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Abstract
Indus basin is one of the most vulnerable regions due to climate change. This article presents the
projected changes in precipitation and temperature over the Indus Basin using statistically downscaled,
bias-corrected Coupled Model Intercomparison Project-6 (CMIP6) data sets for different shared
socioeconomic pathways (SSP2-4.5 and SSP5-8.5) in response to global warming. The future changes in
precipitation and temperature extremes for different epochal periods of the 21st century are outlined. The
spatial variations of precipitation, maximum and minimum temperature obtained from the Multi-Model
Mean (MMM) of CMIP6 models showed a good agreement with observations such as APHRODITE
(precipitation), CPC (temperature) for the base period 1995 to 2014 over the Indus Basin. Our results
suggest that there is a general increase in precipitation/ maximum and minimum temperature over the
Upper Indus Basin/Lower Indus Basin by the end of the 21st century. It is also noted that the spatial
variability of extreme climate indices is high during June to September (JJAS) than December to January
(DJF). By the end of the century projections show that the precipitation changes are about 85% in JJAS
and 40% in DJF with reference to the baseline (1995–2014) period over Indus Basin region. The
temperature extreme indices are also increasing in future compare to the baseline period.

1. Introduction
An increased greenhouse gas concentration alters the radiation budget and thus the climate. Earth
surface temperatures have shown a steady increase across the different regions of the globe and more
signi�cant precipitation variability. Recent Coupled Model Intercomparison Project (CMIP) models show
climate change features under different emission pathways and provide the clue about the future climate
with varying increments of temperatures. It is reported that among the many, the Indus river basin is also
most vulnerable and very much prone to climate change (Immerzeel et al., 2020; Shreshta et al., 2019).
Indus basin is characterized by a rapidly growing population with 250 million and having the highest
cultivated lands in South Asia (e.g., Vinca et al., 2020). Changing rainfall and temperature projections will
have a severe impact on the water availability over the Indus Basin and understanding these changes are
essential for planning and managing water resources (e.g., Shreshta et al., 2019). Many studies reported
the spatio-temporal variability of precipitation and temperature over the Indus Basin for different periods.
Latif et al. (2018) studied the precipitation data obtained from the Pakistan Meteorological Department
(PMD) over various Indus Basin locations. They found that decreasing and increasing trends of annual
precipitation for the period of 1961 to 2013. Latif et al. (2020) analyzed the maximum and minimum
temperature data sets from 1961 to 2013 obtained from the PMD. They reported the warming from the
maximum temperature and mixed trends with the minimum temperature data sets over the Upper Indus
River Basin. Minallah and Ivanov (2019) used the different precipitation data sets from ground truth,
satellite, and reanalysis such as APHRODITE (1981–2007), GPCP (2001–2010), PERSIAN – CDR (2001–
2010), TRMM (2001–2010), CMORPH-RAW (2001–2010), ERA-Interim (1981–2010), NCEP-CFSR (1981–
2010) and GMFD (1981–2010) to report the connection of increasing frequency of ElNino to the
interdecadal variability of rainfall over Indus basin. In-situ data of temperature showed an increase in
maximum temperatures during winter and an increase in the diurnal temperature range in all seasons of
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the year over the Indus Basin (e.g., Fowler and Archer, 2010). Many studies have documented pieces of
evidence of historical climate change in the Indus basin. Among the observed trends in climatic variables,
the increasing temperature trend is most consistent over the region.

Model simulations help the scienti�c community to study the future climate and its implications. Data of
global and regional climate models provide an understanding in exploring the Indus Basin and various
spatial and temporal scales. A few of the signi�cant scienti�c outcomes of the research over Indus Basin
(IB) using the models are i) higher precipitation over UIB than the LIB, ii) increase in future precipitation,
iii) increase in extremes and iv) unprecedented warming. It is also reported that the IB is going to
experience an increased frequency of extreme weather events in the future under different representative
concentration pathways such as RCP4.5 & RCP8.5. Analysis of CMIP5 models suggests the uncertain
water availability over UIB, leading to increased intensity and frequency of extreme discharges (Lutz et al.,
2016). The increased rainfall and temperature projections over IB will affect the increased future �ows
and high snowmelt (Soncini et al., 2015). The possible changes in the precipitation and temperature
characteristics in response to global warming will impact the hydrological regime-dependent
socioeconomic of the basin, as noted by (e.g., Rajbhandari et al., 2015).

This study aims to investigate the impacts of climate change on the Indus Basin in the future the latest
coupled model inter-comparison project phase 6 (CMIP6) projections. To this end, it is essential to obtain
the future changes in the climate variables and their future extremes in response to global warming by
using a high-resolution regional climate modeling system or downscaling of GCMs to a higher resolution.
The advantage of downscaling and high-resolution regional climate simulations demonstrated the
capability of capturing extreme precipitation events (Rao et al. 2014, Rao et al., 2020). However, studies
on regional climate simulation for the extreme precipitation and temperature events are sparse. Future
climate change will likely be associated with continued warming over the 21st century.

Given the above preamble, it is essential to understand the precipitation and temperature changes and
their extreme behavior, which will help policymakers, design the proper framework mechanism under
different climate change scenarios. The newly emerged statistically downscaled, bias-corrected, and high
resolution (0.25° x 0.25°) data sets developed for South Asia by Mishra et al. (2020) from thirteen general
circulation models (GCMs), under the CMIP6 have been used in the present study. Space and time scale
variations of precipitation, maximum and minimum temperatures have been analyzed, and the extreme
climate indices were obtained under different shared socioeconomic pathways (SSP) of SSP2-4.5 and
SSP5-8.5 scenarios till the end of the 21st century. However, most of the earlier studies are focused on the
different portions of the Indus basin. In contrast, minimal studies have been carried out on the
precipitation and temperature changes and their extreme behavior in response to global warming in the
future, covering the whole basin, which we will address in this paper.

2. Data And Analysis
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The Indus River Basin is located between 72°E to 79°E longitude and 29°N to 37°N latitude. The Indus is
one of the essential drainage systems of the subcontinent of India. It has a length of 2880 Km, of which
709Km lies in India. The catchment area of the Indus is about 1,165,000 Sq. Km, out of which about
321,248 Sq. Km is in India. This region was characterized by complex terrain and controlled by the Asian
summer monsoon system and Western disturbances. The location map of the Indus river basin has given
in the Fig. 1.

To account for climate change impacts in the Indus River Basin, we used the statistically downscaled,
bias-corrected, and high resolution (0.25° x 0.25°) data sets developed for South Asia by Mishra et al.
(2020a) from thirteen general circulation models (GCMs), under the coupled model inter-comparison
project phase 6 (CMIP6), which are given in Table 1. Although some CMIP6 models have large ensemble
members, they used a single member for each model for fair comparisons, typically the �rst ensemble
member (r1i1p1f1 for CMIP6) to prepare the bias-corrected data.

The scenarios used in the CMIP6 are combined Shared Socioeconomic Pathways (SSP) and target
radiative forcing levels at the end of the 21st century across two greenhouse gas emissions scenarios of
SSP2-4.5 and SSP5-8.5. Daily precipitation, maximum and minimum temperature datasets generated by
using Empirical Quantile Mapping (EQM) to statistically downscale over South Asia and Indian sub-
continental river basins. More details for this are Empirical Quantile Mapping available at Mishra et al.
(2020b). The historical run period is 1951 to 2014 for each experiment, and future projections from 2015
to 2100 forced with SSP2-4.5 (mid-range emissions) and SSP5-8.5 (high-end emissions) scenarios.

In this study, two primary observational datasets are used for the model validation. The model
simulations are compared with high resolution gridded data sets prepared by APHRODITE (for
precipitation) and Climate Prediction Center (CPC) for daily maximum and minimum air temperature
available at 0.25° grid resolution for the period 1995–2014. For future climate projections, we used the
three future time slices 2021–2040, 2051–2070, and 2081–2100, which are treated as a near (2030s),
mid (2060s), and far future (2090s) under the two emission scenarios of SSP2-4.5 and SSP5-8.5. All the
models used in the present study have been maintained to a uniform grid resolution for making them
consistent with computing the multi-model mean. It will help the study to bring out the precise diagnosis
of precipitation and temperature changes on a space and time scale.

The present study investigates the future changes in mean and extreme precipitation and temperature
characteristics over the Indus basin in the near, mid, and far future with reference to the baseline period
(1995–2014). We used seven key indices for precipitation and eight key indices for maximum and
minimum temperatures de�ned by the ETCCDI (Zhang et al., 2011) for the present analysis. All the details
for these indices are given in Table 2. All indices mentioned in this paper were calculated on a seasonal
basis for the baseline and future scenarios of the 21st century, respectively.
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Table 2
List of precipitation and temperature extreme indices used in this study

No. Model
Name

Coupled Model Name Country Key
references

1 ACCESS-
CM2

Australian Community Climate and Earth System
Simulator-Climate Model 2

Australia Dix et al.
(2019)

2 ACCESS-
ESM1-5

Australian Community Climate and Earth System
Simulator-Earth System Model 1.5

Australia Ziehn et al.
(2020)

3 BCC-
CSM2-MR

Beijing Climate Center, Climate System Model 2
(MR)

Wu et al.
(2019)

4 CanESM5 Canadian Earth System Model 5 Canada Swart et al.
(2019)

5 EC-Earth3 European Centre Earth Consortium model 3 Europe EC-Earth,
2019a

6 EC-
Earth3-
Veg

European Centre Earth Consortium model 3 (Veg) Europe EC-Earth,
2019b

7 INM-CM4-
8

Institute for Numerical Mathematics Climate Model
4.8

Russia Volodin et al.
(2018)

8 INM-CM5-
0

Institute for Numerical Mathematics Climate Model
5

Russia Volodin et al.
(2018)

9 MPI-
ESM1-2-
HR

Max Planck Institute for Meteorology Earth System
Model 1.2 (HR)

Germany Gutjahr et al.
(2019)

Müller et al.
(2018)

10 MPI-
ESM1-2-
LR

Max Planck Institute for Meteorology Earth System
Model 1.2 (LR)

Germany Mauritsen
et al. (2019)

11 MRI-
ESM2-0

Meteorological Research Institute Earth System
Model 2.0

Japan Yukimoto
et al. (2019)

12 NorESM2-
LM

Norwegian Earth System Model 2 (LM) Norway Seland et al.
(2020)

13 NorESM2-
MM

Norwegian Earth System Model 5 (MM) Norway Øyvind et al.
(2020)
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Table 3
CMIP6 models simulated seasonal mean precipitation is evaluated with APHRODITE observed data for

the baseline period (1995–2014).
No. Indices Name De�nition Units

Precipitation Indices

1 RD Rainy Day A day with rainfall
amount more than 2.5
mm

days

2 SDII Simple daily
intensity

The ratio of seasonal
total precipitation to the
number of wet days (≥ 1
mm)

mm/day

3 RX1DAY Maximum 1-
day
precipitation

Seasonal maximum 1-
day precipitation amount

mm

4 RX5DAY Maximum
consecutive
5-day
precipitation

Seasonal maximum
consecutive 5-day
precipitation amount

mm

5 R10MM Heavy
precipitation
days

Number of days with
precipitation greater than
10 mm

days

6 R20MM Very heavy
precipitation
days

Number of days with
precipitation greater than
25 mm

days

7 CDD Consecutive
dry days

Seasonal maximum
number of consecutive
dry days (daily
precipitation < 1 mm)

days

Temperature Indices

1 Max_Tmax Warmest day Seasonal maximum
value of daily max
temperature

Deg.C

2 SU Summer
Days

Seasonal count of days
when daily maximum
temperature > 25°C

Days

3 CSU Consecutive
Summer
Days

Seasonal largest number
of consecutive summer
days (maximum
temperature > 25°C)

Days

4 ID Ice Days Seasonal count of days
when daily maximum
temperature < 0°C

Days
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No. Indices Name De�nition Units

5 Min_Tmin Coldest Night Seasonal minimum value
of daily min temperature

Deg.C

6 FD Frost Days Seasonal count of days
when daily minimum
temperature < 0°C

Days

7 CFD Consecutive
Frost Days

Seasonal largest number
of consecutive frost days
(minimum temperature < 
0°C)

Days

8 TR Tropical
Nights

Seasonal count of days
when daily minimum
temperature > 20°C

Days

Models RMSE (mm/day) Mean rainfall (mm/day) S.D
(mm/day)

  JJAS DJF JJAS DJF JJAS DJF

ACCESS-
CM2

1.39 0.92 1.37 1.42 0.64 0.87

ACCESS-
ESM1-5

1.62 0.91 1.60 1.01 0.58 0.61

BCC-CSM2-
MR

0.75 0.67 2.03 1.16 0.91 0.56

CanESM5 2.01 1.40 0.54 1.88 0.47 1.04

EC-Earth3 0.77 0.49 2.00 1.04 0.83 0.59

EC-Earth3-
Veg

0.77 0.48 2.09 0.89 0.90 0.62

INM-CM4-8 0.90 0.57 2.01 0.91 0.86 0.57

INM-CM5-0 1.03 0.93 1.47 1.38 0.67 0.82

MPI-ESM1-
2-HR

1.10 0.58 1.52 1.11 0.55 0.90

MPI-ESM1-
2-LR

1.01 0.76 1.69 1.31 0.76 0.82

MRI-ESM2-
0

1.61 1.46 1.01 1.89 0.76 0.95

NorESM2-
LM

1.68 1.59 0.87 2.07 0.93 1.10

NorESM2-
MM

0.87 0.69 2.11 1.18 1.67 0.59
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No. Indices Name De�nition Units

MMM 1.11 0.75 1.41 1.33 0.69 0.77

APHRODITE
(OBS)

-- -- 2.00 1.19 1.06 0.53

3. Results And Discussion

3.1 Evaluation of CMIP6 models simulated rainfall and
temperature in the present climate

3.1.1 Rainfall
Figure 2. shows the mean annual cycle (in mm/day) over the Indus basin obtained from the individual
GCMs of CMIP6 and their Multi-Model Mean (MMM) along with the observed APHRODITE data for the
period 1995 to 2014. From the visual inspection, it was observed that all the models, along with their
MMM and the observational data, captured the seasonal features reasonably well. By and large, the
MMM could follow the pattern of APHRODITE in reliably showing the higher rainfall during the SW
monsoon period with peak rain activity in July. CMIP6 MMM underestimated the rainfall during the SW
monsoon season and overestimated it in the rest of months. Mean daily rainfall from CMIP6 MMM and
APHRODITE varied from 1.25 mm and 0.75 mm in January, which is minimal during the year and from
2.1 mm to 2.5 mm during July. However, the CMIP6 models show distinguished variations in terms of
magnitude, spread among models is high.

Figures.3 and 4 depict the spatial pattern of the summer monsoon (JJAS) and the winter season (DJF)
mean daily rainfall over the Indus basin obtained from the thirteen CMIP6 GCM simulations along with
their MMM and APHRODITE data sets. It is noted that the CMIP6 simulations showed very good skill in
representing the present climate. Most of the models (except ACCESS-CM2, CanESM5, MRI-ESM2-0, and
NorESM2-LM) and their MMM could show the higher rainfall region over the south-facing foothills of the
Himalayas in summer, where the SW monsoon activity is higher than other areas. Rainfall is also higher
over the upper Indus basin than the lower Indus basin, as depicted by the multi models and the observed
data. During the winter season (Fig. 4), the upper Indus Basin experienced higher rainfall activity than the
lower Indus basin. All the models and their MMM have reasonably well captured the winter rainfall (some
of the models overestimated). Studies of Ali et al., (2015); Santosh and Shrestha (2015); Saeed et al.,
(2013) inferred that rainfall over UIB is high due to the in�uence of upper-level circulation over the mid-
latitudes that connects the summer precipitation over the UIB. The spatial coverage of rainfall over the
Indus Basin during SW monsoon and winter seasons shows a good agreement with the MMM and the
APHRODITE data set.

Mean daily precipitation (mm/day), RMSE, and Standard Deviation provided in Table.3 for the Indus
basin as a whole from the individual CMIP6 models, MMM, and APHRODITE data sets. The mean daily
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rainfall is 2 mm and 1.19 mm for the IB during JJAS and DJF months obtained from the APHRODITE,
whereas it is 1.41 and 1.33 mm from the CMIP6 MMM, respectively. Models such as ACCESS – ESM1-5,
BCC-CSM2-MR, EC-Earth3, EC-Earth3 Veg, INM-CM4-8, INM-CM5-0, MP1-ESM1-2-HR, MP1-ESM1-2-LR, Nor
ESM2 –NM showed the rainfall higher than the mean whereas the other models' ACCESS–CM2, Can
ESM5, MRI-ESM2-0, Nor ESM2-LM show the lower rainfall than the MMM of CMIP 6 during the JJAS
period. In winter, models such as ACCESS-CM2, CanESM5, INM-CM5-0, MRI-ESM2-0, and NorESM2-LM
have shown rainfall values higher than the MMM. However, the models BCC-CSM2-MR, EC-Earth3, EC-
Earth3–Veg, and INM-CM4-8 showed rainfall values of 2.03, 2.00, 2.09, 2.01mm/day, which are closer to
that of the APHRODITE (2mm/day). Models BCC-CSM2-MR, MPI-ESM1-2-HR, and Nor ESM2 MM show
the more comparable rainfall values of 1.16, 1.11, 1.18mm/day with the APHRODITE values (1.19
mm/day). The standard deviations of rainfall during the SW (winter) season for CMIP6 MMM and
Aphrodite are 0.69 (0.77) and 1.06 (0.53), which infers the intermodal variability during the SW
monsoon/winter season is lower/higher than the APHRODITE data sets.

Spatial variability of seven extreme precipitation indices viz RD, SDII, RX1DAY, RX5DAY, R10MM, R20MM,
and CDD obtained from CMIP6 MMM and APHRODITE for the JJAS and DJF during baseline period
(1995 to 2014) shown in Figs. 5 and 6. Most of the precipitation extreme indices are high over the UIB
region except the CDD, which is higher over the LIB. Observed and MMM of CMIP6 show similar spatial
variations. During the DJF period, the observed and CMIP6 MMM are in good agreement for most of the
indices except in SDII. During JJAS the observations show higher spatial extent of a few indices such as
R10MM, R20MM over the study region, which infers the underestimation in MMM compared to the
observed in depicting the space scale variations of extreme indices. On the contrary, observed data sets
are con�ned to the lesser region than MMM data sets to depict the R20MM extreme index over IB during
the DJF period. The spatial variation in CDD is more conspicuous during the JJAS period than the DJF
period, where they have varied up to 80 days and 60 days, respectively. The model results on spatial
patterns are very similar to the observed pattern, but the model results show a higher/lower number of the
precipitation extremes over the basin. However, over the high mountain regions, due to the terrain nature
and the limitation in feasible model resolutions for simulating such areas, we conclude that the models
performance is su�cient to analyze precipitation extremes.

3.1.2 Maximum and minimum temperature
The annual cycle of maximum and minimum temperatures over the IB is shown in Fig. 7 (a&b). The
annual cycles for Tmax and Tmin are well simulated by the individual CMIP6 models and CMIP6 MMM
with the highest temperatures in the monsoon months of June-July-August and the lowest temperatures
in the winter months of December-January–February. The model simulated maximum and minimum
temperatures are warmer than the observed temperatures. The maximum temperature crosses 30°C, and
the minimum temperature goes as low as 2°C degrees. The model's spread low (which was signi�cantly
less), which means that individual model simulations are underestimated or overestimated. In contrast,
the CMIP6 MMM is very close to the observations. However, the spread could be partly due to the



Page 10/40

relatively high-resolution data chosen for representing the observed temperatures or the lack of
observations in the mountain terrain in the Indus basin.

Daily maximum temperatures are considered for the month of June-July-August (JJA), being the hottest
months for Indus Basin. Daily minimum temperatures are considered for December-January–February
(DJF), being the coldest months. The mean seasonal maximum and minimum temperature patterns
show the higher values over the LIB and lower values over UIB (Figs. 8 & 9). The MMM of CMIP6 shows a
similar pattern obtained from the CPC data sets over the LIB compared to UIB. The LIB shows the
temperature variations from 30 to above 40 spatially where the UIB goes beyond 35 degrees in both
MMM and CPC data sets. It is reported that the warming over IB during the historical period of CMIP5
(1979–2005) show higher uncertainties than over the future epochs when compared with the framework
of the coordinated regional climate downscaling experiment for South Asia (CX-SA) (Hasson et al., 2019).
Pomee and Hertig (2021) reported the excellent agreement of GCMs of CMIP5 with the ERM – Interim
maximum and minimum temperatures over different parts of the Indus Basin in Pakistan. The CMIP6
MMM simulations show reasonable skill in representing the spatial patterns of temperatures over the
Indus Basin.

Temperature extremes are generally characterized by the frequency and intensity of daily temperatures
exceeding certain tolerable limits. For extreme temperature indices, the spatial climatology patterns
compared between CPC and, the CMIP6 MMM are shown in Figs. 10 & 11. The highest daily maximum
temperature days, SU days and CSU days, and ID are higher than 40, 90, and 85 days from June to
August, as depicted by CMIP6 MMM and CPC. The CMIP6 MMM and observed indices are well in
agreement over LIB in these categories except over a few portions of UIB. ID has shown considerable
variations from CMIP6 MMM to observed, particularly over the UIB, which needs further studies to
understand these changes by causal factors. Similar features observed in China and the studies of (Wang
et al. 20140 reported due to complex terrain, the characteristics of ID in China may be due to the intense
moisture transport, Asian low, etc. However, over the UIB, the observed data sets could not show SU and
CSU days, where the MMM show considerable variation up to nine days. Overall, the CMIP6 MMM can
generally reproduce the CPC mean spatial climatology pattern for these maximum temperature extremes
reasonably well (Fig. 10).

The UIB has shown less number of lowest minimum temperature days with the observed data sets while
the CMIP6 MMM depicts the little higher minimum temperature days. The other extreme indices, such as
FD and CFD, had some differences in capturing similar MMM variations and observed data sets. The FD
and CFD over UIB have increased beyond 70 days and as low as ten days in the LIB region. Tropical
nights (TR) are more than seven days over the LIB and less than over UIB (Fig. 11). The studies of Yaseen
et al. (2020) reported a spatiotemporal variation in temperature trends over the UIB. As UIB consists of
Shyok and Shigar, Astore and Haunza, Gilgit, Jehlum, and Kabul sub-basin as part of UIB, which have
different elevations, regions with low altitude face the warming trend, and the areas with high altitude
show the cooling trends. Hence, we may also expect the variations among the extremes of the
temperature over the UIB with models and observed data. As the historical study periods show warming
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and cooling over the Indus basin, future temperature extreme trends play a crucial role in understanding
the IB climate. It is also clear that the multi-model mean is generally more skillful than the individual
models for extreme temperature indices.

3.2 Projected changes

3.2.1 Seasonal mean rainfall and its extreme indices
The main focus of the work is to see the aforementioned extreme precipitation indices in future climate
scenarios. For this purpose, we have obtained the precipitation changes with reference to the baseline
over IB during near (2030s), mid (2060s) of the century, and far (2090s) future of the 21st century under
the shared socioeconomic pathways of SSP-24.5 & SSP-5 8.5 scenarios for JJAS and DJF seasons. By
visual inspection, Fig. 12 provides a basic understanding of the rainfall to increase under the IB climate
change scenario. Many studies reported that the rainfall, particularly over UIB, is projected to increase
under different climate change scenarios when used the CMIP5 data sets. Studies of Rajbhandari et al.,
(2015) on the projected changes of climate over IB using the PRECIS model revealed the projected rainfall
over UIB, LIB, and border areas will increase, decrease and change very little respectively during the
different epochs of the 21st century. Dimri et al., (2018) also reported the increase/decrease in future
rainfall over UIB/LIB under different representative concentration pathways. They found a strong linkage
of water budget to the corresponding precipitation changes over the Indus Basin. The present analysis
shows that the projection of an increase in rainfall is higher during the JJAS period than in the DJF
period, with a lower/higher increase during SSP2-4.5 and SSP5-8.5 emission scenarios. The histograms
in Fig. 12 clearly shows that the CMIP6 MMM in JJAS rainfall is likely to increase from the near to far
future (around 30 to 60% under SSP2- 4.5 and 45 to 85% under SSP5-8.5), whereas in DJF, the rainfall
may increase (around 5 to 15% under SSP2-4.5 and 5 to 35% under SSP5-8.5). Almazroui et al. (2020)
revealed the increase of annual precipitation obtained from CMIP6 is about 49.1% over Bangladesh,
160.5% over India, and 159.7% over Pakistan by the end of the century. Studies revealed that the
precipitation obtained from the CMIP6 models show a continuous increase compared to that of in CMIP5
models over different parts of the world, South Asian countries, particularly Zhu et al., (2020); Almazroui
et al., (2020). Studies also show that CMIP6 has better skills in representing the rainfall than CMIP5 over
Asia's regions (Chen et al., 2021), India (Katzenberger et al., 2021). Therefore, it is evident that the increase
in precipitation is observed in both seasons under different emission scenarios (SSP2-4.5 & SSP5-8.5).
Higher monsoon precipitation with sub-stantial changes are projected by the late 21st century with
increasing GHGs under SSP2-4.5 & SSP5-8.5 scenarios. The enhanced thermodynamic conditions due to
global warming may result in the increase of seasonal precipitation.

Figure 13 & 14 shows the future changes in the precipitation extremes during the JJAS season under
SSP2-4.5 and SSP5-8.5 emission scenarios obtained from the CMIP6 models. The extreme indices show
a perceptible increase during the different future epochs with distinguished variations. Event-based
precipitation indices such as R10MM, R20MM show higher variability than the other indices. It is also
worth noting that the variation is more during the SSP2-4.5 scenario than the SSP5-8.5 scenario. The CDD



Page 12/40

increased under the SSP2-4.5 scenario compared to the SSP5-8.5 scenario. During the mid-future (2060s),
the CDD could show fewer variations than the near-future (2030s) in the SSP2-4.5 scenario, whereas it
continuously decreased during the SSP5-8.5 scenario. Studies of Siddique et al., (2020) used the
ensemble of three GCMs for CMIP5 and reported the extreme precipitation projections. They found that
an increase in very wet days and heavy precipitation days in the future over the Jhelum river basin, which
is part of the Indus river basin. Dahri et al., (2021) used the ensemble of CMIP5, and they identi�ed
different trends of rainfall in the future that is varied spatially over the Indus basin and reported the
intensi�cation of the hydrological regime over the Indus Basin. Our spatial analyses of extreme
precipitation indices show the variation over IB with higher values over UIB while the lower ones over LIB.
The extreme climate indices RD, SDII, RX1DAY, RX5DAY, R10MM and R20MM has an increased
percentage with a maximum of 89%, 39%, 71%, 89%, 95%, and 95% during SSP5-8.5scenario. The rising
temperature might lead to increased snow and ice melting, which could increase the intensity and
frequency of extreme precipitation events in the future. The extreme precipitation indices obtained during
DJF season over IB also showed the increased projections under different future emission scenarios (not
shown in Figure). The projections in precipitation indices show the overall increase of the extreme events
over the Indus basin in the future due to enhanced levels of GHGs. In summary, a robust rise in seasonal
precipitation extremes between the present climate and future climate can be derived under global
warming.

3.2.2 Seasonal mean maximum and minimum temperature
and its extreme indices
Like precipitation changes, the maximum and minimum temperatures show monotonous increase
towards the end of the 21st century over the Indus basin shown in Figs. 15 & 16. These features are seen
in all three epochs. Figures 15 & 16 infer the drastic rise in maximum temperature/minimum temperature
over UIB/LIB during the future epochs under both SSP2-4.5 & SSP5-8.5 scenarios. A rise in 60C in
maximum temperature is witnessed with an area experienced by these changes that considerably
extended during JJA in both scenarios. In general, SSP5-8.5 scenario has shown more changes compared
to SSP2-4.5 scenario. Spatial maps of minimum temperature over IB show that the entire basin is more
vulnerable to minimum temperature changes by the end of the 21st century. CMIP6 MMM simulations for
the 2030s, 2060s, and 2090s indicate all-around warming over the Indus basin associated with increasing
greenhouse gas concentrations. Studies by (Pepin and Lundquist 2008; Pepin et al., 2015; Sabin et al.,
2020) found that most of the climate models consistently show enhanced warming in the mountainous
region than found in observations, and also they identi�ed that mountain temperatures are increasing at
a faster rate than the global average.

Figures 17 & 18 show the percentage change in temperature extremes during the 2030s, 2060s, and
2090s. From the �gures, it can be understood that the percentage of temperature extremes gradually
increased from the 2030s to the 2090s. A drastic variation from 75–90% is observed in the category of
consecutive summer days; in contrast, the variation is lowest in ice days when the extremes related to
maximum temperature are considered during SSP 5-8.5 scenarios. In minimum temperature extremes,
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tropical nights have undergone highest change under the SSP5-8.5 scenario, whereas it is the lowest in
the minimum temperature days category. Similar results are noted over the UIB when the analysis is
carried out with CMIP5 data sets by (Saddique et al., 2020), where they have reported the increasing
trends of the frequency of warm days, summer days, and warm nights, etc. An analysis on the Hind Kush
region using CMIP5 models under RCP4.5 & 8.5 scenarios revealed the general increase in temperature
with the highest during 2066–2099 and the increase in temperature extremes (Wu et al., 2017). This
comprehensive study shows that the increase in precipitation and warming over Indus Basin and may
have a signi�cant impact on the hydrology of the Indus Basin in terms of �ows (Khan et al., 2020,
discharge (Wijngaard et al., 2017) and water budget (Dimri et al., 2018). The results indicate considerable
change in these extreme indices by the end of twenty-�rst century over Indus basin, which is very well
supported by the latest CMIP version models.

4. Conclusions
Climate change is one of the major threats to the water budget of the Indus Basin. In view of this, our
study aimed to focus on the spatiotemporal variations of precipitation and maximum and minimum
temperatures during the present and future climate in response to global warming by using the
statistically downscaled bias-corrected climate model projections under different socioeconomic
pathways proposed in the suite of CMIP6 models. In this study, the outputs from thirteen downscaled
models have been analyzed to examine the �delity of models in simulating the observed pattern and
extreme indices characteristics indices over the Indus basin. The CMIP6 MMM is compared with the
observed data sets such as APHRODITE (for precipitation), CPC (for maximum and minimum
temperatures) for the historical/baseline period 1995 to 2014. Further, we also presented the changes in
future precipitation and temperature extremes over the Indus Basin.

This study reports that i) a general agreement of MMM of CMIP 6 with the observed data sets with high
variations in UIB, ii) all the rainfall extremes show higher values over the UIB while CDD has shown a
higher number of days over LIB during JJAS and DJF seasons, iii) the projected precipitation shows
increasing trend during the future epochs with highest being depicted during the 2090s with change
approximately 40% to the baseline period, iv) UIB/LIB experienced a higher number of
maximum/minimum temperature extremes during JJAS/DJF seasons of 1979 to 2014, v)
maximum/minimum temperature changes in percentage are high during SSP5-8.5 scenario compared to
SSP2-4.5 scenario with maximum change (up to 6%) observed during the 2090s of the 21st century and
vi) summer days show more than 75% high from the baseline during JJAS, while the TR showed the
highest (> 60%) during DJF season in all future epochs. The results obtained from newly available CMIP6
future projections con�rm the changes in precipitation and temperature over the Indus Basin region.
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Model
Name

Coupled Model Name Country Key
references

ACCESS-
CM2

Australian Community Climate and Earth System
Simulator-Climate Model 2

Australia Dix et al.
(2019)

ACCESS-
ESM1-5

Australian Community Climate and Earth System
Simulator-Earth System Model 1.5

Australia Ziehn
et al.
(2020)

BCC-
CSM2-MR

Beijing Climate Center, Climate System Model 2
(MR)

China Wu et al.
(2019)

CanESM5 Canadian Earth System Model 5 Canada Swart
et al.
(2019)

EC-Earth3 European Centre Earth Consortium model 3 Europe EC-Earth,
2019a

EC-
Earth3-

Veg

European Centre Earth Consortium model 3 (Veg) Europe EC-Earth,
2019b

NM-CM4-
8

Institute for Numerical Mathematics Climate Model
4.8

Russia Volodin
et al.
(2018)

NM-CM5-
0

Institute for Numerical Mathematics Climate Model
5

Russia Volodin
et al.
(2018)

MPI-
ESM1-2-

HR

Max Planck Institute for Meteorology Earth System
Model 1.2 (HR)

Germany Gutjahr
et al.
(2019)

Müller
et al.
(2018)

MPI-
ESM1-2-

LR

Max Planck Institute for Meteorology Earth System
Model 1.2 (LR)

Germany Mauritsen
et al.
(2019)

MRI-
ESM2-0

Meteorological Research Institute Earth System
Model 2.0

Japan Yukimoto
et al.
(2019)

NorESM2-
LM

Norwegian Earth System Model 2 (LM) Norway Seland
et al.
(2020)
 

NorESM2-
MM

Norwegian Earth System Model 5 (MM) Norway Øyvind et
al. (2020)
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List of precipitation and temperature extreme indices used in this study
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Indices Name Definition Units

Precipitation Indices

RD Rainy Day A day with rainfall amount more than 2.5
mm

days

DII Simple daily
intensity

The ratio of seasonal total precipitation to
the number of wet days (≥ 1 mm)

mm/day

RX1DAY Maximum 1-day
precipitation

Seasonal maximum 1-day precipitation
amount

mm

RX5DAY Maximum
consecutive 5-day
precipitation

Seasonal maximum consecutive 5-day
precipitation amount

mm

R10MM Heavy precipitation
days

Number of days with precipitation greater
than 10 mm

days

R20MM Very heavy
precipitation days

Number of days with precipitation greater
than 25 mm

days

CDD Consecutive dry
days

Seasonal maximum number of consecutive
dry days (daily precipitation < 1 mm)

days

Temperature Indices

Max_Tmax Warmest day Seasonal maximum value of daily max
temperature

Deg.C

U Summer Days Seasonal count of days when daily
maximum temperature >25°C

Days

CSU Consecutive
Summer Days

Seasonal largest number of consecutive
summer days (maximum temperature
>25°C)

Days

D Ice Days Seasonal count of days when daily
maximum temperature <0°C

Days

Min_Tmin Coldest Night Seasonal minimum value of daily min
temperature

Deg.C

D Frost Days Seasonal count of days when daily
minimum temperature <0°C

Days

CFD Consecutive Frost
Days

Seasonal largest number of consecutive
frost days (minimum temperature <0°C)

Days

R Tropical Nights Seasonal count of days when daily
minimum temperature >20°C

Days

 

Table 3. CMIP6 models simulated seasonal mean precipitation is evaluated with
APHRODITE observed data for the baseline period (1995-2014).
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Models RMSE (mm/day) Mean rainfall (mm/day) S.D (mm/day)
  JJAS DJF JJAS DJF JJAS DJF
ACCESS-CM2 1.39 0.92 1.37 1.42 0.64 0.87
ACCESS-ESM1-5 1.62 0.91 1.60 1.01 0.58 0.61

BCC-CSM2-MR 0.75 0.67 2.03 1.16 0.91 0.56

CanESM5 2.01 1.40 0.54 1.88 0.47 1.04

EC-Earth3 0.77 0.49 2.00 1.04 0.83 0.59

EC-Earth3-Veg 0.77 0.48 2.09 0.89 0.90 0.62
INM-CM4-8 0.90 0.57 2.01 0.91 0.86 0.57

INM-CM5-0 1.03 0.93 1.47 1.38 0.67 0.82

MPI-ESM1-2-HR 1.10 0.58 1.52 1.11 0.55 0.90

MPI-ESM1-2-LR 1.01 0.76 1.69 1.31 0.76 0.82

MRI-ESM2-0 1.61 1.46 1.01 1.89 0.76 0.95

NorESM2-LM 1.68 1.59 0.87 2.07 0.93 1.10

NorESM2-MM 0.87 0.69 2.11 1.18 1.67 0.59

MMM 1.11 0.75 1.41 1.33 0.69 0.77

APHRODITE (OBS) -- -- 2.00 1.19 1.06 0.53

 

Figures
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Figure 1

Location map of the Indus river basin (Rajbhandari et al., 2015)



Page 24/40

Figure 2

Annual cycles of mean precipitation over the Indus basin from the CMIP6 models compared with
APHRODITE precipitation data during the baseline period (1995–2014).
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Figure 3

Spatial distribution of the summer monsoon (JJAS) rainfall (mm/day) as captured by CMIP6 individual
models and their MMM compared with the APHRODITE for the baseline period (1995–2014)
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Figure 4

Same as Fig.3 but for winter season (DJF)
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Figure 5

Spatial distribution of the precipitation extremes during summer monsoon (JJAS) season as captured by
MMM of CMIP6 compared with the APHRODITE for the baseline period (1995–2014).
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Figure 6

Same as Fig.5 but for winter season (DJF)
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Figure 7

Annual cycles of monthly maximum and minimum temperature over the Indus basin from the CMIP6
models compared with CPC temperature data during the baseline period (1995–2014).
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Figure 8

Spatial distribution of the summer season (JJA) maximum temperature (deg.C) as captured by CMIP6
individual models and their MMM compared with the CPC for the baseline period (1995–2014)
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Figure 9

Same as Fig.11 but for winter season (DJF) minimum temperature.
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Figure 10

Spatial distribution of the maximum temperature extremes during summer season (JJAS) as captured by
MMM of CMIP6 compared with the CPC for the baseline period (1995–2014).
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Figure 11

Same as Fig.13 but for winter season (DJF) minimum temperature extremes.
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Figure 12

Projected changes in mean JJAS and DJF rainfall (%) from MMM of CMIP6 during 2030s (near future),
2060s (mid future) and 2090s (far future) with reference to the baseline 1995–2014.
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Figure 13

Projected changes different precipitation extreme indices during summer monsoon (JJAS) season from
SSP2-4.5 of CMIP6 models during 2030s (near future), 2060s (mid future) and 2090s (far future) with
reference to the baseline 1995–2014.



Page 36/40

Figure 14

Same as Fig.8 but for SSP5-8.5
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Figure 15

Projected changes maximum temperature during summer season (JJA) from SSP2-4.5 and SSP5-8.5 of
CMIP6 MMM during 2030s (near future), 2060s (mid future) and 2090s (far future) with reference to the
baseline 1995–2014.
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Figure 16

Same as Fig.15 but for winter season (DJF) minimum temperature.
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Figure 17

Projected changes different maximum temperature extreme indices during summer season (JJA) from
SSP5-8.5 of CMIP6 models during 2030s (near future), 2060s (mid future) and 2090s (far future).
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Figure 18

Projected changes different minimum temperature extreme indices during winter season (DJF) from
SSP5-8.5 of CMIP6 models during 2030s (near future), 2060s (mid future) and 2090s (far future).


