https://doi.org/10.5194/egusphere-2025-3493
Preprint. Discussion started: 14 August 2025 G
© Author(s) 2025. CC BY 4.0 License. E U Sp here

1 Future hydro-climatic changes associated with global warming
2 and stratospheric aerosol intervention scenarios across
3 Central-South Asia and the Tibetan Plateau

4  Azfar Hussain'?, Abolfazl Rezaei®, Ping Zhu !, Guanglang Xu!, Chao Yang 2, Yan Ma!,
5  Tianye Cao!, Huizeng Liul?"

6 !lnstitute for Advanced Study & Tiandu-Shenzhen University Deep Space Exploration

7  Joint Laboratory & Space Science Center, Shenzhen University, Shenzhen 518060, China

8 2 MNR Key Laboratory for Geo-Environmental Monitoring of Great Bay Area &
9  Guangdong Key Laboratory of Urban Informatics & Shenzhen Key Laboratory of Spatial
10  Smart Sensing and Services, Shenzhen University, Shenzhen 518060, China

11 3 Department of Earth Sciences, Institute for Advanced Studies in Basic Sciences, Zanjan
12 45137-66731, Iran

13

14  Corresponding: Huizeng Liu, Institute for Advanced Study, Shenzhen University,
15  Shenzhen 518060, China

* Corresponding author, E-mail: huizeng.liu@szu.edu.cn



https://doi.org/10.5194/egusphere-2025-3493
Preprint. Discussion started: 14 August 2025 EG U
sphere

(© Author(s) 2025. CC BY 4.0 License.

16 ABSTRACT

17 The Central and South Asian Tibetan Plateau (CSATP) plays a vital role in regulating
18  regional and downstream water availability. However, the region faces growing threats
19  from global warming-induced hydroclimatic changes. This study investigates the hydro-
20  climatic changes in the CSATP region under two future (2071-2100) scenarios of high
21 greenhouse gas (GHG) emissions (SSP5-8.5) and the combined impact of GHG with
22 stratospheric aerosol intervention (SAl), relative to present-day conditions (2015-2035).
23 The temperature, precipitation, real evapotranspiration (RET), available water (AW),
24 runoff, soil moisture (SM), terrestrial water storage (TWS), and leaf area index (LAI) are
25 assessed using model simulations from CESM2-WACCM. These variables exhibit
26 widespread intensification, with significant increases in temperature, precipitation, runoff,
27  and LAI, particularly in eastern central Asia (ECA) and South Asia (SA), accompanied by
28  enhanced seasonal amplitudes and earlier runoff peaks. These shifts indicate stronger
29  seasonality and heightened extremes across the land surface. In contrast, the Geo SSP5-8.5
30 1.5 (here called Geo-SAl) scenario effectively reduces temperature and dampens the
31 seasonal amplitude of TWS, runoff, RET, and precipitation, thereby counteracting many
32 GHG-emission induced changes. However, Geo-SAl also amplifies seasonal variability in
33  SM and vegetation (LAI), especially in ECA and the Tibetan Plateau (TP), revealing its
34  regionally heterogeneous impacts on land-atmosphere interactions under solar
35  geoengineering. While Geo-SAI doesn’t fully eliminate impacts, it offers a promising route
36  to reduce extremes and enhance climate stability in vulnerable regions. These findings
37  underscore SAI’s potential to ease adverse hydroclimatic effects of GHG-induced warming

38  and support water resource sustainability under high-emission pathways in CSATP.
39
40
41

42
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43 1. Introduction

44  Stratospheric aerosol injection (SAIl)—a leading solar radiation modification (SRM)
45  strategy has gained increasing attention as a potential means to offset greenhouse gas
46  (GHG)-induced global warming (Crutzen, 2006; Irvine and Keith, 2020; Ricke et al., 2023;
47  Tilmes et al., 2018). By injecting reflective particles into the stratosphere, SAI seeks to
48  mimic the cooling effects of volcanic eruptions and restore Earth’s energy balance (Pope
49  etal., 2012; Weisenstein et al., 2015). Model simulations show that SAI can lower global
50 temperatures, but may also introduce complex and regionally uneven hydroclimatic effects,
51  particularly in sensitive regions (Kravitz et al., 2013b; Simpson et al., 2019; Jones et al.,
52  2016; Visioni et al., 2020).

53  The Central-South Asia and Tibetan Plateau (CSATP) is a climate hotspot, where rapid
54  warming, shifting monsoon dynamics, and intensifying hydroclimatic extremes threaten
55 water security, agriculture, and ecosystems (Kim and Bae, 2020; Stevenson et al., 2022; Ji
56  etal., 2018). The Tibetan Plateau (TP), known as the "Third Pole," is especially vulnerable
57 duetoits role in regulating large-scale atmospheric circulation and freshwater availability
58 (Lietal., 2022; Lin et al., 2023). Observations show a decline in terrestrial water storage
59  (TWS) at ~10.2 Gt/year (2002—-2017) across the TP (Li et al., 2022), with lake expansion
60 and altered precipitation patterns projected under high-emissions scenarios (Chen et al.,
61 2022; Zhu et al., 2025). Under continued GHG emissions (SSP5-8.5), warming of up to
62 4.8C by 2100 is expected (Effiong and Neitzel, 2016), driving intensified extremes
63 including droughts, floods, and shifts in soil moisture (SM), evapotranspiration (ET), and
64  runoff (Samaniego et al., 2018; Naumann et al., 2021; Vicente-Serrano et al., 2020). In
65 South Asia (SA), these changes are already contributing to declining glacier mass
66  (Kraaijenbrink et al., 2017), altered monsoon patterns vulnerabilities exist across Central
67 Asia (CA), where warming and glacier retreat in the Tianshan—Pamir ranges are
68  compounding regional water scarcity (Huang et al., 2021; Fallah et al., 2024; Yu et al.,
69  2021).

70  SAI has been proposed as a supplementary tool to temporarily offsetting some of the
71  increase in surface temperatures—even under continued high emissions (Visioni et al.,

72 2020). For example, the Geoengineering Model Intercomparison Project (GeoMIP)
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73 scenario Geo SSP5-8.5 1.5 (hereafter “Geo-SAI”) aims to stabilize temperatures at ~1.5°C
74 despite following an SSP5-8.5 emissions pathway (Tilmes et al., 2020b). However, while
75  SAI could reduce global warming, its side effects—particularly on precipitation, runoff,
76  and vegetation—remain uncertain and may exacerbate water stress in monsoon and arid
77 regions (Robock et al., 2008; Niemeier and Schmidt, 2017; Cheng et al., 2019; Liu et al.,
78  2024; Simpson et al., 2019; Macmartin et al., 2017). Studies suggest SAl may weaken the
79  hydrological cycle, leading to reduced precipitation and altered runoff generation via
80 changes in land-atmosphere feedbacks, including vegetation dynamics and snowmelt
81  fluxes (Rezaei et al., 2025; Dagon and Schrag, 2019). These effects are especially critical
82  in CSATP, where orography and monsoon circulation create sharp hydroclimatic gradients
83 and interannual variability modulated by spring snow cover, soil moisture, and ENSO-
84  related SST anomalies (Zhu et al., 2023; Wang et al., 2008). Despite growing literature on
85  SAI, major gaps remain in understanding its regional impacts on hydrological processes
86  across CSATP. Past studies have largely focused on global or zonal precipitation changes
87  (Kravitz et al., 2013a; Bala et al., 2008; Huynh and Mcneill, 2024; Schiferl et al., 2018),
88  while fewer have examined vegetation and water storage responses—key mediators of
89  hydroclimate extremes (Clark et al., 2023; Schiferl et al., 2018).

90 This study addresses these gaps by analyzing future hydroclimatic variability across
91  CSATP under two scenarios: the baseline high-emissions SSP5-8.5 and the SAI-modified
92  Geo-SAI (SSP5-8.5+SAl). Using outputs from the GeoMIP experimental framework, we
93  assess changes in key variables—temperature, precipitation, real evapotranspiration
94  (RET), available water (AW), runoff, SM, TWS, and leaf area index (LAl)—with an
95  emphasis on spatial heterogeneity and extreme event modulation. The aim is to evaluate
96  whether SAI could moderate hydroclimatic extremes in CSATP or instead introduce new
97  challenges, especially in Western Central Asia (WCA), Eastern Central Asia (ECA), the
98 TP, and SA. This regional focus builds on global-scale analyses and contributes new
99 insights into SAI’s potential benefits and risks for freshwater systems in one of the world’s

100  most vulnerable and water-stressed regions.
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101 2. Data and Methods

102 2.1 Study area

103  Geographically, the CSATP stretches from the Caspian Sea in the west to the Xinjiang
104  Uygur Autonomous Region in the northeast, the TP in the east, and the Indo-Gangetic Plain
105  and peninsular India in the south, extending toward the Indian Ocean. The region spans
106  approximately from 8<to 45°N latitude and 40=to 100°E longitude (Figure 1). The
107  CSATP comprises Central Asia (CA), SA, and the TP, each with distinct geographical
108  features and contrasting climatic conditions. According to the Intergovernmental Panel on
109  Climate Change (IPCC), CA is further divided into WCA and ECA. The WCA includes
110  countries such as Turkey, Georgia, Armenia, Azerbaijan, Irag, Iran, Afghanistan,
111 Kyrgyzstan, Kazakhstan, Tajikistan, Uzbekistan, and Turkmenistan. The ECA covers
112 northwestern China, particularly the Xinjiang Uygur Autonomous Region, and includes
113 geographical features such as the Kunlun Mountains, Taklamakan Desert, Gobi Desert, and
114  southern Mongolia. The TP lies directly south of ECA, while SA lies to the south of both
115  WCA and the TP, encompassing southern Pakistan, India, Bangladesh, and Myanmar. The
116  greater Himalayas form a natural climatic and geographical divide between the TP and SA.
117  Collectively, the CSATP represents a highly climate-sensitive and hydro-climatically

118  complex region, increasingly vulnerable to the accelerating impacts of global warming.

119 2.2 Model simulations and scenarios

120 In this study, the Community Earth System Model version 2 with the Whole Atmosphere
121 Community Climate Model version 6 component (CESM2 (WACCMS®)) is used to
122 simulate hydroclimatic responses under a high-emissions scenario (SSP5-8.5) and a
123 geoengineering scenario (Geo-SAl), enabling detailed assessments of variables including
124  temperature, precipitation, soil and water evaporation, transpiration, SM, TWS, and LAI
125  across the CSATP in future (2071-2100) and present-day conditions (2015-2035). This
126  study utilized simulations from CESM2 (WACCMS6), developed by the National Center
127  for Atmospheric Research (NCAR) (Eyring et al., 2016; Rezaei et al., 2024, 2023; Tilmes
128 et al., 2020a). CESM2 (WACCMB®) is a fully coupled Earth system model that includes
129 interactive components for atmosphere, ocean, land, and sea ice, and is designed to
130 simulate climate variability and change on a global scale (Gettelman et al., 2019). The

131 model participated in the CMIP6, providing data under various future emission scenarios.

5
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132 CESM2 has been evaluated against CESM1 and other CMIP5-6 models, and consistently
133 ranks among the top performers across various metrics (Simpson et al., 2020; Magara et
134 al., 2025).

135  CESMZ2 demonstrates improved skill in simulating precipitation patterns over arid regions
136  such as CA (Guo et al., 2021), Africa (Mmame et al., 2023), and the middle east and North
137  Africa (MENA) (Rezaei et al., 2024). CESM2 projects about 1 °C more warming than
138  CESML1 under the high-emissions scenario SSP5-8.5, but shows similar temperature
139  outcomes by 2100 under the lower-emissions scenarios SSP2-4.5 and SSP1-2.6 (Duffey
140  and Irvine, 2024; Clark et al., 2023). The CESM2-WACCM model features a high-
141  resolution vertical structure with 70 levels (Keeble et al., 2020), extending from surface
142 pressure (1000 hPa) up to 4.5 x 107¢ hPa, reaching into the lower thermosphere at around
143 140 km altitude (Meehl et al., 2020). Additionally, its horizontal resolution of 0.9 “latitude
144 by 1.25°longitude (approximately 100 km =140 km at the equator) enables the model to
145  resolve regional climate features and capture complex interactions between the atmosphere

146  and Earth's surface systems (Liang et al., 2022).

147  The SSP5-8.5-SAl simulation integrates Geo-SAl with the high-emissions scenario SSP5-
148 8.5 aiming to stabilize global mean temperatures at 1.5 °C (Jones et al., 2022), above pre-
149  industrial levels (1850-1900) (Tilmes et al., 2020b). Geo-SAI aims to modify Earth’s
150  radiation budget (Reboita et al., 2025), by increasing reflected shortwave radiation
151  (Reboita et al., 2024), and climate models suggest it could reduce global (Richter et al.,
152 2022), and Arctic temperatures while enhancing Northern Hemisphere Sea ice coverage
153  (Wheeler et al., 2025). We used monthly data for TWS, precipitation, temperature, surface
154  runoff, TWS, SM, and RET, and LAI from all five ensemble members (rl to r5) of the
155  SSP5-8.5 scenario and the three available ensemble members (r1 to r3) of the Geo-SAl
156  scenario. AW is computed using the precipitation minus RET (Rezaei et al., 2025). RET
157  was obtained by adding transpiration, soil and water evaporation data. For the anomaly
158  analysis, we used the ensemble mean of the SSP5-8.5 data over 2015-2035 as a baseline.
159  The GHG and Geo-SAl scenarios were compared for the period 2071-2100 relative to
160  present-day conditions (2015-2035).
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161 2.3 Changes and Shifts in seasonal dynamics

162 We assessed changes in seasonal amplitude and shifts in peak timing for eight key land-
163  surface variables (temperature, precipitation, RET, AW, runoff, SM, TWS, and LAI) under
164  SSP5-8.5 and Geo-SAl scenarios during 2071-2100, relative to the baseline period (2015-
165  2035). By analyzing the seasonal cycles derived from ensemble-mean monthly anomalies,
166  we identified the timing of annual maxima (peak month) and corresponding amplitude
167  changes. The changes and shifts in seasonal dynamics are assessed using a harmonic
168  regression approach followed by Rezaei et al. (2025). . For each variable and subregion,
169  we identified the timing of the annual peak (P) and amplitude (Amp) of the seasonal cycle
170  to assess the magnitude of intra-annual variability and the timing of maximum seasonal
171 expression. Changes in these metrics are then quantified by comparing historical and future
172 climate scenarios, enabling the assessment of shifts in both the intensity and timing of
173 seasonality The significant differences in variables relative to the baseline period were
174  identified using two-sided t-tests (P<0.05) indicating statistical significance. The WCA
175  region exhibits a unimodal precipitation pattern with two peaks annually, but these peaks
176 have different magnitudes. We, therefore, selected the larger of the two annual peaks for
177  further analysis, which the code correctly identifies and utilizes (Figure 4-5).

178 3. Results
179 3.1 Average regional hydro-climatic changes

180  Figure 2 compares projected spatiotemporal mean changes in temperature, precipitation,
181  RET, AW, runoff, SM, TWS, and LAI between the SSP5-8.5 and Geo-SAl scenarios
182  during 2071-2100, relative to present-day conditions (2015-2035), across WCA, ECA, TP,
183  and SA, whereas the corresponding timeseries are shown in Figure S1-S8, and associated
184  ensemble mean maps in Figure S9-S16. Temperature under SSP5-8.5 exhibits significant
185 increases in all regions (3.60-4.57 K), whereas it significantly reverses under Geo-SAl in
186  all regions, even below the present-day levels (—0.51 to —0.03 K), except SA (Figure 2a—
187  d). Precipitation increases significantly under SSP5-8.5 in WCA, ECA, and SA (1.3%-
188  19.1%) and shows an insignificant increase in TP (14.2%). However, Geo-SAl effetely
189  reverses the increases, particularly in ECA and PT where even precipitation is less than

190  present conditions (-6.1%) (Figure 2e-h). RET significantly increases under SSP5-8.5 in
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191  WCA, ECA, and TP (8.8%-12.2%) while the increase is insignificant in SA (0.7%). Geo-
192 SAI over-suppresses the RET decreases in all regions (—8.2% to -2.1%), except WCA
193  where RET is at the same level as the present-day level (Figure 2i-l). AW under SSP5-8.5
194  shows significant increases in ECA, TP, and SA (ranging from 6%-71%), while Geo-SAl
195  significantly reverses it in TP, in other regions it is not effective, even in WCA, it over-
196  increases the TWS, helping the water storage conditions (Figure 2m-p).

197  Runoff under SSP5-8.5 increases significantly in all regions (6.3%-20.1%), while Geo-
198  SAI effectively reverses it, particularly in TP and ECA (Figure 2g-t). However, the
199  remained runoff increase in SA s still significantly higher (5.0%) than present-day
200 conditions. SM increases under SSP5-8.5 in ECA and SA significantly (1%-3%) while in
201 WCA and TP slightly (0.2%-0.9%). Geo-SAIl impacts on SM are heterogenous in different
202  regions, as SM tend to over-increase in WCA, shows insignificant change in ECA and SA,
203 and significantly over-decreases in TP (—6%) (Figure 2u—x). TWS shows significant
204  increases in ECA and SA (1.1-3.8%) and an insignificant increase in WCA (0.7%), while
205 TP exhibits a non-significant decrease (—0.3%) under SSP5-8.5. Geo-SAI over-increases
206 TWS in WCA, ECA, and SA (1.2-3.8%), but over-decreases in TP (—0.5%) (Figure 2y—
207 ab). The Geo-SAl-induced RET-decrease is statistically significant in ECA and TP. LAI
208  shows significant increases in all regions under SSP5-8.5 (29.6%—-67.7%), while Geo-SAl
209  could not suppress this increase, except in TP partially. It even significantly over-increases
210 LAl in WCA and SA (Figure 2ac-af).

211 3.2 Regional amplitude shifts

212 Figure 3 compares projected seasonal amplitude changes temperature, precipitation, RET,
213 AW, runoff, SM, TWS, and LAI between the SSP5-8.5 and Geo-SAl during 2071-2100,
214  relative to present-day conditions (2015-2035) across WCA, ECA, TP, and SA. With
215  SSP5-8.5, temperature amplitude increases in WCA (3.5%) and SA (1.5%) while decreases
216  in ECA (—1.0%) and TP (—1.9%). Geo-SAIl moderates these fluctuations, showing a slight
217  increase in WCA (1.1%) and ECA (2.3%), a significant decrease in SA (—6.6%), and an
218 increase in TP (6.8%) (Figure 3a—d). Precipitation amplitude increases significantly under
219 SSP5-8.5in TP (32%), ECA (15.7%), SA (12.5%), and WCA (9.4%). However, Geo-SAl
220  effectively moderates the amplitude changes, although a remained increase still projected
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221 in ECA (11.5%), SA (3%), TP (4.3%), and WCA (5.6%) (Figure 3e—h). Under SSP5-8.5,
222 RET amplitude increases significantly in SA (21.9%) and ECA (2.2%), and insignificantly
223 in WCA (2.5%), while decreasing significantly in TP (—3.3%). Geo-SAl reveres the SSP5-
224  8.5-induced increases in RET amplitudes, particularly in ECA (—4.7%) and TP (—5.3%)
225  where over-decreases the RET amplitude relative to present-day levels (Figure 3i-l).
226 However, the RET amplitude in SA is still remained significantly higher (10.4%). The AW
227  amplitude increases significantly under SSP5-8.5, particularly in TP (40.4%) and ECA
228  (20.4%), while Geo-SAl significantly reverses these increases (Figure 3m—p), except in

229  WCA where over-increases it.

230  Runoff amplitude rises significantly under SSP5-8.5 (insignificant in WCA), with
231 pronounced increases in TP (40%) and SA (19.8%), indicating heightened hydrological
232 variability and flood risk. In contrast, Geo-SAI partially reverses the increased runoff
233 amplitudes while increases still persist in ECA (7.5%), TP (3.8%), and SA (3.6%) (Figure
234 3g-t). SM amplitude increases significantly in ECA (9.9%) and slightly in TP (1%) under
235  SSP5-8.5, while in WCA (—5.2%) and SA (—2.8%) show insignificant decreases. Geo-SAl
236  significantly over-increases SM amplitude in WCA (13.6%), ECA (154.3%), and TP
237  (55.7%), reflecting amplified seasonal fluctuations (Figure 3u—x), associated with lower
238  temperature and higher precipitation peaks (Figure S1-2). The TWS amplitude increased
239  significantly under SSP5-8.5 in all regions (except in WCA), with substantial rises in ECA
240  (22.1%) and TP (12.9%), indicating intensified seasonal variability.

241  Geo-SAl effectively reverses the amplitude changes in TWS, as it over-decreases TWS
242  amplitude in ECA (—10.2%) and TP (—6.8%), while significantly over-increases in WCA
243 (15.3%) (Figure 3y-ab). This suppression could be a result of cooling temperatures,
244  sustained precipitation, higher soil moisture, and increased regional water availability
245  under Geo-SAl (Figure S1, 2, 4 and 6). Finally, LAI amplitude increases significantly in
246  all regions under SSP5-8.5, including WCA (55.4%), ECA (18%), TP (34.6%), and SA
247  (48.7%). Geo-SAl is not effective in suppressing LAl amplitude changes except partially
248 in TP (Figure 3ae), most probably due to that its hydrology is more temperature
249  controlling, unlike other three regions with precipitation-dependent hydrological system
250  (Figure 2). Geo-SAl significantly over-increases this amplitude in WCA (57.8%), SA
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251  (86.2%), and ECA (37%) (Figure 3ac—af). However, in TP, the LAI amplitude is still
252 significantly larger than the present conditions (16.1%). Geo-SAl's inability to suppress
253 LAl amplitude stems from cooler temperatures, enhanced precipitation, lower RET, and
254  abundant SM (Figure S1-8).

255 3.3 Seasonality cycle with peak timings

256  Figure 4 shows the seasonal cycles of temperature, precipitation, RET, and AW, while
257  Figure 5 presents the seasonal cycles of runoff, SM, TWS, and LAI over WCA, ECA, TP,
258  and SA under SSP5-8.5 and Geo-SAl, relative to present-day conditions (2015-2035).

259  Under SSP5-8.5, temperature peaks shift earlier in TP by 0.4 months with a 2 K reduction
260 inamplitude, and in SA, the peak advances slightly (0.1 month) with a 2 K amplitude drop.
261  Incontrast, Geo-SAl restores peak timing in TP and boosts amplitude by 7 K, while further
262  reducing amplitude by 7 K in SA without affecting timing (Figure 4a—d). For precipitation,
263  SSP5-8.5 causes peak advances in WCA (—0.6 months) and ECA (-0.3 months), along with
264  significant amplitude increases in all regions. Geo-SAl reverses the peak shift in WCA,
265  over-shifts it to later in ECA (0.7 months), and reduces amplitude in most regions except
266 TP (Figure 4e-h). In the case of RET, SSP5-8.5 increases amplitude in WCA (3 mm) and
267 SA (22mm) without altering peak timing, whereas Geo-SAl significantly reduces
268  amplitude in all regions, especially ECA and TP (-5 mm each) with stable timing
269  throughout (Figure 4i-l). For AW, SSP5-8.5 advances the peak slightly in WCA (0.1
270 month) with minor amplitude rise, while Geo-SAl delays the peaks in ECA (0.8 months)
271 and TP (0.2 months) and substantially increases TP’s amplitude (40 mm) (Figure 4m-p).

272 SSP5-8.5 advances runoff peaks in WCA (0.1 months), ECA (-0.1), and TP (-0.3), with
273 substantial amplitude increases in ECA (18 mm) and TP (40 mm). In contrast, Geo-SAl
274  restores peak timing in all regions except TP, where it causes a further delay of 0.4 months,
275  and reduces amplitude overall (Figure 5a—d). For SM, SSP5-8.5 causes a slight peak delay
276 in ECA (0.8 months), accompanied by notable amplitude increases (10-35 mm across most
277  regions). Geo-SAl further delays peaks in ECA (1 month) and amplifies SM seasonality
278  dramatically, reaching 154 mm in ECA (Figure 5e-h). Regarding TWS, SSP5-8.5 does
279 not shift peak timing significantly but increases amplitude across all regions, especially TP

280 (13 mm). Meanwhile, Geo-SAI advances peak timing in TP and SA (0.3 months each),

| 10



https://doi.org/10.5194/egusphere-2025-3493
Preprint. Discussion started: 14 August 2025 EG U
sphere

(© Author(s) 2025. CC BY 4.0 License.

281  raises amplitude in WCA (15 mm), but reduces it in TP (-7 mm) (Figure 5i-l). Finally, for
282  LAI, SSP5-8.5 shifts peaks earlier in TP (0.4 months) and substantially earlier in SA (-
283 2.2 months), with strong amplitude increases, particularly in TP (35 units). Geo-SAl
284  restores peak timing in TP, further delays it in SA (0.5 months), and enhances amplitude
285  consistently across all regions (Figure 5m-p).

286  Under SSP5-8.5, peak timing generally advances across regions, notably in TP and SA,
287  with significant amplitude increases in precipitation, runoff, SM, and LA, especially in TP
288 and ECA. In contrast, Geo-SAl largely offsets these changes by restoring peak timing and
289  reducing amplitudes in most variables. However, it strongly amplifies SM and LAI
290 seasonality in ECA and TP.

291 4 Discussion

292 SAI can mitigate global warming impacts by reducing extreme heat events (Dagon and
293  Schrag, 2017), stabilizing precipitation patterns (Liu et al., 2021), and offsetting
294  temperature rise. It also alters regional hydrological cycles, weakens monsoon systems,
295  and impacts crop yields (e.g., reduced rice, increased maize in China) (Xia et al., 2014).
296  This study assessed the potential impacts of Geo-SAl scenario on offsetting the future
297  changes in TWS, temperature, precipitation, RET, SM, and LAI imposed by the SSP5-8.5
298  global warming scenarios across the CSATP. Our analysis utilized climate simulations
299  from the CESM2 (WACCMG6) model, incorporating three ensemble members for present-
300 day conditions (2015-2035) and projected during 2071-2100, along with five ensemble
301 members for the standalone SSP5-8.5 scenario. Global warming scenarios leads to
302  widespread increases in temperature, precipitation, runoff, and LAI, with pronounced
303  water cycle intensification in ECA and SA (Figure 2, S1-S8). Temperature increase is
304 evident in Asia (Miao et al., 2020), with pronounced warming in western and SA (Ren et
305 al., 2024; Ullah et al., 2023c), and CA (Miao et al., 2020). Similarly, precipitation increase
306 isevident across Asia (Feng et al., 2014), particularly in western-SA (Xu et al., 2017), and
307  eastern Asia (Ren et al., 2024). Warming-induced increases in evapotranspiration are also
308 projected, especially in east Asia (Ren et al., 2024). However, contrasting trends are
309 evident for SM and TWS, while long-term SM declines in East Asia (Cheng et al., 2015),

11
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310 and overall decrease in Asia (Berg et al., 2017). TWS has shown declining trends
311  throughout Asia (Pokhrel et al., 2021), and TP (Zhang et al., 2023).

312  To enhance regional insights, further breakdown of the Geo-SAl impacts across the
313  CSATP reveals spatially varied responses. For instance, Geo-SAI reduces temperature
314  significantly in all regions and mitigates hydrological increases in most areas, but amplifies
315 SM and LAI in some cases, highlighting spatially variable effects (Figure 2, S1-S8). SAI
316  offsets many greenhouse gas-driven hydrological impacts, boosting water availability in
317  drylands, but it fails to fully restore runoff in wet or cold regions like the Amazon or Siberia
318  due to residual warming, snowmelt loss, and vegetation changes, complicating water
319  management in summer (Rezaei et al., 2025). Similarly, SAI partially offsets mean TWS
320 declines from GHG forcing in wet regions. As explained by Rezaei et al. (2024), the
321  cooling-induced reductions in RET has little effect in drier lands, with extreme TWS
322 excursions reduced though hyper-arid areas like eastern North Africa still experience
323  declining trends under both SAI and high-emission scenarios. These findings also
324  corroborate our results as, Geo-SAIl appears to alleviate warming and enhance TWS,
325  potentially supporting agriculture and water infrastructure stability in WCA and ECA. In
326  contrast, while SAI helps reduce temperature stress, it may not sufficiently offset the

327  ongoing TWS decline driven by glacial retreat in the TP.

328  SA shows promising gains under Geo-SAl through reduced heat extremes and more stable
329  precipitation, which could improve food security and reduce flood risks. This suggests that,
330 despite broader tropical/subtropical trade-offs, SA may experience net positive outcomes
331 from Geo-SAl scenarios intervention. The findings of Abiodun et al. (2021) based on
332 multi-ensemble climate simulation datasets from the Geoengineering Large Ensemble
333 (GLENS, SAI+RCP8.5) Project over Africa, are consistent with those observed in SA in
334 that SAI effectively moderates temperature and PET. However, while the GLENS results
335 indicate that SAl may overcompensate precipitation in the tropics, leading to a net climate
336  water balance deficit, but SA may not experience the same degree of overcorrection. This
337  suggests that Geo-SAI could offer regionally beneficial outcomes for SA, even if it proves

338  less optimal across the broader tropical belt. Another study by Patel et al. (2023) using
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339  simulations from the GLENS project, assessed the potential impact of SAI on temperature

340 and precipitation extremes over South Africa (SAF).

341  Their results indicate that SAI experiments are often over-effective in offsetting the
342  projected RCP8.5 increases in the frequency of hot extremes (by up to —60%) and in
343  decreasing cold extremes (by up to 10%) across SAF and its climatic zones, relative to
344  present-day conditions (2010-2030). These findings suggest that SAI could lead to over-
345  cooling in SAF. However, the impact of SAI on precipitation extremes is less linear and
346  more spatially variable across the climatic regions. Recent findings of Zhang et al. (2024a)
347  using the GFDL-ESM4.1 model—aiming to restrict global warming to 2.0C above pre-
348 industrial levels under the CMIP6 overshoot scenario (SSP5-34-OS)—further support the
349  regional variability of SRM impacts. Their simulations showed over 1.5 °C global cooling
350 and reduced precipitation, especially in the Southern Hemisphere, causing a northward
351 shift in tropical rainfall. These results align with GLENS-based evidence of spatially
352 uneven SAI effects. While some tropical regions may face water deficits, SA could still
353  benefit from reduced heat and more stable rainfall under well-planned interventions.

354  Geo-SAIl demonstrates regionally varied impacts across CSATP, effectively reducing
355  temperature and enhancing water availability in many areas, benefiting SA drylands, while
356  being less effective in wet or glacial regions (like the TP) due to residual warming and
357 hydrological complexities. For instance, the persistent declines in TWS, precipitation, AW,
358 SM, and LAI (Figure 3ae) in the TP highlight the limited hydrological recovery under
359  Geo-SAl, reinforcing its reduced effectiveness in cold and glacial regions, as Geo-SAl
360  offers substantial mitigation benefits, its effectiveness is not uniform and must be assessed
361 in tandem with local vulnerabilities. In TP, where vegetation is more sensitive to
362 temperature, Geo-SAl offers partial control. But in WCA, ECA, and SA, where hydrology
363 is more precipitation-driven, the climate modifications from Geo-SAl actually enhance
364  vegetation seasonality, leading to significant LAl amplitude increases. (Figure S1)

365  SSP5-8.5 significantly enhances seasonal amplitude in hydroclimatic variables, especially
366 in TWS, AW, runoff, and precipitation, indicating increased seasonality and extremes.

367  Whereas, Geo-SAI generally dampens these changes, reducing amplitudes in TWS, runoff,
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368 RET, and precipitation, but it amplifies SM and LAI, especially in ECA and TP. The
369  hydroclimatic variables such as temperature, precipitation, RET, AW, SM, and TWS are
370 interlinked, and their interactions vary across climatic zones. For instance, temperature
371 governs RET, which in turn influences soil moisture and available water, while
372 precipitation controls surface water inputs and vegetation growth (Figure S1-S8). These
373  feedbacks differ regionally, amplifying water loss in drylands like SA and intensifying
374  snowmelt-driven variability in colder regions like TP. Geo-SAl effectively reduces RET
375 amplitude in cooler, temperature-sensitive regions like TP and ECA due to significant
376  cooling and limited water supply, while SA retains high RET amplitude driven by
377  persistent warmth and sufficient hydrological input (Figure S1-S8). Similarly, runoff, is
378  strongly modulated by precipitation, temperature, RET, and SM with high amplitudes
379  under SSP5-8.5, especially in TP due to increased glacier melt and in SA from intensified
380 rainfall (Figure 3). Although Geo-SAI mitigates these impacts by lowering temperatures
381 and RET, residual increased precipitation, soil saturation limits, and delayed snowmelt
382  continue to sustain elevated runoff levels in ECA, TP, and SA. Similarly, significant
383 increase SM amplitude in WCA, ECA, and TP, reflecting amplified seasonality under Geo-
384  SAl is associated with lower temperature and higher precipitation peaks (Figure S1-2).
385  Moreover, Geo-SAl reverses TWS amplitude changes by significantly reducing them in
386 ECA and TP while over-increasing in WCA, likely due to cooler temperatures, sustained
387  precipitation, elevated soil moisture, and increased water availability; however, it
388  significantly amplifies LAl amplitude in WCA, SA, and ECA, and maintains high levels
389 in TP, driven by similar hydroclimatic conditions, including reduced RET and abundant

390 moisture (Figure S1-S8).

391  Geo-SAl presents a promising strategy to lessen the adverse impacts of global warming in
392 light of increasing hydroclimatic stress (Lee et al., 2023). For instance, rising temperatures
393  and glacial retreat have intensified water scarcity in CA (Miao et al., 2020), which could
394  be mitigated by Geo-SAl through moderating the decline in TWS and alleviating RET
395  stress, thereby promoting more sustainable water availability. Similarly, extreme heat and
396  monsoon variability have heightened threats to agriculture and food security in SA (Ullah
397 etal, 2023b; Ullah et al., 2023a), which could be addressed by Geo-SAl through reducing
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398  temperature extremes and stabilizing precipitation patterns. The findings of Hussain et al.
399  (2025) corroborate the above studies, indicating decrease in temperature (—0.62 °C) and
400 precipitation (—0.02 mm day') under Geo-SAl scenarios in SA during 2020-2069. In
401  addition, Geo-SAIl can counteract warming-driven shifts in hydrological variables,
402  potentially boosting SM and vegetation cover, which in turn can improve environmental
403  conditions and reduce climate vulnerability across the region (Figure 2y-af), consisting
404  with finding for the eastern Middle East (Rezaei et al., 2024). Such changes not only
405  positively influence the climate system but also have significant implications for human
406  health by reducing malaria transmission. For example, Hussain et al. (2024) observed a
407  decline in malaria distribution over SA during 2020-2090 under SAI. Similarly, Carlson
408 et al. (2022) reported that cooling from Geo-SAIl could limit malaria expansion into
409  highlands of East Africa by 2070.

410  SSP5-8.5 causes earlier runoff peaks and greater amplitude in runoff, temperature, SM,
411 and LAI, however Geo-SAIl counteracts many of these changes, restoring timing and
412 reducing variability in most hydrological variables. In addition, it substantially amplifies
413  seasonal signals in SM and LAI while moderating those in precipitation and RET. Geo-
414  SAl is projected to significantly influence monsoonal systems, particularly across South
415  and East Asia, where the monsoon is a critical climatic driver (Bal et al., 2019). Several
416  studies suggest that while SAI may moderate global warming, it introduces complex
417  regional hydrological responses (Tan et al., 2024), indicating Geo-SAI may decrease such
418  trends. However, in the ISM region, Geo-SAl is projected to cause marginal surface

419  cooling, alongside enhanced upper- and lower-level circulation (Bhowmick et al., 2021).

420 Despite these changes, SAlI may reduce both mean and extreme summer monsoon
421  precipitation, driven by lower stratospheric warming, weakened subtropical jets, altered
422 wave activities, geopotential anomalies, weakened Asian Summer Monsoon Anticyclone
423  (ASMA), and regional dust effects (Asutosh et al., 2025). Long-term observations also
424  indicate a weakening of the ASMA, largely driven by anthropogenic aerosols, which
425  disrupt meridional temperature gradients across Eurasia (Qie et al., 2025). Additionally,
426  enhanced aerosol optical depth (AOD) from human activities has weakened the East Asian
427  Summer Monsoon by diminishing land-sea temperature and pressure gradients and
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428  reducing evaporation and surface radiation (Lang et al., 2025). On a global scale, SAI’s
429  effects vary by hemisphere: tropical SAI suppresses overall precipitation, while Arctic SAI
430  decreases Northern Hemisphere monsoon rainfall by 2.3% and slightly increases Southern
431  Hemisphere monsoon precipitation (Sun et al., 2020). These findings underscore SAI’s

432 complex influence on monsoonal dynamics.

433 Several caveats and cautionary notes apply to our findings. First, the results are based on a
434  single Earth system model (CESM2) and one climate scenario (SSP5-8.5), using three
435  realizations with SAI and five without. Future research should explore alternative SAI
436  strategies and multiple scenarios to assess the sensitivity of outcomes to model and scenario
437  selection. Notably, some SSPs—such as the high-emissions SSP5 or the regional rivalry
438  SSP3—depict undesirable futures with severe climate risks (Macmartin et al., 2022). The
439  specific SAl experiment used here has further limitations: (1) it assumes deployment
440  begins in 2020, which does not reflect any plausible policy pathway, and (2) it relies solely
441 on SSP5-8.5, chosen for its high signal-to-noise ratio rather than real-world likelihood
442  (Burgess et al., 2020). While this setup helps clarify physical responses, it is inconsistent
443  with current mitigation trajectories. Nevertheless, the spatial patterns and direction of
444  hydroclimatic changes under SAI would likely be qualitatively similar in lower-emission
445  scenarios, with the magnitude of impacts scaling with the suppressed warming (Macmartin
446  etal., 2019).

447  Although Geo-SAI reduces many warming-driven hydroclimate changes in CSATP, it
448  does not fully reverse trends in all regions or variables. This highlights the need for
449  complementary local adaptation strategies (Herbozo et al., 2022). Model limitations also
450  warrant attention. CESM2 performs well relative to its predecessor CESM1 (Danabasoglu
451  etal., 2020), yet its ~1<horizontal resolution may not fully resolve complex topographic
452  or hydrological gradients. Moreover, hydrological responses to SAIl are sensitive to both
453  the climate model and the specific deployment strategy (Jones et al., 2018; Bednarz et al.,
454  2023; Laakso et al., 2024; Zhang et al., 2024b; Rezaei et al., 2025). Importantly, runoff
455  responses are closely tied to ET processes. CESM2’s CLMS5 land model includes
456  sophisticated vegetation—hydrology dynamics, such as plant hydraulics and dynamic

457  stomatal control (Lawrence et al., 2019; Fisher et al., 2019). While this improves physical
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458 realism, CLM5 may overestimate greening and transpiration under elevated COs,
459  particularly in moist ecosystems like the Amazon (Cordak et al., 2025), potentially
460  exaggerating runoff declines. Future studies involving model intercomparisons or targeted
461  sensitivity experiments are needed to evaluate the robustness of these hydrological
462  responses under SAL.

463 5 Conclusion

464  This study presents a comprehensive assessment of future hydro-climatic seasonality
465  across CSATP under the high-emission SSP5-8.5 and Geo-SAl scenarios using CESM2-
466  WACCMA4 outputs. It highlights the considerable potential of Geo-SAl in mitigating the
467  hydroclimatic extremes for temperature, precipitation, RET, AW, runoff, SM, TWS, and
468 LAl under projected high-emissions scenarios in the CSATP region. The Geo-SAl
469  scenarios demonstrate considerable capacity to counteract the hydroclimatic changes
470  induced by elevated GHG concentrations under SSP5-8.5. Owing to its stronger cooling
471 effect, Geo-SAI more effectively restores region-specific hydroclimatic changes under
472  various climatic conditions, particularly amplitude fluctuations, and peak timing patterns
473  across CSATP. These improvements are especially evident in temperature-sensitive (like
474  the TP and SA) regions where Geo-SAI moderate’s extreme seasonality and better aligns

475  land-atmosphere processes with present-day baselines.

476  The projected findings reveal that SSP5-8.5 significantly intensifies hydroclimatic
477  seasonality, particularly in regions such as the TP and SA, with amplified amplitudes in
478  runoff, SM, and LAI, and earlier peak timings in key land-surface variables. In contrast,
479  Geo-SAI mitigates many of these warming-induced changes, especially by reducing the
480 amplitude of temperature, runoff, precipitation, and RET in cooler, temperature-sensitive
481  regions like TP and ECA. In particular, the reduction in TWS decline and RET anomalies
482  across water-stressed regions like CA and SA underscores the potential of Geo-SAl in
483  supporting long-term water resource sustainability. However, regional disparities remain,

484  as improvements in TWS and SM in CA contrast with continued stress in the TP.
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485  However, Geo-SAl also leads to over-amplification in SM and vegetation seasonality in
486  certain regions, notably WCA and ECA, due to increased water availability and reduced
487  evaporative losses. These findings underscore the spatial heterogeneity in Geo-SAl's
488  efficacy, with positive effects in drought-prone zones like SA and WCA, but limited or
489  complex responses in high-altitude or glaciated areas like the TP. Therefore, while Geo-
490  SAl offers a promising supplementary approach to climate mitigation, further research is
491  essential using multi-model ensembles to evaluate unintended side effects and refine
492  region-specific deployment strategies. These findings contribute to a growing body of
493  evidence advocating cautious but proactive exploration of Geo-SAl as part of a diversified
494  climate resilience. Overall, this study highlights the nuanced role of SAI and emphasizes
495  the importance of regionally tailored assessments when evaluating geoengineering as a

496  climate response strategy.

497  Data availability. The data for CESM2 simulations are publicly available via its website:
498  https://esgf-node.lInl.gov/search/ cmip6/. To access these specific data via the ESGF
499  website use the source ID CESM2-WACCM, experiment ID ssp585, and frequency “mon”.
500 The SSP5-8.5-SAl data are freely available at
501  https://www.earthsystemgrid.org/dataset/ucar. cgd.ccsm4.geomip.ssp5.html
502  (https://doi.org/10.26024/t49k-1016).
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scenario during 2071-2100, relative to present-day conditions (2015-2035). Box plots
illustrate the distribution of ensemble simulations, with red lines showing medians, boxes
representing interquartile ranges, and whiskers indicating ensemble spread. Percentage
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the statistical significance of differences from the baseline, with values P<0.05 considered
significant.
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Figure 3. As in Figure 2, but for the amplitude.
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Figure 4. The seasonality cycle of temperature (a—d), precipitation (e-h), RET (i-)
and Av. water (m-p) under SSP5-8.5 and Geo-SAI (2071-2100) relative to the present-
day conditions (2015-2035) in WCA, ECA, TP and SA regions. The x-axis is months from
January (1) to December (12). Red and blue numbers below each subplot indicate the mean
trough (T) and peak (P) month of the annual cycle for present-day, SSP5-8.5, and Geo-
SAIl. The T shows the trough, P shows the months in which the peak values occur and Amp
in pink shows the amplitude changes percentage relative to present. Bold numbers indicate
statistically significant shifts/changes (P<0.05 value, t-test) relative to present-day. Three
black values (N) in each subplot represent the number of samples used for present-day,
SSP5-8.5, and Geo-SAl, respectively, calculated as the product of grid points, years, and
ensemble members.
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Figure 5. As in Figure 4, but for runoff (a—d), SM (e-h), TWS (i-I) and LAI (m-p).



