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Abstract

A sound understanding of projected climate, including precipitation and temperature, is critical for an effective
design and planning of adaptation and mitigation measures in combating the adverse effects of climate change.
This study projects maximum (Tmax) and minimum (Tin) daily temperature in the Narayani River Basin (NRB),
central Nepal, for three future periods, namely, near (NF: 2021-2045), mid (MF: 2046-2075), and far (FF:
2076-2100). Three Global Climate Models (GCMs) were chosen from ten Coupled Model Inter-comparison
Project Phase 6 (CMIP6) GCMs under two shared socioeconomic pathways, SSP245 (4.5 Watt/m?) and
SSP585 (8.5 Watt/m?). The selected GCMs were bias-corrected using a linear transfer function after exploring
several methods. Two statistical tests, i.e., Sen’s Slope and Mann-Kendall, were employed to quantify the
magnitude, direction, and significance of monotonic trends. Multi-model Ensemble (MME) of selected GCMs
demonstrated a widespread and significant rising trend across the basin at all seventeen meteorological
stations, with very few exceptions. The average annual Ty across the NRB is projected to increase by
ranging from 0.08°C to 1.09°C for NF, 0.74°C to 1.58°C for MF, and 1.45°C to 2.15°C for FF under the scenario
SSP245. Similarly, under SSP585, the Trax Will increase ranging from 0.6 °C to 1.40°C for NF, 1.26°C to 2.31°C
for MF, and 2.90°C to 4.68°C for FF with respect to (wrt) the historical period (1980-2014). For T, under
SSP245, is projected to increase ranging from 0.39°C to 1.24°C for NF, 1.53°C to 2.74°C for MF, and 1.85°C
to 3.20°C for FF. Similarly, under SSP585, the T, is projected to increase ranging from 0.42°C to 1.46°C
for NF, 2.08°C to 3.82°C for MF, and 3.30°C to 5.22°C for FF wrt the historical period. Furthermore, varying
trends are expected across the seasons, in particular, higher deviation during winter (0.9°C to 5.4 °C) followed
by pre-monsoon (-0.1°C to 2.8°C) for Tmax While winter (0.8°C to 3.7 °C) followed by post-monsoon (1.1°C to
4.1°C) for Tnin is seen across the basin. Our results indicated that the warming trend is more pronounced
for the mountainous region, likely affecting high altitudes’ snow and glacier cover. These bias-corrected
projections of Tmax and Trnin can be used for climate change impact assessment in hydrology, water resources,
and other sectors in the NRB.
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1. Introduction

Global temperatures have risen dramatically over the
last decades due to various natural and anthropogenic
variability [1].The research on global temperature
based on data form 1951 to 2012 revealed that there is
warming trend in global temperature and the
temperature is increasing at the rate of 0.12 °C per
decade [2]. River basins worldwide are being
impacted to varying degrees by climate change [3, 4].

Recent study over south Asian countries using latest
CMIP6 GCMs showed that, at the end of the 21st
century, the annual mean temperature will be
increased by 2.1°C under SSP245 and 4.3°C under
SSP585[5]. Since large areas of the Himalayas are
covered in snow and glaciers, and the region is very
sensitive to global warming [6].

Like many other countries, Nepal is facing a
significant warming trend of temperature, which has a
huge influence on snow and glaciers, which further
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affects melt water dependent river system [7, 8].
Some of the studies on future climate projection have
been carried on the Koshi river basin [9, 10, 11, 12]
and the Bagmati river basin [10]. The study by Nepal
et al. (2016) in the Koshi river basin showed that there
would be 4 °C increase in temperature by the end of
the century. Furthermore, they highlighted that there
would be an increase in Ty, and Tpax of both
seasonal and annual temperature throughout the
century. The temperature of the coldest day, coldest
night, warmest day, and warmest night are also
expected to increase in the Koshi River Basin [6].
Similalry, in western Nepal, the temperature is rising
[13]. Dahal et al. (2020) showed that the Karnali
River Basin had a similar increasing trend throughout
the basin [9].

As the Narayani River Basin (NRB) is a part of large
Hindu-Kush Himalayan (HKH) region, a mountainous
environment can be greatly affect by the change in
temperature posing enormous challenge for large
human population and environment depending on
their resources. The trend analysis of the observed
historical data form various the meteorological station
showed the warming trend of 0.028 °C per year (yr'!)
to 0.035 °C yr! with a mean increasing trend of
0.03°C yr'! in NRB [14]. This type of warming will
lead to changes in the availability of water, especially
in spring and autumn. Furthermore, seasonal
temperature changes will also significantly affect
agricultural production by increasing the stress on the
crop [15]. Therefore, the study of temporal and spatial
changes in temperature is essential to assess climate
change, especially in the Himalayas, where billions of
people living downstream depend on the water
produced by melting snow and glaciers. Therefore,
the analysis of future temperature predictions and
related uncertainties is well suited for adaptation
planning.

The Global Climate Models (GCMs) can provide a
better understanding of the region’s future climate
based on emission scenarios known as the
Socio-economic Pathways (SSPs). In the IPCC’s
Sixth Assessment Report (AR6) based on the Coupled
Model Inter comparison Project Phase 6 (CMIP6), the
shared socioeconomic pathways (SSPs) are used for
future climate projections; these scenarios can be used
to project future temperature with high confidence
[16]. The Multi-model Ensemble (MME) is generally
used to avoid the uncertainties presented in different
GCMs [17], generated by selecting the few

best-performed GCMs from a pool of GCMs [18].
However due to the coarse spatial resolution of
GCMs, required to correct biases while using in
regional scales. The process of escalating the quality
of climate outputs by reducing the systematic errors to
improve their fittings to observations is called bias
correction. There are several various bias correction
methods available [19]. The selection of the suitable
bias correction method is essential in assessing future
climates [20].

This study aims to estimate projected changes in
future temperature in the NRB based on
bias-corrected multiple CMIP6 model outputs under
two future scenarios, namely, SSP245 and SSP585.
The specific objectives are three folds: i) to select a
set of suitable GCMs and bias correction method for
the NRB; ii) to project the daily time series of
maximum and minimum temperature for three future
periods, namely, near-future (NF: 2021-2045),
mid-future (MF: 2046-2075), and far-future (FF:
2076-2100); and iii) to detect the trends in projected
future temperatures, annual as well as seasonal.

2. Study Area and Data

2.1 Study Area

The NRB, also known as Gandaki River Basin, is
located in central Nepal and extends from 27°21° to
29°20’ latitude and 82°53’ to 86°13 longitude . The
NRB is the sub basin of the Ganges River Basin. This
study only encompasses the Nepalese part (32,104
km? ) [15] of the basin. The NRB is bounded by the
Karnali basin to the west and the Koshi basin to the
east. The NRB includes the Himalayan range to plains
of terai, with the elevation varying from 18 m in the
south to higher than 8000 m to the Himalayas with
mean elevation of 4065 m above sea level (asl)
including different physiographic regions i.e Hill,
Mountain and High Himalayas including
trans-Himalaya [21]. The temperature varies rapidly
with elevation like the recorded Ty, in the high
Himalayas is -25°C, while the recorded Tp,ax in plains
of terai is 35°C[22]. Narayani River is a perennial,
torrential, turbulent and wundisturbed river that
originates from the Himalayas at the lower edge of the
Tibetan Plateau and carries snow-fed flows with
significant discharge even in the dry period. The
seven major tributaries of Narayani River are
Marsyangdi, Daraudi, Seti, Madi, Kali Gandaki,
Budhi Gandaki, and Trishuli [14]. The river is being
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used for irrigation at various locations and its major
tributaries are also being used for hydropower, water
supply and irrigation purpose. Its final outlet point is
gauged at Narayanghat, Chitwan. The area of the
NRB considered in this study is shown in Figure 1.
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Figure 1: Location, topography, and selected
meteorological stations in the Narayani River Basin

2.2 Data and Sources
2.2.1 Temperature Data

Observed historical data of daily Tpax and T, of
thirty-one meteorological stations are available for
NRB at Department of Hydrology and Meteorology
(DHM), Government of Nepal, from 1981 to 2014.
However, there is a lack of reliable data for adequate
record length. The stations with more than 20%
missing values were avoided in this study. As a result,
only seventeen stations were selected considering the
inclusion of all three physiographic regions (i.e.,
Mountains, Hills, and Terai) and maintaining a proper
spatial distribution to represent the whole basin.
Details of the selected meteorological stations are
presented in Table 1.

2.2.2 GCMs (CMIP6) Data

This study used historical (1980-2014) data and future
(2015-2100) projections of CMIP6 GCMs for Tpax
and T, The temperature variables such as Ty« and
Tmin of the SSP are established based on a certain
level of radiative forcing related to emissions, land-
use scenarios, and social concerns. The CMIIP6 has
been significantly improved compared to the previous
CMIPS as it offers socio-economic pathways [23]. We
obtained daily Tpax and Ty, from 10 CMIP6-GCMs
(Table 2) from https://esgf-node.llnl.gov/search/cmip6/
for two scenarios ssp245 and ssp585.

3. Methodology

The overall methodology of this study is shown in
Figure 2. The major activities involved are the
acquisition of observed data and GCMs data set,
selection of stations for observed data and selection of
few GCMs based on performance, choice of
best-performed bias correction method, projection of
future bias-corrected daily Tpax and Ty, trend
analysis of annual mean temperature, seasonal and
monthly change in temperature of different future
periods. The future period 2021-2100 was divided
into three future periods as NF (2021-2045), MF
(2046-2075), and FF (2076-2100). The details of
these steps are further explained below.

Pool of CMIP6 Raw GCMs
(1980-2014)
(Tmax & Tmin)

Observed Tmax & Tmin
(1980-2014)

Performance Evaluation of
Exponential asymptote Historical GCMs
Linear transformation
Power transformation
Power x0
transformation
Scale transformation
Non-parametric
quantile mapping
Non-parametric robust
quantile mapping
Smoothing spline

Selected GCMs for Multi-
model Ensemble (MME)

Downscaling and bias
Correction using Multiple
Methods & evaluation of

methods

Best Bias Correction
Method

Selected CMIP6 GCMs
under ssp245 & ssp585

Future Time Series of Max
(2021-2100)

and Min Temperature

Mann-Kendall, Sen’s Slope

Future Change in Annual,
seasonal & monthly
temperature for NF, MF &
FF

Figure 2: Methodological flowchart of the study (NF:
Near Future (2021-2045); MF: Mid Future
(2046-2075); FF: Far Future (2076-2100)

3.1 Observational Data Gap Filling

The daily data from selected DHM stations were
visually inspected for the period 1980 to 2014 to find
out the gap in the data using time series plots. The
percentage of missing data ranges from O to about
80% in various stations. The missing data were filled
using the long-term average method for the months
with missing data less than 10 consecutive days.
However for the months with missing data more than
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Table 1: List of meteorological stations used in this study C is Climatology; A is Agrometeorology and An is

Aeronautical for types of the basin)

SN  Station Name  Index No. Station Type District Latitude  Longitude Elevation
(Deg) (Deg) (m)
1 Jomsom 601 C Mustang 28.78 83.72 2744
2 Thakmarpha 604 A Mustang 28.75 83.70 2566
3 Baglung 605 C Baglung 28.26 83.60 984
4 Dumkauli 706 A Nawalparasi  27.68 83.21 154
5 Khanchikot 715 C Arghakhanchi 27.93 83.15 1760
6 Khudi Bazar 802 C Lamjung 28.28 84.36 823
7  Pokhara Airport 804 An Kaski 28.21 84.00 827
8 Syangja 805 C Syangja 28.10 83.15 868
9 Gorkha 809 A Gorkha 28.00 83.61 1097
10 Chapkot 810 C Syangja 27.88 81.81 460
11 Lumle 814 A Kaski 28.30 83.80 1740
12 Khairini Tar 815 A Tanahun 28.03 84.10 500
13 Chame 816 C Manang 28.55 84.23 2680
14 Rampur 902 A Chitwan 27.61 84.41 256
15 Hetauda NFI 906 C Makwanpur  27.41 85.05 474
16 Kakani 1007 A Nuwwakot  27.80 85.25 2064
17 Dhunibesi 1038 C Dhanding 27.71 85.18 1085

consecutive 10 days were filled using the data
produced over Nepal by Asian Precipitation Highly
Resolved Observational Data Integration Towards
Evaluation of Water Resources (APHRODITE) [24].
Since only the average temperature was available in
APHRODITE, the mean deviation of Tp.x and Ty
were calculated from observed mean monthly data
with respect to the APHRODITE mean monthly data.
The calculated mean deviation was used to calculate
respective Tpax and Ty, temperatures from the
available average temperature.

3.2 GCMs Selection

Ten GCMs for Thax and Tryi, were selected to form a
pool of raw GCMs that participated in the CMIP6.
Taking several GCMs helps to minimize the
uncertainty present in GCMs and 10 is well enough to
form a initial pool. The 10 GCMs were selected based
on the availability of daily Tpax and Ty, for
historical and two future scenarios ssp245 and ssp583,
and mostly used for the South Asian region’s climate
change study [25]. Three performance metrics (i.e.,
RSR, PBIAS, and NSE) [26] were used to evaluate
the historical raw GCMs. Observed historical monthly
mean Tp.x and Tpin (1980-2014) used as a reference
for performance evaluation. The performance rating
was assigned to each GCM based on the criteria fixed
by Moriasi et al., 2007. The average rating was

calculated from all the stations for each GCM. Finally,
the three highest-rated GCMs were used for further
bias correction and multi-model ensemble, each for
Tiax and Tyyip.

3.3 Bias Correction Methods

Bias correction helps to reduce the systematic errors
present in climate model and helps to improve their
fitting to observations. The bias correction approach
modifies the expected raw daily GCM output using
the difference in mean and variability between GCM
and reference period observations [27]. Several bias
correction methods exist [19]. The various techniques
vary from simple methods to complex methods. Some
of the generally used methods are linear scaling,
quantile mapping (QM), analog methods, delta
change method, monthly mean correction, multiple
regression, gamma-gamma transformation, power
transformation (PT) and so on [28, 29, 30, 19, 31].

In this study we have used the following parametric
and non-parametric transfer functions to correct
biases of historical (1980-2014) daily Tyax and Ty
of selected GCMs using the DHM temperature as
reference data. In the context of this paper, To and Tm
denote observed and modeled temperature
respectively. Following [32], this transformation can
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Table 2: List of climate models used in this study along with horizontal resolution, country of origin, and

research center

SN Model Name Country Latitude  Longitide Research Centre
(Deg) (Deg)
1 MRI-ESM2-0 Japan 1.1215 1.125 Meteorological Research Institute (MRI)
2 BCC-CSM2-MR China  1.1215 1.125 Beijing Climate Center (BCC)
3 INM-CM4-8 Russia 1.5 2.0 Institute for Numerical Mathematics (INM)
4 INM-CM5-0 Russia 1.5 2.0 Institute for Numerical Mathematics (INM)
5 NorESM2-MM Norway 0.9424 1.25 Norwegian Climate Center
6  MPI-ESM1-2-LR  Germany 1.865 1.875 Max Planck Institute for Meteorology
(MPI)
7  MPI-ESM1-2-HR  Germany 0.9351 0.9375 Max Planck Institute for Meteorology
(MPI)
8 ACCESS-ESMI1-5 Australia 1.500 1.875 Australian Community Climate and Earth
System Simulator (ACCESS)
9 ACCESS-CM2  Australia 1.250 1.875 Australian Community Climate and Earth
System Simulator (ACCESS)
10 EC-Earth3 Europe  0.7018 0.7031 European Community Earth (EC Earth)
in general, be formulated as: where, Ty indicates the best estimate of T and a, b, c,
X, and 1, are free parameters subject to calibration.
To = h(Tn) M The transformations include power transformation (3),

The probability integral transform uses the statistical
transformation and forms the required distribution of
variables, the transformation is defined as:

Ty =Fy ' (Fu(Tn)) )

where, F,, is the CDF of T,, and Fy! is the inverse
CDF (or quantile function) corresponding to Ty. The
parametric functions used in this study are shown
below:

Ty = bT}, (3)
Ty = a+bT,, “)
Ty = (a+bT,)(1—e /") 5)
Ty = bT, (0)
To = b(T;, — x0)° (7)
To = (a+bT,)(1 — e T30/ (8)

linear transformation (4), exponential tendency to an
asymptote (5), simple scaling (6), power
transformation with parameter x (7), and exponential
tendency to an asymptote with parameter x (8).

Other non-parametric functions used are empirical
quantile (QUANT), robust empirical quantile
(RQUANT), and smoothing spline methods. The
bias-corrected individual mean monthly temperatures
for the baseline period (1980-2014) from the three
selected GCMs were compared to that of DHM
observed mean monthly temperatures to calculate
performance metrics RSR, PBIAS, and NSE and
rating to each method according Moriasi et al. (2007)
to recognize best performing bias correction method.

3.4 Future Temperature Projection

The future daily temperature at 17 stations was
projected based on an ensemble of three GCMs
selected from a pool of 10 CMIP6 GCMs by
examining the performance of the CMIP6 models
against observed temperature data collected from
DHM. The temperature projection was made for Tax
and Tp,;, under the future emission scenarios SSP245
and SSP585 for three future periods, namely, near
(2021-2045), mid (2046-2075), and far (2076-2100).
These future periods are considered in accordance
with the climate change impact study in Chamelia
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watershed of Mahakali basin by Pandey et al. [2019]
[33]. A linear transfer function available as “gqmap” in
the R package was used as the method for bias
correction as it performed the best among others. The
change in average annual temperature in future
periods was determined by subtracting the projected
average annual temperature of each selected
individual GCMs and MME. The change in seasonal
temperature were calculated for four seasons named
as winter (DJF), pre-monsoon (MAM), monsoon
(JJAS), and post-monsoon (ON). To calculate change
the average seasonal Tp,x and Ty, are compared
with the baseline (1980-2014) average seasonal
temperature.

3.5 Estimation of Trends in Projected Future
Time Series

The non-parametric Mann-Kendall test (Mann 1945;
Kendall 1975) was used to determine the significance
of annual Tp.x and T, trends. This test is a
statistical test is universally accepted to analyze the
trend in hydro-climatological time series [34]. Using
this test have two benefits, the first one is that since
this test is a non-parametric test so it does not require
the normally distributed data. Another one is this test
has low sensitivity to abrupt breaks due to
non-homogeneous time series. For non-detects data, a
value that is lower than the lowest measured value
among given data set is assigned. In contrast to the
alternative hypothesis Hj, the null hypothesis Hg used
in this test assumes that there is no trend(the data is
independent and randomly ordered) [34]. The
significance level of 5% and 10% were applied to get
the significance of the trend. The trend with a
significance level of 5% was abbreviated as S;, and
the trend with a significance level of 10% was
abbreviated as S».

Sen’s slope [35] was applied to get the slope of the
trend. This is the non-parametric procedure for

estimating the slope of the trend of N pairs of data.

Sen’s slope estimator has been widely used in
hydro-meteorological time series [36, 37].

4. Results and Discussion

4.1 Selection of GCMs for
Ensemble

Multi-Model

Based on the three performance metrics (i.e., RSR,

PBIAS, and NSE), the rating of each of the 10 GCMs

in the pool was assigned. A summary of the obtained
average ratings is shown in Figure 3. Results showed
that INM-CM4-8, INM-CM5-0, and MPI-ESM1-2-
HR are the models with generally higher ratings for
the Tmax; MRI-ESM2-0, NorESM2-MM, and MPI-
ESM1-2-HR have higher ratings for Ty,j,. The GCMs
mentioned above were selected for further generation
of MME by taking the arithmetic mean after the bias
correction.

Raw GCM Rating

" Temperature

Maximum Temperature
¥ Minimum Temperature

Figure 3: Average rating of the 10 GCMs for
temperature data to select few GCMs for multi-model
ensemble
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4.2 Selected Bias Correction Methods

Nine bias correction methods were applied to correct
biases present in the selected historical raw GCMs.
The biases present in raw GCMs were reduced
substantially after the application of these methods.
Then bias-corrected GCMs daily data were compared
with observed data collected from DHM to calculate
three performance metrics NSE, RSR, and PBIAS.
Exponential asymptote, exponential asymptote x0,
and linear transfer functions outperformed the
remaining methods. Among these three
best-performing methods, linear transfer function
showed a slightly higher rating than the other two, so
chosen as the best performing bias correction method
for bias correction of both Tp;, and Tpax in that
region. The rating obtained for each bias correction
method for different stations is shown in Figure 4.

4.3 Projected Future Temperature

Future temperatures (2021-2100) were projected
under SSP245 and SSP585 future emission scenarios
on a daily time scale for seventeen weather stations in
NRB. The projected annual time series of temperature
tends to increase towards the final years of this
century for both Ty and Ty, (Figure 5). The
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Figure 4: Rating of different bias correction functions for temperature bias correction based on performance
metrics RSR, PBIAS, and NSE (Note: The ends of the box are upper and lower quartiles, horizontal line in the
center of the box is for median value, and the whisker shows highest and lowest ratings)

increase rate in temperature is higher for scenario
SSP585 than SSP245 for all the selected GCMs and
MME. No clear pattern of future annual temperature

changes was observed in future temperature change.

The rate of change in future temperature is different
for different models; however, large variations exist
for MPI-ESM1-2-HR for both T},x and Tpin. As an
example, a plot of the annual time series of Ty at

station 706 (Dumkauli) is shown in Figure 5.

Almazroui et al. [5] also found the similar increasing
pattern in increase in temperature over south Asian
countries. The temperature increases consistently with
the higher forcing and over time. This is an expected
result, because climate sensitivity is significantly
different between models, and the impact on the
model response is greater in higher scenarios and later
period.

4.3.1 Annual Trend of Historical Temperature

There is a warming trend in the majority of the
stations for Tp.x and Tp;n, as shown in Table 3. A
significant warming trend was found in six and ten

stations at a 95% significance level for Tpax and Tyy.

The mean warming trends of 0.037°C yr'! and
0.022°C yr'1 for Tihax and Ty, were found, which are
congruous with the previous study of trend analysis of
mean temperature in NRB by [14].

Table 3: Mean annual temperature trend (°C year
yr'l) of observed (1980-2014) maximum and
minimum temperature for 17 stations. **’ represents
statistically significant at 95% significance level

Station  Station Name  Tmax Tmin
Index Trend Trend
601 Jomsom 0.0209 0.0474
604 Thakmarpha 0.0708*  0.0457
605 Baglung -0.0365  -0.0072
706 Dumkauli -0.0038 0.0137*
715 Khanchikot 0.0692 0.0335%*
802 Khudi Bazar 0.0614*  0.0472*
804 Pokhara Airport 0.0385*  0.0349*
805 Syangja 0.0127 0.0381*
809 Gorkha 0.1026*  0.0220%*
810 Chapkot 0.0080 0.0067
814 Lumle 0.0638*  0.0075
815 Khairini Tar 0.0257 0.0409%*
816 Chame 0.1414*  -0.0773*
902 Rampur -0.0053 0.0445%*
906 Hetauda 0.0445 0.0153
1007 Kakani 0.0039 0.0471%*
1038 Dhunibesi 0.0229 0.0193
4.3.2 Annual Trend of Projected Future
Temperature

The overall result suggests significant and widespread
warming trends under both scenarios for Ty, and
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Figure 5: Time series of projected daily temperature under SSP245 and SSP585 for meteorological station 706

Thin. More than 80% of the trend was found to be a
warming trend with significance level S; for almost
all stations. The trend was said to be constant at that
weather station if the change in temperature at that
future period is within +0.001°C.

Under the scenario ssp245 in the NF for Ty, three
GCMs except MPI-ESM1-2-HR indicated an
increasing trend in the majority of the stations over
that period. MPI-ESM1-2-HR indicated a constant

trend in general and decreasing trend in some stations.

In the mid future period, INM-CM4-8 showed an
increasing trend with about 50% of stations with a
significance level of S;, INM-CMS5-0 showed majority
stations with a constant trend and some stations with

an increasing trend at the significance level of S,.

Under scenario SSP585 for T.x in the near future,
the INM-CM4-8 GCM showed a constant trend for
almost 70% of the stations. All other GCMs showed
an increasing trend with significance level S; for
almost all stations. In the mid future period, the trend

was observed as an increasing trend for all other
GCMs except MPI-ESM1-2-HR, which showed a
constant trend for almost 50% of the considered
stations. The trend in the far future period is rising
with a significance level of S; for all the GCMs at all
stations.

Under the SSP245, the T, showed an increasing
trend with a significant level of S; in the near future,
except NorESM2-MM that showed an increasing
trend for mountainous and some hilly stations and a
constant trend for other stations. On the other hand, in
the mid future period, the MRI-ESM2-0 GCM
showed a constant and decreasing trend in almost
equal proportions, and all the other GCMs showed an
increasing trend with an S; significance level.
Whereas, under the SSP585, the T, showed an
increasing trend with a significance level of Sy for all
the GCMs at all stations.

Based on the MME, the mean annual trend is 0.06°C
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yr'! in NF, 0.04°C yr'! in MF, and 0.02°C yr'! in FF
for Thax under SSP245. Similarly, 0.05°C yr‘1 in NF,
0.07°C yr'! in MF, and 0.1°C yr'! in FF are obtained
under SSP585 for Tpax. Also, the magnitude of mean
annual trend is 0.07°C yr! in NF, 0.04°C yr'! in MF,

and 0.02°C yr'l in FF for Tp;, under SSP245.

Similarly, 0.06°C yr'! in NF, 0.07°C yr'! in MF, and

0.09°C yr‘1 in FF are obtained under SSP585 for Tyiy.

Thus, the overall results indicate that for both climate
scenarios ssp245 and ssp585, the increase in future
Tmax and T, is more than the historical trend
obtained for the baseline period (1980-2014). The
sample plot for the likely trend in NF is shown in
Figure 6.

4.3.3 Projected Change
Temperature

in Average Annual

The spatial distribution of the projected changes in the
annual mean of Tp,.x and Tyy;, over the NRB for three
future periods under two scenarios SSP245 and
SSP585 were analyzed. The anticipated change in
future temperature under the SSP245 showed that
Tmax could change ranging from 0.08°C to 1.09°C for
NF, 0.74°C to 1.58°C for MF, and 1.45°C to 2.15°C
for FF. Similarly, under the SSP585 the T can
change ranging from 0.6°C to 1.40°C for NF, 1.26°C
to 2.31°C for MF, and 2.90°C to 4.68°C for FF. The
anticipated change in future temperature under the
SSP245 shows that T, can change ranging from
0.39°C to 1.24°C for NF, 1.53°C to 2.74°C for MF,
and 1.85°C to 3.20°C for FF. Similarly, under the
SSP585 the Ty can change ranging from 0.42°C to
1.46°C for NF, 2.08°C to 3.82°C for MF, and 3.30°C
to 5.22°C for FF. The sample plot of projected change
in average annual temperature in NF is shown in
Figure 7.

The various other studies done for this region showed
similar type of result. The study done over six South
Asian countries including Nepal using CMIP6 GCMs

also showed warming trend across this region.

According to their result by the end of this twenty-first
century, the annual mean temperature is going to
increase by 2.1°C under SSP245 and 4.3°C under
SSP585, which is in similar pattern with the result
obtained from this study [5]. According to Chhetri
(2010) analysis, the rise in temperature by 1°C, 2°C,
3°C and 4°C can reduce snow cover and glaciers area
by 20%, 40%, 58% and 70% respectively. Since there
is large snow and glacier cover area in the NRB will
have influence in runoff and water availability in

future time periods. The temperature varies largely
with altitude in the NRB. The meteorological stations
in high altitude in the basin are very few and the
recorded data consists of large gaps. Higher number
of meteorological stations with adequate and accurate
data would have result better output.

4.3.4 Projected Change in Average Seasonal
Temperature

All models show an increase in temperature for all
seasons until the end of the century for Ty,x. The
pre-monsoon (MAM) and winter (DJF) temperatures
increase significantly than in the other two seasons.
The value of the increase in temperature from the
baseline value is large for the FF period than the other
two future periods. The seasonal and annual change in
Tax for sample station 802 is shown in Table 4.

Table 4: Projected changes (°C) in future maximum
temperature at st802 based on the ensemble of three
GCMs

DJF MAM JJAS ON Average

Annual

Baseline(°C) 21.3 288 303 263 26.7
NF 09 -0.1 1.0 13 0.85

SSP245 MF 14 0.8 1.4 15 1.16
FF 2.0 1.6 1.5 13 1.80

¢ NF 12 -15 22 1.0 1.00
SSP585 MF 3.0 1.6 1.9 17 1.80
FF 54 28 27 2.6 3.80

Also, there is an increase in temperature for all
seasons until the end of the century for Tp,. The
winter (DJF) and post-monsoon (ON) temperatures
increase significantly than in the other two seasons.
The value of an increase in temperature from the
baseline value is large for the FF period than the other
two future periods. The seasonal and annual change in
Thin for sample station 802 is shown in Table 5.

Our result showed that for both T« and Ty, the
winter season will highly affected since increase in
temperature is more for this season. Almazroui et
al.(2020) also indicated that there is higher warming
trend in winter season over south Asian countries. The
increase in temperature may affect the snow cover area
in the basin as well as the winter cropping pattern.
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Likely Trend in Near Future Under ssp245
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Figure 6: Trend of maximum temperature in Near Future (NF) under SSP245 (S1 is for a significance level of
a = 0.05, S2 is for a significance level of & = 0.1 and others are not significant)

Table 5: Projected changes (°C) in future minimum
temperature at st802 based on the ensemble of three
GCMs

DJF MAM JJAS ON Average

SSP585, and based on CMIP6 GCMs. Three GCMs
from a pool of ten were identified and selected based
on their performance matrix and associated ratings.
The selected GCMs for Tp.x were INM-CM4-8,
INM-CM5-0, and MPI-ESM1-2-HR. Similarly, for

mins MRI-ESM2-0, NorESM2-MM,  and
MPI-ESM1-2-HR were selected. The outputs of the

Annual
Baseline(°C) 7.8 20.5 132 142
15.5

NF 08 0.7 1.1 1.1 090
SSP245 MF 14 22 21 1.8 1.80
FF 21 238 24 20 240
¢ NF 08 0.8 1.3 13 1.00
SSP585 MF 23 29 28 25 250
FF 37 50 45 41 420

5. Summary and Conclusion

This study projected future temperature, both Tpax
and Tp;,, in NRB under two SSPs, SSP245 and

selected GCMs were bias-corrected using nine
methods, and the most suitable method was identified
as linear transfer function based on its performance.
Therefore, bias-corrected results from this method
were selected for preparing a MME to project future
temperatures.

The future climate was projected for three future
periods, namely, NF (2021-2045), MF (2046-2075),
and FF (2076-2100). The result obtained from trend
analysis of mean annual temperature data indicated a
significant warming trend in Ty, and Tpi,. The
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Figure 7: Projected Change in maximum temperature (°C) in Near Future under ssp245

average annual T, across the NRB is projected to
increase ranging from 0.08 °C to 1.09 °C for NF, 0.74
°C to 1.58 °C for MF, and 1.45 °C to 2.15 °C for FF
under SSP245. Similarly, under SSP585, the Tpax
will increase ranging from 0.6 °C to 1.40° C for NF,
1.26 °C to 2.31 °C for MF, and 2.90 °C to 4.68 °C for
FF. Similarly for average annual Ty, is projected to
increase by ranging from 0.39° C to 1.24 °C for NF,
1.53 °C to 2.74 °C for MF, and 1.85 °C to 3.20 °C for
FF under SSP245. Similarly, under SSP585 the Ty,
will increase ranging from 0.42 °C to 1.46 °C for NF,
2.08 °C to 3.82 °C for MF, and 3.30 °C to 5.22 °C for
FF. . Furthermore, varying trends are projected across
the seasons; higher change in winter temperature (0.9
°C to 5.4 °C) followed by pre-monsoon (-0.1 °C to 2.8
°C) for Tpax while winter (0.8 °C to 3.7 °C) followed

by post-monsoon (1.1 °C to 4.1 °C) for Tpi, is
observed for three future periods.

The trend analysis of projected future temperature,
namely, near (2021-2045), mid (2046-2075), and far
(2076-2100), was done using the Mann-Kendall trend
test, and the slope of the trend was calculated by Sen’s
slope for both Tyax and Tpiy. There is a warming trend
in the majority of the stations for Tp,ax and Tp,in. The
result obtained from trend analysis of mean annual
temperature data indicated a significant warming trend
in Tax and Tin. The magnitude of mean annual trend
is 0.06°C yr'! in NF, 0.04°C yr'! in MF, and 0.02°C
yr'!in FF for Tpax under SSP245. Similarly, 0.05°C
yr'! in NF, 0.07°C yr'! in MF, and 0.1°C yr'! in FF are
obtained under SSP585 for Tyx. Also, the magnitude
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of mean annual trend is 0.07°C yr'! in NF, 0.04°C yr!

in MF, and 0.02°C yr'1 in FF for T,;, under SSP245.

Similarly, 0.06°C yr'! in NF, 0.07°C yr'! in MF, and

0.09°C yr‘1 in FF are obtained under SSP585 for Tyy.

The result shows that the increasing trend will be more
significant for T, than Tax.

This study suggests that the temperature in the NRB
will increase significantly in future. Warming trend is
more for the mountainous region, which can

considerably affect the snow and glacier cover area.

So there will be high influence in runoff and water
availability which can cause various hydrological
disasters in the basin. Also the winter season will
have higher impacts of rising temperature. The proper
mitigation and adaptation strategies should be

formulated to reduce impacts of warming temperature.

The result obtained from this study may be useful for
further investigations in future climate and hydrology
of the basin.
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