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ARTICLE INFO ABSTRACT

Keywords: This study was designed to evaluate the spatiotemporal performance of the Coupled Model Intercomparison
CMIP5 Project Phase 5 (CMIP5) models in the historical simulation and future projections of minimum (T ), maximum
South Asia (Tmax), and mean temperature (Tmean) Over South Asia (SA) during global warming of 1.5 °C, 2 °C, and 3 °C
1.5°C

targets under RCP4.5 and RCP8.5 scenarios. It is worth mentioning that the present study is the first of its kind to
use such a large number of CMIP5 models to project future changes in Tpin, Tmax, @d Tmean OVer SA using three
different warming thresholds. The results show that CSIRO-MK3-6-0, MIROC-ESM-CHEM, CNRM-CMS5,
CCSM4, and MRI-CGCM3 models relatively performed better with a consistent and accurate spatiotemporal
simulation of Tmin, Tmax, and Tmean Over SA. In terms of projected changes, Tmin, Tmax, and Tpean Show a
dominating and consistent warming pattern over SA with stronger intensity in higher latitude than mid-low
latitudes under 1.5 °C, 2 °C, and 3 °C warming thresholds. The northwestern (eastern) regions of SA will witness
greater (least) warming in Tiin, Tmax, and Tpean under all warming thresholds in RCP4.5 and RCP8.5 scenarios.
Furthermore, the central and southern parts of SA will experience a moderate increase in Tpin, Tmax, a0d Tmean
under all warming targets. The uneven and intensified patterns of Tiin, Tmax, @nd Tiean may result in tem-
perature extremes, which would pose potential risks to the local population. Therefore, more attention should be
paid on the regional and local perspectives to estimate the adverse impacts of these extremes under different
global warming targets. We further suggest to project future changes in climate extremes over SA under different
warming levels, which will be helpful in climate change adaptation and mitigation over the study region.

2°C
3°C

1. Introduction 2015). The ambitious target of stabilizing global warming to 1.5 °C
above the pre-industrial levels would significantly reduce vulnerability

During the Paris Agreement of the United Nations Framework to climate change, which could certainly help in achieving the goal of
Convention on Climate Change (UNFCCQ), it was proposed to “stabilize climate change adaptation and mitigation (Dosio et al., 2018; Ford
the global mean temperature to well below 2 °C and limit to 1.5 °C et al., 2018; Li et al., 2018). Following the Paris Agreement, the In-
above the pre-industrial levels through sustained efforts” (UNFCCC, tergovernmental Panel on Climate Change (IPCC) issued a special
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report on the impacts of global warming under 1.5 °C and 2 °C targets,
which indicated that a warming of 1.5 °C to 2 °C above the pre—
industrial levels will increase the risk of climate extremes and would
affect human life, water resources, food production, and ecosystems
(IPCC, 2018). Though, the findings of recent studies revealed that the
impacts of global warming under 1.5 °C and 2 °C targets will be dis-
astrous (Donnelly et al., 2017; Liu et al., 2018; Nangombe et al., 2018),
yet there is a lack of quantitative analysis and knowledge on the ben-
efits of limiting global warming to such a level (Jacob et al., 2018; Lee
and Min, 2018; Lehner et al., 2017). In this regards, the efforts of the
scientific community still continue to provide an integrated and con-
solidated basis for assessment of climate change and its impacts under
different warming levels at global and regional scales.

In recent years, the concept of climate change projections under
different global warming targets gained great attention from the sci-
entific community. So far, many studies have been conducted to un-
derstand and quantify the impacts of +1.5 °C warming at global and
regional scales. Recently, Dosio et al. (2018); Liu et al. (2018) assessed
changes in 1.5 °C and 2 °C warming targets at the global scale. Simi-
larly, Xu et al. (2017); Lee and Min (2018) estimated the impacts of 1.5
°C and 2 °C warming levels over Asia. A large number of studies have
also been conducted to estimate the impacts of climate change over
Africa during +1.5 °C warming levels (Nangombe et al., 2018; Sylla
et al., 2018). Moreover, King et al. (2017) predicted that Australia will
experience severe extreme events under +1.5 °C global warming.
Several studies have projected long-lasting impacts of climate change
over Europe during + 1.5 °C warming world (Dosio and Fischer, 2018;
Jacob et al., 2018). Similarly, Lehner et al. (2017); Colén-Gonzélez
et al. (2018) estimated the impacts of climate change over North and
South America under global warming of +1.5 °C. Previously, most of
these studies have overlooked the 3 °C warming target, though its ad-
verse impacts are expected to be more severe and intense than the 1.5
°C and 2 °C warming targets.

South Asia (hereafter SA) is spread over eight countries including;
Afghanistan, Bangladesh, Bhutan, India, Nepal, Maldives, Pakistan, and
Sri Lanka (Naveendrakumar et al., 2019); however, this study focuses
on the continental parts of SA, where previous literature has already
reported an alarming increase in temperature than coastal regions and
adjacent islands. Thus, we excluded the Sri Lankan and Maldives is-
lands from the present study. SA is a home to more than 1.5 billion
people, which is expected to be raised to 2 billion population by the
mid-21st century (Jones and Neill, 2016; Xu et al., 2020). Under the
recent global warming trends, the region is considered as one of the
sharp rising temperature zones and major hotspot of climate change
(Byers et al., 2018; Ullah et al., 2019b; Xu et al., 2020). Due to its
distinct location, complex topography, and diverse climatology, this
region is highly vulnerable to climate extremes. Moreover, high popu-
lation density, rapid urbanization, high poverty ratio, and low adaptive
capacity further exacerbate vulnerability of the region to climate
change-induced extremes (Aadhar and Mishra, 2020; Im et al., 2017;
Khan et al., 2018b). Although per capita GDP across SA has increased
substantially in recent past, yet the fingerprints of real poverty and
marginalization exist with much higher proportion, which would in-
tensify the exposure of people to future climate extremes. As the
economies of the SA countries rely much on agriculture, natural re-
sources, forestry, and fisheries, the rising risk of floods, droughts, and
heatwaves would decrease production of these sectors and aggravate
the condition of the local poor people (Im et al., 2017; Wu et al., 2019;
Yadav and Lal, 2018; Zhou et al., 2020).

In recent decades, SA has experienced several climate extremes such
as heatwaves, floods, and droughts, which is expected to be continued
in the future with more catastrophic impacts (Aadhar and Mishra, 2020;
Naveendrakumar et al.,, 2019; Yadav and Lal, 2018). In 2015, the
central parts of SA, i.e., western India and eastern Pakistan, experienced
the deadly heatwaves in 2015, which resulted in more than 2,500
deaths in India and more than 1,200 deaths in Pakistan (Khan et al.,
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2018b; Ratnam et al., 2016; Ullah et al., 2019b; Wehner et al., 2016).
During 2018 and 2019, Bangladesh witnessed the history worst floods,
which claimed more than 119 human lives and affected 307,000 people
with the destruction of 580,000 houses (Alam et al., 2020;
Naveendrakumar et al., 2019; Rahman and Islam, 2019). Similarly,
Pakistan faced a series of catastrophic floods in 2010, which inundated
78 districts with 20 million victims and 2000 deaths (ADB, 2010;
Rahman and Khan, 2011). The study region also experienced a con-
sistent dry and hot period during 1997-2002, which resulted in severe
droughts over Pakistan and some parts of Afghanistan, India and Iran
(Ahmed et al., 2016; Amirataee et al., 2018; Naveendrakumar et al.,
2019; Shafiq and Kakar, 2007; Singh et al., 2019; Xie et al., 2013). This
calamity has adversely affected the economy and human subsistence of
the said countries with maximum destruction in Baluchistan and Sindh
provinces of Pakistan.

Several studies projected that the region will experience severe and
frequent climate extremes in the future due to sharp rise in temperature
(Im et al.,, 2017; Khan et al., 2019; Nasim et al., 2018). Recently,
Aadhar and Mishra (2019) reported that half of the SA will be under
severe dryness by the end of 21st century, which will affect 790, 890,
and 1960 million people under 1.5 °C, 2 °C, and 2.5 °C warming levels,
respectively. In another study, Aadhar and Mishra (2020) projected that
the major parts of SA are expected to experience an increase in drought
frequency under 1.5 °C, 2 °C, and 2.5°C warming worlds. In a recent
study, Xu et al. (2020) reported an increase of 78 days/year in the
frequency of heat extremes over South Asia during 2046-2054 under
RCP8.5 scenario. Im et al. (2017) reported that SA is likely to face
deadly heatwaves in the future with maximum tendency over the
densely populated agricultural regions of the Ganges and Indus river
basins. According to Yaduvanshi et al. (2019), India is highly sensitive
to future temperature as 35% of the country is projected to witness a
temperature change equal to or less than global mean temperature of
1.5°C and 2.0°C, while 65% of the country is expected to experience a
substantial rise in temperature with maximum intensity in the north-
western parts. According to Mishra et al. (2017), India is expected to
experience a 30-times rise in heatwaves and 92-times increase in po-
pulation exposure by the end of 21st century under 2 °C warming world
with respect to the pre-industrial levels. It is also anticipated that
Bangladesh will exhibit a warming trend in seasonal temperature and
its extremes under 1.5 °C, 2 °C, and 4 °C warming levels (Khan et al.,
2020a, 2020b). In addition, many studies projected an increase in the
frequency, intensity, duration, and extent of future temperature ex-
tremes with substantial socioeconomic impacts over the southwestern
and northwestern parts of SA (Khan et al., 2019; Mazdiyasni et al.,
2017; Nasim et al., 2018; Saeed et al., 2017; Wu et al., 2019). Despite a
critical indicator of climate change, the projection of future changes in
temperature over SA received less attention, while considering different
global warming targets. In this regard, the present study was designed
to estimate future changes in temperature of SA in 1.5 °C, 2 °C, and 3 °C
warming worlds relative to the pre-industrial level.

This study comprises of two main parts. The first part aims to
evaluate the performance of the 21 CMIP5 models in the historical si-
mulation of surface minimum, maximum, and mean temperature
(hereafter Tiin, Tmax, and Tmean) Over SA and rank these models ac-
cording to their spatiotemporal performances. The second part attempts
to project the future changes in Tpin, Tmax, a0d Tiean OVer SA based on
the corresponding multi-model ensemble means (MMEMs) of 21 models
under global warming of 1.5 °C, 2 °C, and 3 °C targets. To the best of our
knowledge, this study is the first of its kind to use such a large number
of CMIP5 models to project changes in Tpin, Tmax, and Tmean OVer SA
using three different warming thresholds. This study will provide a
basis for the projection of future climate extremes over SA under dif-
ferent global warming thresholds. Moreover, the findings of the study
will provide potential socio—economic implications for policy-makers
to design climate change adaptation and mitigation strategies in the
region.
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Fig. 1. Location map of the study area with land cover classes

2. Study area

SA is located in the southern part of the Asian continent between the
5°-35°N latitudes and 65°-95°E longitudes with 5,134,613 km? of
landmass (Haq et al., 2017; Ramachandran and Kedia, 2013) (Fig. 1).
The topography of the region is complex with world highest mountain
range “Hindu Kush Himalayan (HKH) range” in the north, the Indian
Ocean in the south, deserts, and plains in the central parts (Ren et al.,
2017; Sun et al., 2017). The climate of SA varies from arctic tempera-
ture in the high mountainous regions to a temperate environment in the
north to tropical conditions in the central-south (Hagq et al., 2017; Ullah
et al., 2018a). The variations in seasonal and annual temperature are
highly influenced by diverse topography and geographical location of
SA, which ultimately affects its overall climatology (Sun et al., 2017;
Ullah et al., 2018b).

The SA annual water cycle is dependent on two dominant circula-
tion systems that include the western disturbances and monsoon cir-
culation system (Chen et al., 2019; Hunt et al., 2018; Li et al., 2017). All
these together provide more than 80% of the annual precipitation

budget to the study region (Aadhar and Mishra, 2020; Naveendrakumar
et al., 2019). In addition, these weather systems have strong influences
on regional temperature and its extremes both directly and indirectly
(Galarneau et al., 2012; Hunt et al., 2018). The western disturbances
are low-pressure systems that originate from the Mediterranean and
contribute to the SA water cycle including; Afghanistan, Pakistan, India,
and adjacent countries during winter season (Ahmed et al., 2018; Dimri
et al., 2015; Filippi et al., 2014). These low-pressure systems indeed
produce relatively less precipitation than monsoon system; however,
their occurrence is greatly linked with the regional food security in the
rainfed regions (Ahmed et al., 2019¢; Yadav and Lal, 2018). The second
and most dominant precipitation system is summer monsoon system,
which is mostly active from June to September, and contributes more
than 65% of the precipitation to the local water cycle (Joshi and Kar,
2018; Medina et al., 2010; Wang et al., 2017a). The SA monsoon is fed
from multiple sources that include the Indian Ocean as a primary source
of the water vapors, whereas the regional contributions also include as
a fraction of water vapor from Ganges basin, Red sea and the neigh-
boring Gulf region (Kripalani et al., 2007; Pathak et al., 2017a). Failure
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of any of these two-precipitation systems can affect the regional water
supply in terms of heavy floods in Bangladesh, India, and Pakistan,
landslides in the Himalayas, and severe droughts and crop failure in
major river basins of the region (Ahmed et al., 2019c; Azad et al., 2013;
Chen et al., 2019; Dimri et al., 2015; Gupta and Jain, 2018; Latif et al.,
2017; Rasmussen et al., 2015; Wu et al., 2019).

3. Data and methods
3.1. Data

The observed monthly datasets of Tpin, Trmax, @and Trean OVer SA are
obtained from the Climate Research Unit data (CRU TS 3.10) with a
horizontal resolution of 0.5°x 0.5° (Harris et al., 2014). Due to several
advantages, we preferred the CRU data over other gridded products
(Trenberth et al., 2014). The data have been developed from relatively
a large number of in-situ data with a longer temporal scale (Ahmed
et al.,, 2019c; Harris et al., 2014). In addition, a number of quality
control procedures and approaches have been used during the devel-
opment of CRU data, which have made the data more reliable and
better than other gridded products (Kumar et al., 2007; Sun et al., 2018;
Trenberth et al., 2014). Moreover, the thin plate smoothing splines
interpolation technique has been employed to produce the CRU data,
which is one of the robust techniques for interpolation (Ahmed et al.,
2019b; New et al., 2002; Sun et al., 2014). Recently, several studies
have reported better agreement of CRU data with the station record
over different parts of SA (Adnan et al., 2015; Ahmed et al., 2019c;
Asmat and Athar, 2017; Das et al., 2018; Kumar et al., 2007; Latif et al.,
2018). The time period of all CRU datasets is from 1951 to 2005.

In addition, the monthly Tpin, Timax, a0d Tiean outputs of 21 CMIP5
models are obtained from the CMIP5 data archive (http://cmip-pcmdi.
llnl.gov/cmip5/index.html) (Taylor et al., 2012). The details of these
models are provided in Table 1. The models’ data include the historical
(1861-2005) and the future (2006-2099) periods. The models are se-
lected on the basis of their complete simulation data of two re-
presentative concentration pathway (RCP) scenarios, i.e., RCP4.5 and
RCP8.5 for the period 2006-2099. The new emission scenarios of
CMIP5 models are based on high-range (RCP8.5), mid-range (RCP4.5),
and low-range emission scenarios (RCP2.6) (Wu et al., 2020; You et al.,
2019). In this study, we used RCP8.5 and RCP4.5 scenarios to anticipate
the largest possible changes in temperature, since these scenarios show

Table 1
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the highest level of radiative forcing of up to 8.5 Wm ™2 and 4.5 Wm 2
under given specific levels of greenhouse gas concentrations, respec-
tively (Zhang et al., 2018). To facilitate analysis and get a common
spatial resolution, a bilinear interpolation scheme was employed to re-
grid all model outputs to the same resolution as that of the observed
data (0.5° % 0.5° grid) (Das et al., 2018; Seong et al., 2017).

3.2. Models evaluation

In the first part, the monthly Tp,in, Tmax, and Tiean simulations and
observations covering 1951-2005 are analyzed in order to evaluate the
performance of CMIP5 models and ranked them accordingly. The
Taylor diagram is used to evaluate the spatial skill of the models, which
concisely quantify the degree of correspondence between simulated and
observed datasets in their spatial patterns (Taylor, 2001). This tech-
nique consists of the three error metrics, which are interdependent and
provide a statistical summary of comparisons between two spatial
patterns: the correlation coefficient (R), the ratio of standard deviation
(Std), and the unbiased root mean-square difference (ubRMSD) (Miao
etal., 2014; Zhang et al., 2017). The R measures the degree of similarity
within the temporal variabilities of two fields, while the ubRMSD ex-
presses the differences within the datasets without the impact of the
biases that may exist within the mean and amplitude of the datasets
(Hagan et al., 2019; Wang et al., 2018). Similarly, the Std would rather
quantify the ratio of the amplitudes of the two fields (Ullah et al., 2019;
Wang et al., 2016). In this study, the model simulation results are best
when the R and Std values are equal to 1 and ubRMSD value is close to 0
(Jiang et al., 2015).

Several studies stated that CMIP5 models generally do not produce
accurate results in terms of interannual variations of climate variables
(Jiang et al., 2015; You et al., 2018); therefore, we employed the in-
terannual standard deviation as an Interannual Variability Skill (IVS) to
explore the temporal skill of models relative to observed data (Zhang
et al., 2017). The IVS is calculated as follows:

Std, _ Std, )
Sid,  Std,,

@

where Std,, and Std, represent the interannual standard deviation of
simulations and observations, respectively. Theoretically, an IVS value
close to zero is a simulation that exactly corresponds to the observation.

To assess the overall model’s ability to simultaneously simulate

Details of the selected CMIP5 models (i.e., model name, originating group/country, and atmospheric resolution)

Model name Modeling center (or group) Atmospheric resolution (Lon X Lat)
ACCESS1-0 Commonwealth Scientific and Industrial Research Organization and Bureau of Meteorology, Australia 1.875°%x1.25°

BCC-CSM 1-1 Beijing Climate Center, China Meteorological Administration, China 2.8125°x 2.8125°

BNU-ESM College of Global Change and Earth System Science, Beijing Normal University, China 2.8125° % 2.8125°

CanESM2 Canadian Centre for Climate Modelling and Analysis, Canada 2.8125°x 2.8125°

CCSM4 National Center for Atmospheric Research, USA 1.875°%x0.625°

CESM1-BGC Community Earth System Model Contributors, USA 1.875°%0.625°

CNRM-CM5 Centre National de Recherches Météorologiques / Centre Européen de Recherche et Formation Avancéeen Calcul 1.4118°x1.4063°

Scientifique, France
CSIRO-MK3-6-0

Australia
GFDL-CM3 Geophysical Fluid Dynamics Laboratory, USA
GFDL-ESM2G
GFDL-ESM2M
INMCM4 Institute for Numerical Mathematics, Russia

IPSL-CM5A-LR
IPSL-CM5A-MR

Institut Pierre-Simon Laplace, France

MIROC5

MIROC-ESM-CHEM  and Technology, Japan

MIROC-ESM

MPI-ESM-LR Max Planck Institute for Meteorology, Germany
MPI-ESM-MR

MRI-CGCM3 Meteorological Research Institute, Japan
NorESM1-M Norwegian Climate Centre, Norway

Commonwealth Scientific and Industrial Research Organization/Queensland Climate Change Centre of Excellence,

The University of Tokyo, National Institute for Environmental Studies, and Japan Agency for Marine-Earth Science

1.875°x 1.875°

2.5°%2°

2.5°x2°

2.5°%x2°

2°%2.5°
3.75°x1.875°
2.5°x1.2587°
1.4063° X 1.4063°
2.8125°x2.8125°
2.8125°x 2.8125°
1.875°%x1.875°
1.875°%x1.875°
1.125°x1.125°
2.5°%x1.875°
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Tmins Tmax aNd Trean, We measured the rank of Tpin, Tmax, aNd Trean
based on the relevant Taylor diagram and IVS scores (You et al., 2018;
Zhang et al., 2017). The overall ranking of each model has considered
both spatial and temporal skills of the models in simulating Tpin, Tmaxs
and Tpean. The comprehensive rating index (CRI) is employed to ef-
fectively rank models (Jiang et al., 2015). The equation is as follows:

n
Zi:o rank; @

where m and n are the number of models (21) and variables, respec-
tively. The CRI close to 1 indicates better model performance.

CRI = 1-

m X n

3.3. Temperature Projection

In the second part, we used MMEMs of 21 CMIP5 models to project
future changes in T, Tmax @and Tiean under global warming of 1.5 °C,
2 °C, and 3 °C. The use of MMEM is a robust method to decrease un-
certainties in the projection of future climate (Moss et al., 2010; Sylla
et al., 2018), as it contains information from all contributing models
and is more effective than a single model output (Guo et al., 2017; Miao
et al., 2014). For the projection of future changes, we used the future
period of 2006-2099 under two RCP scenarios (RCP4.5 and RCP8.5).
The global warming targets used in this study are relative to the
pre-industrial levels (1861-1880), and serve to define years in which
global warming would reach or exceed the 1.5 °C, 2 °C, and 3 °C levels
under the RCP4.5 and RCP8.5 scenarios (Jacob et al., 2018; Liu et al.,
2018). Here, we calculated the regional mean surface temperature
anomaly for 30-year running mean based on MMEMs of the selected
models above the pre-industrial levels. In order to obtain 1.5°C, 2°C,
and 3°C world, the well-established definitions are followed (King
etal., 2017). The 1.5 °C/2 °C/3 °C period is determined to be the time at
which the 30-year running mean is between 1.3°C/1.8°C/2.8°C and
1.7°C/2.2°C/3.2°C (crossing the 1.5 °C/2 °C/3 °C threshold) warmer
than the pre-industrial levels (You et al., 2019; Zhang et al., 2018).

4. Results and discussion
4.1. Evaluation of spatial variability

To evaluate the model performance in simulating the spatial pat-
terns of Tpin, Tmax, @0d Tiean OVer SA, we employed the Taylor diagram
method (Fig. 2). In Fig. 2a, all models have shown a positive correlation
coefficient with R values ranging from 0.23 to 0.67 for T, which is
greater than that of Ty,,x and Tean. The BCC-CSM1.1 (INMCM4) model
shows the highest (lowest) R value of 0.67 (0.23), suggesting higher
(lower) similarities with the observed dataset. Similarly, most of the
models exhibit Std for Ty, in the range of 1.10 to 1.50 with a max-
imum/minimum Std value of 1.90/0.89 by IPSL-CM5A-LR/
CNRM-CM5 and MIROC-ESM-CHEM models. The results suggest that
majority of the models exhibit relatively fair ratio of amplitude against
the benchmark. The ubRMSD of T, for most of the models were above
1 with a maximum (minimum) value of 1.63 (0.84) by IPSL-CM5A-LR
(MIROC-ESM-CHEM) model, which indicates most of the models re-
produced relatively higher differences against the corresponding ob-
served data.

Fig. 2b shows the models’ ability to simulate spatial patterns of T ax
over SA. The results indicate that the correlation between each GCM
simulation and observation is lower than that of T, and Tpean, Which
means that the selected GFCMs exhibit least similarities to the observed
Tmax over the study region. The highest (lowest) correlation is shown by
BCC-CSM 1.1 (MRI-CGCM3) model with a spatial R value of 0.50
(0.03). For Std and ubRMSD of Tmax, all models exhibit relatively
larger magnitude of amplitude and differences than observation, in-
dicating that Tmax is marginally simulated by CMIP5 models over the
target region. Most of the models have Std values in the range of 1.30 to
1.70, while the values of ubRMSD are in the range of 1.40 to 1.70. The
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maximum (minimum) value of Std/ubRMSD for Tp.x is 1.93/1.87
(1.05/1.13) by CanESM2 and INMCM4 (CSIRO-MK3.6.0), representing
relatively poor (better) performance against the observed data.

Similarly, the performance of models in simulating the spatial pat-
terns of Tiean is shown in Fig. 2c¢. The results illustrate that all models
display positive R values ranging from 0.22 to 0.62, indicating opti-
mistic similarities in the selected model outputs against the observed
data. The highest (lowest) R value is shown by BCC-CSM 1.1
(MRI-CGCM3) against the benchmark. Most of the models exhibit R
values in the range of 0.30 to 0.60, indicating that CMIP5 models fairly
simulate Tpean OVer the study region. In terms of Std of Tpean, most of
the models display large ratio of deviations and amplitudes against the
observed data ranging from 1.20 to 1.69. The results indicate that the
CanESM2 (CSIRO-MK3.6.0) model has shown the highest (lowest) Std
at the rate of 1.69 (1.01), representing weak (strong) similarities with
the corresponding observed data. Similarly, the ubRMSD shows com-
paratively larger differences ranging from 1 to 1.5 with a maximum
(minimum) value of 1.54 (0.97) by IPSL-CM5A-LR (CSIRO-MK3.6.0)
model, which indicates that the selected GCMs have relatively large
differences with respect to the observed Tyean-

It can be concluded that the large differences displayed by the se-
lected models in the simulation of Tpin, Tmax and, Tyean OVer SA could
be the result of complex topography, distinct geographical location, and
diverse climatology of the region (Gusain et al., 2020; Sanjay et al.,
2017; Su et al., 2016). The study region exhibits large variations in
landscape and climatology ranging from complex terrains of HKH in the
northern parts with a humid cold climate, flat arable plains with tro-
pical climate in central parts and coastal belt in the south with a hot
arid climate, respectively (Ahmed et al., 2019¢c; Alamgir et al., 2019;
Bhatti et al., 2020; Im et al., 2017; Khan et al., 2018a; Sheikh et al.,
2015). Moreover, the higher values of Std and ubRMSD exhibited by
CMIP5 models indicate relatively higher amplitudes and larger differ-
ences for Tpin, Tmax and Tean against the corresponding benchmarks.
These deviations and discrepancies can be attributed to different phy-
sical processes and parameterization schemes of each model, which can
be reduced by using the MMEM method (Kharin et al., 2013; Miao
etal., 2013; You et al., 2019). It is believed that the use of MMEM is one
of the effective ways to overcome the internal uncertainty of the models
by generalizing the computation and improving the overall collective
performance of the selected models (Janes et al., 2019; Noor et al.,
2019; Su et al., 2016).

To more precisely classify the spatial performance of 21 CMIP5
models, we first calculated the three aspects (R, Std, and ubRMSD) of
the Taylor diagram and then estimated the CRI to show a comprehen-
sive ranking for each model. Fig. 3 illustrates the spatial ranking of each
model in terms of Tyin, Timax, @nd Tean using the CRI technique. The
models’ simulation performance is presented in descending order. Each
model is ranked from 1 (best) to 21 (worst) for Tpin, Tmax and Tmean-
The ranking of the three metrics (R, Std, and ubRMSD) for Tpin, Tmaxs
and Tpean are relatively different from each other. For instance, the
CSIRO-MK3-6-0 model’s R, Std, and ubRMSD, rank values for T,/
Tmax/Tmean are 2, 2, 1/2,1, 1/5, 4, 2, respectively. It indicates that each
model can display quite similar rank values of R, Std, and ubRMSD for
Tmin, but it could be different for Tax and Tmean and so on. The model
that performed best in simulating Tiin, Tmax, and Tmean OVer SA is
CSIRO-MK3-6-0. This model is developed by Climate Change Centre of
Excellence, Australia and is based on extensive meteorological ob-
servation inputs compared to other models (Collier et al., 2011). Ac-
cording to Fischer et al. (2014); Ahmed et al. (2020a, 2020b); Ahmed
et al. (2019b); You et al. (2018), this model performs better in re-
producing the spatial pattern of simulated temperature against the
observed pattern. The other optimal models include; MIROC-ESM-
CHEM, BCC-CSM 1-1, CNRM-CM5, and CCSM4 with better performance
in spatial simulations of Tmin, Tmax, @nd Tmean Over SA. The better
performance of these models in simulating the spatial pattern of tem-
perature and its extremes is confirmed by recent studies conducted in
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Fig. 2. Taylor diagrams of Ty, (@), Tmax (b), and Tppean (¢) simulations and observations

the study area and neighboring regions (Ahmed et al., 2019b; Khan
et al., 2020a, 2020b; Salman et al., 2018; You et al., 2018; Zhang et al.,
2017).

4.2. Evaluation of interannual/ temporal variability

Fig. 4a shows the performance of each model in simulating the in-
terannual variability of Ty, Tmaxs @nd Tipean in the study region. The
model with IVS value close to O is considered best in capturing the skill
at interannual cycles of Tiin, Tmax, and Tiean. The results indicate that
CSIRO-MK3-6-0 is the best model for simulation of Tpin, Tmax, and
Tmean OVer SA. The model gives the best result with IVS values of 0, 0.1,
and 0 for Tmin, Tmax, and Tiean, respectively. Due to its optimum per-
formance, this model is recommended by several studies for the pro-
jection of temperature and its extremes in the study region (Ahmed
et al., 2019b; Ahmed et al., 2020a; Khan et al., 2020a, 2020b; You et al.,
2018). In addition, the MIROC-ESM-CHEM and MRI-CGCM3 models
also performed better in simulating the interannual variability of Tyy;p,
Tmax, aNd Trean With IVS values of 0.05, 0.32, 0.01 and 0.01, 0.41, 0.04,
respectively. These models outperformed in the projection of climate
variables in the SA and neighboring regions and are highly

recommended by several researchers (Ahmed et al., 2020a; Khan et al.,
2020a, 2020b; Sa’adi et al., 2020; Salman et al., 2018; Zhang et al.,
2017). It is worth mentioning that the majority of the models exhibit
large range in terms of simultaneous simulation of interannual varia-
bility. Overall, the lowest IVS values of individual models are calculated
for Ty followed by Tpax and Tiean, Which suggest that the selected
models simulate T,,;, better than T,,,x and Tyean in terms of interannual
variability.

4.3. Overall ranking

The comprehensive rank is calculated for each model based on
Taylor diagram and IVS results. The overall ranking of all models in
terms of spatial and temporal performance is shown in Fig. 4b. The
models are ranked in ascending order with the best to worst model. The
model with the minimum score is considered as the best model. Ac-
cording to the overall model ranking, CSIRO-MK3-6-0 is the optimal
model with an overall score of 2. This model has consistently and ac-
curately simulated the spatial and temporal variability of Tiin, Tmax,
and Tean OVer SA. Several studies reported that this model is effective
in the simulation of spatiotemporal characteristics of temperature and
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Fig. 3. Portrait diagram for Tpyin, Tmax and Tmean by rank of R, Std and ubRMSD. Color denotes model’s rank for each index.

related extremes over the study region and northern hemisphere
(Ahmed et al., 2020a; Ahmed et al., 2019a; Collier et al., 2011; Fischer
et al., 2014). The other models with the best performance are; MIR-
OC-ESM-CHEM, CNRM-CM5, CCSM4, and MRI-CGCM3 with overall
score of 4, 9, 11 and 11, respectively. The optimum performance of the
above-mentioned models are also reported by recent studies in the si-
mulations of temperature and its extremes over different parts of SA
and surrounding regions (Ahmed et al., 2019b; Ahmed et al., 2020a;
Khan et al., 2020a, 2020b; Sa’adi et al., 2020; Salman et al., 2018; You
et al., 2018; Zhang et al., 2017).

4.4. Corresponding year for SA during global warming of 1.5 °C, 2 °C, and
3°

Fig. 5 summarizes the year in which the MMEM of 21 CMIP5 models
for the SA rise by 1.5 °C, 2 °C, and 3 °C above the pre-industrial levels
(as represented by the 1861-1990 baseline period) under RCP4.5 and
RCP8.5 scenarios. The results indicate that warming over SA is more
rapid than the global average, suggesting the earlier arrival of the
corresponding year that predicted by the Paris Agreement. The earlier
arrival of the corresponding years can be attributed to the increase in
aerosol concentration and rise in global mean CO, concentration, which
would certainly intensify the warming tendency of global surface and
air temperature, especially in the arid and hyper-arid region of SA
(Aadhar and Mishra, 2020; Ahmed et al., 2019¢c; Ali et al., 2020;
Ramachandran et al., 2012; Xu et al., 2020). It is noteworthy that the

warming targets of 1.5 °C, 2 °C, and 3 °C arrived earlier in the RCP8.5
than that of RCP4.5 for SA; however, the corresponding time periods for
1.5°C, 2 °C, and 3 °C levels are larger in RCP4.5 than RCP8.5 scenario.
On the basis of the 30-year running mean of MMEM, the RCP4.5 sce-
nario predicts that the 1.5 °C target will reach by 2006-2027 (2019),
which is slightly later than the arrival anticipated by RCP8.5 scenario,
i.e., 2006-2024 (2016). The results are in agreement with the findings
of previous studies focusing on SA and adjoining regions (Khan et al.,
2020a, 2020b; Mishra et al., 2017; Xu et al., 2017; Yaduvanshi et al.,
2019; Zhang et al., 2017).

Similarly, the RCP4.5 scenario projects that the 2 °C warming target
will occur during 2028-2044 (2036), almost 6 years later than for
RCP8.5 scenario, which projects that the 2°C warming will reach during
2025-2036 (2030). These warming years are in the range of recent
studies conducted in the study region and around the globe
(Yaduvanshi et al., 2019; You et al., 2019; Zhang et al., 2018). Fur-
thermore, the 30-year running average of MMEM temperature for SA
estimates that the 3 °C warming target under RCP4.5 scenario will
reach in 2062-2099 (2074), nearly 24 years later than for RCP8.5
scenario, which anticipates that the 3 °C will occur from 2046-2054
(2050). These results are in the range of findings reported by previous
studies (Liu et al., 2018; Zhang et al., 2018). The overall analysis sug-
gests that SA will be highly influenced by global warming in the future,
as the corresponding years for 1.5 °C, 2 °C, and 3 °C warming targets
over SA arrive earlier than global level. This earlier arrival of the cor-
responding years for the selected warming levels would result in
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intense, frequent, and prolonged temperature extremes with large 4.5. Changes in temperature under global warming of 1.5 °C, 2 °C, and 3 °C
geographical extent over SA in the near future (Aadhar and Mishra,

2020; Khan et al., 2020a, 2020b; Mishra et al., 2017; Ullah et al., Table 2 represents the changes in regionally averaged MMEMSs Ty,
2019Db). Tax, and Trean under global warming targets of 1.5 °C, 2 °C, and 3 °C
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Fig. 5. Regionally averaged mean surface temperature for SA during 2006-2100 from 21 CMIP5 models ensemble mean under RCP4.5 and RCP8.5 scenarios. The
blue/red rectangle boxes on the two RCPs indicate the ensemble mean projection targets of 1.5°C, 2°C and 3 °C above pre-industrial levels (as represented by the

1860-1880 baseline period).

Table 2

Changes in regionally averaged MMEMS T pin, Trax, and Tiean for SA during 1.5
°C, 2 °C, and 3 °C global warming targets with respect to the pre-industrial
levels (1861-1880) under RCP4.5 and RCP8.5 scenarios.

Temperature RCP4.5 scenario RCP8.5 scenario

1.5°C 2°C 3°C 1.5°C 2°C 3°C
Tnin 1.53 2.18 3.18 1.52 2.20 3.20
Tmax 1.28 1.91 2.97 1.26 1.85 2.79
Tmean 1.40 2.03 3.06 1.39 2.01 2.97

for RCP4.5 and RCP8.5 scenarios with respect to the pre-industrial
levels. Corresponding to 1.5 °C, 2 °C, and 3 °C thresholds, the MMEM
Thmin Over SA will increase by 1.53°C, 2.18°C, and 3.18°C under RCP4.5
scenario above the pre-industrial levels, respectively. The analysis
further illustrates that SA will experience a rise in MMEM T, under
the warming targets of 1.5 °C, 2 °C, and 3 °C by 1.28°C, 1.91°C, and
2.97°C for RCP4.5 scenario, respectively. For MMEM Ty,cay, increases of
1.40°C, 2.03°C, and 3.06°C are projected over SA in response to 1.5 °C,
2 °C, and 3 °C warming levels under the RCP4.5 scenario, respectively.
The results are in agreement with the findings of You et al. (2019), who
reported 2.11°C and 2.89°C increase in Tyean Over the Tibetan Plateau
for RCP4.5 scenario under the warming levels of 1.5 °C and 2 °C, re-
spectively. In another study, Wu et al. (2020) estimated an increase of
2.11°C and 2.96°C in Tpean for RCP4.5 scenario over the Tibetan Pla-
teau at 1.5 °C and 2 °C warming levels, respectively. Yaduvanshi et al.
(2019) projected an increase of 1.4 —2.1°C Tyycan Over different parts of
India under RCP4.5 scenario at 1.5 °C and 2 °C warming levels. It should
be noted that the northwestern domain of SA is an integral part of the
Tibetan Plateau, which is already experiencing significant warming and
is expected to experience more warming in the future.

Similarly, for RCP8.5 scenario, the analysis anticipated a sharp

increase in MMEM T, over SA by 1.52°C, 2.20°C, and 3.20°C under
1.5 °C, 2 °C, and 3 °C warming thresholds above the pre-industrial
levels, respectively. The T, analysis indicates that the region will
experience a warming trend over SA at the rate of 1.26°C, 1.85°C, and
2.79°C for 1.5 °C, 2 °C, and 3 °C thresholds, respectively. Moreover, the
MMEM Tean under RCP8.5 scenario predicts increases of 1.39°C,
2.01°C and 2.97°C over the target region in response to 1.5 °C, 2 °C,
and 3 °C warming levels, respectively. These results are in the range of
warming reported by Khan et al. (2020a, 2020b), with an increase of
0.54 — 4.17 and 0.69 — 4.55°C in Ty, and Ty, over Bangladesh at 1.5
°C 2 °C, and 4 °C warming levels under RCP8.5 scenario, respectively.
According to Yaduvanshi et al. (2019), India is likely to experience a
rise in Tpean at rate of 1.9 —2.8°C during RCP8.5 scenario at 1.5 °C and
2 °C warming thresholds relative to the pre-industrial period. Similarly,
Sanjay et al. (2017) projected a rise of 5.4°C and 4.9°C warming in
winter and summer temperature over different parts of SA by the end of
21st century under RCP8.5 scenario. Although their reported changes
are higher than that of the present studies; however, they did not
consider any warming levels and the estimated changes are reported for
the whole century.

It is worth-mentioning that RCP4.5 scenario projects greater
changes in temperature over SA for all warming targets than RCP8.5
scenario; however, in case of Ty;,, RCP8.5 scenario predicts higher
changes in 2 °C and 3 °C warming levels than that of RCP4.5 scenario.
The higher changes in RCP4.5 scenario could be the result of the late
arrival of the 1.5 °C, 2 °C, and 3 °C warming levels and extended
corresponding periods for all warming targets over SA. As several re-
ported that the global mean temperature is getting warmer with pas-
sage of time with highest increase by the end of the 21st century. In a
recent studies, You et al. (2019); Wu et al. (2020); Yaduvanshi et al.
(2019) also reported similar results for Tibetan Plateau and India, in-
dicating more warming under RCP4.5 than RCP8.5 scenario. Generally,
the findings suggest that there is a sharp rise in SA temperature under
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global warming trends, which will continue in the future with more
drastic impacts (Cheng et al., 2012; Rehman et al., 2018; Saeed et al.,
2017; Sheikh et al., 2015; Ullah et al., 2019a). The rise in temperature
would increases melting of snow and glaciers in the Himalayas, causing
severe flooding in the near future and drought in the far future over the
Indus, Ganges, and Brahmaputra river basins (Almazroui et al., 2020;
Bocchiola and Diolaiuti, 2013; Das and Meher, 2019; Janes et al., 2019;
Sanjay et al., 2017). Eventually, the subsequent hydrometeorological
calamities would potentially trigger extensive displacement and mi-
gration of millions of people into already highly populated regions,
resulting in increased pressure on local water and land resources
(Aadhar and Mishra, 2019; Yadav and Lal, 2018; Yaduvanshi et al.,
2019). The higher warming tendency of temperature and its extremes
over SA is closely linked to the high population density, rapid urbani-
zation, increasing concentration of aerosols and CO, in the region (Ali
et al., 2020; Ravi Kumar et al., 2016; Ullah et al., 2018b; Xu et al.,
2020). Moreover, the intensification of future temperature and its ex-
tremes is expected to be high over the target region due to dynamic
variability of the related climatic factors including, precipitation, po-
tential evapotranspiration, cloud cover, soil moisture, air temperature,
and humidity etc., (Aadhar and Mishra, 2020; Ahmed et al., 2020b;
Webhner et al., 2016; Wu et al., 2020; Zhou et al., 2020).

Fig. 6 represents the range and distribution of Tyin, Timax, and Tiean
anomalies under global warming of 1.5 °C, 2 °C, and 3 °C thresholds.
The interquartile models of T, Timax, @nd Tiean OVer SA have shown
significant changes during the mentioned targets under RCP4.5 and
RCP8.5 scenarios. The results show that Tpin, Tmax, and Tpean €xhibit
much larger values than the median for most of the warming levels,
which imply that intense warming pattern will be sustained over the
study region under both emission scenarios. The results further indicate
that the increasing tendencies of Tpin, Tmax, and Tpean under 1.5 °C, 2
°C, and 3 °C warming thresholds are mostly associated with high range
of values of the corresponding temperature over SA. From the results, it
can be concluded the larger range of interquartile model for Tp,in, Trax,
and Tyean may affect the frequency, intensity, and duration of tem-
perature extremes in the study region. These changes are in line with
the warming pattern projected in the spatial distribution of temperature
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during 1.5 °C, 2 °C, and 3 °C thresholds. Similar distribution of Ty,
Timax> and Tiean is reported by Wu et al. (2020); You et al. (2019) over
the Tibetan Plateau for different warming levels under RCP4.5 and
RCP8.5 scenarios. Moreover, the results are also consistent with the
radiative forcing trajectories included in the representative concentra-
tion pathways of the CMIP5 models (Moss et al., 2010; Taylor et al.,
2012).

4.6. Spatial patterns of 1.5 °C, 2 °C, and 3 °C warming targets

Fig. 7 shows the spatial distribution of surface Tin, Tmax and Tiean
changes from MMEMs over SA at a global warming level of 1.5 °C. The
MMEMS of Tpmin, Tmax, and Tmean under RCP4.5 and RCP8.5 scenarios
indicate that the warming pattern increases over SA for 1.5 °C warming
target relative to the pre—industrial levels. It has been found that Ty,
increases at a faster rate than T, and Tye., under both emission
scenarios; however, the warming rates of Ty,;, under RCP4.5 scenario
are higher than the RCP8.5 scenario. The asymmetrical pattern of Ty,
Timax, and Tpean suggests that the study region is likely to face sig-
nificant warming in the future with dynamic fluctuations in cold and
warm temperature extremes (Dimri et al., 2018a, 2018b; You et al.,
2019). This uneven pattern of Tpyin, Trmax, and Tiean Would have adverse
effects on the biodiversity, water resources, and agriculture production
of the study region (Khan et al., 2020a, 2020b; Yaduvanshi et al.,
2019). Moreover, these heterogeneous patterns may affect the seasonal
cycle of the region due to which severe, concurrent, and prolonged
daytime and nighttime extreme events are expected to occur in the
future with substantial effects (Abbas et al., 2018; Panda et al., 2017;
Ullah et al., 2019b).

The changes in T, Tmax, and Tiean under both scenarios exhibit
high spatial variability with the obvious warming in the northwestern
parts of SA i.e., HKH region. Under both scenarios, the changes in Ty,
Tmax, ad Trean Over high latitudes are projected to be increased at the
rate of 2.1°C, 1.8°C, and 1.9°C above the pre-industrial levels, re-
spectively. These results affirm the findings of Yaduvanshi et al. (2019),
who reported an increase of 2°C in Ty, Over northwestern India under
1.5 °C warming world. The results further support the findings of Dimri
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Fig. 7. Spatial distribution of Tpyin, Tmax, @Nd Tiean from 21 CMIP5 models ensemble mean over SA under RCP4.5 (a, b, ¢) and RCP8.5 (d, e, f) scenarios at a global

warming of 1.5 °C above the pre-industrial levels (1861-1880).

et al. (2018); Dimri et al. (2018b), who projected significant warming
in seasonal T, Tmax, @and Tmean Over the Indian Himalayan region at
the rate of 0.23—0.90°C per decade under RCP4.5 and RCP8.5 sce-
narios. Similarly, the outputs from CMIP5 and CMIP3 also estimated an
increase of 2.5-4°C and 2.8-4.5°C in Tpean OVer eastern and western
Himalayan regions by the end of 21st century, respectively (Panday
et al., 2014). Dash et al. (2012) projected an increase of 0.64-5.15°C in
annual T, over eastern Himalayan region by the end of the 21st
century. According to Rajbhandari et al. (2015), the upper parts of the
Indus River basin is expected to experience significant warming in the
future within the range of 0.5-2.0°C and 2.2-5.8°C under RCP4.5 and
RCP8.5 scenarios during 2006-2100, respectively.

The central and southern regions of SA such as southwestern
(southeastern) India (Pakistan) will experience a moderate increase in
the warming pattern of Tyin, Tmax, and Tpean under RCP4.5 (RCP8.5)
scenario, with an estimated rate of 1.9°C, 1.4°C, and 1.6°C (2°C, 1.3°C,
and 1.5°C) above the pre-industrial levels, respectively. These results
are in agreement with the findings of previous studies covering the said
regions (Janes et al., 2019; Rajbhandari et al., 2015; Su et al., 2016).
Recently, Yaduvanshi et al. (2019) projected a gentle rise in tempera-
ture at the rate of 1.7-2.2°C and 1.2-1.9°C for 1.5 warming level under
RCP4.5 and RCP8.5 scenarios with respect to the pre-industrial level.
According to Zheng et al. (2018), the median projection of seasonal and
annual temperature over the central and southern SA show an increase
of 2-2.3°C for RCP8.5 by 2046-2075 relative to the baseline period
(1976-2005). Similarly, Rajbhandari et al. (2015) indicated that the
lower parts of the Indus Basin covering the central and southern SA are
expected to experience significant warming in winter T,,;;, and summer
Tmax at the rate of 1.5-3.5°C and 1-3°C for Al1B scenario during
2011-2098 relative to the baseline period (1961-1960), respectively.
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The warming pattern of temperature suggests that these regions may
experience frequent and intense temperature extremes such as heat
waves, heat stress, and drought in the near future (Im et al., 2017;
Mazdiyasni et al., 2017). Several studies based on observational and
remote sensing data have reported severe heatwaves and drought
events in the said regions over the recent past (Ahmed et al., 2018;
Khan et al., 2018b; Ullah et al., 2019b; Wehner et al., 2016), which
highlights their degree of vulnerability to climate change and climate
extremes in the current and future scenarios.

Furthermore, the analysis reveals that the rest of SA (eastern India,
Bangladesh, and Nepal) exhibits a slight increase in Ty, Tmax, and
Tmean Under RCP4.5 (RCP8.5) scenario at the rate of 1.2°C, 0.8°C, and
1.1°C (1°C, 0.7°C, and 1°C) above the pre-industrial levels, respec-
tively. The projected changes are in the range reported by previous
studies (Mishra et al., 2017; Xu et al., 2017). Our findings support the
range of temperature changes reported by Khan et al. (2020a, 2020b),
with a rise of 0.69 —1.44°C and 0.54 — 1.45°C in seasonal Ty, and Tpax
over Bangladesh for RCP8.5 under global warming of 1.5 °C relative to
the present world, respectively. Similarly, these results in line with the
warming rates suggested by Yaduvanshi et al. (2019) for eastern India
under 1.5 °C global warming level relative to the pre-industrial level.
They reported that the eastern parts are subjected to the lowest
warming with an estimated increase of 1.2—1.9°C and 1.2-1.7°C
under RCP4.5 and RCP8.5 scenarios, respectively. Our results further
strengthened by the rate of warming projected by Cuba et al. (2017)
over the eastern state of India, i.e., Tamil Nadu. They projected a slight
warming in the said region at the rate of 0.15°C and 0.37°C (0.13°C and
0.34°C) for Tpin (Tmax) during RCP4.5 and RCP8.5 scenarios by the end
of the 21st century relative to the baseline period (1971-2000), re-
spectively. Similarly, many studies anticipated minor changes in
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Fig. 8. Similar to Fig. 7, but for a global warming of 2 °C

temperature extremes over the eastern parts of SA under 1.5 °C
warming level, which can be attributed to the lower warming tendency
of temperature and high intensity of precipitation in the region (Aadhar
and Mishra, 2020; Aadhar and Mishra, 2019).

Fig. 8 represents the spatial pattern of MMEMs of Tpin, Tmax, and
Timean OVer SA under 2 °C warming target for RCP4.5 and RCP8.5 sce-
narios relative to the pre-industrial levels. The spatial analysis of T,
Tmaxs and Tinean Shows a prominent rise in the warming pattern under
RCP4.5 and RCP8.5 scenarios. Similar to 1.5 °C, the increase in Ty, is
greater than Tp,.x and Tp,;, during 2°C under RCP4.5 and RCP8.5 sce-
narios. This indicates their asymmetric warming patterns in the future,
which would have adverse impacts on the hydrological, agricultural
and ecological setups of the study region (Sanjay et al., 2017; You et al.,
2019). Moreover, the uneven warming tendency of Tuin, Tmax, and
Tmean Would result in decreasing diurnal temperature range (Dimri
et al., 2018a; You et al., 2017a, 2017b), which would certainly sig-
nificantly affect the seasonal cycle of the region by changing the cold
season and moderate seasons into more warm seasons (Fowler and
Archer, 2006; Gu et al., 2012; Naveendrakumar et al., 2019). Similarly,
this may result in maximum number of daytime and nighttime tem-
perature extremes in the future over the study region (Alamgir et al.,
2019; Mahmood et al., 2015; Su et al., 2016).

The estimated changes in Tyin, Tmax, @and Tean show high spatial
variability under both emission scenarios. It is worth-mentioning that
Tmin €xperiences a sharp increase under RCP8.5 scenario, while Tpax
exhibits strong warming under RCP4.5 scenario. The maximum
(minimum) increase in Tpin, Tmax, and Tmean Will be found over the
northwestern (eastern) parts of SA. Under RCP4.5 (RCP8.5) scenario,
the intensity of Tmin, Tmax, and Tpean during 2°C warming threshold
over the northern and western parts is projected to be increased by 3°C,
2.6°C, and 2.8°C (3°C, 2.8°C, and 2.8°C) above the pre-industrial
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levels. The results are in agreement with the findings of Yaduvanshi
et al. (2019), who reported an increase of 2.1°C in T,ea, Over north-
western parts of India at 2.0 °C warming threshold. The results further
affirm the findings of Xu et al. (2017), who suggested that the tem-
perature over SA will increase by 2.1 —2.4°C with maximum intensity
in the high altitudes under 2 °C, compared to the pre-industrial era.
According to You et al. (2019), the southern parts of Tibetan Plateau
covering the HKH region is expected to experience a warming tendency
of 3.2—-3.4°C, 3.0—-3.2°C, and 2.8 —3.0°C in Tpin, Tmax> and Tppean at 2
°C warming level under both emission scenarios, respectively; however,
the warming rate is likely to be high under RCP4.5 than RCP8.5 sce-
nario for all variables. Similarly, the temperature over the HKH region
of Tibetan Plateau will reach to 2.96°C and 2.85°C for RCP4.5 and
RCP8.5 scenarios relative to the pre-industrial period, respectively (Wu
et al., 2020). Our results also support the warming rate reported by Gu
et al. (2012), who employed high resolution downscaled model over the
study region. They projected an increase of 3—4°C in annual and sea-
sonal temperature over the northwestern parts of SA. Similarly, Panday
et al. (2014) projected a rise of 2.5-4°C and 2.8-4.5°C in the eastern and
western Himalayas by 2100.

The central parts of SA such as western India and eastern Pakistan
exhibit a gentle rise in Tyin, Tmax, and Tmean by 2.6°C, 1.8°C, and 2°C
(2.7°C, 1.9°C, and 2.1°C) under RCP4.5 (RCP8.5) scenario, respec-
tively. The results are in agreement with the findings of recent studies.
For instance, Yaduvanshi et al. (2019) estimated an increase of
2.2-2.8°C and 2.2-2.9°C in annual Ty,eq, Over the western parts of India
under 2 °C warming target for RCP4.5 and RCP8.5 scenarios, respec-
tively. Similarly, Su et al. (2016) projected a notable increase in tem-
perature over the lower Indus basin without considering the global
warming targets. They stated that the target region is likely to experi-
ence a rise of 1-1.5°C and 2-2.4°C (1.5-2.5°C and 2.8-4.2°C) under
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RCP4.5 (RCP8.5) scenario during 2046-2065 and 2081-2100 relative
to 1986-2005, respectively. This part of SA is under the effect of high
temperature with recurrent heatwaves in the past (Khan et al., 2018bj;
Ullah et al., 2019b; Wehner et al., 2016). It is also projected the in-
creasing tendency of temperature may trigger severe, frequent and
prolonged heatwaves in this region (Im et al., 2017; Nasim et al., 2018;
Saeed et al., 2017).

Similar to 1.5 °C warming target, the eastern parts of SA will ex-
perience a slight increase in Tpin, Tmax, and Tean under 2 °C warming
level during RCP4.5 (RCP8.5) at the rate of 1.4°C, 1.3°C, and 1.4°C
(1.5°C, 1.2°C, and 1.4°C), which is in the range findings reported by
previous studies (Xu et al., 2017; You et al., 2019). Similar to 1.5 °C
warming level, this part of SA has the lowest rate of projected warming
in all temperature variables for emission scenarios. In a recent study,
Khan et al. (2020a, 2020b), who projected a rise of 1.14—2.67°C
(0.98-2.24°C) in seasonal T, (Tmax) over Bangladesh for RCP8.5
scenario under 2 °C global warming target. Similarly, You et al. (2019)
estimated an increment in Ty, Thmax, and Tpean at the rate of
2.0—2.6°C in the southeastern parts of Tibetan Plateau under 2 °C
warming level relative to the pre-industrial era. It is vital to mention
that the southeastern parts of Tibetan Plateau are bordering the eastern
parts of SA. Though, the tendency of projected changes in this region is
lower than the rest of SA, yet the impacts of climate-induced extremes
would be unavoidable due to its socioeconomic convictions and geo-
graphical location (Aadhar and Mishra, 2019; Cuba et al., 2017). The
region has a long coastal belt and the economy of the local people is
based on fisheries and agriculture, which are highly vulnerable to cli-
mate change (Pervez and Henebry, 2015; Roy et al., 2007; Shahid et al.,
2016; Yadav and Lal, 2018).

Fig. 9 summarizes the spatial distribution of Tp,in, Tmax, and Tiean
over SA under 3 °C warming threshold. Correspondence to the
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pre—industrial levels, the study region experiences a notable warming
pattern during 3 °C warming target under the two emission scenarios;
however, the warming pattern is more evident in the RCP4.5 scenario
than RCP8.5 scenario. Similar results were reported by You et al. (2019)
over the southern Tibetan Plateau, where maximum warming rate was
estimated under RCP4.5 than RCP8.5 scenario. Similar to 1.5 °C and 2
°C warming targets, the Tp,;, in 3 °C level increases at a faster rate than
Tmax and Tpean under both scenarios. This indicates that Tpin, Tmax, and
Tmean Would increase asymmetrically with extended hot periods and
substantial nighttime extreme events in the future.

The spatial distribution of projected changes in Tpin (Tmax and
Tiean) Under 3 °C warming level indicates that the northern (western)
parts of SA will experience a significant increase in temperature, which
implies that the elevated parts of SA will be under high risk of climate
change in the coming decades. The maximum changes predicted over
northwestern parts of SA are at the rate of 4.2°C, 4.2°C, and 4.2°C
(4.2°C, 4°C, and 4.2°C) for Tmin, Tmaxs and Tmean under RCP4.5
(RCP8.5) scenario, respectively. Although the study region is expected
to experience significant warming at 3 °C warming level, yet little at-
tention has been given to it due to which we have limited literature
regarding the warming tendency of temperature and its extremes over
SA in 3 °C warming world. Recently, Xu et al. (2017) projected a sharp
increase of 4.0 —4.4°C in annual Tpe,, over SA with maximum rate in
the higher altitude characterized by the HKH region under 3 °C
warming relative to the pre-industrial level. According to Guo et al.
(2017), the Xinjiang and Southern China parts bordering the north-
western South Asia are likely to experience heat waves with greater
frequency and severity under RCP4.5 and RCP8.5 scenarios of 3 °C
warming world. Similarly, Wang et al. (2017a, 2017b) reported higher
warming rate of temperature extremes with increasing tendency of
warm extremes and decreasing tendency of cold extremes across the
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Fig. 9. Similar to Fig. 7, but for a global warming of 3 °C
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world.

Similarly, the central and southern regions of SA will experience an
increase of 3.8°C, 3°C, and 3.2°C (3.9°C, 2.7°C, and 2.9°C) in Tmin,
Tmax, and Tiean under RCP4.5 (RCP8.5) scenario relative to the pre—-
industrial levels, respectively. The results are in line with the findings of
recent studies conducted in neighboring countries and regions.
According to Wang et al. (2017a, 2017b), a 3 °C warmer world would
feature a decrease in cold indices and an increase in warm indices with
noticeable warming tendency in Ty, based indices than T,,.x over arid
and semi-arid regions of the world. Similarly, You et al. (2020) stated
that the warming tendency of temperature and its extremes is expected
to be amplified over different parts of the world with maximum rate in
Tibetan Plateau under 3°C global warming scenario. Guo et al. (2017)
indicated that the plain areas of China having similar climate like
central SA, would experience severe and frequent heatwaves during
RCP4.5 and RCP8.5 scenarios in 3 °C warming target above the pre-
industrial level.

Moreover, under 3°C warming threshold, the eastern parts of SA
exhibit slight warming in Tyin, Tmax, and Tmean With a similar spatial
pattern to that of 1.5 °C and 2 °C warming targets. The projected
changes in Tpin, Tmax, aNd Tiean OVer eastern SA are recorded at the
rate of 2.3°C, 2°C, and 2.1°C (2.2°C, 1.9°C, and 2.1°C) under 3 °C
warming level during RCP4.5 (RCP8.5) scenario, respectively. These
results are in the range of findings reported by previous studies (Xu
et al., 2017; Zhang et al., 2018). According Khan et al. (2020a, 2020b),
the eastern parts of SA, i.e., Bangladesh would expect an increase of
2.67 —4.55C and 2.45—4.17°C in Ty, and Ty under RCP8.5 scenario
of 4 °C warmer world. Similarly, Aadhar and Mishra (2020); Aadhar
and Mishra (2019); Mishra et al. (2017); Yaduvanshi et al. (2019)
projected slight changes in future temperature and its extremes over the
eastern parts of SA under different global warming targets. Though it is
found that the eastern parts of SA will experience slight increase in
temperature under 3 °C warming level; however, these parts are highly
prone to climate extremes due to their geographical location and so-
cioeconomic conditions (Ratnam et al., 2016; Sharma et al., 2016). A
mild increase in temperature is highly critical for the region and may
affect the local population at large in the future.

The overall analysis suggests that SA will experience greater
changes in T, Tmax and Tpean With increasing global warming
thresholds under both emission scenarios. However, it has been found
that climate changes associated with global warming of 1.5 °C, 2 °C, and
3 °C targets have shown non-linear responses over different parts of SA,
which may have adverse effects on the local population. Moreover, the
projected changes in Ty, Tmax, and Tiean, Will be stronger over higher
latitude than mid-low latitude, which implies that the northwestern
and central-southern parts will be adversely affected by climate
change. In recent studies, it has been stated that mountainous regions
are highly sensitive to climate change than other topographic classes
(Pepin et al., 2015; You et al., 2019). The higher warming tendency is
closely linked to the elevation-dependent warming, which highly is
evident in the HKH region and is expected to increase in the future
under different global warming targets (Guo et al., 2016; Khan et al.,
2015; Rangwala and Miller, 2012). This sharp rise in temperature will
intensify the snow and glacier melting process in the region, which may
affect the water resources and the region may face flooding and drought
in the coming decades (Khan et al., 2015; Kraaijenbrink et al., 2017).
The increasing risks of floods and drought may affect millions of people
living in the deltaic regions of Indus, Ganga and Brahmaputra rivers
(Aadhar and Mishra, 2020; Almazroui et al., 2020; Yaduvanshi et al.,
2019). Literature indicated that these river basins are characterized by
fertile arable land with extensive agriculture production and is highly
vulnerable to the adverse impacts of climate change (Ahmad et al.,
2014, Ahmad et al., 2014; Mahmood and Jia, 2016). The rising ten-
dency of temperature may affect the production of wheat, paddy,
soyabean, groundnuts, and vegetables by 3-7% for everyone degree
increase in temperature over the said regions (Yadav and Lal, 2018;
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Yaduvanshi et al., 2019).

The central parts of SA are characterized by urbanized and major
metropolitan cities with dense population (Naveendrakumar et al.,
2019; Sheikh et al., 2015). Moreover, the Asia famous Thar Desert is
located in this part of SA, which is among the hottest regions of the
world (Sun et al., 2017; You et al., 2017a, 2017b). In the present cli-
mate, this part of SA is regularly experiencing hot days, which is ex-
pected to be continued in the future with more drastic impacts (Khan
et al., 2018b; Khan et al., 2020a, 2020b; Nasim et al., 2018; Saeed et al.,
2017; Ullah et al., 2019b). The arid and hyper-arid climates of the re-
gion coupling with high temperature may affect the intensity, fre-
quency, duration, and extent of the future temperature extremes
(Ahmed et al., 2019c; Ullah et al., 2018b). It has been reported that the
rapid urbanization, extended population and massive industrialization
in the region may intensify the emission of greenhouse gasses, which
ultimately alter the phenomena of global warming (Haq et al., 2017;
Ullah et al., 2018b; Xu et al., 2020). Similarly, the southern parts are
covered by the coastal belt, which would receive significant moisture
content from the Indian Ocean (Jhajharia et al., 2009; Pathak et al.,
2017b; Ullah et al., 2019b). The moving of moisture content from the
source to the adjoining coastal region increases the concentration of
humidity, which combines with high temperature and result in humid
heatwaves over the said regions with extensive human and socio-
economic losses (Fischer, 2014; Jhajharia et al., 2012; Wehner et al.,
2016).

The eastern parts of SA are considered to be highly prone to the
climate extremes due to their geographical location and socioeconomic
conditions (Pervez and Henebry, 2015; Revadekar et al., 2013). These
parts of SA are bordering with of India Ocean and Bay of Bengal having
hot and dry climate. Moreover, the regional economy is mainly de-
pendent on natural resources such as agriculture and fisheries, which
are highly sensitive climate change and its extremes. Recent studies
reported that the region is continuously experiencing climate extremes
with substantial socioeconomic impacts (Rahman et al., 2019; Subash
and Sikka, 2014; Yaduvanshi et al., 2019). The warming tendency of
temperature may result in rising sea level and can pose potential threats
to the coastal regions in the coming decades (Revadekar et al., 2013;
Schleussner et al., 2016). It is believed that a slight increase in tem-
perature may worsen the situation and can triggers climate extremes
including heat waves and drought in the said region (Bhutiyani et al.,
2007; Ratnam et al., 2016).

Despite the facts that we used the raw outputs of the CMIP5 models
to project the future changes in temperature over SA at different
warming levels above the pre-industrial levels, yet the estimated
changes reported in this study are in line with the findings of the some
regional studies, which have used downscaled outputs of the models. In
this regard, we provided a comparative summary of the findings pre-
sented by such regional studies over the target region. Recently, Janes
et al. (2019) used three downscaled runs of GCMs over SA and pro-
jected an average increase of 4.5°C in summer temperature over most
parts during 2070-2099, with a maximum increase in the Himalayas,
Pakistan and Eastern Afghanistan. Sanjay et al. (2017) employed
downscaled runs of regional climate models over SA and estimated
5.4°C and 4.9°C warming in winter and summer temperature by the end
of 21st century under RCP8.5 scenario. Ahsan et al. (2018) projected
future Tpean Over the Kabul River Basin using a MMEM of high-re-
solution statistically downscaled CMIP5 models. They reported an in-
crease of 3.2°C and 5.8°C in annual and seasonal temperature across the
basin under RCP4.5 and RCP8.5 scenarios by the mid-century, respec-
tively. Mahmood and Jia (2017) conducted a study in the Indo-Pak
territories of Jhelum River basin and projected a sharp increase in Ty,
and Thax from downscaled CMIP5 GCMs during 2041-2070 under
RCP8.5 scenario relative to the present climate.

Similarly, Su et al. (2016) projected significant rise in annual Tyean
by using the downscaled outputs of CMIP5 models over the Indus River
Basin. They reported an increase of 1.21°C, 1.93°C, and 2.71°C under
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RCP2.6, RCP4.5 and RCP8.5 scenarios by the end of the 21st century
relative to the baseline period (1986-2005), respectively. Cuba et al.
(2017) employed two downscaled GCMs over Tamil Nadu, India and
predict that the Ty, and T« are likely to increase by 0.20 °C (0.45°C)
and 0.17°C (0.42°C) under RCP4.5 (RCP8.5) scenario by the end of the
21st century, respectively. Ali et al. (2019) used the downscaled CMIP5
models and indicated that the Tpean is projected to increase by 0.8 °C,
1.5 °C, and 2.2 °C (1.2 °C, 2.5 °C and 4.5 °C) in the 2020s, 2050s and
2080s over different climatic regions of Pakistan under RCP4.5
(RCP8.5) scenario, respectively. Similarly, the downscaled runs of
CMIPS5 suggest that Pakistan is likely to experience a rise in Ty, and
summer days in the range of 1.3-1.9 °C and 6-20 days by the year of
2045 under both RCP4.5 and RCP8.5 scenarios (Sajjad and Ghaffar,
2019). According to (Ahmad et al. 2014; Ahmad et al. 2014), the
downscaled models project a 1-1.5 °C and 1.5-2 °C rise in Tpean OVer
different parts Pakistan in the near future (2007-2027) and the far fu-
ture (2080-2099) periods relative to the baseline (1979-1998) period.
In addition, several studies based on high-resolution downscaled
models anticipated a sharp increase in temperature and its extremes
over Pakistan during 21st century, with substantial impacts in the
northwestern and southeastern parts of the country (Amin et al., 2018a,
2018b; Nasim et al., 2018; Saeed et al., 2017).

Recently, Khan et al. (2020a, 2020b) estimated future changes in
seasonal and annual temperature over Bangladesh at 1.5 °C 2 °C, and 4
°C warming levels with high-resolution downscaled models and re-
ported that the country is likely to experience a sharp rise in Tp,;, and
Tmax in the range of 0.54-4.17 and 0.69—4.55°C under RCP8.5 scenario
by the end of 21st century with respect to the base (1986-2005) period.
In another study, Alamgir et al. (2019) revealed a rise in Ty, by
2.1-4.2 °C and 3.2-5.1 °C and Ty« by 1.3-2.9 °C and 2.2-4.3 °C in
different parts of Bangladesh under RCP4.5 and RCP8.5 scenarios
during the period of 2070-2099 with respect to the present world, re-
spectively. According to Hasan et al. (2018), the simulations of down-
scaled CMIP5 models anticipated an obvious increase in daytime and
nighttime temperatures over Bangladesh with maximum intensity in
the northeastern parts under RCP4.5 and RCP8.5 scenarios by the end
of the 21st century. In another study, Rahman et al. (2012) employed a
regional climate model over Bangladesh and projected a rise in Tyean in
different months within the range of 0.5-2.1°C and 0.9-3.5°C for the
year 2050 and 2060, respectively. It is worth-mentioned that the
aforementioned studies have indicated a sharp increase in temperature
over most parts of SA, with maximum intensity in the Himalayas,
western India, eastern Pakistan, and eastern Afghanistan. Moreover, the
studies based on downscaled approach have projected more warming in
the high altitude regions of SA and have linked this warming tendency
with elevation-dependent warming (Ali et al., 2019; Janes et al., 2019;
Mahmood and Jia, 2017; Sanjay et al., 2017). It is should be noted that
the range of temperature changes suggested by these studies is in
agreement with our findings, which can enhance the credibility of the
results presented here. Although, there are slight variations in the in-
tensity of temperature reported by the above-mentioned; however,
these variations could be associated with the use of different methods,
type and number of models, and/or different temporal periods.

5. Conclusions

This study intends to evaluate the spatial and temporal capability of
the 21 CMIP5 models in the simulation of historical temperature and
rank these models consequently. Furthermore, this study aims to pro-
ject the future changes in Tpin, Tmax, @0d Tean OVer SA using MMEMs
under global warming of 1.5 °C, 2 °C and 3 °C. The results show that the
CSIRO-MK3-6-0, MIROC-ESM-CHEM, CNRM-CM5, CCSM4, and
MRI-CGCMS3 are found the optimal models with an accurate and con-
sistent spatiotemporal simulation of Tpin, Tmax and Tean OVer SA. The
MMEMS 0f Tpin, Trmax, a0d Trnean reveal that the changes in temperature
over SA are faster than that of global average changes under both
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emission scenarios, which reflects its degree of vulnerability to climate
change. Corresponding to 1.5 °C, 2 °C, and 3 °C warming levels, the
study region will witness a rise in Tyin, Tmax, and Tiean under RCP4.5
and RCP8.5 scenarios with respect to the pre-industrial levels.
Moreover, the spatial analysis of Tpin, Tmax, @a0d Tiean Shows a dom-
inating and a consistent warming pattern across SA with stronger in-
tensity in the higher latitude than mid-low latitudes under three
warming targets and two emission scenarios. It has been observed that
the northwestern (eastern) parts of SA will experience a maximum
(minimum) rise in warming of Tpin, Tmax, aNd Tean under 1.5 °C, 2 °C,
and 3 °C warming thresholds in both emission scenarios with respect to
the pre-industrial levels. Furthermore, the central and southern parts of
SA will witness a moderate increase in Tin, Tmax, @and Tiean during 1.5
°C, 2 °C, and 3 °C warming targets under RCP4.5 and RCP8.5 scenarios.
Interestingly, the warming patterns of Tyin, Tinax, @0d Tipean in response
to 1.5 °C, 2 °C, and 3 °C warming thresholds are higher under the
RCP4.5 scenario than the RCP8.5 scenario relative to the pre-industrial
levels. In addition, the results indicate that T,,;, increases at a faster rate
than Tyax and Tpean under all warming targets during both emission
scenarios. The uneven patterns of Tyin, Tmax, a0d Trean, Will be esca-
lated across the study region; therefore, more attention should be paid
to regional differences in response to global warming of 1.5 °C, 2 °C,
and 3 °C targets. This study further recommends to project changes in
climate extremes over SA under different warming levels, which will be
helpful in the adaptation and mitigation of climate change over the
study region.
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