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Abstract. Extreme precipitation events are linked to severe economic losses and casualties in China every year; hence, 

exploring the potential mitigation strategies to minimise these events and their changes in frequency and intensity under global 

warming is of importance, particularly for the populous subregions. In addition to global warming scenarios, this study 20 

examines the effects of the potential deployment of stratospheric aerosol injection (SAI) on hydrological extremes in China 

based on the SAI simulations (G6sulfur) of the Geoengineering Model Intercomparison Project (GeoMIP) by the UK Earth 

System Model (UKESM1) simulations. The G6sulfur is compared with simulations of the future climate under two different 

emission scenarios (SSP5-8.5 and SSP2-4.5) and reduction in the solar constant (G6solar) to understand the effect of SAI on 

extreme precipitation patterns. The results show that, under global warming scenarios,, under future simulations (SSP5-8.5  25 

and SSP2-4.5), precipitation and extreme wet climate events during 2071-2100 are projected to increase relative to the control 

period (1981-2010) across all the subregions in China. Extreme drought events show a projected increase in southern China. 

The G6sulfur and G6solar experiments show statistically similar results to those under SSP2-4.5ameliorate the increases in 

extreme precipitation rainfall intensities , especially for the eastern subregions of China  in UKESM1. These results are 

encouraging. The efficacy of SAI in decreasing extreme precipitation events and consecutive wet days are is more pronounced 30 

than that of G6solar when compared to SSP2-4.5. While the G6sulfur and G6solar show encouraging potential abatement of 

the impacts from detrimental extreme events which are similar with the lower emissions target of SSP2-4.5, there are some 

exceptions. For instance, both G6sulfur and G6solar show drying at high latitudes regions, which is consistent with our 

understanding of the spin-down of the hydrological cycle under SRM. These side effects imply that a  cautionary approach and 

further optimization may be required should any future SRM deployment be considered. Given the limitations of the current 35 
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model and the small ensemble size, and considering that the hydrological effects are less beneficial than those indicated for  

temperature, it is recommended that further, more comprehensive research be performed, including using multiple models, to 

better understand these impacts. 

1 Introduction 

China, as a country that hosts the world's second-largest population, is acutely vulnerable to extreme hydrological events 40 

caused by climate change. For example, climate change can cause sea-level rise which could significantly impact flooding 

hazards for coastal cities in China , and flooding events in China are consistently projected to increase under the influence of 

rising greenhouse gas (GHG) emissions. For example, studies show that precipitation and flooding caused by heavy rainfall 

events will increase across China by the end of the 21 st century (Ying et al., 2014; Yang et al., 2021; Zhang and Zhou., 2020).  

Extreme precipitation events appear to have impacted China more frequently often in recent years. For example, in the summer 45 

of 2020, with severe flooding affected occurred in southern, eastern, and parts of central China  in the summer of 2020 (Jia et 

al., 2022);. extremely intense hourly and daily precipitation also occurred over Zhengzhou (central China) in In the summer 

of 2021, unprecedented rainfall hit Zhengzhou, with an intensity of over 200 mm per hour (Zhao et al., 2021; Dong et al., 

2022). Typhoon Doksuri in 2023 resulted in significant flooding in China, setting records near Beijing, while Yunnan province 

experienced its most severe drought since 1961 (WMO, 2024). and over 550 mm within 24 hours (Dong et al., 2022). In 2022, 50 

although southern China continued to suffer from extreme precipitation, the flooding was centring in the west of the Yangtze 

River, including provinces such as Sichuan and Qinghai which have experienced sudden heavy rainfall events. In July of 2023, 

a record-breaking episode of rainfall and flooding unfolded across at least 16 cities and provinces in north -eastern China . 

Notably, Beijing encountered the most substantial precipitation event in the past 140 years, with accumulated rainfall 

exceeding 60% of the region's typical annual precipitation within a remarkably brief span of 83 hours  (CDP, 2023). Although 55 

not statistically robust, tThese events might tentatively suggest a potential expansion of regions that could be influenced by 

increasing precipitation under the changing climate. On a global scale, climate change has been influencing hydroclimatic 

conditions (Donat et al., 2016; Pendergrass and Knutti, 2018). 

The direct influence of global warming is that rising atmospheric temperatures induce stronger evapotranspiration and the 

atmosphere can hold more water vapour. The intensified hydrological cycle exacerbates heavy rainfall and flooding but can 60 

also contribute to further drying over land areas and prolonged drought periods (IPCC, 2021). Consequently, Precipitation 

tends to increase significantly during events commonly classified as extreme in response to warming (Pendergrass and Knutti, 

2018). Extreme weather events including droughts and flooding could be worsened by global warming. A global-scale study 

indicates that global warming will potentially increase drought severity as well as drought  frequency in the future (Qi et al., 

2022). Flooding events also occur at higher frequency and intensity under extreme precipitation amplification  (Tabari, 2020). 65 
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Weather and climate disasters such as extreme temperatures and severe snowstorms, have caused serious economic losses in 

densely populated East Asian countries (Huang et al., 2007; Li et al., 2016). An increase in precipitation projected forecasted 

by current climate models, particularly that projected over the populated areas in East Asia, such as China (Liang and 

Haywood., 2023),  indicates an urgent need for mitigation efforts (i.e., reducing carbon emissions) to prevent worsening 

impacts from climate change. However, it has been suggested that climate interventions could complement these actions in 70 

further mitigating the impacts of climate changeimplies strategies are urgently needed to mitigate changes in hydrological 

extremes. 

Owing to the difficulties in achieving climate targets such as the 1.5°C or 2°C above pre-industrial levels proposed by the 21st 

Conference of the Parties (COP 21) of the United Nations Framework Convention on Climate Change (UNFCCC) in 2015 

(Rhodes, 2016; Klein et al., 2017)Paris Conference of Parties (IPCC, 2018), Solar Radiation Modification (SRM) proposals, 75 

i.e. strategies to mitigate the worst impacts of climate change by brightening the planet have been developedstudied (Haywood 

et al., 2022). To understand the robust climate model responses to geoengineering, the Geoengineering Model Intercomparison 

Project (GeoMIP) was established to provide a comprehensive multi-model assessment of the effects of SRM (Kravitz et al., 

2013; Kravitz et al., 2011). Numerous studies support these effects associated with volcanic eruptions and their simulation 

through SAI techniques (e.g., Imai et al., 2020; Mclandress et al., 2011; Jones et al., 2018, 2020; Liang and Haywood., 2023; 80 

Lee et al., 2021; Plazzotta et al., 2019). G6sulfur experiment is one of the most prominent SRM strategies of recent simulations 

(Visioni et al., 2022). To some extent, SAI can partially counteract climate warming by injecting reflective particles, or their 

gaseous precursors, into the stratosphere (Zarnetske et al., 2021). In addition to reducing the temperature, SAI also influences 

tropospheric and stratospheric ozone, terrestrial ecosystem, terrestrial carbon, and hydrological cycle by changing the physical 

climate system and atmospheric chemistry. Numerous studies support these effects associated with volcanic eruptions and 85 

their simulation through SAI techniques (e.g. Imai et al., 2020; Mclandress et al., 2011; Jones et al., 2018, 2020; Liang and 

Haywood., 2023; Lee et al., 2021; Plazzotta et al., 2019; Visioni et al., 2022). Thus, SAI would come with some adverse 

consequences, including stratospheric polar ozone depletion leading to increased surface UV radiation, and increased sulfate 

deposition to the surface (acid rain). Moreover, the potential risks of abrupt termination also reveal significant changes in 

temperature and precipitation velocities, with potential severe impacts on ecological systems (e.g., Trisos et al., 2017 ). Despite 90 

the numerous drawbacks (e.g., Robock et al., 2015 ), its potential climate regulation effects make it arguably a plausible 

strategy to address escalating climate change challenges.  

The latest phase of policy-relevant GeoMIP simulations (GeoMIP6) proposed two new experiments, G6sulfur and G6solar 

(Kravitz et al., 2015), which are designed to simulate the influence of SAI and solar constant reduction to the end of the 21st 

century based on predicted future emission pathways (Shared Socioeconomic Pathway; SSPs). G6sulfur and G6solar aim to 95 

lower global mean surface temperatures from a high-tier emission scenario (SSP5-8.5; Meinshausen et al., 2020) to a medium-

tier emission scenario (SSP2-4.5). Previous studies from a range of modeling experiments indicate that SAI would will exert 
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a negative radiative forcing and reduce mean near-surface air temperature (including temperature means and extremes),and 

may reduce global mean precipitation (Liu et al., 2021; Pinto et al., 2020; Simpson et al., 2019). For example, The GLENS 

experiments revealed significant alterations in precipitation patterns across tropical and midlatitude regions when stratospheric 100 

sulfur is used to moderate sulfate geoengineering counteractsglobal mean temperatures warming(Simpson et al., 2019). 

However, as suggested by some studies, although Although SAI can effectively moderate counteract anthropogenic global 

mean temperature increaseswarming at the global scale, it cannot fully offset the effects at the regional scale (Niemeier et al., 

2013; Tilmes et al., 2013; Tye et al., 2022). Furthermore, the climate effects in terms of magnitude as well as spatial and 

temporal distribution depend largely on the scenario of SAI deployment. To date, only a few studies have concentrated on the 105 

impact of SAI on the future changes in weather systems over East Asia  (Liang and Haywood., 2023; Liu et al., 2023; Tew et 

al., 2023).  

In this study, we focus on the potential effects of SAI geoengineering on hydrological extremes over China. Based on 

simulations of the UKESM1 model and CMIP6 experiments, our study explores the differenceschanges in frequency and 

intensity of extreme precipitation between the latest future GHG emission scenarios of projected warming alone and warming 110 

with and solar geoengineering (G6sulfur, G6solar). The results of the period towards the end of this century, 2070-2100, were 

compared with that of the control period (CP: 1981-2010). Section 2 describes the experimental design and details of the model 

used in this study. In Section 3, results are presented to show the changes in extreme indices in China under the SAI (G6sulfur)  

and solar constant reduction (G6solar) during 2071-20112100, compared to the CP and future emission scenarios (SSP5-8.5, 

SSP2-4.5). The regional analysis of China’s extreme precipitation and cumulative distribution function is also provided in 115 

Section 3. Section 4 summarises and discusses the findings. 

2.  Data and methods 

2.1 Study area 

To quantitatively examine regional differences and better visualize the future extreme climate features, China is divided into 

7 different sub-regions (Fig.1) to distinguish extreme climates across the following regions: Northeast China (NEC), North 120 

China (NC), Northwest China (NWC), Centre China (CC), East China (EC), South China (SC), and Southwest China (SWC) 

following Liang et al. (2023). 
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Figure 1: Geological map of elevation and 7 sub-regions in China (unit: m), data from (Liang et al., 2023) 

 125 

2.2 UKSEM1 model and model simulations 

This study was based on the simulations by the U.K. Earth System Model UKESM1 (Sellar et al., 2019). UKESM1 contains 

the sophisticated United Kingdom Chemistry and Aerosols (UKCA) module that represents the sulphur cycle in the 

troposphere and stratosphere (Archibald et al., 2020), is a  fully coupled model with a resolution of 1.25°latitude by 1.875°

longitude (Storkey et al., 2018; Walters et al., 2019; Mulcahy et al., 2018, Sellar et al., 2019), and contributes to both CMIP6 130 

and GeoMIP6 (Jones et al., 2020). The Scenario MIP high GHG forcing scenario SSP5-8.5 (O’neill et al., 2016) is used as the 

baseline scenario of both G6solar and G6sulfur experiments (Kravitz et al., 2015). The SSP scenarios were developed by the 

Coupled Model Intercomparison Project Phase 6 (CMIP6; Eyring et al., 2016), which provides multi-model climate projections 

based on alternative scenarios of future emissions and land use changes produced by  integrated assessment models (O'neill et 

al., 2016). Studies such as Jones et al. (2021) and Ji et al. (2018) included detailed descriptions and explanations of the CMIP6, 135 

GeoMIP, and the differences in models' assumptions. In the G6sulfur experiment, UKESM1 simulates SO2 injection in the 

stratosphere along the Greenwich meridian at an altitude of 18-20 km between 10° N and 10° S (Kravitz et al., 2021; Haywood 

et al., 2022). A parallel experiment to the G6sulfur, the G6solar experiment, reduces ScenarioMIP Tier 1 high forcing scenario 

to the medium forcing scenario by reducing solar irradiance.  Notably, it is anticipated that the G6solar will exhibit reduced 

inter-model disparities in the spatial distribution of forcing when compared to the G6sulfur owing to model differences in 140 

representing the complexities of the sulfur cycle within global models. Therefore, the G6solar is proposed as a parallel 
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experiment to the G6sulfur for the purpose of comparing the impacts of solar reduction with those of stratospheric aerosols.  

(Kravitz et al., 2015).  

In the UKESM1 model, three ensemble members, ‘r1i1p1f2’, ‘r4i1p1f2’, and ‘r8i1p1f2 ’, are run for the G6sulfur and the 

G6solar as specified in the GeoMIP protocol (Kravitz et al., 2015). We calculated the ensemble mean for all simulations, 145 

including SSP5-8.5, SSP2-4.5, G6sulfur, G6solar and Historical data (defined as the CP in this study). The future changes in 

extreme climates were assessed by comparing the future simulations (SSP5-8.5, SSP2-4.5, G6sulfur, G6solar) for the period 

2071-2100 with the CP 1981-2010, using the UKESM1 historical simulations for CMIP6. The results for the future 30 years 

of the 21st century (2071-2100) from the simulations were used to investigate the influences of the G6sulfur and the G6solar 

experiments.  150 

2.3 Aphrodite precipitation data 

The APHRODITE (Asian Precipitation-Highly-Resolved Observational Data Integration Towards Evaluation) dataset was 

created from spatial interpolation of interpolated from gauge-observation data  with a resolution of 0.25°× 0.25° (Lai et al., 

2020; Yatagai et al., 2012), and were used to validate the performance of the UKESM1 model in simulating the CP extremes. 

APHRODITE is has been a dataset containing long-term gridded daily precipitation (1951-2015). The high-resolution daily 155 

product of APHRODITE is developed based on the rain-gauge data across Asia presented on a continental scale (Sunilkumar 

et al., 2019). In this study, we applied APHRODITE’s climatological daily mean precipitation as observation data for validating 

the UKEMS1 simulations.  

2.4 Extremes precipitation indices 

To quantify extreme precipitation, a range of indices were defined by the World Climate Research Programme (WCRP). In 160 

this study, eight extreme indices were selected according to the WCRP’s Expert Team on Climate Change Detection and 

Indices (ETCCDI) (Firch et al, 2002; Klein Tank et al., 2009), as shown in Table 1.  

 

Table 1: The definition of selected extreme indices based on ETCCDI (Firch et al, 2002; Klein Tank et al., 2009) 

Indices Descriptive name Definition Units 

DD Dry days Count of days when precipitation<1 mm days 

CDD Consecutive dry days Maximum number of consecutive days with < 1 mm of 

precipitation 

days 
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CWD Consecutive wet days Maximum number of consecutive days with ≥ 1 mm of 

precipitation 

days 

R50MM Rainstorm days Count of days when precipitation≥50 mm days 

RX1DAY Maximum 1-day precipitation Annual maximum 1-day precipitation mm 

RX5DAY Maximum 5-day precipitation Annual maximum consecutive 5-day precipitation mm 

R95p Very wet days Annual precipitation amount accumulated on days when 

daily precipitation is greater than the 95th percentile 

threshold of the wet-day precipitation 

mm 

 165 

2.5 Statistical methods and Cumulative Distribution Functions (CDFs) 

At first, for validating the model simulations, the Aphrodite data was re-gridded to the resolution of the UKESM1 ensemble 

mean data. To examine the statistical importance of the changes in precipitation between different experiments, we performed 

the Wilcoxon Rank Sum Test. Wilcoxon Rank Sum Tests works as a non-parametric two-sample t-test and is more appropriate 

for use with atmospheric data (Wilks, 2011), with a 5% confidence level of statistical significance.  170 

To better visualize the future extreme climate features and the effects of SAI, the Cumulative Distribution Functions (CDFs) 

for precipitation have been calculated. CDFs is frequently employed for bias correction to enhance the accuracy of precipitation 

analysis (e.g., Apurv et al., 2015; Rana et al., 2014; Xiong et al., 2019).  This approach allows for a nuanced exploration of the 

distribution, accommodating the continuous and discrete aspects of our dataset. The calculated CDFs offer a holistic 

perspective, providing insights into the probability distribution patterns for various events over the study period. 175 

Unlike Tung et al. (2022), where CDFs were employed, a choice was made to use reversed CDFs in our study to better illustrate 

the thresholds for extreme precipitation events exceeding certain values. To achieve this, during the continuous 30-year study 

period, we computed the average annual extreme precipitation index values for each grid point and plotted their CDFs  over all 

grid points in a region.  

To establish the CDFs for an extreme precipitation index, firstly, the yearly mean extreme precipitation index was calculated 180 

over the three ensemble model members and the 30 years at each grid point. Then, for each region and the whole of China, the 

empirical CDFs (ECDFs) of the extreme precipitation index were statistically established as histograms, based on the values 

over all the grids. To achieve a smooth representation of the distribution, we applied a Gaussian smoothing technique. By 
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doing so, we were able to obtain smoothed representations of the empirical distributions, which provided clearer insights into 

the underlying patterns of the data . This analysis facilitated the observation of continuous probability distribution patterns and 185 

the assessment of tail-end magnitudes, providing insights into the continuous likelihood of varying precipitation levels and 

revealing extremes throughout the studied period. 

3. Results 

3.1. Precipitation changes 

Figure 2 shows spatial distribution of observed and simulated mean precipitation over China during the control period (CP; 190 

1981-2010) and comparisons between the two datasets. While the general pattern of the simulated precipitation (Fig.2b) was 

similar to the observed precipitation (Fig.2a), the amount of precipitation simulated tends to be somewhat larger than the 

observed over much of China, as indicated in Fig.2c. Both results show a  general decreasing trend from the southeast coastal 

regions to the northwest inland areas. The wet bias in daily precipitation is evident in most parts of southern China (SC, CC, 

and SWC), particularly on the south-eastern flanks of the Qinghai-Tibet Plateau (QTP). Regions with dry bias are relatively 195 

small (shown by the negative values and brown contours in Fig.2c), with bias values less than 1 mm day-1.  

To further compare the results between simulations and observations, particularly focusing on extreme precipitation values, a 

scatter plot between the ensemble mean simulations and observations is provided as Fig.2d (the scatter plots comparing the 

simulations of the three model ensembles with the observations are provided in Fig.S1). For the purpose to evaluate the model 

performance at different level of precipitation, the daily precipitation was as classified in to several intervals: P10 (the smallest 200 

10%), P10-50, P50-90, P90-95, and P95 (the largest 5%). In order to indicate the bia s as a percent, relative changes (compared 

to the observations) for different intervals have been calculated, as listed in Table 2. 
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Figure 2. Spatial distributions of mean land precipitation (units: mm day -1) over China during the control period of 205 

1981-2010 for (a) the observations (Obs), (b) the simulations (Sim), (c) the bias (Sim-Obs), and (d) a scatter plot between 

the observations and simulations at different level of precipitation. 

 

Table 2: Relative changes of the model results (compared to the observations) 

intervals Ensemble mean r1i1p1f2 r4 i1p1f2 r8i1p1f2 

<P10 89.81% 93.95% 89.44% 86.04% 

P10-50 30.05% 30.38% 31.85% 27.13% 

P50-90 30.50% 28.95% 31.36% 31.16% 

P90-95 24.03% 22.79% 24.85% 24.44% 

>P95 15.76% 15.09% 16.27% 15.92% 

 210 

The scatter plots (Fig.2d and Fig.S1) indicate a close relationship between the observations and the simulations. However, the 

simulations are generally higher than observations, possibly because of the different resolution of the data. Since our study has 

been mainly focused on the relative changes between the future results and that of control period for different scenarios, th e 

systematic bias would not affect the conclusions significantly. As expected, relative changes are very large at small values 

(below the 10th percentile), both for the ensemble mean and the model members. For the results at the 10 -50th and 50-90th 215 

percentiles, relative changes are around 30%. When larger than the 95th percentile, relative changes are relativ ely small, near 

15%. The differences among ensemble members are not significant, which suggests the uncertainty in the ensembled results 

is reasonable and acceptable. 

As mentioned in Section 2.2, UKESM1 is a fully coupled GEM and has been widely applied in research on meteorological 

issues (Haywood et al., 2022; Jones et al., 2022; Liang and Haywood 2023; Wells et al., 202 4). In this paper, detailed 220 

discussions about the UKESM1 model performance have been minimised in the main text, with some validation provided in 

the Supplement. 

Figure 2 illustrates the spatial distribution of relative changes in mean precipitation for different simulations during the future 

period 2071-2100 relative to the CP. In all the four simulations, most part of the region is dominated by increased precipitation. 

For SSP5-8.5 (Fig.2a), the most prominent increase in precipitation occurs within SC (near the Tropic of Cancer, up to 3mm), 225 

but the precipitation in SC, northern Taiwan and Hainan is projected to decrease in the future. SSP2-4.5 (Fig.2b), a  similar 

pattern can be seen but the magnitude of increases is generally reduced, particularly in SC (up to 1.8mm), by about 50% 

relative to SSP5-8.5. For G6sulfur (Fig.2c), changes are similar to that of SSP2-4.5, indicating the SAI is approximately 

successful. in modelling future precipitation effects in China. Both G6sulfur (Fig. 2c) and G6solar (Fig. 2d) show ameliorated 
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changes with respect to SSP5–8.5, but the projected decrease of G6sulfur in area and magnitude is larger than SSP2-4.5 and 230 

G6solar, reaching up to 1mm day -1. Regional changes in precipitation patterns under SSPs (SSP5-8.5 and SSP2-4.5) can be 

attributed to shifts in the inter-tropical convergence zone (ITCZ) caused by alterations in the inter-hemispheric temperature 

gradient, general circulation changes due to stratospheric heating, and regional and seasonal variations in heat fluxes and 

temperature gradients (Visioni et al., 2021). 

 235 

 

Figure 2 . Relative changes in land precipitation (mm day-1) of the period 2071-2100 compared to that of the CP (1981-

2010) (a) SSP5-8.5, (b) SSP2-4.5, (c) G6sulfur, and (d) G6solar. The dotted areas indicate where the difference is 

statistically significant at the 95% confidence level using a Wilcoxon rank sum test. 

 240 

Figure S3 compares the simulated future precipitation between G6sulfur and other experiments. Compared with SSP5-8.5  

(Fig.S3(a)), the simulated SAI by G6sulfur leads to a decrease in precipitation over almost the entire China. This suggests that 

the effect of SAI on future precipitation is more widespread and remarkable compared to that of SSP5 -8.5, particularly over 

the SWC (southeast QTP) and CC regions. The difference in precipitation between G6sulfur and SSP2–4.5 (Fig.S3(b))/G6sola r 

(Fig.S3(c)) is smaller compared to the difference between G6sulfur and SSP5 -8.5 (Fig.S3(a)). This indicates SAI 245 

effectivelysomewhat mitigates the increase in mean precipitation from the high GHG SSP5-8.5 scenario to the medium GHG 

SSP2-4.5 scenario across most of China. It is important to note that this finding is based on a single model, and future studies 

could validate these results using multiple models. Compared with SSP2-4.5 (Fig.S3(b)), the maximum differences in 

simulated SAI by G6sulfur, including both increases and decreases, occur in the western region. Specifically, the greatest 

increases are observed in the southwest of SWC, and the greatest decreases in the southwest of NWC, with maximum changes 250 

reaching 0.7 mm day-1. The difference in precipitation between G6solar and SSP2–4.5 (Fig.S3(d)) is similar but smaller than 

the difference between G6sulfur and SSP2-4.5 (Fig.S3(b)). For the ‘G6sulfur-G6solar’ comparison (Fig.S3(c)), the magnitude 

is smaller than Fig.S3(b), suggesting that the effect of simulated SAI by G6sulfur leads to a greater change compared to the 

ideal solar constant reduction in land mean precipitation of China. The differences between G6sulfur and SSP2-4.5 (both with 
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the same global mean temperature) may be attributed to the specific setup of this model under SAI and the latitudinal and 255 

temporal distribution of the aerosol cloud as well. However, the differences between G6sulfur and G6solar (which also have 

the same global mean temperature) may be due to variations in latent heat resulting from different ratios of diffuse solar 

radiation (which increases with sulfate aerosols), this can lead to more atmospheric absorption or changes in cloud formation 

caused by different vertical temperature gradients (Visioni et al., 2020; Visioni et al., 2021). 

3.2. Hydrological extreme changes 260 

The small-scale flooding risk is assessed by the RX1day index, and the extreme threshold index of very wet day precipitation 

is represented by the R95p, for which the 95th percentile of threshold was computed for each grid based on the 30 years (1981-

2010) daily precipitation. The changes in RX1day and R95p for the future period (2071-2100) relative to the CP (1981-2010) 

are shown in Fig.3. Simulations under the SSP5-8.5 scenario project significant increases (p-value < 0.05) in RX1day in east 

China (Fig.3a). The greatest magnitude of increase (above 50 mm) is seen in SC, CC, east coastal NC and a small part of SWC 265 

regions. Under SSP2-4.5 (Fig.3b), a  similar pattern of the RX1day change to SSP5-8.5 is projected but with smaller magnitudes, 

and the largest increases up to 30 mm. G6sulfur (Fig.3c) and G6solar (Fig.3d) show generally ameliorated changes compared 

to SSP5-8.5, and generally similar to those under SSP2-4.5, suggesting that SRM strategies yield RX1day patterns comparable 

to SSP2-4.5 in UKESM1. However, the decreases in RX1day a re more pronounced in G6sulfur in western China, with a 

reduction of up to 2.5mm. This indicates that G6sulfur significantly reduces future RX1day intensity, attributable to the 270 

aerosol-climate feedback under SAI in specific areas. 

In the future, an increase in RX5day is anticipated across most of China, with the most substantial increments occurring in the 

eastern part of the country and on the QTP (Fig.S4a-d). The largest increases are anticipated under the SSP2SSP5-8.5 scenario 

(Fig.S4a), reaching a maximum of over 100 mm. In the other three simulations, the increase in RX5day is considerably smaller 

than that under SSP5-8.5, with none exceeding 100 mm compared to the CP (Fig.S4a-d). This suggests a mitigated future 275 

RX5day simulation compared to SSP5-8.5 in these three models. It is observed noteworthy that under G6solar (Fig.S4d), the 

maximum RX5day is observed in the south-eastern part of the SC region. A similar pattern with RX1day, RX5day is projected 

to decrease in a small part of western regions in the future, although the magnitude is small, less than 5mm. 

R95p is projected to significantly increase in CC, SC, and south SWC regions under the SSP5-8.5 scenario (Fig.3e), consistent 

with a previous study (Wang et al., 2016; Qin and Xie., 2016; Peng et al., 2018). Similar patterns are observed under SSP2–280 

4.5 (Fig. 3f), while the magnitude of increases in R95p is reduced by about one-third compared to SSP5–8.5. The increase in 

extreme precipitation across southern China for RX1day, RX5day, and R95p under SSPs may be This increase has been 

attributed to the strengthened water vapour and south-westerly winds across southern China caused by the land-sea contrast 

between China and adjacent oceans. , Furthermore, as well as global warming also contributes contributing to increased water 
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vapour, thereby enhancing the likelihood of precipitation and related extremes (Tang et al., 2021). The increase in extreme 285 

precipitation may be related to the increase in atmospheric rivers (ARs). However, precipitation extremes are linked to different 

types of weather systems (e.g., tropical cyclones and easterly waves), particularly in southern China. Therefore, the synoptic 

mechanisms behind these increased metrics still require further investigation. G6sulfur and G6solar experiments present 

similar spatial distributions, but smaller magnitudes of changes (Fig.3g, Fig.3h). G6sulfur (Fig.3g) shows a significant decrease 

in highly populated areas of Hainan (south SC) compared to SSP5-8.5.  290 

 

 

 

Figure 3. Relative changes in RX1day (a-d) and R95p (e-h) for the future period of 2071 – 2100 compared to the control 

period (CP). The dotted areas indicate where the difference is statistically significant at the 95% confidence level using 295 

a Wilcoxon rank sum test. 

 

Figure 4 illustrates how SAI modulates the distribution of extreme precipitation intensity indices by depicting differences 

between G6sulfur and other experiments. Compared with SSP5–8.5, G6sulfur shows significant amelioration of the decreases 

in RX1day (Fig.4a), particularly in China's first-tier regions. A previous study demonstrated that the reduction of emissions of 300 

anthropogenic aerosols is a key factor leading to increased extreme intensity indices over most of China by the end of 21st 

century (Wang et al., 2016). Compared with SSP2-4.5 (Fig.4b) and G6solar (Fig.5c), G6sulfur leads to decreases mainly in 
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eastern China, with a reduction of up to 20mm in RX1day, suggesting that G6sulfur reduces the intensity of extreme 

precipitation events under the same global mean surface warming. The spatial distribution and magnitude of ‘G6solar - SSP2-

4.5’ (Fig.4d) are similar to ‘G6sulfur - SSP2-4.5’ (Fig.4b), but the magnitude of the decrease is smaller in most areas. only 305 

small changes of less than 20mm in RX1day. The similarity of G6sulfur to SSP2-4.5 and G6solar suggests that the primary 

impact on RX1day over China is driven simply by the temperature; a global mean temperature of the standard CMIP6 SSP2-

4.5 scenario gives very similar results to those achieved when SSP5-8.5 temperatures are brought down to those of SSP2-4.5.  

However, the same cannot be said for R95p, where the ensemble mean of UKESMI projects a significant increase in north SC 

and southwestern SWC (Fig.4f) for the G6sulfur (2071-2100) relative to the SSP2-4.5 (2071-2100), but decreases in the south 310 

SC, EC, CC and high-altitude areas of eastern SWC, with reductions reaching 200mm in Hainan. This suggests that R95p 

cannot achieve the SSP2-4.5 scenario level through the simulated SAI by G6sulfur in UKESM1. For the ‘G6solar-SSP2-4.5’, 

significant increases occur in the southeastern SC near the Tropic of Cancer, up to 150 mm (Fig.4h). The differences also 

evident in south China, with significant increases mainly in north SC, and eastern and southwestern SWC under G6sulfur 

relative to G6solar (Fig.4g). These findings suggest that G6sulfur induce an uneven distribution of R95 p in China compared 315 

to SSP2-4.5, and cannot reach the ideal solar constant reduction, especially in south China. 

From Figure S5a, it is evident that G6sulfur effectively mitigates RX5day under SSP5-8.5, particularly in the eastern and 

south-western regions under UKESM1. The most notable impact is observed in the SC region and the south QTP, with a 

mitigation of up to 80mm. In comparison to SSP2-4.5 (Fig.S5b), G6sulfur exhibits an increase in RX5day, primarily in the 

region between 100°E and 120°E, with the maximum reduction occurring in Hainan, reaching up to 30mm. For 'G6sulfur-320 

G6solar' (Fig.S5c), similar to Fig.S5b, positive values of RX5day are more pronounced in certain areas between 100 °E and 

120°E, especially in the low latitude zone between 20°N and 30°N. Therefore, although G6sulfur successfully ameliorates the 

increase of RX5day compared to SSP5-8.5, there are noticeable differences as G6sulfur and G6solar can not reach the SSP2-

4.5 level. The green areas show a worse increase of RX5day for G6sulfur compared to SSP2–4.5 and G6solar. 

 325 
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Figure 4. Differences in RX1Day (a-c) and R95p (d-f) for the future period of 2071 – 2100 between G6sulfur and SSP5-

8.5 (a, e), SSP2-4.5 (b, f), and G6solar (c, g), as well as between G6solar and SSP2-4.5 (d, h). The dotted areas indicate 

where the difference is statistically significant at the 95% confidence level using a Wilcoxon rank sum test. 330 

 

Table 2 presents the differences in maximum values of the index between the G6sulfur and SSP5-8.5 scenarios. A positive 

difference suggests a  mitigation effect of SAI, while a negative difference indicates an exacerbation in index thresholds for 

projected increase regions. In regions where the projected index is decreasing, the meaning of positive and negative signs is 

opposite to that in regions where the index is projected to increase. In addition, the 0 values indicate there is almost no 335 

difference, suggesting a negligible impact of SAI on the indices threshold. G6solar's ameliorating impact in indices thresholds 

under the SSP5-8.5 scenario has been presented in Supplement Table S2. The mitigating effects of G6sulfur and G6solar with 

SSP2-2.4 are shown in Supplement Tables S3 and S4, respectively. 

 

Table 2: Amelioration effect of G6sulfur compared to SSP5-8.5 in indices threshold. 340 

 China NEC NC NWC EC CC SC SWC 

RX1day + + + + + + + + 

RX5day + + + + + + + + 

R50mm + 0 + 0 + + + + 

CWD - - + + - - - - 

R95p + + + + + + + + 

DD - - - - - - + - 

CDD - - - - - - + + 
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RX1day (Fig.5a) and R95p (Fig.5b) show consistent increases in the future relative to the CP (the blue line). For RX1day, the 

CDFs for precipitation SSP5-8.5 surpasses those from all other scenarios as might be expected from the spatial analyses 

presented in Fig.3. Additionally, southeastern China (EC, CC, and SC) shows higher values than the northern and western 

inland regions (NEC, NC, NWC). 345 

The tail of the RX1day CDFs in experiment G6sulfur (black) is close to that of the SSP2-4.5 scenario (cyan) in NEC, NC, 

NWC, and SWC (Fig.5). Combined with the small and evenly distributed magnitudes shown in Fig.4b, this shows that G6sulfur 

the SAI simulations are approximately successful effectively mitigates SSP5-8.5 to similar the SSP2-4.5 in these regions. In 

EC, SC and CC, the RX1day CDFs is reduced from that of SSP2-4.5 by between 5-10mm and moves further away from the 

values seen in the high-end SSP5-8.5 scenarios towards those seen in the CP simulations. The RX1day CDFs for G6solar are 350 

indistinguishable from those for SSP2-4.5 in many regions, but for CC the RX1day lies to the left of the SSP2-4.5 curve but 

by not as far as that for G6sulfur indicating less abatement of RX1day extremes. Interestingly, for SC, the G6solar CDFs curve 

lies to the left of the SSP5-8.5 curve. Combining the negative value for the SC region in Table S1 reveals that the maximum 

value of RX1day under G6solar is even further from that of the CP compared to SSP5-8.5, suggesting that while G6solar 

mitigate the overall RX1day, it exacerbates the maximum RX1day values beyond SSP5-8.5 in the SC region. In addition to 355 

these findings, combining the information from Tables S3 and S4, it is evident that the RX1day maximum values for G6sulfur 

are lower than those for SSP2-4.5 across all regions in China. Conversely, G6solar results in a higher RX1day threshold in the 

SC region than SSP2-4.5. Since the global temperatures achieved by all three simulations are the same, these differences imply 

that even if different geoengineering methods achieve the same global cooling, their impacts on extreme precipitation events 

can vary significantly. This variation is likely due to the dif ferent ways these methods influence regional climate responses.  360 

The tail of RX5day CDFs across all regions suggests a future increase in RX5day under four G6 scenariossimulations (Fig.S6), 

with a more pronounced rise under the high SSP5-8.5 scenario. This phenomenon is consistent with the spatial distribution 

change observed in Fig.S4(a-d). In the NEC and CC regions, G6sulfur closely aligns with the SSP2-4.5 scenario (Fig.S5). 

Additionally, in the NC region, G6solar closely mirrors the conditions of the SSP2-4.5 scenario. Combined with the differences 

in RX5day of spatial distribution in Fig.S5, it is evident that G6sulfur yields result of mitigates RX5day, resembling the SSP2-365 

4.5 scenario, in NEC and CC regions. Simultaneously, G6solar alleviates shows RX5day in the NC region, resembling the 

conditions of the SSP2-4.5 scenario. 

For R95p, the CDFs of G6sulfur and SSP2-4.5 show no apparent differences for SC, SWC and NWC; however, in EC and CC, 

there are decreases of more than 100mm, whereas in NEC and NC, there are some increases of about 50mm. For example for 

the SWC region, Figure 4f reveals that R95p for G6sulfur-SSP2-4.5 shows statistically significant negative values centred at 370 

around 30°N 100°E, and statistically significant positive values west of 90°E. Because these regions are aggregated together 

in the SWC region, there is not a discernible influence on the CDFs of R95p.  
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 375 

Figure 5. Cumulative distribution functions of RX1day (a1-a8) and R95p (b1-b8) in China and 7 subregions for 

different scenarios. The same processing was applied to all CDFs figures.  
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In summary, by the late 21st century, eastern China is projected to experience an increase in heavy rain events and a heightened 

risk of flooding under the high-emission SSP5-8.5 scenario, with UKESM1 simulations indicating a strengthening of both 380 

RX1day and R95p, signalling more stronger precipitation events driven by elevated GHG emissions. The SRM results are 

encouraging, showing a reduction in the detrimental extreme events, similar to the lower emissions target of SSP2 -4.5, 

particularly in east China  and the QTP region.  

The frequency extreme index change in CWD has been calculated and shown in Fig.6. For the SSP5-8.5 scenario (2071-2100) 

relative to the CP (1981-2010), the ensemble mean of UKESMI predicts a significant decrease in southwest China (Fig.6a), 385 

particularly in the south SWC (QTP), with up to 30-day reduction. This reduction could be influenced by the East Asian and 

South Asian monsoons under the complex terrain of QTP (Wang et al., 2018). The daily extreme precipitation intensity may 

rise in southern areas of China in the future (Zhu et al., 2018). The increased CWD occurs in mid-latitudes (mostly north of 

30°N latitudes) but to a lesser extent (less than 20 days). A similar pattern of change is seen under SSP2-4.5, but with smaller 

magnitudes (Fig.6b). The experiments G6sulfur (Fig.6c) and G6solar (Fig.6d) exhibit generally mitigated changes compared 390 

to SSP5-8.5, although the brown areas shown in Fig.6c are larger than in Fig.6a in NWC. Additionally, a  similar pattern of 

change is seen under the experiments G6sulfur (Fig.6c) and G6solar (Fig.6d) compared to SSP2-4.5. This indicates that the 

SRM of CWD in UKESM1 is approximately successful in China by the end of the 21st century. 

The R50mm index is derived from the Rnnmm index, as suggested by ETCCDI. The Rnnmm index represents the count of 

precipitation above a user-chosen threshold. In this case, the threshold is set to 50 mm, as recommended  by the China 395 

Meteorological Administration (CMA) (Sui et al., 2018). Under the SSP5-8.5 scenario (2071-2100) relative to the CP (1981-

2010), the ensemble mean of UKESMI projects a significant increase in populous southern and eastern China  (Fig.6e). This 

aligns with a prior study by Meng et al. (2021), which predicts an increase in R50mm in the lower reaches of the Yangtze 

River basin and the coastal areas in SC (Meng et al., 2021), indicating a rise in rainstorm events in these regions by the end of 

the 21st century. This increase in rainstorm events contributes to an elevation in precipitation levels (as shown in Fig.2), 400 

exerting significant pressure on social economies and terrestrial ecosystems (as discussed by Peng et al., 2018). A similar 

pattern of change is observed under SSP2-4.5 (Fig.6f) and in the experiments G6sulfur (Fig.6g) and G6solar (Fig.6h), albeit 

with smaller magnitudes, with increases of up to 5 days, 6 days, and 5 days respectively. However, the magnitude under 

G6sulfur is slightly larger, which suggests the simulated SAI by G6sulfur will exacerbate the rainstorm. 

 405 
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Figure 6. Same as Figure 3, but for CWD (a-d) and R50mm (e-h). 

 

Compared to SSP5-8.5 (Fig.7a), G6sulfur significantly increases the CWD in south SWC (by up to 12 days), indicating 410 

sensitivity to global warming within this region. Combined with Fig.7, G6sulfur decrease in CWD under SSP5-8.5 in southeast 

QTP (approximately 90°E - 100°E). However, in southwest QTP and south China, G6sulfur exacerbates the increase in CWD 

compared to SSP5-8.5, possibly linked to the weakening of the high-altitude westerly jet (driven by the reduced meridional 

thermal gradient under SAI) that induces an anomalous cyclonic flow dominating QTP (Liang and Haywood, 2023) as per the 

four-quadrant strait jet model (Uccellini and Johnson, 1979), which creates a precipitation -favouring environment. G6sulfur 415 

primarily ameliorates the increase in CWD in mid-latitudes (north of 30°N). G6sulfur, compared to SSP2-4.5 (Fig.7b), shows 

a smaller increase effect than compared the SSP5-8.5, where the CWD in south SWC less than 10 days. However, the decrease 

in the west is slightly larger than compared to SSP5-8.5. For ‘G6sulfur-G6solar’, a  similar pattern with a larger magnitude is 

observed in low latitudes as in Fig.7c than in Fig.7b, indicating that deploying SAI in the UKESM1 will increase the CWD in 

southern China compared to G6solar. G6solar relative to SSP2-4.5 (Fig.7d), mainly decreases CWD, but the magnitude is less 420 

than 4 daysshows a similar magnitude in south CC and north SC as Fig.8a, suggesting that solar constant reduction does not 

have a significant similar effect in CWD compared to SSP2-4.5 and G6sulfur. For rainstorm (R50mm), G6sulfur leads to a 

decrease in most parts of China, with a  significant decrease in south-eastern coastal areas and south QTP, up to 6 days compared 

to SSP5-8.5. Compared to SSP2-4.5 (Fig.7f), G6sulfur leads to a slight decrease in the CC region (less than 2 days) and a small 

increase in eastern China (less than 2 days). and G6solar, Compared to G6solar (Fig.7g), the spatial distribution differences 425 
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are similar to those of in Fig.7f, suggesting that G6solar yields nearly identical results to the SSP2-4.5 scenario. G6solar is 

almost identical to SSP2-4.5 in R50mm (Fig.7h), suggesting that solar constant reduction is statistically consistent with SSP2-

4.5.the differences are close to zero, suggesting that SRM yields nearly identical results to the SSP2-4.5 scenario.  

 

 430 

Figure 7. Same as Figure 4, but for CWD (a-d) and R50mm (e-h). 

 

The maximum value of CWD in SWC exceeds 200 days, as shown in Fig.8, contributing to a general increase across China 

(Fig.8(a)). Meanwhile, CWD is projected to decrease, especially in SWC in Fig.8(h)) and corresponds to the brown sha ded 435 

areas in SWC as depicted in Fig.6(a-d). In the regions projected to experience an increase of CWD in NE and NWC, the 

positive value (in Table 2) indicates that SAI experiments produce results of threshold that are closer to the CP conditions. 

However, the relative effect is not obvious due to the small magnitude of CWD in these regions. It is notable that in NC and 

SC, G6sulfur (black) provides similar results to the SSP2-4.5. For EC, SSP2-4.5 yields almost identical statistics to SSP5-8.5, 

while both G6sulfur and G6solar show increases compared to the SSP scenarios. Precipitation in eastern China is primarily 440 

concentrated during the summer monsoon season. The pattern of summer precipitation changes in eastern China due to GHG 

forcing is largely influenced by shifts in atmospheric mean circulation and transient eddy flux. In contrast, the response to SAI 

is primarily governed by changes in atmospheric mean circulation, particularly by the presence of anomalous cyclones and 

anticyclones in the lower troposphere, which dominate the spatial pattern of SAI -induced summer precipitation response over 
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eastern China  (Liu et al., 2021). Considering the small magnitude of projected changes and the relatively minor differences in 445 

changes between G6sulfur and the other three simulations, coupled with the statistical significance observed in only a few 

areas in the eastern part, the discussion regarding the CDFs of R50mm will be omitted. 

 

 

Figure 8. Same as Figure 5, but for CWD in China and 7 subregions. 450 

 

In summary, CWD under SSP5-8.5 and SSP2-4.5 scenarios does not consistently exhibit simultaneous increases or decreases 

across all regions. CWD will significantly increase in QTP, and decrease in north China (almost in mid-latitudes, north of 

30°N) but not serious in the future. The maximum increase occurs in SWC, and SAI effectively ameliorates the decrease of 

CWD under SSP5-8.5 in southeast QTP (from about 90°E - 100°E). G6sulfur yields a statistically similar outcome to that of 455 

SSP2-4.5 in NC and SC. SRM strategies yield results in R50mm nearly identical to those of the SSP2-4.5 scenario. As the 

global mean temperature targets of G6sulfur, G6solar and SSP2-4.5 are nominally identical, this suggests that it is the global 

mean temperature change that is the dominant factor in driving changes in extreme precipitation.   

As for extreme wet indices, extreme dry conditions also occur in China, especially in north-western regions (Wang et al., 2017). 

The focus is on DD and CDD to study these changes and explore the impact of SAI.  460 
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For DD, the ensemble mean of UKESM simulations projects a significant increase in most of southern China (east of SWC, 

SC, and south of CC, EC) and a small part of western Xinjiang province (Fig.9a) for the SSP5-8.5 scenario (2071-2100) 

relative to the CP (1981-2010). The largest increase, reaching up to 40 days, is observed in Fuzhou and Taiwan (southeast SC, 

near 120° E, 25°N). Decreases in DD are observed in northern and west China, including NEC, NC, NWC, west of SWC and 

north of CC, EC. Similar changes with smaller magnitudes are also observed under the SSP2-4.5 scenario (Fig.9b) and G6solar 465 

(Fig.9d). It is worth noting that, in comparison to the other three experiments, G6sulfur results in the most substantial increase 

in DD in western NWC (Fig.7c, Kunlun Mountains) in the future, indicating that G6sulfur exacerbates drought conditions in 

Kunlun Mountains. This may be related to topography and slope, both of which play important roles in glacier change in the 

Kunlun Mountains (Niu et al., 2023).  

Under SSP5-8.5 warming conditions (Fig.9e), there is a significant CDD decrease in north-western and northern China, with 470 

the most significant decrease in NWC (up to 50 days), consistent with Xu et al., (2019). This implies that ignoring rising 

temperatures seems to mitigate dry conditions (Xu et al., 2022a). In line with prior studies, there are notable north-south CDD 

differences in China  (Feng et al., 2011).  

The figure shows increased CDD in southern regions (along the middle and lower Yangtze River, south and parts of southwest 

China) but not significantly, hinting at potential increased droughts in southern China  (Feng et al., 2011). These results also 475 

align with the predicted decrease in the north and increase in the south in CDD by RegCM4 (Ji and Kang, 2015) and PRECIS 

(Meng et al., 2021) models. Smaller CDD changes (less than 40 days) are observed in most regions under SSP2-4.5 (Fig.9f), 

G6sulfur (Fig.9g) and G6solar (Fig.9h). It is worth noting that G6sulfur shows a slight future increase in western China (Tarim 

Basin). 
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Figure 9. Same as Figure 3, but for (a-d) DD (days) and (e-h) CDD (days). 

 

Fig.10 shows the impact of SAI on DD and CDD distribution in comparison to G6sulfur and other experiments. G6sulfur 

increases DD in northern and northwest China compared to SSP5-8.5 (Fig.10a), albeit mitigating the DD in a warmer climate 485 

(Fig.10c). Compared to SSP2-4.5 (Fig.10b), G6sulfur leads to a further increase in western China near 35°N, up to 25 days. 

However, G6sulfur reduces dry climate in southern China compared to other experiments, despite an increased drought risk 

(as seen in Fig.10a-d). G6solar exhibits an effect more similar to SSP2-4.5, with an increase in DD of less than 10 days 

(Fig.10d). Thus, relative to G6solar, the difference is similar but smaller than in Fig.10b. Comparisons confirm that G6sulfur 

increases CDD in most inland areas of China  compared to SSP5-8.5 (Fig.10e), up to 40 days. Only a few coastal areas show a 490 

reduction. G6sulfur increases the CDD almost across the entire China when compared to SSP2-4.5 (Fig.10f) and G6solar 

(Fig.10g). Through the comparison between G6sulfur and G6solar (Fig.10g), G6sulfur leads to an increase in CDD in most 

China. In contrast to Fig.10f, G6solar shows a slight decrease in southwestern China compared to SSP2-4.5 (Fig.10h), but the 

magnitude is less than 8 days.  
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Figure 10. Same as Figure 4, but for (a-d) DD (days) and (e-h) CDD (days). 

 

The tail of the DD CDFs in the CP (blue) is consistently shifts to the right compared to the other lines in NEC, NC, and NWC 

(Fig.11(a2) - (a4)), which corresponds to the declining trend (green shaded areas) in northern China as shown in Fig.10a-d. As 500 

shown in Table 2, the DD is positive in the SC region, meaning G6sulfur effectively lowers the threshold for extreme DD 

events compared to SSP5-8.5. This suggests that the SAI is more effective for DD maximum in the humid region. The black 

line surpasses the other three experiments in NWC, which explains the maximum increase value along the Kunlun Mountains 

in NWC in Fig.10a-d and Fig.11a-c. 

The blue line surpasses the other four lines in NEC, NC and NWC, clarifying the decrease of CDD in the northern regions as 505 

evident in Fig.10e-h, signifying a reduced drought risk in northern China in the future. Conversely, the red line consistently 

stays to the left, while the black line is positioned to the right compared to the other lines. This suggests that G6sulfur and 

G6solar increase the drought risk when compared to the SSP5-8.5 scenario in northern regions, and the effect of G6sulfur is 

more pronounced than that of G6solar. However, the distance between black and other lines is wider in NWC than in other 

regions, indicating the maximum increase in CDD under G6sulfur in NWC. This corresponds to the maximum  differences in 510 

NWC in Fig.11d-f.  The positive value of the CDD index in the SC and SWC regions in Table 2 indicates that G6sulfur notably 

brings the threshold closer to the CP extreme CDD events compared to SSP5-8.5, thereby approaching drought extremes of 

CP in these regions. This suggests that G6sulfur has the potential to mitigate the CDD extremes. The ameliorating effect of 
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DD and CDD compared to SSP5-8.5 in the SC region under G6sulfur may be related to the strengthening of the anti-cyclonic 

circulation associated with the subtropical gyre, which appears to increase under G6 compared to SSP5 -8.5 (Liang and 515 

Haywood, 2023). This intensification results in an increased inflow of moist air from the ocean at 850hPa a nd a greater supply 

of moisture to the southern region of the area. The differing effects of G6sulfur and G6solar on CDD thresholds, as compared 

to SSP5-8.5 (Table 2 and Table S1) and SSP2-4.5 (Table S3 and Table S4), especially in the EC, CC, and SWC regions, 

highlight the side effects of SAI on CDD. 

 520 
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Figure 11. Same as Figure 5, but for DD (a1-a8) and CDD (b1-b8) in China and 7 subregions. 

 

In summary, both DD and CDD projected increases in the south and southeast China but a  decrease in the north and northwest 525 

regions by the end of the 21st century in the four scenarios. This reflects a potential decrease in drought risk in northwest 

regions and an increase in extreme drought events in low-latitude southeast coastal areas in the future according to four 

simulations. Changes in precipitation will affect soil moisture, thereby influencing evapotranspiration (ET) and  ultimately 

precipitation patterns. Assessing whether changes in DD and CDD affect drought risk also requires consideration of variations  

in ET and soil moisture (Cheng et al., 2019; Dagon and Schrag, 2016). Furthermore, solar radiation management (SRM) may 530 

increase drought risk in northern regions (NEC, NC, and NWC). 

4. Summary and discussion 

In this study, based on simulations of the UKESM1, the effects of SAI on precipitation and the related extreme metrics are 

assessed over different sub-regions in China by comparing the results among different scenarios. We found that, under future 

emission scenarios (SSP5-8.5 and SSP2-4.5), most of the sub-regions in China are projected to experience increased 535 

precipitation and extreme wet climate events by the end of the 21st century, compared to the control period (1981-2010), 

particularly in the eastern and south-eastern coastal areas. Both the G6sulfur and G6solar show remarkable ameliorated 

changes in extreme precipitation intensity and frequency, and may abate most of the detrimental extremes that are evident 

under the SSP5-8.5 scenario. In general, the effects of the SRM experiments are similar to that of the SSP2 -4.5. This suggests 
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that the effects of SAI are encouraging, and can be seen as an effective option for mitigating flooding events, especially in the 540 

populated southeast areas. However, extreme drought events show a n increase in some regions such as the north and northwest 

China compared with SSP5-8.5, implying the SRM may not be suitable for addressing drought risk in these regions. All the 

findings in our paper extend the current understating of extreme hydrological responses to climate change and SAI in China. 

The regional analysis presents new insights into identifying the vulnerable areas under hydrological changes and how they 

may benefit from the SRM. 545 

As this study is solely focused on the precipitation and relevant extreme events based on the models, we cannot take socio-

economic, biological, and other factors into account. Although many studies have also focused on areas such as crops (Cheng 

et al., 2019) and important modes of natural variability (Jones et al., 2020), they are mostly targeted on a wider and global 

scale, more regional analysis on China still requires future research. Also, the climate models and data remain uncertain, 

indicating that continuous improvements are needed in models for simulations in deterring the future pathways of climate 550 

change and SRM. In addition, it should be noted that, owing to the second-order nature of the changes in climate extremes 

when compared to SSP2-4.5 (i.e. a  relatively small signal to noise when compared to those from SSP5-8.5), that the analysis 

is very dependent on the model used in the analysis (UKESM1); other models may produce significantly different results. 

Additionally, reducing the solar constant within climate models also triggers a dynamic reaction in the stratosphere (Bednarz 

et al., 2022). It is therefore crucial to perform similar analyses with other state-of-the-art climate models to elucidate the 555 

robustness of the results, and to inform policymakers of any potential detrimental influences of SRM.  

While the general amelioration of precipitation changes under SAI might seem a somewhat obvious conclusion owing to the 

spin-down of the hydrological cycle under cooler temperatures (e.g., Tilmes et al, 2013), other studies have shown large-scale 

climatic shifts in key modes of climate variability that impact precipitations. For example, Haywood et al. (2013) and Jones et 

al. (2017) have modelled significant detrimental impacts on Sahelian p recipitation and north Atlantic hurricane frequency 560 

under non-judicious SAI implementation owing to large-scale shifts in the Inter-Tropical Convergence Zone. Multi-model SAI 

simulations Jones et al. (2020, 2021) have shown detrimental impacts on the North  Atlantic Oscillation leading to rainfall 

deficits over the Iberian Peninsula above and beyond those evident in SSP5 -8.5. Similarly, recent simulations of non-judicious 

deployment of an alternate SRM technique, that of marine cloud brightening, locked the climate into an extremely strong 

permanent La-Nina-like phase with associated detrimental impacts on sea -level rise over low-lying South Pacific islands 565 

(Haywood et al., 2023). It appears that, over large areas of China, any changes in detrimental extremes  in precipitation are 

second order when compared to the benefits associated with reducing global mean temperatures.  

To conclude, it appears that changes in precipitation extremes related to flooding over the bulk of China that are induced under 

climate change may be abated by SRM, but changes in dry days relating to drought are likely to be enhanced. Large-scale 

shifts in precipitation patterns associated with changes in atmospheric dynamics noted in other SRM studies using climate 570 
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models developed by the Hadley Centre (e.g., HadGEM2, UKESM1; Haywood et al., 2013, 2023; Jones et al., 2017; Jones et 

al., 2020; 2021) do not appear to impact the bulk of China. Based on the same set of simulations as this paper, the study by 

Liang and Haywood (2023) demonstrated apparent side-effects of SRM as the simulated SAI scenario exacerbates the 

weakening the subtropical westerly jet and further enhance the mid -latitude precipitation over China by modulating 

atmospheric rivers over East Asia. Of course, we stress that the results from these simulations are model specific and further 575 

work with other models needs to be performed to understand the robustness of these conclusions more generally.          
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