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Abstract: Under global warming scenarios, extreme climate events in South Asia will occur more
frequently which will seriously threaten the safety of local residents. South Asia faces dual pressures
of the obligation of carbon emissions reduction globally and the demand for a better life for huge
populations. Stratospheric Aerosol Injection (SAI) climate engineering provides a potential solution
to this dilemma. We compared the evolution of 12 climate extreme indices under historical scenarios,
two future scenarios (SSP245, SSP585) and an implementation scenario of SAI climate engineering
(G6sulfur). We showed that the intensity and frequency of extreme climates under a G6sulfur scenario
would be significantly higher than those under historical scenarios, and that the difference in extreme
climates under three scenarios (SSP245, SSP585, and G6sulfur) would be widely varying, with some
indices being considerably mitigated while others would reflect a worse set of circumstances than
would be the case without SAI climate engineering. Therefore, SAI climate engineering is not an
effective tool to mitigate future climate extremes in South Asia under global warming scenarios.

Keywords: extreme climates; climate engineering; South Asia

1. Introduction

Since the industrial revolution, anthropogenic carbon emissions have sharply in-
creased, leading to an increase in the concentration of carbon dioxide in the atmosphere
from ~280 ppm in the 1850s to ~418 ppm in 2023. During the same period, the global
average surface temperature has increased by 0.8–1.3 ◦C. Various climate simulations reveal
that the occurrence frequency and intensity of climate extremes and the resulting damage
often increase exponentially and nonlinearly with surface temperature. In 2015, the Paris
Agreement, jointly formulated by more than 190 countries worldwide, pointed out the
need to maintain the changes in the global mean surface temperature within 2 ◦C by the
end of the 21st century and to strive to maintain the warming amplitude within 1.5 ◦C,
since a higher increase in temperature would result in a completely different planet than
the one we have experienced over the last few millennia [1,2]. However, the latest IPCC
AR6 special report indicated that, without significantly reducing carbon emissions, the
goals of the Paris Agreement would not be achieved.

Carbon emission policies have always great uncertainty. In 2017, the US Trump
administration made the decision to withdraw from the Paris Agreement due to so-called
unfair economic burdens. It is very difficult to achieve the goal of controlling global
warming solely through emission reduction measures. These concerns have led to calls for
research on non-traditional mitigation strategies for achieving temperature control goals
as an emergency response to global warming [3]. The large volcanic eruption on Mount
Pinatubo in the Philippines in July 1991 ejected between 15–30 million tons of sulfur dioxide
gas, with the result that the average temperature of the entire planet was cooled 0.4–0.5 ◦C.
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Therefore, artificially increasing sulfate aerosols in the stratosphere (in short, Stratospheric
Aerosol Intervention) was proposed as a climate engineering scheme, since it can increase
the planetary albedo to reflect more sunlight back to space and induce a cooling that acts
to partially offset global warming [4]. However, how much material would be necessary
to produce the desired level of global mean cooling and how this would vary by injection
altitude, latitude, and timing remains highly uncertain [5]. For implementation in the real
world, SAI is generally considered the most plausible climate engineering scheme, at least
for global applications, because of its low cost, plausible near-term readiness, large possible
climate forcing, and relative safety [3,6]. This led to the known Stratospheric Controlled
Perturbation Experiment (SCoPEx), which was the first real-world climate engineering test
on the costs, benefits, and risks of a SAI climate engineering scheme.

Due to the potential side effects, risks, and uncertainty of climate engineering, the
G6sulfur experiment in GeoMIP6 was proposed to simulate the use of Stratospheric Aerosol
Intervention (SAI) to reduce the magnitude of the net anthropogenic radiative forcing from
a high forcing scenario (SSP5-RCP8.5) to a moderate forcing scenario (SSP2-RCP4.5). Simu-
lations in the G6sulfur experiment demonstrated that the SAI climate engineering scheme
significantly mitigated the increase in global surface temperature [7]. All simulations in-
dicated that SAI climate engineering has the potential to reduce global and local surface
temperature increases. At the same time, with increasing injection rates in the 21st century,
compared to the SSP585 scenario, SAI climate engineering would intensify the decrease in
precipitation in southern Europe [7,8]. Such a reduction in both temperature and precipita-
tion is mainly because the implementation of SAI climate engineering would alter temporal
and spatial distributions of temperature change between day and night, between seasons,
and between the tropics and the poles [9]. Jones et al. [4], further, found that the implemen-
tation of SAI climate engineering would force an increasingly positive phase of the North
Atlantic Oscillation (NAO) as the injection rate increased over the course of the 21st century,
and cause the Quasi-Biennial Oscillation (QBO) to stall and become locked in a phase with
permanent westerly winds in the lower stratosphere [7]. Jones et al. [4] found that the
zonal mean wind speed during Northern Hemisphere winter would have an increase of
more than 9–12 m/s, and that the maximum increase would be centered over Alaska [4].
Tilmes et al. [10] found that the implementation of SAI climate engineering would result in
a heating of the lower tropical stratospheric temperatures by 5–13 ◦C, further leading to
changes in stratospheric transport and water vapor, as well as other related changes [10].
Tang et al. [11] revealed that SAI climate engineering would reduce the wildfire occurrence
by decreasing the surface temperature and wind speed and increasing the relative humidity
and soil water, with the exception of boreal regions where SAI climate engineering would
increase the occurrence of wildfires due to a decrease in relative humidity and soil water
compared with the present day [11]. Most SAI climate engineering research has focused
on the global impacts, and limited regional impacts have been investigated in East Asia:
Liu et al. [12] showed that SAI would intensify the Siberian high and Aleutian low, enhance
the low-level northerly winds along the coast of East Asia, and deepen the East Asian
trough during 2080–2099, reversing the weakening of EAWM under the SSP585 scenario
(SSP5-8.5) [12]. Liang and Haywood (2023) found that SAI is effective at partly ameliorating
the increases in atmospheric rivers (ARs) over the subtropical region of East Asia; however,
it may result in more pronounced increases in ARs and associated precipitation over the
upper midlatitude regions, particularly northeastern China [13]. Until now, the impacts of
SAI climate engineering on climate extremes have not been investigated.

Different climatic conditions are spread over wide and diverse geographic regions of
South Asia, including arid regions, low-lying coastal regions, alluvial plain regions, tropical
regions, and mountainous regions. Due to outdated infrastructure and an agriculture-
based economic system, South Asia is extremely sensitive and vulnerable to various climate
extreme events: arid regions are threatened by severe drought events; low-lying coastal
regions are threatened by sea level rise; alluvial plain regions are threatened by severe
flooding; tropical regions are threatened by devastating cyclones; and mountainous regions
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are threatened by the retreat of glaciers. In view of atmospheric circulation, Due to being
blocked by the Tibetan plateau in the north, the climate in South Asia is mainly dominated
by Indian monsoons, and current and future climate change is making Indian monsoons
more chaotic. South Asia always experiences heatwaves in the summers, but in recent years,
heatwaves have arrived earlier and become more prolonged. Moreover, for every degree
of warming, monsoon rainfalls will likely increase by about 5% [14]. Current and future
climate change will lead to significant increases in the frequency and intensity of extreme
climate events in South Asia, posing a serious threat to the lives of local residents [15];
especially, the heat stress could lead to a 50% reduction in the most high-yielding wheat
area of the Indo-Gangetic River Plains [16]. Due to severe water scarcity, the GDP loss
in South Asia is estimated to reach as high as 6% by 2050 [15]. Climate-induced damage
frequently scales exponentially, rather than linearly, in terms of temperature and precip-
itation extremes. At the same time, there is growing recognition that the global mean
temperature targets of 1.5 and 2 ◦C above pre-industrial would be extremely difficult to
achieve under conventional mitigation scenarios. South Asia urgently needs to pursue a
suitable approach to combat climate change and its related impacts. Meanwhile, South
Asia faces dual pressures of the obligation of carbon emissions reduction globally and the
demand for a better life for huge populations. SAI climate engineering provides a potential
solution to this dilemma. Therefore, in this study, by making full use of the multi-model
outputs of the G6sulfur experiment, we evaluate the possible mitigation performance of
the frequency and intensities of extreme climates in South Asia under the implementation
of SAI climate engineering schemes.

2. Data and Methods

Future climate evolutions are always predicted through scenario-based climate simula-
tions. Shared Socioeconomic Paths (SSPs) consist of five projected socio-economic scenarios
over the whole 21st century, including SSP1 (sustainable development), SSP2 (moderate
development), SSP3 (local development), SSP4 (unbalanced development), and SSP5 (rapid
development) [17]. Representative Concentration Pathways (RCPs) consist of four pro-
jected greenhouse gas concentrations scenarios with radiative forcing ranging from 2.6 to
8.5 W/m2. Using the combination of SSPs and RCPs as plausible future scenarios in global
climate simulations can make more reasonable predictions for further climate evolutions.
The SSP245 scenario is a RCP4.5 global forcing pathway with SSP2 socioeconomic condi-
tions, corresponding to moderate socioeconomic development and carbon emissions under
government intervention; The SSP585 scenario is a RCP8.5 global forcing pathway with
SSP5 socioeconomic conditions, corresponding to rapid socioeconomic development and
high carbon emissions without government intervention [17].

The G6sulfur experiment has been designed to reflect a situation in which temperatures
under a high-forcing future scenario (SSP585) are reduced to those under a medium-forcing
scenario (SSP245) using the proposed geoengineering technique of stratospheric aerosol
intervention (SAI). The criterion for comparing the G6sulfur and SSP245 simulations was
initially defined by Kravitz et al. [8] in terms of radiative forcing, but this was subsequently
altered to specify that the decadal global mean near-surface air temperatures of simula-
tions under these two scenarios should be the same to within 0.2 ◦C [8]. The simulation
experiment began in 2020 and continued until 2100. Due to the fact that excessive injection
values in various climate models may result in highly variable results between models,
the G6sulfur experiment only chose a moderate compulsion scenario as the target, rather
than a low compulsion scenario [8]. Four global climate models (Table 1) have been used to
run a G6sulfur experiment. These models (or their immediate forebears) have undergone
various degrees of validation relevant to SAI using observations from explosive volcanic
eruptions [4], so the reliability and robustness in G6sulfur simulations using these models
have been accepted consistently by all researchers on SAI climate engineering. Direct anal-
yses on the output of G6sulfur simulations by these models have been carried out widely
since 2020 [4,6,10–14,18]. All models successfully reduce global mean surface air tempera-
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tures to within 0.2 ◦C of SSP245 levels on average throughout the century [18]; however,
impacts of SAI climate engineering on climate extremes have not been investigated.

Table 1. Climate models used in this study.

Model Institution Resolution

CNRM-ESM2-1 [19] CNRM-CERFACS, Toulouse, France h: 256 × 128, v: 91
IPSL-CM6A-LR [20] IPSL, Paris 75252, France h: 144 × 143, v: 79
MPI-ESM1-2-LR [21] MPI-M, Hamburg 20146, Germany h: 192 × 96, v: 47
UKESM1-0-LL [22] MOHC, Exeter, Devon, EX1 3PB, UK h: 192 × 144, v: 85

Resolution is described as horizontal (h), lat × long, and vertical (v).

In order to study impacts of the SAI climate engineering scheme on extreme climate
events, this study selected 12 widely used representative climate extreme indices (Table 2).
These indices can represent difference aspects of climate extremes, from warm temperature
extremes and cold temperature extremes to precipitation/drought extremes. Five indices
(TXx, TNx, TXn, TNn, Rx1day) reveal extreme values in temperature and precipitation,
while seven indices (SU, WSDI, ID, CSDI, CDD, CWD, Rx5day) reveal the duration of
temperature/precipitation/drought extremes. SAI impacts on mean temperature and
precipitation distributions in G6sulfur simulations have been shown to have significant
regional differences in their simulations [4,18]. This means that impacts of SAI on dif-
ferent climate extreme indices are likely to be widely varying spatially over South Asia
with some regions gaining considerably while others may be faced with a worse set of
circumstances than would be the case without SAI. Therefore, we must analyze the spatial
patterns and evolution trends of each climate extreme index in detail with/without SAI
climate engineering implementation. In order to enhance the reliability, we calculated the
evolution of 12 climate extreme indices by using an ensemble mean of four climate models
(CNRM-ESM2-1 IPSL-CM6A-LR MPI-ESM1-2-LR UKESM1-0-LL) [19–22]. Comparing
spatial patterns and trends of these climate extreme indices under four different scenarios
(historical, SSP245, SSP585, and G6sulfur) by using the Mann-Kendall trend test and Sen’s
slope test, we revealed the possible role of SAI climate engineering in mitigating different
types of extreme climates in South Asia.

Table 2. Definition of climate extreme indices.

Category Index Description Definition Unit

Warm
Temperature

Extremes

SU Summer days Annual number of days when TX > 25 ◦C Days

TXx Highest Tmax Annual maximum value of daily
maximum temperature

◦C

TNx Highest Tmin Annual maximum value of daily
minimum temperature

◦C

WSDI Thermal endurance index
Annual count of days with at least six

consecutive days
when TX > 90th percentile

Days

Cold
Temperature

Extremes

ID Ice days Annual number of days when
TX < 0 ◦C Days

TXn Lowest Tmax Annual maximum value of daily
maximum temperature

◦C

TNn Lowest Tmin Annual minimum value of daily
minimum temperature

◦C

CSDI Cold persistence index
Annual count of days with at least six

consecutive days
when TN < 10th percentile

Days
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Table 2. Cont.

Category Index Description Definition Unit

Precipitation
Extremes

CDD Consecutive dry days Maximum number of consecutive days
when precipitation < 1 mm Days

CWD Consecutive wet days Maximum number of consecutive days
when precipitation ≥ 1 mm Days

Rx1day Wettest consecutive one day Maximum daily precipitation mm

Rx5day Wettest consecutive five days Maximum of consecutive 5-day
(cumulative) precipitation amount mm

TX: maximum temperature, TN: minimum temperature.

3. Study Area

South Asia is mainly located between the equator and the 30◦ north latitude. It is
bounded to the north by the Hindu Kush, the Karakoram Range, and the Himalayas, and
to the south by the Indian ocean (Figure 1). Geographically, the northern part of South Asia
borders on the Himalayas, with significant vertical changes in climate, soil, and vegetation.
The middle regions of South Asia are great plains which are formed by the alluvium of
the Indus, Ganges, and Brahmaputra Rivers, and are some of the most fertile regions in
the world [23]. Further south is the Deccan Plateau bordered by the Eastern and Western
Ghats. In contrast to the abundant rainfall on both sides of the plateau, the interior of the
plateau is hot with little rain [24].
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South Asia is mainly dominated by monsoonal climates. In dry seasons, during
October–February, dry winds blow across South Asia from the northeast, while in the
rainy season, during June-September, the winds blow from the southwest, bringing heavy
rains, especially in the southwestern and Ganges Delta regions. Northwestern India and
southern Pakistan are dominated by the Thar Desert and have a highly arid subtropical
desert climate with a mean annual rainfall < 10 mm. This region lacks vegetation and is
vulnerable to sand erosion [25]. From the Himalayas to fertile plains and coastal cities,
due to its unique geographical location, South Asia is particularly vulnerable to extreme
climates [26].

4. Results

In order to comprehensively understand the potential role of SAI climate engineer-
ing in mitigating extreme climates, we selected 12 representative climate extreme indices
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(Table 2) and analyzed their evolution under four climate scenarios: historical (1985–2014),
SSP245 (2030–2059), SSP585 (2030–2059), and G6sulfur (2030–2059). These indices can repre-
sent difference aspects of climate extremes, from warm temperature extremes and cold tem-
perature extremes to precipitation/drought extremes. Five indices (TXx, TNx, TXn, TNn,
Rx1day) reveal extreme values in temperature and precipitation, while seven indices (SU,
WSDI, ID, CSDI, CDD, CWD, Rx5day) reveal the duration of temperature/precipitation/
drought extreme events. Moreover, different climatic conditions are spread over wide
and diverse geographic regions of South Asia, including arid regions, low-lying coastal
regions, alluvial plain regions, tropical regions, and mountainous regions; therefore, we
need to analyze the spatial patterns and evolution trends of each extreme index in detail
with/without SAI climate engineering implementation.

4.1. SU Indices

SU indices measure the annual number of days with a daily maximum temperature > 25 ◦C.
Under four climate scenarios (historical, SSP245, SSP585, and G6sulfur), the mean annual
SU indices had similar spatial distribution patterns, and their values in the south Indian
peninsula would be much higher than other regions in South Asia (Figure 2, first row). Due
to the influence of the high altitude, southwest monsoons, and Westerlies, the lowest mean
annual SU indices would always appear on the southern slope of the Himalayas. Under
a historical scenario (1985–2014), the mean annual average SU index in India would be
approximately 240–312 days. Regardless of the implementation of SAI climate engineering,
under the scenarios of SSP245, SSP585, and G6sulfur, the mean annual SU indices from
2030 to 2059 would reach at most 262–318 days in the Deccan Plateau of India, while, with
the increase in altitude, the mean annual SU index on the southern slope of the Himalayas
would rapidly decrease to 74–180 days.
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Surrounded by a mountainous plateau, the Thar desert would become warmer under
the SSP245 and G6sulfur scenarios, while Kashmir would have less warming due to the
high altitude (Figure 2, first row). Under a SSP245 scenario, during 2030–2059, the mean
annual SU indices in the Thar desert would be expected to be 13–37 days higher than those
during 1985–2014, while these indices in Kashmir would be expected to be only 1–11 days
higher than those during 1985–2014. Under the G6sulfur scenario, during 2030–2059, the
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mean annual SU indices of the Thar desert would be expected to be 15–35 days higher
than those during 1985–2014, while the mean annual SU indices in Kashmir would be
1–13 days higher than those from 1985 to 2014. Compared with a SSP245 scenario, the
G6sulfur scenario would decrease the mean annual SU indices in the Deccan Plateau by
1–4 days and increase the mean annual SU indices in other regions of South Asia by 1–3 days.
Comparing a G6sulfur scenario with the SSP245 scenario, the G6sulfur scenario would
show a significant mitigating warming effect on SU indices. During 2030–2059, compared
with the SSP585 scenario, the G6sulfur scenario would have an additional decrease in the
mean annual SU indices in the Indo-Gangetic Plains, Marva Plateau, and Thar desert by
1–7 days.

Under four climate scenarios (historical, SSP245, SSP585, and G6sulfur), the annual
SU indices would have statistically significant increasing trends in most of South Asia
(Figure 2, second row). Under the historical scenario (1985–2014), the annual SU indices in
most of South Asia had an increasing trend (1–7 days/decade). Under the SSP245/SSP585
scenarios, the annual SU indices in the Indo-Gangetic Plains and the Thar desert would be
predicted to have a more quickly increasing trend (up to 7–13 days/decade). Under the
G6sulfur scenario, the annual SU indices would show a similar increasing trend to those
under a historical scenario. The significant trend differences in annual SU indices among
four scenarios for representative regions are shown in Table 3.

Table 3. Trend difference in SU index among four scenarios (Unit: days/decade).

Region

Difference SSP245-
Historical

G6sulfur-
Historical

G6sulfur-
SSP245

G6sulfur-
SSP585

Northern Afghanistan −3 to −1 −2 to 0 −3 to 1 −5 to −2

Ganges River Plain 1 to 6 1 to 4 −4 to 1 −8 to 0

Interior of the Deccan Plateau −3 to 0 −4 to −1 −4 to 1 −4 to 0

Thar desert 1 to 4 −1 to 2 −4 to 0 −7 to −2

4.2. WSDI Indices

The warm spell duration indices (WSDI) measure the annual count of days occurring
during at least six consecutive days with a daily maximum temperature exceeding the
90th percentile threshold during 1985–2014. Under all scenarios, due to the influence of
high altitude, the lowest mean annual WSDI index would appear on the southern slope of
the Himalayas (Figure 3, first row). Under the historical scenario (1985–2014), the mean
annual WSDI indices were always <14 days over the whole of South Asia, and their values
in the Thar desert and the southern Indus River Plain were slightly higher than those in
other regions in South Asia (Figure 3, first row). Regardless of the intervention of SAI
climate engineering, under three future scenarios (SSP245, SSP585, and G6sulfur), the mean
annual WSDI indices during 2030–2059 would exceed 45 days even in the southern slope
of the Himalayas, and reach 75–205 days in the southern Deccan Plateau (Figure 3, first
row). Under the SSP245 scenario (2030–2059), the mean annual WSDI indices in the Deccan
Plateau would be 83–165 days higher than those during 1985–2014, while the mean annual
WSDI indices in Afghanistan and Kashmir would be only 46–55 days higher. Under the
G6sulfur scenario, during 2030–2059, the mean annual WSDI indices would be expected to
be 91–178 days higher in the Deccan Plateau than those during 1985–2014, and 45–57 days
higher in Afghanistan and Kashmir. Compared with the SSP245 scenario (2030–2059),
the G6sulfur scenario would increase the mean annual WSDI indices by 7–15 days in
the Deccan Plateau, by 1–7 days in the Thar Desert, and by 1–2 days in Afghanistan and
Kashmir. Compared with the SSP585 scenario, the G6sulfur scenario would decrease the
mean annual WSDI indices in the whole of South Asia by 6–23 days during 2030–2059;
especially, by 12–23 days in the Deccan Plateau and 8–13 days in the west Ghats.
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Figure 3. The first row shows mean annual WSDI indices under the four scenarios: historical
(1985–2014), SSP245 (2030–2059), SSP585 (2030–2059), G6sulfur (2030–2059); the second row shows
annual trend of WSDI indices under four scenarios: historical, SSP245, SSP585, G6sulfur, where
stippling indicates statistically significant trends at a level p < 0.05.

The statistically significant increasing trends in the WSDI indices were detected over
the whole of South Asia under all four scenarios (Figure 3, second row). Under the
historical scenario (1985–2014), the annual WSDI indices had a slightly increasing trend
(1–6 days/decade) in most of South Asia. Under the SSP245, SSP585, and G6sulfur sce-
narios, the annual WSDI indices demonstrated significant differences in annual trends:
0–20 days/decade in the northern regions and 60–80 days/decade in the southern re-
gions. The significant trend difference in the WSDI indices among the four scenarios for
representative regions are shown in Table 4.

Table 4. Trend difference in WSDI index among four scenarios (Unit: days/decade).

Region

Difference
SSP245-

Historical
G6sulfur-
Historical

G6sulfur-
SSP245

G6sulfur-
SSP585

Afghanistan 1 to 10 1 to 7 −5 to 2 −18 to −11

Western Ganges River Plain 8 to 19 8 to 14 −4 to −1 −16 to −8

Deccan Plateau 24 to 54 18 to 52 −10 to −1 −21 to −11

Kashmir 1 to 6 −2 to 5 −3 to 2 −14 to −7

4.3. TXx Indices

The TXx indices measure the annual maximum value of the daily maximum tem-
perature. The spatial pattern of the mean annual TXx indices was similar under all four
scenarios (Figure 4, first row). The Thar desert and its surroundings would always have
much higher mean annual TXx indices than other regions of South Asia. With the increase
in altitude, the lowest mean annual TXx index would always appear on the southern
slope of the Himalayas. Under a historical scenario (1985–2014), except for northern Hi-
malayan regions, the mean of the annual TXx indices in South Asia was approximately
30.5–40.9 ◦C (Figure 4, first row). Under the SSP245, SSP585, and G6sulfur scenarios, the
mean annual TXx indices during 2030–2059 would have no significant difference, and the
largest value would reach 35.4–42.1 ◦C in the western borders of South Asia and the lowest
value would decline to 26.8–34.1 ◦C on the southern slope of the Himalayas. Since the
warm South Asian monsoons are blocked by the Himalayas’ ranges, the southern slope
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of the Himalayas would demonstrate stronger warming effects during future scenarios
(SSP245 and G6sulfur), while the Deccan Plateau would demonstrate weaker warming
effects due to its adjacency to the Indian Ocean and relative high altitudes. Under the
SSP245 scenario (2030–2059), the mean annual TXx indices in Kashmir would be predicted
to be 1.7–3.2 ◦C higher than the mean in the historical period (1985–2014), while these
indices in the Deccan Plateau would be predicted to be only 0.3–1.6 ◦C higher. Under a
G6sulfur scenario (2030–2059), the mean annual TXx indices in Kashmir would be predicted
as 2.1–4.1 ◦C higher than those during 1985–2014, while the indices in the Deccan Plateau
would be only 0.1–1.9 ◦C higher (Figure 4, first row). Compared with an SSP245 scenario,
the G6sulfur scenario would increase the mean annual TXx indices on the southern slope of
the Himalayas by 0.2–0.9 ◦C and in Kashmir by 0.3–0.8 ◦C. Due to adjacency to the Indian
Ocean, the mean annual TXx indices in the southern Deccan Plateau were predicted to
increase only by 0.1–0.2 ◦C. Compared to a SSP585 scenario, during 2030–2059, the G6sulfur
scenario was predicted to decrease the mean annual TXx indices in most of the South Asian
regions by 0.1–0.4 ◦C and increase them by a similar magnitude in the Indus river plain
and Afghanistan.
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Figure 4. The first row shows mean annual TXx indices under the four scenarios: historical
(1985–2014), SSP245 (2030–2059), SSP585 (2030–2059), G6sulfur (2030–2059); the second row shows
annual trend of TXx indices under four scenarios: historical, SSP245, SSP585, and G6sulfur, where
stippling indicates statistically significant trends at a level p < 0.05.

Under a historical scenario (1985–2014), except for the northern Deccan Plateau, the
annual TXx indices in most of South Asia had a statistically significant increasing trend
(0.2–0.7 ◦C/decade) (Figure 4, second row). Under the SSP245 scenario, the annual TXx
indices in most South Asian regions would show a similar statistically significant increas-
ing trend (0.1–0.7 ◦C/decade). Under the SSP585 scenario, except for the Sistan Basin
in south Afghanistan, the southern Indus River Plain, the Thar desert, and the Malwa
Plateau, the mean annual TXx indices in most regions of South Asia would show a sta-
tistically significant increasing trend (0.2–0.7 ◦C/decade). Under the G6sulfur scenario,
except for the southeast Indus River Plain, Thar desert, and Malwa Plateau, the mean
annual TXx indices in South Asia would show a statistically significant increasing trend
(0.3–0.7 ◦C/decade). The significant trend difference in the annual TXx indices among four
scenarios for representative regions are shown in Table 5.
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Table 5. Trend difference in TXx index among four scenarios (Unit: ◦C/decade).

Region

Difference
SSP245-

Historical
G6sulfur-
Historical

G6sulfur-
SSP245

G6sulfur-
SSP585

Eastern Afghanistan −0.2 to 0.1 −0.3 to −0.1 −0.1 to 0 −0.2 to −0.1

The southern slope of the
Himalayas 0.1 to 0.4 0 to 0.3 −0.3 to 0.4 −0.6 to 0

Western Deccan Platea −0.2 to 0.2 −0.1 to 0.2 −0.4 to 0.1 −0.6 to −0.2

Western Indus River Plain 0 to 0.2 0.1 to 0.3 −0.3 to 0.4 0 to 0.2

4.4. TNx Indices

The TNx indices measure the annual maximum value of the daily minimum temper-
ature. Under all four scenarios, the spatial pattern of the mean annual TNx indices was
similar to the TXx indices; especially with the increase in altitude, the lowest mean annual
TNx indices would always appear on the southern slope of the Himalayas (Figure 5, first
row). Under the historical scenario (1985–2014), the mean annual TNx indices in most
of South Asia were approximately 25.6–28.6 ◦C. Regardless of SAI climate engineering,
under all three future scenarios, the mean annual TNx indices from 2030 to 2059 were
predicted to have a slight increase to reach 26.9–30.1 ◦C in most regions of South Asia, but
due to high altitude, the mean annual TNx indices on the southern slope of the Himalayas
would only reach 18.6–21.1 ◦C. Compared with the historical scenario (1985–2014), the
southern slope of the Himalayas and Kashmir would be much warmer during 2030–2059
than the Deccan Plateau. Under the SSP245 scenario, during 2030–2059, the largest increase
in the mean annual TNx indices would occur in Kashmir (1.8–2.1 ◦C higher than those
during 1985–2014). The increase in the mean annual TNx indices in other regions of South
Asia would be similar (1–1.5 ◦C higher than that during 1985–2014). Under the G6sulfur
scenario, the whole of South Asia would be warmer. Especially, during 2030–2059, the mean
annual TNx indices in Kashmir would be 2.3–2.5 ◦C higher than those during 1985–2014.
Compared with the SSP245 scenario, the G6sulfur scenario would further increase the
mean annual TNx indices on the southern slope of the Himalayas by 0.3–0.6 ◦C and in the
southern Deccan Plateau by 0–0.2 ◦C. At the same time, the mean annual TNx indices in
the Marva Plateau would decrease by 0.1–0.3 ◦C. Compared with the SSP585 scenario, the
G6sulfur scenario would decrease the mean annual TNx indices in the western Deccan
Plateau, Marwa Plateau, and Thar desert by 0.3–0.5 ◦C during 2030–2059, and increase the
mean annual TNx indices of the Ganges River Plain and its northern regions by 0–0.2 ◦C.

Under all four scenarios (historical, SSP245, SSP585, and G6sulfur), the annual TNx
indices in the whole South Asian region would show a statistically significant increasing
trend. Under the historical scenario, the increasing trend was about 0.2–0.6 ◦C/decade.
Under three future scenarios, the increasing trends would be 0.2–0.9 ◦C/decade (Figure 5,
second row). The significant trend difference in the annual TNx indices among four
scenarios for representative regions are shown in Table 6.
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South Asia were approximately 25.6–28.6 °C. Regardless of SAI climate engineering, un-
der all three future scenarios, the mean annual TNx indices from 2030 to 2059 were pre-
dicted to have a slight increase to reach 26.9–30.1 °C in most regions of South Asia, but 
due to high altitude, the mean annual TNx indices on the southern slope of the Himalayas 
would only reach 18.6–21.1 °C. Compared with the historical scenario (1985–2014), the 
southern slope of the Himalayas and Kashmir would be much warmer during 2030–2059 
than the Deccan Plateau. Under the SSP245 scenario, during 2030–2059, the largest in-
crease in the mean annual TNx indices would occur in Kashmir (1.8–2.1 °C higher than 
those during 1985–2014). The increase in the mean annual TNx indices in other regions of 
South Asia would be similar (1–1.5 °C higher than that during 1985–2014). Under the 
G6sulfur scenario, the whole of South Asia would be warmer. Especially, during 2030–
2059, the mean annual TNx indices in Kashmir would be 2.3–2.5 °C higher than those 
during 1985–2014. Compared with the SSP245 scenario, the G6sulfur scenario would fur-
ther increase the mean annual TNx indices on the southern slope of the Himalayas by 0.3–
0.6 °C and in the southern Deccan Plateau by 0–0.2 °C. At the same time, the mean annual 
TNx indices in the Marva Plateau would decrease by 0.1–0.3 °C. Compared with the 
SSP585 scenario, the G6sulfur scenario would decrease the mean annual TNx indices in 
the western Deccan Plateau, Marwa Plateau, and Thar desert by 0.3–0.5 °C during 2030–
2059, and increase the mean annual TNx indices of the Ganges River Plain and its northern 
regions by 0–0.2 °C. 
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Table 6. Trend difference in TNx index among four scenarios (Unit: ◦C/decade).

Region

Difference
SSP245-

Historical
G6sulfur-
Historical

G6sulfur-
SSP245

G6sulfur-
SSP585

Western Afghanistan −0.3 to −0.1 −0.3 to 0 −0.2 to 0.1 −0.4 to −0.1

Western Deccan Plateau 0 to 0.2 −0.1 to 0.2 −0.3 to −0.1 −0.4 to 0

Thar desert 0.1 to 0.2 −0.2 to 0.1 −0.2 to 0.1 −0.6 to −0.2

The southern slope of the
Himalayas 0.1 to 0.2 0.1 to 0.3 −0.1 to 0.3 −0.4 to −0.1

4.5. ID Indices

The ID indices measure the annual number of days with a daily maximum
temperature < 0 ◦C. Under four scenarios (historical, SSP245, SSP585, and G6sulfur),
the spatial pattern of the mean annual ID index was predicted to be similar, and the largest
values would always occur in Kashmir (Figure 6, first row). Under the historical scenario
(1985–2014), the mean annual ID indices in Kashmir would be approximately 120–177 days.
Under three future scenarios (2030–2059), the mean annual ID indices would only decrease
to 102–164 days in Kashmir. Except for Kashmir, the mean annual ID indices would be
about 0–40 days in the whole of South Asia. Comparing the SSP245/G6sulfur scenarios
with the historical scenario, the mean annual ID indices would have a significantly larger
decline in Kashmir and Afghanistan than in other regions in South Asia (Figure 6, first row).
Under the SSP245 scenario (2030–2059), the mean annual ID indices in Kashmir would be
predicted to be 12–15 days lower than those during 1985–2014, while the difference in the
Deccan Plateau would be just 0–1 days. Under the G6sulfur scenario (2030–2059), changes
in the mean annual ID indices were similar to those for the SSP245 scenario. The difference
between SSP245 and G6sulfur was predicted to be only 1–3 days. Compared with SSP585
scenario, the G6sulfur scenario would increase the mean annual ID indices in the whole of
South Asia by 0–4 days during 2030–2059; a larger increase would occur in northeastern
Afghanistan, Kashmir, and the southern slope of the Himalayas.
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Figure 6. The first row shows mean annual ID indices under the four scenarios: historical (1985–2014),
SSP245 (2030–2059), SSP585 (2030–2059), G6sulfur (2030–2059); the second row shows annual trend
of ID indices under four scenarios: historical, SSP245, SSP585, G6sulfur, where stippling indicates
statistically significant trends at a level p < 0.05.

Statistically significant decreasing trends were detected in the whole of South Asia,
except for some regions of Afghanistan (Figure 6, second row). Under the historical scenario,
the annual ID indices had a decreasing trend (−4 to 0 days/decade) (Figure 6, second
row). Under three future scenarios, the annual ID indices were predicted to have a larger
decreasing trend (−10 to 0 days/decade). Under all scenarios, a large decreasing trend
would only occur in Afghanistan and Kashmir. The significant trend difference in the
annual ID indices among four scenarios for representative regions are shown in Table 7.

Table 7. Trend difference in ID index among four scenarios (Unit: ◦C/decade).

Region

Difference
SSP245-

Historical
G6sulfur-
Historical

G6sulfur-
SSP245

G6sulfur-
SSP585

Afghanistan 0 to 3 0 to 3 −1 to 2 0 to 5

Deccan Plateau −1 to 0 −1 to 0 −1 to 1 0 to 1

The southern slope of the
Himalayas −1 to 1 −1 to 1 −1 to 3 0 to 5

Kashmir −1 to 1 −3 to 1 −2 to 1 0 to 4

4.6. CSDI Indices

The CDSI indices measure the annual count of days occurring during at least six
consecutive days when the daily minimum temperature is lower than the 10th percentile
threshold. Under four scenarios, the mean annual CSDI indices in the Ganges River
Plain and interior Deccan Plateau would be much larger than those in other regions in
South Asia. Under the historical scenario (1985–2014), the mean annual CSDI indices in
the Ganges Plain would be approximately 6–10 days (Figure 7, first row). Under three
future scenarios, the mean annual CSDI indices during 2030–2059 would quickly reduce to
0–2 days. Comparing SSP245/G6sulfur scenarios with the historical scenario, the mean
annual CSDI indices would have a larger reduction (8–9 days) in the Marva plateau and
eastern Deccan Plateau than those in other regions (5–7 days). At the same time, the
difference among the SSP245/SSP585 and G6sulfur scenarios was slight (−1 to 1 day).
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Figure 7. The first row shows mean annual CSDI indices under the four scenarios: historical
(1985–2014), SSP245 (2030–2059), SSP585 (2030–2059), G6sulfur (2030–2059); the second row shows
annual trend of CSDI indices under four scenarios: historical, SSP245, SSP585, G6sulfur, where
stippling indicates statistically significant trends at a level p < 0.05.

Under all scenarios, the statistically significant decreasing trends in the CSDI indices
were detected in most of South Asia. Under the historical scenario, the decreasing trend was
about from −5 to −2 days/decade. Under three future scenarios, the decreasing trend was
about from −1 to 0 days/decade (Figure 7, second row). The significant trend difference
in the annual CSDI indices among four scenarios for representative regions are shown in
Table 8.

Table 8. Trend difference in CSDI index among four scenarios (Unit: days/decade).

Region

Difference
SSP245-

Historical
G6sulfur-
Historical

G6sulfur-
SSP245

G6sulfur-
SSP585

Southern Afghanista 2 to 4 2 to 4 −1 to 1 0 to 1

Southern Deccan Plateau 4 to 5 3 to 5 0 to 1 0 to 1

Thar desert 2 to 4 2 to 4 −1 to 1 0 to 1

Middle Deccan Plateau 2 to 4 3 to 4 0 to 1 0 to 1

4.7. TNn Indices

The TNn indices measure the annual minimum value of the daily minimum temper-
ature. Their spatial distribution was similar under all four scenarios (Figure 8, first row).
The maximal value appeared in the southern end of South Asia and the minimal value
appeared in Kashmir and northern Afghanistan. Under the historical scenario (1985–2014),
the mean annual TNn indices in the Deccan Plateau were 5.1–24.1 ◦C, while under three
future scenarios (2030–2059), the mean annual TNn indices in the Deccan Plateau would
only reach 6.4–24.4 ◦C. Comparing the SSP245/G6sulfur scenarios with the historical sce-
nario, the largest difference in the mean annual TNn indices was predicted to appear in the
Hindu Kush mountains of northern Afghanistan, Kashmir, and the southern slope of the
Himalayas (Figure 8, first row). Under the SSP245 scenario (2030–2059), the mean annual
TNn indices in the Hindu Kush mountains of northern Afghanistan, Kashmir, and the
southern slope of the Himalayas would be predicted to be 2.7–4.3 ◦C higher than those
during 1985–2014, while the mean annual TNn indices in the Deccan Plateau would be
only 0.1–1.6 ◦C higher. Under the G6sulfur scenario (2030–2059), the mean annual TNn
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indices in northern Afghanistan, Kashmir, and the southern slope of the Himalayas would
be 2.3–5.4 ◦C higher than those during 1985–2014, while those indices in the Deccan Plateau
would be only 0.2–2.1 ◦C higher. Compared with the SSP245 scenario, the G6sulfur scenario
would increase the mean annual TNn indices by 0.1–1.4 ◦C in almost the whole of South
Asia, but in the Ganges River Plain, the mean annual TNn indices would decrease by
0.4–0.9 ◦C. Compared with the SSP585 scenario, the G6sulfur scenario would decrease the
mean annual TNn indices in the Indus-Ganges River Plain by 0.4–1.9 ◦C, and increase the
mean annual TNn indices in the Deccan Plateau by 0.2–0.8 ◦C.
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Figure 8. The first row shows mean annual TNn indices under the four scenarios: historical
(1985–2014), SSP245 (2030–2059), SSP585 (2030–2059), G6sulfur (2030–2059); the second row shows an-
nual trend of TNn indices under four scenarios: historical, SSP245, SSP585, G6sulfur, where stippling
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Under the historical scenario, the annual TNn indices in South Asia would experience
a statistically significant increasing trend (0.1–1.5 ◦C/decade) (Figure 8, second row). Under
the SSP245 scenario, the annual TNn indices in middle and south regions of South Asia
would experience a statistically significant increasing trend (0.4–0.9 ◦C/decade). Under
the SSP585 scenario, the annual TNn indices in northern regions of South Asia would
experience a statistically significant larger increasing trend (0.5–3.1 ◦C/decade). Under the
G6sulfur scenario, except for the Ganges River Plain and the southern part of the Deccan
Plateau, the annual TNn index would experience a statistically significant increasing trend
(0.1–0.6 ◦C/decade). The significant trend difference in the annual TNn indices among four
scenarios for representative regions are shown in Table 9.

Table 9. Trend difference in TNn index among four scenarios (Unit: ◦C/decade).

Region

Difference
SSP245-

Historical
G6sulfur-
Historical

G6sulfur-
SSP245

G6sulfur-
SSP585

Afghanistan −0.9 to −0.2 −0.6 to −0.1 −0.1 to 0.6 −1.8 to −0.5

The southern slope of the
Himalayas −0.7 to −0.1 −0.5 to 0.6 −0.3 to 1.2 −1.4 to −0.1

Western Deccan Plateau 0.1 to 0.6 −0.2 to 0.2 −0.4 to −0.1 0 to 0.4

Marva Plateau 0 to 0.5 −0.2 to 0.3 −0.1 to 0 0.1 to 0.3
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4.8. TXn Indices

The TXn indices measure the annual maximal value of the daily minimum temperature.
Similar to the TNn indices, the spatial distribution of the mean annual TXn indices was
also similar under all four scenarios (Figure 9, first row). The maximal value appeared
in the southern end of the Indian Peninsula and the minimal value appeared in Kashmir
and northern Afghanistan. Under the historical scenario (1985–2014), the mean annual
TXn indices in the Indian Peninsula would be approximately 19.4–25.8 ◦C (Figure 9, first
row). Compared with the historical scenario, under three future scenarios (2030–2059), the
mean annual TXn indices would rise to 20.7–27.1 ◦C in the Indian Peninsula. However,
due to a rapid increase in altitude, the mean annual TXn indices in Kashmir would be
from −21.1 to −11.8 ◦C. Comparing the SSP245/G6sulfur scenarios with the historical
scenario, the largest warming was predicted to occur in the Hindu Kush mountain range
in northern Afghanistan. Under the SSP245 scenario (2030–2059), the mean annual TXn
indices in the Hindu Kush mountain range would have rise by 1.1–2.2 ◦C, while those
indices in the Deccan Plateau would only rise by 0.8–1.5 ◦C. Under the G6sulfur scenario
(2030–2059), the mean annual TXn indices would have rise by 1.5–2.6 ◦C in the Hindu
Kush and rise by 0.9–1.8 ◦C in the Deccan Plateau compared with those during 1985–2014.
Compared with the SSP245 scenario, the G6sulfur scenario would lead to a larger rise in
the mean annual TXn indices by 0.1–1.1 ◦C in northern regions of South Asia. However,
the warming of the mean annual TXn indices in the Deccan Plateau would be mitigated by
0–0.1 ◦C. Compared with SSP585 scenario, the G6sulfur scenario would lead to a rise
in mean annual TXn indices in the northern Deccan Plateau and Ganges Delta during
2030–2059 by 0.2–0.6 ◦C, and a decline in the mean annual TXn indices in the northern
Indus River Plain and upper Ganges River Plain by 0.3–0.6 ◦C.

Under the historical scenario, the annual TXn indices in the Deccan Plateau, Afghanistan,
and the southern slope of the Himalayas had a statistically significant increasing trend
(0.1–1.4 ◦C/decade) (Figure 9, second row). Under the SSP245 scenario, the annual TXn
indices in most of South Asia would have a statistically significant increasing trend
(0.2–0.9 ◦C/decade). Under the SSP585 scenario, except for western Afghanistan and
the lower Indus River Plain, the annual TXn indices would have a statistically significant
increasing trend (0.3–1.1 ◦C/decade). Under the G6sulfur scenario, the annual TXn indices
in the Deccan Plateau and the southern slope of the Himalayas would have a statistically
significant increasing trend (0.2–1.1 ◦C/decade). The significant trend difference in the
annual TXn indices among four scenarios for representative regions are showed in Table 10.

Table 10. Trend difference in TXn index among four scenarios (Unit: ◦C/decade).

Region

Difference
SSP245-

Historical
G6sulfur-
Historical

G6sulfur-
SSP245

G6sulfur-
SSP585

Eastern Afghanistan −0.8 to 0 −0.7 to 0 −0.5 to 0 −0.7 to −0.4

Middle Deccan Plateau −0.3 to 0.3 −0.2 to 0.3 −0.4 to 0.3 −0.3 to −0.1

Thar Desert 0 to 0.4 −0.4 to 0 −0.5 to −0.1 −0.6 to 0

The southern slope of the
Himalayas −0.2 to 0.3 −0.2 to 0.4 −0.4 to 0.2 −0.6 to −0.1
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Figure 9. The first row shows mean annual TXn indices under the four scenarios: historical
(1985–2014), SSP245 (2030–2059), SSP585 (2030–2059), G6sulfur (2030–2059); the second row shows an-
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4.9. CDD Indices

The CDD indices measure the maximum number of consecutive days when precip-
itation is <1 mm. Under the historical scenario and three future scenarios, the spatial
distribution of the mean annual CDD indices would have little difference. The highest
value would appear in the Sistan Basin of southern Afghanistan, and the lowest value
would appear on the southern slope of the eastern Himalayas (Figure 10, first row). Under
the historical scenario (1985–2014), the mean annual CDD indices in the Sistan Basin
would be 100–154 days. Under three future scenarios (2030–2059), the mean annual
CDD indices in the Sistan Basin would rise further to 103–168 days. Due to the fact
that South Asian monsoons are blocked by the Himalayas, the mean annual CDD indices
in the southern slope of the Himalayas would be only 36–73 days. Under the SSP245
scenario, during 2030–2059, the mean annual CDD indices in western Afghanistan and
the Lower Indus River Plain would be predicted to be 6–17 days higher than those during
1985–2014, while those in the Deccan Plateau and the southern slope of the Himalayas
would be predicted to be 1–6 days lower. Under the G6sulfur scenario, the mean annual
CDD indices in western Afghanistan would be predicted to be 10–19 days higher than
those during 1985–2014, while these indices in the southern slope of the Himalayas would
be predicted to be 1–12 days lower than those during 1985–2014. Compared with the
SSP245 scenario, except for the Ganges River Plain, the implementation of SAI climate
engineering would increase the mean annual CDD indices in almost the whole of South
Asia by 1–10 days during 2030–2059. Especially, an increase of 5–10 days would occur
in western Afghanistan. Compared with the SSP585 scenario, the implementation of SAI
climate engineering would increase the mean annual CDD indices in most of South Asia by
1–8 days from 2030 to 2059, except for the southern slope of the Himalayas. Especially, an
increase of 5–8 days in the Sistan Basin and an increase of 1–5 days in the Deccan Plateau,
and a decrease of 1–6 days on the southern slope of the Himalayas would be expected.
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The CDD indices measure the maximum number of consecutive days when precipi-

tation is <1 mm. Under the historical scenario and three future scenarios, the spatial dis-
tribution of the mean annual CDD indices would have little difference. The highest value 
would appear in the Sistan Basin of southern Afghanistan, and the lowest value would 
appear on the southern slope of the eastern Himalayas (Figure 10, first row). Under the 
historical scenario (1985–2014), the mean annual CDD indices in the Sistan Basin would 
be 100–154 days. Under three future scenarios (2030–2059), the mean annual CDD indices 
in the Sistan Basin would rise further to 103–168 days. Due to the fact that South Asian 
monsoons are blocked by the Himalayas, the mean annual CDD indices in the southern 
slope of the Himalayas would be only 36–73 days. Under the SSP245 scenario, during 
2030–2059, the mean annual CDD indices in western Afghanistan and the Lower Indus 
River Plain would be predicted to be 6–17 days higher than those during 1985–2014, while 
those in the Deccan Plateau and the southern slope of the Himalayas would be predicted 
to be 1–6 days lower. Under the G6sulfur scenario, the mean annual CDD indices in west-
ern Afghanistan would be predicted to be 10–19 days higher than those during 1985–2014, 
while these indices in the southern slope of the Himalayas would be predicted to be 1–12 
days lower than those during 1985–2014. Compared with the SSP245 scenario, except for 
the Ganges River Plain, the implementation of SAI climate engineering would increase 
the mean annual CDD indices in almost the whole of South Asia by 1–10 days during 
2030–2059. Especially, an increase of 5–10 days would occur in western Afghanistan. Com-
pared with the SSP585 scenario, the implementation of SAI climate engineering would 
increase the mean annual CDD indices in most of South Asia by 1–8 days from 2030 to 
2059, except for the southern slope of the Himalayas. Especially, an increase of 5–8 days 
in the Sistan Basin and an increase of 1–5 days in the Deccan Plateau, and a decrease of 1–
6 days on the southern slope of the Himalayas would be expected. 
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4.10. CWD Indices 
The CWD indices measure the maximum number of consecutive days when precip-

itation is ≥1 mm. Under four scenarios, affected by southwest monsoons, the largest value 
of the mean annual CWD indices would appear in the western Deccan Plateau (up to 60 
days). The minimal value would appear in the Thar desert, Afghanistan, and Kashmir 
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Figure 10. The first row shows mean annual CDD indices under the four scenarios: historical
(1985–2014), SSP245 (2030–2059), SSP585 (2030–2059), G6sulfur (2030–2059); the second row shows
annual trend of CDD indices under four scenarios: historical, SSP245, SSP585, G6sulfur, where
stippling indicates statistically significant trends at a level p < 0.05.

Under the historical scenario and three future scenarios, the annual trend of the CDD
indices could not pass the statistical significance test at the level of p < 0.05 in almost all of
South Asia (Figure 10, second row). Under the historical scenario, the annual trend of the
CDD indices had a slight increasing trend in the Deccan Plateau and a slight decreasing
trend in western Afghanistan and the Indus River Plain (Figure 10, second row). Under
the SSP245 scenario, only the annual trend of the CDD indices in the southern Marva
Plateau would be statistically significant (2–11 days/decade). Under the SSP585 scenario,
the annual CDD indices would have a slight decreasing trend (−2 to −4 days/decade) in
most of the Deccan Plateau and a slight increasing trend (2–4 days/decade) in Afghanistan
and the Indus-Ganges River Plain. Under the G6sulfur scenario, the annual CDD indices
would have a slight increasing trend in the Deccan Plateau and a slight decreasing trend in
the southern Indus River Plain and Ganges Delta. The significant trend difference in the
annual CDD indices among four scenarios for representative regions are shown in Table 11.

Table 11. Trend difference in CDD index among four scenarios (Unit: days/decade).

Region

Difference
SSP245-

Historical
G6sulfur-
Historical

G6sulfur-
SSP245

G6sulfur-
SSP585

Western Afghanistan 1 to 4 1 to 3 −4 to 0 −5 to 1

Ganges Delta −3 to −1 −4 to 0 −2 to 2 −4 to 1

Western Deccan Plateau −1 to 7 −2 to 5 −4 to 3 4 to 7

Southwestern Indus River
Plain 3 to 6 −4 to 4 −8 to −1 −7 to −1

4.10. CWD Indices

The CWD indices measure the maximum number of consecutive days when precipita-
tion is ≥1 mm. Under four scenarios, affected by southwest monsoons, the largest value of
the mean annual CWD indices would appear in the western Deccan Plateau (up to 60 days).
The minimal value would appear in the Thar desert, Afghanistan, and Kashmir (about
10–14 days) (Figure 11, first row). Compared with the historical scenario, the mean annual
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CWD indices under the SSP245 scenario would be predicted to be 2–4 days higher in the
eastern Deccan Plateau, 1–2 days higher in the Thar desert, Indus river plain, Afghanistan,
and Kashmir, and 1–2 days lower in the western Ghats and near the Ganges Delta. This is
similar to the difference between the G6sulfur and historical scenarios. The mean annual
CWD indices under the G6sulfur scenario would be predicted to be 1–2 days less than
those in SSP245 scenario in most regions in South Asia, but 2–3 days larger in the western
Ghats. Compared with the SSP585 scenario, the G6sulfur scenario would decrease the mean
annual CWD indices in most South Asian regions by 0–2 days, and the largest decrease
would appear in the south end of the Deccan Plateau.
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Figure 11. The first row shows mean annual CWD indices under the four scenarios: historical
(1985–2014), SSP245 (2030–2059), SSP585 (2030–2059), G6sulfur (2030–2059); the second row shows
annual trend of CWD indices under four scenarios: historical, SSP245, SSP585, G6sulfur, where
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Under the historical scenario and three future scenarios, the annual trend of the CWD
indices could not pass the statistical significance test at the level p < 0.05 in almost all South
Asian regions (Figure 11, second row). Under the historical scenario, the annual CWD
indices would have a slight decreasing trend in southeast regions and a slight increasing
trend in northwest regions of South Asia. Under the SSP245 scenario, the annual CWD
indices would show a statistically significant increasing trend (2–4 days/decade) only in
the southern part of the Deccan Plateau. Under the SSP585 and G6sulfur scenarios, the
annual trend of the CWD index in most of South Asia would be slight. The significant trend
difference in the annual CWD indices among four scenarios for representative regions are
shown in Table 12.

Table 12. Trend difference in CWD index among four scenarios (Unit: days/decade).

Region

Difference
SSP245-

Historical
G6sulfur-
Historical

G6sulfur-
SSP245

G6sulfur-
SSP585

Afghanistan −1 to 0 −1 to 0 −1 to 1 −1 to 1

Southern Deccan Plateau 2 to 6 1 to 4 −4 to 0 0 to 2

Southern Indus River Plain −1 to 0 −1 to 0 −1 to 1 0 to 1

The southern slope of the
Himalayas −3 to 0 −5 to 1 −4 to 1 −5 to 2
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4.11. RX1day Indices

The RX1day indices measure the maximum daily precipitation. Under all four sce-
narios, the largest value of the RX1day indices would appear in the Ganges Delta and the
smallest value would appear in Afghanistan and the Indus River Plain (Figure 12, first
row). Under the SSP245 scenario, the mean annual RX1day indices would be 4.3–13.1 mm
higher in western coastal regions and about 1 mm lower in Afghanistan than those from
1985 to 2014. Under the G6sulfur scenario, the mean annual RX1day indices would be
2.3–10.2 mm higher in the Gangetic River Plain and 1.2–10.1 mm higher in the southern Dec-
can Plateau than those from 1985 to 2014. Compared with the SSP245 scenario, the G6sulfur
scenario would decrease the mean annual RX1day indices in western coastal regions by
3.1–10.4 mm and increase the indices in other regions in South Asia by 0.1–7.4 mm. Com-
pared with the SSP585 scenario, the G6sulfur scenario would increase the mean annual
RX1day indices in the southern Deccan Plateau, Marva Plateau, and upper Indus River
Plain by 0.1–4.7 mm, and decrease those indices in the Ganges Delta by at most 5 mm.
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indices. Under the historical scenario, the mean summer RX1day indices in the Ganges 
Delta would account for 83.8–90% of the mean annual RX1day indices. Under three future 
scenarios, the mean summer RX1day indices in the Ganges Delta would account for 85–
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fur scenario with the historical scenario, the summer RX1day indices in the southern Dec-
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Figure 12. The first row shows mean annual RX1day indices under the four scenarios: historical
(1985–2014), SSP245 (2030–2059), SSP585 (2030–2059), G6sulfur (2030–2059); the second row shows
annual trend of RX1day indices under four scenarios: historical, SSP245, SSP585, G6sulfur, where
stippling indicates statistically significant trends at a level p < 0.05.

The annual trends of the RX1day indices in most of South Asia would not be statisti-
cally significant (Figure 12, second row). The limited regions with statistically significant
trends include: 3.3–7.4 mm/decade in the northern Deccan Plateau under the SSP245 sce-
nario; 2.3–7.1 mm/decade in the southern Deccan Plateau and middle Ganges River Plain
under the SSP585 scenario; 4.3–8.5 mm/decade in the Thar desert under the G6sulfur sce-
nario. The significant trend differences in the annual RX1day indices among four scenarios
for representative regions are shown in Table 13.

Table 13. Trend difference in RX1day index among four scenarios (Unit: mm/decade).

Region

Difference
SSP245-

Historical
G6sulfur-
Historical

G6sulfur-
SSP245

G6sulfur-
SSP585

Ganges Delta −2.6 to 2.5 −4.3 to 2.1 −6.6 to 3.4 −5.4 to 2.3

Middle Deccan Plateau 2.1 to 7.3 −6.9 to 6.4 −5.8 to −0.3 −5.3 to −0.2

Indus River Plain −4.6 to 1.2 −2.2 to 1.5 −2.6 to 4.5 −1.6 to 5.2

Marva Plateau −2.1 to 1.1 −2.3 to 6.4 3.3 to 8.1 2.4 to 7.9
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We compared the mean summer and annual RX1day indices (Figures 12 and 13). Due
to a monsoon climate, the summer season had a significant share of the annual RX1day
indices. Under the historical scenario, the mean summer RX1day indices in the Ganges
Delta would account for 83.8–90% of the mean annual RX1day indices. Under three fu-
ture scenarios, the mean summer RX1day indices in the Ganges Delta would account for
85–87% of the mean annual RX1day indices. We compared, further, the trend differ-
ences in the annual and summer RX1day indices (Figures 12 and 13). Comparing the
G6sulfur scenario with the historical scenario, the summer RX1day indices in the southern
Deccan Plateau and Marva Plateau would have a significant increasing trend difference,
about 1.4 mm/decade slower than the trend difference in the annual RX1day indices. Com-
paring the G6sulfur scenario with the SSP245 scenario, the summer RX1day indices in the
north Deccan Plateau would have an additional decreasing trend (−2.9 to −0.9 mm/decade),
while the annual RX1day indices would have an additional more quickly decreasing trend
(−5.8 to −3.2 mm/decade).

Atmosphere 2023, 14, x FOR PEER REVIEW 20 of 24 
 

 

1.4 mm/decade slower than the trend difference in the annual RX1day indices. Comparing 
the G6sulfur scenario with the SSP245 scenario, the summer RX1day indices in the north 
Deccan Plateau would have an additional decreasing trend (−2.9 to −0.9 mm/decade), 
while the annual RX1day indices would have an additional more quickly decreasing trend 
(−5.8 to −3.2 mm/decade). 

    

    
Figure 13. The first row shows mean summer RX1day indices under the four scenarios: historical 
(1985–2014), SSP245 (2030–2059), SSP585 (2030–2059), G6sulfur (2030–2059); the second row shows 
Trend of summer RX1day indices under four scenarios: historical, SSP245, SSP585, G6sulfur, where 
stippling indicates statistically significant trends at a level p < 0.05. 

We examined the link between the annual RX1day indices and the annual precipita-
tion (Figure 14). Under all four scenarios, the annual RX1day indices and the annual pre-
cipitation in South Asia were always positively correlated, especially under the G6sulfur 
scenario, the correlation in the southwestern Indus River Plain and the Marva Plateau are 
strong (0.61–0.68), while the correlation in the rest of South Asia is weak. 

    
 

Figure 14. Pearson correlation coefficients between annual RX1day indices and annual precipitation 
under four scenarios: historical (1985–2014), SSP245 (2030–2059), SSP585 (2030–2059), G6sulfur 
(2030–2059). 

4.12. RX5day Indices 
The RX5day indices measure the maximum of consecutive five-day precipitation 

amounts. Under all four scenarios, the highest values of the mean annual RX5day indices 
(>250 mm) would appear in the Ganges Delta and western Ghats while the lowest values 
(<50 mm) would appear in the Sistan Basin of south Afghanistan (Figure 15, first row). 
Compared with the historical scenario (1985–2014), the mean annual RX5day indices 

Figure 13. The first row shows mean summer RX1day indices under the four scenarios: historical
(1985–2014), SSP245 (2030–2059), SSP585 (2030–2059), G6sulfur (2030–2059); the second row shows
Trend of summer RX1day indices under four scenarios: historical, SSP245, SSP585, G6sulfur, where
stippling indicates statistically significant trends at a level p < 0.05.

We examined the link between the annual RX1day indices and the annual precipi-
tation (Figure 14). Under all four scenarios, the annual RX1day indices and the annual
precipitation in South Asia were always positively correlated, especially under the G6sulfur
scenario, the correlation in the southwestern Indus River Plain and the Marva Plateau are
strong (0.61–0.68), while the correlation in the rest of South Asia is weak.
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4.12. RX5day Indices

The RX5day indices measure the maximum of consecutive five-day precipitation
amounts. Under all four scenarios, the highest values of the mean annual RX5day indices
(>250 mm) would appear in the Ganges Delta and western Ghats while the lowest values
(<50 mm) would appear in the Sistan Basin of south Afghanistan (Figure 15, first row).
Compared with the historical scenario (1985–2014), the mean annual RX5day indices under
the SSP245 scenario would be predicted to be 12.1–31.2 mm higher in the western Ghats,
8.2–19.8 mm higher on the southern slope of the Himalayas, and 2.7–11.6 mm lower in
the eastern Ghats, and the mean annual RX5day indices under G6sulfur scenario would
be predicted to be 8.1–26.5 mm higher in the Lower Ganges River Plain and 2.3–10.7 mm
lower in the western/eastern Ghats.
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Figure 15. The first row shows the mean annual RX5day indices under the four scenarios: historical
(1985–2014), SSP245 (2030–2059), SSP585 (2030–2059), G6sulfur (2030–2059); the second row shows
annual trend of RX5day indices under four scenarios: historical, SSP245, SSP585, G6sulfur, where
stippling indicates statistically significant trends at a level p < 0.05.

Compared with the SSP245 scenario, except for coastal regions adjacent to the Arabian
Sea, the G6sulfur scenario would increase the mean annual RX5day indices by 0.1–20.9 mm
in the whole of South Asia; especially, by 8.5–20.9 mm in the middle of the Ganges River
Plain and 0.1–6.1 mm in the northern Indus River Plain. At the same time, the mean annual
RX5day indices would decrease by 0.8–28.3 mm in coastal regions adjacent to the Arabian
Sea. Compared with the SSP585 scenario, the G6sulfur scenario would bring a 0.2–11.9 mm
increase in the mean annual RX5day indices in most regions in the Indian peninsula and a
2.1–26.1 mm decrease in the southern Indus River Plain.

The annual trends of the RX5day indices under four scenarios are statistically insignifi-
cant in most regions of South Asia (Figure 15, second row). Limited regions with statistically
significant increasing trends of annual RX5day indices include a 7.3–23.8 mm/decade trend
in the northern Deccan Plateau under the SSP245 scenario, and a 1.1–22.4 mm/decade
trend in the Thar desert and Kashmir under the G6sulfur scenario. The significant trend
differences in the annual RX5day indices among four scenarios for representative regions
are shown in Table 14.
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Table 14. Trend difference in RX5day index among four scenarios (Unit: mm/decade).

Region

Difference
SSP245-

Historical
G6sulfur-
Historical

G6sulfur-
SSP245

G6sulfur-
SSP585

Ganges Delta −10.9 to 17.8 −7.1 to 8.9 −20.1 to 29.8 −19.4 to 4.2

Middle Deccan Plateau 5.3 to 21.6 −10.4 to 17.4 −28.6 to 7.6 −11.3 to 16.7

Indus river plain −11.9 to 2.1 −7.2 to 3.5 −7.2 to 13.4 −3.1 to 9.4

Marwa Plateau −16.9 to −4.3 −13.4 to 17.4 1.2 to 33.8 0.8 to 16.7

5. Conclusions

Due to global climate change, South Asia is facing dual pressures of the obligation of
carbon emissions reduction globally and the demand for a better life for huge populations.
SAI climate engineering seemingly provides a solution to this dilemma. As the most
important simulation of SAI climate engineering, the G6sulfur experiment is designed to
inject SO2 into the stratosphere starting from 2020 in order to reduce the high radiative
forcing (SSP585) to medium radiative forcing (SSP245) [7]. Although all simulations
indicated that SAI climate engineering would be expected to reduce the increase in mean
surface temperature to the pre-industrial level, the correlation coefficient between climate
extreme indices and the mean climate is only about 0.5, leading to the conclusion that to
control the increase in mean temperature/precipitation by SAI climate engineering does not
mean controlling the change in climate extremes well. Therefore, we analyzed the evolution
of extreme climates under four scenarios (historical, SSP245, SSP585, and G6sulfur) through
12 widely-used extreme indices in detail. These indices can reflect difference aspects of
climate extremes, from warm temperature extremes and cold temperature extremes to
precipitation/drought extremes. Five indices (TXx, TNx, TXn, TNn, Rx1day) reveal extreme
values in temperature and precipitation, while seven indices (SU, WSDI, ID, CSDI, CDD,
CWD, Rx5day) reveal the duration of temperature/precipitation/drought extremes. At
the same time, different climatic conditions are spread over wide and diverse geographic
regions of South Asia, including arid regions, low-lying coastal regions, alluvial plain
regions, tropical regions, and mountainous regions, leading to diverse responses of the
different climate extreme indices to the implementation of SAI climate engineering.

Our analysis of 12 extreme indices revealed that the intensities and frequency of
extreme climates under G6sulfur scenario would be significantly higher than those under
historical scenarios due to the fact that the radiative forcing level in the G6sulfur experiment
is only reduced compared to the SSP245 scenario through the implementation of SAI climate
engineering, and these would be much higher than those under the historical scenario. Since
different climatic conditions are spread over wide and diverse geographic regions of South
Asia, we selected three representative terrains (plateau region, plain region, mountain
region) in South Asia, covering over 50% of the area of south Asia, and revealed very
different impacts of the implementation of SAI climate engineering on climate extremes in
these regions under three future scenarios:

• Deccan Plateau: (a) Compared with the SSP245 scenario, the G6sulfur scenario would
increase the WSDI indices by 7–15 days, the TNn indices by 0.1–1.4 ◦C, the CDD
indices by 1–10 days, and the RX5day indices by 0.2–11.9 mm, but decrease the SU
indices by 1–4 days, the TXn indices by 0–0.1 ◦C, and the CWD indices by 1–2 days.
(b) Compared with the SSP585 scenario, the G6sulfur scenario would increase the TNn
indices by 0.2–0.8 ◦C and the CDD indices by 1–5 days, but decrease the WDSI indices
by 12–23 days, the TXx indices by 0.1–0.4 ◦C, and the CWD indices by 1–2 days.

• Ganges River Plain: (a) Compared with the SSP245 scenario, the G6sulfur scenario
would increase the SU indices by 1–3 days and the TXn indices by 0.1–1.1 ◦C, but de-
crease the TNn indices by 0.4–0.9 ◦C and the CWD indices by 1–2 days. (b) Compared
with the SSP585 scenario, the G6sulfur scenario would increase the TNx indices by
0–0.2 ◦C and the CDD indices by 1–8 days, but decrease the SU indices by 1–12 days,
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the TXx indices by 0.1–0.4 ◦C, the TNn indices by 0.4–1.9 ◦C, and the CWD indices by
1–2 days.

• Kashmir and Himalayas Mountain Ranges: (a) Compared with the SSP245 scenario,
the G6sulfur scenario would increase the SU indices by 1–3 days, the WSDI indices
by 1–2 days, the TXx indices by 0.2–0.9 ◦C, the TNx indices by 0.3–0.6 ◦C, the TXn
indices by 0.1–1.1 ◦C, and the TNn indices by 0.1–1.4 ◦C, but would decrease the CWD
indices by 1–2 days. (b) Compared with the SSP585 scenario, the G6sulfur scenario
would increase the RX5day indices by 0.2–11.9 mm and the ID indices by 1–3 days,
and decrease the TXx indices by 0.1–0.4 ◦C, the CDD indices by 1–6 days, and the
CWD indices by 1–2 days.

Although all simulations reveal that the implementation of SAI climate engineering
would decrease the mean temperature, our study found that significant differences in
extreme climates response to three future scenarios: some indices were mitigated con-
siderably, while others may reflect a worse set of circumstances than would be the case
without the implementation of SAI climate engineering. Moreover, by comparing summer
and annual extreme indices, we reveal that seasonal factors would not play a significant
factor in the evolution of these climate extreme indices. It is worth noting that, although
the radiative forcing level in the G6sulfur experiment is reduced compared to the SSP245
scenario, the Kashmir and Himalayas Mountain Ranges were predicted to have more
extreme warm events under the G6sulfur scenario than under the SSP245 scenario. Since
these regions are the source of major rivers in South Asia, such a warming would possibly
cause further mountain glacier retraction and result in the frequent occurrence of flood
events. In summary, SAI climate engineering is not an effective tool to mitigate future
climate extremes in South Asia under a global warming scenario.
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