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17 ABSTRACT

18  Central-South Asia and the Tibetan Plateau are climate-sensitive regions where water resources
19 are controlled by monsoon, westerlies, and cryosphere processes. This study evaluates
20  hydroclimatic changes across three regimes: moisture-limited Central Asia (west (WCA) and east
21 (ECA)), cryosphere-influenced Tibetan Plateau (T1B), and monsoon-dominated South Asia (SAS),
22 under warming (SSP2-4.5, SSP5-8.5) and solar radiation management (SRM) scenarios with
23 temperature-stabilized (G6-1.5K-SAIl and Geo-SAl) and transient forcing (G6solar and Gésulfur)
24 experiments using CESM2-WACCM for 2055-2084 relative to 2015-2034. Warming substantially
25  amplifies annual peak hydroclimatic responses, with peak temperature increasing by 24%, ET by
26 6.5%, precipitation by up to 13% in TIB and SAS, and available water (AW) by 18%—-23%,
27  alongside accelerated cryosphere melts and enhanced vegetation. In contrast, dry Central Asia
28  shows smaller precipitation and AW increases but remains highly sensitive to evapotranspiration
29  (ET)-driven drying and soil moisture (SM) losses. Temperature-stabilized scenarios provide
30 stronger and more consistent suppression of warming and extremes, while transient forcing
31  scenarios achieve only partial mitigation and retain greater variability. Across regions, SRM
32 generally reduces temperature and ET, produces mixed precipitation responses, and partially
33 restores AW, soil moisture, and cryosphere-related processes. The findings per unit sulfur injected
34 exhibit highest cooling and hydrological efficiency under G6-1.5K-SAl, showing that effectiveness
35  depends on both sulfur loading and injection strategy. SRM also moderates cryosphere loss through
36  enhanced snowfall and reduced snowmelt over the TIB. Warming intensifies seasonal variability
37 and advances peak timing, whereas SRM dampens these shifts to present-day conditions.
38  Precipitation remains the dominant control on AW, indicating that SRM primarily modifies
39  hydroclimatic magnitude rather than underlying water-cycle controls. Overall, SRM reduces
40  hydroclimatic extremes but cannot fully offset regional water stress, and its effectiveness depends
41  on both forcing pathway and intervention strategy, highlighting the need for climate-regime-
42 specific and sulfur-normalized evaluation.

43  Keywords: Solar geoengineering impacts, Hydroclimatic variability, Land-atmosphere

44 interactions, Available water resources, Climate mitigation
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45 1. Introduction

46  Central and South Asia, encompassing West-Central Asia (WCA), East-Central Asia (ECA), the
47  Tibetan Plateau (TIB), and South Asia (SAS), is among the most climate-sensitive regions globally.
48  The region is already experiencing increasing climate stress, including frequent droughts (Jiang
49  and Zhou, 2023) and growing water scarcity (Wu et al., 2025). The WCA and SAS is among the
50  world’s most densely populated and rapidly developing regions (Ullah et al., 2022; Voumik et al.,
51  2023), where hundreds of millions of people depend directly on climate-sensitive water resources
52 for agriculture, hydropower, and domestic use (Hermans et al., 2025; Zhu et al., 2024; Akram et
53 al., 2024). Accelerated glacier retreat, ice thinning, and permafrost thaw are driving rapid changes
54 inthe Asian Water Tower on the TIB, raising concerns for the long-term sustainability of freshwater
55  resources serving nearly two billion people (Wang et al., 2025). Regional hydroclimate is shaped
56 by the interaction of the South Asian monsoon (Hussain et al., 2024b), mid-latitude westerlies
57  (Cheng et al., 2025), and cryosphere processes over the TIB (Wang et al., 2025), which together
58  regulate precipitation, snow accumulation, glacier melt, and downstream runoff. Ongoing warming
59  has already altered monsoon dynamics and intensified hydroclimatic extremes, with rising
60  evaporative demand, shifting precipitation patterns, and declining soil moisture (SM) contributing
61  tomore frequent and severe droughts and floods (Haile et al., 2020; Kim and Bae, 2020; Samaniego
62  etal., 2018; Stevenson et al., 2022). These coupled atmospheric and cryosphere sensitivities make
63  the region particularly vulnerable to changes in temperature and precipitation, amplifying risks to
64  water security, agriculture, ecosystems, and livelihoods. Consequently, understanding how distinct
65  SRM strategies modulate temperature, precipitation, cryosphere processes, and land—atmosphere

66 interactions is critical for assessing their implications for future water resources.

67  The TIB remains highly sensitive to climate change because it plays a central role in shaping
68  atmospheric circulation and sustaining regional freshwater resources (Li et al., 2022b; Lin et al.,
69  2023). Previous observations indicate that terrestrial water storage across the TIB decreased by
70  approximately 10.2 Gt per year during 2002—2017 (Li et al., 2022b). Meanwhile, future projections
71  suggest that continued high-emission conditions may promote lake expansion and modify
72 precipitation regimes in the region (Chen et al., 2022; Zhu et al., 2025). Under the SSP5-8.5
73  scenario, warming could reach as much as 4.8<C by the end of the century (Effiong and Neitzel,
74  2016), potentially amplifying hydroclimatic extremes such as droughts and floods, while also
75  altering soil moisture, evapotranspiration, and runoff dynamics (Samaniego et al., 2018; Vicente-
76  Serrano et al., 2020). Under SSP5-8.5, this warming is expected to alter water fluxes, thereby
77  reshaping runoff patterns, disrupting the water cycle, and affecting overall water availability (Price

78  etal., 2022). Simultaneously, shifts in monsoon behavior indicate a growing trend toward aridity,
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79  placing even greater pressure on already stressed water resources (Simpkins, 2020). This increasing
80 aridity is expected to significantly elevate the frequency of severe drought episodes (Park et al.,
81  2018).

82  Global warming is disrupting water availability (Vicente-Serrano et al., 2020), for agriculture and
83 livelihoods (Naumann et al., 2018) in Central Asia. Projections indicate hydroclimatic shifts (Ma
84  etal, 2021), drying SM and runoff in the WCA, while increased wetting in east, and widespread
85  rise in drought frequency (Hua et al., 2022). Global warming produces a robust increase over the
86  Tianshan Mountains and northern regions, despite differences in emission trajectories (Jiang et al.,
87  2020). Despite this projected increase, water availability in Central Asia remains under serious
88 threat, as the terrestrial water is declining, primarily due to anthropogenic changes to surface water
89  areas (Huang et al., 2021). Similar climate-related pressures are also evident across Central Asia,
90  where changes in monsoon behavior, together with rising temperatures and glacier retreat in the
91  Tianshan—Pamir ranges, are increasing the region’s vulnerability to water scarcity (Huang et al.,

92 2021, Fallah et al., 2024; Yu et al., 2021).

93  Solar radiation modification (SRM), often described as solar geoengineering, has received growing
94  attention as a potential supplementary approach for limiting the impacts of anthropogenic
95  greenhouse gas (GHG)-driven warming (Rezaei et al., 2025a; Richter et al., 2022). Stratospheric
96  aerosol injection (SAI), a prominent SRM technique, is a potential climate intervention strategy
97  that aims to partially offset GHG—driven global warming (Crutzen, 2006; Irvine and Keith, 2020;
98 Rickeetal., 2023; Tilmes et al., 2018). By introducing reflective aerosols into the stratosphere, SAI
99 is designed to increase planetary albedo and reduce incoming shortwave radiation, thereby
100  mimicking the transient cooling effects observed after major volcanic eruptions (Pope et al., 2012;
101  Weisenstein et al., 2015). However, while SAI has the potential to moderate global temperature
102 rise, its broader hydroclimatic consequences remain uncertain, particularly for precipitation, runoff,
103  and aridity (Rezaei et al., 2025b). These uncertainties raise concerns that SAI could intensify water
104  stress in monsoon-dominated and arid regions (Robock et al., 2008; Niemeier and Schmidt, 2017;
105 Chengetal., 2019; Liu et al., 2024; Simpson et al., 2019; Macmartin et al., 2017). Previous studies
106 indicate that SAl may dampen the hydrological cycle by suppressing precipitation and modifying
107  runoff processes through changes in land-atmosphere interactions, vegetation responses, and
108  snowmelt-related fluxes (Robock et al., 2008; Niemeier and Schmidt, 2017; Cheng et al., 2019; Liu
109  etal., 2024; Simpson et al., 2019; Macmartin et al., 2017). Such impacts are particularly important

110  across Asia, where complex topography and monsoon circulation produce strong hydroclimatic
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111 gradients, while year-to-year variability is further influenced by spring snow cover, soil moisture,

112 and ENSO-driven sea surface temperature anomalies (Zhu et al., 2023; Wang et al., 2008).

113 Coordinated SRM experiments such as G6-1.5K-SAl, G6solar, G6sulfur, and Geo-SAl have been
114  designed to assess the extent to which SRM could partially offset warming under various emissions
115  pathways (Agada et al., 2025; Visioni et al., 2020b; Visioni et al., 2024; Bonou et al., 2023; Moore
116  etal., 2024). Recent Geoengineering Model Intercomparison Project (GeoMIP) and G6-1.5K-SAl
117  experiments include both aerosol-based SRM (e.g., Gésulfur, G6-1.5K-SAl, and Geo-SAl) and
118  idealized solar dimming (e.g., G6solar), enabling isolation of radiative effects from aerosol
119  processes. Together, these scenarios provide a framework to assess how different SRM strategies
120  operate under distinct experimental designs and emissions pathways. In particular, G6-1.5K-SAl
121 and Geo-SAl aim to reduce global temperatures at approximately 1.5 <C under SSP2-4.5 and SSP5-
122 8.5, respectively, whereas G6solar and G6sulfur are designed to offset the additional radiative
123 forcing of SSP5-8.5 relative to SSP2-4.5 (Kravitz et al., 2013b; Simpson et al., 2019; Visioni et al.,
124 2020). For instance, the Geo SSP5-8.5 1.5 experiment, hereafter referred to as Geo-SAl, is designed
125  to limit global temperature increase to approximately 1.5<C while still following an SSP5-8.5
126 emissions trajectory (Tilmes et al., 2020). Although research on SAI has expanded considerably,
127  important knowledge gaps remain regarding its region-specific effects on hydrological processes
128  across Asia. Existing studies have mainly emphasized global-scale or zonal changes in precipitation
129  (Kravitz et al., 2013a; Bala et al., 2008; Huynh and Mcneill, 2024; Schiferl et al., 2018), whereas
130  comparatively limited attention has been given to vegetation dynamics and terrestrial water storage
131 responses, both of which play critical roles in regulating hydroclimatic extremes (Clark et al., 2023;
132 Schiferl et al., 2018).

133 This study addresses these gaps by analyzing future changes in mean, peak, and seasonal amplitude
134 values as well as the timing of annual peak of nine hydroclimatic variables across WCA, ECA, TIB
135  and SAS under GHG-emissions without (SSP2-4.5 and SSP5-8.5) and with SRM (G6-1.5K-SAl,
136 Gé6solar, G6sulfur, and Geo-SAl). For interpretation, we classify the experiments into temperature-
137  stabilized scenarios (G6-1.5K-SAI and Geo-SAl) and transient forcing scenarios (Gésolar, and
138  G6sulfur). We then evaluate their impacts on available water (AW) resources. Using outputs from
139  the CESM2 model, we assess changes in nine key variables—temperature, precipitation, ET, AW,
140  snowfall flux, snowmelt flux, surface runoff, SM, and leaf area index (LAI)—with an emphasis on
141  spatial heterogeneity, extreme event modulation and impacts on water resources. The aim is to
142  evaluate whether SRM could moderate GHG-emissions-induced changes in hydroclimatic

143  characteristics of and influence on water resources or instead introduce new challenges in the
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144 regions. This regional focus advances global-scale analyses by revealing how SRM’s effects on
145  hydroclimatic variables differ across the contrasting environments, providing deeper insight into
146 its potential benefits and risks for regional freshwater sustainability. Additionally, to assess whether
147  the drivers of AW change in future climates, we used separate multiple linear regression (MLR)
148  models in each specific region under all scenarios.

149 2. Data and methods

150  2.1. Study area

151  The study region spans approximately from 8<to 45°N latitude and 40°to 100°E longitude
152 (Figure 1), Geographically stretching from the Caspian Sea in the west to the Xinjiang Uygur
153  Autonomous Region in the northeast, the TIB in the east, and the Indo-Gangetic Plain and
154  peninsular India in the south, extending toward the Indian Ocean. The spatial distribution of
155  precipitation across this region shows pronounced regional contrasts, largely shaped by monsoon
156  influence, westerlies, and topography during 2000-2024 as observed from ERA5 datasets. The
157  WCA and ECA are drier regions in comparison to cold-TIB and warm-SAS (lturbide et al., 2020).

158  Central Asia lies within the dominant influence zone of the mid-latitude westerly circulation, which
159 plays a primary role in controlling regional precipitation variability (Wei et al., 2023).
160  Consequently, precipitation is largely concentrated in winter and spring due to the combined
161  influence of the westerly jet stream and the North Atlantic Oscillation (Zhang et al., 2019; Yang et
162  al., 2020). The western and northwestern plains of Central Asia receive moisture from Atlantic
163  westerlies and cold northerly inflows, while the Himalayas—Tibetan Plateau—Pamir system limits
164  moisture transport from the Indian Ocean (Zhang et al., 2019; Schiemann et al., 2008; Bothe et al.,
165  2012; Zou et al., 2021). The TIB lies in a transition zone between mid-latitude westerlies and the
166  Asian monsoon system, leading to strong seasonal precipitation variability, with summer monsoon
167  rainfall dominating and winter precipitation linked to westerly disturbances (Hussain et al., 2021;
168  Wang et al., 2025; Botsyun et al., 2022). Summer precipitation is the main source of land surface
169  water over the Tibetan Plateau, with more than 60% of annual precipitation occurring during the
170  wet season (Dong et al., 2024), whereas the westerlies dominate the winter precipitation (Wang et
171 al., 2023a). The South Asian Summer Monsoon brings abundant precipitation to SAS, providing a
172 major water resource and sustaining billions of people in the region (Luo et al., 2024). During
173 boreal summer, the Intertropical Convergence Zone shifts northward over SAS, enhancing
174  moisture convergence and deep convection that drive the SAS monsoon. While land—sea thermal
175  contrast and orography shape regional rainfall, remote forcings also play an important role. For

176  example, high-latitude insolation changes influence long-term monsoon variability (Zhang et al.,
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177  2023), and extratropical cloud feedbacks and Southern Ocean heat uptake can strengthen monsoon

178  circulation and rainfall under warming (Chen et al., 2024).

179 The TIB exhibits moderate precipitation ranging from 500-1500 mm/year, with higher amounts
180 in the southern and southeastern margins due to monsoonal uplift, while the north and west remain
181  relatively dry. In contrast, SAS receives the greatest rainfall, exceeding 1500 mm/year and peaking
182  around 2500 mm/year in the monsoon-dominated core, making it the wettest subregion (Figure 1).

183  The WCA includes countries such as eastern Turkey, Georgia, Armenia, Azerbaijan, Irag, Iran,
184  Afghanistan, Kyrgyzstan, Kazakhstan, Tajikistan, Uzbekistan, and Turkmenistan. The ECA covers
185  northwestern China, particularly the Xinjiang Uygur Autonomous Region, and includes
186  geographical features such as the Kunlun Mountains, Taklamakan Desert, Gobi Desert, and
187  southern Mongolia. The TIB bounds southern border of ECA, while SAS lies to the south of both
188  WCA and the TIB, encompassing southern Pakistan, India, Bangladesh, and Myanmar. The greater
189  Himalayas form a natural climatic and geographical divide between the TIB and SAS. The TIB is
190 highly sensitive and vulnerable to climate change influencing the water resources and the
191  ecosystem (Luo et al., 2024; Hu et al., 2024), whereas atypical heating over the TIB increased the
192  compound SAS heatwave extremes and related atmospheric anomalies (Jin et al., 2024).
193  Collectively, the subregions have very distinct climates and extreme conditions indicating a

194  climate-sensitive region, which is highly vulnerable to the impacts of global warming.

195 2.2 Model simulations and scenarios

196 In this study, we use the Community Earth System Model version 2 with the Whole Atmosphere
197  Community Climate Model version 6 (CESM2-WACCMS6), developed by the National Center for
198  Atmospheric Research (NCAR) (Eyring et al., 2016; Rezaei et al., 2024, 2023; Tilmes et al., 2020),
199  to simulate hydroclimatic responses under moderate (SSP2-4.5) and high (SSP5-8.5) GHG-
200  emissions baseline scenarios for G6-1.5K-SAl, G6solar, G6sulfur, and Geo-SAl in present-day
201  conditions (2015-2034) and future (2055-2084) periods. Here, SSP2-4.5 is used as the baseline
202  scenario for G6-1.5K-SAI, whereas SSP5-8.5 is used as the baseline for G6solar, G6sulfur, and
203  Geo-SAl.

204 CESM2-WACCMG is a fully coupled Earth system model with interactive representations of the
205  atmosphere, ocean, land, and sea ice, allowing it to simulate global-scale climate variability and
206  long-term climate change (Gettelman et al., 2019). Evaluations comparing CESM2 with CESM1
207  show that CESM2 performs strongly across multiple assessment metrics and is often ranked among
208  the better-performing models (Simpson et al., 2020; Magara et al., 2025). The model has also
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209  shown improved capability in representing precipitation over dry regions, including Central Asia
210  (Guo et al., 2021), Africa (Mmame et al., 2023), and the Middle East and North Africa (Rezaei et
211 al.,, 2024). Under the SSP5-8.5 high-emissions pathway, CESM2 simulates approximately 1<C
212 greater warming than CESM1, whereas both models produce broadly similar temperature
213 projections by 2100 under the lower-emission SSP2-4.5 and SSP1-2.6 scenarios (Duffey and Irvine,
214 2024; Clark et al., 2023). CESM2-WACCM also incorporates a detailed vertical configuration with
215 70 atmospheric levels (Keeble et al., 2020), spanning from the surface pressure level of 1000 hPa
216  to 4.5 x 10°° hPa, which extends into the lower thermosphere at nearly 140 km altitude (Meehl et
217  al., 2020). Its horizontal grid spacing of 0.9 <latitude > 1.25<longitude, equivalent to roughly 100
218  km =140 km near the equator, further supports the representation of regional climate characteristics
219  and atmosphere—surface interactions (Liang et al., 2022).

220  G6-1.5K-SAI simulates stratospheric aerosol injection (SAIl) to maintain global warming at
221 approximately 1.5 <C above preindustrial levels in each model and incorporates several design
222 updates relative to the earlier GeoMIP G6sulfur experiment (Visioni et al., 2024). The experiment
223 injects SO: at two subtropical latitudes and uses a more realistic middle-of-the-road emissions
224  scenario and start date than earlier studies (Bednarz et al., 2026). This experiment use an
225  intermediate emissions baseline (SSP2-4.5), a delayed deployment start date reflecting both the
226  anticipated exceedance of 1.5 <T warming and plausible implementation timelines, and an injection
227  strategy that avoids the tropical pipe—featuring injections at 30N and 30<S rather than near-
228  equatorial locations—to achieve a more latitudinally uniform aerosol distribution (Visioni et al.,
229  2024). In contrast, the G6solar, G6sulfur, and Geo-SAl scenarios are implemented relative to a
230  SSP5-8.5 baseline, representing a high-emissions, fossil-fueled development pathway. These
231  experiments are designed to assess the ability of different SRM strategies to counteract strong
232 GHG-driven warming under a high forcing background (Visioni et al., 2021; Visioni et al., 2024;
233 Visioni et al., 2022; Jones et al., 2021; Feng et al., 2025; Fernandez et al., 2024).

234 The G6solar experiment, conducted under the GeoMIP framework (Kravitz et al., 2011), represents
235  an idealized SRM scenario. It aims to reduce warming under SSP5-8.5 to levels similar to SSP2-
236 4.5 (Visioni et al., 2021), just like the G6sulfur counterpart. G6solar uses idealized solar dimming
237  to achieve global-mean cooling (Gay et al., 2025), thereby mimicking the radiative effects of a
238  space sunshade without explicitly simulating SAI (Tan et al., 2024), with the similar protocol as
239  G6sulfur. As a result, G6solar serves as a useful benchmark for distinguishing hydroclimatic
240  responses driven purely by radiative forcing from those associated with aerosol-induced

241  stratospheric heating, circulation changes, and cloud-radiation interactions.
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242 The G6sulfur experiment modifies the high-forcing SSP5-8.5 scenario (O’neill et al., 2016), to
243  follow the temperature evolution of the medium-forcing SSP2-4.5 pathway over 2020-2100 by
244  introducing gradually increasing amounts of stratospheric sulfate aerosol injection, providing a
245  physically explicit representation of SAI under high-emissions conditions (Jones et al., 2022). In
246 this scenario, sulfur dioxide is injected into the tropical lower stratosphere, where it oxidizes to
247  form sulfate aerosols that increase planetary albedo and reflect a portion of incoming solar radiation
248  back to space (Rezaei et al., 2025a). In CESM2-WACCMS6, SO is injected at approximately 25
249  km altitude, and the injection rate is adjusted annually to achieve a prescribed radiative forcing
250  target, with aerosol loading increasing over time to offset the rising GHG—induced warming
251  (Rezaei et al., 2025a; Danabasoglu, 2023).

252  The Geo-SAl experiment aims to stabilize global mean temperatures at 1.5 °C (Jones et al., 2022;
253 Tilmes et al., 2020) above pre-industrial levels (1850-1900) under SSP5-8.5 greenhouse gas
254  emissions. Climate models suggest it could reduce global (Richter et al., 2022), and Arctic
255  temperatures while enhancing Northern Hemisphere Sea ice coverage (Wheeler et al., 2025), and
256  similarly restore southern hemisphere cyclone activity (Reboita et al., 2025; Reboita et al., 2024).
257  Geo-SAI implements SO: injections at 30°N, 15°N, 15°S, and 30°S, with injection rates governed
258 by a feedback control algorithm designed to simultaneously regulate global mean temperature,
259  interhemispheric temperature contrast, and pole-to-equator gradients (Tilmes et al., 2020). Geo-
260  SAI predominantly concentrates SO: injections at 30°N and 30°S, with smaller contributions at
261 15N and minimal injection elsewhere, and by the end of the 21st century the total injection rate
262  increases to approximately 48 Tg SO yr™' (Tilmes et al., 2020).

263 Importantly, these experiments differ not only in their emissions background but also in their
264  control objectives, injection strategies, and total sulfur burden. In particular, G6sulfur injects sulfur
265  across a broad equatorial band (10 N-10<5), whereas Geo-SAl uses four discrete latitudes (15N,
266 155, 30N, 30<5) and G6-1.5K uses only two discrete latitudes (30N, 30<5) (Visioni et al., 2024;
267  Lee et al., 2025; Bednarz et al., 2026; Rezaei et al., 2025a) (Table S2). Injection rates and total
268  sulfur burdens vary across experiments and evolve over time in response to their respective control
269  objectives, with generally larger interventions required under high-emissions scenarios (Visioni et
270  al., 2024; Tilmes et al., 2020). Differences in injection latitude (tropical versus subtropical) further
271  influence aerosol distribution, radiative forcing, and large-scale circulation responses (Visioni et
272 al.,2020a; Tilmes et al., 2018). As a result, inter-experiment differences in hydroclimatic responses
273 reflect both the magnitude and design of the interventions, and should not be interpreted solely as

274  differences in effectiveness. For example, Geo-SAlI reaches injection rates of up to ~48 Tg SOz yr!
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275  (Rezaeietal., 2025a), as it is trying to offset over 5C of warming by the end of the century, whereas
276  injection magnitudes in G6-1.5K-SAI and G6sulfur are generally lower as they are trying to offset
277  between 2 and 3C of warming. and the location of injection for Geo-SAI varies dynamically
278  depending on the control objective. These differences in sulfur burden highlight that the strength
279  of the intervention differs substantially across experiments.

280  To facilitate comparison across experiments, the key characteristics of SAI in these experiments,
281 including injection strategy, location, altitude, and mean injection rates are summarized in Table
282  S2. The reported values represent mean SO- injection rates during 2055-2084, while recognizing
283  thatinjection magnitudes may vary over time under feedback-controlled designs. These differences
284  in sulfur burden and deployment strategy are explicitly accounted for in this study through
285  normalization of hydroclimatic responses by sulfur injection, enabling a consistent assessment of

286 intervention efficiency across temperature-stabilized and transient forcing experiments.

287  We used monthly data for temperature, precipitation, ET, AW (precipitation minus actual ET),
288  snowfall flux, snowmelt flux, runoff, SM, LAI (Table S1), from all available ensemble members
289  of the scenario. For the analysis, we used the ensemble mean of the SSP2-4.5 and SSP5-8.5 data
290  over 2015-2034 as a baseline (present-day conditions). The 2055-2084 were selected as future

291  period for all GHG-emission and SRM scenarios to be compared with present-day conditions.

292 2.3 Mann-Kendall test and Sen's slope estimator

293  The spatiotemporal significant trends in hydroclimatic variables under each scenario are assessed
294  through the nonparametric Mann-Kendall test (Kendall, 1955; Mann, 1945) that makes no
295  distributional assumption and is resistant to outliers. The null hypothesis states that there is no trend
296 (Hussain et al., 2025b; Hussain et al., 2024c). Statistical significance is assessed with the
297  standardized test statistic Z; a trend is deemed significant at the 5% level (Ullah et al., 2023c). The
298  Sen's slope estimator (Sen, 1968) is used to assess the magnitude of the trend in the hydroclimatic
299  factors (Rebi et al., 2023; Nawaz et al., 2023). The positive (negative) value shows increasing
300 (decreasing) trends (Guan et al., 2017; Guan et al., 2015).

301 2.4 Changes and shifts in seasonal dynamics

302  We evaluated changes in seasonal amplitude and peak timing for nine land-surface variables,
303  namely temperature, precipitation, ET, AW, snowfall flux, snowmelt flux, runoff, SM, and LAI,
304  under each scenario for 2055-2084 relative to the baseline period of 2015-2034. Seasonal cycles
305  were examined using ensemble-mean monthly anomalies, from which the month of annual

306 maximum occurrence and the associated amplitude changes were determined. Following the

10
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307  harmonic regression approach of Rezaei et al. (2025a), shifts in seasonal behavior were quantified
308  for each variable and subregion. Specifically, the annual peak timing (P) and seasonal amplitude
309  (Amp) were estimated to characterize both the strength of intra-annual variability and the timing
310  of maximum seasonal expression. These metrics were then compared between the historical
311  baseline and future climate scenarios to assess changes in the magnitude and timing of seasonality.
312 Statistically significant differences from the baseline period were determined using two-sided t-
313  tests at the P < 0.05 level.

314 2.5 Multiple linear regression (MLR) framework

315  We used MLR to predict AW variability based on the regional hydro-climatic variables (i.e.,
316  temperature, precipitation, ET, snowfall flux, snowmelt flux, runoff, SM, and LAI) to determine
317  whether the hierarchy of variable importance would change under SRM experiments (G6-1.5K-
318  SAl, G6solar, G6sulfur and Geo-SAl) relative to their corresponding GHG-emissions baselines
319  (SSP2-4.5 and SSP5-8.5). For each region (WCA, ECA, TIB, and SAS) and scenario, we fit
320 separate MLR models following a fixed pipeline: (i) screening for multicollinearity with
321  correlation-based variable clustering and variance inflation factors (VIF), (ii) outlier detection and
322 removal, (iii) inspection of temporal autocorrelation and construction of lagged predictors, (iv)
323 refitting a final model with the selected lagged terms, and (v) decomposing the model R? into
324  relative importance with LMG; (Lindeman et al., 1980) contributions for interpretation. The general
325  MLR is expressed through Equation (1) as:

P P
326 Yt zﬂo +Zﬂkxk,t +227k'lxk,t—|+m,
k=1

k=1 lely

327 1)
328  where Y, is AW, X, are predictors, X, are selected lags with | e L, , and &t is the error term.

329  Relative importance of predictors was quantified with the LMG metric, which averages order-
330  specific sequential R? contributions of each predictor across all permutations of entry into the model
331  (Hussain etal., 2025b). All steps below were repeated for each region and each scenario. In practice
332 this is done by filtering the data to a region>scenario subset and then running the same pipeline.

333  We first examined the correlation matrix and significance of pairwise correlations, then computed
334  VIF from an initial full model, and finally applied variable clustering (hierarchical clustering of the
335  correlation matrix). In subsequent modeling we retained at most one variable from each highly
336  collinear cluster (e.g., between precipitation and runoff) to stabilize coefficient estimates and avoid
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337  variance inflation. We fit a reduced model after collinearity screening and conducted a Bonferroni
338  outlier test on standardized residuals (Bland and Altman, 1995; Rezaei et al., 2024). Flagged
339  observations (if any) were removed, and the model was re-estimated on the cleaned dataset. This
340  step protects against leverage points that can unduly influence coefficients.

341  Weinspected autocorrelation plots for each retained predictor and the response. Lags were selected
342  when autocorrelation exceeded the 95% confidence bounds (e.g., 1-2 months for temperature,
343  precipitation, and LAI, and 3—4 months for SM depending on region). Only those lags were added
344  to the design matrix. This step captures short-term memory effects and improves fit without

345  resorting to full time-series models.

346 Minimum, maximum, average, and final R=values are summarized in Tables S3-S5 for all SRM
347  scenarios and their baselines. These tables provide a quantitative measure of model fit quality and
348  confirm that the final lag-enhanced MLRs capture the majority of variance in both AW (R=> 0.99
349  in most cases), indicating excellent explanatory performance across regions under each scenario of
350 GHG-emissions (SSP2-4.5 and SSP5-8.5) and SRM (G6-1.5K-SAl, Gésolar, G6sulfur and Geo-
351  SAl) scenarios.

352 3. Results

353  3.1. Ensemble mean hydroclimate anomalies

354  Figure 2 illustrates the temporal evolution of ensemble-mean hydroclimatic anomalies under the
355  different forcing scenarios averaged over the combined Central-South Asia and Tibetan Plateau
356  region, while Table 1 summarizes the corresponding regional mean percent changes over WCA,
357 ECA, TIB, and SAS for 2055-2084 relative to 2015-2034.

358  Temperature increases markedly under warming (Figure 2a, b), with substantially stronger
359  warming in the transient forcing experiments (e.g., SSP5-8.5; +0.81 per decade) than in the
360  temperature-stabilized experiments (+0.26 per decade under SSP2-4.5). G6-1.5K-SAIl and Geo-
361  SAl substantially moderate this warming (Figure 2a, b). Across the subregions, the TIB exhibits
362 the largest significant warming, followed by ECA, under all scenarios. In contrast, the temperature-
363  stabilized experiments show significant cooling in WCA, ECA, and TIB, whereas the transient
364  forcing experiments show significant warming across all regions (Table 1). Precipitation is
365 increasing under warming, mainly concentrated over the Himalayan region (Figure S1g-1). Geo-
366  SAl tend to increase it but reduce under Gésulfur (Figure 2c, d). Across the subregions, the ECA
367  exhibits significant increase in all scenarios, except in G6-1.5K-SAl, whereas G6solar reduces it in

368  WCA, TIB and SAS. In contrast, the temperature-stabilized experiments show a dominant decrease
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369 in TIB, whereas the transient forcing significantly increases it in ECA, TIB and SAS (Table 1). ET
370 s increasing under warming but decreasing under temperature stabilized and transient experiments
371 (Figure 2e, ). Across the subregions, the temperature-stabilized experiments show decrease in
372 WCA, ECA, and TIB, whereas the transient experiments show increase in WCA and SAS (Table
373 1)

374  The AW is increasing under Geo-SAl, whereas it decreases under Gésulfur (Figure 2g, h). Across
375  the subregions, the WCA exhibits the largest significant decrease, whereas increase in ECA and
376  TIB (except G6-1.5K-SAI) under all scenarios (Table 1). Cryosphere variables display strong
377  sensitivity to forcing pathways. Snowfall and snowmelt increase under stabilized and transient
378  forcing (except G6solar) experiments (Figure i-l). Across subregions, the temperature stabilized
379  experiments increase the snowfall and snowmelt while decrease in transient experiments in all
380  regions, with highest significant decrease in SAS, followed by WCA and TIB (Table 2). Runoff is
381 increasing under warming but decrease is dominant under stabilized and transient experiments
382  (Figure 2m, n). The G6-1.5K-SAI decreases runoff in all regions whereas transient decrease in
383  WCA, while increase in TIB and SAS (Table 1). SM is increasing under Geo-SAl and transient
384  experiments (Figure 2 o, p). Across subregions, it decreases under G6-1.5K-SAl in all regions,
385  whereas increase (decrease) under G6sulfur, relative to SSP5-8.5 (SSP2-4.5) (Table 1). LAI
386  increases across all scenarios, with stronger trends under transient forcing compared to
387  temperature-stabilized cases in the whole and subregions (Figure 2 and Table 1).

388 3.2 Trends and sulfur-normalized hydroclimate responses

389  Mean temperature (Figure 3a, j) show widespread warming under SSP5-8.5 (>0.70 °C decade™)
390 in the raw trends nearly equal to global increase, while G6solar reduces this by 0.23-0.33 <C
391  decade™. In sulfur-normalized SAI experiments exhibit distinct cooling efficiencies, with G6-1.5K-
392  SAlproducing the strongest cooling per unit sulfur (—0.02 °C decade™ Tg SO-™), whereas G6sulfur
393  shows weaker responses and Geo-SAl exhibits near-zero changes in some regions. Precipitation
394  (Figure 3b, k) increases under SSP5-8.5, particularly over TIB (up to 27.34 mm decade™) and
395 SAS, while G6solar moderates these increases. The sulfur-normalized SAI experiments
396  consistently suppress mean precipitation per unit sulfur across regions, with relatively uniform
397  responses among experiments. ET (Figure 3c, I) increases strongly under SSP5-8.5 and is partially
398  reduced under G6solar, whereas the sulfur-normalized G6-1.5K-SAl exhibits the largest and most
399  consistent decreases in ET per unit sulfur, while G6sulfur shows weak responses and Geo-SAl
400  shows moderate but spatially variable reductions.
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401 AW (Figure 3d, m) increases over ECA, TIB and SAS under SSP5-8.5, while G6solar moderates
402  these patterns. The sulfur-normalized SAI experiments exhibit variable responses, with limited
403  increases in AW per unit sulfur and decline in WCA and TIB under G6-1.5K-SAI and Geo-SAl.
404  Snowfall (Figure 3e, n) shows mostly decreasing trends in the raw panel, whereas sulfur-
405  normalized trends indicate small but generally positive changes per unit sulfur in some regions.
406  Snowmelt (Figure 3f, 0) shows strongly negative raw trends under SSP5-8.5, while G6solar retains
407  negative trends in smaller magnitudes. The sulfur-normalized SAI experiments exhibit contrasting
408  responses: G6sulfur shows the most consistent negative snowmelt trends per unit sulfur, whereas
409  G6-1.5K-SAl is near-zero and Geo-SAI shows mixed responses.

410  Runoff (Figure 3g, p) increases under SSP5-8.5, particularly over TIB (4.13 mm decade™), while
411  Gé6solar reduces these increases (—1.38 mm decade™). The sulfur-normalized SAI experiments
412 show small but regionally contrasting responses per unit sulfur. G6-1.5K-SAI produces decreases
413  over TIB and SAS, whereas G6sulfur and Geo-SAI show weak increases in some regions. SM
414  (Figure 3h, q) declines under SSP5-8.5 over TIB and SAS; consistent with global trends, while
415  G6solar partially alleviates this drying. The sulfur-normalized SAI experiments show weak but
416  mixed responses per unit sulfur. LAI (Figure 3i, r) increases across all scenarios in the raw trends,
417  with the largest increases under SSP5-8.5, reflecting combined effects of warming and CO:
418 fertilization. The sulfur-normalized SAI experiments show small increases per unit sulfur, with
419  G6sulfur exhibiting slightly stronger responses compared to G6-1.5K-SAI and Geo-SAl.

420 A clear distinction emerges between regional and global responses in both raw and sulfur-
421  normalized trends (Figure 3a-r). Regional signals—particularly over TIB and SAS—are
422  substantially larger and more variable than the global mean, whereas global trends are considerably
423 damped, and this pattern persists after normalization, indicating that regional contrasts reflect
424 underlying processes and injection strategy rather than sulfur amount alone. Overall, temperature
425  and ET show the strongest and most consistent responses per unit sulfur, whereas AW, runoff, and
426  SM exhibit weaker and regionally heterogeneous responses. Snowmelt varies substantially among
427  SAl strategies, highlighting sensitivity to both temperature changes and latitudinal forcing.
428  Differences in efficiency are linked to injection strategy, with subtropical injections producing
429  stronger regional cooling responses and equatorial injection leading to weaker or more spatially
430  distributed effects. These results demonstrate that regional hydroclimatic impacts of SAI cannot be
431  inferred from global averages, and that while SAI effectively moderates temperature-driven
432 processes, its ability to restore hydrological conditions is limited and strongly dependent on both

433 injection magnitude and location.
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434  3.3. Changes in regional extremes and annual peak responses

435  Regional distributions of annual peak hydroclimatic (Figure 4), together with percent changes
436  relative to present-day conditions (Table S6), reveal contrasting behavior between temperature-
437  stabilized experiments and transient forcing experiments. The peak temperature increases under
438  both SSP2-4.5 and SSP5-8.5 in all regions, are effectively constrained with small deviations across
439  regions in temperature-stabilized experiments, whereas, transient experiments reduce it relative to
440  SSP5-8.5 but retain higher variability (Figure 4a-b and Table S6). Peak precipitation shows
441 moderate increases under SSP2-4.5 in ECA, TIB and SAS, and substantially larger increases over
442  TIB (13.02%) and SAS (7.53%) under SSP5-8.5 (Figure 4c—d and Table S6). In the temperature-
443  stabilized experiments, precipitation over the TIB decreases under G6-1.5K-SAI (-5.43%) and
444  Geo-SAI (—0.69%). In the transient forcing experiments, precipitation under G6sulfur (9.75%—
445  10.51%) is lower than under SSP5-8.5 but generally remains higher than under SSP2-4.5, indicating
446  partial suppression of the high-emission response. Peak ET (Figure 4e—f) increases under warming
447  across all regions, with stronger increases over TIB and SAS (up to 6.52%). In temperature-
448  stabilized experiments, ET is reduced but shows strong regional variability, while in transient
449  forcing experiments it is partially suppressed relative to SSP5-8.5 but remains regionally variable,
450  with notable reductions in WCA and TIB (Table S6).

451  Peak AW shows strong amplification under SSP5-8.5, particularly over the TIB and SAS (up to
452  18.76% and 9.44%, respectively) (Figure 4g-h; Table S6). In the temperature-stabilized
453  experiments, peak AW decreases over the TIB (2.30% to —4.17%), while over SAS it decreases
454  strongly under G6-1.5K-SAI (—12.20%) but increases under Geo-SAI (+8.91%). In the transient
455  forcing experiments, peak AW over the TIB is lower than under SSP5-8.5 (15.26%) but generally
456  remains higher than under SSP2-4.5 (19.06%) (Table S6), indicating partial rather than complete
457  offset of the high-emission signal under G6sulfur and G6solar. Snowfall exhibits regionally mixed
458  responses under warming, with increases in ECA but significant declines in other regions under
459  SSP2-4.5 and SSP5-8.5 (Figure 4i—j and Table S6). In temperature-stabilized experiments,
460  snowfall increases over WCA, ECA and TIB, while in transient forcing experiments it decreases
461  under G6sulfur and G6solar across WCA, TIB, and SAS. Snowmelt peaks generally decrease under
462  warming, with pronounced reductions over TIB and SAS (down to ~—44% under SSP5-8.5),
463  reflecting reduced snow availability and earlier melt (Figure 4k—Il and Table S6). In temperature-
464  stabilized experiments, snowmelt increases over WCA, ECA and TIB (e.g., ~20%), while it

465  decreases under transient forcings.
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466  Peak runoff exhibits regionally heterogeneous responses under warming, with small changes in
467  WCA and ECA but stronger decreases over TIB and SAS under SSP5-8.5 (Figure 4m-n and Table
468  S6). In G6-1.5K-SAl, runoff shows decreases but strong increases in WCA, ECA and SAS under
469  Geo-SAl, while in transient forcing experiments it remains variable, with strong increases in TIB
470  and SAS under G6sulfur, relative to SSP2-4.5. SM shows declines in WCA, ECA and TIB under
471  warming (Figure 40—p and Table S6). In temperature-stabilized experiments, SM decreases under
472  G6-1.5K-SAIl in WCA, TIB, and SAS but increases under Geo-SAl, while in transient forcing
473 experiments SM responses remain small and regionally heterogeneous, indicating incomplete
474  offset of SM changes. Peak LAI increases under warming, with larger increases under SSP5-8.5
475  (up to 42%) (Figure 4g-r and Table S6), while temperature-stabilized experiments show reduced
476  responses including decreases over ECA and TIB, and transient forcing experiments exhibit

477  modest, regionally consistent changes with generally significant increases.
478  3.4. Percent changes in hydroclimatic amplitude

479  Changes in the amplitude of hydroclimatic variables reflect shifts in the magnitude of seasonal and
480 interannual variability, providing insight into how climate extremes respond to warming and SRM

481 interventions.

482  Temperature amplitude (Figure 5a-b) increases under both SSP2-4.5 and SSP5-8.5 across all
483  regions, with the largest amplification over TIB and SAS. Temperature-stabilized experiments
484  effectively constrain this increase, whereas transient forcings partially reduce amplitude relative to
485  SSP5-8.5 but higher variability exists in TIB and SAS. Precipitation amplitude (Figure 5c—d)
486  increases under SSP5-8.5, especially over TIB and SAS. In temperature-stabilized experiments,
487  precipitation amplitude is generally reduced, with notable suppression over TIB under G6-1.5K-
488  SAland Geo-SAl, whereas transient forcings show partial reductions relative to SSP5-8.5 but retain
489  elevated variability, with mix responses across WCA and ECA. ET amplitude (Figure 5e-f)
490 increases under warming. Temperature-stabilized experiments increase ET in TIB and SAS under
491  Geo-SAl, while transient forcing experiments show partial suppression but maintain notable
492  regional variability. AW amplitude (Figure 5g-h) shows increase under warming, with
493  temperature-stabilized experiments generally suppress it, particularly G6-1.5K-SAI, whereas
494  transient experiments exhibit mixed responses.

495  Cryospheric variables show strong sensitivity to forcing pathway. Snowfall amplitude (Figure 5i—
496  j) declines under warming. Temperature-stabilized experiments reverse this in WCA, ECA and

497  TIB, whereas transient forcings show continued suppression in WCA and SAS. Snowmelt
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498  amplitude (Figure 5k—I) decreases strongly under warming, and it is continued significantly under
499  both temperature-stabilized and transient experiments. Runoff amplitude (Figure 5m-n) increases
500 under warming, with increase (decrease) under Geo-SAl (G6-1.5K-SAl), while transient forcing
501  experiments further increase it in G6sulfur relative to SSP585 and decrease under G6solar. SM
502  amplitude (Figure 50-p) declines under warming in WCA and TIB but increases in ECA and SAS.
503  Temperature-stabilized experiments partially offset these changes, while transient experiments
504  show weaker and more heterogeneous responses. LAl amplitude (Figure 5g-r) increases under
505  warming across all regions, with the largest amplification over SAS. Both temperature-stabilized
506 and transient experiments maintain positive anomalies, with slightly enhanced variability under
507  some SAI scenarios (e.g., G6sulfur and Geo-SAl).

508  Overall, warming leads to a broad amplification of hydroclimatic amplitude in temperature,
509  precipitation, ET, AW, runoff, and vegetation, alongside reduced snowfall and snowmelt.
510  Temperature-stabilized experiments effectively constrain variability in temperature-driven
511  processes but produce regionally heterogeneous hydrological responses, with some variables
512 suppressed and others enhanced depending on region and experiment. In contrast, transient forcing
513  experiments provide only partial mitigation, retaining elevated variability and mixed regional
514  responses. Cryospheric variables show strong sensitivity to both forcing pathway and regional
515  temperature changes, while runoff and SM reflect complex interactions among precipitation, ET,
516  and snow processes.

517  3.5. Seasonal cycle changes

518  To isolate the effect of SRM from GHG-induced changes, we first describe seasonal responses
519  under GHG-only forcing and then evaluate whether SRM simulations suppress these responses,

520  particularly where GHG-induced changes are statistically significant.

521  Seasonal cycles (Figure 6a—d) show that temperature peaks during June—August across all regions,
522  with warming signals intensifying under higher GHG forcing. Under SSP2-4.5, temperature
523  maxima typically occur in August, whereas SSP5-8.5 produces earlier peaks in July, indicating an
524  advancement of seasonal warming under stronger radiative forcing. Precipitation (Figure 6e-h) is
525  dominated by the summer monsoon (July—August) in TIB and SAS, while WCA and ECA exhibit
526  weaker seasonal variability. Both SSP2—4.5 and SSP5-8.5 show precipitation peaks in July across
527  most regions. ET (Figure 6i-l) peaks between May-October, with earlier peak timing generally
528  observed under stronger warming, particularly in WCA, ECA, and SAS, while TIB shows

529  consistent July peaks across forcing levels. AW (Figure 6m-p) exhibits pre-monsoon maxima in
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530 ECA and July—August peaks in TIB and SAS, with earlier peak timing under GHG warming,
531  particularly under SSP5-8.5. Cryosphere and hydrological processes also respond strongly to GHG
532  forcing. Snowfall (Figure 6g-t) and snowmelt (Figure 6u—x) seasonal cycles shift earlier under
533  both SSP2-4.5 and SSP5-8.5, consistent with warming-driven earlier snow accumulation and melt
534  onset. Runoff (Figure 6y—ab) peaks during May—July in WCA and extends through July—August
535 in ECA, TIB, and SAS, with earlier peaks under higher GHG forcing. SM (Figure 6ac—af) peaks
536  during late winter to spring in WCA and ECA, extending into summer in TIB and SAS, while LAI
537  (Figure 6ag—aj) shows earlier seasonal maxima under stronger warming.

538  Relative to their respective GHG baselines, SRM simulations generally moderate and delay GHG-
539  induced seasonal shifts. For temperature (Figure 6a—d), G6-1.5K-SAI and Geo-SAl tend to shift
540 peak warming toward later months compared to GHG-only scenarios, while G6 experiments
541  partially offset the earlier peak shifts seen under SSP5-8.5. For precipitation (Figure 6e-h), G6-
542  1.5K-SAl and Geo-SAl shift peak timing from July to August in ECA, TIB, and SAS, indicating a
543  partial reversal of GHG-induced seasonal advancement, while G6 experiments maintain July peaks
544  but reduce overall intensity relative to SSP5-8.5. Similar moderation effects are evident for ET and
545 AW, where SRM simulations tend to delay peak responses relative to GHG-only forcing.
546  Cryosphere variables show particularly strong SRM influence: snowfall and snowmelt peaks shift
547  later under G6-1.5K-SAI and Geo-SAI compared to earlier peaks under GHG warming, while G6
548  simulations moderate but do not fully reverse GHG-driven shifts. Runoff and SM seasonal cycles
549  under SRM also tend to shift toward later peak timing compared to high-emission GHG scenarios.
550 LAl responses indicate delayed peak vegetation activity under SRM relative to high GHG forcing.

551  Collectively, these results indicate that GHG warming advances seasonal hydroclimatic cycles and
552  intensifies temperature and hydrological responses, while SRM simulations generally act to
553  suppress or delay these GHG-induced changes. This contrast highlights the role of SRM in
554  moderating hydroclimatic responses, particularly in regions and variables where GHG-driven
555  changes are strongest and statistically significant, thereby emphasizing its potential to partially
556  offset future warming-related climate impacts.

557  3.6. Hydro-climatic drivers of available water (AW) variability

558 The MLR framework is used to quantify the relative importance of hydroclimatic predictors
559  controlling AW variability (Figure 7), under temperature-stabilized and transient forcing
560  experiments. Across all regions, AW variability reflects the combined influence of precipitation
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561  (PCP), temperature (TMP), ET, SM, and LAI, with clear differences emerging between forcing
562  pathways.

563  In temperature-stabilized experiments (Figure 7a, c, e, g), precipitation remains the dominant
564 control on AW variability in ECA, TIB, and SAS followed by temperature and SM, while WCA
565  shows a stronger influence of temperature and ET, indicating enhanced land—atmosphere coupling.
566 In TIB and SAS, the dominance of precipitation is particularly pronounced, reflecting strong
567  dependence on moisture supply even under stabilized temperature conditions. SM contributes as a
568  secondary control in ECA and SAS, while LAI plays a relatively minor but non-negligible role,
569  especially in regions with strong vegetation—water interactions. In contrast, transient forcing
570  experiments (Figure 7b, d, f, h) show a more pronounced dominance of precipitation across all
571  regions, indicating that AW variability becomes increasingly controlled by moisture supply under
572  stronger forcing. Temperature and ET contributions remain important in WCA but are generally
573  reduced relative to precipitation in other regions. SM plays a consistent secondary role, particularly
574  in ECA and SAS, while LAI contributions remain small but slightly enhanced under higher forcing
575  scenarios.

576  Comparing forcing pathways, temperature-stabilized experiments tend to redistribute the relative
577  importance of predictors by reducing the dominance of precipitation and enhancing the role of
578  temperature and ET in some regions (notably WCA), whereas transient forcing experiments
579  maintain or amplify precipitation dominance, indicating that partial compensation of radiative
580 forcing does not fundamentally alter the primary controls on AW variability. Overall, precipitation
581  remains the dominant driver of AW variability across most regions, particularly in ECA, TIB, and
582  SAS, while temperature and ET play a more prominent role in arid and semi-arid regions such as
583  WCA, highlighting that SAI modifies the relative contributions of drivers without fundamentally
584  changing the underlying hydroclimatic controls.

585 4. Discussion

586  This study evaluates the impacts of SRM under temperature-stabilized (G6-1.5K-SAIl and Geo-
587  SAl), and transient forcing experiments (G6solar and Gésulfur). Using CESM2-WACCM6
588  simulations, we assess how these contrasting strategies influence future changes in temperature,
589  precipitation, ET, AW, snowfall flux, snowmelt flux, runoff, SM, and LAl across WCA, ECA, TIB,
590 and SAS for the period 20552084 relative to present-day conditions (2015-2034), and their effects
591  on regional water availability.
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592 4.1 Hydroclimatic Intensification and Seasonal Shifts Under GHG Warming

593  Global GHG-emission—driven warming leads to widespread intensification of hydroclimatic
594  processes across Asia (Miao et al., 2020), with increasing temperature, ET, and hydrological
595  variability, accompanied by regionally varying precipitation and SM responses. Consistent with
596  previous studies, warming is particularly pronounced over WCA, ECA, and SAS (Ren et al., 2024;
597 Ullah et al., 2023c), while precipitation increases are projected across large parts of Asia,
598  particularly in WCA and SAS (Ren et al., 2024; Feng et al., 2014; Xu et al., 2017). GHG forcing-
599 induced increases in ET are also projected, especially over eastern Asia (Ren et al., 2024). However,
600  SM responses remain spatially heterogeneous, with long-term SM declines reported across parts of
601  Asiadespite increasing precipitation in some regions (Cheng et al., 2015; Berg et al., 2017). These
602  findings highlight the dominant role of temperature-driven evaporative demand in controlling

603  regional hydrology and water availability under warming conditions.

604  Under SSP2-4.5 and SSP5-8.5, hydroclimatic variables show strong regional contrasts reflecting
605  differences in moisture supply, cryosphere processes, and land—atmosphere coupling. The GHG
606  forcing scenarios consistently intensify hydroclimatic variability, and cryosphere melt, particularly
607  over the TIB and SAS, while exacerbating hydrological stress in WCA and ECA (Figure 3).
608  Seasonal cycles also become amplified under warming, with earlier seasonal peaks and enhanced
609  amplitude in temperature, ET, runoff, SM, and AW, indicating increased hydroclimatic seasonality
610 and extremes (Figure 4-5). These feedbacks are strongly interconnected, with temperature
611  controlling ET and SM depletion, while precipitation governs surface water inputs and vegetation
612  growth. Such interactions amplify water loss in warm-lands such as SAS and intensify snowmelt-
613  driven variability in high-elevation regions such as TIB. From 1981 to 2017, Tarbela and Mangla
614  reservoirs in Pakistan showed significant declines in water extent, with stronger losses at Mangla
615  Reservoir, particularly during March-June (Akhtar and Athar, 2019). Consistent with these
616  observed declines, projected warm-season temperature increases coupled with decreases in winter
617  precipitation and runoff during 2071-2100 pose significant threats to water security in SAS (Khan,
618  2022). Similarly, rising temperatures have accelerated glacier retreat in Central Asia, and this
619  glacier loss, together with shifts in precipitation patterns, is expected to alter regional flow regimes
620  (Savitskiy et al., 2008), consequently affecting the irrigation, which accounts for more than 90%
621  of all water intake from the region’s rivers (lbatullin et al., 2009). Global warming—driven
622  cryosphere melt and thaw are increasingly disrupting the volume and timing of water supply from
623  High Mountain Asia, threatening downstream food and energy systems and highlighting the need
624  for climate-resilient dam design, and maintenance (Li et al., 2022a).
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625  For SSP2-4.5 and SSP5-8.5, snowfall and snowmelt responses show strong regional contrasts that
626  reflect the balance between temperature-driven phase and moisture availability (Figure 3). Under
627  the high GHG-emission SSP5-8.5 scenario, reduced snowfall and accelerated snowmelt over high-
628  elevation regions indicate a shift from solid to liquid precipitation and accelerated cryosphere loss
629  (Barnett et al., 2005; Berghuijs et al., 2014; Deng et al., 2017; Li et al., 2023; Li et al., 2024). This
630  response is consistent with intensified warming and increased energy availability, which promote
631  earlier and more rapid melt processes (Barnett et al., 2005). Heterogeneous glacier retreat from the
632  Himalaya and Karakoram region is altering streamflow patterns, increasing the risk of glacial-lake
633  outburst floods and worsening future flooding and water shortages, with potentially severe impacts
634  on downstream populations, infrastructure, hydropower, and major irrigated agricultural systems
635 by making water flows more extreme and unpredictable (Nie et al., 2021). The strongest peak
636 increases occur over the TIB under SSP5-8.5 (Figure 4), where the hydrological system is highly
637  sensitive to warming. For instance, GHG-induced global warming accelerates hydrological cycles,
638  leading to a significant increase in hydrological wet extremes in the TIB (Wang et al., 2023b),
639  especially low streamflow would increase more significantly (Zhong et al., 2018). Such
640 intensification in extreme events has triggered the risks of a significant increase in heatwave and
641  extreme precipitation events in the TIB (Zhang et al., 2025; Jiang et al., 2025). The largest peak
642  changes in hydroclimate variables (particularly temperature, precipitation, AW, runoff, and LAI)
643  occur in the TIB and SAS, even though its warming magnitude is comparable to other regions
644  (Figure 4).

645  Warming-induced hydroclimatic intensification also strongly influences monsoonal systems.
646  Under GHG forcing, earlier runoff peaks with increased and greater amplitude in runoff,
647  temperature, SM, and LAl are observed across the Asian monsoon domain (Figure 4-5), consistent
648  with previous studies showing that warming strengthens atmospheric moisture transport and
649 intensifies monsoon-driven hydrological extremes (Bal et al., 2019). The TIB and SAS exhibit the
650  strongest summer peaks in precipitation, runoff, and AW, reflecting intensified monsoonal activity
651  and enhanced warming over high-elevation and monsoon-dominated regions. In contrast, WCA
652  and ECA exhibit weaker seasonal peaks due to their arid to semi-arid continental climates and

653  limited moisture supply.

654  Several works have shown that wet regions tend to become wetter and dry regions drier under
655  GHG-induced warming, a response consistent with the thermodynamic amplification of the
656  existing hydrological cycle (Held and Soden, 2006; Ipcc, 2021). In high-elevation and monsoon-
657  dominated regions, increased precipitation and cryosphere melt contribute to higher AW
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658 (Immerzeel et al., 2010; Lutz et al., 2014). In contrast, arid regions experience reduced SM and
659  runoff due to enhanced ET and limited precipitation replenishment (Li et al., 2025; Liu et al., 2025).
660  Despite precipitation increases in some regions, warming-driven increases in ET and cryosphere
661  melt often offset gains in water availability. This is particularly evident in WCA and ECA, where
662  rising evaporative demand and declining SM contribute to increasing water stress. Our findings
663  from the regions with a wide-range of climate regimes of moisture-limited Central Asia,
664  cryosphere-influenced TIB, and monsoon-dominated SAS suggest that under GHG warming,
665  regional water availability is governed not only by precipitation changes but also by energy-limited
666  processes controlling ET and SM dynamics.

667  Consistent with MLR analysis, AW variability under warming is not controlled by precipitation
668  alone but by a complex interplay among precipitation, temperature, SM, and LAI (Figure 7), aligns
669  with findings from Rezaei et al. (2025a). Although precipitation remains the dominant driver of
670 AW across most regions, particularly with warm climate, regional differences persist in the
671  combination of controlling variables. For example, AW in the TIB is influenced by precipitation,
672  temperature, SM, followed by snowfall and snowmelt, whereas in warmer and wetter regions such
673  as ECA and SAS, precipitation and SM dominate AW variability. In contrast, the arid WCA region
674  exhibits a more balanced control among temperature, precipitation, ET, SM, and LAI, consistent
675  with findings from other semi-arid regions in the Middle East and North Africa (Rezaei et al., 2024).

676  Overall, GHG warming accelerates hydroclimatic cycles, enhances seasonal amplitude, and
677 intensifies cryosphere decline, with the strongest impacts occurring in high-elevation and monsoon-
678  dominated regions. These warming-driven hydroclimatic responses establish the baseline climate

679 trajectory against which potential SRM-induced modifications are evaluated.

680 4.2 Effectiveness of SRM in Suppressing GHG-Induced Changes

681  SRM scenarios can mitigate global warming impacts by reducing extreme heat events (Dagon and
682  Schrag, 2017), stabilizing precipitation patterns (Liu et al., 2021), and offsetting temperature rise
683  (Tilmes et al.,, 2020). As designed by the experiment, temperature-stabilized experiments
684  effectively constrain warming across regions, whereas transient forcing experiments partially
685  compensate GHG forcings, leading to residual variability in hydrological responses despite overall
686  cooling (Figure 2-3).

687  Temperature-stabilized experiments show a stronger and consistent reduction in temperature across

688  all regions, leading to a clearer moderation of hydrological intensification, whereas transient
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689  forcing experiments provide only partial cooling and retain greater variability in hydrological
690  responses (Figure 4). Despite this cooling, both pathways exhibit amplified LAI peak changes,
691  highlighting the persistent influence of elevated CO:. and regionally varying land—atmosphere
692 interactions. As explained by Rezaei et al. (2024), cooling-induced reductions in ET have limited
693  effectiveness in drier regions, where water availability is primarily constrained by moisture supply
694  rather than energy demand. This is consistent with our results, where both temperature-stabilized
695  and transient forcing experiments alleviate warming but only partially improve precipitation, AW,
696 and SM in WCA and ECA. These limited hydrological responses persist despite differences in
697  sulfur injection magnitude and strategy (Table S2), indicating that in moisture-limited regions,
698 increasing or redistributing SAI forcing does not substantially enhance water availability.

699  SAS shows more consistent improvements under temperature-stabilized experiments, where
700  reduced heat extremes and relatively regulated precipitation contribute to improved hydroclimatic
701  conditions, whereas, transient forcing experiments provide only partial mitigation, with residual
702  variability in temperature and precipitation limiting the overall hydrological benefits. These
703  differences are consistent with the experimental design (Table S2), where temperature-stabilized
704  scenarios (e.g., G6-1.5K-SAI and Geo-SAIl) employ higher or more spatially distributed sulfur
705  injection (=11.7-35 Tg SO: yr') to maintain temperature targets, while transient forcing
706  experiments (e.g., Gosulfur) use lower or equatorially concentrated injections (=21 Tg SO: yr™),
707  leading to weaker and more regionally variable hydroclimatic responses. This suggests that, despite
708  broader tropical and subtropical trade-offs, SAS may experience comparatively favorable outcomes
709  under temperature-stabilized SRM pathways.

710  The findings of Abiodun et al. (2021), based on the Geoengineering Large Ensemble (GLENS,
711 SAI+RCP8.5) over Africa, are broadly consistent with our results in showing that SAI can
712 effectively moderate temperature and ET in tropical regions. However, while GLENS indicates
713 possible overcompensation of precipitation and resulting net water deficits in some tropical areas,
714 our results suggest that such overcorrection is less pronounced in SAS under both temperature-
715  stabilized and transient forcing experiments. This contrast likely reflects not only differences in
716  sulfur burden and spatial deployment (Table S2), but also the latitude of injection and the
717  underlying GHG-forcing baseline. Recent studies show that equatorial injection tends to enhance
718  tropical lower-stratospheric heating reduces tropical precipitation, and is less efficient than
719  subtropical injection (Henry et al., 2024; Wells et al., 2024; Bednarz et al., 2023). G6sulfur
720  represents a tropical injection strategy, whereas G6-1.5K-SAl is implemented with off-equatorial
721  injection and Geo-SAI uses multi-latitude injection, so part of the difference in hydroclimatic
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722  response may arise from injection latitude rather than sulfur amount alone (Richter et al., 2022;
723 Tilmesetal., 2020). In addition, G6-1.5K-SAl is implemented relative to an SSP2-4.5 background,
724  whereas G6sulfur and Geo-SAl are evaluated against SSP5-8.5, and previous work has shown that
725  SAI outcomes depend on the baseline state selected for comparison as well as on the injection
726  strategy itself (Tilmes et al., 2020; Visioni et al., 2021; Visioni et al., 2023; Richter et al., 2022).
727  Accordingly, contrasts among GLENS and the CESM2 experiments considered here should be
728  interpreted as the combined effect of baseline forcing, injection latitude, and deployment design,
729  rather than as a simple consequence of aerosol loading alone.

730  Building on regional evidence of solar geoengineering impacts, Patel et al. (2023) demonstrated
731  that SAI can substantially alter temperature and precipitation extremes, sometimes leading to
732 overcompensation effects. Such behavior is more likely in temperature-stabilized experiments,
733 where stronger cooling can suppress warming-driven hot extremes but may also introduce localized
734 overcooling. This is consistent with GLENS-type experiments, which employ relatively high and
735  dynamically adjusted sulfur injection rates (typically reaching ~10-50 Tg SO: yr'), allowing
736  strong radiative forcing that can lead to overcompensation in some regions. In contrast, transient
737  forcing experiments tend to exhibit more moderate responses, with reduced likelihood of
738  overcompensation but greater residual variability in extremes. Recent findings of Zhang et al.
739  (2024a), using the GFDL-ESM4.1 model under an overshoot scenario (SSP5-3.4-0S), further
740  support the pathway-dependent and regionally variable nature of SRM impacts. Their simulations
741 show substantial global cooling (~1.5 <C) accompanied by reductions in precipitation and shifts in
742  tropical rainfall patterns, particularly toward the Northern Hemisphere. These results are consistent
743 with GLENS-based evidence of uneven hydrological responses. In this context, our results suggest
744 that while some tropical regions may experience water deficits under both forcing pathways, SAS
745  shows comparatively more favorable responses—particularly under temperature-stabilized
746  experiments—where reduced heat extremes and relatively stable precipitation provide potential

747  hydroclimatic benefits despite broader regional trade-offs.

748  Across both GHG forcing pathways, SRM moderates cryosphere loss through enhanced snowfall
749  and reduced snowmelt, particularly over the TIB, although the magnitude of this response is more
750  pronounced under temperature-stabilized conditions. The potential benefits of SRM are particularly
751  relevant for water resources, agriculture, and food security in dry regions such as Central Asia. In
752  these moisture-limited environments, even modest reductions in temperature and evaporative
753  demand can have disproportionate impacts compared to wetter regions, where SRM primarily
754  moderates excess moisture. By lowering temperature and reducing atmospheric evaporative
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755  demand, both temperature-stabilized and transient forcing experiments can alleviate some drought
756  stressin certain regions; however, these benefits are not uniform, as SAIl may also intensify drought
757  in other areas, with tropical Africa projected to experience severe drying (Liu et al., 2024), and
758  summertime SM reduced by 42 £ 11 kg m in India and 27 £+ 16 kg m2 in the Amazon, mainly
759  due to decreased precipitation (Cheng et al., 2019). However, the extent of these benefits remains
760  constrained by precipitation availability, particularly in transient forcing experiments where
761  incomplete compensation of GHG forcing limits hydrological recovery. Given that arid and semi-
762 arid regions are highly sensitive to small increases in temperature and ET (Huang et al., 2016; Xia
763  etal, 2017a; You et al., 2018), the effectiveness of SRM in these regions depends critically on its
764  ability to suppress warming without further reducing already limited precipitation.

765  However, cooling does not translate uniformly into hydrological recovery (Rezaei et al., 20253), as
766  persistent drying and reductions in AW and SM continue in WCA and ECA under both
767  temperature-stabilized and transient forcing experiments (Figure. 2-4, 7). While temperature-
768  stabilized experiments more effectively constrain warming and shift hydroclimatic peak timing
769  closer to present-day conditions, transient forcing experiments retain greater variability and less
770  consistent recovery. This distinction is particularly relevant for existing water infrastructure in
771 Central Asia, where dams, reservoirs, and irrigation systems are traditionally been designed under
772  the assumption of stationary climate conditions, relying on historical hydroclimatic variability
773 (Milly et al., 2008; Yao et al., 2021). However, GHG-induced warming has already altered the
774  timing, magnitude, and reliability of water supply through shifts in snowmelt, glacier decline, and
775  increasing ET (Barnett et al., 2005; Milly et al., 2008). Temperature-stabilized experiments help in
776  the non-stationary pressures, potentially extending the operational reliability of existing
777  infrastructure. For example, relative to SSP5-8.5, SRM reduces warming in WCA, with the
778  strongest cooling under Geo-SAIl and G6-1.5K-SAl, while ET is strongly suppressed (Table 1).
779  Despite these improvements, incomplete hydrological recovery under transient forcing highlights
780 that reduced temperature alone is insufficient to fully restore water availability in moisture-limited

781  regions.

782  Temperature-stabilized experiments produce a stronger and more consistent reduction in
783  hydroclimatic variability, whereas transient forcing experiments retain greater residual variability
784  (Figure 2). As a result, feedbacks vary regionally, amplifying water loss in SAS and intensifying
785  snowmelt-driven variability in colder regions such as the TIB. Under SRM, ET peak and amplitude
786  are more effectively reduced in cooler regions like TIB and ECA, while SAS retains relatively high
787  ET amplitude due to persistent warmth and sufficient moisture supply (Figure 2, 5). Cryosphere
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788  responses also show strong regional contrasts: snowfall and snowmelt decrease in WCA and SAS
789  but increase in the TIB, reflecting differences between hot-dry and cold regions, with clearer
790  suppression and recovery patterns under temperature-stabilized experiments and more
791  heterogeneous responses under transient forcing (Figure 7).

792  Significant increases of SM amplitude in ECA and TIB reflect amplified seasonality under SRM
793  scenarios, associated with lower temperatures and higher precipitation peaks (Figure 2), with
794  stronger and more consistent amplification under temperature-stabilized experiments. Moreover,
795  G6-1.5K-SAl and G6solar significantly decrease AW amplitude in WCA and ECA, while G6sulfur
796 is more effective in TIB and SAS, likely due to cooler temperatures, higher precipitation, and
797  elevated SM; this contrast highlights pathway-dependent responses, where temperature-stabilized
798  experiments suppress variability more effectively. However, increasing LAl amplitude is driven by
799  reduced ET and sufficient moisture availability (Figure 2, 5). The larger increase in LAl over the
800  TIB under both GHG and SRM scenarios likely reflects the fact that SRM reduces temperature but
801  does not reduce atmospheric CO: concentrations, allowing CO--induced vegetation expansion to
802  persist (Rezaei et al., 2025a). This effect is evident under both forcing pathways, although it is more
803  pronounced under temperature-stabilized conditions where cooling enhances moisture availability.
804  As aresult, vegetation increases in this cold-wet region are not fully suppressed by SRM despite

805  reduced warming.

806 SRM approaches are designed to modify Earth’s radiative balance in order to temporarily
807  compensate for GHG-driven warming and help keep global temperature rise below 1.5<C relative
808  to preindustrial levels (Ipcc, 2018; Visioni et al., 2022). In Central Asia, for example, increasing
809  temperatures and glacier retreat have worsened water scarcity (Miao et al., 2020), and climate
810 intervention strategies may help reduce pressure on water resources by moderating future declines
811  and supporting more sustainable water availability. Likewise, in SAS, extreme heat and monsoon
812  variability have increased risks to agriculture and food security (Ullah et al., 2023b; Ullah et al.,
813  2023a), while SRM scenarios may help lessen these risks by reducing temperature extremes and
814  improving precipitation stability. These interpretations are supported by Hussain et al. (2025a),
815  who reported decreases in temperature (—0.62°C) and precipitation (—0.02 mm day ") under solar
816  geoengineering scenarios in SAS during 2020-2069. SRM scenarios may also offset warming-
817 induced changes in hydrological variables and potentially enhance vegetation cover (Figure 2-5),
818  whichis consistent with findings reported for the eastern Middle East (Rezaei et al., 2024). Beyond
819  climate-related benefits, such changes may also carry important implications for human health,
820 including reduced malaria transmission risk (Hussain et al., 2024a).
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821 In contrast to the warming-driven cryosphere decline under SSP5-8.5, aerosol-based SRM
822  scenarios such as G6sulfur and Geo-SAI show increased snowfall and suppressed snowmelt over
823  ECA, TIB, and SAS (Figure 3e-f), with more consistent responses under temperature-stabilized
824  experiments and greater variability under transient forcing. This response is primarily linked to
825  SRM-induced surface cooling relative to SSP2-4.5 and SSP5-8.5 (Figure 3a), which favors
826  snowfall over rainfall and reduces the energy available for melt processes. In addition, enhanced
827  stratospheric aerosol loading reduces incoming shortwave radiation, lowering surface temperatures
828  and delaying seasonal melt onset. Because the TIB region is highly temperature sensitive and
829 influenced by elevation-dependent warming (Meng et al., 2023; Yang et al., 2025), even significant
830  cooling under G6-1.5K-SAl (-10.3%), G6solar (182% to 66.8%), G6sulfur, and Geo-SAI (—1.8%)
831  (Table 1) relative to their baselines can substantially shift precipitation phase and snow persistence.
832  This effect is more pronounced under temperature-stabilized experiments, while transient forcing
833  shows weaker but still notable suppression of melt. As a result, SRM partially recovers cryosphere
834  processes in the TIB by enhancing snowfall and reducing melting rate compared to high-emission
835  scenarios. In WCA and ECA, snowfall responses remain weaker and more variable, reflecting
836  lower cryosphere sensitivity and stronger dependence on precipitation variability. Overall, SRM
837  cooling helps maintain precipitation in solid form and delays melt timing, particularly over the TIB
838  where cryosphere-hydrology coupling is strongest.

839  SRM scenarios counteract runoff peaks, restoring timing and reducing variability in most
840  hydrological variables (Figure 4-5), with stronger decrease under temperature-stabilized
841  experiments and more variable responses under transient forcing. This regional suppression is
842  consistent with broader evidence from the GLENS, which shows that SRM suppresses the
843  hydrological cycle relative to the baseline, with end-of-century decreases of 12+ 5 mm yr ! and 18
844  +2 mm yr! in the global mean (Cheng et al., 2019). Consistent with this, SAI partially offsets
845  reductions in mean terrestrial water storage in wetter regions, primarily through significant cooling
846  and the resulting decrease in ET relative to SSP5-8.5, but shows no significant influence on the
847  increased terrestrial water storage in drier regions (Rezaei et al., 2024). The pronounced reduction
848  in peak runoff over TIB (—12.3%), and SAS (—47.9%) under Geo-SAl highlights the strong
849  sensitivity of monsoon-driven systems, where hydrological responses are tightly coupled with
850  vegetation and precipitation dynamics. This may be linked to substantial increases in LAl under
851  SSP scenarios that are not fully suppressed by SRM, as these interventions reduce temperature
852  through increased albedo but do not lower atmospheric CO: concentrations. Elevated CO:

853  continues to enhance vegetation growth, sustaining higher LAI under SAI scenarios (Rezaei et al.,

27



https://doi.org/10.5194/egusphere-2026-3008
Preprint. Discussion started: 2 July 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

854  2025a). Several studies suggest that while SRM moderates global warming, it introduces complex
855  and regionally heterogeneous hydrological responses (Tan et al., 2024). For instance, slight surface
856  cooling across the SAS monsoon region may coincide with strengthened atmospheric circulation
857  but altered precipitation patterns, leading to drier conditions over parts of India under SAI
858  (Bhowmick et al., 2021). Consistent with this, temperature-stabilized experiments more effectively
859  reduce hydrological fluxes in wetter regions (SAS and TIB), whereas transient forcing experiments
860 retain higher variability due to incomplete forcing compensation. In contrast, SRM effects in drier
861  regions (WCA and ECA) are more stabilizing, primarily through reduced temperature and
862  enhanced water retention (Figure 3).

863  SAI has the potential to weaken both average and extreme summer monsoon conditions through
864  mechanisms linked to reduced stratospheric warming, weaker subtropical jet streams, modified
865  wave activity, and a less intense Asian Summer Monsoon Anticyclone (ASMA) (Asutosh et al.,
866  2025). Long-term observational evidence similarly points to a decline in ASMA strength, primarily
867  associated with anthropogenic aerosol forcing, which alters the meridional temperature gradients
868  over Eurasia (Qie et al., 2025). Moreover, increased aerosol optical depth from human activities
869  has contributed to a weakening of the East Asian Summer Monsoon by reducing land—sea thermal
870  and pressure contrasts, along with evaporation and surface radiation (Lang et al., 2025).

871  The reduction in peak precipitation and AW over SAS and the TIB suggests that aerosol
872  interventions moderate monsoon intensity and associated runoff surges, potentially alleviating
873  flood risks but also reducing water availability during peak demand seasons (Asutosh et al., 2025),
874  with stronger suppression under temperature-stabilized experiments and more moderate reductions
875  under transient forcing. SRM scenarios, especially G6-1.5K-SAl, markedly suppress precipitation
876  peaks over the TIB toward present-day levels, while G6solar, G6sulfur, and Geo-SAl also reduce
877  projected increases. This interpretation aligns with previous studies indicating that aerosol
878 interventions can suppress monsoon rainfall (Ricke et al., 2023), and reduce surface runoff (Rezaei
879  etal., 2025a). Moreover, stratospheric heating associated with aerosol interventions may intensify
880  regional drying (Xia et al.,, 2017b), further contributing to reduced hydrological fluxes.
881  Collectively, these findings suggest that while SRM moderates hydroclimatic extremes, it may also
882  constrain water availability in monsoon-dependent regions such as SAS, particularly under
883  temperature-stabilized conditions where stronger cooling leads to greater suppression of
884  precipitation peaks, whereas transient forcing retains higher variability in water availability.
885  Furthermore, SM shows decreasing amplitude under G6-1.5K-SAl, G6solar, and G6sulfur, with
886  smaller changes under Geo-SAIl in WCA, indicating enhanced water retention and reduced
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887  evaporative losses under cooling (Figure 5¢g). These results align with prior studies (Bala et al.,
888  2008; Robock et al., 2008; Kravitz et al., 2013b; Rezaei et al., 2025a), highlight that SRM impacts
889  remain spatially heterogeneous, with stronger effects in temperature-controlled cold-region of TIB
890  and comparatively weaker responses in drier region of WCA, underscoring the need for region-
891  specific assessments of geoengineering outcomes.

892  Generally, SRM scenarios reverse the increased peaks in most hydroclimatic variables (except LAI)
893  toward present-day conditions, with temperature-stabilized experiments showing a more complete
894  restoration compared to partial recovery under transient forcing. The regional contrast observed in
895 this study is consistent with regime-dependent SRM responses, where cryosphere- and monsoon-
896 influenced regions such as the TIB and SAS exhibit stronger hydroclimatic sensitivity and
897  recovery, particularly under temperature-stabilized conditions, while drier regions of Central Asia
898  show persistent SM deficits and limited hydrological recovery across both forcing pathways, with
899  weaker mitigation under transient forcing. This highlights that SRM effectiveness depends strongly
900  on baseline hydroclimatic regime rather than producing a uniform wetting or drying response.

901 4.3 Caveats and Limitations

902  Despite providing a comprehensive regional assessment of hydroclimatic responses to SRM across
903 WCA, ECA, TIB and SAS using several SRM experiments, several limitations should be
904  acknowledged. First, this analysis is based on simulations from a single Earth system model
905 (CESM2-WACCM®), and although CESM2 represents significant improvements over earlier
906  model generations (Danabasoglu et al., 2020), uncertainties remain due to structural model biases
907 and limited representation of regional hydroclimatic processes. In particular, the relatively coarse
908  spatial resolution (~1< constrains the ability to fully resolve complex topography, glacier
909 dynamics, land—-atmosphere feedbacks, and localized precipitation processes across the TIB and
910  surrounding mountain systems, which are essential for accurately capturing cryosphere—hydrology

911  coupling and region-specific hydroclimatic sensitivity to warming and SRM-induced cooling.

912  This study used monthly data, which may smooth short-term variability and limit representation of
913  extreme hydroclimatic events, intra-seasonal variability, and peak timing shifts. Many key
914  processes, including extreme precipitation, rapid snowmelt, and short-duration runoff events, occur
915  at daily or sub-daily timescales and may respond differently to SRM forcing than monthly means
916  suggest. Future work using daily or sub-daily simulations would improve assessment of monsoon
917  variability, extreme event suppression, seasonal transition timing, and hydrological threshold

918  responses under SRM and warming scenarios. While the study evaluates hydroclimatic variables
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919 and AW drivers, it does not explicitly incorporate dynamic glacier mass balance modeling,
920  groundwater storage responses, or socio-hydrological feedbacks, potentially influencing the real-
921  world effectiveness of SRM in reducing water stress and hydroclimatic extremes in vulnerable dry
922  and cryosphere-dependent regions.

923  Furthermore, the hydrological impacts of SAI can vary depending on the climate model used and
924  the design of the deployment strategy (Jones et al., 2018; Bednarz et al., 2023; Laakso et al., 2024;
925 Zhang et al.,, 2024b; Rezaei et al.,, 2025a). Runoff changes are particularly linked to
926  evapotranspiration processes. In CESM2, the CLM5 land component represents advanced
927  vegetation-hydrology interactions, including plant hydraulic processes and dynamic stomatal
928  regulation (Lawrence et al., 2019; Fisher et al., 2019). Although these features enhance the model’s
929  physical representation, CLM5 may produce excessive greening and transpiration responses under
930 elevated CO: conditions, especially in humid ecosystems such as the Amazon (Cordak et al., 2025),
931  which could lead to an overstatement of runoff reductions. Therefore, future work using multi-
932  model comparisons or dedicated sensitivity experiments is required to test the reliability of these
933  projected hydrological responses under SAI.

934  Future research should prioritize multi-model ensemble assessments to evaluate robustness and
935  reduce structural uncertainty. Higher-resolution regional convection-permitting simulations would
936  improve representation of orographic precipitation, snow processes, and land—atmosphere coupling
937  across the Asian Water Tower, and so would. Coupling SRM simulations with dynamic
938  hydrological, glacier, and groundwater models. Finally, integrating extreme-event analysis,
939  compound hazard risk, and statistical significance—based suppression metrics would help better

940  quantify where and when SRM can meaningfully offset GHG-induced hydroclimatic changes.
941 5. Conclusions

942  This study presents a comprehensive assessment of future mean and peak hydroclimatic changes,
943  seasonal cycles, and drivers across heterogeneous climate regimes under warming (SSP2-4.5 and
944  SSP5-8.5) and SRM scenarios (G6-1.5K-SAl, G6solar, G6sulfur, and Geo-SAl) using CESM2-
945  WACCM outputs. The analysis explicitly considers (i) dry, moisture-limited regions of Central
946  Asia (WCA and ECA), where precipitation is concentrated during the cold season; (ii) cold-wet,
947  cryosphere-influenced regions such as the TIB), which experience high snowfall contributions but
948  receive most precipitation during summer; and (iii) warm-wet, monsoon-dominated SAS, where

949  precipitation is strongly concentrated during the summer monsoon. Across these regimes, SRM
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950  demonstrates substantial potential to moderate hydroclimatic extremes, particularly in temperature-

951  sensitive and precipitation-driven systems.

952  Temperature shows the most robust response, with pronounced warming under SSP5-8.5 and the
953  largest regional sensitivity over TIB and ECA, whereas the temperature-stabilized experiments
954  substantially suppress it. Precipitation generally increases under warming, ET tends to increase
955  under the baseline warming pathways but is reduced in several geoengineering experiments, and
956 AW shows regionally contrasting responses, with strong declines in WCA but increases in parts of
957 ECA and TIB. Snowfall and snowmelt are generally reduced under transient warming, particularly
958  over SAS, WCA, and TIB, while runoff and SM exhibit mixed regional behavior. In contrast, LAI
959 increases consistently across all scenarios

960  GHG-emission scenarios, particularly SSP5-8.5, substantially amplify peak hydroclimatic
961  responses, with stronger amplification occurring in wet and cryosphere-influenced regions (TI1B
962 and SAS) compared to dry, moisture-limited Central Asian regions. Peak temperature increases
963  under SSP2-4.5 and SSP5-8.5, accompanied by strong increases in ET, precipitation, and AW,
964  along with accelerated cryosphere melt and enhanced vegetation activity. In contrast, dry regions
965 (WCA and ECA) show smaller precipitation and AW amplification but remain highly sensitive to
966  warming-driven ET increases and SM losses. SRM scenarios reduce hydroclimatic amplification
967  across all regimes, with strongest stabilization in cold-wet and monsoon-dominated regions. G6-
968  1.5K-SAl shows the strongest overall suppression, followed by Gésolar and G6ésulfur, while Geo-
969  SAI shows more regionally variable responses. When evaluated per unit sulfur injected, G6-1.5K-
970  SAI also exhibits the highest cooling and hydroclimatic efficiency per Tg SO, indicating that its
971  stronger response is not solely due to total sulfur loading but also reflects a more effective injection
972 strategy.

973  Warming leads to a broad amplification of hydroclimatic amplitude in temperature, precipitation,
974  ET, AW, runoff, and vegetation, alongside reduced snowfall and snowmelt. Temperature-stabilized
975  experiments effectively constrain variability in temperature-driven processes but produce
976  regionally heterogeneous hydrological responses, with some variables suppressed and others
977  enhanced depending on region and experiment. In contrast, transient forcing experiments provide
978  only partial mitigation, retaining elevated variability and mixed regional responses. Cryospheric
979  variables show strong sensitivity to both forcing pathway and regional temperature changes, while

980  runoff and SM reflect complex interactions among precipitation, ET, and snow processes.
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981  Precipitation remains the dominant control on AW under both warming and SRM scenarios,
982 indicating that SRM primarily modifies hydroclimatic magnitude rather than fundamentally
983  altering regional water-cycle controls. Relative to SSP5-8.5, SRM scenarios generally reduce
984  temperature and hydroclimatic variability, although effectiveness varies by climate regime. In dry,
985  moisture-limited regions (WCA and ECA), SRM provides only partial stabilization and cannot
986  fully suppress SM deficits and precipitation-driven variability. In contrast, in the cold-wet TIB,
987  SRM effectively suppresses temperature- and cryosphere-driven influences but can enhance SM.
988  In warm-wet, monsoon-dominated SAS, SRM can enhance precipitation- and land-surface-driven
989  controls, increasing SM and LAI relative to baseline warming. However, sulfur-normalized results
990  demonstrate that hydrological responses such as AW, runoff, and SM show limited and regionally
991  heterogeneous changes per unit sulfur, indicating that increased sulfur injection does not translate

992 linearly into improved water availability.

993  Overall, the results highlight that SRM effectiveness depends not only on total sulfur injection but
994  also on the efficiency of the intervention per unit sulfur and the deployment strategy. While SRM
995  effectively moderates temperature-driven processes, its hydrological benefits remain limited and
996  spatially variable, particularly in moisture-limited regions. Evaluating SRM performance using
997  sulfur-normalized metrics provides a more robust basis for comparing intervention strategies than
998  absolute responses alone. Consequently, SRM provides partial hydroclimatic regulation but does
999  notuniformly offset regional water stress, especially in semi-arid transition regions of Central Asia,

1000 and its overall efficacy depends strongly on both injection magnitude and spatial design.

1001  Data availability. The outputs for SSP2-4.5, and SSP5-8.5, Gésolar and G6sulfur scenarios are
1002  freely available via the website: https://aims2.1Inl.gov/search/cmip6/ (Petrie et al., 2020). The
1003  outputs for G6-1.5K-SAl scenarios are freely available at
1004  https://gdex.ucar.edu/datasets/d651059/dataaccess/ (Richter et al., 2022). The SSP5-8.5-SAI data
1005  are publicly accessible at https://gdex.ucar.edu/datasets/d651024/# (Tilmes, 2024).
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1578 Figure 1. Spatial distribution of annually precipitation (2000-2024) from ERAS reanalysis data over Asia.
1579 The sub-regions include Western Central Asia, Eastern Central Asia, Tibetan Plateau, and South Asia are
1580  outlined following the IPCC reference regions for Asia. (Iturbide et al., 2020).
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1582 Figure 2. Annual mean anomalies of temperature, precipitation, ET, AW, snowfall, snowmelt, runoff, soil
1583 moisture, and LAI for 2055-2084 relative to the 2015-2034 mean, under temperature-stabilized experiments
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1584 (left column) and transient forcing experiments (right column). Colored lines show the time series for each
1585 scenario, and the colored numbers in the upper-right corner of each panel indicate the linear trend per decade
1586  for the corresponding scenario. Bold trend values denote trends that are statistically significant at the 95%
1587 confidence level. The horizontal dashed line marks zero anomaly.
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Sulfur-normalized trends
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1588 WCA ECA TIB SAS Global WCA ECA TIB SAS Global WCA ECA TIB SAS Global
1589 Figure 3. Future decadal trends of key hydro-climatic variables across WCA, ECA, TIB, SAS, and Global
1590 during 2035-2085. The upper panel (Raw trends; a—i) shows Sen’s slope (change per decade) for SSP2-4.5,
1591  SSP5-8.5, G6Solar and G6Sulfur. The lower panel (Sulfur-normalized trends; j—r) shows Sen’s slope for the
1592 SAI experiments (G6-1.5K-SAl, Gésulfur, and Geo-SAl), normalized by the mean sulfur injection rate (Tg
1593 SOz yr') over 2055-2084 and expressed as change per decade per Tg SO-. Panels (a—r) represent trends in
1594 temperature, precipitation, evapotranspiration, AW, snowfall flux, snowmelt flux, runoff, SM, and LAI,
1595 respectively. Colors indicate the magnitude and direction of Sen’s slope, and asterisks denote statistically
1596  significant trends at the 95% confidence level based on the Mann—Kendall test.
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1597
1598 Figure 4. Regional distributions of annual peak changes in temperature (a, b), precipitation (c, d), ET (e, f),
1599 available water (g, h), snowfall (i, j), snowmelt (k, 1), runoff (m, n), soil moisture (o, p), and LAI (g, r) across
1600  WCA, ECA, TIB, and SAS for temperature-stabilized (left column) and transient forcing (right column)
1601

1602

experiments. The changes are calculated relative to 20152034 baselines, using SSP2-4.5 for SSP2-4.5, G6-
1.5K-SAl, and SSP2-4.5-G6sulfur, and SSP5-8.5 for SSP5-8.5, G6solar, SSP5-8.5-G6sulfur, and Geo-SAl.



https://doi.org/10.5194/egusphere-2026-3008
Preprint. Discussion started: 2 July 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

1603 Negative values indicate decreases relative to the baseline, while positive values indicate increases. Asterisks
1604 denote changes significant at the 95% confidence level.

Temperature-stabilized experiments Transient forcing experiments
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1605 I Gésolar [ G6sulfur-SSP5-8.5

1606 Figure 5. Percent change in the amplitude in temperature (a, b), precipitation (c, d), ET (e, f), available water
1607 (9, h), snowfall (i, j), snowmelt (k, I), runoff (m, n), soil moisture (o, p), and LAI (q, r) during 2055-2084
1608 relative to present-day conditions (2015-2034) across WCA, ECA, TIB, and SAS for temperature-stabilized
1609  (left column) and transient forcing (right column) experiments. Changes are computed relative to scenario-
1610  specific baselines, using SSP2-4.5 for SSP2-4.5, G6-1.5K-SAl, and SSP2-4.5-G6sulfur, and SSP5-8.5 for
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1611 SSP5-8.5, G6solar, SSP5-8.5-G6sulfur, and Geo-SAl. Positive (negative) values indicate increases
1612 (decreases), and asterisks denote changes significant at the 95% confidence level based on a two-sided
1613 Welch’s t test applied to ensemble distributions.
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Figure 6. Seasonal cycles of key hydroclimatic variables over 2055-2084 for WCA, ECA, TIB, and SAS.
Rows (top to bottom) show (a-d) temperature, (e-h) precipitation, (i-I) ET, (m-p) available water, (q-t)
snowfall flux, (u-x) snowmelt flux, (y-ab) runoff, (ac-af) soil moisture, and (ag-aj) LAI. Colored curves
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indicate the ensemble mean for each scenario (SSP2-4.5, G6-1.5K-SAl, G6sulfur-SSP2-4.5, SSP5-8.5,
G6solar, G6sulfur- SSP5-8.5, Geo-SAI). Numbers shown at the top of each subplot indicate the mean peak
month of the annual cycle for each scenario, and an asterisk denotes that the peak is statistically significant

at the 95% confidence level.
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Figure 7. Relative importance of hydroclimatic predictors based on the LMG metric (Lindeman, Merenda,
and Gold, 1980) for available water across (a, b) WCA, (c, d) ECA, (e, f) TIB, and (g, h) SAS. Panels are
grouped into temperature-stabilized experiments (left column; SSP2-4.5, G6-1.5K-SAl, and Geo-SAl) and
transient forcing experiments (right column; SSP2-4.5, SSP5-8.5, G6solar, and Gésulfur). Predictors include
temperature (TMP), precipitation (PCP), ET, soil moisture (SM), and LAI. Bars represent the relative
contribution of each predictor to the total explained variance of available water, and contributions within

each panel sum to unity.
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1636
1637
1638
1639
1640
1641

1642
1643

Table 1. Percent changes (%) in regional mean annual temperature (TMP), precipitation (PCP), ET, Av.
water, snowfall, snowmelt, runoff, soil moisture, and LAI for 2055-2084 relative to 2015-2034 over WCA,
ECA, TIB, and SAS under SSP245, SSP585, G6-1.5K-SAl, Gé6solar, G6sulfur-SSP245, G6sulfur-SSP585,
and Geo-SAl. Values for SSP245, G6-1.5K-SAl, and G6sulfur-SSP245 are referenced to the SSP245
baseline, while values for SSP585, G6solar, G6sulfur-SSP585, and Geo-SAl are referenced to the SSP585
baseline, both for 2015-2034. Bold values denote statistically significant changes at the 95% level.

Regio Av. Soil

n Scenario TMP PCP ET water Snowfall  Snowmelt  Runoff  moisture  LAI

WCA SSP245 9.8 -0.16 44 <-100 -12.9 -14.5 1.06 -2.7 24.9
SSP585 15.9 6.1 6.4 -8.9 -26.1 -28.1 4.0 -2.2 46.1
G6-1.5K-SAI -1.5 0.21 -1.57 <-100 18.1 8.6 -2.2 -1.4 18.2
Geo-SAl -3.4 4.09 -104  <-100 12.8 7.0 2.8 2.0 43.8
G6solar 5.1 -052 049 -9.2 -9.2 -8.4 -0.98 -1.7 35.7
G6sulfur- 8.5 -4.0 10.1 <-100 -17.3 -18.5 -8.6 -4.3 28.2
SSP245
G6sulfur- 5.7 -0.67 115 -16.6 -19.0 -18.1 -2.6 -15 37.0
SSP585

ECA SSP245 18.2 6.9 41 27.0 1.66 -0.88 2.67 -0.87 15.0
SSP585 31.0 12.3 8.3 45.1 -1.4 -12.4 11.4 1.95 33.8
G6-1.5K-SAI -6.1 -1.6 -5.7 27.6 214 8.3 -6.7 -0.92 6.2
Geo-SAl -4.9 4.4 -1.59  53.0 11.8 8.4 4.7 55 34.1
G6solar 10 4.2 0.50 34.8 0.26 -0.66 41 25 27.9
G6sulfur- 125 4.7 -0.71 464 -4.82 -7.07 -2.40 -0.42 255
SSP245
G6sulfur- 10.2 4.2 0.96 31.0 -5.6 -6.7 3.01 2.2 29.3
SSP585

TIB SSP245 >100 5.2 74 6.8 -8.1 -10.2 32 -2.6 22.2
SSP585 >100 114 6.5 15.1 -19.5 -20.6 7.8 -0.63 325
G6-1.5K-SAI -10.3 -2.9 -2.2 -1.99 18.4 25 -6.1 -3.0 7.7
Geo-SAl -1.8 -098 5.7 29 10.0 -0.40 -1.3 1.9 13.6
G6solar 66.8 -086  -25 0.41 -8.08 -6.4 -2.1 0.52 18.7
G6sulfur- >100 8.1 0.33 16.0 -10.8 -11.0 3.9 -0.39 21.8
SSP245
G6sulfur- 774 6.0 -0.06  10.8 -12.4 -10.9 4.6 1.03 22.2
SSP585

SAS SSP245 5.9 2.7 5.0 39 -28.4 -29.8 8.4 -0.17 185
SSP585 10 5.3 5.2 54 -48.7 -51.3 8.7 -0.67 28.6
G6-1.5K-SAI 1.07 -35 11 -10.7 7.9 2.1 -2.4 -0.9 215
Geo-SAl 0.20 3.6 -222 648 15 -5.1 51 11 38.0
G6solar 47 -1.4 2.0 -125 -24.6 -23.6 0.03 -1.0 305
Gésulfur- 5.2 7.1 38.3 -28.4 -28.0 -28.6 13.6 2.0 333
SSP245
G6sulfur- 43 6.1 3.7 133 -25.8 -25.1 9.7 0.98 35.3
SSP585
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