our plant a warmer and habitable.
Water vapour is the most important greenhouse gas. However, there is a substantial
contribution from carbon dioxide and smaller contributions from ozone, methane, and
nitrous oxide. Greenhouse gases from human activities are the most significant driver of
observed climate change since the mid-20" century. Earth's natural greenhouse effect is
crucial to supporting life. Human activities, however, mainly the burning of fossil fuels
and clear-cutting of forests, have accelerated the greenhouse effect causing global
warming. Besides, rapid industrial growth plays an important role in accelerating global
warming.

The science related to climate change is assessed by the IPCC (Intergovernmental Panel
on Climate Change), a body of the United Nations. The IPCC was created in 1988, to
provide policymakers with a regular scientific assessment on climate change and its
subsequent impact, and to put forward adaptions as well as mitigation measures. In its fifth
assessment report (AR5), the IPCC adopted four Representative Concentration Pathways
(RCP), the greenhouse gas concentrations trajectory. These RCP scenarios include
RCP2.6, RCP4.5, RCP6, and RCP8.5, and they are labeled after a possible range of
radiative forcing values in W/m?. The RCP2.6 is known as the low radiative forcing
scenario with value as 2.6 W/m?. The radiative forcing in RCP8.5 increases throughout the
21% century before reaching a level of about 8.5 W/m? at the end of the century.

As per the AR5 of IPCC, global warming is currently increasing at the rate of 0.2°C per
decade. The global climate change continues to impact the hydro-meteorological variables
of a watershed. For instance, a decrease in rainfall over an area generally results in a
drought-like situation. The drought may still intensify with an increase in precipitation if
the stronger evaporation rate is driven by the increase in temperature (Prudhomme et al.,
2014). Thus the mechanism by which the variability of climatic components is being driven
by the global climate changes should be analyzed. Of course, climate change impacts are
not uniform throughout all places. It depends upon the factors causing global warming.

Even, it depends upon the sensitivity of climate variables. An area of high altitude is more

18
TH-2396_166104038


https://en.wikipedia.org/wiki/Global_warming
https://en.wikipedia.org/wiki/Global_warming

sensitive to temperature (Li Li et al., 2008) since it is fed by snow and ice (Barman and
Bhattacharjya, 2015). There would likely to increase in the number of spells with higher
rainfall and longer duration (Apurv et al., 2015) in the coming decades, over the
Brahmaputra basin.

The reliability of climate change projections depends upon the spatially available data over
an area, and more the available data sets, better is the accuracy. Kerim and Sarma (2017)
suggested the use of average values of numerous spatial weather station data instead of
only one station data for reliable prediction of the climate variables under climate change.
Because of the severe effects of climate change, reliability on the stationary assumption of
the hydroclimatic variable has become questionable, and therefore, the non-stationarity
concept has gained significant attention in the research community in terms of better
planning and risk management. Das and Umamahesh (2017) incorporated uncertainty
analysis between Stationary & Non-stationary variables on the Wainganga Basin of
Godavari river to assess the impact of climate change. Extreme Value Theory (EVT) was
applied for stationary analysis and the Bayesian inference method was applied to provide
a framework to quantify the predictive uncertainties in nonstationary modelling. Non-
stationary estimates of lower return period for streamflow provided relatively better results.
The study of the impact of climate change on hydrological variables depends on projections
of future climate provided by various Global Climate Models (GCM). However, we hardly
use GCM outputs directly because they produce error/biases due to their limited spatial
resolution and various thermodynamic and climate system processes. Even in cases of
Regional Climate Models (RCMs), where the climate is simulated by taking into account
the regional characteristics of the area under investigation, there are observed biases
between the simulation and the in-situ measurements (Lazoglou et al., 2019). Hence they
cannot be used directly as input to any semi-distributed or lumped hydrological model. If
used directly the error between the GCM output concerning historical observations is often
observed to be large (Ramirez-Villegas et al., 2013). Therefore, often these GCM models
have to be downscaled to an appropriate (generally to higher) resolution (Von Storch et al.,
1993). However, issues of uncertainties of future climate data of various downscaled GCM
outputs are not yet avoidable (Chen et al., 2011). Taking into account these uncertainties

along with other factors such as time constraints, human resources, and computational
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constraints, downscaling of GCM models is not a straight forward or simple task especially
for the Brahmaputra basin with 69 available gauge stations. To tackle this problem, one
approach may be to use the Bias-correction and spatial interpolation methods to improve
the GCM output of Brahmaputra river basin (Shrestha et al., 2017). Interpolation of climate
data using different methods from the neighboring points to a required point has been
carried by many people in the past. For instance, Yussouf & Stensrud (2006) employed
Cressman scheme interpolating method to interpolate the 12day mean bias value from
neighboring points to a given station. Mohammadi et al. (2017) used inverse distance
squared weighting and gradient inverse distance method to interpolate the data from the
neighboring observations to any desired location. Using a similar concept, the climate
variables viz. precipitation, maximum temperatures, and minimum temperatures are
interpolated from the neighboring available data points to the desired location and then
corrected for bias. The biased corrected outputs are then used for future climate change
impact studies. These outcomes are thought to be useful for decision-makers to support

their decisions on climate adaption measures.

2.4.2 CC impacts on water resources

This section presents a detailed survey about certain salient works done by researchers
across the globe. It includes the studies related to climate change impact on water resources
of the world. Besides, the studies in context to the Indian river basin are also covered in
this section.

The increase in greenhouse gas concentrations in the atmosphere has led to a change in
climate conditions. As aresult, the hydrological cycle is intensified, leading to more intense
precipitation events in terms of intensity, frequency and the associated severity of floods.
Climate variability and change beyond a few decades ahead have significant social,
economic, and environmental implications. Temperature change due to climate change
would rise to impact the watershed hydrology in the coming days (Shivam et.al., 2016).
The hydrologic response study requires a suitable set of data and models and a proper
methodology. Selecting historical data, different models including hydrologic and climate

models are an important task for accurate assessment of regional hydrologic response. Eum

20
TH-2396_166104038



et al. (2011) presented a complete engineering procedure for climate change flood risk
assessment for the Upper Thames River basin. It is an integrated approach involving
Climate-Hydrologic-Hydraulic models to evaluate floodplain mapping under the changing
climatic conditions. The results showed an increase in floods due to climate change. The
importance of regional climate models (RCM) for the estimation of climate change impacts
over a particular area has been elaborated by some researchers (Yates and Strzepek, 1998).
Global climate change is responsible for alterations of Hydrologic Variables which
consequently may lead to change in WR management practices. Phan et al. (2011)
forwarded a study on Song Cau watershed in Northern Vietnam, for assessment of the
impact of climate change on Stream Discharge as well as Sediment Yield by using the
SWAT hydrologic model. GCM with different emission scenarios as per IPCC was used
to downscale and predict the future climate and the model result shows changes in the
streamflow and sediment discharge. A similar kind of study was carried for the Sutlej basin,
India (Singh et al., 2015) and Malaprabha river basin (Mudbhatakal et al., 2017). In a study,
Duong et al. (2016) found the seasonal streamflow of Vu Gia-Thu Bon catchment
(Vietnam) may increase upto 200% in the rainy season, during 2091-2100, whereas a
decrease upto 30% would happen during the dry periods. Assessing the impacts of water
resources in Tanzania, Adhikari et al. (2017) found the surface runoff would increase upto
94.1% and 159%, at the country level and the watershed level respectively, till the end of
the current century.

Hydrologic models are not able to compute unsteady flood flows and the hydraulic models
are sometimes found less effective in uncertainty estimation in the modelling outcomes
(Singh and Goyal, 2017). Here, a hydrologic model namely SWAT was used to compute
the future flow scenario using downscaled GCM data and prediction of unsteady flow is
presented under a climate change scenario. The projected outputs from SWAT (outflow,
water level) are then incorporated into the Hydrodynamic model (MIKE11) to develop
rating curve equations at outlets. The results predict an increase of flow velocity from
historical value of 6.5m/s to 8.5 m/s during 2100. The results from both the models may be
used for future planning & management of the Teesta river.

Exploring the impacts of climate change on hydrologic and institutional water availability

from a river basin for the numerous users is an important task for water resource
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management agencies. Wurbs et al. (2005) described a case study investigation of the
potential effects of climate-change on assessments of water-supply capabilities and
focusing on whether and how climate change considerations should be incorporated in the
Water Availability Model (WAM) system on Brazos River Basin (US). The study uses two
models, one climate model and the other is the hydrologic model (SWAT). Water
availability in 2050 was checked and found as compared to the requirements at some
specified locations. They found that the future climate scenario would result in decreased
mean streamflows with greater variability across the basin, thus affecting the water
availability until the year 2050. Pervez and Henebry (2015) have also forwarded a similar
study on Brahmaputra basin aiming to assess the future freshwater availability by adopting
sensitivity analysis of climate models and LULC change. The results predicted strong
increasing trends for total water yield, streamflow, and groundwater recharge, indicating
more potential of flooding during August—October of the 21st century. The change of land
use land cover is induced by urban growth which ultimately affects the watershed
hydrology. A similar study was forwarded by Pumo et al. (2017) and described how climate
and land use changes may interact and affect the fundamental hydrological dynamics. They
also concluded that the processes governing basin hydrological response may change with
spatial scale.

The scientific community is facing important basic questions about the implications of
long-term climate change for freshwater resources. Potential effects include seasonal shifts
in streamflow; changes in extreme flow events of surface and groundwater, changes in the
fate and transport of nutrients and sediments [IPCC, 2007a]. A study on 20 large
watersheds (US) was carried out by Johnson et al. (2012) to analyze the impact of climate
change on water quality. The study includes the sensitivity of different watershed models
and several climate models in assessing the streamflow water quality from the basin. Miller
etal. (2012) also presented a similar study for the San Juan River Basin (Mexico) to assess
the water quality. In another study, Draper & Kundell (2007) presented a dialogue based
detailed discussion about the transboundary water sharing issues relevant to the IPCC 4"
Assessment report’2007. The salient highlight of this discussion were risks imposed by

climate change to transboundary water-sharing agreements identification, agreements most
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at risk are identified and the hurdles due to legal aspects and policy of countries to share
water resources.

Incorporation of drought characteristics to a basin under climate change was done by
Madadgar and Moradkhani (2013) using COPULA, a multivariable probability distribution
method. The impact of climate change on future droughts is evaluated using five general
circulation models (GCMs) under one emission scenario and streamflow forecast done by
the ANN model. Some indices like Streamflow Drought Index (SDI), Standardized
Precipitation Index (SPI) are calculated for analysis. Despite more intense extreme events
that are expected to occur in most parts of the globe in the future, the results of this study
show that the Upper Klamath River Basin in the Pacific Northwest (US) will experience
less intense droughts affected by climate change. A complete assessment for the risk due
to the changing climate over the Bangladesh area of the Brahmaputra basin was studied by
Gain & Giupponi (2015). They observed that water scarcity occurs, not only due to the
limitation of resources, i.e. the shortage in the availability of freshwater relative to water
demand but also depends upon social factors. The social & ecological system coupled with
the dynamic behavior of the river is incorporated in this study to calculate Water Scarcity
Index (WSI). Results show that water scarcity risk is expected to slightly increase and to
fluctuate remarkably as a function of the hazard signal.

Simonovic and Li (2003) forwarded a study to address the future climate change scenario
and its subsequent impact on flood protection structures specially dykes, reservoirs within
the Red River basin (Canada). Assessment is done w.r.t. flood flows, flood level and
capacity of structures. An original hydrologic model has been developed for the
hydrological study. Several GCMs were used for projecting the future climate scenario
under several emission scenarios as per the IPCC, to incorporate the uncertainty analysis
for climate models. Another study on urban stormwater infrastructure design has also been
presented by Forsee & Ahmad (2011) for Las Vegas Valley under a climate change
scenario. 100 years design storm depth was calculated by using the Flood Frequency
Analysis based on data generated through climate projections of several RCMs. The
projected changes in design-storm depths were incorporated into a HEC-HMS model.

Hydrologic simulation results showed exceedences of the prevailing design standard.
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Soil moisture is an important parameter for the growth of natural vegetation and crops.
Tavakoli and Smedt (2012) carried out a study on Vermilion basin that is about 95%
dominated by Agricultural land, to assess the impact of climate change on agricultural
production. The study was carried out to predict the soil moisture and streamflow for future
periods by using a distributed rainfall-runoff model (WetSpa) to calibrate for streamflow
and validate for soil moisture. They found the future Soil moisture in the basin would
decline, due to climate changes, and this will ultimately affect agricultural production.
Climate change may impact the stream temperature which ultimately leads to the survival
of aquatic life. A study of this kind was studied for some U.S. Streams by Stephen and
Sinokrot (1993). A Heat Transfer Model was used to calculate the heat exchange between
air and water. The model is very sensitive to air temperature and solar radiation. The output
of the model aids in the study of aquatic life survival. A similar approach was presented by
Lee et. al. (2014) for Nakdong river (Korea). A rainfall-runoff model TANK was used to
calibrate and validate the historical data. Indicators of Hydrologic Alterations (IHA)-- (1)
magnitude, (2) timing, (3) frequency, (4) duration and (5) rate of change were presented to
conclude the aquatic ecosystem. The results of this study showed an increase in stress on
the aquatic ecosystem due to extremely high streamflow.

Climate change leads to variation in spatial and temporal precipitation patterns. Such a
variation may affect the quantity and quality of available water resources, thereby
increasing the competition among various users like agriculture, ecosystems, settlements,
industry, and energy sectors. Islam & Gan (2014) addressed a Multimodal analysis for
future outlook of surface water management of the S.S. River Basin of Alberta. Climate
scenario was projected by 3 different GCM forced by several emission scenario as reported
by IPCC. The annual maximum streamflow simulated through Modified Interaction Soil
Biosphere-Atmosphere (MISBA) model was used as input in Water Resources
Management Model (WRMM) to simulate changes to the number of deficits years out of
68 years (1928-1995) of historical data. Another model “Irrigation District Model (IDM)”
was run to project the irrigation water demand. This study describes the use of multimodal
analysis in WR management for present and future periods.

The conflicting trajectories of water—energy—food (WEF) nexus are highly relevant for

water policy and planning, especially for the transboundary rivers like the Brahmaputra.
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To assess the impact of changing climate on this basin, Yang et al. (2016) carried out a
hydro-economic model analysis. The study includes the development of a new model,
called “BRAhmaputra HydroEconomic MOdel (BRAHEMO)” to address the flow
scenario. The results indicate an increase in streamflow and easing of conflicts at the WEF
nexus in the basin. As the conventional optimization techniques can’t be used for net
economic benefits from a transboundary river, due to its inability to quantify political and
social aspects, this study attempted an alternative approach based on explicit recognition
of the limited ability of several models. The authors capitalized on the recent climate
change risk assessment for presenting Ex-post scenario analysis under ‘Nexus Thinking’
(as per World Economic Forum, WEF). Economic assessment of Jucar basin (Spain) due
to impact of climate change impacts are incorporated by Bou et al. (2017) employed
various models like climate, hydrology, crop water requirements, statistical, water
management. The rainfall-runoff model is used to present the flow scenario of Jucar basin
(Spain). Results show that the system is vulnerable to global change. The economic
assessment through the use of a Hydro-economic model depicts that adaptation actions can
save €3-65 million per year.

2.5 Critical appraisal

It has been observed through the search of the above literature that there is ample scope of
study concerning the mighty Brahmaputra. The Brahmaputra plain has been studied in
numerous aspects, although majorities are done at a tributary level rather than the main
stem. Some of these studies include quantification of the channel processes, erosion and
deposition pattern, fluvial morphology, geomorphologic, development of wetlands,
hydrodynamic model, Laboratory study on Brahmaputra river water & sand. Apart from
the engineering studies, certain other aspects like social, economic, political, ecological,
religious importance, preservation of wild as well as water animals, the involvement of
local communities living aside the river banks of the Brahmaputra basin are also
highlighted in various studies. However, climate change and its impact on the entire
Brahmaputra basin is hardly been addressed comprehensively, and therefore planned to
forward in this study, to add towards the Brahmaputra research.
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Based on the literature reviewed regarding climate change studies worldwide, it is observed
that a river basin is susceptible to climate change effects. Herein, several climate change
impact assessment done by the researchers worldwide have been discussed to explore the
possible mechanism for climate change studies. The global climate change impacts the
hydro-meteorological variables of a watershed, during both the present and future periods.
The hydrological response from a river basin could only be possible through the use of a
hydrological model. As such, several rainfall-runoff models have been reviewed (Sec. 2.2)
for its effectiveness; whereas the SWAT model is found to be more suitable for the present
basin. Furthermore, the present basin lacks observed hydro-climatic data due to which the
use of global datasets would be compulsory. The applicability of the global datasets to a
basin should, therefore, be justified as evidenced in section 2.3. This could be achieved by
comparing the global datasets, especially rainfall values to certain gauge records. So, it is
clear from the literature above that the present study could be planned to forward by
developing a hydrologic model in SWAT platform, to assess the flow scenario at various
gauged and un-gauged locations. The impact of climate change on the hydro-climatic
components of the Brahmaputra river basin during the present, as well as the future periods,
would be taken up as salient objectives of the present study. As the development of a
“comprehensive management strategy” for the Brahmaputra river basin is the need of time,
the present study would consider an assessment of the transboundary effects. Especially,
the assessment of the hydrological impacts on the lower riparian country (i.e. India) due to
certain man-made activities in the upper riparian country (i.e. China) is expected to provide

significant findings of the proposed studies.

TR
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. Chapter 3
Study Area and Input data

3.0 Introduction

The mighty Brahmaputra river basin has been taken up as the study area (Fig. 3.1) of the
present research work. It includes the entire river reach starting from its source at Tibet to
the mouth at the Bay of Bengal. This chapter is presented to discuss the study area including
its climate and hydrology. Later this chapter, we have presented the input data used for the
present study objectives along with their processing to make them useful in hydrological

modelling.

3.1 Brahmaputra Basin: an Overview

The Brahmaputra River originates in the Chemayungdung mountain ranges which is
located nearly sixty miles away from south-east of Mansarovar lake in the Mount Kailash
range in Southern Tibet. A spring called ‘Tamchok Khambab’ spills from the glaciers
which later gather breath and volume to become the ‘Tsangpo’, the highest river in the
world. From its source, the river runs nearly 1100 km in easterly direction between the
Himalayas range to the south and Kailash range to the north. After passing ‘Pi’ in Tibet,
the river suddenly turns north and thereafter it again turns south-flowing through a deep
gorge (Fig. 3.2) to finally enter India. ‘Tsangpo’ is also popularly known as ‘Yarlung
Zangbo’ by the Chinese.

Out of its total length of 2,880 km, the Brahmaputra covers a major part of its journey in
Tibet as ‘Tsangpo’ River flowing 1625 km, parallel to the main range of Himalayas before
entering India through Arunachal Pradesh (India). Here, the river is popularly known as
‘Siang’ river and makes a very rapid descend from its original height in Tibet to finally
appear in plains where it is called ‘Dihang’. It flows for about 35 km and is joined by two
other major tributaries ‘Dibang’ and ‘Lohit” at Kobo, a place in the west of Sadiya, Assam
(India). From this confluence point, the river is known as the ‘Brahmaputra’ till it crosses
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Assam below Dhubri and enters Bangladesh as ‘Jamuna’. In Assam, the Brahmaputra is
popularly known as ‘Luit’, which has been derived from the original Sanskrit name
‘Louhitya’. In Bangladesh, the Jamuna river is joined by ‘Teesta’, one of the largest
tributaries of Bangladesh. Below Teesta, one anabranch originates due east which finally

merges into the mainstem of the Brahmaputra.

-
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Myanmar,,
(Burma)
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Fig. 3.1 Brahmaputra river basin

The “Ganges”, another major river of India, and popularly known as “Padma” in
Bangladesh joins the mainstem of the Brahmaputra near Daulatdia, Bangladesh. After
traveling a distance of around 95 Km from this point, the Brahmaputra is joined by the
‘Surma’, another major river of Bangladesh at the location called ‘Rajrajeswar’. From this
point, the Brahmaputra is popularly pronounced as ‘Meghna’ which finally merges into the
Bay of Bengal to end its journey.

Fig 3.2 The Great Bend of Tsangpo (Source: http://greenbuzz.net)
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The mighty Brahmaputra flows majestically in the Assam Valley for a distance of about
720 km which is joined by a large number of tributaries on both the north south banks.
Some major tributaries like Jiadhal, Manas, Subansiri, Kameng, Pagladiya etc. on the north
bank and Dhansiri, Kapili, Dikhow, Digaru, Krishnai, Dudhnoi etc. on the south bank pay
their tribute to the master river.

While traversing through India following the journey of 918 km long, the Brahmaputra
river is astonishingly wide in some areas. In Upper Assam, near Dibrugarh the river is 16
km wide whereas in lower Assam at Pandu (Guwabhati), the river is 1.2 km wide, but the
Brahmaputra river becomes very wider (nearly 18 km) in the immediate downstream of
Pandu. The Brahmaputra has been widening its (riverbed) size continuously from the last
century. According to a report of the Water Resources Department, Assam, the
Brahmaputra river is spreading over 6000 sq km in 2008, whereas this value was only 4000

sg km in the year 1920.

Fig. 3.3 Brahmaputra basin sharing co-nations

The word ‘Brahmaputra’ means ‘son of Lord Brahma’ and as such the Brahmaputra basin
attains its mythological importance for devotees, especially Hindus, Jains, and Buddhists.
The Brahmaputra River has its history of flow through the dense forests and tribal

settlements. A seldom-run river, it offers beautiful scenery and great wildlife in a less-
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visited corner of the sub-continent that attracts tourists from around the world. The various
adventurous sports held in the Brahmaputra River have helped India's poor to high-end
adventure reputation, especially rafting. The basin has the enormous potential to become
one of the hot-spot in terms of tourism, hydropower generation, agricultural production,
navigation etc. Fishermen utilize the river and the other water bodies within the basin as

their income source.

Fig. 3.4 Brahmaputra basin and its Salient sub-basins

People with different traditions, culture, language & religion along with other living
creatures as well as a wide variety of flora and fauna habitating altogether in the beautiful
landscape have led the Brahmaputra basin an exceedingly incredible one. Although the
severe hazard caused by the Brahmaputra like flood and bank erosion is also much
pronounced which results in huge loss of life and property every year. Comprehensive
management is the need of time to extract the best possible utilization of the water
resources out of the Brahmaputra basin. Though the study on the mighty Brahmaputra had
been started quite long back and the formal research had gained its momentum during the
late sixties of the last century. The Brahmaputra basin is shared by four nations namely
China, India, Bangladesh, and Bhutan (Fig 3.3). The Brahmaputra poses a huge challenge
to the researchers, engineers, environmentalists, and policymakers to culminate the
effective benefits while managing the water resources, due to its versatile complexity and

transboundary effects.
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3.1.1 Basin characteristics

The Brahmaputra river basin covers an area of 5,42,450 km? (Dutta and Sarma, 2020),
corresponding to an outlet (Lat: 23.576N; Long: 89.442E ) at Bangladesh. Out of the total
drainage area, China occupies the highest (= 50%), followed by India (= 36%), and
Bangladesh and Bhutan shares almost equally (= 7%). Being braided and meandering river
in a quite bit, the Brahmaputra frequently forms temporary sand bars. The tectonic activity
in this region is quite significant that is associated with the Himalayan uplift and
development of the Bengal fore-deep. Several researchers have hypothesized that the
underlying structural control on the location of the major river systems of Bangladesh. In
1959, Morgan and Melntire (source: Wikipedia) found a zone of 'structural weakness' along
the present course of the Ganga-Jamuna-Padma rivers, which may be due to either a
subsiding trough or a fault at depth. As well, it is mentioned in the same source that the
width changes in the Jamuna may respond to these faults and they may also cause increased
sedimentation upstream of the fault. The tectonic and climatic context is thought to produce
large water and sediment discharges in the Brahmaputra river, especially the Bangladesh
part, by the high rates of Himalayan uplift.

The Brahmaputra basin is fed by glaciers at the Himalayan range and merges into the Bay
of Bengal. The river bed slope is very steep (= 2.82 m/Km) in Tibet, and gets reduced to
about 0.1m/Km in Assam valley. Due to this sudden flattening of river slope, the river
becomes braided in the Assam valley. The Brahmaputra is one of the largest rivers in the
world and ranks fifth (https://waterresources.assam.gov.in) with respect to its average
discharge. The average annual discharge of this mighty river during the dry season is about
4420 m?s, at Pandughat (26.176872N; 91.687088E). As per Wikipedia
(https://en.wikipedia.org), the Ganga-Brahmaputra system has the third-greatest average
discharge (roughly 30,770 m® per second) of the world's rivers; and the river Brahmaputra
alone supplies about 19,800 m® per second of the total discharge. The rivers' combined
suspended sediment load of about 1.87 billion tonnes per year is the world's highest.
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3.1.2 Climate

The meteorological conditions of the transboundary Brahmaputra river basin are widely
different in the upper riparian country (Tibet) than the lower riparian countries (India,
Bangladesh), and lie in different climatic zones. The climate of the Brahmaputra valley
varies from the harsh, cold, and dry conditions found in Tibet to the generally hot and
humid conditions prevailing in Assam state and Bangladesh. Tibetan winters are severely
cold, with average temperature is below 32 °F (0 °C), while summers are mild and sunny.
The upper river valley lies in the rain shadow of the Himalayas, and precipitation there is
relatively light. The mean annual rainfall over the entire catchments including Tibet and
Bhutan is about 2500 mm. The rainfall in the Brahmaputra basin is mainly due to the South-
West monsoon. Interestingly, merely 85% out of the total annual rainfall of the

Brahmaputra basin occurs during the months from May to September.

3.1.3 Hydrology

The hydrology of the Brahmaputra River is characterized by its significant rates of
sediment discharge. Starting from the source until it enters into Assam, India, the
Brahmaputra river flows along a steep slope of hills and mountains. This stretch of the river
possesses high current in streamflow. The Brahmaputra flow is large and varies
significantly which causes rapid channel aggradations and thereby results in accelerated
rates of basin denudation. The course of the Brahmaputra has changed continually over
time. Along with the lower courses within India and Bangladesh, the land undergoes
constant erosion and deposition of silt. Thus, deposition results in the formation of bars
and sand bars at the edge of the flood plain. The basin is subjected to vast inundation during
the wet monsoon months. Floods overtopping or breaching the levees make sedimentary
fluvial deposits on the flood plain of the Brahmaputra. The hydrology of this mighty river
basin is susceptible to the impacts of the global climatic change. Besides, tidal surges
accompanying tropical cyclones sweeping inland from the Bay of Bengal periodically
bring great destruction to the delta region.
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3.2 Data

Table 3.1 List of input data used in the present study

Sl Input data Source
No Required Used in this study
1 Digital elevation | SRTM DEM of 90 m | Downloaded:
model (DEM) spatial resolution (release | www.dwtkns.com/srtm
by NASA)
2 Land wuse and | Global Land Cover map of | Downloaded:
land cover map | 0.5 km spatial resolution | https://landcover.usgs.gov/
global_climatology.php
3 Soil map Global soil map of 0.9 km | Downloaded:
spatial resolution www.fao.org/soils-portal/soil-
survey/soil-maps
4 Weather data (@) Observed data at 6 | Obtained from Indian
(5 different sets) | IMD Stations Meteorological Department
(b) Observed data at 8 | Obtained through a
Stations  over  Tibet | collaborative academic
(China) research project
(c) Observed data at Tea | Collected from various Tea
Estate Stations Estates of Assam
(d) Global gridded CFSR | Downloaded:
data https://globalweather.tamu.edu/
(e) Global gridded IMD | Downloaded:
data https://swat.tamu.edu/
software/links/india-dataset
5 Discharge data Observed discharge data | Obtained from Central Water
for 5 locations (i.e. | Commission, Govt. of India
Bhomoraguri, Pandughat,
Pancharatna, = Golaghat,
Chowldhoaghat)
6 Global climatic | GCM data obtained from | Downloaded:
model (GCM) CMIPS5 archive https://esgf-node.lInl.gov/
search/cmip5/

Initially, the present study involves the establishment of a suitable hydrological model for
the entire Brahmaputra river basin. A watershed model requires adequate and long-term
data of hydro-meteorological variables. Indeed, modelling the Brahmaputra watershed

with huge data scarcity is a major challenge. Especially, precipitation being the main
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variable to impact the results of hydrological modelling, their adequacy in terms of spatial
and temporal availability is a must. Apart from the precipitation, a hydrologic model
requires several other data of weather variables like temperature, humidity, wind, solar
radiation, etc. that control the basin hydrology. Besides, the water balance of a watershed
depends upon the topography, land use, land cover, soil characteristics, etc. A complete list
of input data used in the present study is presented in Table 3.1. The sources of different

data are also indicated in this list.

3.2.1 Data description

3.2.1.1 Topography, landuse and soil data

The present study uses several data as input to the hydrologic model developed in the
SWAT (Soil and Water Assessment Tool) platform. The basin’s topographic information
was obtained by using the DEM (Digital Elevation Model) of 90m spatial resolution. The
DEM belongs to SRTM (Shuttle Radar Transmission Mission) archive and provided by
NASA (National Aeronautics and Space Administration), USA.

Table 3.2 Landuse/ land cover classes for the Brahmaputra river basin.

LEGEND SWAT SYMBOL DESCRIPTION
0 WATR Water
1 FOEN Evergreen needle leaf forest
2 FOEB Evergreen broadleaf forest
3 FODN Deciduous needle leaf forest
4 FODB Deciduous broadleaf forest
5 FOMI Mixed Forest
6 MIGS Mixed Grassland/Shrubland
7 SHRB Shrubland
8 TUWO Wooded Tundra
9 SAVA Savanas
10 GRAS Grassland
11 WETL Wetland Mixed
12 CRGR Cropland/ Grassland
13 URBN Urban and Built up
14 CRWO Cropland/Wooded Mosaic
15 ICES Snow and Ice
16 BSVG Barren and Sparsely vegetated
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The Brahmaputra, being the transboundary river, we are unable to collect any information
regarding the land use and land cover as well as the soil characteristics for its basin, beyond
the national boundary, due to transboundary issues. As such, we are bound to rely on global
data regarding this information. The global data were downloaded from the respective links
as shown in Table 3.1 and then clipped to the Brahmaputra basin shape. While extracting
the global soil map (Fig. 4.4b), it was found to have as many as 39 soil classes within the
Brahmaputra basin. Here, each soil class is given different names representing different
soil characteristics, and they are known as the “SWAT soil classes”. Besides, we found as
many as 16 classes of landuse/ landcover, after extracting the global map for the
Brahmaputra basin. The list of these SWAT land classes is shown in Table 3.2, describing

the meaning of each.

3.2.1.2 Climatic data

Weather components, especially precipitation are the driving variable to impact the results
of the hydrological analysis. As such, they should be so used to represent fine spatial and
temporal resolution. Accurate weather data, preferably the ground observational records
always provide better results in hydrologic simulations. However, we are unable to gather
a single set of weather data, representing the spatial and temporal variations over the entire
basin, due to transboundary issues. Therefore, we have collected weather data from all
possible sources locally and globally, to make them useful in the present hydrologic
analysis. There are altogether five sets of weather data used in our study as listed in Table
3.2.

Legend
® IMD_Observed
® China_Observed
A CFSR_Glebal
* IMD_Grid

Fig. 3.5 Weather stations used in present hydrological analysis.
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The details of the weather data used in the present study are described as follows:

>

The first weather datasets include observed data at 6 gauge stations over Indian
territory, and collected from the Indian Meteorological Department (IMD). These
daily datasets consist of four variables (precipitation, max/ min temperature, wind),
and we could collect them for 25 years (1991-2015) periods.

The second dataset includes the measured weather data at 8 gauge stations over
Tibet region (China), obtained through an academic collaborative project, and it
contains six variables (precipitation, max/min temperature, wind, solar, humidity)
spanning over 22 years (1991-2012) records, on daily basis.

Thirdly, the weather datasets were collected from various Tea gardens across
Assam, India. This dataset provides precipitation and max/min temperature on a
daily record basis. These data are found unsuitable for using them into the present
hydrological studies, due to insufficient records temporarily, but they are used in
the evaluation of the satellite rainfalls, as shown in the next section (Sec. 3.3).

The fourth set of weather variables is the Climate Forecast System Reanalysis
(CFSR) data, provided by Texas A&M University (TAMU) as gridded global, high
resolution coupled atmosphere-ocean-land surface-sea ice system weather data, on
daily basis. These weather data consist of six variables: precipitation (pcp),
maximum/minimum temperature (tmp), relative humidity (hmd), solar (slr) and
wind (wnd), and available for 36 years (1979-2014).

And, finally, the IMD gridded weather data generated by Dr. Balaji Narasimhan,
Associate Professor, IIT Madras has been used as the fifth weather dataset. These
data, on a daily basis contain only three variables (pcp, tmp min/max) and available

up to the year 2005.

The weather stations considered for the hydrological analysis are shown in Fig. 3.5. Here,

we omitted the third dataset i.e. the Tea garden data, as they were not used as input to the

modelling purposes, rather they were used for rainfall comparison only.

TH-2396_166104038
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3.2.1.3 Discharge data

The hydrological model established in this study was calibrated and validated with respect
to discharge obtained from the Central water commission (CWC), govt. of India, as gauge
data. These data were obtained corresponding to five locations namely Bhomoraguri,
Pandughat, Pancharatna, Golaghat and Chowldhoaghat, the first three belong to the main
stem whereas the later two belongs to tributary outlets. The lengths of available discharges
at all locations are not uniform. As such, calibration and validation periods for all these
locations would not be possible to consider the same.

3.2.1.4 GCM data

As for the Global Climatic Model (GCM) data are concerned, we downloaded them from
Coupled Model Inter-comparison Project Phase 5 (CMIP5) archive, based on availability
for the present and the future periods. Three GCMs were selected for obtaining the climatic
data starting from the year 1991 till the end of the current century. The details of the GCM
data are described later (Chapter 7) in this report.

3.3 Evaluation of Satellite data

The challenge of water resource schemes lies in obtaining accurate ground observations.
Although the hydrological models can serve this purpose, they require an adequately
accurate climate (temperature, rainfall, evaporation, etc.) input information. Out of all the
weather components, rainfall is the main driving variable to widely impact the results of
hydro-climatologic studies. The planning of water resource schemes depends on rainfall
characteristics especially the variability and trend as well as a reliable rainfall intensity-
duration-frequency (IDF) relationship. In large parts of the world, however, the observed
precipitation records are often scarce, discontinuous and frequently contain discrepancies,
particularly in the developing and under-developed countries. In cases longer records are
available in certain gauge observations; they fail to provide a reliable spatial depiction. The
Brahmaputra river basin, encompassing four countries have a poor rain gauge network.
Moreover, it is difficult to obtain the available data, due to hurdles of data sharing policy
between the basin sharing co-nations. So, the use of satellite data becomes inevitable for
the hydro-climatic applications of this river basin.
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The satellites-based data provide more homogeneous quality, but, their time series
accuracy and precision are lower than the corresponding gauge-based ground observations.
Due to the fact that the global precipitation data, in many cases do not merely match with
the actual gauge observations, it is necessary to evaluate the global gridded precipitation
records. The accuracies of gridded precipitation data sets should be evaluated, as they can
be affected by systematic errors. Therefore, a preliminary assessment of the satellite
precipitation products is important to understand their qualifications for a specific region
before putting into an application.

China6 i
China3 ,{1 . Sources of Gauge Stations
: i A : / ina
Chinal Chmaz/ Ch/!pa4 / b Chinas (a) IMD (b) TE
A A ! / !

: 'S Passighat Dibrugarh
. Tezpur Golaghat
Legend Dhekiajuli 4 Silchar Dhekiajuli
) Mangaldo //
+  TE Stations i Guwahati Mangaldoi
= IMD Stations |
B China Stations v ‘ (c) China: 1,2,3......... 8

® \, Passighat

Guwahat_iv Dibrugarh

Silchar

Fig. 3.6 Raingauges considered for rainfall comparison

3.3.1 Methods for Evaluation of Satellite data

The daily rainfall values of the global datasets are compared with the corresponding values
of the gauge datasets during 2006-2011 and in terms of statistical as well as regression
analysis. Due to the lack of continuous data in the gauge records, longer periods could not
be taken up for this study. Fortunately, no gap-filling was required for the gridded global
data. However, a very few days if found with missing values in the gauge records are
ignored and omitted in this study. Because of lacking required actual gauge data, more
stations could not be taken up in this study. Here, “gauge” means the observed rainfall
values at raingauges; whereas, “global” means the satellite rainfall data of global stations.

Out of the two satellite data (i.e. CFSR and IMD grid) of precipitations, we have evaluated
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the CFSR data only. The other one i.e. IMD gridded data has not been evaluated since they
were derived based on the satellite records as well as the IMD station data, and in Indian

context as well.

3.3.2 Results and discussions

The comparison corresponds to observed values at 16 raingauges (Fig. 3.6) though the
global CFSR daily precipitation is available at numerous grid points within the basin
boundary. We were bound to restrict our use only to these stations due to data scarcity. We
understand that the precipitation data of only 16 raingauges spanning over a short duration
(2006-2011) are insufficient to conclude a comparative remark for such an almighty river
basin. However, this study would surely make sense since we considered the observed data
from three different sources (i.e. IMD, TE and China).

3.3.2.1 Statistical comparison

Here, the statistics of rainfall values of wet days during a year are calculated separately and
then averaged during 2006-2011, for both the gauge and global data sets. Wet days are
considered as those days which actually experience rainfall (R > 0) events according to the
gauge observations.

Table 3.3 shows the comparison in statistical values of the daily rainfall data sets between
the gauge and global weather stations considered over India for example, because similar
trends were observed for the other weather stations over China territory of the Brahmaputra
basin. It is evident from this table that there is a significant difference between the annual
average rainfall values of the gauge and global data. All the global stations recorded lesser
annual rainfall value than that of the gauge stations except 'Guwahati' station. This
difference might arise because rain gauge represents point data whereas the gridded data
represent areal average values. Surprisingly, the annual mean rainfall value for Dhekiajuli
station is only 6.88 mm at the global records against 15.16 mm at the gauge records,
indicating the highest dissimilarity among all stations concerned. Even the maximum
rainfall value recorded on a specific day during a year has a significant variation between

both the data sets. High magnitudes in standard deviation and variance indicate that the
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data points are highly spread out from the mean as well as from one another. Moreover,

high skewness values indicate non-symmetry in gauge records at majority of the stations.

Table 3.3 Summary of Rainfall statistics indicating average values over 6 years wet days
Rainfall data during 2006-2011 (for the IMD and TE stations).
Station Sourc | Annua | Mea | Maximu | Standard | Varianc | Skewnes

Name e I (mm) | n m (mm) Deviatio | e S
(mm) n (mm)

(mm?)
Guwahati | Gauge | 1854 13.26 | 113.62 18.69 349.31 3.44
Global | 24924 |17.82 | 116.41 23.52 547.75 1.72
Passighat | Gauge | 3895.3 | 22.69 | 186.34 30.72 943.72 2.87
Global | 3577.8 | 19.13 | 131.56 21.65 468.93 1.81
Silchar Gauge | 3328.3 | 17.81 | 127.40 21.20 449.44 3.63
Global | 3263.2 | 17.46 | 152.93 24.67 608.44 3.61

Tezpur Gauge |1738.3 |11.86 | 91.73 16.45 270.60 3.04
Global | 1721.2 | 11.74 | 109.42 17.85 318.62 3.85
Dhekiajuli | Gauge | 1563.1 | 15.16 | 70.25 14.49 209.96 2.55
Global | 709.6 |6.88 | 80.67 12.09 146.17 291
Golaghat | Gauge | 1398.5 | 13.74 | 78.84 15.20 231.04 2.08
Global | 831.2 |8.17 |76.36 13.67 186.86 1.97
Mangaldo | Gauge | 1612.9 | 12.99 | 95.73 15.86 251.22 3.03
[ Global | 1436.3 | 11.56 | 123.67 17.30 299.29 1.45
Dibrugarh | Gauge | 1409 10.61 | 63.75 11.31 127.91 3.02
Global | 725 545 |53.29 9.06 82.01 3.34

3.3.2.2 Scatter plot

The extent of correlation between two sets of data can be visualized through a scatter plot.
A scatter plot (Fig. 3.7) of wet days’ rainfall during the year 2006 for global data sets
against the corresponding values of the gauge data sets for certain weather stations is shown
for example. A similar trend was observed for the other stations, and other years too. The
points as plotted in this figure are randomly scattered for all the weather stations and hardly
concentrating near the 1:1 line and a similar pattern was noticed for the other periods too.
The values of the correlation coefficient (R?) are poor for all the stations. It may be

concluded from this analysis that the gauge and the global datasets can't be correlated on
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the basis of daily values. Henceforth, the comparison is further analysed based on the

monthly as well as annual rainfall values.
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Fig. 3.7 Scatter plot of wet days rainfall during 2006 for the IMD and TE stations.

3.3.2.3 Comparison on monthly rainfall

The station-wise monthly rainfall values of the eight stations over India are shown in Fig.
3.8 considering a period of 6 years. Here, the wet days’ rainfall values are summed up over
a particular month during a year, to obtain the total monthly value and then averaged over
the entire period of 6 years. It is evident from these plots that the monthly average rainfall
values at the gauge stations are higher than that of the global stations with little exceptions
in few months of certain stations. While considering all the eight weather stations within
the Indian Territory of the Brahmaputra basin as a lump, the final results show the global

observations falling below the gauge observations for all the months. Even, a similar trend
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is also observed for the other eight stations within the China portion of the basin when

considered as a whole during the study period.
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Fig. 3.8 Station-wise mean monthly rainfalls (2006-2011) at stations IMD & TE.

3.3.2.4 Comparison of annual rainfall

The annual average rainfall at each weather station is shown in Fig. 3.9. Here, the wet days'
rainfalls are summed up during individual years and then averaged over 6 years of data at
the corresponding stations. While comparing the gauge and global observations, the annual
average rainfalls at China8 &Guwahati stations show the opposite trend as the other
stations do. On calculating the average of all the weather stations within India portion as
well as Chinese portion of the basin, the global values are found to be under-estimated.
Even, the global value is only 1106 mm against 1297 mm at gauge measurements, when

averaged over all the 16 stations considered for the present study area.
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Annual Rainfall Volume (mm)

Fig. 3.9 Station-wise Annual Rainfall depths (mm) during 2006-2011.

3.3.2.5 Regression analysis

Regression models are adopted for analyzing the cumulated rainfalls of both the global and
gauge datasets. The cumulated rainfall is one of the most significant parameters in
analyzing the triggering of different hydrological processes. To analyze the correlation
between cumulated rainfalls, Rossi et al. (2017) forwarded two types of regression models

as follows:
Linear regression: R=aT ----—---—--- (Eg. 3.1)
Power Law regression: R L (Eq. 3.2)

Here, R and T represent cumulated rainfall of measured data by the global and gauge
observations and ‘a’ and ‘b’ are the coefficients of linear and power law regressions

respectively.

43
TH-2396_166104038



o
w
Lo
£ = 2000
=
SE
8=
O}
2£
s
=
g
=
o
250
[a g
0
& __ 200
=€
[3+3
S £ 150
O]
£ £ 100
s
g
E 50
O

0

3000 -

3
QL 2500
Se 2000
=€
EE
i 1500
£-£ 1000
s
> 500
§
8) o ‘ ; ‘
o 1000 2000 3000 o 1000 2000 3000
Cumulative Gauge Rainfall (mm) Cumulative Gauge Rainfall (mm)
(a) Linear fitting (Silchar) (b) Power Law fitting (Silchar)
~ 250 -
o
w
J L 200 -
(S
R =0.742T = E
o £ 150
o=
os
2.£ 100
s
g 5o
>
o
T T T T 1 0
o 50 100 150 200 250 o 50 100 150 200 250
Cumulative Gauge Rainfall (mm) Cumulative Gauge Rainfall (mm)
(c) Linear fitting (Chinal) (d) Power Law fitting (Chinal)

(A) Linear fitting [(a) and (c)] and Power Law fitting [(b) and (d)] between cumulative

wet days’

rainfall of CFSR Global and the corresponding Gauge observations during the

year 2006.

Guwahati quwahati Guwahati
2

Dhekiajuli Dhekiajuli Dhekiajuli
2006 2007 2008

(a) Linear coefficients “a” for stations of IMD & TE

Chinal Chinal

China5
2007

(b) Power Law coefficients “b” for stations of China

(B) Values of Coefficients: (a) Linear "a" for stations considered over India; (b) Power
Law "b" for stations considered over China during the years 2006; 2007 and 2008.

TH-2396_166104038

Fig. 3.10 Rainfall comparison based on regression analysis.

44



As an example, the linear correlations [Fig. 3.10(A)a,c] between the cumulative wet day
rainfalls at 'Silchar' and 'Chinal’ stations and the power-law correlations [Fig. 3.10(A)b,d]
for the same values at these two weather stations are shown for the datasets of the year
2006 only. Here, the cumulated rainfalls of the global data and gauge data are plotted to
the best possible fit. The linear regression coefficients ‘a’ for the respective stations are
0.462 and 0.742; both fall below 1, indicating that the global values are under-estimated
than the corresponding gauge observations. The values of linear regression coefficients "a"
for each station considered over India are shown in figure [Fig. 3.10(B)a] for only three
years i.e. 2006, 2007 and 2008, as for example. Similar observations of “a” were found
during other periods, and at other stations of Tibet. These figures clearly indicate a wide
variation in the values while linearly fitting the global values concerning the gauge ones.
Similar observations are found even in power-law fitting between the duo, and at all the
stations over India and Tibet. Herein, power coefficient “b” is shown [Fig. 3.10(B)b] for
the Tibet weather stations, as for instance. The value of “b” for majority stations are lesser
than 1.0 which again indicates under-estimations in the global observations. Here, "a" and
"b" values are shown for three years i.e. 2006, 2007 and 2008 only for example, whereas a
similar observation was found during the other years too.

The regression coefficients widely vary from station to station, and even year to year, for
all Indian stations. The average value of linear regression coefficients for all stations was
found to be 0.821, indicating cumulated rainfall for the global datasets falls below the
gauge observations of India. A similar trend was observed through the power-law
regression analysis where the mean value was obtained as 0.952, implying a power of all
the gauge datasets of India. This indicates lower magnitudes in the global datasets. As for
China, data are concerned, almost all the weather stations show "a" value lesser than unity,
indicating lower in the CFSR global values except two stations (i.e. China6é & China8).
However, the mean value for the linear coefficients of all the China stations while
considered as a lump is only 0.802. This means that the CFSR global rainfall values are
under-estimated than the actual observation at raingauges. It is evident from this analysis
that both the regression coefficients fall below 1.0, and it indicates lower magnitudes in the

global CFSR datasets than the gauge datasets of the study area.
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3.4 Conclusion

The present study includes a hydrological assessment from the Brahmaputra river basin,
apart from several other objectives. The hydrological analysis essentially requires adequate
and correct input information. Especially, precipitation being the main driving variable to
impact the results of hydrological simulations, their availability in terms of adequacy and
reliability is desirable. As the satellite based estimations of weather data may suffer certain
systematic errors, their reliability should be checked before application in any water
resource schemes. As such, the CFSR satellite precipitation was evaluated in terms of
statistical as well as the regression analyses. It is obvious from the results that the CFSR
precipitation is under-estimated than the actual ground observations of the Brahmaputra
basin. This information would be helpful during the development of the hydrologic model
(Chapter 4) for the present basin. There is a chance to obtain under-estimated outputs
during hydrological analysis, provided the CFSR data alone would be used for the present
basin. Therefore, certain measures would be necessary for obtaining reasonable matching
with the ground situations during the model simulations. And, the performance of CFSR
data are enhanced by using them, in combination with other datasets while establishing the
hydrological model.

TR
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. Chapter 4

Hydrologic Model Development
& Results

4.0 Introduction

A robust hydrological assessment is a challenging task in regions of limited hydro-
climatological information. This level of uncertainty is further augmented in studies of
flood hydrology for regions having wide variations in physical and hydro-meteorological
characteristics. Hydrological models can serve the purpose of hydrologic assessment from
river basins having limited input information. They can provide outputs at both gauged and
un-gauged locations, and across the basin. Moreover, they can be used as a tool for
estimating the variables required for water resources management practices of a data-scarce
watershed.

Understanding the Brahmaputra basin has always been challenging due to its complex
characteristics, both hydraulically and hydrologically (Rao et al. 2009). The Brahmaputra
river basin possesses very complex stream network systems. This mighty river basin is
characterized by high spatial variations of topography, landuse, soil properties, and weather
components. The Brahmaputra is a transboundary river, the basin of which occupies four
different nations namely China, India, Bangladesh, and Bhutan. As such, the challenge to
model this basin lies in hydro-climatic information across and beyond the national
boundary. This is because the data scarcity situations widely impact the hydrologic model
results. As well, the performance of hydrologic models is dependent on utilizing accurate,
long-term input data series. The present chapter enumerates the development of a
hydrologic model that would be capable to capture the Brahmaputra basin characteristics
hydrologically and hydraulically. Subsequently, the results of the hydrologic model are

discussed in the later portion of this chapter.
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4.1 Hydrologic model

A hydrologic model should be made capable to capture the basin hydrology in the best
suitable manner. Of course, the performance of the model depends on using accurate hydro-
climatic information along with the other input data. With the advent of computer software,
modelling a river basin has nowadays become easier. Presently, there are numerous
hydrologic models available to model the hydrology of a basin. These are:

» SWAT (Soil and Water Assessment Tool).

» VIC (Variable Infiltration Capacity).

» WMS (Watershed Modelling System).

» HEC-HMS (Hydrologic Engineering Center - Hydrologic Modeling System).

» ANN (Artificial Neural Network).
All the above models are capable and can be used to derive the rainfall-runoff processes a
river basin, with certain advantages and limitations. In this study, we have implemented
the SWAT model for the Brahmaputra basin.

4.2 Why SWAT?

The flow production in the present basin is estimated by implementing the Soil and Water
Assessment Tool (SWAT) model, which has earlier been successfully applied by many
researchers across the globe. Some of such studies include flow and sediment simulation
(Rosenberg et al., 1999; Srinivasan et al., 2005; Zhang et al., 2008; Valdivieso and Sendra,
2014; Daggupati et al., 2015; Dahal et al., 2016), as well as a quantitative and qualitative
assessment of water quality (Fohrer et al., 2001; Grizzetti et al., 2003; Bekiaris et al., 2005;
Abbaspour et al., 2007; Guse et al., 2015; Chen et al., 2018). Another reason for using
SWAT s that it is computationally efficient and capable of continuous simulation over
long periods (Borah and Bera, 2004; Arnold et al., 2012). As well, the SWAT model has a
provision of using several weather components like precipitation, temperature, wind,
humidity, solar radiation etc., which can best describe the hydrologic cycle of a river basin.

Even it can be applied for small as well as large watersheds.
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4.3 SWAT description

SWAT is a continuous, semi-distributed process-based river model, and describes
interactions between the elementary units of various hydrological processes. Gassman et
al. (2007) stated SWAT as a physically-based model that simulates the physical processes
through the input parameters like topography, land use, climate variables, and soil
properties. In SWAT, a watershed is divided into some sub-watersheds, which are then
further subdivided into hydrologic response units (HRUs). The HRUs represent an area
consisting of dominant land use, soil characteristics, topography, and management
practices. A basin or even its sub-basins may consist of several HRUSs.

SWAT model first delineates the basin boundary, and then estimates the hydrologic
parameters of each HRU. Indeed, SWAT provides several outputs (i.e. hydrologic
parameters) like runoff, water quality parameters, sediments, etc. The contributions of each
HRU are then aggregated for the sub-basin, by weighted average methods. All such
parameters are routed to the outlets of sub-basin, and finally to the main basin. The water
balance equation in SWAT can be written (Neitsch et al., 2011) as the following equation
(Eq. 4.1).

SWt=SWp + Zf=1 [Rday — Qsur —Ea — Wseep — Qgw] (Eq. 4.1)

Here, SW: = Final water content (mm H,O)
SWo = Initial water content (mm H;0)
t = time in days
Rday = amount of precipitation on day i (mm H0O)
Qsurf = Amount of surface runoff on day i (mm H>0)
Ea = Amount of evapotranspiration on day i (mm HO)
Wseep = Amount of percolation and by-pass flow exciting the soil profile bottom
onday “i” (mm H20)

Qgw = Amount of return flow on day ‘i’ (mm H0)
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SWAT uses soil conservation services - curve number (SCS-CN) method for estimation of
runoff from a watershed. This method was suggested by United States Development of

Agriculture (USDA), and can be represented by the equations. (Eq. 4.2/4.3).

(R—Ia)?
= Eq. 4.2
R —0.25¢,
or, 1~ 1 Eq. 4.3
Q sur [R+0.8S] (Eg. 4.3)
Where Qsur Is the total surface runoff (mm),

R is the daily rainfall (mm),
la is the initial abstractions before runoff (mm) and can be approximated as

0.2S,

S is a retention parameter (mm) based on the soil, landuse and land cover.

25400
S =
CN

— 254 (Eq. 4.4)

Here, CN is the curve number for the day.
SWAT uses weather data, topographic data, soil data, and landuse/land-cover data as input
variables, and produces outputs such as runoff, sediments, water quality parameters, etc. It
requires the input variables on a daily time-step basis, whereas it has provision to provide

outputs on daily, monthly and annual basis.

4.4 SWAT model for Brahmaputra basin

4.4.1 Model Preparation

The step involved in the development of the SWAT model is illustrated in Fig. 4.1. First
of all, the DEM is loaded into the SWAT project to generate the stream network of the
river. SWAT is a physically-based model that simulates the physical processes through the
input parameters like topography, land use, climate variables, and soil properties. Based
on the DEM, it captures the topographic features like elevation and slope. The stream

network (Fig 4.2a) is generated for the threshold drainage area of 2000 km?. Out of 41
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manually added outlets, 34 outlets have been chosen for major tributaries at certain defined
locations, whereas the other 7 outlets are chosen at some salient points on the main stem.
Here, the multiple outlets are added to the stream network to keep provision for spatial
input consideration (Fig 4.2b). The main basin, as well as the sub-basins boundaries, are
then delineated for the final outlet at (23.576N: 89.44E) within Bangladesh. The entire
Brahmaputra basin (Fig 4.2c) area has been obtained as 542450 square kilometers, out of
which China occupies the highest (~50%) followed by India (~36%); and the other two
countries i.e. Bangladesh and Bhutan shares almost equally (~7%).

MODEL Setup
—_—
¥ DEM l
™ :
8 Stream Network
=
E Watershed Delineation
(&)
| 9
< Sub-Basin Parameter
Landuse/ ‘t
> | |
Soil Map Slope classes
HRU Analysis
Weather \l
data i

SWAT input Tables

|

Model Run

Calibration/
SWAT-CUP5.1.6.2 H Validation

Fig. 4.1 Flow chart showing steps during SWAT model development
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(b)

Fig. 4.2 Brahmaputra River Basin: (a) Stream network; (b) Sub-basins of major
tributaries; (c) Co-nations of Brahmaputra Basin.

In SWAT, a watershed is divided into multiple sub-watersheds, which are then further
subdivided into hydrologic response units (HRUs). The HRU s represent an area consisting
of dominant land use, soil characteristics, topography, and management practices. Based
on DEM (Fig. 4.3a), land use (Fig. 4.4a), soil (Fig. 4.4b), and slope (Fig. 4.3b), the whole
Brahmaputra basin is discretized into 40 numbers of sub-basins excluding the main, which
are further sub-divided into 1578 numbers of HRUs.
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Fig. 4.3. [a] DEM (top) and [b] Slope map (bottom) of the Brahmaputra basin.
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Fig. 4.4 [a] LULC map (top), and [b] Soil map (bottom) of Brahmaputra basin. Here, the
names of classes of LULC/soil belong to the SWAT database.
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After HRU analysis, the SWAT model requires weather information on a daily time-step
basis. It has a provision to input several weather variables like precipitation, temperature,
wind, humidity, solar radiation, etc. Then all the input tables within SWAT setup are ready
for simulation. Once the simulation is complete, the model is calibrated and validated in
SWAT-CUP platform.

Table 4.1 List of SWAT models developed in the present study and their data usage. The
calibration periods (CP) and validation periods (\VP) are also shown in this table.

S.N. Model # Landuse Soil Weather CP VP
1 MODEL_1 | MODIS- FAO soil CFSR 1999-2008 | 2009-2012
2 MODEL_2 | based map of 0.9 | CFSR + IMD | 1999-2008 | 2009-2012
Global km spatial | Stn
3 MODEL_3 | Land resolution | CFSR + 1999-2008 | 2009-2012
Cover map China Stn
4 MODEL_4 | with 0.5 CFSR + (IMD | 1999-2008 | 2009-2012
km spatial + China) Stn
5 MODEL_5 | resolution CFSR + IMD | 1993-2001 | 2002-2005
grid
6 MODEL_6 CFSR + IMD | 1993-2001 | 2002-2005
grid + China
Stn

In the present study, a total of six numbers of SWAT models (Table 4.1) were developed.
Initially, the evaluations of various datasets are carried out based on the simulation results
of SWAT model, setup independently for different input datasets (Table 4.1).
Subsequently, a proper dataset suitable for the data-scarce Brahmaputra basin is identified.
Finally, the SWAT model using the suitable dataset is forwarded for the subsequent
analysis such as spatial calibration/ validation, streamflow projection, transboundary

effects, etc.

4.4.2 Parameterization, uncertainty and sensitivity analyses

The simulation results of SWAT model are calibrated and validated in SWAT-CUP
platform. Here, SUFI2 algorithm is applied for model parameterization, sensitivity analysis
as well as uncertainty analysis. The model calibration is performed using the concept of

‘aggregate parameter selection’ (Yang et al., 2007) that is understood by defining a
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parameter change whether ‘replace’ or ‘relative’ or ‘absolute’. SWAT-CUP comprises all
sources of uncertainties related to model, parameter and data error.

Parameter uncertainty is usually caused as a result of inherent non-uniqueness of
parameters, in inverse modeling, due to wrong data inputs and parameterizations. Here, the
parameters mean the variables involved during the calibration processes. Inverse modeling

(Abbaspour et al., 2007) approach is effectively used for hydrologic model calibration.

Table 4.2 List of sensitive parameters

Sl Parameter Description Range Best fit
Min Max
1 |R_SOL_AWC | Average available soil water 0.125 | 0.348 0.196
content
2 | R_ALPHA BF | Base flow recession factor in 0.054 | 0.503 0.246
days
3 | V_GW_DELAY | Ground water delay time in days | O 128.800 | 79.162

4 | V_GW_REVAP | Ground water revap coefficient | 0.110 | 0.184 0.135

5 | R_CN2 SCSII curve number -0.545 | -0.173 | -0.354

6 | V_SMTMP Snowmelt base temperature in 0.970 | 4.920 1.276
degree Celsius

7 | V__ESCO Soil evaporation compensation | 0.828 | 0.897 0.888
factor

8 | V_GWQMN Threshold water depth in 1.457 | 2.753 1.875
shallow aquifer requires for

9 | A__REVAPMN | Threshold water depth in 0 127.083 | 111.516

shallow aquifer requires for
Note: R: Relative; V: Replace; A: Absolute

The sensitivity of a parameter is defined as how significant the parameter is, for the basin.
A parameter is said to be sensitive, if, for a little change in its value, there is an influence
on the calibration results. Sensitivity analysis helps to identify the significance level of a
particular parameter, for the calibration processes. There are two types of sensitivity
analysis like ‘global’ and ‘one-at-a-time’ analysis. In our study, we applied the ‘global’
sensitivity analysis which means all the selected parameters are run simultaneously, and
the significance level is determined for each of them. Here, sensitivity is determined by

using a multiple regression approach, which regresses Latin hypercube generated
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parameters against the objective function. To know the rank of the significance level of a
parameter, generally, two tests are applied in SWAT-CUP, and they are ‘P-value test” and
statistical ‘t-test’. P-value zero (0) signifies sensitivity rank as ‘unity’, meaning the
parameter is highly sensitive. The list of sensitive parameters identified for calibrating
discharges of the Brahmaputra basin is presented in Table 4.2.

SUFI2 follows an iterative process to update the old value of the parameter and estimates
one new value for that parameter. Whereas it adopts sequential fitting processes for
incorporating the parameter uncertainty, and parametric errors are identified in terms of
over-estimations or under-estimations. Moreover, it utilizes a prior knowledge of the
parameter coefficient and quality data checks to minimize the uncertainty. Initially, the
algorithm considers a large uncertainty range to ensure the observed values lie within
95PPU (95% prediction uncertainty) band, for the first iteration. The parameter uncertainty
range is brought narrower for the second iteration. SUFI2 aims at minimizing the over-
estimations and/or under-estimations of modeling outcomes through parameterizations and
tries to bracket most of the observed data within 95PPU, with the smallest possible
uncertainty band. Likewise, iterations are continued until the calibration results become

satisfactory.

4.4.3 Evaluation of SWAT model

The performance of SWAT model is evaluated based on some statistical parameters as

discussed follows:

1. Determination coefficient (R?):- The determination coefficient is a statistical test that

represents a correlation between the observed and the simulated values. It gives an idea
about how well the variance of measured values is replicated by the model simulations and
can range from 0 to 1 where 0 indicates no correlation and 1 represents perfect correlation.

2(0i-Oavg) (Pi-Pavg)
R=[ 3 3 2 ]]2 (Eq. 4.5)

(0i-Oavg)? Z(Pi-Pavg)?

Where, Oi = Observed value at time i
Oavg = Mean of observed value fori=1...... n

Pi = Simulated value at time i
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Pavg = Mean of simulated value fori=1........... n

n = No. of records

2. Nash-Sutcliffe coefficient (NSE):- NSE provides an idea about how well the simulated

output matches the measured data along a 1:1 line. A perfect fit between the simulated and
the measured data is indicated by an NSE value of 1 (Surfleet et al. 2012). This value can

range from — oo to 1.

£(0i — Pi)?

NSE (o, NS)=l-srmo ~

(Eq. 4.6)

3. Present bias (PBIAS):- It measures the mean tendency of the simulated data to be larger
or smaller than the observed ones. For the PBIAS, another statistical test, the optimal value
is 0.0, indicating accurate model simulation. Low PBIAS value represents a better
simulation. Negative values indicate model overestimation bias, and positive values
indicate model underestimation bias (Gutpa et al. 1999). The model performance for
streamflow is defined as satisfactory if PBIAS + 25 (Moriasi et al. 2007).

%(0i — Pi)

PBIAS = x 100% (Eq. 4.7)

4. P-factor and R-Factor:- P-factor is the percentage of observed data enveloped by

Model results (i.e. 95PPU). In SUFI2, most of the observations are expected to lie within
the envelope. Its value should be larger than 70%. On the other hand, R-factor is the
thickness of the Model envelope (i.e. 95PPU). The thickness of the envelope should be as
small as possible. Its value ranges from 0 to infinity, and should be around 1 for acceptance

of a model. It is the measure of uncertainty.
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Fig. 4.5 Locations for Calibration and validation

4.5 Model results and discussions

4.5.1 Simulation results

Initially, all the SWAT models (Table 4.1) were established as per the descriptions given
earlier. It is very important to use adequately correct data while establishing a hydrologic
model, without which reasonably valid outputs be rarely achieved. The simulation results,
without calibration and validation of the respective SWAT models, are compared to have
an idea about the model performance based on data usage. The Fig.4.6 shows a scatter plot
between the simulated and observed flows for the models at Pancharatna (Fig. 4.5), for
example. Similar trends were also observed at all other outlets. This plot provides an idea
of how the simulated flow is different from the observed ones. A perfect match between
the duos represents a straight 1:1 line.

It is evident from Fig. 4.6 that the MODEL _1 that uses only the CFSR global stations
datasets exhibits the least correlation (R?> = 0.607) value, indicating the highest
disagreement between the measured and simulated flows out. The flows out of MODEL _2
& MODEL_3 that use observed station data of IMD and China respectively too did not
provide good resemblance with the observed flow data. Here, although there are
improvements in model outputs, significantly wide changes have not been observed, due

to the non-capturing of all the observed weather datasets by the 2nd and 3rd SWAT models.
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This is because only the weather station close to the geometric center of sub-watersheds is

picked-up by SWAT. On combining all the observed weather datasets with the global

CFSR dataset as used in MODEL_4, however, the correlation further improved with R?

value as 0.65.
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Fig. 4.6 Scatter plot of monthly simulated flows (m®/s) against the corresponding measured
discharges (m®/s) at Pancharatna for all SWAT models. Here, simulated values indicate the
monthly outputs obtained from model run (1991-2012, for the first four models; and 1991-
2005, for the last two models) without calibration and validation.

The simulation result of the MODEL _5 has surprisingly improved while the IMD gridded
data are added to the global CFSR weather data. Furthermore, the MODEL_6 provided the

best correlation (R?= 0.816) value among all models developed in this study. This analysis
indicates the MODEL_6 that uses the global CFSR dataset in conjunction with the IMD

gridded, as well as the observed data over China, provided the best performances in

simulating the discharges, and it, therefore, may be taken up as a default model for the

present basin.
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4.5.2 Calibration & Validation results

4.5.2.1 Single-Outlet Calibration/Validation
The calibration and validation of the SWAT models are done in SWAT-CUP platform that
tries to capture most of the measured data within 95% prediction uncertainty (95PPU)

during iteration.
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Fig. 4.7 Results of Single-outlet Calibration and validation at "Pancharatna™ of all the
SWAT models (i.e. MODEL_1-6). Here, the discharge values of calibration (or validation)
are averaged to obtain the month-wise values.

The two indices as "P-factor" and "R-factor" are used for the goodness of fit between the
simulated and the observed values. Whereas, the P-factor is the fraction of observed data
bracketed by 95PPU band and varies from 0 to 1, where 1 indicates a cent percent
bracketing by 95PPU. On the other hand, R-factor is the thickness of the Model envelope
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(i.e. 95PPU) and should be around 1, but a value of <1.5 is acceptable (Abbaspour et al.,
2007) for this index.

Initially, all the SWAT models are calibrated and validated at a single outlet basis. In the
present analysis, we show the calibrated and validated results at Pancharatna (Fig. 4.7)
outlet only, as a continuous graph for simplicity and clarity of presentation. Here, only the
monthly average values over calibration (or validation) periods are shown, rather than the
complete time series plot, to maintain the data secrecy policy of the CWC. The first four
models (Fig. 4.7) i.e. MODELs_1,2,3,4 were calibrated for 10 years (1999-2008) and
validated for 4 years (2009-2012) by skipping 8 years (1991-1998) for initiation of the
hydrologic response. While the last two models (Fig. 4.7) i.e. MODELs 5,6 were
calibrated for 9 years (1993-2001) and validated for 4 years (2002-2005). Although more
the skipping periods better is the initial response, we could not make it longer for the last
two models due to the limitation of model input data, and 2 years (1991-1992) period only

was provided for them.

Table 4.3 Statistics of Single-output-calibration and validation at Pancharatna for all

SWAT models
Model # Calibration Statistics Validation Statistics
R? NS P- R- R? NS P- R-
factor factor factor factor

MODEL_1 | 0.78 0.68 0.60 0.63 0.77 0.70 0.71 0.74
MODEL_2 | 0.78 0.69 0.60 0.65 0.77 0.70 0.70 0.73
MODEL_3 | 0.80 0.73 0.59 0.60 0.78 0.74 0.67 0.70
MODEL_4 | 0.81 0.72 0.74 1.07 0.79 0.64 0.80 1.27
MODEL_5 | 0.82 0.70 0.60 0.62 0.73 0.66 0.60 0.46
MODEL_6 | 0.79 0.74 0.90 0.97 0.86 0.84 0.81 0.88

It is understood from the results that the MODEL _1 provides the least satisfactory output,
as evidenced by the calibration statistics in Table 4.3. Here, the value of R? (0.78) is fair,
but the other values like NS (0.68); P-factor (0.60); R-factor (0.63) are relatively inferior
for acceptance of the model. On checking the validation statistics, however, slightly better
performances were noticed. The statistics of MODEL_2 and MODEL_3 are found to
comply with satisfactorily. However, the MODEL _4 provided the best statistics among the

first four models, during both the calibration as well as validation. Surprisingly, the
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MODEL _5 which showed good agreement during the simulation (Fig.4.6) failed to
produce good statistics during calibration and validation, although they were carried out
by using the same sensitive parameters (Table 4.2) as the previous ones. Among all,
MODEL_6 is found to perform the best, since it provides a very good strength of statistics
for all the parameters, even during both the calibration and validation (Table 4.3). This fair
result is due to using a proper combination of input datasets in this model (MODEL _6), as
compared to the others used in the other models (MODELs_1-5). The R-factor (0.97) value
during calibration (Table 4.3) is nearly equal to the desired value (1.00). It indicates a very
good measure of parameter uncertainty. As such, this model i.e. MODEL_6 is found to be
the best, among all the SWAT models developed in this study. Therefore, MODEL _6 only
has been extended for the subsequent analyses.

4.5.2.2 Multi-Outlet Calibration/Validation

The calibration at a single site is judicious for the small watershed only, because of
homogeneous watershed characteristics. On the contrary, a large watershed needs a multi-
site calibration to represent heterogeneous characteristics. The single-site calibration if
done on a large watershed may result in a combination of under/over-estimation for values
(Qi and Grunwald 2005), due to consideration of homogeneous characteristics over the
entire basin. To have a better intra-watershed spatial accuracy, the present study includes
multi-site calibration/validation at five outlets (Fig. 4.5) simultaneously. This spatial
accuracy is done only for the best SWAT model identified earlier (Sec. 4.5.1 and Sec.
45.2.1) i.e. MODEL_6, assuming that the other models would not lead to better
performances, even during the multi-site calibration and validation.

The time series plots (Fig. 4.8) show the results of multi-outlet calibration and validation,
as a continuous graph for simplicity in the presentation. Due to the non-symmetry of
available discharge data length, different calibration periods were chosen for the individual
outlets. However, the validation periods for all the sites were chosen the same as 4 years
(2002-2005).
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Fig. 4.8 Results of Multi-outlet calibration and validation results of MODEL_6. The
calibration and validation results of the monthly model are plotted in a single plot showing

the Non-dimensional flow (Q/Qm) values. Here, Q represents flow (simulated or observed)
and Qn, represents the mean flow value of the respective series.

Due to its complex characteristics, a large watershed may not be expected to produce good
statistics against each outlet during multi-site calibration, however, a balance among the
statistical parameters are required for reasonable acceptance of a model. During this spatial
analysis (Fig. 4.8e), the most downstream outlet (i.e. Pancharatna) is found to conform
good statistics during calibration (R? = 0.84; NS = 0.74) and validation (P-factor = 0.94;

R-factor = 0.91). Similarly, the model is found to produce satisfactory statistics at the other
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two mainstem outlets viz. Bhomoraguri (Fig. 4.8b) and Pandughat (Fig. 4.8d). However,
the calibration results at Pancharatna, especially the value of R? (0.84) is relatively low as
compared to Bhomoraguri (0.86) and Pandughat (0.91). This is probably due to the
different lengths of the warm-up period kept for the initiation of watershed responses by
the hydrologic models. The warm-up period for Pancharatna is only 2 years (1991-1992)
against 8 years (1991-1998) for the later two outlets. Interestingly, the results at the
tributary outlets (Fig. 4.8a,c) are found relatively poor than the results at the main stem
outlets. Especially, the value of NS at Chowldhoaghat outlet is only 0.24, the lowest among
the corresponding values at the other outlets. This is due to low values of river discharges
at the tributary outlets, as compared to the mainstem values. A little change in flow values
during calibration/validation may lead to a wide impact on the statistical parameters.
Anyway, it becomes unfair to seek good statistics at all the locations, during spatial
calibration and validation, due to heterogeneous basin characteristics. Overall, the spatial

calibration/validation results of the MODEL_6 may be termed as satisfactory.

4.6 Model application in water resources management

SWAT model provides location-specific hydrologic information across a river basin which
may be utilized by the water resource managers for planning and designing of hydraulic
structures. This information belongs to the quantitative and qualitative assessment of river
flows. A list of certain parameters is enumerated in Table 4.4 corresponding to a location
(LAT: 29.15485N; LONG: 95.006979E) named as ‘Indo-China Border’. Here, monthly
values are obtained from the outputs of the final run of the MODEL _6 which are then
averaged during 1991-2005.

The SWAT hydrologic model output for river flows at the salient location widely varies
from a very low value (28.0 m®/s) in February to a very high value (8364.8 m3/s) in June.
Similarly, wide outputs have also been noticed for the sediment concentration with the
maximum value (445.815 mg/L) during June month. Whereas, high values of sediment
concentration may lead to loss of aquatic habitats, wetlands, and recreation attributes.

Moreover, it becomes a concern for human health and erosion hazards.
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Table 4.4 Parameters for water resources management practices and their mean values at
a certain location (LAT: 29.15485N; LONG: 95.006979E) within the Brahmaputra river
basin. The figures are obtained as output from the final run of the SWAT model suitably
adopted in the present study i.e. MODEL_6.
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Jan 100.4 | 44.075| 0.000 0.000 | 0.001 0.002 0.000 | 4.758
Feb 280 | 24.060| 0.565 0.074 | 0.001 0.002 0.001 | 3.646
Mar 441 | 11.129| 5.870 0.778 | 0.003 0.010 0.009 | 0.937
Apr 711.2 | 45566 | 7.417 1.598 | 0.059 0.535 0.046 | 0.271
May 6878.2 | 252.269 | 7.036 1529 | 0.014 0.698 0.073 | 0.215
Jun 8364.8 | 445.815 | 4.586 0.754 | 0.018 0.408 0.069 | 1.599
Jul 4920.0 | 382.623 | 8.508 1.097 | 0.046 0.069 0.032 | 6.927
Aug 4994.2 | 310.185 | 8.869 1.189 | 0.053 0.107 0.029 | 3.836
Sep 4266.5 | 278.100 | 6.373 0.850 | 0.049 0.044 0.015| 5.388
Oct 2439.8 | 172.431 | 0.479 0.064 | 0.019 0.001 0.003 | 5.280
Nov 909.9 | 64.991 | 0.000 0.000 | 0.001 0.000 0.000 | 1.037
Dec 312.4 | 55.787 | 0.000 0.000 | 0.001 0.001 0.000 | 2.217

The water quality parameters like nitrogen, phosphorous, nitrates, ammonium, dissolved
oxygen, etc. may be a concern for human and plant health. Based on the qualitative analysis
for those parameters, the processes and cost of treatment of water, if derived for water
supply projects, can be ascertained. Although the present model is capable of providing
quite a lot of information regarding water quantity and quality at all desired locations across
the basin, the present analysis is shown corresponding to one outlet only, for example. Such
information provided by the hydrologic models at the desired location may be utilized by
the water resource managers. As such, hydrologic models serve the purpose of deriving
information at locations of no historical records, especially at the locations beyond the

national boundary for such a transboundary river basin.
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4.7 Conclusion

There is acute data scarcity for the Brahmaputra river basin. The rain gauge network in the
Brahmaputra basin is not adequate since the spatial variations of rainfall are very wide
across the basin. Moreover, it is difficult to obtain the hydro-climatic information beyond
the national boundary, due to transboundary issues. In the absence of sufficient and long-
term data, hydrologic modelling of this mighty river basin has always been challenging.
Interestingly, the combination of several sets of weather data could lead to providing
satisfactory results of the hydrologic model. The CFSR datasets while used in combination
with IMD gridded and China station data is proved to the best suitable for the present basin,
and among the available datasets to our end. This information would be helpful to the
research community.

Due to data scarcity situations, the planners and managers of water resources are not able
to develop a comprehensive management policy for the Brahmaputra river basin. The
results of the present modelling study would facilitate them by providing the necessary
information.

From the present study, MODEL 6 is found to provide the best satisfactory results in
simulating the Brahmaputra basin hydrology, among all models developed in this study.
Therefore, this model is considered as the default hydrologic (SWAT) model for the
subsequent study objectives. As such, we would extend this model (i.e. MODEL_6) only
for application in the subsequent objectives. While analyzing the basin-scale impact,
transboundary effect, and even impacts of climate change, etc., the model used will mean
this MODEL_6 only, for all cases.

HEHEHHRY SRR

67
TH-2396_166104038



. Chapter 5

Basin Scale Impact Studies of
SWAT Model

5.0 Introduction

Watersheds can be desegregated in geographic space and their processes in time. Indeed,
one of the key differences between lumped and distributed models is the processes in which
they take spatial variability into account. The distributed, physically based watershed
hydrologic models become indispensable for having correct predictions of the hydrologic
parameters across the basin. The physically-based semi-distributed SWAT hydrologic
model has successfully been applied to the small watersheds (Bekiaris et al., 2005;
Srinivasan et al, 2005; Bracmort et al, 2006; Abbaspour et al, 2007; Jha, 2009, etc.) as well
as the mid-sized watershed for simulating flow, sediment, and water quality. Even, SWAT
has wide applications towards large watersheds (Lee et al, 2011). A hydrologic model
established for a large watershed, however, may not provide justified outputs for its sub-

watersheds.

BRAHMAPUTRA

DHANSIRI

SUBANSIRI

Fig. 5.1 Brahmaputra basin and two of its sub-basins viz. Subansiri basin and Dhansiri
basin.
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This section of the study investigates whether the SWAT model established for the large
Brahmaputra basin would provide acceptable outputs at the sub-basins i.e. tributary outlets.
Here, two sub-basins (Fig. 5.1) namely ‘Dhansiri River basin’ on the southern bank and

‘Subansiri River basin’ on the northern bank of the Brahmaputra has been considered.

Table 5.1 Sensitive parameters utilized during calibration of SWAT models.

S.N. Parameter Description

1 SOL_AWC™? | Average available soil water content

2 ALPHA_BF? | Baseflow recession factor in days

3 GW_DELAY*'? | Groundwater delay time in days

4 GW_REVAP? | Groundwater revap coefficient

5 CN212 SCSII curve number

6 SMTMP? Snowmelt base temperature in ° Celsius

7 ESCO*2 Soil evaporation compensation factor

8 GWQMN!2 Threshold water depth in shallow aquifer requires for return

flow to occur
9 REVAPMN!2 | Threshold water depth in shallow aquifer requires for revap to
occur
Note: 1 stands for sensitive parameters used for main (Brahmaputra) model [Case-I, Case-II]
2 stands for sensitive parameters used for both the sub-models (Dhansiri & Subansiri)
[Case-lll].

5.1 Methodology

Initially, a SWAT hydrologic model has been established for the large Brahmaputra basin.
The detailed procedures for establishing this model has earlier been discussed in Chapter
4. This model was calibrated and validated at various locations including ‘Golaghat’ (an
outlet at Dhansiri River) and ‘Chowldhoaghat’ (an outlet at Subansiri River). Later,
individual SWAT models for these two tributaries have been established. The process of
making the sub-watershed models in SWAT platform is exactly similar to the main model.
And, the input datasets for these models are kept same as the main SWAT model. This
means the simulation processes of the Dhansiri model and the Subansiri model are kept the
same as that of the Brahmaputra model. However, the process of calibration and validation

of the sub-watershed models are considered by adopting two different ways:
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(1) First, calibration/ validation are done using the same set of parameters and same

magnitudes as those used in the main model [i.e. Brahmaputra basin model (Chapter 4)];

(2) Second, calibration/ validation is done using the different set of parameters with

different magnitudes as those used in the main model.

Observed —Cal/Val

Calibration <

Validation
Validation Statistics

Time in months

Fig. 5.2 Calibration (1993-2001) and Validation (2002-2005) results at Golaghat (Dhansiri Basin):
(a) Case-I: From multi-outlet calibration/validation results of the Brahmaputra Basin model using
nine sensitive parameters; (b) Case-lI: Single-outlet calibration/validation of the Dhansiri Basin
model using the same set of parameters and same magnitudes as Case-l; (c) Case-Ill: Single-outlet
calibration/validation of the Dhansiri Basin model using the different set of parameters than
Case-l.

Finally, the results of the main model are compared with the results of the sub-watershed
models corresponding to the two outlets i.e. ‘Golaghat’ and ‘Chowldhoaghat’. For this, we
have considered three cases: (a) Case-I: outputs obtained from the main model calibrated
using nine sensitive parameters [Table 5.1]; (b) Case-II: outputs obtained from individual
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sub-watershed models calibrated using the same sensitive parameters as case-I; (c¢) Case-
I1I: outputs obtained from individual sub-watershed models calibrated using different

sensitive parameters [Table 5.1] than Case-I/11.

5.2 Results and discussions

5.2.1 Model results for Dhansiri basin

Fig 5.2 shows the time series plot of calibration and validation results of the different
SWAT models for the Dhansiri River basin. Here, Case-I represents the results obtained
from the large Brahmaputra basin model corresponding to the ‘Golaghat’ outlet. It is
observed that the calibration statistics are reasonably fair for P-factor (0.81), R-factor
(1.04), R? (0.68) and NS (0.54). On the other hand, the validation statistics were found
relatively inferior in magnitudes, as compared to the corresponding magnitudes of the
calibration statistics. This may be due to the shorter length of the validation period than the
calibration period. This calibration/ validation has been done by using nine sensitive
parameters as used in the main (Brahmaputra) model (Table 5.1). These sensitive
parameters while used for the calibration/ validation of the separate Dhansiri model
produces different outputs that are shown in Case-Il. Here, the values of the statistical
measures get improved. For example, R? and NS values during calibration stand higher at
(0.78; 0.63) than the corresponding values (0.68; 0.54) as in Case-I. Even, the validation
statistical values get improved too. The Dhansiri model calibrated using different sensitive
parameters as in Case-11l (Fig. 5.2) provides a better strength of statistical parameters than
the other two cases i.e. Case-I/ll. The R-factor (0.78) during validation (Case-I11) signifies

a good measure of model strength.

5.2.2 Model results for Subansiri basin

The SWAT model results corresponding to the “Chowldhoaghat™ outlet of the Subansiri
River is shown in Fig.5.3. It is observed that the Brahmaputra basin SWAT (Fig. 5.3a)
model provides the least satisfactory results as compared to the individual models for the
Subansiri model (Fig.5.3b,c). For instance, the P-factor value during the calibration of the
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main model is only 0.27 (Case-1) against 0.57 (Case-11) and 0.62 (Case-I11). Similarly, the
R? value during validation of the main model is only 0.65 (Case-I) against 0.75 (Case-11)
and 0.80 (Case-111). So, it becomes clear that a separate SWAT model of the Subansiri river
provides better results at ‘Chowldhoaghat’ than the results of the large Brahmaputra basin

model at the same outlet.
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Fig. 5.3 Calibration (1993-2001) and Validation (2002-2005) results at Chowldhoaghat (Subansiri
Basin): (a) Case-I: From multi-outlet calibration/validation results of the Brahmaputra Basin
model using nine sensitive parameters; (b) Case-ll: Single-outlet calibration/validation of the
Subansiri Basin model using the same set of parameters and same magnitudes as Case-I; (c) Case-
lll: Single-outlet calibration/validation of the Subansiri Basin model using the different set of
parameters than Case-l.
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5.2.3 Discussions on Model results

It is observed from the result (Fig. 5.2, Fig 5.3) that the calibration/ validation statistics as
obtained in Case-I11 were found fair as compared to the other two cases (Case-I/11). This
is probably due to the fact the SWAT model tries to adjust more either on the main stem
outlets or for the larger sub-watersheds during calibration. So, the outputs at smaller basins’
outlets are compensated to a greater extent as compared to the large basins’ outlets.
However, the sub-watershed can be modeled to obtain good calibration as well as
validation statistics as Case-lll. This can be achieved by using different input datasets
during the model simulation and calibration/validation. A small watershed possesses a
relatively homogeneous characteristic as compared to a large watershed. As such, the
hydrologic processes for the small watersheds are defined little differently than the large
ones. For example, the snowmelt base temperature (Table 5.1) which was an important
factor for calibrating the Brahmaputra basin model is not found suitable for the Dhansiri
and Subansiri basin models.

5.3 Conclusion

The SWAT hydrologic model provides acceptable outputs at the drainage outlet of small
and medium watersheds. Even it is capable of providing reasonably balanced outputs at
various drainage outlets considered across a large basin. However, the model for large
watershed provides an inferior output at outlets of sub-basins. This is because a small
watershed possesses merely homogeneous characteristics, whereas a large watershed
possesses heterogeneous characteristics. A hydrologic model for large watershed needed
spatial calibration and validation to capture the spatial variability. On the other hand, one
set of observed data is sufficient during the calibration and validation of a hydrologic model
for a small watershed.

The model for large watershed becomes unable to accurately capture the hydrology of each
sub-basin. However, a balanced output is provided by such model satisfying the spatial
variability of all the sub-basins’ characteristics. Therefore, a sub-basin needs to be modeled
independently rather than deriving outputs at its outlets from the comprehensive large river

basin model. However, the comprehensive basin model can be used as a tool for deriving
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outputs at tributary outlets if modeling of the later is hard to exercise due to data scarcity
situations.

The Brahmaputra River consists of as many as 278 numbers of tributaries and sub-
tributaries within the Indian boundary (as per Central Ground Water Board) along with
numerous streams along the China and Bangladesh portions. A hydrologic model
established for the entire Brahmaputra basin comprehensively is not expected to provide
acceptable results at all the tributary outlets. It is better to model the tributary basins
independently if adequate and reliable input data are available. This information would

help derive the parameters required for water resources management schemes.

TR
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. Chapter 6

Transboundary Effects

6.0 Introduction

The Brahmaputra is a transboundary river that flows through China, India, and Bangladesh.
The Brahmaputra poses a huge challenge to the researchers, engineers, environmentalists,
and policymakers to culminate the effective benefits while managing the water resources,
due to its complexity in watershed characteristics. Another issue of having limited
researches about this mighty basin is its transboundary nature. It is, therefore, the need of
time to develop a comprehensive water management cooperation mechanism for water
sharing between the basin sharing co-nations namely India, China, Bhutan, and
Bangladesh. The status of water resources available from the Yarlung
Tsangpo/Brahmaputra in the coming decades should be technically justified in a safe,
equitable and sustainable manner without generating any sense of deprivation or unfairness
in a win-win situation for the co-basin nations. Unfortunately, this basin has no
comprehensive policy till date towards managing the water resources. It is, therefore, the
results of the present SWAT model are analyzed to quantify the transboundary effects that

may likely result from certain human induced reasons.

6.1 Transboundary issues

The Brahmaputra flows through three different countries (China, India, and Bangladesh),
but its basin covers ‘Bhutan’ as the fourth nation. Interestingly, China occupies the majority
(= 50%) of the basin area, followed by India (= 36%). This mighty river basin is
characterized by wide spatial variations in topography, land cover, soil types, and weather
components, etc. Hydrology changed upstream would surely impact along with the
downstream. The Himalayan range is fed by glaciers which can melt at increased

temperatures. The magnitudes of rainfall over the China portion of the basin are relatively
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lower as compared to the other areas. So, an increased amount of precipitation there may
lead to more chances of flood along with the downstream areas. The information on such
kinds of natural events should be made available to the basin sharing co-nations so that
they can undertake adequate measures against the probable seriousness caused by the

upstream water.

Reservoir site
Chowldhoaghat
Golaghat

Bhomoraguri

Pandughat

“-mmmmmmmee-e-—------3> Pancharatna

Fig. 6.1 Brahmaputra basin showing the salient locations for transboundary effect studies

The intensity of natural events if aided by certain man-made causes upstream would
escalate the casualties along with the downstream areas. China has constructed several
hydroelectric dam at the tributaries of the Brahmaputra. Besides, they have planned to
construct four major hydroelectric dams including water diversion dam at the mainstem of
the Brahmaputra (Alam et al., 2016). These structures would be utilized for deriving their
own benefits only. For this, they may need to store a large amount of water, which would
lead to scarcity of water along downstream. On the contrary, releasing water more than the
natural flows of the river would cause floods at the downstream locations. India being the
immediate downstream country is more vulnerable to these transboundary effects. As such,
all the information relating to the natural and man-made events beyond the national
boundary, if not obtained, India would surely face the problems by Brahmaputra water.
Unfortunately, we are ignorant about any mutual understanding between India and China
for hydro-climatological data exchange. However, hydrologic modelling can serve the

purpose to some extent. The present analysis is forwarded as an attempt towards estimating
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the transboundary effects of the mighty Brahmaputra river basin, in terms of impact of
hypothetically assumed reservoir coupled with water diversion scenarios.

Table 6.1 Specifications of Reservoir

Sl Items Specifications Remarks
No
1 DAM height 116 m Assumed
2 Elevation of bed level | 1896 m above MSL Obtained from DEM
of Dam
3 Elevation of top-level | 2012 m above MSL
of Dam
4 Reservoir surface area | 579 ha Estimated using DEM
and for reservoir full
condition
5 Maximum water level | Same as Dam height Assumed
6 Reservoir volume 291 Mm?® Obtained using
Google earth
7 Maximum water depth | 30 m during June month Obtained from SWAT
at reservoir site model output
(without reservoir)
8 Provision of Principal | 30 m below the Principal | Assumed
spillway spillway (i.e. ht.  of
emergency spillway =81m)
9 Provision ~ of the |5 m below the maximum | Assumed
Emergency spillway water level (i.e. ht. of
principal spillway =111m)

6.2 Methodology
The hydrologic model established (chapter 4) in SWAT platform is re-run for different

hypothetical scenarios of water diversion from a reservoir assumed at a location before the
Brahmaputra just entering into India. Assuming reservoir height as 116 m above the base,
the parameters like surface area (579 ha) and volume (291 Mm?3) corresponding to the
reservoir full condition are estimated using the DEM. Water withdrawn from the reservoir
will be diverted beyond the basin boundary and would no longer contribute to the stream
again. This reservoir at 1896 m elevation is expected to significantly impact on the river
discharges along with the downstream. Table 6.1 describes the specifications of the
hypothetical reservoir whereas Table 6.2 describes the water diversion scenarios adopted

in the present study.
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Initially, the flow values at the selected reservoir location are ascertained from the final run
of the SWAT model. Then, the SWAT model is run for each of the hypothetical withdrawal
scenarios created, to assess the hydrological alterations along with the downstream
locations. This enables us to have changed values of flows, at different locations of the
lower riparian country (India) due to water withdrawal from the upper riparian country
(China). The hydrologic alterations due to the impact of reservoir with considerations of
certain water diversion scenarios are assessed in this chapter. Here, the changes in values
of discharges, sediments etc. are assessed concerning the original condition (i.e. without

reservoir), and they are presented in the following sections.

Table 6.2 Different scenarios for water diversion

Scenarios Diversion Reservoir specifications
Scenario-1 10% water diversion
Scenario-2 25% water diversion Same as Table 6.1
Scenario-3 50% water diversion
Scenario-4 80% water diversion

6.3 Results and discussions

6.3.1 Impacts on river flows

This section discusses the consequent impacts of reservoir on monthly as well as annual
flow values along the downstream, at four main stem locations i.e. Bhomoraguri,
Pandughat, Pancharatna and Indo-Bangla Border (Fig. 6.1), all within Indian boundary The
reservoir impact is analyzed based on certain scenarios of water diverted from the
hypothetical reservoir at the upper riparian country (China). The reservoir site is selected
at a location just before the Brahmaputra river entering into India and its specifications are
already listed in Table 6.1.
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Fig. 6.2 Impact of reservoir showing flow reduction [%] at lower riparian country (India)
from the reservoir at upper riparian country (China) for different diversion rates [10%
(blue), 25% (red), 50% (green) and 80% (pink)]. The simulated flow values are shown in
the secondary vertical axis for four downstream locations: (a) Bhomoraguri, (b) Pandughat,
(c) Pancharatna and (d) Indo-Bangla border.
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The SWAT model is run by using the weather data on a daily basis only, but it has a
provision to have outputs based on daily, monthly and/or annually. Initially, the model
established in chapter 4 is re-run on a monthly basis, for both the conditions (i) without
considering the reservoir and (ii) considering the reservoir. The changes in monthly flow
values are presented in Sec.6.3.1.1. Similar conceptions were applied for assessing the

impacts on the annual flows, and are presented in Sec.6.3.1.2.

6.3.1.1 Impact on monthly discharges

The month-wise percent reduction in flow values at the downstream locations of the
reservoir site is shown in Fig. 6.2. This reduction is obtained from the hydrologic model
(SWAT) run results with respect to water withdrawal at the rates of 10%, 25%, 50% and
80% of the values of simulated discharges (Table 6.3) at the reservoir site. The amount of
the monthly flow values at all the four downstream locations are also shown in Fig. 6.2.
The magnitude of reservoir impact is not constant throughout the year corresponding to a
particular scenario of diversion. For example, flow at Bhomoraguri (Fig. 6.2a) reduces in
the range between 2.89 — 12.35% corresponding to the 10% diversion scenario. Here, the
minimum value (2.89%) stands during February whereas the maximum value (12.35%)
stands during August month. Similarly, this reduction in flow values at the same location
lies in the ranges like 3.80-30.72%, 16.09-43.50% and 18.79-60.00%, corresponding to
25%, 50% and 80% diversions respectively. It is obvious from the figure (Fig. 6.2) that the
reservoir impact with higher rates of water withdrawal, in general, lead to higher rates of
flow reduction at all the downstream points, with a little deviations. The results of the
SWAT hydrologic model showed base flow taking longer duration (>31 days) to contribute
to the main stem discharge. This contribution, especially during the lean period (December-
April) is significant, thus the flow reduction happens at a lower rate during April in
particular. However, the flow reduction during March at Bhomoraguri is quite significant
(32.24% and 51.69%) corresponding to 50% and 80% water diversions respectively. This
is due to the higher intensity of rainfall [Fig. 6.3a] surrounding the water withdrawal site
(i.e. Indo-China Border). The higher amount of rainfall (>200mm) produces more runoff
at this site. The amount of water withdrawal depends upon the runoff at the reservoir site.
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Therefore, more amount of withdrawal from the reservoir leads to more reduction at the

subsequent downstream locations.

Table 6.3 Flow values (simulated) at the reservoir site i.e. Indo-China Border. Here, figures
represent the mean values of the SWAT model simulation results (1991-2005) on monthly
basis.

Month Flow in m3/s

Jan 100.4
Feb 28.0

Mar 441

Apr I Vs
May 6878.2
Jun 8364.8
Jul 4920.1
Aug 4994.2
Sep 4266.0
Oct 2439.8
Nov 910.0
Dec 312.3

The flow reduction in April happens only 16.09% and 18.79% corresponding to 50% and
80% water withdrawal respectively. This is because the spatial variations in rainfall values
across the basin impact the reduction percentages. During March-April, the areas starting
from the immediate upstream location of the diversion site to the Bhomoraguri site
experience more rainfall (101-200 mm) (Fig. 6.3b,c) than the other areas of the basin. As
such, the actual flow production by the hydrologic model at the diversion site becomes
relatively low. However, the flow production at Bhomoraguri is much higher since several
tributaries that contribute to the mainstem discharges join the mainstem between this point
and the reservoir site near Indo-China border. Therefore, the flow reductions at
Bhomoraguri during that period are relatively less significant despite water withdrawal at

the significant rates.
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Fig. 6.3 Total rainfall over the Brahmaputra basin during (i) Annual [(a)] and (ii) Monthly
[(b) March; (c) April; (d) May] basis. Here, annual (or monthly) rainfall values of one year
are obtained by summing up the daily rainfall values during that particular year (or month).
The final values for rainfall as shown in the above plots represent the average of all such
values during the entire study period (1991-2012).

The monsoon season of the Brahmaputra basin starts in late April and continues till early
July [Fig. 6.3c,d] in majority northern part of the basin which, however, starts a little late
and continues upto August for other areas. As such, the flow reduction becomes maximum
during May-June at all the downstream locations. Surprisingly, this reduction, in general,
gets decreased during July-August (Fig. 6.2), due to the higher amount of rainfall causing
more water contribution from the tributaries to the mainstem discharges. Moreover, the
magnitudes of water reduction along the downstream locations decrease, due to several
tributaries joining the mainstem and contributing to mainstem flow. The groundwater
contribution may also be another aspect of having low values of reduction percentage along
with the downstream points. Out of the four salient locations considered within the lower
riparian country (India) for transboundary effect, Bhomoraguri, the nearest point from the
diversion site is likely to experience the highest impact. On the other hand, Indo-Bangla (I-
B) border, the farthest point from the diversion site is likely to have the least impact of

reservoir. Here, the maximum monthly reduction in flow values stands only at 34%
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corresponding to 80% diversion. Whereas the respective values at the other locations stand
higher as 60% (Bhomoraguri), 42% (Pandughat) and 43% (Pancharatna). It is because
several tributaries join the main stem between the diversion site and I-B border that
contributes to the Brahmaputra discharges.

6.3.1.2 Impacts on annual discharges

100 -
90 -

—10% Diversion
—25% Diversion
80 - = 50% Diversion
70 - 80% Diversion

50 -

30 -
20 - —
10 -
0 : : : . .

Indo-China Bhomoraguri Pandughat Pancharatna Indo-Bangla
Border Border

Reduction [%] in annual flow

Fig. 6.4 Reduction [%] in annual flow values at (a) Bhomoraguri, (b) Pandughat, (c)
Pancharatna and (d) Indo-Bangla border, due to reservoir with flow diversions at the rates
of 10%, 25%, 50% and 80% from the reservoir site at Indo-China border.

Fig. 6.4 shows the trend of annual impact on the Brahmaputra river discharges at four
downstream locations. The water reservoir impacts on the annual flows, for all kinds of
scenarios of water diversion which describe decrease in flow values than the normal
conditions of flow without reservoir. It is observed from Fig. 6.4, reservoir operations with
10% diversion leads to the flow reductions as 11.52% (Bhomoraguri), 9.65% (Pandughat),
6.85% (Pancharatna) and 6.66% (Indo-Bangla Border). A similar phenomenon is observed
for the other rates of diversion. The immediate downstream location i.e. Bhomoraguri is

likely to experience the highest decrease in annual discharge as 12%, 19%, 29%, and 42%,
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resulting from 10%, 25%, 50%, and 80% withdrawal respectively. Whereas the respective
values stand lower at the successive downstream locations. This is because several
tributaries join the Brahmaputra river within India. The rainfall magnitudes in these
tributary basins are relatively higher than the upstream locations. As such, flow production
from these sub-basins significantly contributes to the river flows of the mainstem
Brahmaputra. Moreover, the amount of groundwater contribution can’t also be ignored to
have greater flow values at the downstream locations, despite water withdrawal from the
upstream points. It thus, the impact of reservoir with water diverted from a far upstream
would have relatively less effect on the extreme downstream. Among all, the most
downstream location i.e. I1-B border is likely to suffer the least impact. This indicates that

the impact of reservoir coupled with flow diversion reduces along the downstream.

6.3.2 Impact on water quality

A hydrologic model can provide location-specific hydrologic information across a river
basin which may be utilized by the water resource managers for planning and designing of
hydraulic structures. In the event of data scarcity situations like the Brahmaputra basin,
these models only serve the purposes of obtaining the information regarding quantitative
and qualitative assessment of river flows. Even, any made-made structure which would
alter the hydrologic parameters along the downstream can promptly be ascertained by the
application of hydrologic models. Following the quantitative assessment in the previous
section (Sec. 6.3.1), the qualitative assessment on the lower riparian country due to water
withdrawal at the upper riparian country has been addressed in this section, with special
emphasis on sediment concentration.

Fig. 6.5 shows the alteration of sediment concentration at certain selected locations, due to
consideration of reservoir. It is clear from this figure that the impact on sediment
concentration is significant only during the high values of river flows (April-Oct). For
example, the original values of sediment concentration in mg/L at Bhomoraguri during
January, June, and December are 68.8, 219.8 and 99.9 respectively. While considered the
effect of water reservoir, the respective values stand as 65.9, 171.4 and 95.3 mg/L
corresponding to 80% water withdrawal. This means the reservoir has little impacts during

the lean period (Nov-Mar). Infact, the river flow carries lesser amount of sediment during
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the lean period. This is because the low water flow is incapable of producing much
sediment from the watershed. Moreover, bank erosion during the high flood season is much

significant adding more sediment to the river flows.
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Fig. 6.5 Changes in sediment concentration at: (a) Bhomoraguri; (b) Pandughat; (c)
Pancharatna due to water diversion at Indo-China border. Here, the average values of
sediment concentration in mg/L are shown against each month of the year.

The maximum sediment concentration at Bhomoraguri and Pancharatna happens during
July and the value is 234 mg/L, for both the locations. ‘Bhomoraguri’ is the nearest point
from the reservoir site. As such, sediments would either be trapped or carried by the
diverted-water leading to a decrease in sediment concentration at this point. However, this
decrease is not significant at Pancharatna, the farthest point considered in this analysis.
This is because the alluvial characteristics of the basin between Bhomoraguri and
Pancharatna have greater sediment losses that contribute to the river flow at later point.
Whereas, high values of sediment concentration may lead to loss of aquatic habitats,
wetlands, and recreation attributes. Moreover, it becomes a concern for human health and
erosion hazards. Some other water-quality parameters like nitrogen, phosphorous, nitrates,
ammonium, dissolved oxygen, etc. can be assessed by the hydrologic models, even with

due consideration of man-made structures. Based on the qualitative analyses for those
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parameters, the processes and cost of treatment of water, if derived for water supply

projects, can be ascertained.

6.4 Strategies for transboundary issues

The Brahmaputra basin lacks adequate hydro-climatological information required for
developing a management plan of water resources. Especially the weather records and
measured discharges are found insufficient to decide an action plan for management of the
basin. As such, strategies to improve the data network system should be initiated to
facilitate the water resource planners with adequate data in the forthcoming days.

The Brahmaputra River is the life line for many people living along its bank, especially
India and Bangladesh. It has enormous potential towards water resources and hydropower
generation. Although it is probably the least exploited basin and there is no comprehensive
management policy for this basin till date, in context to India. Whereas developing
management policy is based on rigorous analyses of the basin in terms of hydrology and
hydraulics perspectives. These analyses for the transboundary Brahmaputra basin are quite
challenging due to non-obtaining of required hydro-climatic data beyond the nation border.
Even, we too faced lot of data challenges while establishing the hydrological model
(chapter 4) in SWAT platform, which ultimately we could overcome by utilizing several
global dataset and observed dataset from India and Tibet and could get reasonably
acceptable outputs.

It is evident from the present analysis that there happens hydrological alteration at the
downstream of inter-basin transfer project site. A water diversion dam if built at the land
of upper riparian country (China) would impact on the hydrological behaviour of the lower
riparian country (India). For example, ‘Bhomoraguri‘, a location within India is likely to
experience the decrease in annual discharge up to 42%, if a water storage cum diversion
reservoir is considered at Indo-China border, a location before the Brahmaputra just enters
into India. If China continues building large dams like the assumed one as in the present
study, India would face huge deprivation of the natural resources. Therefore, the stake
holders should initiate certain strategies of developing mutual cooperation among the basin

sharing nations, for sharing information regarding physical, meteorological, and
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hydrological characteristics of the basin. Especially, cooperation with the upper riparian
country i.e. China which occupies the largest area (>50%) of the Brahmaputra basin is
essentially needed for water resource management policy making in Indian context. The
model can also be utilized by inserting reservoirs in different tributaries within one country
(say India) to check the best possible cobminations that can help mitigating water problem
of that country, in case upper repairian countries go for huge diversion for their need.
Possible impacts on flow due to such reservoir insertion on downstream repairian country

can also be investigated utilizing the model presented.

6.5 Conclusion

The Brahmaputra river possesses severe disasters in India resulting from floods and bank
erosion. These natural phenomena are even likely to get escalated if the natural course is
disturbed by constructing some barriers or reservoirs, especially along the upstream. The
present study provides a sample example wherein India is likely to experience a water crisis
due to the hypothetical diversion act by China. The Brahmaputra would flow at lower rates
along the downstream if our assumption becomes into reality. Even the monthly, as well
as annual flows, would significantly decrease at the Indo-Bangla border which is around
915 km downstream of the reservoir site. The impact of reservoir at this location stands up
t0 -9.44%, -19.09%, -28.43% and -34% on monthly flow, corresponding to diversion at the
rates of 10%, 25%, 50%, and 80% respectively. Water transfer from a single reservoir leads
to such huge impacts which however may even become severe if diverted from multiple
sites upstream. This information would provide a basis for management of the water
resources. However, the scale of reservoir impact would vary if the assumptions were made
differently. The structural parameters like reservoir volume, dam height, spillway height
etc. if assumed different than the magnitudes taken in the present study would result in
varying impacts. As such, an extensive study considering all possible pros and coins along
with adoptations of reservoir operation policies are needed to accurately quantify the

transboundary effects of the mighty Brahmaputra.

HEHBHHHER HHHHHEHE
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. Chapter 7

Climate Change Impact Analysis

7.0 Introduction

The variability of hydrological variables is being driven by changes in climate variables.
The study of the impact of climate change on hydrological variables depends on projections
of future climate provided by General Circulation Models (GCM). However, we hardly use
GCM outputs directly because they produce error/biases due to their limited spatial
resolution and various thermodynamic and climate system processes. Even in cases of
Regional Climate Models (RCMs), where the climate is simulated by taking into account
the regional characteristics of the area under investigation, there are observed biases
between the simulation and the in-situ measurements (Lazoglou et al., 2019). Hence they
cannot be used directly as input to any semi-distributed or lumped hydrological model.
Otherwise, the error between the GCM output with respect to historical observations is
often observed to be large (Ramirez-Villegas et al., 2013). Therefore, often these GCM
models have to be downscaled to an appropriate, but higher resolution (\Von Storch et al.,
1993).

The issues of uncertainties of future climate data of various downscaled GCM outputs are
not avoidable (Chen et al., 2011). Taking that into account along with other factors such as
time constraints, human resources, and computational constraints, downscaling of GCM
models is not a straight forward or simple task especially for the Brahmaputra basin with
69 gauge stations available in our hands. To tackle this problem, one approach may be to
use the bias-correction and spatial interpolation methods in order to bring the GCM outputs
close towards the observed climate variables of the Brahmaputra river basin.

There are a lot of uncertainties in atmosphere—ocean general circulation models
(AOGCM). Different GCMs can simulate quite different regional changes, even under the
same anthropogenic forcing scenario (Mukherjee et al., 2011) and it is very difficult to
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ascertain which one of the AOGCMs are most reliable. As such, IPCC encourages
ensemble of the GCMs for a comprehensive assessment of regional change projections.
However, it is not guaranteed to have the best results of climate change analyses using
ensemble of the GCMs which are poorly simulated for a specific region. Therefore, we
selected certain GCMs based on their suitability for the Brahmaputra basin or its sub-
basins, as identified in some previous researches (Mukherjee et al., 2011; Sarthi et al.,
2016; Saharia and Sarma, 2018), and the availability of data for both the present and future
periods. In this study, three GCMs namely GFDL_ESM2M, IPSL-CM5 and HadGEM-
2CC were considered for the climate change analysis.
This chapter of the report describes in detail, about the climate change impact analysis over
the Brahmaputra basin. The step-wise procedures for this analysis are:

Stepl: Downloading GCM data

Step2: Interpolation of GCM data

Step3: Bias correction of GCM data

Step4: Evaluation of all GCMs

Step5: Trend analysis.

7.1 Methodology

Three GCMs of CMIP5 archive, viz. GFDL-ESM2M, HadGEM2-CC, and IPSL-CM5-1R
are used in the present study. The grid size of each GCM is presented in Table 7.1. These
GCMs were selected based on the availability of data for the present and the future period.
These GCM data are freely available at https:// cmip-pcmdi.linl.gov/cmip5/.

The historical data of GCM were downloaded for 15 years (1991-2005). Indeed, we used
historical data upto 2005, because one of the weather datasets used in MODEL_6 (Chapter
4) is available upto that year only. On the contrary, GCM data for the future periods (2006-
2099) were downloaded concerning two RCP (representative concentration pathways)
scenarios namely RCP4.5 and RCP8.5. These two RCPs were chosen as they represent the
complete range of impact, with RCP4.5, denotes the agreement of the community to lower
the greenhouse gas emission, while RCP8.5 represents the business scenario with the

highest possible emission.
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Table 7.1 GCMs used in the present study

GCM Grid Archive
GFDL-ESM2M (2.02 x 1.25)° Coupled Model Inter-comparison
HadGEM2-CC (1.25 x 1.875)° . i
IPSL-CM5-LR (1.89 x 3.75)° Project Phase -V (CMIPS)

Initially, GCM data (for daily values of PCP, TMax, TMin) were downloaded for historical
(1991-2005) and future (2006-2099) periods, and then interpolated to the nearest weather
station. Thenafter, bias correction analyses are carried out by applying an appropriate
method to obtain the bias correction factors. These factors were obtained by comparing the
interpolated GCM data with the corresponding observed data during 1991-2005. Finally,
the bias factors were applied to the interpolated values of GCM, for both the historical and
future periods, to generate the bias-corrected GCM data (during 1991-2099) for the
Brahmaputra basin.

Based on the bias-corrected values during 1991-2005, the performance of each GCM
considered in this study is evaluated and compared to identify the best suitable GCM for
the basin. Indeed, the GCM identified as the best would be forwarded for the climate
studies during the future periods (2006-2099). This is done because climate change impact
analysis for a large river basin with numerous gauge weather stations becomes
computationally expensive. Moreover, the GCM replicating best for the present period is
expected to represent the same even during the future periods too.

We considered 1991-2005 as historical and 2006-2099 as the future period. Since the
period 2006-2019 has already been over, we carried out Man-Kendall and Sen’s slope trend
analysis for the remaining future period (i.e. 2020-2099) only. However, the bias-corrected
data during the period 2006-2019 is used in certain analyses of climate change impact of
the Brahmaputra basin. The detailed analyses of interpolation, bias correction, evaluation
along with the climate change impacts on weather variables are described in the following
sections of the current chapter. As well, the streamflow prediction of the Brahmaputra river

is presented in the next chapter.
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Fig. 7.1 Framework of Weather stations needed for Interpolation. Here, "G' refers to GCM
station and 'O’ refers to observed stations. GCM data at an observed station is derived by
interpolating the data from 9 GCM stations surrounding to the observed station.

7.2 Interpolation of GCM data

Interpolation of climate data using different methods from the neighboring points to a
required point has been carried by many people in the past. For instance, Yussouf &
Stensrud (2006) employed Cressman scheme interpolating method to interpolate the 12
day mean bias value from neighboring points to a given station. Mohammadi et al. (2017)
used inverse distance squared weighting and gradient inverse distance method to
interpolate the data from the neighboring observations to any desired location. Using a
similar concept, the climate variables viz. precipitation (PCP), maximum temperatures
(TMax), and minimum temperatures (TMin) are interpolated from the neighboring
available data points (Fig. 7.1) to the desired location and then corrected for bias. The
biased corrected outputs are then used for future climate change impact studies.

The interpolated PCP, TMax, and TMin were obtained for all the three GCMs for the period
1991-2005. Out of 69 stations' observed dataset available with us, only 36 (Table 7.2)
stations were found to remain at close proximity with the GCM coordinates. Hence, we
adopted interpolation and subsequently bias correction corresponding to these 36 stations
only. Knowing the coordinates of 36 stations (Fig. 7.2b) and that of different grids (Fig.
7.2a), the GCMs outputs were interpolated in order to obtain the GCMs’ PCP, TMax, and
TMin at each weather stations location. Although there are many sophisticated techniques

for interpolating climate data such as Kriging (Hudson & Wackernagel, 1994; Hinge et al.,
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2018), Thiessen polygons (Thiessen, 1911), Neural networks (Antoni¢ et al., 2001), etc.,

all of these methods exhibit certain limitations too.

Table 7.2 Stations considered for Climate change study. These stations are among the 69

raingauges (as used in MODEL_6 in Chapter 4) having observed weather data.

Station | North East Station | North East

Code Latitude | Longitude Code Latitude | Longitude
S-1 30.44 82.81 S-19 29.09 87.6
S-2 30.44 83.44 S-20 29.66 91.11
S-3 29.82 84.38 S-21 29.03 91.67
S-4 29.41 85.84 S-22 29.87 95.76
S-5 29.82 89.06 S-23 26.5 91.5
S-6 29.82 93.13 S-24 26.5 92.5
S-7 28.3 91.06 S-25 26.5 93.5
S-8 26.7 95 S-26 27.5 90.5
S-9 25.76 92.81 S-27 27.5 91.92
S-10 25.76 90.63 S-28 27.5 93.5
S-11 24.82 88.75 S-29 27.5 95.5
S-12 24.82 89.38 S-30 28.5 94.5
S-13 27.32 88.44 S-31 28.5 96.5
S-14 26.8 89.36 S-32 30.75 92.19
S-15 27.01 92.81 S-33 30.44 94.69
S-16 28.57 89.69 S-34 29.51 96.88
S-17 28.88 88.75 S-35 28.5 92.5
S-18 29.82 82.81 S-36 28.5 95.5
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Fig. 7.2 Weather stations: (a) GCM coordinates (HadGEM2-CC); (b) Observed weather
stations considered for climate change studies. These 36 stations remain at close proximity
to the GCM coordinates. Interpolation and Bias correction of GCM outputs are done
corresponding to these 36 stations only.
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In the present study, we used the Inverse Distance Weighted Average interpolation
(IDWA), the most widely adopted method, which assumes that the effect of neighboring
points on the desired interpolated point solely depends on the inverse of the distance
between the neighboring points and the desired location. The IDWA method is given by
the equation (Eq 7.1) as follows:

n 1
N =V
l—1dlg i

Vf = (Eq. 7.1)

2
Where, Vs is the interpolated value required at the station, Vi is the data at grid point i, di
is the distance of i from the station, n is the number of points. Here, for each weather station
we choose 9 neighboring GCM points (Fig. 7.1), each with a weight depends on its linear

distance to the weather station in inverse proportions.

7.3 Bias correction

Climate projections are run at coarse spatial resolution. These models are based on physical
laws such as conservation of energy, mass and momentum, thermodynamic and radiation
laws. However, these models will neither resolve nor represent all relevant processes from
planetary waves down to turbulence. Sub-grid processes are simplified by
parameterizations. As a consequence, many relevant atmospheric, oceanic and coupled
processes are not realistically represented, with knock-on effects on other processes even
far away from where the primary biases occur. In short, climate model biases are severe
enough to justify the use of bias correction techniques to render model output more useful
for impact studies. GCM outputs should therefore be bias corrected and downscaled to
local scales. In the present analysis, Bias correction was carried out, whereas no
Downscaling was adopted because of:

» Large number of GCM points fall within the Brahmaputra basin (~25 nos.).

» As many as 9 GCM points are almost concentric to Observed station.

» Every GCM point remains at close proximity (~10-50 km) to a certain Observed
>

station.
Spatial variability is considered by applying IDW (Inverse Distance Weighing)
method.
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» Downscaling approach would be computationally expensive for 69 weather
stations.

7.3.1 Bias Correction Methods

There are various methods for bias correction. Some of them are:
1. Linear scaling method
2. Delta change method
3. Quantile mapping method.
In the present analysis, we have adopted the Linear scaling approach.

7.3.1.1 Linear Scaling Method

Linear scaling method (Teutschbein & Seibert, 2013; Shrestha et al., 2017) was employed
for bias correction of interpolated GCM outputs (i.e. PCP, TMax, and TMin). This method
is based on the difference between monthly observed and raw GCM values. These
differences are then applied to simulated climate data to obtain bias corrected climate

variables.

Bias correction factor = Mo - Md (Eq. 7.2)

Where, Mo = Monthly mean observed for a particular month
Mg = Monthly mean raw GCM data for the same month as Mo
Additive correction is used for temperature and multiplicative correction is used for

precipitation as defined by Hempel et al. (2013). Additive correction is used for
temperature so as to ensure that absolute changes (whether positive or negative) are not
modified, however precipitation being a non-negative parameter, a multiplicative
correction is applied so as to make sure that the corrected data are non-negative in nature.
The following equation as defined by Shrestha et al., (2017) were used for Linear scaling

correction:
Pr(d)’= Pp(d) * [1m™Pops ()] 1 *Pr(d)] (Eq. 7.3)
Py (d)°= Pryy (d) * [l ™ Pops (@) 1 * Py ()] (Eq. 7.4)
Ty (d)"= Ty (d) + [m*Tobs ()~ Hm*Tn(d)] (Eq. 7.5)
T ()= Trwp (@) + [ * Tops (d)- hmn*Tr ()] (Eq. 7.6)
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Here 'P' refers to precipitation, T’ for temperature, 'd’ refers to daily, 'u'm refers to the long
term monthly mean, superscript letter 'b' refers to bias-corrected, 'h' refers to historical raw

GCM data, 'obs' refers to observed data and ‘rwf' is the raw GCM future data.

7.3.2 Bias Correction results and discussion

7.3.2.1 Results on Bias correction factors

Initially, the bias correction factors on monthly basis are calculated using Eq. 7.2. These
factors are different for different GCMs, and for different stations. An example is shown
in the Table 7.3, indicating the values of bias correction factors. Similar factors are obtained
for the weather variables at all other stations, and corresponding to all three GCMs. Here,
the correction factors on monthly basis are assumed to remain constant over the present as
well as the future periods. Later, these factor are applied to the raw GCM outputs by using
the respective Equations (Egs. 7.3-7.6), in order to obtain the bias-corrected daily outputs

at a station. Finally these corrected data are utilized in climate change studies of the basin.

Table 7.3 Month-wise Bias correction factors for GCM variables at Station S1

TH-2396_166104038

For: Station Code: S1
GFDL-ESM2M HadGEM2-CC IPSL-CM5-LR
Mon | PCP Tmx Tmn PCP Tmx Tmn PCP Tmx Tmn
1 1.26 -3.84 -9.53 4.74 -5.50 -10.01 0.45 -3.31 -6.17
2 1.06 -3.98 -9.02 5.06 -6.21 -9.59 1.14 -2.99 -3.44
3 0.92 -3.58 -8.20 2.44 -6.83 -10.22 0.74 -1.31 -1.76
4 0.66 -5.65 -9.87 0.97 -8.79 -12.30 0.69 -1.32 -1.28
5 0.70 -5.91 -6.73 0.37 -8.53 -11.20 0.63 0.05 0.77
6 0.50 -4.08 -4.02 0.25 -6.49 -9.06 1.30 2.18 3.53
7 0.44 -0.65 -3.29 0.33 -2.39 -6.37 4.73 -0.90 0.99
8 0.45 -0.82 -2.95 0.49 -4.02 -5.88 0.99 -3.37 -2.38
9 0.22 -1.41 -3.99 0.83 -5.83 -6.25 0.35 -2.18 -2.73
10 0.15 -3.27 -7.67 0.38 -5.62 -10.09 0.14 -1.82 -3.88
11 0.32 -2.21 -7.78 0.63 -5.40 -10.70 0.11 -0.50 -3.98
12 0.62 -1.35 -6.86 1.61 -3.95 -9.04 0.15 -0.97 -4.49
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The raw as well as bias corrected GCM daily data are compared with the observed daily
data and their differences can be observed from the figure (Fig. 7.3). This figure is shown
for only two variables (PCP, TMax) corresponding to a particular weather station (S1) and
for one year (1991) only, as for example. Similar observations can be viewed for the other
stations’ datasets and for all other variables pertaining to the entire period (1991-2005) of

bias correction studies

7.3.2.2 Results on daily outputs

5 - —— Observed ——Raw GCM ——Corrected GCM

Rainfallin mm

Max Temp in deg. C

Min Temp in deg. C

{c} Min temp

Fig. 7.3 Values of Bias corrected GCMs [for IPSL-CM5-LR] with respect to Observed
data for one year (1991) only, at a station (S1) for (a) Precipitation (top) and (b) Maximum
temperature (bottom) and (¢) Minimum temperature (bottom).

It is well understood that the bias correction methods can’t completely remove the model
biases. However, the raw data are brought close towards the actual observations, after
correcting them for biases. This is evident from the Fig. 7.3 that while correcting for bias,

the raw GCM data points which showed wide disagreement with the observed ones became
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closer to the later. Even few points, especially during 90-150 days of the year, the bias-

corrected values are almost concentric to the observed values. So, bias correction provides

the reasonably acceptable outputs of the GCM, similar to the observed values and they

might further be utilized for climate change studies of an area.

Stn: S5
GCM: GFDL_ESM2M

200
180
160
140
120
100

80 ! -

Rainfall in mm

60
40
20

T

o

1 L L
Obs raw GCM Cor GCM
T T

35

(b) Max Tempr (Daily
Mean) in March

30

N

s

N

o

15

Max Temper in deg. C

===

L
Obs raw GCM Cor GCM
T T

(c) Min Temr (Daily
15~ mean) in March

Min Temper in deg. C

= = =

o —

Obs raw GCM Cor GCM

(a) Rainfall (Total) in lYlarch

Stn: S14 ] Stn: S24
APSL-CM5-LR . | HadGEﬂ/IZ-CC‘
0 T =i -
= o=
== ==
= | ==
= == = |
i ==
= ;

L
Obs

raw GCM Cor GCM

Obs

L 1
raw GCM Cor GCM

Maximum

75 percentile

Mean
Median

25 percentile
Minimum

Fig. 7.4 Box plot for monthly mean values of Rainfall (top row), maximum temperature
(middle row) and minimum temperature (bottom row) at certain salient stations selected
on random basis. Here, the GCM outputs are shown at stations: S5 (for GFDL-ESM2M).
S14 (for IPSL-CM5-LR) and S24 (for HadGEM2-CC) for the month of March only.

7.3.2.3 Results on monthly outputs

Linear scaling method of bias correction is based on the long monthly average values of

the weather data series. This means bias correction factors are calculated on the basis of

long monthly average of both raw GCM and observed data. Subsequently, they are applied

to the daily outputs (raw) of GCM, in order to obtain the corrected daily values. As such,

TH-2396_166104038
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the daily values of corrected GCM are not expected to remain at very close magnitudes of
the actual observations on point to point basis, but the monthly mean values of the corrected
GCM coincides exactly the observed datasets. And this is evident from the figure (Fig. 7.4)
as for example. Rainfall being non-negative parameter, multiplicative correction is applied
to them. On the other hand, additive correction were applied to the temperature data to
ensuring absolute changes are not modified. Therefore, the total rainfall in a month remains
exactly same for both the corrected GCM and the observed data sets. For example, the total
rainfall corresponding to the corrected GCM (GFDL-ESM2M) during March at station S5
is 36 mm that is exactly same in magnitudes as the observed rainfall during the same month.
Similar results at the same locations are observed for TMax (+0.48°C) and TMin (-12.9°C)
of GFDL-ESM2M, during the same month.

The daily mean maximum temperature at station S24 is 27° Celsius pertaining to bias
corrected HadGEM-2CC data that is exactly same in magnitudes to the value of observed
maximum temperature during March. A similar observation can be noticed for other
months at all other stations, and for all the GCMs. It therefore becomes more judicious to
adopt the climate change studies on monthly basis rather than on the daily basis.

7.3.3 Remarks on Bias correction analysis

In this analysis, we adopted Linear scaling method for correcting the GCM biases.
Although each approach has its advantages and limitations over the other, we found this
method more suitable for simplicity. It is clear that none of the bias correction methods
completely remove the model biases. However, the raw GCM outputs are brought to closer
in magnitudes of the actually observed values at ground. Moreover, the corrected GCM
outputs are not possible to match the observed ones at point to point scale. This is because
Linear scaling method is based on the long term monthly mean values. As such, the
monthly mean values of the corrected GCM values become exactly same as the
corresponding observed values. It is therefore, the monthly values provide better results for

climate change studies as compared to the daily values.
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7.4 Uncertainty analysis: Evaluation of GCMs

Climate change studies are generally forwarded by taking the outputs from several GCMs.
The present study considers three GCMs for computation of interpolation followed by the
bias correction based on their historical (1991-2005) records. However, managing the
GCM data and it’s processing to make them use for both the present and future climate
change studies are computationally very expensive. It becomes more tedious for the large
Brahmaputra river basin considering numerous gauge weather stations. Therefore, the
present climate change study for the future periods (2006-2099) is intended to forward by
utilizing the outputs of a GCM identified as the best among the selected GCMs. This
section describes the evaluations of the performances of all GCMs based on the historical
(corrected) records, and to identify one GCM that best replicates the observed weather
records. It is assumed that the GCM identified best suitable for the historical records would
reflect the same for the future periods too. The most suitable GCM so selected would be
considered for the future climate change studies. The most suitable GCM so selected would
be considered for the future climate change studies including likely impact on the

Brahmaputra basin.

7.4.1 Methods of evaluation

The ability of the GCMs to simulate the historical PCP, TMax and TMin values can be
assessed using a different type of evaluation measure. However, no individual measure is
considered superior to the other, instead combined use of different measures can provide a
comprehensive assessment of the model performance (Flato et al., 2014). For this study,
the output of the three GCMs model is compared with the observed data using statistical
measures defined by World Meteorological Organization (WMO) and by comparing
SWAT application with the GCMs model output and with the observed data. These
statistical measures include root mean square error (RMSE) [Eq. 7.7] and Nash-Sutcliff
efficiency (NSE) [Eq. 7.8] and correlation coefficient [Eq. 7.9].

RMSE = \/%zgvzl(si ~0, )? (Eq. 7.7)
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(Eq.7.8)

NSE =1 - ( =10~ Si)z)

2,00, - 0)?

R? i=1(0i-0)(5i=5)

- (Eq. 7.9)
JZ?zl(oi—é)z Jz%;l(si—s‘)z

Here ‘S’ and ‘O’ refers to the simulated (i.e. model generated) and observed values, O
and S are the mean of observed and model-generated data series, ‘i’ denotes the simulated

and observed pairs and ‘N’ refers to the total number of such pairs.
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Fig. 7.5 RMSE of the GCMs in simulating precipitation (mm/day) [first row], maximum
temperature (°C) [second row] and minimum temperature (°C) [third row] at different
stations of the Brahmaputra Basin. Different columns refer to different GCMs.
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7.4.2 GCM evaluation results and discussions

In the present study, the comparison of the bias corrected GCM outputs are presented by
applying two statistical measures like RMSE and NSE as well as SWAT model run results.
The data series of all GCMs and the observed records on daily basis corresponding to each
weather station are utilized for calculation of the RMSE and NSE. These computations for
each weather variables, and at each station, and even for all the three GCMs are found
difficult for presentation. As such, they are shown in GIS plot (Fig. 7.5) and Tabular form

(Table 7.4) in order to add more clarity and simplicity in presentation.

7.4.2.1 Spatial distribution of RMSE

The root mean square error obtained using Eq 7.7 is used to evaluate how well the three
GCMs can simulate the long term (1991-2005) daily PCP, TMax, and TMin over the 36
stations of the basin. The first, the second, and the third rows of Fig. 7.5 present the RMSE
in PCP, TMax, and TMin respectively, at 36 stations.

Fig. 7.5 shows that GFDL-ESM2M, HadGEM2-CC, and IPSL-CM5-1R simulate rainfall
with error in the range of 1-20 mm/day or even more in some stations. The GFDL-ESM2M
simulations had errors up to 5 mm/day in the northern region. In the southern and eastern
regions, five stations had maximum errors (RMSE>20). The HadGEM2-CC had error
values ranging from 0 to 20, but as compared to GFDL-ESM2M, there were lesser number
of stations falling under RMSE > 20 mm/day. It can be seen from Fig. 7.5 that most of the
stations had errors within 0 to 5 mm/day range. In the case of IPSL-CM5-1R, the error
rates were higher in the northern and southeastern regions (>15 mm/day). On the other
hand, the central region had errors within 0 to 15 mm/day.

The GCMs were tested for their ability to replicate historical records of temperatures and
maximum and minimum temperatures. The RMSE produced by GFDL-ESM2M ranges
from 3.6 to 4.5 in the northern region, whereas the errors are comparatively less in the
central region. This error was found maximum in two stations located at the extreme east.
In the case of HadGEM2-CC, more errors were prevalent in the central region with the
RMSE range of 3.1 to 4. The IPSL-CM5-1R performs well in simulating TMax with a
lesser number of stations showing 4.1 — 4.5 range of RMSE. Most of the stations show
RMSE under a value of 4. In the simulation of TMin, the GFDL-ESM2M shows the highest
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error in the most upstream part of the basin (>4.5). The central region was able to capture
the observed values within RMSE values of 2 to 3 whereas the RMSE was higher in the
northeast region of the basin. For HadGEM2-CC model, many stations have RMSE > 4.1
as compared to the other two GCMs. The stations located in the central regions show higher
error rates. In the case of IPSL-CM5-1R, only four stations were found with RMSE > 4.5.
The majority of the stations have RMSE within 2 to 3 and few stations scattered in the
RMSE range of 4.5-4.5. Thus, the spatial variability of the RMSE at each weather station
considered across the large Brahmaputra river basin is much significant, thereby leads to
difficulty in culminating the performance of GCMs. Therefore, the results of RMSE as well

as the NSE values are summarized in Table 7.4.

Table 7.4 Root mean square error (RMSE) and Nash-Sutcliff efficiency (NSE) of
precipitation (mm/day), maximum temperature (°C) and minimum temperature (°C)
evaluated on three GCMs. The best-fitted GCM values are displayed in bold.

Variable GCM Indices | Mean Star)de}rd Max. Min. Median 1 . 3¢ .
Deviation Quartile | Quartile

GFDL- RMSE 10.08 7.19 23.38 1.44 7.45 3.83 15.26

5 ESM2M NSE -0.16 0.21 0.04 -0.87 -0.11 -0.20 -0.02

£ | HadGEM2- | RMSE | 9.81 7.17 2429 | 1.39 7.26 3.28 15.37

% CcC NSE -0.04 0.11 0.17 -0.34 0 -0.09 0.02

E IPSL- RMSE 10.64 7.52 26.15 1.49 7.48 4.01 15.96

CM5-LR NSE -0.27 0.24 0.09 -0.89 -0.21 -0.40 -0.09

GFDL- RMSE 3.75 0.47 4.65 2.78 3.81 3.39 4.07

g ESM2M NSE 0.48 0.25 0.80 0.05 0.49 0.25 0.70

E § HadGEM2- | RMSE | 3.33 0.39 4,05 2.47 3.41 2.97 3.81

§ E CcC NSE 0.46 0.16 0.83 0.29 0.58 0.46 0.74

= IPSL- RMSE 3.54 0.39 4.11 2.84 3.63 3.22 3.85

CM5-LR NSE 0.55 0.22 0.81 0.15 0.56 0.34 0.75

GFDL- RMSE 3.38 0.99 5.80 2.28 3.17 2.55 3.96

S ESM2M NSE 0.78 0.06 0.86 0.51 0.80 0.77 0.82

E g HadGEM2- | RMSE | 3.36 1.08 5.32 1.84 2.93 2.23 4.06

cE CcC NSE 0.75 0.04 0.88 0.69 0.83 0.81 0.85

S IPSL- RMSE 3.26 1.06 6.03 2.07 3.08 2.45 3.93

CM5-LR NSE 0.78 0.17 0.86 -0.19 0.81 0.80 0.83
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7.4.2.2 Analysis of RMSE and NSE

While the analysis of RMSE gives an idea about the performance of each GCM compared
to the recorded climate data in a particular station, the information needs to be further
scrutinized to select the most accurate GCM. The average RMSE and NSE were calculated
for each GCM for PCP, TMax, and TMin to determine the GCM which gives the best
performance. The spatial distribution of RMSE has been shown in Fig. 7.5 which clearly
indicates a wide variation in the RMSE values. A similar variation was observed in NSE
values of bias corrected GCM variables with respect to space. The results of the analysis
are given in Table 7.4 with the best results highlighted in bold letters. It can be seen from
this table that the HadGEM2-CC performed better than the other two models in simulating
mean PCP with RMSE of 9.81 and NSE of -0.04. These values stand minimum than the
corresponding mean values of the other two GCMs, thus signifying better resemblance
with the observed data. Likewise, in TMax and TMin as well, the HadGEM2-CC
outperformed GFDL-ESM2M and IPSL-CM5-LR. Thus, the outputs (i.e. interpolated and
bias-corrected values) of HadGEM2-CC are found to best replicate the observed weather
records across the Brahmaputra basin. Therefore this GCM (HadGEM2-CC) only would

be forwarded for the climate impact studies of the present study area.

Table 7.5 Coefficient of correlation (R?) values between the SWAT model outputs using
the bias corrected GCM variables and the observed discharge values at three outlet
locations where observed data are available. The best-fitted GCM values are display in

bold.
R? Values for the outputs of bias corrected
GCM-fed SWAT model run R? values during
i multi-site calibration
Location GCM of the default SWAT
GFDL- HadGEM2- IPSL-CM5- model
ESM2M CC LR
Bhomoraguri 0.81 0.85 0.61 0.86
Pandughat 0.86 0.84 0.61 0.84
Pancharatna 0.79 0.80 0.46 0.91
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7.4.2.3 Analysis of SWAT model outputs

To evaluate the performance of each GCM in hydrological simulations, the SWAT model
was set up for the study area using ArcSWAT under ArcGIS 10.4 software interface and
run using the bias-corrected historical climate forcing data of the three GCMs. The climate
variables used were the PCP, TMax, and TMin, which are essential for running the SWAT
model. The output hydrograph (Fig. 7.6) obtained at Bhomoraguri, Pandughat, and
Pancharatna using the bias-corrected GCM variables were compared to the measured
monthly average discharge (Table 7.5) using the coefficient of determination for

performance evaluation.
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Fig. 7.6 Comparison of SWAT model simulation (1991-2005) results using observed and
bias-corrected GCM data at three outlets: (a) Bhomoraguri; (b) Pandughat; (c) Pancharatna.
Here, the monthly observed discharges averaged over the simulation period are plotted
against the corresponding SWAT model outputs run using GCM (corrected) data.
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The performance of the SWAT models using different GCMs is not same at all the outlets.
The GFDL-ESM2M performed best at Pandughat with an R? value of 0.861 whereas
HadGEM2-CC and IPSL-CM5-LR performed best at Bhomoraguri with an R? value of
0.85 and 0.612 respectively. However, when the overall performance of the three GCMs
in all three stations was considered, the HadGEM2-CC was found to be the best with 0.851
and 0.8 values of R? in Bhomoraguri and Pancharatna stations. So, it can be concluded
from this analysis that HadGEM2-CC model data provided the best performance in
simulating the hydrology of the Brahmaputra basin, as compared to the other GCMs.

7.4.3 Remarks on GCMs evaluation

The evaluations of the bias-corrected GCMs are carried out in terms of statistical as well
as SWAT model run results. Each GCM possesses certain uncertainties. It becomes evident
from the above analyses that the outputs of the bias-corrected HadGEM2-CC provide better
agreement to the observed data, than that of the other GCMs. Moreover, the same GCM
provides the best performance in simulating the hydrology of the Brahmaputra basin.
Hence, this GCM i.e. HadGEM2-CC may be termed as the most suitable for the present
study area. As such, this GCM would be utilized for the future climate change studies and

its subsequent impacts on the Brahmaputra basin.

7.5 Impact analysis due to climate change

Climate change due to the increase of greenhouse gas emissions is considered to be one of
the major challenges to human beings in the 21st century (Schipper and Pelling, 2006).
According to the Fourth Assessment Report (AR4) of the Intergovernmental Panel on
Climate Change (IPCC, 2007), by the end of the 21st century, the average global surface
temperature is likely to increase by 1.1 to 6.4°C and global average sea level rise of between
0.18 m and 0.59 m relative to 1980-1999. It will lead to changes in precipitation,
atmospheric moisture, increase in evaporation and probably raise the frequency of extreme
events. The consequences of these phenomena will influence many aspects of human
society, such as the reduction of agriculture production, increase the risk to animals,

destruction of infrastructure, damage to socio-economic, enhanced water conflicts,
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poverty, and war. Sterrnan (2008) showed that if we do not act, the overall costs and risks
of climate change will be equivalent to losing at least 5% of global GDP each year, starting
from now and keep losing. If a wider range of risks and impacts is taken into account, the
estimated damage could rise up to 20% of GDP or more. So there is a need to have a robust
and accurate estimation of variation of natural factors due to climate change, at least in the
hydrological cycle and flooding events, to provide a strong basis for mitigating the impacts
of climate change and adapt to these challenges. This section of the report describes the
trend in changes of the climatic variables during 1991-2099.

7.5.1 Trend analysis: Methods

In order to quantify the temporal trends of climate variables ( Temperature/precipitation)
across the study area till the year 2099, present study first used the nonparametric Mann-
Kendall test to detect the existence of increasing or decreasing trend (Kendall, 1975), then

followed by nonparametric Sen’s method to estimate the magnitude of the trend (Sen,
1968). The Mann-Kendall test statistic (S) is calculated using Eg. 7.10.

S = X X ka1 Sgn(X; — Xi) (Eq. 7.10)

where x;j and Xk denote the annual Temperature/precipitation values in years’ j and k
respectively, and j >k. The indicator function “sgn” is given as follows:
L if (X;—Xx) >0
sgn(X; —Xe) =1 0, if (X;—Xx) =0 (Eq. 7.11)
—1, if (X; — X)) <0
The statistic S is approximately normally distributed having the mean, E(S) = 0, when n >

8. The variance statistic is computed as:

n(n-1)(2n+5)-Y %, t;()(i-1)(2i+5)
18

Var(S) =

(Eq. 7.12)

Where, ti is the number of ties. The test statistics Zc is computed as:
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( s-1 \
I Var(s) I
7, = { 0,S=0 ¥ (Eq. 7.13)
S+1 S<0
(s <)

Zc follows a standard normal distribution. A two-tail test is performed using a significance

level a to evaluate its significance.

Non-parametric Sen’s slope estimator is then estimated considering a linear trend as

expressed in the following equations.

f®=Q®) +B (Eq. 7.14)

Here, B is a constant, whereas Q represents the slope which is calculated as per Eq. 7.15.

_ Xj—Xi
%G=—= (Eq. 7.15)

In case if there are n values of x; in the Temperature/precipitation time series, we get as
many as N = n(n-1)/2 slope estimates Qi. The N values of Qi are then ranked from the
smallest to the largest and the Sen’s slope estimator is the median of these N values of Qi
(Eq. 7.16 or 7.17).

1

if N isodd, =- + Eqg. 7.16

I IS0 Qm 2 (Q[g] Q[(g)/z] ( q )

if Niseven, Qm = Q[w] (Eq. 7.17)
2

Finally, a two-sided 100(1-a) confidence interval is computed about the slope estimate
using a Non-parametric test. Positive (or negative) values of Qm denote upward (or
downward) trends in the datasets.

The trend analysis is applied to the bias-corrected HadGEM2-CC data during 2020-2099,
for both the RCP4.5 and RCP8.5 scenarios. To identify the local trend existing in the long
time series, analyses were carried out by dividing the data into smaller timescales i.e. 2020-
2040 (Futurel i.e. "F1"), 2041-2070 (Future2 i.e. "F2") and 2071-2099 (Future3 i.e. F3).
As stated earlier in Sec. 7.1, the trend analysis by Man-Kendall and Sen’s slope was done
for the bias-corrected future data during 2020-2099 only, whereas the period 2006-2019
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was not considered for this analysis. We carried out the climate change analysis to show
the impacts through the annual and seasonal variations of the weather variables of the

Brahmaputra basin

7.5.2 Annual trend analysis: Results and discussions

Fig. 7.7 describes the trend pattern of changes in maximum temperature at a certain station
(i.e. S26) for RCP4.5 and during F1 (2020-2040) period, as for example. Here, the value
in y-axis, for a year is obtained by averaging all days’ maximum temperature values during
that particular year. In this figure, Z (or Zc) is the Mann Kendall statistics, and the trend is
said to be ‘Significant’ (S) if its value is more than 1.96. Otherwise, the trend is ‘Non-
significant’ (NS). Moreover, Sen's slope value signifies that the maximum temperature at
S26 station during 2040 increases by 4.7% with respect to the base year (2020)
corresponding to the RCP4.5 scenario.

Sen’s Slope =4.7%

30 - 2=2.14>1.96
g Significance= S
§ w29 - ° ° .
C %
83,0 oo
£3° oo ° oo, ©
= oo
x 3 o0
T 1 e
‘E" S 27 °
26 T T T 1
2020 2025 2030 2035 2040
Year

Fig. 7.7 Trend of annual Maximum temperature at a Station (S26) for RCP4.5, and during
F1 (2020-2040) period. Here, the value for a particular year represents the basin average
value of daily maximum temperatures during that year.
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Likewise, the trends of all the variables (PCP, TMax, TMin) at all the 36 stations (S1-S36)
corresponding to both the scenarios (RCP4.5 and RCP8.5) during all the time scales (F1,
F2, F3) are obtained by applying Mann-Kendall and Sen’s slope method. Moreover, trend
plots are made for the annual and the seasonal (i.e. four seasons) changes of climatic
parameters. Thus, we have several hundreds of such trend plots for the entire study area.
And, we underwent difficulties in presenting such a huge numbers of trend plots in our
report. Therefore, they are presented in the GIS plot as shown in the subsequent figures,
for space constraint and to simplify the presentation. And, the relevant discussions
regarding the future climate change of the Brahmaputra basin is forwarded on the basis of

the respective figures.
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Fig. 7.8 Simulated (i.e. Bias corrected GCM) annual rainfall (PCP) under RCP4.5 (first
column) and RCP8.5 (second column) for F1 (2020-2040), F2 (2041-2070) and F3 (2071-
2099). Here, the sum of all values of daily rainfall during a particular year over F1 (or F2
or F3) was used for calculation of the Sen’s slope (SS) value. Dark circles represent
significant (S) whereas hollow circles represent non-significant (NS) trend.
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7.5.2.1 Trends in annual PCP

7.5.2.1.1 Trends under RCP4.5

For the F1 period (Fig. 7.8) Under RCP4.5, 10 out of 36 stations located in the northern
part of the basin are found to have significant trends with a moderately high value of Sen’s
slope. The areas in the southeast of the basin show a significantly increasing trend whereas
the non-significant decreasing trend is seen on the southwestern side. In the F2 period, only
two stations in the northern area show a significantly increasing trend. Down the southern
areas, a non-significant decreasing trend of PCP is seen. In the late century F3 scenario,
the majority of the stations exhibit decreasing trends and only in the southern areas, one

station is found to have an increasing trend.

7.5.2.1.2 Trends under RCP8.5

For F1 period (Fig. 7.8) Under RCP8.5, only one station shows a significantly increasing
trend and the majority of the stations show a decreasing trend. In F2 period, the upper half
of the basin shows an increasing trend while the lower half shows a decreasing trend. The
highest positive values of Sen’s slope lie in the upper Indo-China region and the lowest
Sen’s slope value lie towards the southern side. Under the F3 period, the areas in the
northern side of the basin show non-significantly decreasing trend, whereas the southern
side of the basin shows increasing trends. The increasing trends were significant in the

southern areas of Assam Meghalaya borders.

7.5.2.1.3 Future annual Rainfall of Brahmaputra basin

The annual rainfall during 2020-2040 is likely to increase over majority of the basin areas
upto 6.05% (RCP4.5) and 4.2% (RCP8.5). Significant increasing trend in annual rainfall
has been observed over the China portion of the basin. This portion is basically the
Himalayan range, and would undergo changes in hydrological cycle due to the increase in
rainfall. However, the plain areas over India would experience relatively low impact in the
annual rainfall, than the hilly areas. The annual rainfall over Bangladesh during 2040 is
likely to decrease upto 3.09% with respect to the base year (2020), and corresponding to
RCP 8.5. This area of the basin would even undergo shortfall in annual rainfall during

2041-2070. The Himalayan range would experience a continuous increase in the annual
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rainfall till 2070, with respect to the base year (2020). Interestingly, this area would suffer
a little shortfall in annual rainfall till the end of 2099, but the southern part of the basin is
likely to have more impact with increase in rainfall. During 2071-2099, this change would
stand upto + 3.47% (RCP4.5) and +8.2% (RCP 8.5). While Akhtar et al. (2011) reported
an increase of over 5% in annual rainfall in the southern part of the basin. So, the annual
rainfall in the Brahmaputra basin would change in the near future following an increasing
trend over majority of the basin areas. However, the snow-fed areas of the Himalayan range
and the river mouth portion near the Bay of Bengal would be more susceptible to the future

rainfall changes as compared to the plain areas.
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Fig. 7.9 Simulated (i.e. Bias corrected GCM) annual maximum temperature (TMax)
under RCP4.5 (first column) and RCP8.5 (second column) for F1 (2020-2040), F2 (2041-
2070) and F3 (2071-2099). Here, the average of all values of daily maximum temperature
during a particular year over F1 (or F2 or F3) was used for calculation of the Sen’s slope
(SS) value. Dark circles represent significant (S) whereas hollow circles represent non-
significant (NS) trend.
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7.5.2.2 Trends in annual TMax

7.5.2.2.1 Trends under RCP4.5

The trend analysis of annual TMax for F1 under RCP4.5 (Fig.7.9) shows a significantly
increasing trend over most parts of the basin with few pockets showing a significantly
decreasing trend. The annual maximum temperature may increase upto 7.4% during 2020-
2040 which would even escalate upto 8.25% during the next time duration (2041-2070).
Of course, the rate of this increase would occur at relatively slower pitch with a maximum
value as 4.99% till the end of the century. The plain areas of India and Bangladesh would

have lesser impacts due to change in maximum temperature till 2099.

7.5.2.2.2 Trends under RCP8.5

Trend analysis of annual TMax under RCP 8.5 (Fig. 7.9), the F1 period shows increasing
trend all over the basin with Sen’s slope ranging from 9.8 to 1. The higher values of Sen’s
slope are attributed to the northern areas. In F2 period, the increase in TMax is higher (upto
12.8%) in the northern areas whereas increase in the southern areas would happen upto
6.1%. Moreover, the TMax would increase all over the basin during 2071-2099, with a

minimum value of 8.7%.

7.5.2.2.3 Future annual TMax of Brahmaputra basin

Comparing RCP4.5 and RCP8.5, it can be seen from Fig.7.9 that most of the stations were
showing a significantly increasing trend in RCP4.5 with little deviations at a few stations
over the study area. Under RCP8.5, TMax follows increasing trend at all the stations, with
minimum Sen’s slope of 1 among all the future periods. Under F2, there is a rise in both
upper and lower values of increasing trend in Tmax for both the RCP scenarios. However,
TMax during 2071-2099 would increase at relatively lower rate, than 2041-2070. Overall,
the Brahmaputra basin’s annual maximum temperature would increase by the end of the

current century.

7.5.2.3 Trends in annual TMin
7.5.2.3.1 Trends under RCP4.5
For F1 period under RCP4.5 (Fig. 7.10), the trend analysis of the annual minimum

temperature shows the overall increasing trend in the basin with little deviations as
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decreasing trends at only few stations. This deviation perhaps is due to either the incorrect

assessment in the GCM outputs or the bias has not been properly removed. The bias factors

calculated using the Linear Scaling method (Sec. 7.3.1.1) is correctly reflected provided

the observed records are merely correct that results in correct relationship between these

data and the GCM outputs. Moreover, the TMin would increase throughout the basin upto
4.25% for F2 (2041-2070) and 5.12% during F3 (2071-2099). However, the plain areas of

India and Bangladesh would have relatively less impact as compared to the hilly areas.
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Fig. 7.10 Simulated (i.e. Bias corrected GCM) annual minimum temperature (TMin)
under RCP4.5 (first column) and RCP8.5 (second column) for F1 (2020-2040), F2 (2041-
2070) and F3 (2071-2099). Here, the average of all values of daily minimum temperature
during a particular year over F1 (or F2 or F3) was used for calculation of the Sen’s slope
(SS) value. Dark circles represent significant (S) whereas hollow circles represent non-
significant (NS) trend.
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7.5.2.3.2 Trends under RCP8.5

During 2020-2040, the TMin under RCP8.5 (Fig. 7.10) shows a significantly increasing
trend over the plain areas of India and Bangladesh at higher rates than over the northern
(China) part of the basin. Here, the maximum increase in TMin would stand upto 6.29%,
but the TMin would even increase at higher rates, over the entire basin during the F2 (2041-
2070) period and the value lies in between 5.2 - 9.8%. A similar increasing trend would
prevail even during the F3 (2071-2099) period. The TMin would increase upto 8.5% during
2099 from the base year (2071). Overall, the TMin would significantly increase till the end

of the current century.

7.5.2.3.3 Future annual TMin of Brahmaputra basin

The annual minimum temperature of the Brahmaputra basin would increase during all the
future periods and under both the RCP scenarios. TMin is likely to decrease at a few
stations during 2020-2041 (RCP4.5). This is perhaps not the fair estimates so far the trend
values are concerned. Because only two stations, out of 36 total stations considered for
climate change analysis is not expected to exhibit the opposite trend, than the others, even
by a huge margin. Generally speaking, the annual TMin would increase over the entire
Brahmaputra basin till 2099, and for both the RCP scenarios.

7.5.2.4 Annual Climate of Brahmaputra basin during 2006-2099.

The values of annual rainfall, maximum temperature and minimum temperature during
2006-2099 have been plotted (Fig. 7.11) to estimate the pattern of climate change. This
plot shows the basin average values, for each variable, and during the entire period. For
precipitation, the daily values in the records of bias-corrected GCM (i.e. HadGEM2-CC)
database are added to obtain the total annual rainfall during a particular year. On the other
hand, for temperature, the daily values are averaged over a particular year, in order to obtain
the annual temperature value. As per the trend line, the maximum temperature is likely to
increase by 3.2 °C (RCP4.5) and 6.8 °C (RCP8.5) starting from the year 2006 to the year
2099. So, the Brahmaputra basin is likely to experience an increase in maximum
temperature at the rate of 0.029 °C/year and 0.062 °C/year, for RCP 4.5 and RCP8.5

respectively. At the end of the century, the minimum temperature of the Brahmaputra basin
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is likely to increase at the rate of 0.009 °C/year (RCP 4.5) and 0.052 °C/year (RCP8.5),
with respect to the base year 2006. Moreover, the annual rainfall of the basin would
increase by 2.29 mm/year for RCP4.5, starting from 2006 till 2099. This value stands even
higher for RCP8.5, and the value is 2.56 mm/year. So, it is obvious that the climatic
variables would increase at higher rates for RCP 8.5, as compared to RCP4.5. It can be

concluded from this analysis that the Brahmaputra river basin would experience the
impacts of global climate change.
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Fig. 7.11 Pattern of Climate changes of the Brahmaputra river basin during 2006-2099: (a)
Rainfall (PCP); (b) Maximum temperature (Tmax); (c) Minimum temperature (Tmin).
Here, blue line corresponds to RCP4.5 and the red line corresponds to RCP8.5.
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Fig. 7.12 Climate change during Pre-Monsoon season for PCP, TMax and TMin under
RCP4.5 and RCP8.5 scenarios, corresponding to F1, F2 and F3 periods. Dark circles
represent significant (S) whereas hollow circles represent non-significant (NS) trend.

7.5.3 Seasonal trends: Results and discussions

This section of the report describes the pattern of seasonal climate change during the
present and future periods, over the entire Brahmaputra basin. A year is divided into four
different seasons like (a) pre-monsoon [Mar-May]; (b) monsoon [Jun-Aug]; (c) post-

monsoon [Sept-Nov]; and (d) winter [Dec-Feb] season. For each season, the station-wise
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bias corrected values of the GCM (i.e. HadGEM2-CC) are grouped according to the
respective timescales (BP, F1, F2. F3).

Initially, trend values during a particular timescale were determined by using Sen’s Slope
method, followed by the significance level of each trend by using Man-Kendall Test. Like
the annual climate change (Sec. 7.5.2), the seasonal climate changes are also represented

in GIS plots, for simplicity and clarity of presentation.

7.5.3.1 Pre-Monsoon season

The pre-monsoon rainfall during 2020-99, corresponding to RCP4.5 does not significantly
vary w.r.t. the respective base years (Fig. 7.12). However, a significant decreasing trend
upto 4.82% (F1) and 1.9% (F2) at certain locations are observed. As well, decreasing, but
insignificant trends were observed for RCP8.5 scenario over majority of the basin, and
during all future timescales.

On the contrary, the max temperature (TMax) during pre-monsoon periods would increase
significantly. A sharp increase in TMax would happen during F1 (upto 10.5%) and F2 (upto
7.1%) periods, corresponding to RCP4.5 scenario. As well, this increase during F3 period
would pace at relatively slower rate, and the value stands upto 3.7%. However, for RCP8.5,
the pre-monsoon TMax is likely to increase significantly high with a minimum value of
10.5%, during all future time periods. The minimum temperature (TMin) of the basin
would also increase during pre-monsoon periods till the end of the century, with relatively
higher rates for RCP8.5.

7.5.3.2 Monsoon season

The monsoon rainfall during 2020-99 would increase, but not very significant for both the
scenarios (Fig. 7.13). Of course, the rate of increase in the coming two decades (i.e. 2020-
40) would pace at relatively high values, than the later periods (F2 and F3) of the current
century. The monsoon rainfall during F1 period can rise upto 10.8% and 21.95%, for
RCP4.5 and RCP8.5 respectively. This increase, however, is not very significant at
majority of the locations over the basin, although, the monsoon rainfall would increase

over the entire basin till the end of the century.
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The Brahmaputra basin would experience a rise in TMax and TMin, during 2020-99, the
rate of increase being higher for RCP8.5 than for the RCP4.5. Interestingly, the TMax

would increase at higher pace (upto 5.4%) during the coming two decades, as compared to
F2 and F3 timescales of RCP4.5. For RCP8.5, the temperature would rise upto 10.8%

(TMax) during the F2 period and upto 7.4% (TMin) during F1 timescales.

It is observed

that the Himalayan range of the basin is likely to have more impacts in the monsoon

temperature.
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Fig. 7.13 Climate change during Monsoon season for PCP, TMax and TMin under
RCP4.5 and RCP8.5 scenarios, corresponding to F1, F2 and F3 periods. Dark circles
represent significant (S) whereas hollow circles represent non-significant (NS) trend.
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7.5.3.3 Post-Monsoon season
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Fig. 7.14 Climate change during Post-Monsoon season for PCP, TMax and TMin under
RCP4.5 and RCP8.5 scenarios, corresponding to F1, F2 and F3 periods. Dark circles
represent significant (S) whereas hollow circles represent non-significant (NS) trend.

The rainfall magnitudes during the forthcoming post-monsoon seasons (Fig. 7.14) are

likely to rise insignificantly w.r.t. the year 2020, but the maximum temperature would

increase to the greater extent. A rise upto 14.6% in TMax during F3 period of RCP8.5 is

expected over the majority locations of the basin, especially, the Himalayan range. The

corresponding rise in TMin would occur upto only 3.2%. The rise in post-monsoon
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temperature would lead to melting of glaciers over the Himalayas, resulting in increased

future discharges of the Brahmaputra.
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Fig. 7.15 Climate change during Winter season for PCP, TMax and TMin under RCP4.5
and RCP8.5 scenarios, corresponding to F1, F2 and F3 periods. Dark circles represent
significant (S) whereas hollow circles represent non-significant (NS) trend.

7.5.3.4 Winter season
During winter season, the rainfall over the present basin is likely to decrease till 2099 (Fig.

7.15), for both the two scenarios, although not very significant, but the future temperature
over the basin would increase till the end of the current century. The highest increase in
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maximum temperature would occur during 2041—70, and the value is 16.4%. On the other
hand, the corresponding value for minimum temperature lies at only 11.0%. As such, the

global climate change would definitely impact on the Brahmaputra basin’s winter season.

7.5.4 Remarks on CC studies

Anthropogenic emission of greenhouse gases has resulted in global climate change, which
with unabated emissions is projected to continue into the future (IPCC 2013). Climate
change is not only associated with the rise in temperature, but also with the change in the
global precipitation cycle, leading to variation in spatial and temporal precipitation
patterns. Such a variation would affect the quantity and quality of available water resources
of the Brahmaputra basin, thereby increasing the competition among agriculture,
ecosystems, settlements, industry, and energy sectors. Due to the global climate change,
the values of climatic variables across the Brahmaputra basin would change till 2099.
According to the results of the highest possible emission scenario (RCP8.5), the annual
rainfall may increase upto 2.56 mm per year till the end of the current century. As such,
the increased precipitation variability would lead to floods. On the other hand, the increase
in temperature may also affect the basin hydrology in the forthcoming decades. The basin
average TMax may rise up to 0.062 °C/year till the year 2099. This would result in melting
of glaciers over the Himalayan range of the basin area. Subsequently, the Brahmaputra

basin would undergo changes in the basin behaviour, due to change in the basin hydrology.

7.6 Strategic management for CC impacts

The global climate change is likely to impact on the weather variables of the Brahmaputra
river basin, during both the present and future periods. It is evident from the present
analysis that the annual rainfall will increase upto 2.56 mm per year till the end of the
current century. Besides, the basin average temperature will rise up to 0.062 °C/year
(TMax) and 0.05 °C/year (TMin) till the year 2099. Therefore, the Brahmaputra would
experience changes in its basin hydrology due to the increase in rainfall and temperature.

Indeed increase in rainfall may result in flood whereas decrease in rainfall may results in
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drought in the non-monsoon season. On the other hand, increase in temperature will lead
to melting of glaciers over the Himalayan range of the Brahmaputra basin. Consequently,
the ecology of the Brahmaputra basin would undergo alterations due to the impact of
climate change. As such, it is the need of time to develop strategies to tackle the probable
impacts of climate change so as to restore the natural features like wetlands, forest areas
etc. that will lead to enhance habitat preservation. The ecologically sensitive areas having
high diversity of species and undergoing a significant change are to be identified for
protection under climate change scenarios. The structural complexity and bio-diversity of
vegetation of the Brahmaputra basin needs to be preserved as adaption strategy for climate

change.

7.7 Conclusion

In the present analysis, we considered only three GCMs selected based on the availability
of records for present and future periods. The results presented in this analysis may little
vary if we could consider more than three numbers, and even using GCMs other than
CMIP5 database. As downscaling techniques for a huge area like the Brahmaputra basin
would computationally be very expensive, we applied interpolation followed by bias
correction of the GCM data. Another reason is that there are several grid points of each
GCM, falling within the present basin. Even, many of them were almost concentric to the
observed weather stations. Finally, we could identify HadGEM2-CC, as the most suitable
one, among all GCMs selected for the present study. While comparing the performances
of all the GCM:s, it was observed the data of this particular GCM to replicate merely the
ground observations. Therefore, the trend analysis using the well-established Mann-
Kendall and Sen’s slope methods is expected to provide a valid result for the climate

change impact over the Brahmaputra basin.
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. Chapter 8

Streamflow Projections

8.0 Introduction

Anthropogenic emission of greenhouse gases has resulted in global climate change, which
with unabated emissions is projected to continue into the future (IPCC 2013). Climate
change is not only associated with the rise in temperature, but also with the change in the
global precipitation cycle, leading to variation in spatial and temporal precipitation patterns
of the Brahmaputra basin. Such a variation would affect the quantity and quality of
available water resources, thereby increasing the competition among agriculture,
ecosystems, settlements, industry, and energy sectors. Increased precipitation variability
and the competition among various sectors could limit the amount of water available for
agricultural production. Rainfed agricultural systems in developing countries are
particularly vulnerable to climate variability because the output of the systems is dictated
by the prevalent climate and precipitation patterns. Thus, climate-change-associated
warming, drought, flooding, and precipitation variability pose a threat to food security,
especially to the poor populations in developing countries (IPCC 2014).

The evaluation of climate change over the Brahmaputra river basin has been discussed in
the previous chapter (i.e. Chapter 7). This section of the report describes the impact of such

climate change on the future discharge of the Brahmaputra river.

8.1 Climate change impacts on streamflow

8.1.1 Impacts on annual discharges

The projected annual discharge time series are divided into three smaller time scale, i.e.
from 2020-2040 (F1), 2041-2070 (F2) and 2071-2099 (F3). The discharge values are
obtained from the SWAT model run using the bias-corrected GCM (HadGEM2-CC) data
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for the present as well as for all the future timescales. The annual discharge variability of
these three timescales is analyzed and compared with respect to the annual discharge during
the base period (2006-2019) of the SWAT model output. The SWAT model is simulated
by using the daily values of input variables, and to provide outputs on annual basis.

The annual discharge values obtained from the SWAT model simulation for each time
scales are shown in Fig. 8.1, as box plot. Here, the SWAT model is run using the input
variables obtained from the bias corrected HadGEM2-CC database. The simulation was
done for the respective periods (i.e. BP, F1, F2 & F3) individually, and for both the RCP
scenarios. Then, the outputs corresponding to three locations (Bhomoraguri, Pandughat &

Pancharatna) are derived from the simulation results for this analysis.
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Fig. 8.1 Impact of future climate change on the annual discharges of the Brahmaputra basin
at the three locations: a) Bhomoraguri, b) Pandughat and c) Pancharatna. Here, the results
of SWAT model run using bias-corrected HadGEM2-CC corresponding to RCP4.5 (Left
column) and RCP8.5 (Right column) are shown as Box plot.

The box-plot result indicates that the mean values of the projected discharge are higher

than the base time period, for the majority of the timescales under both the RCP4.5 and
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RCP8.5 scenarios, at all the three locations. From the figure (Fig. 8.1), it is also evident
that there is a wide variation in the maximum discharge values of all the three-time scales

at each location with respect to the base period.

Table 8.1 Percentage (%) changes in annual discharge due to climate change w.r.t base
period (2006-2019).

Future 1 Future 2 Future 3
Location (2020-2040) (2041-2070) (2071-2099)
RCP45 |RCP85 |RCP45 |RCP85 |RCP45 |RCP85
Bhomoraguri | -1.32 -3.78 +2.75 -3.36 +8.47 +3.93
Pandughat +1.25 -1.50 +1.26 -1.31 +9.34 +13.06
Pancharatna | +0.84 -1.63 +4.05 -1.63 +9.93 +12.13
2000 - RCP4.5 2000 - RCP8.5
1950 - 1950 -
g 1900 - 1900 -
£ 1850 - g 1850 -
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Fig. 8.2 Annual rainfall over the Brahmaputra basin during different timescales, and for
both RCP4.5 and RCP8.5 scenarios. Here, the values in y-axes represent the basin average
annual (total) rainfall during BP (2006-2019), F1 (2020-40), F2 (2041-70) and F3 (2071-
2099).

Referring to the Table 8.1, which denotes the percentage changes in annual mean
discharges w.r.t. the base period (2006-2019), it has been observed that there is a positive

increment, for all scenarios at majority time scales, except few deviations. The basin
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average annual rainfall (Fig. 8.2) value during the base period is 1690 mm, for RCP4.5.
This value insignificantly changes during the F1 (2020-40) period. As such, the changes in
annual discharge values at all three locations are found to be insignificant. The annual
rainfall during F2 period would increase to 1760 mm, thereby the annual discharge value
during this period is likely to increase w.r.t. the base period discharge values. Indeed, this
is clear from the Table 8.1 that this increase would happen to 4.05% at Pancharatna.
However, the annual discharge during F3 period would increase at higher rates, and the
values are 8.47% (Bhomoraguri), 9.34% (Pandughat) and 9.93% (Pancharatna). This is due
to increase in annual rainfall to the greater extent (Fig. 8.2), as a consequence of global
climate change. As well, for RCP4.5, the temperature (TMax/TMin) of the Brahmaputra
basin during F3 period would increase by 2-3 °C (Fig. 8.3) from the base period. This
would aid to increase in the future annual discharge at the end of the century.
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Fig. 8.3 Annual Temperature (a) TMax; (b) TMin, over the Brahmaputra basin during
different timescales, and for both RCP4.5 and RCP8.5 scenarios. Here, the values in y-axes
represent the basin average values during BP (2006-2019), F1 (2020-40), F2 (2041-70) and
F3 (2071-2099).

For RCP8.5, the annual discharge during both the F1 and F2 periods would decrease, as
compared to the base period. It is evident from Table 8.1, this decrease may happen upto
3.78%. Of course, the Brahmaputra basin would experience deficit in annual discharges
during F1 and F2 periods, due to the impact of climate change. The annual rainfall values
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(Fig. 8.2) during these periods would decrease, as compared to the base period. However,
there is a sharp increase in annual rainfall (Fig. 8.2) over the basin, during F3 periods, w.r.t.
the base period. This value during F1 period is 1730 mm, which would rise upto 1955 mm,
thereby increasing by 225 mm. As a result, the Brahmaputra discharge would increase to
large extent. The upstream location i.e. Bhomoraguri is likely to have the least impact,
whereas the downstream locations (i.e. Pandughat and Pancharatna) are likely to
experience the impact to greater extent. This is because annual rainfall during that period
are relatively higher at the plain areas than the hilly areas. The highest increase in annual
discharge under RCP8.5 would occur at Pandughat (13.06 %), followed by Pancharatna
(12.13 %), during 2071-2099, and with respect to the base periods.

8.1.2 Impacts on seasonal discharges
The impact of climate change on the seasonal discharges of the Brahmaputra River at
certain locations is shown in Table 8.2. For this analysis, a year is divided in to four seasons

as:

» Pre-monsoon [Mar-May];

» Monsoon [Jun-Aug];

» Post-monsoon [Sep-Nov] and

> Winter [Dec-Feb].
The SWAT model simulated flow values obtained by using the bias corrected GCM
variables are shown in graphical forms (Fig. 8.4--8.6). These figures show the season-wise
flow values at all the three locations during 2006-2099. Based on the mean values, the
percentage changes of the future seasonal discharges w.r.t the base period (2006-2019) are
calculated and presented in Table 8.2. Itis evident from the Table 8.2, that the future change
in climate of the basin greatly impacts on the seasonal discharges at all locations. During
pre-monsoon, the river discharges at Bhomoraguri would decrease, during all the
timescales (F1, F2, F3), and for both the RCP scenarios. This discharges would even
decrease at the other two locations (Pandughat, Pancharatna) during 2020-2040 (F1) and
2041-2070 (F2). However, the Pre-Monsoon discharges at the later two locations would

increase during 2071-2099 (F3) under both the RCP scenarios. The maximum increase in
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this discharge would happen up to 10.33% (Pandughat) and 10.4% (Pancharatna) under
RCP4.5 and RCP8.5 respectively.

The river flows during monsoon period at all locations would increase for RCP 4.5
scenario. The highest increase in monsoon discharges under RCP4.5 would occur during
F3 timescale, and their values are +14.31% (Bhomoraguri), +16.17% (Pandughat) and
+15.17% (Pancharatna).

Table 8.2 Impact of climate change on seasonal discharges of the Brahmaputra River at
three outlets (i.e. Bhomoraguri, Pandughat, Pancharatna).

Outlet | Season %ge change in Seasonal discharges due to climate change
w.r.t. Base period (2006-2019)
F1 (2020-40) F2 (2041-70) F3 (2071-99)
RCP4.5 | RCP8.5 | RCP4.5 | RCP8.5 | RCP4.5 | RCP8.5
1 Pre- -12.85 -15.30 -13.10 -13.07 -1.72 -13.19
Monsoon
Monsoon +3.37 -1.91 +5,28 +0.24 +14.31 | +5.89
Post- -1.99 -1.23 +5.46 -3.42 +7.07 +8.86
Monsoon
Winter -16.00 -11.67 -1.39 -15.70 -0.55 -6.95
2 Pre- -2.07 -8.29 -4.37 -4.03 +10.33 | +7.55
Monsoon
Monsoon +4.84 -1.03 +5.27 -0.03 +16.17 | +7.15
Post- +0.14 +1.66 +9.96 -0.13 +11.38 | +15.22
Monsoon
Winter -17.39 -10.32 +0.31 -14.90 +1.45 -5.27
3 Pre- -0.50 -8.08 -6.46 -4.60 +8.90 +10.40
Monsoon
Monsoon +3.93 -1.13 +3.69 -1.34 +15.17 | +8.26
Post- -0.66 +1.21 +9.04 -1.38 +10.58 | +14.49
Monsoon
Winter -17.49 -10.80 -1.10 -16.23 -0.57 -5.93

Outlets: 1. Bhomoraguri, 2. Pandughat, 3. Pancharatna
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Fig. 8.4 Box plot for seasonal discharges at Bhomoraguri. Here, first four plots
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Fig. 8.5 Box plot for seasonal discharges at Pandughat. Here, first four plots correspond

to RCP4.5, and the rest four belongs to RCP8.5.
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Fig. 8.6 Box plot for seasonal discharges at Pancharatna. Here, first four plots

correspond to RCP4.5, and the rest belongs to RCP8.5.
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The discharges during pre-monsoon and winter season would likely to decrease at majority
of the locations, and under both the RCP scenarios. This is due to decrease in future annual
rainfall values during the pre-monsoon as well as the winter seasons. Normally, the
monsoon discharges during the present and future periods are higher than the other seasons.
The Brahmaputra discharge during the monsoon season would rise upto 16.17%
(Pandughat) under RCP4.5 and during F3 period. However, under RCP8.5, the rate of
increase in discharges during post-monsoon season stands even higher than that of the
monsoon season, particularly during F3 period. This may be due to shifting of the monsoon
season towards the post-monsoon season. So, the global climate change would impact on

the Brahmaputra basin hydrology in the forthcoming years.

8.2 Scope of strategic management for Brahmaputra basin

Climate change impact analyses show that the Brahmaputra would flow at higher rates than
the present condition for majority of time periods, especially during 2071-2099. Here, the
projected annual discharge will occur up to a maximum value of +13.06% at Pandughat,
with respect to the base period. On the other hand, the seasonal discharges will even be
greatly impacted due to climate change, and stands up to +15.22% during the post-monsoon
period. Therefore, the concerned agencies need to develop certain strategies to combat the
probable flood havoc during the future periods. These strategies may include redesigning
the existing structures of flood protection viz. embankment, spurs, dikes etc. to make them
capable to resist the flood pressure. A related strategy is flood proofing, which involves
elevating critical places or equipment or placing it within waterproof containers or
foundation systems. Another strategy may be implementing watershed management
practices over selected locations of the Brahmaputra basin. This will preserve and restore
the vegetated land cover in the watershed and thereby help managing the stormwater
runoff. Watershed management at tributary catchment level will also reduce sediment yield
to help maintaining carrying capacity of the channels downstream. Thus natural watershed
hydrology will be maintained along with other benefits like increasing groundwater

recharge, reducing runoff as well as sediment yield and improving the quality of runoff.
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The discharge of the Brahmaputra river would significantly decrease during the winter as
well as pre-monsoon seasons of the future periods. The maximum reduction in seasonal
discharge will occur up to 17.49% as compared to the present condition. So, it becomes
clear that the Brahmaputra basin would experience drought like situations in the pre-
monsoon and winter seasons of the forthcoming decades. As such, adaptions strategies
development is the need of time to combat the probable worse scenarios due to drought.
Some strategies may include

» Constructing adequate infrastructure to enhance water storage capacity.

» Adopting Ecological Management Practices for ballancing water in different
seasons.

Creating awareness among the basin inhabitants to make habit of optimal use of
water.

Generating systems to minimize water loss and emphasize on recycle of water.
Modifying water demand such as growing crops that require less water.

VvV V¥V

8.3 Conclusion

The Brahmaputra River basin is likely to get influenced by the global climate change. Due
to the changes in future climatic variables, the basin hydrology would surely get altered.
The annual precipitation, maximum temperature and minimum temperature are likely to
increase during the next 79 years (2020-2099). As a result, there is likely to have impacts
on the future river discharges. For RCP8.5 scenario, the annual flow of the Brahmpautra
river at Pandughat may rise upto 13.06% during 2071-2099, than that of the base period
(2006-2019). On the other hand, the post-monsoon discharges during the same period at
the same location would even increase (upto 15.22%), for the same RCP scenario. As well,
the future river flows, especially during the pre-monsoon and winter seasons at large,
would decrease with respect to the base period. Therefore, increase in river flows would
lead to severe flood and bank erosion, causing loss of property and life. On the other hand,
decrease in river flows would lead to water deficit which may ultimately impact on
agricultural and industrial production, navigation, power generation projects etc. of the

Brahmaputra basin.

HEHBHHHHE] HHEHT
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Chapter 9

Summary and Future Scope

9.1 Summary

The present study has been carried out to investigate the Brahmaputra river basin

hydrologically. For this, a hydrologic model on SWAT platform was established to fulfill

the various objectives planned herein this study. Besides, the impact of climate change on

the Brahmaputra basin is evaluated for the present and future periods. Based on the selected

objectives, following are the concluding remarks on the of the study.

9.11
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Hydrologic modelling

The Brahmaputra river basin encompasses four different nations viz. China, India,
Bangkadesh and Bhutan. As such, hydrological modelling is a challenge, due to the
hurdles in obtaining the hydro-climatic information beyond the national boundary.
Therefore, development of mechanism for sharing data among the basin sharing
co-nations is the need of time.

Satellite estimations of weather data may suffer certain systematic errors, and
therefore, their reliability should be checked prior to application in any water
resource schemes. While evaluating the CFSR precipitation data, we found to have
under-estimations in their estimates, than the gauge observations of the
Brahmaputra basin. This information would be helpful to research community. It is
obvious that the hydrologic models based on only the CFSR data, would lead to
underestimated simulation results. Therefore, we used several sets of weather data,
in combinations with this dataset to obtain satisfactory outputs during the model
simulation.

Choosing a hydrologic model for a complex and large river basin like the

Brahmaputra is important. The Brahmputra basin is characterized by snow at its
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source and ocean at its mouth, and has wide spatial variations in topography,
landuse, soil properties and weather components. The present modelling study in
SWAT platform provided us satisfactory replica of the basin hydrology. This is
probably due to the capability of SWAT model to simulate basin hydrology by the
way of considering several input data at fine resolution, even at the level of first
order stream.

The hydrologic model developed using the CFSR, IMD grid and China stations
weather data provided the best satisfactory simulation results for the present basin.
This model is found to be capable of providing reasonably balanced outputs at
various drainage outlets considered across the Brahmaputra basin. The model
simulated for the entire basin, and calibrated for discharge, at locations only within
Indian boundary could be helpful to derive the outputs at any desired locations
across the basin. Moreover, it can provide various information like sediment
discharge, water quality parameters, ground water components etc., that would be

helpful to the stake holders for Brahmaputra basin water resourves management.

Basin scale impact studies

The SWAT hydrologic model for the transboundary Brahmaputra basin is capable
to provide necessary outputs at the desired locations whether at the mainstem or at
tributary. In fact, it is difficult to accurately capture the hydrology of each sub-
basin, due to heteorogeneous characteristics of such as large river basin. However,
a balanced output is provided by such a model satisfying the spatial variability of
all the sub-basins’ characteristics. For the data-scarced Brahmaputra basin, the
present modelling approach would be helpful to derive desired outputs at any
specified stream outlet that are necessary for basin planning and management.
However, the basin impact causes of the present model are found to produce
relatively inferior outputs at the tributary outlets, than the mainstem outlets.
Therefore, a sub-basin needs to be modeled independently rather than deriving
outputs at its outlets from the comprehensive large basin model. However, the
comprehensive basin model can be a tool for deriving outputs at tributary outlets if

modeling of the later is hard to exercise due to data scarcity situations.
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The Brahmaputra basin is quite susceptible to transboundary effects. China shares
the largest part of the basin (= 51%), and therefore human induced activities
thereon, would impact the basin hydrology at nations downstream. A reduction in
the monthly discharges may occur upto 34% if 80% water is withdrawn from a
reservoir constructed at a point before the Brahmaputra enters India. Here, the
reduction corresponds to Indo-Bangla border, which is 915 km from the diversion
site. This impact becomes very significant at the immediate downstream locations
of the diversion site. Therefore, the present modelling approach could provide a
science based element on the impacts due to transboundary conflicts, and they

would be helpful in managing the water resources.

Climate change impact studies

For analyzing the climate change impact assessment on the Brahmaputra basin, we
utilized three GCMs of CMIP5 archive, viz. GFDL-ESM2M, HadGEM2-CC, and
IPSL-CM5-1R. They were selected based on their data availability for both the
present and future periods. We found computationally expensive to consider more
than three GCMs for the large Brahmaputra river basin.

Lest downscaling at 69 observed weather stations, we applied interpolation
followed by bias correction of the GCM outputs. This was done because, as many
as 25 GCM stations fall within the basin boundary, out of which 9 were found
merely concentric to the gauge stations. Besides, downscaling technigques are not
always guaranteed to provide the error-free results. Interestingly, the present
approach resulted in satisfactory estimations of the GCM outputs after applying the
interpolation as well as bias correction techniques. The bias corrected outputs, in
many cases, were found to remain very close to the observed values of the
Brahmaputra basin.

The performances of GCMs were evaluated based on their ability to represent the
weather data, at par the gauge observations during the present period. Here, we
identified HadGEM2-CC as the most suitable, for the Brahmaputra basin, among
all the GCMs selected in the present study. This particular GCM only is forwarded
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for impacts of climate change study during the present and future periods. We
divided the future periods (2020-2099) into three time scales as i) upto 2040, ii)
upto 2070, and iii) upto 2099. Here, we could not consider the year 2100, because
of data unavailability for the GCMs concerned.

The global climate change is likely to impact the Brahmaputra basin in the coming
days. The annual rainfall of the basin would increase upto 2.56 mm per year at the
end of the current century, for RCP8.5 scenario. As such, the increased precipitation
variability would lead to floods. On the other hand, the increase in temperature may
also affect the basin hydrology in the forthcoming decades. Average maximum
temperature of the basin may rise up to 0.062 °C/year till the year 2099. This would
result in melting of glaciers over the Himalayan range of the basin area.

The changes in rainfall and temperature due to climate change impacts would alter
the basin hydrology in the forthcoming years, thereby affecting the quantity and
quality of available water resources of the Brahmaputra. In case adequate measures
against these impacts are not adopted, there is a possibility of increased
competitions among various sectors like agriculture, ecosystems, settlements,

industry, and energy.

Ptrojection of streamflow

The streamflow of the Brahmaputra river at certain locations are predicted based
on the simulation results of the SWAT hydrologic model. The bias corrected
weather variables of HadGEM2-CC were utilized as input to the default model, to
provide the outputs, both for the present and future time scales. For climate change
impact analysis on river discharges, the model simulated values were utilized,
corresponding to three important locations namely Bhomoraguri, Pandughat and
Pancharatna.

The river discharges are projected till 2099, and compared with respect to the base
period (2006-2019) values. For RCP4.5 scenario, the climate change is not
expected to impact largely, on annual discharge of the Brahmaputra river during F1
(2020-2040), F2 (2041-2070). However, this impact will be very significant till the
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end of the current century. the annual discharge during F3 period would increase at
higher rates, and the values are 8.47% (Bhomoraguri), 9.34% (Pandughat) and
9.93% (Pancharatna), all corresponding to RCP4.5.

For RCP8.5, the Brahmaputra basin would experience deficit in annual discharges
during F1 and F2 periods, due to the impact of climate change. This is due to
decrease in annual rainfall values during these periods, as compared to the base
period. The highest increase in annual discharge under RCP8.5 would occur at
Pandughat (13.06 %), followed by Pancharatna (12.13 %), during 2071-2099, and
with respect to the base periods. Whereas ‘Bhomoraguri’ is likely to have the least
impact (3.93%) during that period.

Climate change impact analysis showed a deficit in Brahmaputra basin rainfall
values during the pre-monsoon and winter seasons of the future periods. As such,
the discharges during those seasons would likely to decrease at majority of the
locations, and corresponding to both the RCP scenarios almost throughout the
running century.

The river flows during monsoon period at all locations would increase under both
RCP4.5 and RCP8.5 scenarios, with relatively lower rates of increase for the later.
The highest increase in monsoon discharges may rise upto 16.17% at Pandughat
during F3 period and under RCP4.5. The corresponding values at the other two
outlets are +14.31% (Bhomoraguri) and +15.17% (Pancharatna).

The post-monsoon discharges of the Brahmaputra will be impacted by the probable
climate change during the forthcoming years. The rate of increase in discharges
during post-monsoon season stands even higher than that of the monsoon season,
particularly under RCP8.5 scenario of F3 timescale. This may be due to shifting of
the monsoon season towards the post-monsoon season.

Deficit in future river discharges during the pre-monsoon and winter seasons would
lead to water deficit that may ultimately impact on agricultural and industrial
production, navigation and power generation projects of the Brahmaputra basin. On
the contrary, increase in the future river discharge, especially during monsoon and
post-monsoon periods, would cause flood and bank erosion, thereby leading to loss

of life and property.
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The findings of the climate change impact analysis would be helpful for policy
making, planning and mitigation strategies to fight against the possible flood or

drought scenarios of the Brahmaputra river basin.

9.2 Future scope

The scopes of future study may be recommended as follows:

>
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The CFSR rainfall values were found to be under-estimated than the actual gauge
observations at the Brahmaputra basin. Therefore, we added few observed datsets
to them, and used as input in the hydrological models that ultimately resulted in
satisfactory replica of the basin hydrology. The model simulation could produce
even better results provided we could have considered so many observed stations
dataset at finer spatial resolution. Therefore, utilization of as many as observed
weather stations datasets may lead to even better estimations of basin hydrology
including transboundary and climate change effects. This may be undertaken as
scope in future study.

The hydrologic model established in the present study was calibrated for discharge
at five locations only, that too within Indian boundary. This spatial calibration if
done at several outlets uniformly distributed across the basin, would provide more
judicious results, and this may be forwarded as a scope of future work.

Basin impact study of the present SWAT model was done corresponding to only
two tributary basins. The result may change if more tributary basins are considered
across the entire basin, and may be undertaken as a future course of actions.

It is heard from the media that China is constructing several dams and reservoirs on
the Brahmaputra. Instead of a hypothetical reservoir, if we could consider a real
case, the estimations of transboundary effects could have been more realistic. This
may be considered as a path of future study.

The structural parameters like reservoir volume, dam height, spillway height etc. if
assumed different than the magnitudes taken in the present study would result in

varying impacts. Therefore, the scope of future study lie in considering all possible
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pros and coins along with adoptations of reservoir operation policies to accurately
quantify the transboundary effects of the mighty Brahmaputra.

In this study, we selected only three GCMs, for climate change impact analysis, out
of which only one was identified as the best suitable for the present area. Then this
particular GCM was forwarded for the CC impact analysis on the present and future
hydro-climatic variables. Moreover, we adopted interpolation followed by bias
correction of the raw GCM outputs. There is a scope of selecting several GCMs or
its ensemble, and to adopt downscaling techniques while analyzing the climate

change impacts of the Brahmaputra basin.

TR S
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APPENDIX A: Bias Correction Factors

Station-wise bias correction factors for PCP, TMax, TMin concerning all GCMs
[GFDL-ESM2M, HadGEM2-CC, IPSL-CM5-LR]

Station Code: S1 Station Code: S2
GFDL-ESM2M HadGEM2-CC IPSL-CM5-LR GFDL-ESM2M HadGEM2-CC IPSL-CM5-LR
Mon | PCP | Tmx | Tmn [ PCP | Tmx | Tmn [ PCP | Tmx | Tmn | Mon [ PCP | Tmx | Tmn | PCP | Tmx | Tmn [ PCP | Tmx | Tmn
1| 1.26 -3.84 953 474 -550-10.01 045 -331 -6.17 1 0.84 -356 -9.09 1.67 -5.14 -9.71 0.31 -3.14 -6.08
2] 1.06 -3.98 9.02 5.06 -6.21 -9.59 1.14 -2.99 -3.44 2| 063 -355 -886 1.64 -5.75 9.61 0.69 -2.76 -3.77
3] 092 -3.58 -8.20 2.44 -6.83 -10.22 0.74 -1.31 -1.76 3| 0.48 -2.77 -7.15 0.81 -6.04 9.26 040 -0.79 -1.11
4] 0.66 -5.65 -9.87 0.97 -8.79 -12.30 0.69 -1.32 -1.28 4] 0.43 -453 -8.52 0.47 -7.72 -1091 0.48 -0.54 -0.43
5[ 0.70 -5.91 -6.73 037 -853-11.20 0.63 0.05 0.77 5| 0.48 -4.52 -539 025 -7.12 997 045 126 1.72
6] 050 -4.08 -4.02 0.25 -6.49 -9.06 130 218 3.53 6| 0.61 -3.14 -3.41 032 536 -851 159 3.14 3.75
71 0.44 -0.65 -3.29 0.33 -2.39 -6.37 473 -0.90 0.99 7 071 -0.46 -3.06 0.52 -1.82 599 736 -0.60 1.06
8] 0.45 -0.82 -295 049 -4.02 -588 099 -3.37 -2.38 8] 0.67 -0.50 -2.69 0.71 -3.45 -5.49 153 -298 -2.13
9] 0.22 -141 -399 083 -583 -6.25 0.35 -2.18 -2.73 9| 0.26 -0.68 -3.23 092 -4.87 -5.52 0.44 -1.56 -2.08
101 0.15 -3.27 -7.67 0.38 -5.62 -10.09 0.14 -1.82 -3.88 101 0.12 -2.78 -6.82 0.29 -4.83 945 0.11 -1.41 -3.29
11 0.32 -2.21 -7.78 0.63 -5.40 -10.70 0.11 -0.50 -3.98 11] 0.21 -2.05 -6.97 0.32 -492 992 0.07 -0.38 -3.34
12 0.62 -1.35 -6.86 1.61 -395 -9.04 0.15 -0.97 -4.49 12] 037 -1.17 -573 0.50 -3.63 -7.98 0.09 -0.87 -3.62
Station Code: S3 Station Code: S4
GFDL-ESM2M HadGEM2-CC IPSL-CM5-LR GFDL-ESM2M HadGEM2-CC IPSL-CM5-LR
Mon | PCP | Tmx | Tmn [ PCP | Tmx | Tmn [ PCP | Tmx | Tmn | Mon [ PCP | Tmx | Tmn | PCP | Tmx | Tmn [ PCP | Tmx | Tmn
1| 0.54 -855-1390 0.71 1.21 -3.39 0.23 -8.94 -13.03 1 1.04 -7.73 -12.08 1.06 0.27 -3.56 0.54 -4.64 -7.99
2| 0.44 893 -13.76 0.66 0.54 -3.57 0.54 -9.29 -11.94 2| 0.85 -8.01-12.09 0.98 -0.32 -437 112 -4.48 -6.86
3] 0.28 -7.51-11.23 0.27 1.26 -2.61 0.25 -6.89 -8.63 3| 0.65 -6.70 -10.34 0.48 0.00 -4.47 0.60 -2.25 -4.29
4] 0.22 -9.68 -12.36 0.13 -0.89 -437 0.24 -7.02 -7.94 4] 0.48 -8.87 -10.86 0.23 -2.15 -541 053 -2.32 -2.88
5 0.09 -9.77 9.72 0.04 -154 -488 0.12 -526 -5.51 5| 0.18 -9.19 -859 0.08 -2.31 536 0.25 -0.61 -0.61
6] 0.09 692 -7.70 0.10 -1.65 -4.11 0.62 -3.97 -3.36 6| 009 -6.46 -6.79 0.09 -191 -4.48 049 035 1.16
71 0.14 -2.64 -7.03 0.17 1.87 -1.88 0.71 -6.10 -5.16 7| 0.08 -2.05 -6.19 0.10 1.41 -2.28 0.33 -2.02 -1.38
8| 0.14 -2.76 -7.10 0.21 0.30 -1.85 0.24 -6.31 -7.32 8] 0.11 -2.29 -6.59 0.15 -0.23 -2.61 0.18 -2.45 -4.05
9| 0.06 -3.84 -7.21 0.22 -1.03 -1.05 0.10 -6.36 -7.28 9| 0.06 -3.40 -6.54 0.19 -1.86 -1.80 0.09 -2.75 -3.97
101 0.08 -6.57 -8.47 0.25 0.82 -2.46 0.09 -7.15 -7.34 10 0.11 -6.01 -7.19 0.33 0.36 -2.36 0.13 -3.04 -2.87
11 0.20 -6.97 -10.43 0.21 0.84 -4.15 0.07 -6.66 -9.51 11] 0.42 -6.45 -8.79 0.41 -0.25 -3.86 0.14 -2.44 -454
12 0.37 -6.70 -10.69 0.33 1.83 -2.26 0.11 -7.38 -10.83 12] 0.64 -6.28 -9.77 0.49 0.63 -3.14 0.26 -3.42 -6.58
Station Code: S5 Station Code: S6
GFDL-ESM2M HadGEM2-CC IPSL-CM5-LR GFDL-ESM2M HadGEM2-CC IPSL-CM5-LR
Mon | PCP [ Tmx [ Tmn | PCP | Tmx | Tmn [ PCP | Tmx | Tmn | Mon [ PCP | Tmx [ Tmn [ PCP | Tmx | Tmn | PCP [ Tmx [ Tmn
11 132 -3.48 -4.12 190 4.02 4.77 0.70 -091 -1.90 1l 0.00 -3.67 -5.97 0.64 171 -0.12 0.52 -2.90 -5.38
2 1.03 -3.00 -3.02 133 456 5.03 0.82 0.35 035 2] 0.00 -3.77 -6.32 0.61 141 -131 0.51 -2.02 -4.85
3 1.08 -1.67 -1.81 0.78 4.80 390 0.88 213 212 3] 0.00 -3.89 -540 0.63 -0.50 -3.93 1.05 -1.90 -3.53
41 098 -2.84 -281 051 214 -0.18 149 210 2.26 4] 0.00 -6.23 -3.89 042 -460 -582 166 -3.03 -1.15
5 050 -3.27 -196 030 1.65 -1.38 1.04 265 217 5 0.00 -736 -1.42 050 -5.49 -459 130 -3.74 -0.59
6 0.28 -0.26 -2.30 034 133 -1.20 1.61 238 223 6] 0.00 -5.27 -2.16 0.34 -5.07 -3.95 094 -497 -142
7\ 0.24 243 -2.07 035 230 033 0.85 -0.52 -0.26 7] 0.00 -0.87 -2.76 0.35 -3.45 -3.07 0.46 -4.54 -3.19
8| 033 177 -2.18 044 118 0.11 0.59 -0.29 -1.49 8| 0.00 -1.08 -2.62 0.37 -420 -3.08 0.36 -4.25 -3.42
9] 031 143 -166 0.68 0.31 080 0.52 -0.82 -1.46 9] 0.00 -1.24 -148 054 -488 -2.48 0.42 -5.25 -3.50
10 0.21 -1.03 -1.34 043 328 194 0.27 -0.51 0.66 101 0.00 -2.35 0.12 1.00 -2.24 -0.41 0.66 -4.22 -1.03
111 036 -2.40 -2.46 0.26 391 1.14 0.15 0.62 -0.04 11| 0.00 -2.73 -2.00 0.55 -0.85 -3.17 0.34 -1.78 -2.11
121 0.44 -2.66 -3.95 0.70 4.20 3.47 0.27 -0.56 -2.20 121 0.00 -2.15 -3.41 0.40 150 -0.22 035 -1.84 -3.39
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Station Code: S7 Station Code: S8
GFDL-ESM2M HadGEM2-CC IPSL-CM5-LR GFDL-ESM2M HadGEM2-CC IPSL-CM5-LR
Mon | PCP [ Tmx [ Tmn | PCP | Tmx | Tmn [ PCP | Tmx | Tmn | Mon [ PCP | Tmx [ Tmn [ PCP | Tmx | Tmn | PCP [ Tmx [ Tmn
1] 0.31 13.84 7.47 0.28 11.78 5.48 0.58 12.79 9.67 11 0.53 8.69 594 0.53 515 1.55 093 7.47 7.36
2| 0.70 12,65 7.12 0.32 12.28 4.66 0.71 13.57 10.06 2] 133 7.42 530 0.70 519 0.67 130 8.12 7.48
3 1.58 10.64 7.59 0.30 12.60 4.68 1.65 13.54 11.13 3] 261 570 538 058 527 0.08 251 8.37 8.20
41 0.83 1041 6.79 0.34 1185 3.94 3.50 12.45 10.87 41 179 451 408 0.72 398 -097 691 651 7.87
5| 1.14 1035 6.19 0.80 10.12 3.99 2.92 10.77 9.93 5 2.17 359 298 134 168 -1.39 533 4.01 6.53
6 1.36 12.88 7.58 0.89 10.44 452 3.16 8.97 953 6] 266 6.80 4.66 128 280 -049 6.52 250 6.35
71 1.59 1149 7.76 125 8.12 434 178 8.16 7.96 7] 3.19 6.00 5.01 235 093 -040 3.86 2.26 5.06
8| 1.43 1234 798 112 843 415 141 959 7.85 8] 3.35 6.31 5.08 232 0.88 -0.68 335 331 479
9] 135 14.28 9.30 0.93 890 4.16 1.21 10.08 7.64 9] 3.66 821 6.61 242 102 -054 345 379 4.86
10 1.06 15.27 9.12 2.27 1035 7.43 1.03 11.80 8.61 10] 2.54 9.52 6.24 552 271 174 249 573 544
11| 0.45 15.79 9.76 1.00 11.56 7.50 0.46 13.78 9.71 11| 1.53 1055 7.60 3.65 5.01 260 155 8.15 6.96
121 0.28 16.77 9.45 0.36 12.70 6.32 0.55 14.40 9.90 121 059 1139 799 096 6.17 255 115 878 7.54
Station Code: S9 Station Code: S10
GFDL-ESM2M HadGEM2-CC IPSL-CM5-LR GFDL-ESM2M HadGEM2-CC IPSL-CM5-LR
Mon [ PCP | Tmx | Tmn | PCP | Tmx | Tmn [ PCP | Tmx | Tmn | Mon | PCP | Tmx | Tmn [ PCP | Tmx | Tmn | PCP | Tmx | Tmn
1 1.37 3.19 0.67 1.05 8.48 186 223 1.74 0.08 1 1.06 4.47 207 0.61 11.29 398 157 231 -0.64
2| 527 216 059 161 9.43 223 380 275 1.25 2 228 370 129 047 12.84 415 146 3.48 0.30
3[12.05 1.28 035 1.64 991 182 6.02 370 224 3 735 284 1.63 0095 13.02 472 263 454 226
4] 524 -0.82 -0.28 134 7.63 1.61 11.85 137 3.28 4] 512 051 042 1.11 1085 410 7.51 2.62 296
5| 442 -150 -0.61 2.02 468 143 8.17 -0.61 3.10 5| 459 -1.10 -0.89 222 7.22 285 9.71 -0.50 1.79
6 2.10 4.44 164 084 578 152 596 -0.56 3.19 6 244 252 078 127 517 219 891 -3.25 143
71 171 556 226 118 5.09 171 266 0.95 251 71 234 258 131 162 356 228 391 -2.76 0.75
8] 193 580 254 1.27 513 150 234 199 244 8] 280 290 1.78 1.77 350 217 342 -146 074
9] 299 6.26 333 225 466 152 377 161 223 9 3.19 4.02 261 257 390 252 392 -1.07 0.44
10 3.74 639 221 781 6.26 3.23 412 191 0.92 10 2.65 6.28 2.60 568 7.48 5.08 3.71 0.88 -0.10
11] 195 6.22 160 3.68 851 214 192 291 -0.63 11] 1.14 7.25 454 155 1038 560 1.19 2.75 0.20
12] 1.20 6.12 0.81 155 9.11 0.81 210 2.87 -1.68 121 0.76 7.58 4.81 0.70 11.50 5.17 1.21 3.09 -0.13
Station Code: S11 Station Code: S12
GFDL-ESM2M HadGEM2-CC IPSL-CM5-LR GFDL-ESM2M HadGEM2-CC IPSL-CM5-LR
Mon [ PCP | Tmx | Tmn | PCP | Tmx | Tmn [ PCP | Tmx | Tmn || Mon | PCP | Tmx | Tmn | PCP | Tmx | Tmn | PCP | Tmx | Tmn
1 0.70 5.61 3.30 0.24 11.83 3.17 0.68 5.47 2.46 1 0.62 560 391 0.25 1130 3.84 0.70 4.45 228
2 1.79 555 2.68 0.23 1372 423 081 7.24 3.88 2| 143 543 337 0.23 13.06 4.83 0.74 6.10 3.69
3 351 569 206 039 14.03 4.28 086 9.42 5.13 3 3.75 545 233 040 1324 4.07 101 8.07 4.43
4] 1.68 531 0.73 0.25 13.39 3.18 1.14 1042 6.01 4] 197 491 149 0.23 12.77 3.26 1.52 8181 5.72
5] 132 419 112 0.60 10.13 3.12 194 8.20 6.42 5| 1.74 371 143 0.59 989 297 265 6.64 570
6 139 634 254 112 485 095 565 281 5.02 6 149 6.04 255 084 541 117 575 1.84 435
71 169 480 246 121 398 1.15 333 0.59 333 7| 156 495 277 108 3.88 135 3.02 0.23 3.05
8] 196 447 288 126 3.05 0.88 248 133 333 8] 1.72 493 331 1.09 328 1.18 232 1.06 3.08
9 243 532 366 185 327 165 342 150 3.25 9| 2.18 5.87 4.14 172 352 186 3.14 131 297
10 149 7.64 399 3.09 7.41 438 252 3.63 3.08 10 157 7.73 468 326 7.03 458 258 292 291
11] 052 8.64 5.97 0.40 10.77 439 0.38 5.59 3.17 11] 051 852 6.70 0.49 10.23 495 0.42 4.59 3.05
12] 0.30 9.13 6.44 0.18 12.02 3.76 0.37 6.18 2.72 12] 040 881 6.82 0.29 1139 436 0.55 5.03 240
Station Code: S13 Station Code: S14
GFDL-ESM2M HadGEM2-CC IPSL-CM5-LR GFDL-ESM2M HadGEM2-CC IPSL-CM5-LR
Mon | PCP | Tmx | Tmn | PCP [ Tmx [ Tmn [ PCP [ Tmx [ Tmn || Mon | PCP | Tmx | Tmn | PCP | Tmx | Tmn | PCP | Tmx | Tmn
11 0.73 -0.16 2.84 038 443 504 055 028 3.74 11 0.32 13.58 11.20 0.16 13.49 6.74 0.24 1394 11.24
2] 047 -138 1.77 0.17 469 3.89 040 0.56 3.64 2| 0.28 13.74 13.03 0.08 15.16 8.67 0.21 15.67 14.29
3] 040 -0.78 2.23 0.09 524 298 0.27 217 4.22 3] 0.40 14.47 1498 0.09 1595 9.80 0.23 17.67 16.84
41 0.19 -1.45 0.76 0.06 555 1.72 0.28 257 4.05 41 0.49 12.61 1331 0.14 15.20 8.75 0.65 16.88 16.70
5 0.12 -2.00 -1.39 0.11 4.68 0.06 037 156 231 5 0.43 10.36 10.14 0.32 13.06 6.51 1.10 14.13 13.96
6] 0.20 231 -1.79 0.25 4.15 005 149 -046 211 6] 095 12,52 8.29 0.81 10.74 480 5.30 9.93 11.67
7] 040 237 -1.72 0.66 253 0.07 128 -2.31 -0.34 7] 1.29 1131 8.10 1.44 758 487 329 7.05 9.27
8| 049 239 040 0.67 233 1.18 0.87 -0.78 0.11 8| 135 11.22 836 129 7.12 478 209 831 8.72
9] 038 354 -0.17 0.76 235 0.87 0.67 -0.07 -0.40 9] 1.12 1296 9.12 142 7.79 474 167 9.55 8.63
101 0.21 3.79 179 0.71 464 493 040 149 231 10] 0.57 14.88 10.26 1.59 10.85 7.32 0.88 12.43 10.19
11| 0.25 3.31 538 0.26 4.93 540 0.17 2.55 4.20 11 0.13 15.94 13.40 0.13 1298 7.78 0.08 14.86 11.70
121 0.21 3.20 5.19 0.18 552 588 0.23 2.08 4.21 12 0.07 16.59 13.27 0.05 14.14 7.43 0.07 15.15 11.40
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Station Code: S15 Station Code: S16
GFDL-ESM2M HadGEM2-CC IPSL-CM5-LR GFDL-ESM2M HadGEM2-CC IPSL-CM5-LR
Mon | PCP | Tmx | Tmn | PCP | Tmx | Tmn [ PCP [ Tmx [ Tmn || Mon | PCP | Tmx | Tmn | PCP | Tmx | Tmn | PCP | Tmx | Tmn
11 0.14 1154 894 0.11 1439 9.88 0.21 10.33 19.17 1l 036 -5.66 -4.68 0.28 -0.76 0.45 0.22 -291 -2.04
2] 034 1044 9.53 0.12 15.23 10.44 0.30 11.18 10.78 2] 031 -6.15 -5.16 0.18 -0.45 -0.27 0.23 -2.30 -1.35
3] 039 9.71 9.93 0.07 15.79 9.71 0.31 12.06 11.76 3] 047 -5.64 -4.68 0.17 -067 -194 035 -1.19 -0.48
4] 0.34 8.47 813 0.14 1420 8.10 1.10 10.66 11.17 4] 031 -7.42 -588 0.11 -299 -530 0.51 -1.98 -0.69
5 035 7.73 589 0.28 11.64 6.56 090 8.52 8.98 5 0.12 -7.08 -3.96 0.09 -2.76 -4.12 033 -1.23 0.60
6] 0.38 11.20 6.18 0.30 11.19 6.08 1.18 6.60 7.92 6| 0.10 -2.77 -5.31 0.14 -159 -456 0.65 -1.05 -0.29
7] 0.41 10.60 6.21 0.42 950 586 0.62 6.25 6.23 7] 0.19 047 -4.67 0.34 -093 -2.87 0.66 -3.21 -2.36
8| 0.34 11.06 6.58 031 9.74 590 037 7.73 6.16 8| 0.27 -1.09 -436 041 -1.89 -2.71 049 -2.73 -3.08
9] 0.28 13.00 8.01 0.27 10.44 633 0.32 8.42 6.34 9] 0.18 -0.85 -390 0.39 -2.75 -2.70 0.30 -2.81 -3.27
10] 0.33 14.11 8.48 0.74 1290 9.72 0.41 10.09 7.60 101 0.12 -3.28 -2.73 0.29 -133 -0.05 0.17 -2.80 -0.37
11| 0.12 14.26 10.01 0.19 14.07 10.06 0.13 11.71 8.79 11| 0.13 -3.89 -2.44 0.11 -0.83 -1.41 0.07 -1.06 -0.11
12 0.08 14.76 9.98 0.09 15.13 9.72 0.15 11.90 8.51 12 0.12 -3.81 -3.90 0.12 -0.20 -0.20 0.09 -1.79 -2.00
Station Code: S17 Station Code: S18
GFDL-ESM2M HadGEM2-CC IPSL-CM5-LR GFDL-ESM2M HadGEM2-CC IPSL-CM5-LR
Mon [ PCP | Tmx | Tmn | PCP | Tmx | Tmn [ PCP | Tmx | Tmn | Mon | PCP | Tmx | Tmn | PCP | Tmx | Tmn | PCP | Tmx | Tmn
1 0.40 -0.53 -0.42 0.27 350 315 0.17 153 1.11 1 1.73 9.26 -14.75 131 -3.37 -8.49 0.48 -8.46 -12.82
2| 0.26 0.06 -0.01 0.16 436 293 022 279 260 2| 1.44 -10.07 -16.30 1.32 -4.63 -10.67 1.27 -9.02 -13.24
3 036 1.26 1.08 0.16 4.76 238 0.29 456 4.23 3| 1.16 -10.22 -1591 0.67 -5.63 -11.95 0.70 -7.86 -12.20
4] 0.41 -066 0.74 0.16 243 047 0.60 3.71 5.12 41 0.71 -12.78 -15.44 0.27 -7.63 -11.99 0.57 -8.12 -9.90
5| 0.24 -0.98 1.13 0.15 239 -040 0.58 4.41 5.09 5| 0.31 -13.42 -10.19 0.13 -7.61 -8.02 0.30 -7.66 -5.54
6 0.12 247 046 014 3.09 -0.25 091 4.41 537 6 0.18 -10.43 -8.05 0.16 -6.61 -6.81 1.09 -7.00 -3.49
7 0.16 520 1.08 0.23 4.04 1.67 060 134 277 7 0.15 530 -7.28 0.16 -2.80 -4.87 0.99 -8.02 -4.67
8] 022 439 1.03 029 276 144 036 155 1.11 8] 0.16 -4.98 -7.09 0.20 -3.83 -456 0.25 -7.59 -6.43
9] 0.20 435 143 041 169 168 029 1.81 1.30 9| 0.14 594 -7.40 0.43 -5.44 -3.85 0.18 -7.09 -6.66
10 0.15 2.16 2.16 036 347 356 0.18 229 3.83 10 0.13 -8.17 -899 0.40 -458 -528 0.11 -7.73 -7.39
11] 0.19 0.75 338 0.14 331 3.72 0.07 3.13 4.9 11] 0.39 -7.53 -10.07 0.39 -4.00 -6.91 0.09 -6.22 -8.83
12] 0.15 0.66 0.69 0.12 3.67 3.06 0.07 2.13 1.43 121 0.69 -6.98 -10.46 0.36 -2.41 -6.22 0.14 -5.81 -9.96
Station Code: S19 Station Code: S20
GFDL-ESM2M HadGEM2-CC IPSL-CM5-LR GFDL-ESM2M HadGEM2-CC IPSL-CM5-LR
Mon [ PCP | Tmx | Tmn | PCP | Tmx | Tmn [ PCP | Tmx | Tmn | Mon | PCP | Tmx | Tmn [ PCP | Tmx | Tmn | PCP | Tmx | Tmn
1 0.01 -1.19 -343 0.01 295 0.57 0.01 1.10 -1.12 1 0.06 -1.22 -3.74 0.07 7.47 6.26 0.04 218 -0.65
2 0.00 -1.11 -3.11 0.00 332 0.16 0.00 1.91 0.33 2| 0.06 099 -2.88 0.06 815 7.13 0.05 3.58 1.80
3] 0.01 0.03 -1.73 0.00 3.64 -0.05 0.01 3.75 240 3| 0.11 -0.18 -0.59 0.06 781 6.42 0.10 5.10 4.65
4] 0.04 -1.26 -2.93 0.02 196 -2.66 0.05 3.68 2.67 4] 0.12 -1.88 -1.23 0.06 430 155 0.24 459 492
5| 0.14 -1.75 -239 0.09 1.72 -3.38 0.37 451 3.27 5| 031 -1.60 -0.62 0.21 4.06 0.67 0.78 5.23 4.69
6 0.20 1.13 -1.92 0.23 218 -2.37 167 4.49 458 6 0.33 298 -1.01 043 401 1.18 195 4.46 4.47
71 0.29 3.62 -096 042 321 0.08 117 0.76 179 7 037 471 024 059 440 241 116 212 2.06
8] 040 2.72 -130 053 1.62 -041 0.65 0.43 -0.64 8] 045 3.82 -0.17 061 349 231 074 253 119
9] 0.19 2.67 -137 042 046 -0.59 0.29 0.88 -0.67 9| 0.40 3.48 -0.07 069 244 221 061 1.63 0.68
10 0.02 0.64 -1.65 0.06 234 0.26 003 1.58 1.27 10 0.05 1.87 -0.55 0.10 555 3.04 0.08 257 236
11] 0.01 0.11 -1.07 0.01 2.85 -0.29 0.00 2.89 1.27 11] 0.02 -0.06 -138 0.02 586 2.19 0.01 341 2.09
12] 0.00 0.27 -2.37 0.00 3.48 0.47 0.00 2.05 -0.84 12] 0.02 -0.05 -2.86 0.03 7.21 4.89 0.02 2.67 -0.25
Station Code: S21 Station Code: S22
GFDL-ESM2M HadGEM2-CC IPSL-CM5-LR GFDL-ESM2M HadGEM2-CC IPSL-CM5-LR
Mon | PCP [ Tmx [ Tmn [ PCP [ Tmx [ Tmn | PCP | Tmx [ Tmn | Mon [ PCP | Tmx | Tmn | PCP | Tmx | Tmn | PCP [ Tmx [ Tmn
1l 0.08 -0.38 -3.13 0.08 4.23 128 0.06 230 -0.44 1l 0.08 -0.38 -3.13 0.22 170 -0.16 0.28 -1.89 -3.97
2] 0.06 -0.60 -3.11 0.04 480 150 0.04 337 1.08 2| 0.06 -0.60 -3.11 056 0.64 -0.04 066 -1.68 -1.71
3] 0.09 -0.14 -1.74 0.04 4.28 -0.30 0.08 4.63 299 3] 009 -0.14 -1.74 086 -1.85 -1.35 2.04 -2.29 0.98
4] 0.12 -190 -2.17 0.06 1.50 -3.28 0.25 3.90 3.46 4] 0.12 -190 -2.17 0.61 -530 -3.94 278 -294 134
5 0.09 -0.83 -1.33 0.07 237 -2.54 023 5.07 3.60 5 0.09 -0.83 -1.33 0.62 -565 -4.05 144 -3.00 0.14
6] 0.07 394 -143 0.10 3.68 -141 0.39 459 3.56 6] 0.07 394 -143 056 -341 -296 133 -2.90 -0.20
7] 010 5.29 -030 0.16 3.72 0.20 0.27 239 1.65 7] 0.10 5.29 -0.30 049 -2.08 -2.05 054 -226 -1.71
8| 0.10 4.45 -0.19 0.14 278 0.08 0.15 2.81 0.85 8| 0.10 4.45 -0.19 046 -241 -1.70 0.40 -1.68 -1.50
9] 0.09 442 0.02 016 1.59 -044 0.13 213 0.35 9] 0.09 4.42 0.02 070 -3.39 -1.48 046 -2.94 -2.00
101 0.09 3.08 -0.74 0.18 3.24 045 0.13 3.11 1.64 101 0.09 3.08 -0.74 139 -2.83 046 0.78 -3.31 0.12
111 0.07 1.14 -0.52 0.06 258 -0.72 0.04 3.76 226 11 0.07 1.14 -0.52 0.46 -2.05 -3.01 0.31 -1.34 -0.43
121 0.02 1.01 -2.15 0.03 3.68 0.43 0.02 290 -0.08 121 0.02 1.01 -2.15 0.18 1.20 -0.93 0.21 -0.70 -2.43
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Station Code: S23 Station Code: S24
GFDL-ESM2M HadGEM2-CC IPSL-CM5-LR GFDL-ESM2M HadGEM2-CC IPSL-CM5-LR
Mon | PCP [ Tmx [ Tmn [ PCP | Tmx | Tmn | PCP | Tmx [ Tmn | Mon [ PCP | Tmx [ Tmn [ PCP | Tmx [ Tmn [ PCP | Tmx [ Tmn
1l 0.53 10.66 10.30 0.35 10.14 6.20 0.57 11.05 10.97 1l 0.54 1096 10.63 0.36 10.18 6.31 0.62 10.55 10.88
2] 116 9.70 10.24 0.36 11.01 6.25 0.86 12.02 12.27 2] 1.03 10.03 10.67 0.33 1094 6.43 0.81 11.48 12.20
3] 2.73 8.41 1045 0.46 10.62 5.75 1.61 12.42 13.42 3] 247 8.44 10.67 0.41 10.28 5.67 1.59 11.53 13.06
4] 263 569 9.14 0.77 844 480 5.76 9.97 13.50 4] 211 575 899 0.61 8.15 4.48 5.01 9.11 12.84
5 1.64 479 738 1.03 6.53 4.07 477 7.64 1193 5 1.64 497 735 093 6.35 380 4.25 7.03 11.29
6] 1.06 9.43 750 0.64 7.03 383 479 6.17 10.84 6] 1.03 9.66 7.64 0.55 7.03 3.63 4.24 575 10.27
7] 084 9.76 7.43 0.79 564 365 171 581 8.61 7] 091 1001 7.63 0.81 569 351 180 555 8.27
8| 0.87 10.28 7.82 0.75 593 3,68 113 7.67 8.30 8| 1.30 1046 8.04 1.07 5.89 355 162 7.32 8.06
9] 0.69 11.67 9.49 0.67 6.14 4.44 090 8.25 9.02 9] 0.83 1199 9.80 0.75 6.20 436 110 7.90 8.86
10| 1.00 13.30 11.06 2.68 8.66 8.25 1.48 10.63 11.48 10| 1.06 13.57 11.52 2.71 8.66 837 1.55 10.15 11.38
111 0.38 13.95 12.78 0.63 10.75 8.50 0.35 12.77 12.27 11| 0.49 14.25 13.10 0.83 10.86 8.67 0.46 12.33 12.16
121 0.15 14.24 12.17 0.17 1136 7.21 0.21 12.64 11.15 12] 0.16 14.47 12,52 0.18 11.45 731 0.23 12.20 11.04
Station Code: S25 Station Code: S26
GFDL-ESM2M HadGEM2-CC IPSL-CM5-LR GFDL-ESM2M HadGEM2-CC IPSL-CM5-LR
Mon [ PCP | Tmx | Tmn | PCP | Tmx | Tmn | PCP | Tmx | Tmn | Mon | PCP | Tmx | Tmn | PCP | Tmx | Tmn | PCP | Tmx | Tmn
1 0.54 13.03 10.78 0.47 10.79 6.16 0.87 11.19 10.76 1 0.45 1191 11.28 0.31 17.55 14.60 0.36 13.21 12.30
2] 1.29 11.80 11.27 0.55 11.03 6.59 1.19 11.89 12.19 2| 0.79 10.82 11.19 0.27 18.30 14.78 0.52 13.93 13.56
3| 2.67 9.67 11.20 0.49 10.17 557 220 11.41 12.70 3] 2.14 9.86 11.52 0.43 1794 1391 1.21 14.47 14.57
41 126 7.27 9.52 0.43 808 4.32 4.12 8.82 1234 41 2,57 7.36 10.47 0.98 15.39 12.64 5.36 12.28 14.73
51 1.10 7.14 817 0.63 654 382 259 7.40 11.02 5] 1.84 585 838 1.80 12.55 11.09 5.83 9.65 13.16
6] 0.82 11.52 8.83 0.38 7.66 3.78 237 6.42 10.12 6| 1.48 960 7.43 1.70 11.69 9.82 7.43 7.58 11.78
7| 0.90 1138 882 0.72 6.16 3.53 135 6.67 8.56 7| 1.65 10.02 7.41 229 10.71 9.68 3.63 6.68 9.27
8] 1.25 1192 9.21 090 6.46 3.57 140 8.18 8.60 8] 1.26 1049 7.78 1.48 11.08 9.80 1.71 8.50 8.80
9] 1.13 13.60 11.17 0.87 6.61 445 131 856 9.35 9| 1.23 12.04 9.49 1.79 11.55 10.77 152 9.46 9.51
10 0.91 15.29 12,53 240 9.06 8.40 1.14 10.68 11.32 10| 0.90 14.03 11.23 238 15.54 1496 1.16 12.48 12.23
11] 0.43 16.20 13.43 0.98 11.63 8.57 0.47 12.93 11.85 11] 0.37 15.04 13.47 0.46 17.52 15.20 0.26 14.99 13.35
12] 0.22 16.43 12,59 0.32 12.25 7.04 0.42 12.95 10.77 12] 0.19 15.52 13.19 0.20 18.53 15.24 0.21 14.97 12.62
Station Code: S27 Station Code: S28
GFDL-ESM2M HadGEM2-CC IPSL-CM5-LR GFDL-ESM2M HadGEM2-CC IPSL-CM5-LR
Mon [ PCP | Tmx | Tmn | PCP | Tmx | Tmn [ PCP | Tmx | Tmn [ Mon [ PCP | Tmx | Tmn [ PCP | Tmx | Tmn | PCP | Tmx | Tmn
1| 0.46 13.96 12.26 0.34 17.34 13.68 0.62 13.09 12.65 1| 0.64 1497 1191 0.50 1491 10.90 1.28 10.48 9.56
2] 1.08 12.95 12.59 0.38 18.26 14.02 1.00 13.95 14.19 2| 1.67 13.43 12.75 0.61 15.28 11.07 2.03 10.80 11.14
3| 1.94 1137 1273 0.36 17.78 12.91 1.55 14.05 15.10 3] 2.81 11.40 13.01 0.44 1497 10.16 291 10.24 11.65
4] 155 895 1141 0.63 1496 11.65 4.88 11.54 14.96 4] 1.05 9.15 11.32 0.43 1243 9.12 5.23 7.55 11.28
51 142 819 9.71 1.22 1250 10.72 4.59 9.30 13.39 5] 1.27 9.19 9.84 1.00 10.63 8.57 4.14 6.38 10.38
6 1.13 12.18 9.72 1.00 12.55 10.17 4.71 7.88 12.24 6| 1.23 1298 10.10 0.94 11.19 826 390 5.52 9.56
7| 1.04 1206 9.60 1.15 1135 9.82 192 7.51 9.98 7| 1.20 1249 997 116 9.74 7.77 158 6.05 7.94
8] 1.21 1252 995 1.19 11.61 9.86 138 9.34 9.68 8| 1.52 13.18 10.32 1.37 10.11 7.77 132 8.02 7.82
9] 1.01 14.26 11.90 1.02 12.14 10.81 1.24 9.88 10.49 9] 1.39 14.88 12.33 1.16 10.56 8.64 150 8.15 8.42
10f 1.07 1591 13.38 2.38 15.27 15.15 1.53 12.29 13.12 10| 0.92 16.69 13.45 2.19 13.22 13.05 1.37 10.10 10.12
11] 0.41 16.85 14.71 0.61 17.08 15.15 0.43 14.75 13.96 11] 0.35 17.82 14.47 0.67 15.06 13.14 0.50 12.32 10.38
12] 0.17 17.17 13.93 0.19 18.00 14.17 0.28 14.64 12.69 12] 0.24 18.16 13.69 0.28 15.69 11.46 0.61 12.12 9.38
Station Code: S29 Station Code: S30
GFDL-ESM2M HadGEM2-CC IPSL-CM5-LR GFDL-ESM2M HadGEM2-CC IPSL-CM5-LR
Mon | PCP [ Tmx | Tmn | PCP | Tmx [ Tmn [ PCP | Tmx | Tmn | Mon [ PCP | Tmx | Tmn | PCP | Tmx | Tmn | PCP | Tmx [ Tmn
11 0.63 15.62 1157 0.56 13.20 9.10 1.13 14.55 13.59 11 0.83 22.92 19.98 0.58 23.19 19.99 0.98 23.86 22.90
2| 1.85 14.21 1231 0.82 13.46 9.36 1.83 15.09 15.11 2| 1.89 22.07 20.55 0.85 23.23 20.17 1.54 24.67 24.80
3] 3.31 11.70 12.22 0.62 13.30 8.85 3.41 14.53 15.62 3] 2.66 20.79 20.80 0.68 22.12 18.44 2.50 24.46 25.48
41 1.16 10.06 11.07 0.47 11.25 7.85 4.81 12.10 15.08 41 1.39 17.81 19.49 0.63 18.30 16.13 4.49 21.76 24.67
5 1.18 996 9.80 0.81 9.53 7.29 3.05 10.40 13.47 5] 1.49 15.70 17.52 1.22 15.62 14.79 4.04 18.72 21.72
6 1.39 12.82 10.18 0.92 10.17 6.85 3.28 8.88 12.08 6] 1.62 17.92 16.27 1.60 15.46 13.96 5.11 16.22 19.25
7] 2.00 11.74 9.83 1,55 815 6.14 226 835 9.96 7] 2.16 17.33 15.72 2.43 14.04 13.45 3.31 14.54 16.41
8| 1.58 1237 10.12 124 822 6.01 155 9.59 9.92 8| 1.71 18.18 16.01 1.86 14.48 13.47 190 16.24 16.35
9] 1.74 1455 1234 1.18 895 6.92 155 10.32 10.60 9] 1.85 20.34 18.17 1.84 15,50 14.67 1.89 17.15 17.26
10] 1.18 16.58 13.92 2.51 11.39 12.00 1.15 13.08 13.35 10] 1.11 22.80 20.40 2.20 19.42 19.59 1.35 21.07 21.55
111 0.29 18.13 14.59 0.64 13.58 12.09 0.29 16.10 14.48 11| 0.35 24.60 21.33 0.47 21.67 19.36 0.30 25.19 23.73
121 0.23 1850 13.29 0.30 14.11 9.74 0.45 16.13 13.60 12| 0.27 25.23 20.93 0.26 23.27 19.43 0.41 25.22 23.02
\




Station Code: S31 Station Code: S32
GFDL-ESM2M HadGEM2-CC IPSL-CM5-LR GFDL-ESM2M HadGEM2-CC IPSL-CM5-LR
Mon [ PCP [ Tmx | Tmn | PCP | Tmx [ Tmn | PCP | Tmx | Tmn | Mon | PCP | Tmx | Tmn | PCP | Tmx | Tmn [ PCP | Tmx | Tmn
11 0.68 20.36 1598 0.57 20.69 17.31 0.86 21.81 20.29 1l 0.07 -1.22 -2.14 0.07 7.47 6.26 0.04 218 -0.65
2] 190 20.67 16.50 1.03 21.89 17.50 1.54 23.96 22.04 2| 0.06 -0.89 -2.88 0.06 8.15 7.13 0.05 3.58 1.80
3] 2.73 20.71 17.62 0.83 22.58 16.90 2.75 25.15 23.38 3] 041 -0.18 -0.59 0.04 781 6.42 0.10 5.10 4.65
4 1.22 22.12 18.25 0.69 22.66 16.08 3.78 26.13 23.90 41 0.12 -1.88 -1.23 0.06 430 155 0.24 459 4.63
5] 1.26 2191 17.75 1.21 2151 16.00 2.61 25.13 22.44 5 037 -1.60 -0.62 0.21 4.06 0.67 0.78 5.23 4.69
6] 1.77 21.93 1695 1.68 19.74 1498 3.29 21.14 19.71 6] 033 298 -1.01 043 401 118 195 4.46 4.47
71 2.88 18.72 16.10 2.81 16.20 14.22 291 17.65 16.92 71 037 471 -0.24 059 440 241 116 212 2.06
8] 1.78 18.78 1596 1.80 15.64 13.82 1.71 17.70 16.59 8| 050 3.82 -0.17 0.67 3.49 231 074 253 119
9] 2.08 21.23 17.25 1.86 16.80 13.99 1.41 19.25 16.41 9] 0.40 3.48 -0.07 069 244 221 061 163 0.68
101 1.26 23.66 17.16 2.54 20.67 16.99 1.00 22.76 18.42 10] 0.05 187 -0.55 0.10 555 3.04 0.08 257 236
11| 0.30 24.26 17.15 0.51 21.53 16.24 0.24 25.32 20.34 111 0.19 -0.06 -1.38 0.02 586 216 0.01 241 209
12] 0.27 23.28 16.74 0.32 21.45 16.54 0.37 23.90 20.34 121 0.02 -0.05 -2.86 0.12 6.21 4.89 0.02 267 -0.25
Station Code: S33 Station Code: 534
GFDL-ESM2M HadGEM2-CC IPSL-CM5-LR GFDL-ESM2M HadGEM2-CC IPSL-CM5-LR
Mon [ PCP [ Tmx [ Tmn [ PCP | Tmx [ Tmn | PCP [ Tmx | Tmn | Mon [TPCP | Tmx | Tmn | PCP | Tmx | Tmn | PCP | Tmx | Tmn
1| 0.81 20.36 18.02 0.49 20.69 17.31 0.62 21.81 22.03 1 o0.11 -7.18 -13.90 0.71 1.87 -3.19 0.23 -9.99 -10.07
2| 190 15.67 16.50 1.63 21.89 17.50 1.54 23.96 19.04 2| 0.38 -893 -13.76 0.66 0.54 -3.57 0.54 -9.29 9.09
3] 2.34 20.71 17.62 0.83 22.58 16.90 2.75 25.15 23.38 3 0.28 -7.00 -11.23 0.27 1.26 -2.61 0.25 -6.89 -8.63
41 1.22 22.12 18.25 0.69 22.66 16.08 3.78 26.13 23.05 4] 0.22 -9.68 -12.36 0.13 -0.89 -4.37 0.24 -7.02 -7.94
5] 1.55 21.91 17.75 1.21 2151 16.00 2.61 25.13 22.44 5| 0.89 9.77 972 064 -1.54 -4.88 0.12 -526 -5.57
6| 1.77 2193 16.95 1.76 19.74 1498 3.29 21.14 19.71 6l 009 692 -7.86 0.10 -1.65 -4.11 062 -3.97 -3.36
7| 2.88 18.72 16.10 2.81 16.20 14.22 291 17.65 16.92 7] 0.11 -2.64 -7.03 0.17 1.87 -1.88 0.71 -6.10 -5.16
8| 178 18.68 1596 1.80 15.64 13.82 171 17.70 1659 gl 014 276 710 051 030 -1.85 024 631 -732
9 2.08 21.23 17.25 1.86 16.80 13.99 1.14 19.25 16.41 9 0.61 _3.84 _7.21 0‘22 _1‘03 _1.05 0.10 _6.36 _7.28
101 1.26 23.66 17.16 2.54 20.67 16.99 1.00 20.76 18.42 10| 0.08 -6.57 -8.22 0.25 082 -2.46 0.09 -7.15 -7.34
11] 0.30 24.26 17.15 0.51 21.53 16.24 0.24 25.32 20.34 111 0.20 -6.97 -10.88 0.21 0.84 -4.15 0.07 -6.66 -9.51
12] 1.27 23.28 16.74 1.23 21.45 16.54 0.37 23.90 20.34 12| 0.37 -6.70 -10.69 0.33 1.83 -2.26 0.11 -7.38 -10.83
Station Code: S35 Station Code: S36
GFDL-ESM2M HadGEM2-CC IPSL-CM5-LR GFDL-ESM2M HadGEM2-CC IPSL-CM5-LR
Mon [ PCP | Tmx [ Tmn [ PCP | Tmx [ Tmn [ PCP | Tmx [ Tmn | Mon [ PCP | Tmx [ Tmn [ PCP [ Tmx [ Tmn [ PCP | Tmx | Tmn
1 0.01 -291 -3.67 0.09 295 0.70 0.05 2.04 -1.77 1 0.97 13.05 11.28 0.10 15.61 14.02 0.64 3.14 10.24
2] 0.20 -1.18 -3.18 0.00 3.32 0.61 0.00 191 0.33 2] 0.94 14.17 13.68 0.27 1897 10.78 0.20 10.34 11.63
3 081 0.25 -1.73 0.00 3.64 -0.05 0.01 3.75 240 3 211 9.86 11.52 0.30 12.39 13.91 1.21 15.73 14.74
4] 0.04 -126 -293 0.02 196 -2.66 0.05 2.84 267 4] 056 7.61 10.68 0.80 15.39 10.06 5.63 12.28 13.07
5 0.14 -1.75 -239 0.09 172 -338 0.37 451 3.27 5 137 585 6.85 298 10.55 11.09 7.28 9.65 13.16
6 0.21 1.13 -192 0.23 218 -237 167 449 458 6 3.29 460 3.69 359 8.07 9.82 743 7.06 12.18
71 0.29 325 096 042 321 0.08 117 0.76 1.79 71 1.65 7.02 7.41 229 10.71 12.17 3.63 527 7.27
8] 033 272 -130 0.53 162 -041 0.65 043 -0.24 8| 1.03 1092 7.18 1.48 11.08 9.80 3.14 850 9.38
9] 0.27 267 -137 042 046 059 029 0.88 -0.67 9] 4.76 12.04 9.05 195 1155 10.77 152 9.25 951
101 0.02 0.36 -1.65 0.06 2.34 0.26 0.03 1.58 1.27 101 0.23 12.68 13.23 2.79 13.41 12.40 1.16 12.48 10.32
11] 0.01 0.11 -1.07 0.01 285 -0.29 0.05 289 1.27 111 0.37 13.36 13.07 0.46 17.52 15.20 1.53 14.99 14.03
121 0.03 0.27 -237 0.00 3.48 047 0.00 205 -0.15 12] 2.12 15.25 1194 097 1553 1492 0.13 13.68 11.16
Vv
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APPENDIX B: Trends in PCP

Table B1: Precipitation trend analysis results on Annual basis of future data (2020-2099)

using Mann-Kendall Test and Sen' slope method:
(Z= Mann-Kendall Z; S= Significance level; SS=Sen's Slope in %ge; *= Statistically significant; N= Not-

significant)
Note: Z is the statistical parameter. Trend value corresponding to Z value more than +1.96 (-1.96) represents statistically significant.

- RCP4.5 RCP8.5

-% 2020-2040 2041-2070 2071-2099 2020-2040 2041-2070 2071-2099
»h | Z S|SS|Z S|SS|Z S|SS |Z S|SS|Z S|SS|Z S | SS
S1 |-1.0 - |01 |0.14 - 1020 | - - |- - - |31 |- - | -04 | 096 - 109
S2 | - - |05 |1.14 - 1030 |021 - 1010 | - - 108 0.25 - 101 1.41 - 107
S3 |1.12 - 101 1.61 - 10418 | - - |- - - |1-01 |0.75 - 10 0.92 - 101
S4 | - - 10 0.50 - 1008 |- - |- - - 1-03 |- - 10 1.56 - 102
S5 |1.72 - 107 211 - 1259 |017 - 10 - - 1-02 |011 - 10 0.84 - 102
S6 | - - |06 |211 - 1059 |0.09 - 1005 |- - 1-04 |- - 1-01 1114 - 1030
S7 | 0.69 - 1105|007 - 1019 | 084 - 1160 |0.27 - 105 0.39 - 107 2.95 - 140
S8 | - - 10 - - |- 0.77 - 1348 | 057 - 1310 |0.25 - 1120 | 249 - 1820
S9 | 2.00 - 1606 |- - |- 0.36 - 1273 | - - 1-09 105 - 1260 1198 - 1650
S10 | - - |- - - |- 0 - 10 - - |- 0.75 - 120 1.22 - 1 6.90
S11 | 0.15 - 1023 | - - |- 0.39 - 109 - - |- 2.14 - |36 1.97 - 1560
S12 | - - ks - - |- 0.06 - 102 - - | -31 | 246 - |36 1.98 - | 570
S13 | 1.84 - 1075 | 050 - 1021 |0.09 - 10 0.39 - 105 - - |1-05 [0.92 - 105
S14 | - e 0.64 - 1102 |0.09 - |01 1.96 - 1420 | - - [-09 |0.62 - [ 1.10
S15 | 0.33 - 1012 |0 - |0 0.54 - 102 - - 1-01 |- - [ -01 | 261 - 109
S16 | 2.57 - 1065|071 - 1005 |- - |- - - 1-01 |- - 10 - - 10
S17 | 2.39 - 1055 | 057 - 1009 |- - 10 -1.3 - 1-02 |014 - |0 0.17 - 101
S18 | - - - 0.36 - 1010 | - - 10 - - 1-08 |- - 1-01 1114 - 103
S19 | 2.26 - 1069 | 071 - 1130 | 047 - (01 - - 10 1.14 - 102 - - [ -01
S20 | 2.08 - 1056 | 0.50 - 1014 | - - 1-01 |- - 1-01 |- - 10 - - |1-02
S21 | 2.26 - 1023 | 0.79 - 1007 |- - 10 - - |0 - - 10 - - 10
S22 | 1.90 - 1125 | 0.39 - 1010 |- - 1-01 |- - 1-02 |- - 10 0.96 - 1050
S23 | - - = - - |- 0.62 - (08 - - |1-04 |05 - 107 1.37 - 1220
S24 | - - - - - |- 0.43 - (10 - - |-04 |0.03 - |0 1.98 - 1240
S25 | - o = - |- 0.36 - [ 07 0 - |0 - - |1 -02 |223 - 129
S26 | 0.57 - 1240 | 0.36 - 1041 |0 - 10 0.75 - 1110 | - - | -11 122 - 1190
S27 | 0.75 - 1057 | 0.39 - 1017 | 0.36 - 104 - - 1-02 |- - |-02 | 287 - 13.00
S28 | 0.45 - | 547 | 014 - 1014 |0.73 - 106 - - 1-02 |004 - 10 3.21 - 1380
S29 | 0.09 - 1019 |0 - 10 1.03 - 123 -0.3 - 1-02 |0.36 - 103 3.36 - 1470
S30 | 0.69 - 1099 | 057 - 1077 |- - 1-04 |- - 1-03 |- - 1-05 |336 - 1471
S31 1 0.21 - 1025 | 057 - 1053 [0 - 10 0.27 - 104 2.72 - 137 2.72 - 1370
S32 | 2.08 - 1058 | 050 - 1014 | - - 1-01 |- - 1-01 |- - 10 - - |-
S33 | 0.69 - 1145 | 0.07 - 1019 | 094 - 1160 |0.27 - 105 0.39 - 107 2.95 - 142
S34 | 1.96 - 1145 |0.39 - 10415 | - - 101 |- - 1-02 |- - 10 0.96 - 1055
S35 | 2.27 - 1025 | 0.79 - 1007 |- - 10 - - 10 - - 10 - - |-
S36 | 0.79 - 1099 | 057 - 1077 |- - 1 -04 |- - |- - - [ -05 |3.36 - 1474

\
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Table B2: Precipitation trend analyses values on Seasonal basis of future data (2020-
2040) using Mann-Kendall Test and Sen' slope method

(Z= Mann-Kendall Z; SS=Sen's Slope in %ge;)

Note: Z is the statistical parameter. Trend value corresponding to Z value more than +1.96 (-1.96) represents statistically significant.

TH-2396_166104038

Station RCP4.5 (2020-2040) RCP8.5 (2020-2040)
Pre- Monsoon Post- Winter Pre- Monsoon Post- Winter
Maonsnnn NMansnnn NMansnon NMansnon
Z |SS |Z |SS|Z |SS |2 |(SS |Zz |SS |zZ |SS |Z |SS |Z |SS
S1 - -31 (181 |21 1.12 | 0.7 - -35 [0.15 | 04 003 |0 -03 |0 - -
S2 - -15 [ 1.15 | 25 - 0 - -2.7 [ 057 [ 0.1 0.09 | 0.2 - -06 | - -4.0
S3 0.36 | 0.07 | 2.18 | 1.13 | - 0.03 - - 021 |0 0 0 021 | 0.1 - -
S4 - - 2.24 | 0.82 | - -0.02 | - - - 0 0.15 | 0 0.57 | 0.2 - -2.0
S5 0.97 | 0.95 | 2.05 | 2.52 | - -0.60 | 051 | 0.14 | 0.09 | O 0.75 | 1.20 - - - -0.2
S6 - - 3.81 | 341 | - -2.81 | - - - -1.2 1196 | 1.30 - - - 0
S7 012 | 115 | 054 | 6.29 | - -7.35 | - - - -44 | 335 | 10.80 | - - -1 -0.7
S8 012 | 115 | 054 | 819 | - -7.35 | - - - -85 1199 | 201 0 0 - -0.8
S9 091 | 649 | 103 | 108 | - -7.12 | - - - -9.1 | 0.75 | 17.60 - - -
S10 0.12 | 3.28 | - -04 | - -21.1 | - - - - 1.0 22.0 - - - -0.8
S11 0.24 | 0.47 | 0.85 | 8.18 | - -4.90 | - - - -0.8 | 0.09 | 0.7 - -9.0 | -1 -0.2
S12 0.18 | 042 | 097 | 9.84 | - - - - - - 0.27 | 4.60 - - - -0.2
S13 048 | 0.07 | 1.93 | 5.70 | - -0.55 | - - - -0.2 141 |41 -1 -21 | - -0.7
S14 - - - - 2 - = = 0.69 | 1.0 198 | 193 - -3.1 | - -0.2
S15 091 | 0.63 | 0.60 | 1.12 | - -0.80 | - - - - 220 | 330 | - - - -0.2
S16 0.79 1012 | 296 | 2.26 | 0.15 | 0.07 - - - -0.2 | 1.18 | 0.08 - - - -0.1
S17 054 | 011 | 2.78 | 2.05 | 0.15 | 0.01 - - - -0.3 [ 142 | 0.7 - -09 | - -0.8
S18 - = 163 | 1.04 [ 094 | 034 | - - 0 0 0.21 | 0.1 0.09 | 0 - -4.4
S19 0.66 | 0.07 | 2.05 | 2.90 | - -0.43 1 0.03 | 0 - -0.1 | 051 | 0.5 - -0.6 | - 0
S20 103 1032 | 236 | 3.17 | - -0.46 | 0.27 | O - -05 [ 136 | 230 | - - 021 |0
S21 0.79 | 0.16 | 2.30 | 0.71 | 0.03 | O 0.27 | 0.01 | - -0.2 [ 178 | 04 - -04 | - 0
S22 139 | 223 | 157 | 207 | 0.21 | 0.02 051 | 0.16 | - - 2.02 | 2.40 -16 | -30 | - -0.1
S23 036 | 0.34 | 054 | 4.21 | - -4.85 | - - - 42 |1 9.7 - -59 | - -0.7
S24 0.06 [0 0.42 | 5.30 | - -4.12 | - - - -49 | 082 |74 - -54 | - -
S25 0 0 0.79 | 2.07 | - -3.35 | - - - -5.7 1106 | 7.30 - -34 | - -1.0
S26 0.85 | 253 | 091 | 8.15 | - -3.60 | - - - - 1.78 | 195 - -6.8 | - -0.5
S27 0.66 | 253 | 1.09 | 5.59 | - -2.93 | - - - -44 1190 | 8.0 - 4.7 | - -0.6
S28 142 | 2.16 | 221 [ 534 | - -4.13 | - - -13 | -32 [ 275 |94 - -4.8 | - -0.9
S29 024 | 1.00 | 1.03 | 490 | - -4.69 | - - - -5.2 | 317 | 112 - -53 | -63 | -1.0
S30 0 0 199 | 8.78 | - -3.29 | - - - -4.2 1329 |10.80 | - -68 [ -13 | -11
S31 - = 133 | 579 | - -293 | - - - -3.7 1396 | 149 - - - -0.8
S32 103 1032 | 236 | 3.17 | - -046 | 0.27 | O - -05 1136 | 2.30 - - 021 |0
S33 - z 3.83 | 341 | - -2.81 | - - - -12 1196 |1.35 - - - -
S34 145 | 2.28 | 1.57 | 2.07 | 0.29 | 0.02 0.51 | 0.16 | - - 2.02 | 2.40 - - - -
S35 135 | 225 | 221 [ 532 | - -4.13 | - - -13 | -32 | 272 | 9.44 - - - -
S36 0 0 199 | 877 | - -3.29 | - - - -4.2 1329 |10.87 | - -6.8 | - -
VI




Table B3: Precipitation trend analyses values on Seasonal basis of future data (2041-
2070) using Mann-Kendall Test and Sen' slope method

(Z= Mann-Kendall Z; SS=Sen's Slope in %ge;)

Note: Z is the statistical parameter. Trend value corresponding to Z value more than +1.96 (-1.96) represents statistically significant..
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Station RCPA4.5 (2041-2070) RCP8.5 (2041-2070)
Pre- Monsoon Post- Winter Pre- Monsoon Post- Winter
NMansnnn Mansnnn Monsnnn Monsonn

Z |SS |Z |SS |Z |SS |Z |SS |Z |SS |z |SS |Z |SS |Z |SS
S1 0 0 0.86 | 0.30 | 0.21 | 0.20 | 0.14 | 0.30 | - -21 1004 |0 1 0.8 - -2.6
S2 0.54 | 0.20 | 0.96 | 0.90 | - - 0 0 - -05 1021 | 0.2 121 | 21 - -0.9
S3 1.11 {043 | 0.79 | 023 |0 0 0.50 | 0.13 1032 |0 0.64 | 0.1 1.36 | 0.3 - -0.3
S4 0.36 | 012 | 1.07 | 0.26 | O 0 = - - -01 | - 0 - 0 1.07 | 0.1
S5 0.71 | 047 | 143 [ 089 |0 0 2.0 0.66 | 0.18 | 0.1 - -05 | 153 |13 - -0.4
S6 0.79 | 054 | 150 | 0.84 | - - 2.18 | 0.31 | - -01 | - -0.9 | 054 | 0.2 - -0.1
S7 - - 1.78 | 514 | - - - - 0.64 | 2.6 - 21 150 | 490 | - -0.7
S8 - - 1.03 | 6.38 - - 054 | 43 - -5.7 1082 |72 - -15
S9 011 | 166 | 1.07 | 539 |- = - - 0.7 7.2 - -8.7 1114 | 143 | - -2.7
S10 0.64 | 3.16 | 0.68 | 4.40 | - - - - 1.07 | 8.7 - - 2.64 | 155 | - -0.7
S11 046 | 0.44 | 0.89 | 5.39 | - - - - 096 | 1.1 - -94 | 282 | 191 | - -0.2
S12 018 | 031 |0 0 - - - - 1.25 [ 190 | - - 243 | 184 | - -0.2
S13 0.43 | .06 086 | 1.30 | 0.21 | 0.12 | - - - 0 - -4.6 | 3.46 | 24 - -0.2
S14 0.61 | 0.16 | 057 | 2.81 | 050 | 1.28 | - - 1.18 | 0.6 - - 296 | 7.0 - -0.1
S15 - - 111 | 058 | - - - - 0.75 | 04 - -14 1136 | 1.2 - -0.1
S16 0.07 | 0.02 | 057 | 0.34 | - - 036 | 0.02 | -05 |0 - -05 | 157 |07 - -0.1
S17 0.71 | 0.13 | 0.82 | 0.30 | - - 0.04 | 0 - 0 - -04 | 2.03 | 0.8 -20 | -0.1
S18 0.04 | 007 | 071 | 021 |071 018 | O 0 - -06 | - -0.1 1 0.86 | 0.3 -0.5 | -0.7
S19 0.68 | 0.03 | 1.18 | 0.53 | - - 054 | 0 0 0 0 0 1.75 | 0.8 - 0
S20 0.57 | 0.12 | 0.71 | 0.46 | - - 2.03 | 0.04 | - 0 - -1.1 1178 | 1.1 - 0
S21 0.46 | 0.05 | 0.89 | 0.13 | - - 1.71 | 0.03 | - 0 - -0.3 1096 | 0.1 043 | 0
S22 0.61 | 068 | 143 | 0.38 | - - - - - -06 | - -08 11.03 | 1.0 - -0.2
S23 - - 103 | 260 | - - - - 1 3.8 - -5.1 1107 | 43 - -0.5
S24 - - 0.39 | 2.08 | - - 1.18 | 0.54 | 2.12 | 6.8 - - 0.27 | 3.8 - -0.3
S25 - - 125 | 270 | - - - - 0.75 | 2.0 - -34 1086 |48 - -0.9
S26 0 0 2.36 | 6.07 | - - - - 071 |15 - - 257 | 95 - -0.4
S27 0 0 0.86 | 1.85 | - - - - 0.75 | 1.9 - -42 146 | 4.2 - -0.6
S28 - - 143 | 282 | - - - - 054 |12 - -29 [157 [ 53 - -6.2
S29 - - 168 | 589 | - = - - 039 |11 - -15 [146 [ 55 - -1.8
S30 082 | 112 | 114 | 457 | - - - - 0.14 | 04 -15 |41 | 214 | 44 - -1.1
S31 046 | 056 | 150 |5.21 | - - - - 092 | 23 1.03 | 45 186 | 5.9 0.77 | 0.83
S32 057 | 012 | 0.71 | 0.46 | - - 2.03 | 0.04 | - 0 - -11 (178 [1.1 - 0]
S33 0.79 | 052 | 155 | 0.84 | - - 218 | 031 | - -0.1 | - -09 [ 054 [ 024 | - -
S34 0.61 | 068 | 140 | 0.38 | - - - - - -0.6 | - -0.8 [1.03 [ 1.0 - -
S35 046 | 0.15 | 0.89 | 0.13 | - - 1.75 | 0.03 | - 0 - -0.3 [ 098 | 0.1 043 | 0
S36 085 | 112 | 114 | 459 | - - - - 014 | 043 [ -15 | 41 | 214 | 442 | - -

Vil




Table B4: Precipitation trend analyses values on Seasonal basis of future data (2071-
2099) using Mann-Kendall Test and Sen' slope method

(Z= Mann-Kendall Z; SS=Sen's Slope in %ge;)

Note: Z is the statistical parameter. Trend value corresponding to Z value more than +1.96 (-1.96) represents statistically significant.

Station RCP4.5 (2071-2099) RCP8.5 (2071-2099)
Pre- Monsoon Post- Winter Pre- Monsoon Post- Winter
Maonsnnn NMansnnn NMansnon NMansnon
Z |SS|Z |SS (2 |SS |z |SS |Zz |SS |Z |SS |Zz |SS |Z |SS
S1 0.77 1 0.99 | 024 [ 031 |0.02|0.14 |- - 0.06 A 0.77 | 0.8 0.62 | 04 0.96 | 3.9
S2 0.58 | 0.20 | 0.54 | 048 | 0.28 | 0.45 | - - 0.88 | 0.3 0.84 | 1.38 | 0.62 | 0.6 0.99 |13
S3 1.11 | 0.15 | 0.13 | 0.06 | 0.28 | 0.08 | - - 047 | 0 0.24 | 0.1 0.24 | 0.1 1.11 | 0.47
S4 0.88 | 0.18 | 0.54 | 0.16 | O 0 - - 0.77 | 0.2 0.36 | 0.1 0.06 |0 133 | 0.7
S5 0.36 | 0.19 | 047 | 023 | 0.54 | 0.50 | - - 1.88 | 0.9 - -0.7 1 0.88 | 0.6 - -
S6 0.06 | 0.01 | 0.39 [ 025 |0.39 |0.35]- - 0.66 | 0.30 | - - 1.56 | 1.0 0.54 | 0.30
S7 0.06 | 0.19 | 193 | 6.59 | - - - - 0.54 | 1.20 | 1.98 | 5.30 | 2.01 | 7.30 0.77 | 0.20
S8 0.13 | 1.28 | 1.98 | 13.86 | - - - - 0.47 | 3.50 | 0.58 | 4.50 | 2.27 | 21.20 | 0.54 | 0.4
S9 0.24 | 3.66 | 1.96 | 19.55 | - - - - 192 [ 111 [ 0.06 | 0.80 | 2.11 | 205 1.18 | 1.50
S10 - 0 141 1992 | - 94 | - - 0.69 | 7.10 | 0.58 | 6.70 | 1.88 | 14.60 | 0.58 | 0.2
S11 0.62 | 0.9 261 | 112 | - -65 | - -0.1 [ 096 | 110 [0.88 | 490 | 244 | 15.0 0.66 | 0.1
S12 0.13 | 04 1.22 | 93 - 5.1 | - -0.2 | 066 | 1.50 | 1.07 | 0.98 | 1.18 | 111 092 | 0.1
S13 047 | 0.1 1.14 1180 | - - - -0.7 ] 1.18 | 0.20 | 0.28 | 1.0 0.66 | 1.10 0.69 | 0.24
S14 0.36 | 0.2 1.29 | 5.6 - -38 | - -0.1 1081 | 0.7 0.43 | 3.90 | 0.96 | 3.60 1.18 | 0.1
S15 0.13 | 0.1 1.74 1160 | - -05 | - -0.2 |1 0.81 | 0.60 | 0.66 | 0.7 141 | 1.30 0.81 | 0.1
S16 024 | 0 - 0 - -0.1 | - -0.1 ] 126 | 0.2 - -06 | 0.73 |1 0.3 0.62 | 0.1
S17 024 | 0 0.28 | 0.1 0.02 |0 - -0.1 1129 |04 - -04 | 111 |04 043 | 0.1
S18 0.81 | 0.3 0.43 | 0.2 - -0.2 | - -0.4 | 0.02 | 0.3 0.84 | 0.3 0.62 | 0.2 0.92 | 1.20
S19 - 0 0.69 | 0.3 0.73 | 0.3 - 0 0.66 | 0.1 - -0.7 1024 | 0.1 058 | 0
S20 - -0.1 | - -0.2 - -0.1 | - 0 0.77 | 0.1 - - 081 | 04 032 | 0
S21 - 0 - 0 0 0 036 [ 0 0.66 | 0 - -0.3 1081 |0.1 - 0
S22 0.47 | 0.5 - -0.8 - -0.1 | - -0.1 |1 0.36 | 0.3 - -0.2 | 152 | 1.70 0.81 | 0.30
S23 0.21 | 0.7 1.78 | 7.40 - - - -0.4 | 103 | 480 | 032 | 0.9 152 | 6.10 1.26 | 0.31
S24 0.17 | 0.6 1.86 | 7.3 - - - -0.4 |1 092 | 4.0 0.24 | 1.50 | 1.59 | 6.20 1.18 | 0.3
S25 032 |1 130 | 2.04 | 6.0 - -05 | 152 | -08 | 081 | 39 0.47 | 140 | 196 | 7.70 129 | 0.6
S26 0.09 | 0.3 111 [ 6.3 - -3.8 | - -0.3 [ 062 | 150 | 0.21 | 1.80 | 0.92 | 2.30 1.03 | 0.12
S27 0.09 | 0.4 2.04 | 6.20 - - - -0.5 1 0.69 [ 2.0 0.88 | 290 | 141 | 4.40 0.81 | 0.3
S28 028 | 1.0 2.46 | 5.90 - - - -09 1114 {290 | 126 [ 420 | 2.16 | 6.0 0.81 | 0.6
S29 0.39 | 1.60 | 1.71 | 6.70 - - - - 122 | 390 | 199 | 590 |1.97 | 850 0.99 | 09
S30 0.21 | 0.3 0.73 | 2.60 - - - -08 1120 [ 048 | 159 [ 580 |1.99 | 86 0.97 | 0.7
S31 043 | 1.70 | 0.02 | 0.1 - - - - 092 |1 230 [1.03 | 045 | 196 | 5.90 0.77 1 0.8
S32 - -0.1 | - -0.2 - -0.1 | - 0 0.77 1 0.1 - - 0.81 |04 032 | 0
S33 0.08 | 0.04 | 0.39 | 0.25 0.39 | 0.65 | - - 0.66 | 0.30 | - - 156 [ 1.0 0.54 | 0.36
S34 0.61 | 0.78 | 1.43 | 0.38 - - - - - -0.6 | - -0.8 1109 [ 1.0 - -
S35 025 |13 2.46 | 5.96 - - - - 114 | 298 | 1.26 | 420 | 2.16 | 6.70 0.81 | 0.68
S36 043 | 145 ] 0.02 | 0.17 - - - - 092 | 238 [1.03 | 0.45 | 1.96 | 5.98 0.77 | 0.86
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APPENDIX C: Trends in TMax

Table C1: Temperature (Max.) trend analysis results on Annual basis of future data

(2020-2099) using Mann-Kendall Test and Sen's slope method:
(Z= Mann-Kendall Z; S= Significance level; SS=Sen's Slope in %ge; *= Statistically significant; N= Not-

significant )

Note: Z is the statistical parameter. Trend value corresponding to Z value more than +1.96 (-1.96) represents statistically significant.
- RCP4.5 RCP8.5
-% 2020-2040 2041-2070 2071-2099 2020-2040 2041-2070 2071-2099
n|Z S|SS|Z S|SS|Z S |SS|Z S |SS|Z S| SS |Z S | SS
S1 | 245 | xxx | 6.0 2.18 | xxx | 2.85 | 3.43 | xxx | 3.71 | 3.563 | xxx | 6.10 | 5.28 | xxx | 9.80 4.63 | xxx | 10.00
S2 | - XxX | 4.6 2.36 | xxx | 2.79 | 358 | xxx | 4.14 | 3.41 | xxx | 6.0 5.46 | xxx | 10.00 | 4.71 | xxx | 9.80
S3 | 2.02 | xxx | 6.6 211 | xxx | 3.16 | 3.56 | xxx | 4.91 | 2.99 | xxx | 5.60 | 5.32 | xxx | 12.00 | 4.56 | xxx | 10.60
S4 | 220 | xxx | 6.3 250 | xxx | 3.28 | 358 | xxx | 441 | 3.11 | xxx | 6.50 | 5.78 | xxx | 11.30 | 4.75 | xxx | 9.00
S5 1233 | xxx | 7.1 293 | xxx | 518 | 2.23 | xxx | 3.10 | 3.84 | xxx | 9.80 | 550 | xxx | 12.80 | 5.05 | xxx | 7.90
S6 | - XXX | - 293 | xxx | 525 | 234 | xxx | 3.11 | 299 | xxx | 6.30 | 5.60 | xxx | 10.90 | 5.20 | xxx | 8.50
S7 1269 | xxx | 4.3 432 | xxx | 357 | 242 | xxx | 1.85 | 3.11 | xxx | 560 [ 6.10 | xxx | 7.30 5.50 | xxx | 5.90
S8 | 323 | xxx | 5.1 446 | xxx | 432 | 1.74 | xxx | 1.52 | 3.41 | xxx | 6.01 [ 596 | xxx | 7.80 5.46 | xxx | 5.70
S9 | - XXX | - 450 | xxx | 455 | 1.82 | xxx | 1.55 | 3.59 | xxx | 6.30 | 6.17 | xxx | 7.90 5.61 | xxx | 6.00
S10 XXX | - 389 | xxx [ 410 [ 1.78 | xxx | 1.61 | 3.77 | xxx | 6.30 | 6.07 | xxx | 8.00 5.31 | xxx | 6.20

S11 1311 | xxx | 5.0 296 | xxx | 3.77 | 1.11 | xxx | 1.32 | 3.71 | xxx | 7.00 | 5.57 | xxx | 6.10 418 | xxx | 7.40

S12 | 3.17 | xxx | 6.2 328 | xxx [ 390 [ 148 | xxx | 1.63 | 3.96 | xxx | 7.10 [ 5.71 | xxx | 6.90 4.26 | xxx | 7.20

S13 1 2.08 | xxx [ 4.4 | 3.64 | xxx | 423 | 3.21 | xxx | 2.60 | 3.59 | xxx | 7.30 | 5.78 | xxx | 8.50 | 4.97 | xxx | 6.80

S14 | - XXX | - 371 | xxx | 4.41 | 3.06 | xxx | 2.32 | 2.63 | xxx | 3.60 [ 6.07 | xxx | 7.80 5.16 | xxx | 6.20

S15 [ 2.33 | xxx | 4.80 | 4.21 | xxx | 4.24 | 2.79 | xxx [ 2.21 | 3.29 | xxx | 6.60 | 6.10 | xxx | 8.10 5.16 | xxx | 6.20

S16 | 2.08 | xxx | 6.70 | 3.00 | xxx | 4.66 | 2.72 | xxx | 3.64 | 3.77 | xxx | 8.50 | 5.32 | xxx | 10.50 | 5.46 | xxx | 7.80

S17 [ 2.33 | xxx | 6.50 | 2.82 | xxx | 4.46 | 2.91 | xxx | 3.75 | 3.90 | xxx | 8.00 | 5.39 | xxx | 11.10 | 4.78 | xxx | 7.40

S18 [ 245 | xxx | 5.80 | 2.43 | xxx | 2.79 | 3.47 | xxx | 3.74 | 3.35 | xxx | 6.60 | 5.10 | xxx | 9.50 460 | xxx | 9.70

S19 | 251 | xxx [ 7.40 | 2.71 | xxx | 431 | 291 | xxx | 3.46 [ 3.59 | xxx | 8.80 | 5.50 | xxx | 12,50 | 4.82 | xxx | 7.70

S20 | 2.33 | xxx [ 6.40 | 2.89 | xxx | 5.00 | 2.46 | xxx [ 2.98 [ 3.59 | xxx | 7.90 | 5.39 | xxx [ 11.90 | 542 | xxx | 9.30

S21 [ 1.90 | xxx | 5.60 | 3.21 | xxx | 5.02 | 2.76 | xxx | 3.20 | 3.29 | xxx | 7.40 | 5.39 | xxx | 11.20 | 5.38 | xxx | 9.00

S22 [ 154 | xxx | 4.30 | 2.85 | xxx | 3.45 | 2.83 | xxx | 3.35 | 245 | xxx | 6.20 | 5.78 | xxx | 9.90 4.82 | xxx | 7.50

S23 [ 3.05 | xxx | 4.80 | 4.25 | xxx | 4.08 | 2.19 | xxx [ 1.64 | 3.41 | xxx | 6.10 | 6.17 | xxx | 7.90 5.46 | xxx | 6.20

S24 | 317 | xxx | 5.00 | 4.32 | xxx | 412 | 212 | xxx [ 1.72 | 341 | xxx | 6.10 | 6.28 | xxx | 8.00 5.50 | xxx | 6.10

S25 [ 317 | xxx | 530 | 471 | xxx | 438 | 1.86 | xxx [ 1.61 | 3.59 | xxx | 5.90 | 6.20 | xxx | 7.50 5.68 | xxx | 6.00

S26 | 214 | xxx | 470 | 3.78 | xxx | 4.55 | 3.17 | xxx [ 2.70 | 3.35 | xxx | 7.50 | 5.74 | xxx | 8.70 5.27 | xxx | 6.70

S27 [ 2.20 | xxx | 450 | 410 [ xxx | 4.29 | 2.76 | xxx | 243 | 3.23 | xxx | 6.80 | 6.10 | xxx | 8.10 5.35 | xxx | 6.80

S28 | 254 | xxx | 4.40 | 4.21 | xxx | 4.05 | 295 | xxx [ 1.98 | 3.05 | xxx | 6.10 | 6.32 | xxx | 7.70 5.42 | xxx | 6.10

S29 [ 269 | xxx | 430 | 435 | xxx | 3.48 | 242 | xxx | 1.84 | 3.11 | xxx | 5.40 | 6.14 | xxx | 7.30 5.57 | xxx | 5.80

S30 [ 1.90 | xxx | 4.10 | 3.64 | xxx | 3.77 | 298 | xxx | 2.68 | 0.51 | xxx | 1.00 | 6.03 | xxx | 8.60 5.20 | xxx | 7.10

S31 [ 1.72 | xxx | 3.70 | 3.64 | xxx | 3.58 | 2.64 | xxx | 252 | 2.75 | xxx | 5.70 | 5.99 | xxx | 8.30 5.16 | xxx | 6.40

S32 [ 2.33 | xxx | 6.42 | 2.89 | xxx | 5.20 | 2.46 | xxx [ 2.96 | 3.59 | xxx | 7.98 | 5.39 | xxx | 11.90 | 542 | xxx | 9.32

S33 [ 154 | xxx | 430 | 2.85 | xxx | 3.45 | 2.83 | xxx [ 3.35 | 245 | xxx | 6.20 | 5.78 | xxx | 9.90 4.82 | xxx | 7.50

S34 [ 1.72 | xxx | 3.70 | 3.64 | xxx | 3.58 | 2.64 | xxx [ 252 | 2.75 | xxx | 5.70 | 5.99 | xxx | 8.30 5.16 | xxx | 6.40

S35 [ 254 | xxx | 4.40 | 4.21 | xxx | 4.05 | 295 | xxx [ 1.98 | 3.05 [ xxx | 6.10 | 6.32 | xxx | 7.70 5.42 | xxx | 6.10

S36 1:72 xxX | 3.70 | 3.64 | xxx | 358 | 2.64 | xxx | 252 | 2.75 | xxx [ 5.70 [ 5.99 | xxx | 8.30 5.16 | xxx | 6.40

TH-2396_166104038



Table C2: Temperature (Max.) trend analyses values on Seasonal basis of future data
(2020-2040) using Mann-Kendall Test and Sen's slope method

(Z= Mann-Kendall Z; SS=Sen's Slope in %ge;)

Note: Z is the statistical parameter. Trend value corresponding to Z value more than +1.96 (-1.96) represents statistically significant..

TH-2396_166104038

Station RCP4.5 (2020-2040) RCP8.5 (2020-2040)
Pre- Monsoon Post- Winter Pre- Monsoon Post- Winter
Maonsoon Maonsoon Maonsoon NMansoon

Z |SS |Z |SS |Z |SS |Z |SS|Z |SS |Z |SS |Z |SS |Z |SS
S1 2.45 | 10.5 | 2.57 54 | 0.75 2 075 | 46 | 178 |74 251 [ 58 0.27 | 1.20 | 2.26 | 10.1
S2 - -1.8 | - -19 | - 8.7 | - -7.3 1172 | 6.30 220 [ 520 | 0.45 [ 1.20 | 2.20 | 10.5
S3 226 | 99 | 154 | 49 |142 31 | 057 | 65 | 142 | 6.70 1.66 | 510 | 051 | 1.0 2.14 | 10.1
S4 2,51 | 103 | 2.20 5 1.18 38 [063 | 42 [1.60 | 6.50 196 [ 580 | 0.82 | 2.00 | 2.20 | 11.20
S5 233 | 7.8 |245 52 | 1.66 59 (136 | 87 [233 |11.10 (275 |6.80 {198 [5.10 | 2.63 | 15.0
S6 - - - 9.2 | - - - 96 [ 220 | 940 214 | 360 | 2.26 | 7.00 | 1.96 | 6.50
S7 347 | 85 | 1.30 26 [ 208 | 44 | 0.03 0 2.26 | 7.30 124 | 230 | 3.29 | 480 | 2.63 | 6.20
S8 305 | 9.2 |1.48 3 245 | 46 130 | 16 [ 245 | 9.70 136 | 2.80 | 3.65 | 4.70 | 2.63 | 7.10
S9 - -49 | - -7 - -33 | - -5.6 | 2.14 | 9.00 1.72 | 3.10 | 353 | 550 | 2.81 | 7.10
S10 - - - -15 | - 93 | - -13 | 2.33 [ 9.00 2.02 | 3.70 [ 3.29 | 5,50 | 2.93 | 8.20
S11 245 | 89 | 178 | 41 | 2.39 1.7 1094 | 16 | 2.39 | 9.20 2.87 | 6.50 | 3.17 | 3.80 | 2.51 | 6.30
S12 263 | 9.1 | 202 37 [269 | 49 |1.12 | 2.8 | 245 | 1040 | 299 | 6.60 | 2.87 | 4.10 | 2.63 | 6.70
S13 293 | 9.1 | 1.66 25 [160 | 47 |045 | 25 | 251 | 870 196 | 260 | 233 | 6.0 2.87 | 10.3
S14 - - - - - - - -23 | 166 | 3.60 1.00 | 1.80 | 2.39 | 3.90 | 2.51 | 6.40
S15 329 | 9.0 | 2.02 27 [178 | 48 | 051 | 1.7 | 233 | 6.60 1.78 | 3.00 | 2.81 | 590 | 2.57 | 9.70
S16 275 1102 1172 | 41 |1.36 6.5 [1.00 | 7.2 [2.02 | 890 3.17 [ 420 | 2.26 | 5.70 | 2.57 | 14.50
S17 263 (102 (190 | 41 |130 | 47 |100 | 7.7 [2.26 | 9.80 275 [ 490 | 1.24 | 520 | 2.39 | 13.40
S18 251 | 105 226 | 47 |0.75 1.8 | 075 | 412 | 172 | 7.40 239 [ 560 | 057 | 150 | 2.45 | 10.20
S19 245 | 96 | 1.96 54 | 1.30 5 112 | 83 | 2.14 | 1040 | 269 | 6.60 | 1.06 | 3.90 | 2.26 | 15.0
S20 293 | 74 1214 | 44 |154 | 57 [063 | 43 | 214 | 7.90 293 [ 530 | 2.08 | 7.40 | 2.26 | 11.70
S21 287 | 85 [178 | 43 | 136 | 52 |045 | 34 [214 |8.20 281 [ 440 | 2.26 | 7.30 | 2.14 | 9.00
S22 233 | 73 [154 | 47 |130 | 45 |106 | 6.4 [ 245 | 9.40 130 | 1.70 | 2.26 [ 6.30 | 1.60 | 6.70
S23 328 | 85 | 2.08 3 2.26 51 [1.18 | 2.7 [ 2.08 | 8.30 1.48 | 3.00 | 3.47 [ 550 | 2.81 | 7.40
S24 323 | 88 | 1.96 3 245 | 52 |118 | 25 | 2.14 | 8.30 1.60 | 290 | 3.47 [ 550 | 2.81 | 7.10
S25 317 | 89 [154 | 27 |233 | 48 |166 | 22 [ 233 | 9.10 1.36 | 280 | 3.41 [ 470 | 2.81 | 6.90
S26 311 | 94 | 2.08 24 [ 154 | 47 1045 | 38 | 245 | 7.10 233 | 3.0 2.57 | 6.60 | 2.87 | 10.70
S27 329 | 89 | 2.08 28 [178 | 47 | 051 ] 1.8 | 226 | 6.20 1.96 | 290 | 2.81 | 590 | 2.51 | 10.20
S28 341 | 86 184 | 26 | 184 | 46 | 0.03 0 2.14 | 6.70 1.66 | 290 | 299 | 510 | 251 | 8.70
S29 347 | 84 |1.30 27 | 208 | 43 | - -0.1 | 2.26 | 7.10 1.30 | 2.30 | 3.35 [ 480 | 2.69 | 5.80
S30 317 | 85 | 1.72 25 | 166 | 42 |- -0.1 | 0.69 | 2.50 - -0.9 [ 045 | 0.8 0.21 | 1.20
S31 323 | 82 | 160 | 25 |160 | 2.7 [021 | 06 | 2.08 | 7.50 124 | 160 | 245 | 520 | 1.90 | 9.10
S32 293 | 78 [ 214 | 44 | 154 | 59 | 063 | 33 [214 | 7.96 293 [ 568 | 2.08 | 6.40 | 2.26 | 10.70
S33 287 | 86 | 178 | 43 | 1.36 52 [ 045 | 34 | 214|820 281 | 440 | 2.26 | 6.30 | 2.14 | 8.00
S34 233 | 73 | 154 | 47 130 | 45 [106 | 64 | 245 | 9.40 1.30 | 1.70 | 2.26 | 6.30 | 1.60 | 6.70
S35 341 | 86 184 | 26 | 184 | 46 | 0.03 0 2.14 | 6.70 1.66 | 290 | 2.99 | 510 | 251 | 8.70
S36 3231 82 160 | 25 [160 | 27 [021 | 06 | 2.08 [ 7.50 124 1160 | 245 [ 520 | 1.90 [ 9.10

Xl




Table C3: Temperature (Max.) trend analyses values on Seasonal basis of future data
(2041-2070) using Mann-Kendall Test and Sen's slope method

(Z= Mann-Kendall Z; SS=Sen's Slope in %ge;)

Note: Z is the statistical parameter. Trend value corresponding to Z value more than +1.96 (-1.96) represents statistically significant..

TH-2396_166104038

Station RCP4.5 (2041-2070) RCP8.5 (2041-2070)
Pre- Monsoon Post- Winter Pre- Monsoon Post- Winter
NMansnnn Mansnnn NMansnon Monsnnn

Z |SS|Z |SS|zZz |SS |Z |SS|Z |SS |Z |SS |Z |SS |(Z |SS
S1 245 | 55 | 265 | 3.1 | 057 [ 087 | 139 | 44 | 3.85 | 10.90 | 550 | 830 | 5.74 | 13.20 | 2.64 | 9.40
S2 232 | 45 | 228 | 2.8 {096 | 13 |1.61 | 47 |3.93 | 1090 | 5.57 | 860 | 5.67 | 13.40 | 2.82 | 9.80
S3 218 | 49 [ 171 | 25 | 139 | 19 |161 | 54 |3.85 | 1230 | 532 | 950 | 5.57 | 14.70 | 2.85 | 10.50
S4 250 | 44 [ 214 | 2.4 | 111 | 16 |1.75 | 5.1 | 4.03 | 10.80 | 5.50 | 10.00 | 5.64 | 14.20 | 2.93 | 11.30
S5 300 | 7.0 [ 393 | 3.7 | 164 | 23 | 228 | 68 | 414 | 11.60 | 5.25 | 10.60 | 5.14 | 14.00 | 3.53 | 15.10
S6 303 | 71 (39 |37 |163 | 22 |218 | 69 |3.60 | 780 | 521 |880 |5.32 | 11.00 | 3.64 | 1450
S7 278 | 52 | 182 | 1.6 | 3.68 3 207 | 39 | 2.60 | 460 |4.89 | 780 | 585|850 |4.78 | 9.80
S8 278 | 5.8 | 221 | 1.5 | 421 | 3.4 | 3.60 5 243 | 6.20 | 5.00 | 660 | 585|890 |5.25 | 9.90
S9 278 | 6.0 [ 221 | 1.7 | 482 | 38 | 417 | 59 {330 620 |514 |6.70 |5.96 |9.20 |5.03 | 9.70
S10 243 | 47 | 175 | 19 | 435 | 29 |3.00 | 48 |3.00|6.00 |492 |720 |5.60 |890 |4.96 | 1040
S11 150 | 46 | 121 | 23 | 389 | 37 [264 | 36 | 203 [ 530 |3.07 |580 |58 | 770 | 4.78 | 8.80
S12 178 | 45 | 118 | 2.3 [ 414 | 33 [3.03 | 44 | 260 | 590 | 3.46 |6.30 |585 |860 |5.07|9.70
S13 278 | 46 | 264 | 1.8 | 221 | 1.7 | 239 | 63 | 382 | 760 |539 |770 | 4.96 |8.40 | 3.89 | 10.60
S14 289 | 51 [ 243 | 1.7 | 246 | 16 | 253 | 65 | 321 {620 |5.10 | 710 |[5.39 |840 |4.89 | 10.50
S15 285 | 53 [ 257 | 19 | 328 | 24 | 257 | 63 | 335 (520 |535|770 |542 | 860 |4.64 | 10.40
S16 285 | 641 [ 325 |25 (132 | 16 | 239 | 75 |3.60 {930 |539 |980 | 4.82 | 10.10 | 3.10 | 14.30
S17 296 | 59 | 264 | 24 [ 125 | 13 | 236 | 6.6 | 4.10 | 10.10 | 532 | 9.90 | 4.96 | 11.40 | 3.53 | 11.90
S18 264 | 59 [ 275 | 2.6 | 0.79 | 098 | 153 | 42 | 3.96 | 10.40 | 5.53 | 8.00 | 5.50 | 12.60 | 2.78 | 9.30
S19 264 | 63 | 228 | 2.8 [ 150 | 1.8 | 236 | 59 |4.10 |12.0 |5.39 | 10.80 | 5.14 | 14.20 | 3.25 | 12.90
S20 289 | 63 [ 400 | 36 | 132 | 1.8 | 203 | 7.2 | 3.60 | 9.80 | 532 | 950 | 5.07 | 12.50 | 3.64 | 16.20
S21 278 | 59 (410 | 36 | 143 | 18 | 214 | 7.7 | 353 | 850 |535|9.10 |5.17 |10.80 | 3.60 | 16.40
S22 314 | 50 [ 296 | 34 | 118 | 16 | 107 | 39 [332 |[6.70 |521 |8.60 |5.46 | 10.40 | 3.93 | 14.60
S23 268 | 51 (182 | 16 |4.21 3 328 | 57 129 |610 |535 | 700 | 567|910 | 496 | 10.00
S24 268 | 53 [ 193 | 16 [ 425 | 31 |335 |58 [303 59 |[539 |700 |578 |910 |5.03 | 9.90
S25 285 | 63 | 168 | 14 [ 421 | 35 | 3.86 | 5.7 | 3.03 | 5.80 5.21 | 6.40 5.78 | 9.00 5.03 | 9.90
S26 285 | 51 | 271 |19 (218 | 19 | 271 | 7.2 | 3.75 | 7.40 5.42 | 8.10 5.00 | 8.40 4.07 | 11.60
S27 300 | 52 | 271 |20 (310 | 23 |250 | 6.6 | 3.50 | 5.40 5.46 | 7.80 5.39 | 8.50 4.57 | 10.80
S28 285 | 54 | 232 | 19 [364 | 33 |2.00 | 5.0 | 2.96 | 4.60 5.32 | 7.40 5.67 | 8.50 4.60 | 10.00
S29 278 | 52 | 168 | 1.6 [ 353 | 3.0 |2.07 | 3.7 | 257 | 450 4.89 | 7.40 5.85 | 8.40 4.67 | 9.70
S30 321 |51 | 250 | 27 [221 | 2.4 | 1.82 6 3.28 | 5.20 5.64 | 8.00 5.50 | 8.90 4.32 | 12.00
S31 3.00 | 46 | 264 | 28 | 264 | 29 [168 | 48 | 3.14 | 5.10 5.64 | 8.20 5.35 | 8.40 4.25 | 11.80
S32 2.89 | 63 [ 400 | 36 [ 132 | 1.8 |2.03 | 7.2 | 3.60 | 9.80 5.32 | 9.50 5.07 | 12,50 | 3.64 | 16.20
S33 300 | 52 (271 |20 (310 | 23 |250 | 6.6 | 3.50 | 5.40 5.46 | 7.80 5.39 | 8.50 4.57 | 10.80
S34 303 | 71 |39 [ 37 [163 | 2.2 |218 | 69 | 3.60 | 7.80 5.21 | 8.80 5.32 | 11.00 | 3.64 | 14.50
S35 278 | 46 | 264 | 1.8 [ 221 | 1.7 | 239 | 6.3 | 3.82 | 7.60 5.39 | 7.70 4.96 | 8.40 3.89 | 10.60
S36 321 | 46 [ 250 | 2.7 [ 221 | 2.4 | 1.82 6 3.28 | 5.20 5.64 | 8.00 5.50 | 8.90 4.32 | 11.80

Xl




Table C4: Temperature (Max.) trend analyses values on Seasonal basis of future data
(2071-2099) using Mann-Kendall Test and Sen's slope method

(Z= Mann-Kendall Z; SS=Sen's Slope in %ge;)

Note: Z is the statistical parameter. Trend value corresponding to Z value more than +1.96 (-1.96) represents statistically significant.

TH-2396_166104038

Station RCP4.5 (2071-2099) RCP8.5 (2071-2099)
Pre- Monsoon Post- Winter Pre- Monsoon Post- Winter
NMansnnn NMansnnn NMansnon Monsnnn

Z |SS |Z |SS|Z |SS |z |SS |Z |SS |Z |SS |Z |SS |Z |SS
S1 114 | 2.7 |29 1043 | 144 | 2.2 | 358 | 9.1 | 351 |10.50 | 2.80 | 6.20 | 4.71 | 13.20 | 2.87 | 13.00
S2 141 | 29 [ 036|071 | 137 | 30 |343 | 9.4 | 353 | 1040 | 291 | 6.10 | 4.71 | 13.20 | 3.06 | 13.20
S3 1.18 | 33 [ 028 | 047 | 144 | 36 | 34 11.0 | 3.26 | 10.00 | 2.61 | 5.40 | 4.63 | 14.60 | 2.95 | 13.70
S4 1.22 | 31 [ 032 035|137 | 34 |351 | 96 [332 910 |298 | 540 | 448 | 12.90 | 3.02 | 12.70
S5 148 | 35 |0 0 111 ] 32 | 223 | 37 |403 800 |340|6.20 |3.06 990 | 3.96 | 13.30
S6 156 | 3.7 | - - 096 | 33 | 242 | 84 | 362|840 | 385 |6.70 | 3.55 | 7.80 | 4.30 | 13.30
S7 143 | 0.82 | - - 152 | 1.8 | 249 | 2.7 | 242 | 350 | 3.77 | 560 | 445 | 5.90 | 3.85 | 7.00
S8 0 0 - - 143 | 1.4 | 242 | 35 | 126 | 220 | 343|590 |4.78 | 6.80 | 4.03 | 7.40
S9 0.43 | 0.89 | - £ 201 | 18 | 238 | 34 |1.78 | 240 | 3.06 |5.10 |5.08 | 7.70 | 3.96 | 7.80
S10 0.28 | 0.05 | 0.36 [ 045 | 231 | 25 | 243 | 3.7 | 246 | 400 | 2.76 | 460 | 5.05 | 7.50 | 4.00 | 7.30
S11 0.06 | 0.02 | 054 | 013 | 264 | 35 | 2.04 | 39 | 186 | 7.00 231 | 410 | 497 | 7.70 4.71 | 7.60
S12 0.09 | 036|047 | 061 | 261 | 2.1 | 186 | 39 | 156 | 4.80 212 | 430 | 542 | 8.20 4.82 | 8.10
S13 107 | 14 | - - 152 | 25 | 317 | 6.7 | 313 | 540 | 392|570 |4.03 | 7.00 |298 |9.20
S14 114 | 15 [ 013 | 025 | 1.78 | 2.7 | 3.02 | 6.7 | 2.79 | 4.80 298 | 4.70 | 4.82 | 7.30 3.62 | 7.10
S15 081 ]| 13 |- - 208 | 266 [ 264 | 51 | 279 | 480 298 | 4.70 | 4.40 | 7.10 3.52 | 7.00
S16 1.44 | 25 [ 009 | 014 | 141 | 35 | 268 | 9.1 |4.26 | 670 | 4.03 | 640 | 3.36 | 8.60 | 3.17 | 11.60
S17 129 | 26 | - - 126 | 2.1 | 268 | 10.3 | 3.62 | 690 | 3.66 | 5.60 | 3.43 | 9.20 | 2.68 | 11.20
S18 1.14 | 2.4 | 013 | 020 [ 144 | 23 |[3.77 | 9.2 | 3.28 | 9.50 3.13 | 6.10 | 4.78 | 12.60 | 2.79 | 12.70
S19 1.44 | 3.1 (013 017 | 099 | 34 | 279 | 10.0 | 3.66 | 7.70 | 3.13 | 5.40 | 3.25 | 10.20 | 3.02 | 12.50
S20 129 | 29 [ 028 | 040 | 107 | 33 |197 | 69 |[3.92 [880 |3.73 | 6.90 | 295 | 8.60 | 4.60 | 14.60
S21 1.22 | 22 [ 028 | 027 | 137 | 30 |246 | 79 |3.96 [810 |3.92 | 6.90 |3.17 | 810 | 4.56 | 14.20
S22 1.03 | 1.8 [ 066 | 096 | 111 | 25 | 227 | 7.6 |3.66 [ 7.50 | 3.96 | 6.60 | 3.43 | 6.30 | 3.32 | 10.70
S23 043 | 077 1 0.02 {016 | 219 | 23 | 242 | 39 | 264 | 2.80 2.98 | 5.00 | 490 | 7.20 3.77 | 7.10
S24 0.47 | 0.57 | - - 204 | 23 [ 246 | 38 [ 253|260 |3.10 |5.20]497 |7.30 |3.85|7.20
S25 032 | 042 | - = 176 | 1.7 | 238 | 3.4 |1.89 | 250 3.25 | 5.70 | 493 | 7.80 4.22 | 7.70
S26 122 | 16 | - = 156 | 25 | 298 | 6.7 | 3.58 | 5.10 3.88 | 5.80 | 4.07 | 7.20 3.13 | 9.20
S27 092 | 13 | - - 214 | 26 | 264 | 54 | 3.70 | 4.80 3.92 | 5.70 | 452 | 6.80 3.36 | 8.50
S28 081 | 1.2 | - - 197 | 23 | 272 | 39 | 3.25 | 4.00 3.81 | 5.60 | 4.48 | 6.20 3.40 | 7.30
S29 051 071 | - - 152 | 1.8 | 249 | 3.7 | 242 | 3.50 3.70 | 5.60 | 4.45 | 5.80 3.88 | 7.00
S30 1.07 | 1.3 | 0.06 | 0.15 [ 156 | 2.6 | 257 | 6.0 | 3.66 | 5.90 4.00 | 6.20 | 4.15 | 6.40 3.77 | 10.00
S31 108 | 1.2 | 024 [ 043 [ 148 | 2.2 | 249 | 56 | 3.36 | 5.40 4.03 | 6.20 | 3.92 | 5.50 3.17 | 8.70
S32 1.29 | 2.6 [ 0.09 | 0.13 | 126 | 2.1 | 2.68 | 103 | 3.62 | 6.90 3.66 | 5.60 | 3.43 | 9.20 2.68 | 11.20
S33 156 | 31 | - - 096 | 39 [242 | 80 | 3.62 | 8.90 3.85 | 6.10 | 3.55 | 7.20 430 | 11.30
S34 107 [ 14 | - - 152 | 25 | 317 | 6.7 [3.13 |5.40 3.92 | 5.70 | 4.03 | 7.00 2.98 | 9.20
S35 081 | 13 |- 3 208 | 26 [ 264 | 51 | 279 | 480 298 | 4.70 | 4.40 | 7.10 3.52 | 7.00
S36 1.07 | 1.6 [ 0.06 | 0.20 [ 1.56 | 2.80 | 257 | 6.6 | 3.66 | 5.92 4.00 | 6.80 | 4.15 | 5.40 3.77 | 9.20

Xl




APPENDIX D: Trends in TMin

Table D1: Temperature (Min.) trend analyses values on Annual basis of future data

(2020-2099) using Mann-Kendall Test and Sen's slope method:

(Z= Mann-Kendall Z; S= Significance level; SS=Sen's Slope in %ge; *= Statistically significant; N= Not-

significant )
Note: Z is the statistical parameter. Trend value corresponding to Z value more than +1.96 (-1.96) represents statistically significant.

- RCP4.5 RCP8.5

-% 2020-2040 2041-2070 2071-2099 2020-2040 2041-2070 2071-2099

n|Z S|SS |Z S |SS|Z S|SS|Z S|SS|Z S |SS|Z S | SS
S1 [ 166 | xxx | 3.78 2.07 | xxx | 2.38 | 2.61 | xxx | 2.56 | 1.48 | xxx | 2.00 | 4.75 | xxx | 6.70 | 5.06 | xxx | 7.10
S2 | - XXX | -7.79 | 1.28 | xxx | 1.89 | 2.76 | xxx | 3.18 | 1.30 | xxx | 6.4 4.64 | xxx | 6.90 [ 5.08 | xxx | 7.10
S3 [1.72 | xxx | 4.21 1.32 | xxx [ 1.80 | 3.13 | xxx | 5.12 | 0.75 | xxx | 1.50 | 4.10 | xxx | 6.50 | 3.58 | xxx | 6.50
S4 1190 | xxx | 3.96 1.36 | xxx [ 1.65 | 253 | xxx | 3.73 | 0.82 | xxx | 2.70 [ 4.14 | xxx | 6.00 | 5.16 | xxx | 6.60
S5 [1.60 | xxx | 3.97 1.32 | xxx [ 1.98 | 2.23 | xxx | 290 | 1.72 | xxx | 3.00 [ 3.93 | xxx | 5.30 | 4.78 | xxx | 6.90
S6 | - xxx | -20.3 | 1.03 | xxx [ 2.03 | 253 | xxx | 3.30 | 1.12 | xxx | 3.00 [ 5.25 | xxx | 9.10 [ 5.31 | xxx | 8.80
S7 [ 263 | xxx | 2.89 3.82 | xxx | 311 [ 249 | xxx | 1.91 | 3.41 | xxx | 4.20 | 6.46 | xxx | 7.50 | 6.13 | xxx | 7.20
S8 | 3.65 | xxx | 3.97 464 | xxx | 3.93 [ 268 | xxx | 1.82 | 3.90 | xxx | 5.40 | 6.21 | xxx | 7.90 | 6.10 | xxx | 7.30
S9 | - XXX | -6.22 | 464 | xxx | 413 | 2.64 | xxx | 1.99 | 3.96 | xxx | 490 | 6.28 | xxx | 7.60 | 5.98 | xxx | 7.20
S10 | - XXX | - 3.25 | xxx | 2.69 | 223 | xxx | 2.00 | 3.53 | xxx | 4.40 | 6.32 | xxx | 7.20 | 5.68 | xxx | 7.00
S11 | 341 | xxx | 3.85 228 | xxx | 196 | 238 | xxx | 1.89 | 3.47 | xxx [ 580 | 6.14 | xxx | 7.10 | 546 | xxx | 6.70
S12 | 3.29 | xxx | 3.59 3.07 [ xxx [ 251 [ 231 | xxx | 1.96 | 3.84 | xxx | 5.90 | 6.24 | xxx | 7.40 | 5.76 | xxx | 7.00
S13 | 2.26 | xxx | 2.94 275 | xxx | 198 | 2.61 | xxx [ 1.91 | 2.33 | xxx | 3.40 | 5.78 | xxx | 7.20 | 5.65 | xxx | 6.70
Si4 | - XXX | -22.2 [ 2.85 | xxx | 213 | 291 | xxx | 2.22 | 1.66 [ xxx | 1.70 [ 6.35 | xxx [ 7.00 | 5.65 | xxx | 6.70
S15 | 2.45 | xxx | 3.25 375 [ xxx [ 345 | 298 | xxx | 2.26 | 3.41 | xxx | 4.10 | 6.46 | xxx | 7.50 [ 5.65 | xxx | 6.70
S16 | 1.78 | xxx | 4.80 236 | xxx | 3.49 | 2.61 | xxx | 2.71 | 2.45 | xxx | 3.70 | 4.64 | xxx | 6.80 | 5.08 | xxx | 7.40
S17 | 1.78 | xxx | 451 2.28 | xxx | 2.82 | 257 | xxx | 3.00 | 1.60 | xxx | 2.00 | 453 | xxx | 6.50 | 5.20 | xxx | 6.80
S18 | 1.66 | xxx | 3.42 243 | xxx | 2.53 | 2.46 | xxx | 354 | 1.78 | xxx | 2.10 | 5.07 | xxx | 7.10 | 5.20 | xxx | 7.20
S19 | 154 | xxx | 4.19 1.78 | xxx | 2.40 | 2.34 | xxx | 3.40 [ 0.94 | xxx [ 1.50 | 3.85 | xxx | 5.20 | 4.86 | xxx | 7.10
S20 | 1.36 | xxx | 3.51 146 | xxx | 3.05 | 2.23 | xxx | 3.05 [ 1.24 | xxx | 3.10 | 4.42 | xxx | 7.10 | 5.16 | xxx | 8.40
S21 | 1.18 | xxx | 2.88 196 | xxx | 3.35 | 257 | xxx | 3.59 [ 1.78 | xxx | 3.60 | 5.07 | xxx | 8.30 | 5.16 | xxx | 7.80
S22 | 2.02 | xxx | 4.63 1.78 | xxx | 1.95 | 2.27 | xxx | 3.42 [ 1.18 | xxx [ 3.90 | 5.28 | xxx | 9.80 | 5.27 | xxx | 8.20
S23 | 3.29 | xxx | 3.23 4.00 | xxx [ 343 | 2.64 | xxx | 2.00 | 3.59 | xxx | 4.20 | 6.39 | xxx | 7.30 | 5.87 | xxx | 7.00
S24 | 341 | xxx | 3.43 4.10 | xxx [ 359 | 2.72 | xxx | 2.03 | 3.84 | xxx | 4.40 | 6.28 | xxx | 7.40 | 5.95 | xxx | 7.00
S25 | 341 | xxx | 3.43 467 | xxx [ 425 | 2.64 | xxx | 1.95 | 3.90 | xxx | 5.10 | 6.28 | xxx | 7.40 | 6.13 | xxx | 7.30
S26 | 2.45 | xxx | 2.97 3.00 [ xxx [ 2.86 | 291 | xxx | 2.05 | 2.81 | xxx | 3.70 | 6.10 | xxx | 7.40 | 5.61 | xxx | 6.80
S27 | 2.08 | xxx | 3.18 3.50 | xxx [ 324 | 3.02 | xxx | 2.30 | 3.47 | xxx | 4.10 | 6.39 | xxx | 7.50 | 5.65 | xxx | 6.70
S28 | 2.81 | xxx | 3.20 3.85 | xxx [ 3.20 | 253 | xxx | 1.98 | 3.59 | xxx | 3.90 | 6.36 | xxx | 7.40 | 5.76 | xxx | 6.80
S29 | 2.63 | xxx | 2.75 393 [ xxx [ 312 | 249 | xxx | 1.95 | 3.41 | xxx | 4.10 | 6.39 | xxx | 7.50 | 6.13 | xxx | 7.20
S30 | 1.78 | xxx | 3.14 0.63 [ xxx [ 1.18 | 253 | xxx | 254 | 0 xXxx | 0 4.14 | xxx | 9.20 | 557 | xxx | 7.30
S31 | 2.02 | xxx | 2.84 243 | xxx | 251 | 212 | xxx | 2.16 | 2.33 | xxx | 4.10 | 5.92 | xxx | 8.20 | 542 | xxx | 6.90
S32 | 1.66 | xxx | 3.78 2.07 | xxx | 2.38 | 2.61 | xxx | 256 | 1.48 | xxx | 2.00 | 4.75 | xxx | 6.70 | 5.06 | xxx | 7.10
S33 | 2.02 | xxx | 4.90 178 | xxx | 1.45 | 227 | xxx | 3.92 [ 1.18 | xxx | 4.40 | 5.28 | xxx | 8.80 | 5.27 | xxx | 8.90
S34 | 2.08 | xxx | 3.18 350 | xxx | 324 | 3.02 | xxx | 2.30 | 3.47 | xxx | 4.10 | 6.39 | xxx | 7.50 | 5.65 | xxx | 6.70
S35 | 2.81 | xxx | 3.20 385 | xxx [ 320 | 253 | xxx | 1.98 | 3.59 | xxx | 3.90 | 6.36 | xxx | 7.40 | 5.76 | xxx | 6.80
S36 | 1.90 | xxx | 3.96 1.36 | xxx | 1.65 | 253 | xxx | 3.73 [ 0.82 | xxx | 2.70 | 4.14 | xxx | 6.00 | 5.16 | xxx | 6.60
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Table D2: Temperature (Min.) trend analyses values on Seasonal basis of future data
(2020-2040) using Mann-Kendall Test and Sen's slope method

(Z= Mann-Kendall Z; SS=Sen's Slope in %ge;)

Note: Z is the statistical parameter. Trend value corresponding to Z value more than +1.96 (-1.96) represents statistically significant.

Station RCPA4.5 (2020-2040) RCP8.5 (2020-2040)

Pre- Monsoon Post- Winter Pre- Monsoon Post- Winter

NMansnnn NMansnnn NMansnon Monsnnn
Z |SS |Z |SS|Z |SS |z |(SS |Z |SS |Z |SS |Z |SS |Z |SS
S1 1.6 72 | 251 | 41 |- -1.4 | 1.18 6 190 | 6.70 | 3.11 | 5.30 | - - 0.57 | 0.22
S2 - 4.7 | - 6.2 | - -13 | - -86 | 1.72 | 6.40 | 3.23 | 530 | - - 0.39 | 2.00
S3 196 | 108 | 233 | 4.7 | - - 0.88 8 1.18 | 6.50 | 2.81 | 5.40 | - - 0.09 | 0.60
S4 178 | 86 | 245 | 43 [ 003 | 013 | 034 | 81 |1.12 |5.00 |3.17 | 550 | - - 0.69 | 4.00

S5 124 | 78 1293 | 37 | 051 | 1.04 | 0.75 4 2.39 1920 | 396 | 590 | - - 1.24 | 8.30

- - - 2.14 1830 | 353 | 3.30 0.45 | 3.70

S7 269 | 41 [390 | 34 1136 | 32 - 2.02 | 490 [ 3.96 | 410 | 220 | 470 | 1.48 | 470

S8 311 | 52 371 | 35 [ 178 | 42 | 0.63 1 233 | 6.80 [ 438 | 460 | 251 | 540 | 1.96 | 5.20

-6.6 | - 51 | - -5.8 -99 [ 239 | 6.60 | 456 | 530 | 2.33 | 430 | 2.20 | 4.80

245 | 6.80 [ 462 | 570 |1.36 | 270 | 1.60 | 4.70

S11 341 | 65 [ 366 | 33 [154 | 33 [027 | 052 | 245 | 800 [ 426 | 690 | 1.72 | 330 | 1.98 | 5.20

S12 323 | 66 | 365 | 41 1160 | 3.7 {039 | 069 | 263 | 800 | 444 | 6.70 | 1.90 [ 3.50 | 1.72 | 5.20

S13 257 | 58 [ 408 | 36 | 075 | 1.7 - 196 | 6.20 | 4.02 | 520 | - 142 | 410
S14 - =22 | - - = - = - 1.66 | 480 | 3.47 | 3.50 | - - 0.15 | 0.60
S15 263 | 61 [390 | 37 |106 | 2.8 | 021 | 031|251 |590 [444 [ 490 |136 |270 | 214 | 560
S16 172 | 78 | 347 | 38 | 075 | 2.4 [ 069 | 40 | 208 | 690 | 3.96 | 520 | - % 2.02 | 11.40
S17 154 | 69 | 329 | 39 1088 | 25 [094 | 43 | 154 | 200 | 154 | 750 | - - 1.66 | 8.70
S18 202 | 65 [ 263 | 39 |- - 148 | 53 | 148 | 590 | 3.11 | 540 | - c 0.69 | 3.00
S19 118 | 7.0 | 2.99 4 009 [ 036 | 112 | 46 [1.18 | 6.10 [ 4.02 | 590 | - = 1.06 | 6.90
S20 154 | 56 | 336 | 39 |118 | 28 [ 051 | 2.7 | 263 [ 830 [ 3.71 | 460 | - - 1.06 | 5.10

S21 142 | 6.0 | 359 | 41 |075 | 1.7 [ 051 | 46 | 263 | 780 | 3.65 | 460 | - 1.36 | 6.00

S22 124 | 35 [1.90 3 112 | 34 [ 154 | 97 | 214 [ 750 | 2.75 [ 3.20 | O 0.69 | 4.20

S23 305 | 53 [ 384 | 36 [154 | 34 [0.03 | 012 [245 |640 | 450 | 520 | 1.96 196 | 4.50

S25 317 | 53 1384 | 36 | 142 4 0.15 | 034 | 2.51 | 6.90 | 4.38 | 4.80 | 2.39 1.98 | 4.40

0

3.60

S24 317 | 53 1384 | 36 [142 | 43 [0.15 | 035|233 | 630 | 450 | 520 | 233 [ 3.70 | 2.08 | 4.10
4.80

S26 239 | 63 [384 | 37 |106 | 2.2 190 | 6.50 [ 432 | 5.10 - 1.75 | 5.60

S27 269 | 64 |39 | 37 |100 | 18 045 | 035 (251 |630 (432 | 490 | 106 | 210 | 214 | 590

S28 293 | 47 [390 | 38 |118 | 2.4 1021 | 043 | 239 | 390 [ 432 [ 450 |1.96 | 380 | 130 |40

S29 269 | 40 [ 384 | 34 |130 | 3.2 -1.1 | 2.08 | 4.80 | 3.90 | 4.10 2.08 | 470 | 154 | 4.70

S30 226 | 57 | 365 | 38 [075 | 1.8 |0.03 | 014 [ 057 | 130 |1.36 | 1.20 -2.70

S31 233 | 46 [ 329 | 38 |1.12 3 063 | 15 | 2.26 [ 550 | 353 | 410 | 1.18 | 2.50 | 1.18 | 5.40
S32 142 | 6.0 [359 | 41 [075 | 17 [ 051 | 46 | 263 | 780 | 3.65 | 460 | - - 1.36 | 6.00

S33 124 | 38 [190 | 34 | 112 | 320|154 | 9.7 |262 |75 |270 |320 [0 0 0.69 | 4.30

S34 124 | 7.8 293 | 37 [ 051 | 104 0.75 4 2.39 [ 9.20 | 3.96 | 5.90 1.24 | 8.30

S35 269 | 41 [ 390 | 34 [136 | 32 |- - 2.02 | 4.90 | 3.96 | 410 [ 2.20 | 4.70 | 1.48 | 4.70
S36 226 | 55 [ 3651 36 1075 | 24 1003|014 [057 135 [136]150 |- - -2.30
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Table D3: Temperature (Min.) trend analyses values on Seasonal basis of future data
(2041-2070) using Mann-Kendall Test and Sen's slope method

(Z= Mann-Kendall Z; SS=Sen's Slope in %ge;)

Note: Z is the statistical parameter. Trend value corresponding to Z value more than +1.96 (-1.96) represents statistically significant.

Station RCPA4.5 (2041-2070) RCP8.5 (2041-2070)
Pre- Monsoon Post- Winter Pre- Monsoon Post- Winter
Maonsnnn NMansnnn Maonsnnn NMansnon

Z |SS|Z |SS|Z |SS |Zz |SS |Z |SS |Z |SS |Z |SS |Z |SS

S1 264 | 53 1414 | 31 (064 | 15 [ 050 | 1.3 |3.39 | 780 |510 |420 [400 |910 | 268 | 6.30

S2 207 | 52 | 385 | 3.1 021 | 045 {343 | 790 | 485 | 3.80 [ 410 {910 |2.68 |6.30

S3 236 | 6.0 | 382 | 32 |- - - 296 | 9.40 | 382 | 340 | 321 | 820 |1.78 |5.00

S4 236 | 52 [ 393 | 32 |- -1.3 [ 036 | 067 [ 289 | 7.10 |4.28 |3.70 | 325 | 830 |1.96 |5.10

S5 200 | 21 [ 250 | 18 | - -3 1107 | 40 [260 {510 [3.78 | 3.70 | 400 | 860 | 1.96 | 4.80

S6 200 | 44 | 243 | 1.7 31 089 | 38 357 | 7.80 | 4.89 | 550 | 5.60 | 9.80 | 3.60 | 13.20

S7 396 | 45 | 400 | 25 | 107 | 10 | 271 | 38 [442 [ 570 [599 | 590 | 456 | 1260 | 421 | 6.50

S8 385 | 51 | 450 | 2.7 | 214 | 2.0 | 346 | 47 [ 475 [ 6.00 [ 585 | 570 |528 | 12.40 | 450 | 7.40

S9 400 | 48 [ 471 | 2.8 | 264 | 22 |360 | 55 |4.35 |550 |585 |550 |567 | 1250 | 414 | 7.70

S10 368 | 43 | 368 | 24 | 136 | 13 | 161 | 24 |3.7]1 [ 510 [574 | 540 |582 | 10.80 | 3.96 | 7.90

S11 289 | 21 | 253 | 23 [107 | 135 /086 | 1.8 |3.89 |550 |435|460 |564 | 1020|421 |8.70

S12 335 |39 |278 | 22 | 139 | 15 | 153 | 23 [382 | 520 | 460 | 490 | 564 | 1120 | 428 | 8.90

S13 321 | 41 | 453 | 2.9 143 | 3.0 [3.82 | 580 | 6.07 [ 550 | 553 | 9.60 | 3.46 | 7.70

S14 364 | 42 | 421 | 28 {029 | 045 | 161 | 2.7 [ 3.68 | 490 | 589 | 550 |5.74 | 10.30 | 3.89 | 7.80

S15 403 | 44 | 471 | 266 | 128 | 15 | 289 | 51 [3.85 [540 [592 |580 |599 | 11.10 | 4.10 | 8.30

S16 289 | 56 | 389 | 26 [0.07 | 023 [ 232 | 74 |3.28 | 630 |521 |[520 | 453 | 920 | 250 | 8.10

S17 268 | 5.4 | 417 | 2.8 -14 |11.71 | 51 [3.07 | 670 | 503 | 490 | 3.78 [ 9.30 | 2.36 | 6.50

S18 289 | 46 | 414 | 21 [ 079 | 1.8 [ 086 | 1.8 |3.50 | 7.10 | 525 | 450 | 414 | 960 | 275 | 6.20
S19 221 | 53 | 350 | 25 |- 32 | 143 | 44 [ 239 |6.10 | 428 | 420 | 321 [860 |1.78 |5.10

S20 171 | 356 | 253 | 1.7 | - -1.2 | 153 | 58 [3.00 | 570 | 453 | 440 | 467 [ 850 | 2.82 | 9.80

S21 232 | 43 [ 335 | 21 |- - 193 | 7.2 |[3.46 | 630 | 496 | 510 [ 525 | 870 | 3.82 | 13.60

S22 285 | 46 | 400 | 2.8 - 103 | 3.8 [ 435 | 730 | 517 | 6.60 | 5,57 | 10.60 | 3.53 | 15.30

S23 414 | 49 | 417 | 266 | 211 | 25 [ 3.03 | 43 [ 425 [5]10 [578 | 560 | 578 | 11.80 | 3.82 | 7.50

S24 432 | 46 [ 428 | 25 | 214 | 25 | 314 | 47 | 450 | 530 | 585 | 560 571 | 1210 | 3.93 | 7.40

S25 410 | 51 (450 | 2.7 | 278 | 2.7 | 3.78 | 56 | 450 | 530 | 585 | 560 571 |12.10 | 3.93 | 7.40

S26 375 |43 [ 453 | 29 [ 079 | 099 | 214 | 26 |3.71 | 530 | 589 | 570 |5.89 | 10.10 | 3.93 | 8.60

S27 375 | 42 [457 | 266 | 107 | 12 | 271 | 49 |3.7]1 | 530 |578 | 580 [6.03 | 10.90 | 4.36 | 8.90

S28 375 | 42 435 | 26 | 096 | 1.0 | 293 | 44 | 417 | 520 [ 6.03 | 590 | 5.71 | 11.80 | 4.00 | 7.60

S29 393 | 44 [ 393 | 25 1.14 1.1 [ 264 | 2.8 | 439 [ 560 | 589 | 590 | 542 | 12.60 | 4.17 | 6.30

S30 124 | 2.2 1220 | 2.0 - 033 | 12 [ 220 | 560 |3.47 [ 500 | 444 | 13.80 | 2.39 11.20
S31 325 | 39 [439 | 28 | - - 161 | 3.7 [ 385 | 560 | 589 | 640 | 5.60 | 11.80 | 3.96 | 8.80
S32 200 | 44 1243 | 1.7 | - -3.1 1089 | 38 [357 | 7.80 |4.89 [ 550 | 560 | 9.80 | 3.60 | 13.20

S33 200 | 2.1 | 250 | 1.8 -3 107 | 40 | 260 | 510 | 3.78 | 3.70 | 4.00 | 8.60 | 1.96 | 9.80

S34 289 | 56 [ 389 | 2.6 | 0.07 | 023 | 232 | 74 |328 {630 |521 {520 |453 |9.20 | 250 |8.10

S35 385 | 51 450 | 2.7 | 214 | 2.0 | 346 | 47 | 475 | 6.00 [ 585 | 570 | 528 | 1240 | 4.50 | 7.40
S36 321 | 41 [ 453 | 29 |- - 143 | 3.0 [382 | 580 | 6.07 [ 550 | 553 | 9.60 | 3.46 | 7.70
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Table D4: Temperature (Min.) trend analyses values on Seasonal basis of future data
(2071-2099) using Mann-Kendall Test and Sen's slope method

(Z= Mann-Kendall Z; SS=Sen's Slope in %ge;)

Note: Z is the statistical parameter. Trend value corresponding to Z value more than +1.96 (-1.96) represents statistically significant.

TH-2396_166104038

Station RCPA4.5 (2071-2099) RCP8.5 (2071-2099)
Pre- Monsoon Post- Winter Pre- Monsoon Post- Winter
Maonsnnn NMansnnn Monsonn NMansnon

Z |SS|Z |SS |zZ |SS |Z |SS |Z |SS |Z |SS |Z |SS |Z |SS
S1 186 | 3.7 | 141 | 097 | 047 | 034 | 197 | 59 | 351 | 750 |5.76 | 6.00 | 3.70 | 6.80 3.21 | 7.30
S2 163 | 35 | 148 | 10 [118 | 22 | 219 | 80 | 3.47 | 750 | 591 | 6.20 | 3.47 | 6.50 2.98 | 6.80
S3 159 | 38 |1.18 | 075 [ 133 | 2.6 | 2.87 | 12.7 | 2.27 | 6.30 | 5.72 | 6.70 | 1.67 | 4.20 1.44 | 3.80
S4 159 | 32 | 156 |1.01 [118 | 21 |249 | 83 |3.13 | 710 |5.61 | 6.30 | 291 | 7.50 249 | 5.90
S5 148 | 3.1 | 122 | 061 | 069 | 1.4 | 216 | 6.7 | 4.00 | 8.00 | 475 | 5.60 | 3.92 | 10.30 | 2.83 | 5.70
S6 1.78 | 35 | 129 | 0.73 | 054 | 26 | 201 | 75 | 4.03 | 850 | 445 | 530 | 3.92 | 9.30 | 4.63 | 14.20
S7 1.78 | 2.2 | 0.66 | 052 | 208 | 2.7 | 174 | 2.0 | 4.75 | 7.00 | 437 | 5.00 | 4.63 | 9.50 5.31 | 7.30
S8 141 | 1.8 1088 | 0.80 | 208 | 2.7 | 219 | 2.8 | 4.48 | 640 | 437 | 490 | 4.75 | 9.40 5.42 | 8.40
S9 163 | 19 | 126 | 0.99 | 246 | 33 | 223 | 32 |4.52 | 7.00 | 3.73 | 4.30 | 4.63 | 9.10 5.01 | 8.40
S10 178 | 2.0 | 212 | 1.1 [238 | 2.8 | 133 | 2.0 | 437 | 7.20 | 351 | 420 | 448 | 810 | 4.90 | 7.20
S11 152 | 29 | 1.96 1.4 | 111 1.7 | 1.52 19 | 430 | 840 | 332 | 440 | 4.75 | 7.70 4.30 | 6.80
S12 196 | 2.4 | 1.52 13 | 201 | 25 |114 | 2.0 | 403 | 790 | 3.32 | 420 | 4.71 | 8.20 4.78 | 7.70
S13 129 | 26 | 186 | 1.03 | 144 | 1.8 | 242 | 2.7 | 437 | 7.10 | 5.01 | 5.00 | 452 | 7.70 3.96 | 6.80
S14 152 | 26 | 198 | 10 [182 | 19 | 246 | 36 | 456 | 7.10 | 3.62 | 440 | 463 | 7.60 | 4.33 | 6.60
S15 163 | 19 [ 111 | 086 [ 223 | 2.7 [ 272 | 45 | 456 | 710 | 3.62 | 440 | 463 | 7.60 | 4.33 | 6.60
S16 133 | 25 | 152 | 098 [ 069 | 1.0 | 279 | 60 | 4.15 | 8.00 | 5.05 | 5.60 | 3.85 | 8.30 3.62 | 8.00
S17 122 | 2.7 | 163 | 098 [ 058 | 1.0 | 2.68 | 62 | 3.58 | 6.70 | 5.08 | 5.80 | 4.07 | 8.80 2.53 | 4.40
S18 182 | 32 |1.18 | 0.64 [ 036 | 0.46 | 219 | 58 | 3.85 | 8.40 | 5.65 | 6.10 | 3.85 | 8.00 3.70 | 7.60
S19 103 | 25 1129 | 073 [ 051 | 15 | 246 | 75 |3.36 | 7.30 | 520 | 6.10 | 3.81 | 8.60 2.34 | 4.70
S20 199 | 41 118 | 091 [ 069 | 041 [182 | 7.0 |4.26 [ 880 | 4.71 | 530 | 3.96 | 9.20 3.96 | 11.50
S21 198 | 34 | 073 | 052 | 077 | 13 | 242 | 84 | 456 | 6.10 | 520 | 7.00 | 295 | 8.10 | 4.11 | 11.80
S22 216 | 29 [ 058 [ 039 [103 | 19 [227 | 83 |4.15 |7.70 | 430 | 560 | 3.66 | 9.60 347 | 110
S23 197 | 19 [ 156 | 099 [ 261 | 2.1 [2.08 | 29 [452 | 7.00 | 3.77 | 4.20 | 463 | 8.60 | 4.93 | 7.80
S24 167 | 19 1148 | 095 [ 261 | 22 | 204 | 29 | 456 | 7.00 | 3.77 | 430 | 471 [ 870 | 4.93 | 8.00
S25 171 | 19 [ 114 | 067 [ 242 | 33 [ 231 | 29 [4.45 [6.80 | 418 | 4.70 | 4.71 | 9.30 5.20 | 8.40
S26 129 | 2.2 | 156 | 085 [ 193 | 23 | 238 | 43 [452 | 7.00 | 475 | 5.10 | 415 | 7.70 4.26 | 6.30
S27 156 | 1.8 [ 111 | 074 [ 219 | 2.6 | 279 | 46 |4.45 | 7.10 | 467 | 490 | 4.30 | 8.60 4.33 | 6.90
S28 156 | 19 |1 0.88 | 0.63 [ 204 | 29 | 219 | 31 |4.48 | 6.80 | 445 | 4.70 | 4.56 | 8.60 4.78 | 7.10
S29 174 | 2.2 | 058 | 039 [ 208 | 2.8 [ 174 | 2.0 |4.86 | 7.10 | 437 | 5.00 | 4.63 | 9.60 5.36 | 7.30
S30 148 | 23 [ 092 | 045 [1.78 | 25 [ 219 | 43 [4.41 | 760 | 452 | 520 | 4.18 | 9.20 4.37 | 9.10
S31 152 | 2.0 [ 073 | 041 (118 | 2.4 [ 197 | 3.4 | 456 | 7.10 | 456 | 540 | 4.15 | 9.30 4.18 | 7.60
S32 199 | 42 [ 118 | 095 [ 069 | 040 [ 182 | 7.0 | 4.26 | 7.80 | 4.71 | 5.30 | 3.96 | 9.20 3.96 | 11.50
S33 178 | 2.0 | 2.12 1.1 | 238 | 28 |[133 | 20 [437 | 720 | 351 | 420 |4.48 | 8.10 4.90 | 7.20
S34 196 | 2,5 | 152 13 | 201 ] 25 |114 | 2.0 [ 403 | 790 | 332 | 420 | 4.71 | 8.20 4.78 | 9.70
S35 159 | 38 (118 | 075 (133 | 26 [ 2.87 [ 12,7 [ 227 {6.30 | 572 | 570 | 1.67 | 6.20 144 | 5.80
S36 159 | 38 (118 [ 075 [ 133 | 2.6 [2.87 [12.7 [ 227 [6.30 | 572 | 6.70 | 1.67 | 7.20 144 | 7.80
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