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Abstract
The latest Coupled Model Intercomparison Project phase 6 (CMIP6) dataset was analyzed to examine the projected changes 
in temperature and precipitation over six South Asian countries during the twenty-first century. The CMIP6 model simula-
tions reveal biases in annual mean temperature and precipitation over South Asia in the present climate. In the historical 
period, the median of the CMIP6 model ensemble systematically underestimates the annual mean temperature for all the 
South Asian countries, while a mixed behavior is shown in the case of precipitation. In the future climate, the CMIP6 models 
display higher sensitivity to greenhouse gas emissions over South Asia compared with the CMIP5 models. The multimodel 
ensemble from 27 CMIP6 models projects a continuous increase in the annual mean temperature over South Asia during the 
twenty-first century under three future scenarios. The projected temperature shows a large increase (over 6 °C under SSP5-8.5 
scenario) over the northwestern parts of South Asia, comprising the complex Karakorum and Himalayan mountain ranges. 
Any large increase in the mean temperature over this region will most likely result in a faster rate of glacier melting. By the 
end of the twenty-first century, the annual mean temperature (uncertainty range) over South Asia is projected to increase by 
1.2 (0.7–2.1) °C, 2.1 (1.5–3.3) °C, and 4.3 (3.2–6.6) °C under the SSP1-2.6, SSP2-4.5, and SSP5-8.5 scenarios, respectively, 
relative to the present (1995–2014) climate. The warming over South Asia is also continuous on the seasonal time scale. The 
CMIP6 models projected higher warming in the winter season than in the summer over South Asia, which if verified will 
have repercussions for snow/ice accumulations as well as winter cropping patterns. The annual mean precipitation is also 
projected to increase over South Asia during the twenty-first century under all scenarios. The rate of change in the projected 
annual mean precipitation varies considerably between the South Asian countries. By the end of the twenty-first century, the 
country-averaged annual mean precipitation (uncertainty range) is projected to increase by 17.1 (2.2–49.1)% in Bangladesh, 
18.9 (−4.9 to 72)% in Bhutan, 27.3 (5.3–160.5)% in India, 19.5 (−5.9 to 95.6)% in Nepal, 26.4 (6.4–159.7)% in Pakistan, 
and 25.1 (−8.5 to 61.0)% in Sri Lanka under the SSP5-8.5 scenario. The seasonal precipitation projections also shows large 
variability. The projected winter precipitation reveals a robust increase over the western Himalayas, with a corresponding 
decrease over the eastern Himalayas. On the other hand, the summer precipitation shows a robust increase over most of the 
South Asia region, with the largest increase over the arid region of southern Pakistan and adjacent areas of India, under the 
high-emission scenario. The results presented in this study give detailed insights into CMIP6 model performance over the 
South Asia region, which could be extended further to develop adaptation strategies, and may act as a guideline document 
for climate change related policymaking in the region.
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1 Introduction

South Asia is among the most vulnerable regions in the 
world to the impact of climate change (Bandara and Cai 
2014). The total population of South Asia is more than 
1.8 billion, accounting for approximately one fourth of the 
world’s population. This region is a global hotspot for food 
insecurity (Lal 2013). Of the one billion food-insecure peo-
ple in the world, more than 30% live in South Asia (Sivaku-
mar and Stefanski 2010). It is projected that climate change 
will affect food security by the middle of the twenty-first 
century, with the largest number of food-insecure people 
located in South Asia (IPCC 2014). The economy of South 
Asian countries depends largely on agriculture, which is 
linked with monsoon rainfall and winter temperature. More 
than 80% of the water in the region comes from the sum-
mer monsoon (Goswami 2012), but large areas in the north 
and northwest also receive winter precipitation (Dimri et al. 
2015; Hunt et al. 2018). The major rivers in South Asia are 
the Ganges, the Indus, and the Brahmaputra. These river 
systems are fed mainly from glaciers in the Himalayas. The 
rapid melting of glaciers in the Himalayas and increased var-
iability in the monsoon rainfall and frequency of extremes 
make the population of South Asia more vulnerable to cli-
mate change (Krishnan et al. 2019; Sivakumar and Stefanski 
2010). It is therefore important to understand and assess the 
changes in these patterns over South Asia for better climate 
policy making in the future.

The climate of South Asia varies widely and is influenced 
by both tropical and extratropical climatic systems on time-
scales varying from interannual to decadal and centurial. There 
are four seasons in this region, namely spring (March through 
May), summer (June through September), autumn (October 
through November), and winter (December through February) 
(Islam et al. 2010). Precipitation falls mainly during three of 
these seasons, which are pre-monsoon (March through May), 
monsoon (June through September), and post-monsoon (Octo-
ber through November) (Islam and Uyeda 2007). This region 
is specifically known for its very strong seasonal reversal of 
winds during the summer season. During winter, the north-
western parts of South Asia remain under the influence of 
western disturbances that originate over the Atlantic Ocean 
and the Mediterranean Sea and pass over South Asia (Dimri 
et al. 2015; Madhura et al. 2014; Kumar et al. 2015). During 
summer, the monsoon associated with southwesterly winds 
dominates the region (Goswami 2012). The South Asian sum-
mer monsoon is one of the most complex meteorological sys-
tems on Earth, and its realistic representation in climate model 
simulations continues to present a challenge for the climate 
modeling community. On different timescales, the South Asian 
summer monsoon is also influenced by local conditions and by 
global phenomena such as the El Niño Southern Oscillation 

(ENSO), the North Atlantic Oscillation (NAO), the Circum-
global Wave Train (CGT), Indian Ocean Dipole (IOD), the 
Madden–Julian Oscillation (MJO), and the Arctic Oscillation 
(AO) (Krishnamurthy and Krishnamurthy 2014; Wu et al. 
2012; Mujumdar et al. 2012; Saeed et al. 2011a, b; Boos and 
Kuang 2010; Saeed et al. 2009; Lu et al. 2006; Goswami et al. 
2006; Bhatla et al. 2017; Ashok et al. 2001). Since a large pro-
portion of annual rainwater in the region comes from the sum-
mer monsoon (Goswami 2012), most studies have focused on 
the summer monsoon rainfall and its variability in the present 
and future climates (Singh et al. 2019; Kitoh 2017; Krishnan 
et al. 2013; Turner and Annamalai 2012; Annamalai et al. 
2007; Kripalani et al. 2003, 2007; Li and Yanai 1996). Future 
projections reveal enhanced summer monsoon precipitation 
and rainfall extremes over South Asia (IPCC 2014). Woo et al. 
(2019), using a high-resolution (40 km) atmospheric general 
circulation model, projected an increase in summer precipita-
tion over the Indian subcontinent of 7–10% under the RCP4.5 
scenario and 14–18% under RCP8.5 for the mid to the end 
of the twenty-first century. By analyzing datasets from 23 
CMIP5 models, Srivastava and Delsole (2014) found a robust 
response of the South Asian summer monsoon precipitation 
to increasing greenhouse gas concentration during the twenty-
first century. Jayasankar et al. (2015) further analyzed data 
from 42 CMIP5 models. They found a clear increase in future 
temperature over India, but diverse changes in the Indian sum-
mer monsoon rainfall, with a substantial intermodel spread in 
the future projections. On the other hand, the future projections 
show an increase (more than 3 °C) in annual mean temperature 
over South Asia by the end of the twenty-first century under a 
high-emission scenario (IPCC 2014).

Most of the studies mentioned above focused on the sum-
mer climate over South Asia, but to our knowledge, no study 
has described the projected changes in annual and seasonal 
mean temperature and precipitation over South Asia as a 
whole and at the country scale in the region. The present 
study will fill this gap by analyzing the latest Couple Model 
Intercomparison Project phase 6 (CMIP6; see Eyring et al. 
2015) model simulation dataset over South Asia. The CMIP6 
models differ from those of CMIP5 due to a new generation 
of climate models and a new start year (2015 for CMIP6 vs. 
2006 for CMIP5) for the future scenarios, as well as a new 
set of specifications for concentration, emission, and land-
use scenarios (Gidden et al. 2019). It is still not clear how 
well the new CMIP6 models simulate the climate response 
to anthropogenic forcing over South Asia. Moreover, there 
is no study, to our knowledge, that has analyzed the CMIP6 
datasets to examine precipitation and temperature changes 
for South Asia in the twenty-first century. The main aim of 
this study is to examine the future temperature and precipi-
tation projections over South Asia using the latest CMIP6 
dataset. The paper further describes the projected changes 
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in mean temperature and precipitation at national, annual, 
and seasonal scales, in South Asia.

2  Data and Methodology

The 27 CMIP6 models analyzed in this study are listed in 
Table 1. The CMIP6 dataset is obtained from the CMIP6 
database website (https ://esgf-node.llnl.gov/searc h/cmip6 
). The CMIP6 dataset is available at different horizontal 
resolutions as listed in Table 1. Before starting the analy-
sis, all CMIP6 data are regridded from their original spatial 
resolutions to a common grid with 1° × 1° resolution. The 
temperature data are regridded using a bilinear interpola-
tion technique. The bilinear interpolation technique is widely 
used for regridding climate data (e g. Almazroui et al. 2017a, 
b; Sharmila et al. 2015; Turner and Annamalai 2012). For 
discontinuous variables such as precipitation, a conserva-
tive regridding method is more desirable (Jones 1999; Saeed 
et al. 2017). Therefore, in this study, we used a first-order 

conservative method for regridding precipitation data. We 
also used the observational Climatic Research Unit (CRU) 
data (Harris et al. 2014) to examine the temperature and 
precipitation climatology over South Asia. The CRU data 
has been widely used by the scientific community to access 
the performance of global models over different region of 
the world (e.g. Almazroui et al. 2017a, b; Kamworapan and 
Surussavadee 2019).

We first examined the performance of CMIP6 models 
over South Asia in the present climate (1995–2014) against 
the CRU observations. For this purpose, we computed the 
temperature and precipitation biases for each country as well 
as for the whole of South Asia and examined the spread in 
bias for the 27 CMIP6 models. Along with the base period 
1995–2014, the future temperature and precipitation data 
were analyzed over three distinct time periods: the near-
future period 2030–2049, mid-future period 2060–2079, and 
the far-future period 2080–2099. Temperature and precipita-
tion were also analyzed for summer (JJAS) and winter (DJF) 
seasons. The ensemble from 27 available CMIP6 models 

Table 1  List of CMIP6 models used in this study along with horizontal resolution and country of origin

No. CMIP6 Model Name Country Horizontal resolution (lon. by 
lat. in degrees)

Variant label Key references

1. ACCESS-CM2 Australia 1.9° × 1.3° r1i1p1f1 Bi et al. (2012)
2. ACCESS-ESM1-5 Australia 1.9° × 1.2° r1i1p1f1 Law et al. (2017)
3. BCC-CSM2-MR China 1.1° × 1.1° r1i1p1f1 Wu et al. (2019)
4. CAMS-CSM1-0 China 1.1° × 1.1° r1i1p1f1 Rong et al. (2019)
5. CanESM5 Canada 2.8° × 2.8° r1i1p1f1 Swart et al. (2019)
6. CESM2 USA 1.3° × 0.9° r1i1p1f1 Lauritzen et al. (2018)
7. CESM2-WACCM USA 1.3° × 0.9° r1i1p1f1 Liu et al. (2019)
8. CNRM-CM6-1 France 1.4° × 1.4° r1i1p1f2 Voldoire et al. (2019)
9. CNRM-CM6-1-HR France 0.5° × 0.5° r1i1p1f2 Voldoire et al. (2019)
10. CNRM-ESM2-1 France 1.4° × 1.4° r1i1p1f2 Séférian et al. (2019)
11. EC-Earth3 Europe 0.7° × 0.7° r1i1p1f1 Massonnet et al. (2020)
12. EC-Earth3-Veg Europe 0.7° × 0.7° r1i1p1f1 Not available
13. FGOALS-f3-L China 1.3° × 1° r1i1p1f1 He et al. (2019)
14. FGOALS-g3 China 2° × 2.3° r1i1p1f1 Not available
15. FIO-ESM-2-0 China 1.3° × 0.9° r1i1p1f1 Song et al. (2019)
16. GFDL-ESM4 USA 1.3° × 1° r1i1p1f1 Held et al. (2019)
17. INM-CM4-8 Russia 2° × 1.5° r1i1p1f1 Volodin et al. (2018)
18. INM-CM5-0 Russia 2° × 1.5° r1i1p1f1 Volodin et al. (2018)
19. IPSL-CM6A-LR France 2.5° × 1.3° r1i1p1f1 Not available
20. MIROC6 Japan 1.4° × 1.4° r1i1p1f1 Tatebe et al. (2019)
21. MIROC-ES2L Japan 2.8° × 2.8° r1i1p1f2 Hajima et al. (2019)
22. MPI-ESM1-2-HR Germany 0.9° × 0.9° r1i1p1f1 Gutjahr et al. (2019)
23. MPI-ESM1-2-LR Germany 1.9° × 1.9° r1i1p1f1 Mauritsen et al. (2019)
24. MRI-ESM2-0 Japan 1.1° × 1.1° r1i1p1f1 Yukimoto et al. (2019)
25. NESM3 China 1.9° × 1.9° r1i1p1f1 Cao et al. (2018)
26. NorESM2-LM Norway 2.5° × 1.9° r1i1p1f1 Seland et al. (2020, in review)
27. UKESM1-0-LL UK 1.9° × 1.3° r1i1p1f2 Sellar et al. (2019)

https://esgf-node.llnl.gov/search/cmip6
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for the present and future climates, along with the range 
of signals, was collected for temperature and precipitation 
analyses under the three new future pathways of societal 
development, known as Shared Socioeconomic Pathways 
(SSPs), which are the low-forcing scenario SSP1-2.6, the 
medium-forcing scenario SSP2-4.5, and the high-forcing 
scenario SSP5-8.5. The SSPs are based on five narratives 
that describe different levels of socioeconomic develop-
ment (Riahi et al. 2017): sustainable development (SSP1), 
middle-of-the-road development (SSP2), regional rivalry 
(SSP3), inequality (SSP4), and fossil fuel-driven develop-
ment (SSP5). Detailed descriptions of the SSPs are available 
in O’Neill et al. (2016). The SSP1-2.6, SSP2-4.5, and SSP5-
8.5 scenarios used in this study are considered to be repre-
sentative of low-, medium-, and high-emission scenarios, 
respectively.

For the future evaluation of temperature and precipita-
tion under the SSPs in the form of spatial plots, two criteria 
based on the robustness and significance of change were 
employed. The robustness of the projected signal was based 
on the agreement between the different model projections 
on the direction of changes (Solomon et al. 2007). Accord-
ing to Haensler et al. (2013), the change in the projected 
signal, whether an increase or decrease, is considered to 
be robust if at least 66% of the models agree on the direc-
tion of change. Meanwhile, the significance of the change 
signal is measured by employing a two-tailed Student t test 
based on equal and unequal variance between the future 
and historical data for each grid box. Equal and unequal 
variance is determined for each grid box using an F test. 
To assess the uncertainty associated with the temperature 
and precipitation projections over South Asia, the 66% likely 
range (17th to 83rd percentile) and full rage (results from all 
models), along with median values, are used. Furthermore, 
analyses were performed over entire South Asia as well as 
over the six constituent countries within South Asia. Finally, 
we examined the difference between CMIP6 and CMIP5 
projections (Table S1) to assess the climate response to the 
anthropogenic forcing in both sets of CMIP model simula-
tions over South Asia.

3  Results and Discussion

3.1  Mean Temperature and Precipitation 
Climatology over South Asia

The observed temperature and precipitation climatologies 
are shown in Fig. 1a, b. The annual mean temperature dur-
ing the period 1995–2014 ranges from −6 to 30 °C over 
South Asia (Fig. 1a). The lowest values of the annual mean 
temperature are recorded in the Himalayan region extend-
ing from Bhutan to northern Pakistan. The highest annual 

mean temperature values occurred in southern Pakistan 
and the adjacent Gujarat and Rajasthan states of Indian, the 
southern Indian states of Tamil Nadu, Andhra Pradesh, and 
Telangana, and the southeastern coast, including the Bay of 
Bengal and Sri Lanka. The South Asia region also experi-
ences the highest mean temperature during the summer sea-
son (not shown). The annual mean precipitation varies from 
100 to 4000 mm year−1 over South Asia (Fig. 1b). The low-
est annual mean precipitation occurs over the arid region of 
southern Pakistan and adjacent areas of India. High annual 
mean precipitation occurs over the Western Ghats of India, 
central and eastern parts of India, Bangladesh, Sri Lanka, 
and the foothills of the Himalayas extending from Bhutan to 
Nepal, northwestern India and Pakistan.

Figure 1c, d shows the performance of the CMIP6 models 
in the simulation of annual mean temperature and precipita-
tion over South Asia in the present climate with reference to 
the observations. The length of each bar in Fig. 1c, d displays 
the spread in the temperature and precipitation biases simu-
lated by the CMIP6 models over six South Asian countries 
separately as well as over the whole South Asia region against 
CRU observations. Many CMIP6 models underestimate the 
annual mean temperature over South Asian countries and the 
whole South Asia region (Fig. 1c). However, some models 
overestimate the annual mean temperature. The median val-
ues also show a general cold bias in annual mean tempera-
ture. On the other hand, the annual mean precipitation bias 
shows large variability over South Asian countries (Fig. 1d). 
Many of the models simulated wet bias over Bhutan, Nepal, 
and Pakistan but negative bias over Bangladesh, India, and 
Sri Lanka. The spread in annual mean precipitation bias is 
also large over Bhutan, Nepal, and Pakistan. The large spread 
in temperature and precipitation biases over Nepal, Pakistan, 
and Bhutan might be associated with the complex topography 
and lack of observations over this region. Previous studies 
based on CMIP5 models indicate that the performance of 
global climate models varies greatly and also depends on 
the variable under consideration (Kamworapan and Surus-
savadee 2019; Pathak et al. 2019). In the present analysis, the 
66% likely range of simulated temperature and precipitation 
biases spans the zero-line for almost all the cases, indicating 
satisfactory performance of the whole ensemble (Fig. 1c, d).

3.2  Projected Changes in Annual Mean 
Temperature

The spatial distribution of the projected changes in annual 
mean temperature over South Asia under three different SSPs 
is shown in Fig. 2. The spatial pattern of projected tempera-
ture shows a larger increase in the northern parts of South 
Asia under all future scenarios. For the near-future period, 
the annual mean temperature averaged over South Asia is 
projected to increase by 0.9 °C, 0.9 °C, and 1.2 °C under 
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SSP1-2.6, SSP2-4.5, and SSP5-8.5, respectively. The pro-
jected temperature changes are largest over the northwestern 
part of the South Asian domain, covering the northwestern 
parts of India and Pakistan. The rest of the South Asia region 
shows a consistent change in the near-future period under all 
the three scenarios. The projected annual mean temperature 
over the region increases as the time progresses. For the 
mid-future period, the annual mean temperature is projected 
to increase by 1.2 °C, 1.8 °C, and 2.9 °C under SSP1-2.6, 
SSP2-4.5, and SSP5-8.5, respectively. In the case of the 
far-future period, the annual mean temperature over South 
Asia is projected to increase by 1.2 °C, 2.1 °C, and 4.3 °C 
under SSP1-2.6, SSP2-4.5, and SSP5-8.5, respectively. The 
distribution of the projected changes in the annual mean 
temperature over South Asia shows large spatial variability. 

The southern coasts of India and Sri Lanka show a small 
increase, while the northwestern parts of South Asia cov-
ering Pakistan show a large increase in the annual mean 
temperature under all future scenarios considered here. As 
expected, the large increase in the projected annual mean 
temperature over South Asia occurs under the high-emission 
scenario SSP5-8.5. In this case, the largest increase (6 °C or 
more) in the future annual mean temperature is projected 
to occur over Pakistan and adjacent northwestern parts of 
India and Nepal. This is in agreement with previous findings 
based on CMIP5 models (Rehman et al. 2018). This region 
comprises some of the great mountain ranges of the world, 
i.e., the Hindukush, the Karakoram and western parts of the 
Himalayas. This region is vulnerable to climate change, and 
a large increase in temperature will further accelerate the 

Fig. 1  Observed a annual mean temperature [°C] and b precipitation 
[mm year−1] climatology over South Asia. The temperature and pre-
cipitation climatology are computed using the CRU dataset for the 
period 1995–2014. The biases in c temperature [°C] and d precipita-
tion [%] simulated by CMIP6 models over South Asian countries and 
the whole of South Asia. The bias in the median values is shown by 

the black line in each bar. The lower (upper) part of each bar shows 
the minimum (maximum) bias simulated by the participating CMIP6 
models, while the 66% likely range bias values are shown by dark 
gray in each bar. The biases are computed for the present climate 
(1995–2014) with reference to the CRU observational dataset
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melting of glaciers in this region (Chaturvedi et al. 2014). 
Previous studies mentioned that even if global warming is 
kept below 1.5 °C, warming in the Hindukush Himalayan 
region will likely be at least 0.3 °C higher, and in the north-
west, Himalaya and Karakoram will likely be at least 0.7 °C 

warmer than the global mean (Krishnan et al. 2019). The 
projected temperature shows a continuous increase over 
South Asia under three different future scenarios (Fig. 3).

We also examined the changes in the projected tempera-
ture for each country in South Asia (Fig. 3). All countries in 

Fig. 2  Spatial distribution of future changes in annual mean tem-
perature over South Asia under three scenarios (SSP1-2.6, SSP2-4.5, 
SSP5-8.5) for the three future time slices (2030–2049, 2060–2079, 
and 2080–2099) as compared with the reference period (1995–2014). 
The backslash and forward slash represent the grid boxes showing 

significant and robust change, respectively, while hatching represents 
the grid boxes having both significant and robust change. Significance 
is defined based on a two-tailed Student t  test, while robustness is 
defined when 66% of all models project a climate change signal in the 
same direction
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South Asia display a continuous increase over time in the 
annual mean temperature under the three SSP scenarios, at 
least during the near-future period, as temperatures eventu-
ally stabilize under the SSP1-2.6 scenario. The projected 
changes in the annual mean temperature for three future time 
slices as compared with the reference period are summarized 
in Table 2. In the case of the far-future period, the annual 
mean temperature over Bangladesh is projected to increase 
by 1.1–4.0 °C. The climate change projections based on a 
multimodel ensemble from global climate models are miss-
ing over Bangladesh. A few previous studies used regional 
climate models to describe the temperature and precipita-
tion changes over Bangladesh. Caesar et al. (2015) used a 
17-member perturbed physics ensemble of projections from 
a global climate model to drive their regional climate model 
over South Asia from 1971 to 2099. They found an increase 
in annual mean temperature from 2.6 to 4.8 °C by 2100, 
relative to the reference period. Alamgir et al. (2019) used 
eight CMIP5 GCMs to statistically downscale over Bangla-
desh and reported an increase in temperature by 2.7–4.7 °C 
under RCP8.5 at the end of this century. Using 40 CMIP5 
GCMs, Rahman and Rob (2019) found a temperature rise of 

2.56 °C in the capital city, Dhaka, by the end of the twenty-
first century.

The annual mean temperature over Bhutan is projected 
to increase by 1.3–4.5 °C by the end of the twenty-first cen-
tury (Table 2). A recent report on climate projections for 
Bhutan indicated an increase in the projected temperature 
by 0.8–3.2 °C by the end of the twenty-first century. The 
projected values in our case are larger than those shown in 
that report for Bhutan. This might be because the above 
report is based on the analysis of a five-model CMIP5 
dataset (NCHM 2019), while in our case the multimodel 
ensemble is based on a larger number of CMIP6 models.

By the end of the twenty-first century, the annual mean 
temperature over India is projected to increase by 1.0–4.2 °C 
under the three SSP scenarios (Table 2). Chaturvedi et al. 
(2012), using a multimodel ensemble from 18 CMIP5 data-
sets, projected mean warming over India under the RCP8.5 
scenario to be in the range of 3.3–4.8 °C by the 2080s, rela-
tive to the preindustrial period. The annual mean tempera-
ture over Nepal is projected to increase by 1.3–4.5 °C in the 
far-future period under the three SSP scenarios (Table 2). 
Previous studies also indicated an increase in annual mean 

Fig. 3  The evolution of future changes in temperature for the six 
South Asian countries as well as for entire South Asia during the 
twenty-first century. The green, purple, and pink curves represent 
the result for median values for SSP1-2.6, SSP2-4.5, and SSP5-8.5, 
respectively, and the shaded areas around each curve represent the 

likely range (66% of the projected changes). The curves are obtained 
by taking the difference of each future year with respect to the aver-
age from the historical period (1995–2014), and then taking the 
7-year running average afterward
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temperature by 1.7–3.6 °C over Nepal by the end of the 
twenty-first century (MoFE 2019).

By the end of the twenty-first century, the annual mean 
temperature over Pakistan under the three SSP scenarios is 
projected to increase by 1.4–4.9 °C (Table 2). The projected 
warming over Pakistan, based on both CMIP5 and CMIP6 
datasets, is greater than that over any other area in South 
Asia (Rehman et al. 2018). The annual mean temperature 
over Sri Lanka is projected to increase by 0.8–3.2 °C. The 
rate of increase in annual mean temperature in the CMIP6 
projections is smaller over Sri Lanka than over the other 
South Asian countries. This is in agreement with previous 
studies for this region (Pattnayak et al. 2017).

3.3  Projected Changes in Annual Mean 
Precipitation

The spatial distribution of projected changes in annual mean 
precipitation for three future time slices under three SSP 
emission scenarios is shown in Fig. 4. Most of South Asia 
shows increased annual mean precipitation in the future cli-
mates relative to the reference period. For the near-future 
period, the projected annual mean precipitation over South 
Asia shows an increase of 10–20% under the three SSP sce-
narios as compared with the present climate (Fig. 4). The 
projected annual mean precipitation also shows a reduction 
over southwestern Pakistan and eastern parts of India under 
SSP2-4.5 (Fig. 4 left panel). For the mid-future period, the 
projected annual mean precipitation shows an increase of 
10–30% over South Asia (Fig. 4, middle panels). On the other 
hand, during the far-future period, the annual mean precipi-
tation is projected to increase by 10–20% under SSP1-2.6, 
10–30% under SSP2-4.5, and 10% to > 50% under SSP5-8.5, 
relative to the present climate (Fig. 4, right panels). Under the 
high-emission SSP5-8.5 scenario, most of South Asia exhib-
its a significant and robust increase in annual mean precipi-
tation relative to the present climate. The future projections 
also indicate a reduction in the annual mean precipitation 
over southwest Pakistan, but these changes are neither sig-
nificant nor robust (Fig. 4). Interestingly, in all future sce-
narios, the projected precipitation increases primarily over 
the western parts of South Asia. The maximum increase in 
precipitation is projected over southern Pakistan and adjacent 
areas of India. This part of South Asia receives very low 
annual mean precipitation (Fig. 1), so a small increase in 
the absolute precipitation amount can correspond to a large 
percentage change over this region.

The projected changes in area-averaged precipitation over 
time for South Asia and six individual countries are shown 
in Fig. 5. The projected precipitation shows an increasing 
trend in all South Asian countries during the twenty-first 
century, although the curves flatten for the lower-emission 
scenarios SSP1-2.6 and SSP2-4.5 as the climate stabilizes Ta
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later in the century. The increasing trend in annual mean 
precipitation is very clear for the high-emission scenario 
SPS5-8.5 through the twenty-first century.

The regional and country-averaged precipitation for 
three future time slices under the three SSPs scenarios 
are summarized in Table 2. By the end of the twenty-first 
century, the area-averaged annual mean precipitation 
over South Asia is projected to increase by 8.7%, 11.6%, 
and 25.1%, under SSP1-2.6, SSP2-4.5, and SSP5-8.5, 

respectively (Table 2). The projected annual mean pre-
cipitation shows a slight variation for the individual coun-
tries. The largest increase in annual mean precipitation is 
projected under SSP5-8.5. In the future, under the three 
SSP scenarios, the annual mean precipitation is projected 
to increase by 4.4–17.1% over Bangladesh (Table 2). Over 
Bhutan, the annual precipitation is projected to increase 
by 1.6–18.9%. For India, the annual precipitation is pro-
jected to increase by 9.3–27.3%. The annual precipitation 

Fig. 4  Same as Fig. 2, except showing the annual mean precipitation change, expressed as a percentage
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over Nepal is projected to increase by 3.6–19.5%. For 
Pakistan, the annual precipitation is projected to increase 
by 9.3–26.4%, under SSP1-2.6, SSP2-4.5, and SSP5-8.5, 
respectively. For Sri Lanka, the annual precipitation is pro-
jected to increase by 6.6–21.2%. With slight variations in 
the projected magnitudes, the present results are generally 
in agreement with previous studies (e.g. Caesar et al. 2015; 
NCHM 2019; Chaturvedi et al. 2012; MoFE 2019).

3.4  Projected Changes in Seasonal Temperature 
and Precipitation

3.4.1  Projected Changes in Seasonal Temperature

The projected changes in the seasonal mean temperature dur-
ing winter and summer seasons show very similar spatial 
distributions over South Asia (Figs. 6, 7) as seen in the case 
of annual mean temperature (Fig. 2). The projected winter 
and summer temperatures increase over South Asia under all 
scenarios (Table 3). The projected warming over the northern 
part of South Asia is higher than over the southern part. The 
projected changes in the seasonal mean temperature aver-
aged over South Asian countries for three future time slices 
under three SSPs are given in Table 4. By the end of the 

twenty-first century, the winter temperature over South Asia 
is projected to increase by 1.3 °C, 2.4 °C, and 4.8 °C, under 
SSP1-2.6, SSP2-4.5, and SSP5-8.5, respectively. Meanwhile, 
the summer temperature is projected to increase by 1.0 °C, 
2.8 °C), and 3.8 °C under SSP1-2.6, SSP2-4.5, and SSP5-8.5, 
respectively. Similar to the annual mean changes the seasonal 
temperature also shows more increase towards the end of the 
twenty-first century, at least for the SSP2 and SSP3 scenarios. 
The projected seasonal temperature over different countries 
in South Asia shows continuous warming, while the largest 
increase in the projected temperature is noticed over Pakistan 
during both seasons under all scenarios (Table 4). The above 
results indicate enhanced warming in winter as compared 
with the summer over South Asia.   

3.4.2  Projected Changes in Seasonal Precipitation

The South Asia region is strongly influenced by the sea-
sonal transition of winds. During summer, the southwesterly 
winds associated with the monsoon dominates the region. 
A large proportion of the population residing in South Asia 
depends on summer monsoon precipitation. The variation 
in this precipitation, and the associated floods and droughts, 
directly affects the lives and socioeconomic conditions of the 

Fig. 5  Same as Fig.  3, except showing future changes in precipita-
tion for the six countries as well as over the whole of South Asia. The 
green, purple, and pink curves represent the results for median values 
for SSP1-2.6, SSP2-4.5, and SSP5-8.5, respectively, and the shaded 

areas around each curve represent the likely range (66% of the pro-
jected changes). The curves are obtained by taking the difference of 
each future year with respect to the average from the historical period 
(1995–2014), and then taking the 7-year running average afterward
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people there. It is therefore important to understand how the 
summer monsoon mean precipitation may vary over South 
Asia under different future scenarios. Figure 8 shows the 
spatial distribution of the projected changes in the summer 
season (June–September) precipitation over South Asia for 
the near-, mid-, and far-future periods. The projections show 
increased summer monsoon precipitation over large parts 
of South Asia under all three SSPs. The projected changes 

in the spatial pattern of monsoon precipitation (Fig.  8) 
resemble the projected changes for annual mean precipita-
tion (Fig. 4). This is because by far the largest contribu-
tion to the annual precipitation over South Asia is from the 
summer monsoon. The northern part of Pakistan shows a 
reduction in summer monsoon rainfall, while the southern 
part shows enhanced monsoon rainfall. For the near-future 
period, eastern India and adjacent areas of Bangladesh show 

Fig. 6  Same as Fig. 2, except showing projected changes in mean temperature for the summer season
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inconsistent changes in the mean summer monsoon precipi-
tation under the SSP2-4.5 and SSP5-8.5 scenarios. Moreo-
ver, small areas in the foothills of the eastern Himalayas 
also show inconsistent changes in monsoon precipitation in 
the far-future period. Overall, the projected summer mon-
soon rainfall shows an increase in the future over most of 
South Asia. Table 4 summarizes the projected changes in 
summer and winter season precipitation over South Asia 

and its constituent countries. The domain-averaged sum-
mer monsoon precipitation over South Asia is projected to 
increase from 12.2 to 36.1% in the future, under three the 
SSPs, respectively (Table 4). The largest increase in the pro-
jected mean monsoon rainfall further is noticed towards the 
end of the twenty-first century.

By the end of the twenty-first century, the mean sum-
mer precipitation over South Asia is likely to increase by 

Fig. 7  Same as Fig. 2, except showing projected changes in mean temperature for the winter season
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12.8%, 15.2%, and 36.1% under the SSP1-2.6, SSP2-4.5, 
and SSP5-8.5 scenarios, respectively. Previous studies (Jena 
et al. 2016; Kitoh 2017; Ogata et al. 2014; Seth et al. 2013; 
Sharmila et al. 2015) using CMIP5 model datasets also 
detected an increase in the South Asia summer monsoon 
mean rainfall in any likely future climate. This increase in 
summer monsoon mean rainfall is primarily governed by 
enhanced thermodynamic conditions due to atmospheric 
warming (Sharmila et al. 2015). By the end of the twenty-
first century, the multimodel ensemble projected an increase 
in the summer monsoon mean precipitation by 16.5%, 
20.9%, 27.9%, 27.8%, 53.7%, and 32.0% over Bangladesh, 
Bhutan, India, Nepal, Pakistan, and Sri Lanka, respectively, 
under the high-emission scenario SSP5-8.5. On the other 
hand, the projected winter precipitation over South Asia 
shows a reduction over most of Pakistan (below 35° N), 
Nepal, Bhutan, Bangladesh, and adjacent southeastern parts 
of India in the near future under the three SSP scenarios 
(Fig. 9). The projected precipitation spatial pattern in the 
summer season strongly resembles the annual mean precipi-
tation pattern, indicating that the largest contribution to the 
annual mean precipitation comes from the summer season 
monsoon (Figs. 4, 8).

For the near-future period, the projected winter pre-
cipitation also reveals significant and robust increases over 
northern Pakistan (above 35° N) and adjacent areas of India 
under the three future scenarios. The projected winter pre-
cipitation also shows insignificant increases over central and 
southern India and Sri Lanka. Winter precipitation is pro-
jected to increase over a large part of South Asia in the mid-
future period. In the far-future period (Fig. 9, right panel), 
the projected winter precipitation shows a reduction over 
southwestern Pakistan, Nepal, Bhutan, and adjacent areas, 
while significant and robust increases in winter precipitation 
are projected over northern Pakistan (above 35° N) and the 
northwestern and southern parts of India. It is interesting 
to note that the multimodel ensemble projected robust and 
significant increases (reductions) in winter precipitation over 
the western (eastern) Himalayas under all three scenarios for 
both near- and far-future periods (Fig. 9).

3.5  Assessment of Uncertainties in Temperature 
and Precipitation Signal

The future climate projections are not free from uncer-
tainties. Various sources contribute to these uncertainties, 
including (1) internal variability of the climate system, (2) 
inter-model variability, and (3) variability between differ-
ent emission scenarios. We examined the likelihood of the 
projected temperature and precipitation associated with 
inter-model variability over South Asia. As mentioned ear-
lier, the likely range is defined as spanning the 17th to 83rd 
percentile around the median. Here we refer to this likely 
range as the “uncertainty range”, while values outside this 
uncertainty range are considered less likely and therefore 
not discussed here. The projected changes in the annual 
mean temperature spatially averaged over South Asia as 
well as over six countries within South Asia are shown in 
Fig. 10. For the near (mid) future period, the uncertainty in 
projected annual mean temperature over South Asia ranges 
from 0.7 to 1.3 (0.9–1.8) °C, 0.7 to 1.2 (1.5–2.3) °C, and 0.8 
to 1.5 (2.4–3.8) °C under SSP1-2.6, SSP2-4.5, and SSP5-
8.5, respectively. The projected uncertainty range increases 
as time progresses. By the end of the twenty-first century, 
the projected uncertainty in annual mean temperature over 
South Asia is 0.8–1.8 °C, 1.6–2.9 °C, and 3.4–5.5 °C under 
SSP1-2.6, SSP2-4.5, and SSP5-8.5, respectively.

The uncertainty in the projected temperature for each 
country in South Asia also varies widely. Table 5 summa-
rizes the uncertainty associated with temperature and pre-
cipitation projections for near-, mid-, and far-future periods. 
The uncertainty associated with temperature and precipita-
tion increases towards the end of the twenty-first century. By 
the end of the twenty-first century, the uncertainty associated 
with annual mean temperature over Bangladesh ranges from 
0.8 to 1.6 °C, 1.6 to 2.7 °C, and 3.1 to 5.1 °C for SSP1-
2.6, SSP2-4.5, and SSP5-8.5, respectively. The uncertainty 
in projected annual mean temperature over Bhutan is pro-
jected to be from 0.8 to 1.8 °C, 1.8 to 3.1 °C, and 3.6 to 
6.0 °C for SSP1-2.6, SSP2-4.5, and SSP5-8.5, respectively. 
For India, the uncertainty range is from 0.8 to 1.8 °C, 1.6 
to 2.8 °C, and 3.2 to 5.4 °C for SSP1-2.6, SSP2-4.5, and 

Table 3  Trends in temperature 
(°C  decade−1) and precipitation 
(%  decade−1) in six South Asian 
countries and for entire South 
Asia under three SSP scenarios 
for the period 2030–2099

All trends are significant at 99% confidence level. The only insignificant trend in precipitation over Paki-
stan under SSP1-2.6 is shown by the asterisk (*)

Scenario BAN BHU IND NEP PAK SRI South Asia

Temperature SSP1-2.6 0.07 0.06 0.06 0.08 0.08 0.05 0.07
SSP2-4.5 0.23 0.26 0.25 0.28 0.29 0.19 0.26
SSP5-8.5 0.59 0.63 0.59 0.64 0.70 0.45 0.61

Precipitation SSP1-2.6 0.62 0.67 0.55 0.63 −0.23* 0. 09 0.41
SSP2-4.5 0.88 1.12 1.06 0.76 0.28 1.01 0.91
SSP5-8.5 2.79 3.48 3.44 3.08 2.39 2.95 3.24
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SSP5-8.5, respectively. For Nepal, uncertainty in projected 
annual temperature varies from 0.9 to 1.9 °C, 1.9 to 3.2 °C, 
and 3.7 to 6.2 °C under SSP1-2.6, SSP2-4.5, and SSP5-8.5, 
respectively. For Pakistan, the uncertainty is projected to 
be from 0.9 to 2.1 °C, 2.0 to 3.2 °C, and 4.0 to 6.3 °C for 
SSP1-2.6, SSP2-4.5, and SSP5-8.5, respectively, while for 
Sri Lanka the uncertainty range is 0.5–1.3 °C, 1.2–2.2 °C, 
and 2.4–4.2  °C for SSP1-2.6, SSP2-4.5, and SSP5-8.5, 
respectively.

The future projections indicate more warming in the win-
ter season than in the summer over South Asia under all 
future scenarios (Table 4). The uncertainty associated with 
the winter temperature increases with time. This is especially 
evident for the high-emission SSP5-8.5 scenario. The uncer-
tainty associated with projected temperature over different 
South Asian countries is listed in Table 5. By the end of the 
twenty-first century, the uncertainty associated with winter 
temperature over South Asia is projected to be 1.0–2.0 °C, 
1.8–3.2 °C, and 3.8–6.0 °C under SSP1-2.6, SSP2-4.5, and 
SSP5-8.5, respectively. Meanwhile, the uncertainty associ-
ated with summer temperature is projected to be 0.6–1.7 °C, 
1.3–3.0 °C, and 2.8–5.2 °C under SSP1-2.6, SSP2-4.5, and 
SSP5-8.5, respectively.

As discussed earlier, precipitation displays large spatial 
variability as compared with temperature on both annual 
and seasonal time scales. The uncertainty in the projected 
precipitation varies widely over South Asia. By the end of 
the twenty-first century, the uncertainty associated with 
annual mean precipitation over South Asia is projected to 
be 0.0–20.5%, 0.4–24.8%, and 14.5–43.7% under SSP1-2.6, 
SSP2-4.5, and SSP5-8.5, respectively (Table 5).

By the end of the twenty-first century, the uncertainty 
associated with annual mean precipitation over Bangladesh 
is −0.7 to 11.6%, −1.7 to 14.7%, and 9.3 to 36.3% under 
SSP1-2.6, SSP2-4.5, and SSP5-8.5, respectively (Fig. 11). 
Over Bhutan, the uncertainty in annual precipitation is pro-
jected to be −1.8 to 10.2%, −2.3 to 12.7%, and 5.3 to 33.4% 
under SSP1-2.6, SSP2-4.5, and SSP5-8.5, respectively. For 
India, the uncertainty range is projected to be 0.6 to 18.9%, 
1.7 to 27.0%, and 14.6 to 44.6% under SSP1-2.6, SSP2-4.5, 
and SSP5-8.5, respectively. The uncertainty in annual pre-
cipitation over Nepal is projected to be −0.2 to 9.5%, −1.2 
to 14.5%, and 8.8 to 30.8% under SSP1-2.6, SSP2-4.5, and 
SSP5-8.5, respectively. The projected uncertainty in annual 
precipitation over Pakistan is −7.3 to 28.2%, −3.8 to 39.4%, 
and 12.9 to 80.0% under SSP1-2.6, SSP2-4.5, and SSP5-
8.5, respectively. For Sri Lanka, the uncertainty in projected 
annual precipitation ranges from 0.9 to 15.9%, 2.5 to 18.3%, 
and 9.7 to 29.1% under SSP1-2.6, SSP2-4.5, and SSP5-8.5, 
respectively. The full range (i.e., results from all models) 
shows enhanced spread in uncertainty as compared with the 
66% likely range, but for the sake of brevity is not discussed 
here (please see Table S2 for more detail).Ta
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We also examined the uncertainty in the simulated sum-
mer monsoon over South Asia. The uncertainty in the sum-
mer monsoon increases towards the end of the twenty-first 
century. By the end of the twenty-first century, the uncer-
tainty associated with summer monsoon precipitation over 
South Asia is projected to be −2.9 to 24.7%, 2.1 to 36.3%, 
and 11.3 to 63.0% under SSP1-2.6, SSP2-4.5, and SSP5-8.5 

scenarios, respectively. Under the high-emission SSP5-8.5 
scenario, the uncertainty associated with summer mon-
soon precipitation over Bangladesh, Bhutan, India, Nepal, 
Pakistan, and Sir Lanka is projected to 7.5 to 36.9%, 2.1 to 
43.0%, 14.0 to 62.7%, 13.5 to 46.5%, 14.6 to 156.8%, and 
15.9 to 63.4%, respectively, by the end of the twenty-first 
century.

Fig. 8  Same as Fig. 4, except showing the summer mean precipitation change, expressed as a percentage
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3.6  Trends in Projected Temperature 
and Precipitation

Trends in projected temperature and precipitation from 
2030 to 2099 are shown in Table 3. For all scenarios, tem-
perature shows a 99% significant increasing trend for each 
country as well as over South Asia as a whole. For SSP1-
2.6, SSP2-4.5, and SSP5-8.5, the trends in temperature 
over South Asia are 0.07, 0.26, and 0.61 °C  decade−1, 

respectively. Being closer to the equator, Sri Lanka shows 
the lowest trends among the countries. For precipitation, 
almost all the trends remain significant at 99% except 
for Pakistan under the SSP1-2.6 scenario. For SSP1-2.6, 
SSP2-4.5, and SSP5-8.5, the precipitation over South Asia 
shows decadal trends of 0.41, 0.91, and 3.24%  decade−1, 
respectively. Note that for South Asia, as well as for its 
representative countries, the precipitation trends are pro-
portional to the increase in warming.

Fig. 9  Same as Fig. 6, except showing the winter mean precipitation change, expressed as a percentage
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Fig. 10  Projected changes in annual temperature spatially averaged 
over the six countries as well as over the entire South Asia. The 
green, magenta, and red bars represent the projected values for the 
near future (2030–2049), mid-century (2060–2079), and far future 
(2080–2099), respectively, with reference to the base period (1995–

2014), for the three scenarios (SSP1-2.6, SSP2-4.5, and SSP5-8.5). 
The black line in each bar shows the projected changes for the median 
values. The length of the bars shows the full ranges (results from all 
the models), and the dark green, dark magenta, and dark red colors in 
each bar show the 66% likely ranges

Table 5  The uncertainty (66% likely range) associated with the pro-
jected changes in temperature (°C) and precipitation (%) over South 
Asia and its constituent countries for near (2030–2049), mid (2060–

2079), and far (2080–2099) periods as compared with the reference 
period (1995–2014) under three SSP scenarios

Variable Country SSP1-2.6 SSP2-4.5 SSP5-8.5

Near Mid Far Near Mid Far Near Mid Far

Min Max Min Max Min Max Min Max Min Max Min Max Min Max Min Max Min Max

Temperature South Asia 0.7 1.3 0.9 1.8 0.8 1.8 0.7 1.2 1.5 2.3 1.6 2.9 0.8 1.5 2.4 3.8 3.4 5.5
Bangladesh 0.6 1.1 0.9 1.6 0.8 1.6 0.4 1.1 1.4 2.1 1.6 2.7 0.6 1.4 2.1 3.5 3.1 5.1
Bhutan 0.8 1.3 0.9 1.8 0.8 1.8 0.7 1.2 1.6 2.4 1.8 3.1 0.9 1.6 2.6 3.9 3.6 6.0
India 0.6 1.2 0.9 1.8 0.8 1.8 0.6 1.2 1.5 2.2 1.6 2.8 0.7 1.5 2.3 3.6 3.2 5.4
Nepal 0.7 1.4 1.0 1.9 0.9 1.9 0.8 1.3 1.7 2.5 1.9 3.2 0.8 1.6 2.6 4.0 3.7 6.2
Pakistan 0.8 1.5 1.0 1.9 0.9 2.1 0.9 1.5 1.7 2.6 2.0 3.2 1.0 1.8 2.9 4.1 4.0 6.3
Sri Lanka 0.5 0.9 0.6 1.2 0.5 1.3 0.6 0.9 1.1 1.7 1.2 2.2 0.7 1.2 1.7 2.8 2.4 4.2

Precipitation South Asia 1.9 17.3 1.4 17.3 0.0 20.5 0.3 14.2 3.0 20.0 0.4 24.8 0.5 11.9 6.5 31.3 14.5 43.7
Bangladesh −2.9 8.2 1.8 9.5 −0.7 11.6 −4.3 8.9 0.1 13.7 −1.7 14.7 −3.8 9.5 2.8 21.2 9.3 36.3
Bhutan −3.2 4.6 −1.1 10.2 −1.8 10.2 −3.7 6.2 −4.1 12.0 −2.3 12.7 −5.7 7.0 −1.7 19.6 5.3 33.4
India 2.9 21.0 0.5 18.1 0.6 18.9 1.3 11.9 1.6 20.3 1.7 27.0 −0.4 14.5 6.4 34.6 14.6 44.6
Nepal −1.8 9.2 −1.1 12.6 −0.2 9.5 −2.1 6.3 −3.0 11.7 −1.2 14.5 −2.7 7.6 6.5 18.9 8.8 30.8
Pakistan −0.3 24.0 −5.1 23.5 −7.3 28.2 −3.0 22.2 −2.2 32.2 −3.8 39.4 −1.3 23.2 1.5 47.2 12.9 80.0
Sri Lanka −1.6 12.8 −0.2 19.1 0.9 15.9 −1.6 9.3 0.3 24.5 2.5 18.3 −2.3 10.5 3.9 21.7 9.7 29.1



 M. Almazroui et al.

1 3 Published in partnership with CECCR at King Abdulaziz University

3.7  Difference Between CMIP6‑ 
and CMIP5‑Projected Signals over South Asia

We further examined the difference between the CMIP6 and 
CMIP5 simulated climate response to anthropogenic forc-
ing over South Asia. For this purpose, we computed the 
difference between projected annual mean temperature and 
precipitation over South Asia for medium-emission SSP2-
4.5 (RCP4.5) and high-emission SSP5-8.5 (RCP8.5) sce-
narios. Figure 12 shows the difference between the CMIP6 
and CMIP5 projected temperature signals over South Asia. 
The CMIP6 models show higher warming (1–3 °C) over 
the irrigated plains of Indus and Ganges in the near-, mid-, 
and far-future periods under both scenarios (Fig. 12). Com-
pared with the CMIP5 models, the warming projected by the 
CMIP6 models increases towards the end of the twenty-first 
century. By the end of the twenty-first century, large parts of 
South Asia display more warming in the CMIP6 simulations 
than in the CMIP5 one. Figure 13 shows that the warm-
ing over the irrigated plains of Indus and Ganges is associ-
ated with a stark reduction in precipitation due to the strong 
land–atmosphere coupling over the region, as mentioned in 

earlier studies (Saeed et al. 2009). The CMIP6 simulations 
show more future precipitation over the Western Ghats, 
central and northwestern parts India, and adjacent areas of 
southern Pakistan, northern Pakistan, Nepal, Bhutan, and 
Bangladesh than the CMIP5 models do. The increase in pre-
cipitation in CMIP6 simulations relative to CMIP5 is most 
pronounced towards the end of the twenty-first century. In 
general, the CMIP6 models display higher climate sensitiv-
ity to anthropogenic greenhouse gas emissions as compared 
with the CMIP5 models over the South Asia region.

4  Summary and Conclusions

The Coupled Model Intercomparison Project phase 6 (infor-
mally known as CMIP6) simulations employed new Shared 
Socioeconomic Pathways to access the future global climate 
change. The CMIP6 simulations differ from those performed 
in the earlier phases of CMIP (i.e., CMIP3 and CMIP5) due 
to a different start year for the future scenarios, as well as 
a new set of specifications for concentration, emission, and 
land-use scenarios (Gidden et al. 2019). Our results indicate 

Fig. 11  Same as Fig.  10, except showing changes for precipitation. 
The green, magenta, and red bars represent the projected values for 
the near future (2030–2049), mid-century (2060–2079), and far future 
(2080–2099), respectively, with reference to the base period (1995-
2014) for the three scenarios (SSP1-2.6, SSP2-4.5, and SSP5-8.5). 

The black line in each bar shows the projected changes for the median 
values. The length of the bars shows full ranges (results from all the 
models), and the dark green, dark magenta, and dark red colors in 
each bar show the 66% likely ranges
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that the regional-scale climate response to anthropogenic 
forcing employed in the CMIP6 models differs from that of 
CMIP5 models. A comparison between the CMIP6 (Table 1) 
and CMIP5 (Table S1) model simulations indicates higher 
sensitivity to greenhouse gas emissions in the CMIP6 models 
as compared with CMIP5 over the South Asia region. The 
CMIP6 models predict more warming (1–3 °C) over the irri-
gated plains of the Indus and Ganges in the near (2030–2049), 
mid (2060–2079), and far (2080–2099) future periods relative 
to the CMIP5 dataset. The enhanced future warming over the 
irrigated plains of South Asia may be attributed to the reduc-
tion in precipitation over the same region. Irrigation plays an 
important role in controlling the patterns of temperature and 
precipitation over this region (Saeed et al. 2009).

The multimodel ensemble from 27 CMIP6 models 
reveals a continuous increase in the annual mean tempera-
ture over South Asia during the twenty-first century under 
three SSP scenarios (i.e., SSP1-2.6, SSP2-4.5, and SSP5-
8.5). The northwestern parts of South Asia, including 

Pakistan and adjacent parts of India, Nepal, and the west-
ern Himalayas, are projected to experience the largest 
increase in future temperature (exceeding 6 °C; Fig. 2) by 
the end of the twenty-first century under SSP5-8.5 rela-
tive to the reference climate (1995–2014). The projected 
warming signals over South Asia are robust, and more than 
66% of the models agree with the sign of the temperature 
change in future climates. Under all three future scenarios, 
the projected temperature increases more towards the end 
of the twenty-first century (Table 2). By the end of the 
twenty-first century, the annual mean temperature aver-
aged over South Asia is projected to increase by 1.2 °C, 
2.1 °C, and 4.3 °C under SSP1-2.6, SSP2-4.5, and SSP5-
8.5 scenarios, respectively. The country-averaged annual 
mean temperatures also show a robust increases rela-
tive to the reference climate under all emission scenar-
ios (Table 2). By the end of the twenty-first century, the 
annual mean temperature over Bangladesh, Bhutan, India, 
Nepal, Pakistan, and Sri Lanka is projected to increase by 

Fig. 12  Difference in the projected annual mean temperature over 
South Asia between CMIP6 and CMIP5 datasets. The difference 
(CMIP6 minus CMIP5) in projected signals is obtained for median 

values for three future periods, i.e., the near (2030–2049), mid (2060–
2079), and far (2080–2099) future periods
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4.0 °C, 4.5 °C, 4.2 °C, 4.5 °C, 4.9 °C, and 3.2 °C, respec-
tively, under SSP5-8.5 (see Table 2 for more detail). In all 
cases, the northern parts of South Asia, including Pakistan 
and adjacent areas of northwestern India and Nepal, are 
projected to warm more than the southern parts during 
the twenty-first century. The uncertainty associated with 
temperature projections over South Asia and its constitu-
ent countries is small in the near- and mid-future peri-
ods as compared with the far-future period (see Table 5, 
Table S2). By the end of the twenty-first century, the 
uncertainty in the projected temperature (Table 5) over 
South Asia ranges from 0.8 to 1.8 °C, 1.6 to 2.9 °C, and 
3.4 to 5.5 °C under SSP1-2.6, SSP2-4.5, and SSP5-8.5, 
respectively. The projected uncertainty varies for different 
countries. By the end of the twenty-first century, under 
SSP5-8.5, the uncertainty associated with annual mean 
temperature projections over Bangladesh, Bhutan, India, 
Nepal, Pakistan, and Sri Lanka ranges from 3.1 to 5.1 °C, 
3.6 to 6.0 °C, 3.2 to 5.4 °C, 3.7 to 6.2 °C, 4.0 to 6.3 °C, 
and 2.4 to 4.2 °C, respectively.

Precipitation, on the other hand, shows large spatial 
variability in the projected climates. Hence the uncertainty 
associated with precipitation is also larger than the uncer-
tainty associated with temperature. There is little agreement 
among the CMIP6 models on projected precipitation signals 
for the near-future period, while agreement is better for the 
mid- and far-future periods. For the near-future period, the 
annual mean precipitation over South Asia is projected to 
increase by 10–20% under SSP1-2.6 and SSP2-4.5, and by 
10–30% under SSP5-8.5. By the end of the twenty-first cen-
tury, the annual mean precipitation is projected to increase 
by 10–20% under the SSP1-2.6 scenario, 10–30% under 
the SSP2-4.5 scenario, and 10–50% under SSP5-8.5. The 
projected annual mean precipitation shows an increas-
ing trend, significant at 99%, over almost all South Asian 
countries during the twenty-first century. By the end of the 
twenty-first century, the annual mean precipitation averaged 
over the South Asia region is projected to increase by 8.7%, 
11.6%, and 25.1% under SSP1-2.6, SSP2-4.5, and SSP5-
8.5, respectively. The country-averaged annual mean precip-
itation is projected to increase by 17.1% over Bangladesh, 

Fig. 13  Same as Fig. 12, except showing the difference for annual mean precipitation
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18.9% over Bhutan, 27.3% over India, 19.5% over Nepal, 
26.4% over Pakistan, and 2.2% over Sri Lanka under the 
SSP5-8.5 scenario. During the winter season, there are large 
areas where the CMIP6 models are inconsistent in their 
projected precipitation change under different scenarios. 
However, there is a robust increase (reduction) in winter 
precipitation over the western (eastern) Himalayas in all 
cases. On the other hand, the summer monsoon precipita-
tion shows a robust increase over most of the South Asia 
region, with the largest increase over southern Pakistan and 
adjacent areas of India. Under the SSP5-8.5 scenario, the 
summer monsoon precipitation averaged over South Asia is 
projected to increase by 12–36% by the end of the twenty-
first century.

The results of this study indicate that the northwestern 
part of the South Asia region is highly vulnerable to climate 
change due to the large increase in the projected annual, 
winter, and summer mean temperature. The enhanced future 
warming is likely to further accelerate the melting of gla-
ciers and snowmelt over this region, which would severely 
impact the irrigation patterns downstream (Chaturvedi et al. 
2014). Furthermore, the increase in summer precipitation, 
together with increased water in rivers due to glacier melt 
in summer, may cause extreme summer flash floods over 
this region in the future. The results presented in this study 
should be useful for impact studies and climate adaptation 
strategies for the South Asia region.
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