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Abstract

As global temperature rises, the severity and frequency of droughts are projected to
increase. Stratospheric aerosol geeengineering{SAGinjection (SAT) has been proposed
as a potential solution to reduce surface temperatures, but its effectiveness in alleviating
drought extremes remains unclear. Here, we assess the global impacts of SAGSAI on
drought extremes based on experiments from the Geoengineering Model

Intercomparison Project {GeeMIPphase 6 (GeoMIP6) and the Geoengineering Large

Ensemble Project (GLENS). By 2100, the frequency of extreme droughts is projected
to increase by 7.33% under athe high-emission Shared Socioeconomic Pathways 5
(SSP5-8.5) scenario—SAG—implementation relative to present day. SAI reduces this
increase by 1.99% ¢in GeoMIP6, and by 1.80% in GLENS),—primarily—due—to—its
compared with Representative Concentration Pathways 8.5 (RCP8.5). Attribution

analyses show that SAl-induced cooling effeets-alone reduces extreme drought

frequency by 3.42% in GeoMIP6 and 4.28% in GLENS relative to their respective high-

emission scenarios, outweighing the 2.12% increase driven by SAl-induced

precipitation reductions under the same conditions. However, SAG-induecedthese

rainfall deficits lead to substantial ineguityinequities in drought respenses:

Countriesexposures. Compared to developed nations, countries with less development

experience smaller reductions, or even increases, in economic and population exposure

to extreme drought;-eempared under SAI relative to mere-developed-nations:SSP5-8.5

or RCP8.5. These findings highlightsuggest that the vrgent-needforimproved-SAG
destgn—to—preventcurrent SAI strategies in GeoMIP6 and GLENS may induce the

exacerbationrisk of elimate-injustiee—unintentionally worsening regional hydroclimatic

disparities.
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1 Introduction

Global warming is profoundly shaping the Earth with reduced sea ice (Diffenbaugh
et al., 2013), raised sea level (Tebaldi et al., 2021), and increased climatic
extremes(Seng—et-al). (Song et al., 2022). Persistent warming has expanded the land

area with decreased precipitation but increased evaporation, enhancing the frequency
and severity of global drought events (Dai, 2011b; Trenberth et al., 2014; Samaniego et
al., 2018). As one of the most destructive and persistently widespread natural disasters,
drought can have significant impacts on human survival, the economy, and societal
structures (Dai, 2013; Carrao et al., 2016; Yue et al., 2021). During 1970-2019, droughts
were responsible for 34% of disaster-related fatalities(Smith, 2021) and annually erode
12 million hectares of arable land (Diallo, 2008), leading to reduced agricultural yields,
increased food prices, and escalated economic instability especially for vulnerable
populations (Rusca et al., 2023).

Mitigating global warming requires reducing anthropogenic GHG emissions.
However, due to the inertia of climate system, global temperature responses lag behind
emission reductions. Geoengineering, particularly Solar Radiation Management (SRM),
has been proposed as a potential climate change mitigation approach (Ricke et al., 2012).

The SRM aims to reflect incoming solar radiation back into space (Irvine et al., 2012),

reducing global surface temperaturestrvine—et—al—2049)—As—ene—type—of SRM;

ophe araqo aVala nee a A a ned a a) an ata a e a
atoop i OS50 =20 = = - l =l C = l Cl O Co O

cost-effectiveness-and praetieality (Irvine et al., 2019; Duffey and Irvine, 2024). As one

type of SRM, stratospheric aerosol injection (SAI) has gained significant attentions due

to its cost-effectiveness and practicality (Smith and Wagner, 2018; Smith, 2020). This

method introduces reflective aerosols into the stratosphere to increase the Earth's albedo
(Pope et al., 2012), mimicking the cooling effects observed after volcanic eruptions
(Wilson et al., 1993).

Earth System Models (ESMs) are vital for analyzing climatic impacts and the

potential side effect of SRM before its implementation (Macmartin and Kravitz, 2019).

204 The Geoengineering Model Intercomparison Project phase 6 (GeoMIP6) (Kravitz

et al., 2011; Visioni et al., 2023) was established to assess climatic responses to

geoengineering using multiple ESMs under various forcing scenarios. In contrast, the

Geoengineering Large Ensemble (GLENS) project performed multiple experiments

3
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with a single ESM, exploring different injection strategies (Tilmes et al., 2018).
Ensemble of these simulations indicated that SAG-eeuldalter globalhydrologicaleyele;

of SAGSAI could alter global hydrological cycle relative to high emission scenario

(Jiang et al., 2024: Rezaei et al., 2025). Notably, the magnitude and spatial pattern of

rainfall changes exhibit strong dependence on injection latitudes and altitude (Zhao et

al.. 2021: Krishnamohan and Bala, 2022). Region-specific analyses suggest that

specific SAI deployment strategies may mitigate extreme drought risks under the

Shared Socioeconomic Pathways 5 (SSP5-8.5) scenario. For instance, in Cape Town,

South Africa, model ensembles indicate a potential 90% reduction in extreme drought

risk when applying the GLENS injection protocol (Botai et al., 2017; Odoulami et al.,

2020). However, these benefits are highly contingent upon the specific implementation

strategy: different SAI designs or distinct greenhouse gas background conditions (e.g..

SSP2-4.5) could result in neutral or adverse outcomes (Du et al., 2025). Nevertheless,

the benefits of SAI on reducing drought extremes remain unclear on the global scale.

In this study, we use ensemble simulations from both GeoMIP6 and GLENS to
assess 1) whetherhow SRM ean—redueestrategies alter the prebabilitymagnitude and

spatial distribution of extreme drought eventsrisk under high-emission scenarios, and

the climatic mechanisms that govern these changes; and 2) whether-the-benefitsare
sectoeconomically-equal—We-how the magnitude of SRM-derived drought exposure

reduction varies across countries with different levels of socioeconomic development.

For GeoMIP6, we consider two types of SRM including G6solar by reducing solar

constant and G6sulfur by SAI. We employ the self-calibrating Palmer Drought Severity
Index (scPDSI) to quantify drought levels, due to its ability to depict drought state
through dynamically calculated climatic thresholds adapted to regional environment
(Wells et al., 2004; Dai, 2011a). We quantify changes in the probability of extreme
drought with and without SRM interventions under the-same-high-warming seenario;

which-isetto-Shared-Soctocconomie Pathwav-3scenarios (SSP5-8.5) a~sumina_tor
GeoMIP6 and RCP8.5 for GLENS), both of which assume strong warming future-with

radiative forcing reaching 8.5 W m™ by the end of this century. We explore the

4
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uncertainties associated with different SAGSAI strategies, including the fixed
equatorial injection approach adopted byin Goésulfur frem-GeeMIP(GeoMIP6) and the
multi-latitude aerosol placement used in GLENS. We pay special attentions to the
possible disparity of extreme drought responses to the SAGSAI among countries with

different socioeconomic development.

2 Method
2.1 Model data

We use outputs from multiple models participating in the G6solar and G6sulfur
experiments of GeoMIP6 (Table S+1). The Gé6sulfur experiment involves the linear
injection of sulfur dioxide (SO») aleng-a-within the 10°S—10°N latitude band e+10°S-
+0°N-along the 0° longitude at the-height-betweenaltitudes of 18-and—20 km from the

year 2020. The SO injection rate is adjusted annually or every decade to lower the
global mean surface air temperature from the high forcing scenario (SSP5-8.5) to the
medium forcing scenario (SSP2-4.5) (Kravitz et al., 2015). This scheme aims to achieve
a more uniform global distribution of sulfate aerosols compared to the single-point
injections (English et al., 2012). For some models, prescribed sulfate distribution in
stratosphere is applied. As a comparison, G6solar experiment directly reduces the solar
constant in an idealized manner to achieve the same reduction in radiative forcing from
the high to medium scenario (Kravitz et al., 2015).We use historical simulations and
future projections under the SSP5-8.5 scenario to assess the mitigating effects of
different SRMs. Some models provide multiple realizations for both historical and
SSP5-8.5 experiments. We analyze data only from ensemble members that have the
same realizations in both the G6sulfur and G6solar experiments. As a result, we select
five available climate models participating in the GeoMIP6 experiment (Table S11)
with qualified outputs to calculate changes in drought state from the present day to the
end of the 21 century. All model data with varied spatial resolutions are interpolated
to the same grid of 1°x1° to facilitate the calculation of multi-model ensemble mean.
Inter-model consistency was evaluated based on the number of models that aligned with
the direction of the multi-model ensemble change. Changes in the multi-model
ensemble were deemed robust if more than four models exhibited changes with the

same sign; otherwise, these changes were considered uncertain.
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To evaluate the robustness of our findings, we conducted a comparative analysis
with the Geoengineering Large Ensemble Project (GLENS) (Tilmes et al., 2018).
Unlike the idealized equatorial injection strategy employed in G6sulfur, GLENS
implements a feedback-control algorithm designed to maintain global mean surface
temperature, interhemispheric temperature gradients, and equator-to-pole temperature
gradients at 2020 levels under a high-emission RCP8.5 scenario (Kravitz et al., 2017).

This approach dynamieally—adjustsinjects sulfate aeresel—injection—rates—in
differentacrosols at four locations basedalong 180° longitude (15°N, 15°S, 30°N, and

30°S) at latitudinally optimized altitudes. Based on predefined temperature

targetsMaemartin—et—al5—2047)., the sulfate aerosol injection rate is dynamically

adjusted at each location. The GLENS dataset consists of a 20-member ensemble
generated by the NCAR Community Earth System Model (CESMI1), which
incorporates the Whole Atmosphere Community Climate Model (WACCM) as its

atmospheric component (Table S22). Our analysis exclusively considered ensemble
members with continuous simulations spanning the entire 21% century across both
feedback and control experiments (001, 002, and 003). This comparative framework
allows us to assess the sensitivity of drought extremes and socioeconomic exposure to

different SAGSAI deployment strategies.

2.2 Socioeconomic data and exposure

We use Gross Domestic Product (GDP) data (Geiger, 2018) with a spatial
resolution of 0.25° from 2000 to 2020, along with GDP projections for 2025-2100 under
the SSP5-8.5 scenario (Dellink et al., 2017) . The GDP values are standardized to the
2005 purchasing power parity (PPP) international dollar for comparability (Geiger,
2018; Wang and Sun, 2022). Population data at 1-km resolution, including urban, rural,
and total populations, are sourced from the Socioeconomic Data and Applications
Center (SEDAC) for five-year intervals from 2000 to 2020 _(Jones and O'neill, 2020) .
For future projections, we use population data at ten-year intervals and one-eighth
degree resolution in space under the SSP5-8.5 scenario for 2020-2100_(Jones and
O'neill, 2016, 2020). The GDP (or population) exposure is calculated as the frequency
of extreme drought multiplied by the GDP (or population) values in each grid cell (Sun
et al., 2022).
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The Human Development Index (HDI) from the Human Development Report is
used to differentiate the economic development of various countries and regions (Undp,
2024). In total, 158 countries with land area larger than 10000 km? (the size of at least
one 1°x1° grid) are selected and separated into four HDI groups including low
(HDI<0.55), medium (0.55<HDI<0.699), high (0.7<HDI<0.799), and very high
(HDI >0.8) levels following the suggested criteria (Undp, 2024). The gridded GDP or
population exposure is summed up for each country, and then aggregated into four HDI

groups accordingly.

2.3 Drought indices

We use scPDSI as the primary metric to quantify the spatiotemporal variations of
drought events. The scPDSI is calculated separately for each model with the
corresponding meteorological variables. At each grid, monthly precipitation (P),

potential evapotranspiration (PET) and the available water holding capacity (AWC) are

used to assess drought severity based on dynamically computed thresholds from
historical reference period climates (Wells et al., 2004). There are two common

methods for calculating PET: the Penman-Monteith and Thornthwaite parameterization
schemes (Penman and Keen, 1948; Thornthwaite, 1948; Monteith, 1965). In this study,
we use the Penman-Monteith equation, which calculates PET base on surface air
temperature (7, °C), net surface radiation (Rn, MJ day! m™), surface specific humidity

(g, kg/kg), two-meter wind speed (U, m/s), and surface air pressure (p, kPa):
A-Rn+6.43y(1+0,.536U)(e; — e
(A+y)A

where A is the slope of the saturation vapor pressure curve, ¥ is psychrometric

coefficient, A is latent heat of vaporization, (e; — e,) is the saturation vapor pressure
deficit, which can be calculated by air temperature, specific humidity, and air pressure
at the surface:

p-q
q+0.622(1 —q)

(17.62T/ )
e; —e, =0.6112e (243.12+T)) _

(2)

Since CMIP6 provides wind speeds at 10 meters above the surface, we convert them to

wind speed at 2 meters (Allan et al., 1998):

U 4.87 ’
2 In(67.8%z—542) *°

(3)
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Here z = 10 meters. The calculation of PDSI requires the use of P, PET, and AWC to

calculate eight variables related to soil moisture based on the water balance:

evapotranspiration (ET), recharee (R), runoff (RO), loss (L), potential

evapotranspiration (PE), potential recharge (PR), potential runoff (PRO), and potential

loss (PL) (Webb et al.. 2000). These variables are then used to calculate the Climatically

Appropriate For Existing Conditions’ (CAFEC) precipitation (P):

~

P = aPE + BPR + yPRO — 6PL 4)

Here, a, .y and 6 are the water-balance coefficients, which are derived from ET, R,

RO, and L divided by their potential values, respectively. The difference between P and

P is defined as moisture departure (d):

d=P—P (5)

The d is scaled to a moisture anomaly index (Z index) using climatic characteristic (K):

Z=dK (6)

K can be calculated by potential evapotranspiration, recharge, runoff, precipitation, loss

and moisture departure:

PEAR AR,
Ki, - 15 10g10 L DL + 05 (7)
2
oo 1767, .
l 2}2 D_]I{jl l

Where D is the average monthly moisture departure, 17.67 is an empirical constant.

The PDSI for a given month is calculated using the Z index and empirical parameters:

1
PDSI; = 0.897PDSI;_, + (5) Z; 9)

The duration factors (0.897 and 1/3) are empirical parameters obtained by Palmer from

previous studies (Alley, 1984). The original drought index, PDSI, is calculated using

fixed climatic thresholds that are not comparable across different climatic regions. To

address such limitation, the scPDSI employs dynamic thresheldsclimatic characteristic

and duration factors based on the regional environment, offering the advantage of both

spatial and temporal comparability (Wells et al., 2004; Dai, 2011a; Van Der Schrier et
al., 2013). In the calibration of PDSI, monthly K was adjusted using local climate

statistics to ensure that extreme drought events (PDSI < -4.0) and wet periods (PDSI

= 4.0) occur at frequencies of approximately 2%. The duration factors were derived

8
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from linear regression analyses of accumulated Z-index values during extreme drought

and wet conditions, thereby enhancing sensitivity to regional climate variability.

The standard scPDSI values range from -4 to 4, representing conditions from
extremely dry to extremely wet. In this study, an extreme drought month is defined if
scPDSI value is lower than -4. The frequency of drought extremes for a given scenario
is calculated as the fraction of extreme drought months out of a 240-month period. The

absolute changes of such frequency are compared among scenarios and SAI strategies.

Additionally, we compute other drought indices for comparisons, including the PDSI,
Palmer Modified Drought Index (PMDI), Palmer Hydrological Drought Index (PHDI),
and Palmer Z Index (Z-index).

2.4 Mitigation Potential (MP)
We define the MP value to quantify the extent to which SRM could mitigate the

increased drought risks induced by climate warming:

Psgu — P
MP = SRM SSP585 (10)

PSSP585 - Phist

Here, Py represents the drought probability or the exposure (either GDP or population)

to drought extremes (scPDSI < -4) at present day averaged for the period of 1995-2014.
Psspsgs and Pggy, represent the mean drought probability/exposure at 2081-2100 under
the SSP5-8.5 and SRM (Gé6solar or G6sulfur) scenarios, respectively. We calculate the
MP values for four different HDI groups of countries by summing the GDP or
population exposure within each HDI group. For individual countries, we calculate the
MP values based on the GDP or population exposure for that specific country. Our
analyses showed that the denominator of Equation (410) is positive for all four HDI
groups and for 96% of the 158 countries, indicating that extreme drought exposure is
projected to increases in the future under the SSP5-8.5 scenario. A negative MP value
indicates that SRM helps mitigate the warming-induced increase of extreme drought
exposure, and vice versa. The units of the MP value can be expressed as a percentage

(when MP<1) or as a ratio (when MP>1).

2.5 Drought Exposure Disparity (DED)
The DED values are defined to assess the disparity of extreme drought exposure

among countries with different HDI:
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P,
DED = low HDI (11)

Pyery nigh o1 + Phigh b1
Here, Py, yp; represents the sum of the exposure (GDP or population) to drought
extremes (scPDSI < -4) for all low HDI countries. Pyery nigh upr and Ppigp ppr are
exposures in very high HDI countries and high HDI countries, respectively. An
increase of DED indicates an enhanced inequality for the socioeconomic exposure to

drought extremes.

2.6 Calculations and attributions of scPDSI

For each climate model of GeoMIP6, we collect monthly temperature, precipitation,
and radiation to calculate historical scPDSI using present-day climatic variables and
future scPDSI using meteorology from the SSP5-8.5, G6sulfur, or Gésolar scenarios
(Table S33). To identify the main drivers of scPDSI changes, we perform 9 additional
sensitivity offline experiments by combining historical meteorological forcings with
future projections wnder-the-SSP5-8-5,-Gésulfur-er-Gbéselar-seenartos-(Table S33). In
these offline experiments, we replace one variable at a time from the SSP5-8.5 scenario
with the corresponding future projections from GeoMIP6 scenarios. The differences in
scPDSI between sensitivity experiments and the full sets of future projections (SSP5-

8.5 or GeeMIPGeoMIP6) indicate the eentributionsrelative impact of individual

climatic forcing on changes in scPDSI. We select 1995-2014 as the historical reference
period and 2081-2100 as the future projection period for analyses. Similarly, we
conducted offline calculations of scPDSI for the GLENS and RCP8.5 scenarios.

2.7 Model evaluations

Monthly precipitation and temperature from the CRU TS (Climate Research Unit
Gridded Time Series) dataset version 4.07 are used to evaluate the model's performance
in reproducing present-day climate (Harris et al., 2020). Both the CRU data and model

output are interpolated to 1°x1°. We calculate the correlation coefficient (R, 1 is best),

standard deviation ratio (SDEV, 1 is best), and centered root-mean-square error
(CRMSE, 0 is best) between the CRU data and model simulations (Taylor, 2001). For
temperature, all models reproduce the observed spatial pattern with R>0.98 and SDEV
ranging from 0.95 to 1.08 (Fig-Sta. 1a). The CRMSE for most medesmodels is less

10
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than 2, except for IPSL-CM6A-LR (2.24). For precipitation, R ranges from 0.74 to 0.85,
SDEV ranges from 0.82 to 1, and CRMSE ranges from 0.99 to 1.55 (Fig-Stb. 1b).
Although the R for simulated precipitation is lower than that for temperature, the
CRMSE is generally lower. Overall, the selected models reasonably reproduce the
observed meteorology with low biases. While all models accurately capture the
changing characteristics of temperature and precipitation, differences in
parameterization schemes for radiation, cloud-aerosol interactions, aerosol
microphysics, and other factors result in variations in the simulated patterns of
meteorological factors (Mauritsen et al., 2019; Visioni et al., 2021). Therefore, we use

the multi-model ensemble to minimize biases caused by inter-model variations.

3 Results

3.1 Responses of temperature and precipitation to SRM

By the end of 21 century, global land surface air temperature is projected to
increase by 4-265.73°C under the SSP5-8.5 scenario relative to 1995-2014 (Fig-ta. 2a).
Such warming is more significant at the mid-to-high latitudes in Northern Hemisphere
(NH). The pronounced temperature rise intensifies hydrological cycle, evidenced by
enhanced water vapor content in lower troposphere (Held and Soden, 2006), resulting
in an increased global average precipitation of 0.4918 mm/day (Fig-td. 2d). However,
a discernible reduction of rainfall is noted in regions including northern South America,
southern Africa, Australia, southern North America, and western Europe.

Reduction of the solar constant in G6solar causes a-unitormby-distributedan intense

cooling worldwide (Fig-+b);. 2b), resulting in a decrease in global average land surface

air temperature of approximately -2.61°C and counteracting 46-545.6% of the warming

in SSP5-8.5. For Go6sulfur, the injection of sulfur aerosols (or SO2) contributes to a
reduction in global average surface temperature of about -+-84°C—(Fig—te)—shehtly
weaker-than-that-ef-Géselar-2.45°C, offsetting 42.8% of the SSP5-8.5 warming (Fig.
2¢). Although both SRMs mitigate less than half of the temperature rise, they offset

most of the increase in precipitation attributable to global warming (Fig+teFigs 2e and
+H21) (Niemeier et al., 2013; Ricke et al., 2023 )—Suchresponses-efpreeipitationare

distribution—patterns(Simpson et al., 2019; Zhang et al., 2024).. The SRM-induced

tropospheric cooling weakens tropical circulation, inhibiting convection and

11



332
333
334
335
336
337
338
339
340
341
342
343
344
345
346
347
348
349
350
351
352
353
354
355
356
357
358
359
360
361
362
363
364

subsequently reducing precipitation (Ferraro et al., 2014). Netablythe Gésulfurshows
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njectionKrishnamohan—and—Bala,—2022).This reduction in temperature and

precipitation is more pronounced in the GLENS simulations (Fig. 3). By the end of this

century, the GLENS strategy successfully maintained the temperature at 2020 level,

reducing the global average by 5.48°C compared to the RCP8.5 scenario. Due to the

different injection magnitude and locations from GeoMIP6, the GLENS injection

results in more pronounced precipitation reduction in central Africa, India, and high-

latitude regions of the NH (Fig. 3d).

3.2 Responses of drought extremes to SRM
Following the intense warming, frequency of extreme drought events increases by

7.33% globally at 2081-2100 under the SSP5-8.5 scenario compared to the present

period (Fig—2a. 4a). Such an enhancement is more pronounced at the mid-to-high
latitudes, especially in the seuthern—hemisphere—(Southern Hemisphere (SH, e.g.,

Australia and southern Africa) where precipitation is projected to decrease (Fig-+d. 2d).

In contrast, the wet tendencies in some tropical areas (e.g., India and central Africa) and
boreal regions outweigh the local warming, resulting in alleviated drought stresses at
the low or high latitudes of both hemispheres.

The SRM shows good potentials to decrease extreme drought occurrences. With
the—implementation—of Compared to SSP5-8.5, Gé6solar;_reduces the frequency of
extreme drought events is—+edueed-by 2.12% globally at 2081-2100 (Fig—2€. 4d),
mitigating 28.9% of the inereasedSSP5-8.5-induced drought stress under-the- SSP5-8-5
seenarto—(Fig2a)increment. Regionally, drought extremes are projected to decline

uniformly at most latitudes, with stronger amelioration over Europe, Australia, and
southern Africa where precipitation increases by Gé6solar (Fig-te. 2¢). With G6sulfur, a
similar reduction of -1.99% (MP=27.1%) is predicted for global drought extremes but
with large spatial heterogeneity (Fig2g. 4g). Most of such reductions are located in the
SeuthernHemisphereSH, especially over Australia and southern Africa. In contrast, the

frequency of drought extremes enhances significantly in central Africa, following the

12
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Go6sulfur-induced precipitation deficit (Fig—H. 2f). This region has been enduring
prolonged droughts since the 1990s, demonstrating high vulnerability to climate change

impacts_(Zhou et al., 2014; Kendon et al., 2019; Palmer et al., 2023)—Fhe SAG-in

The SAI in GLENS exhibits stronger MP than G6sulfur in reducing the frequency

of extreme droughts. Compared to the present day, the global drought probability
increases by 1.92% during 2075-2094 under the RCP&.5 scenario (Fig. 5a). This

increment is smaller than the 7.33% projected under SSP5-8.5 (Fig. 4a), because

RCP8.5 produces a larger rise in global precipitation (Fig. 3¢) than SSP5-8.5 (Fig. 2d).

Relative to RCP8.5, SAI in GLENS reduces the global frequency of extreme droughts

by 1.8% (Fig. 5b). offsetting nearly all of the drought increase caused by RCP8.5
warming (MP=93.8%). Compared to G6sulfur, GLENS shows enhanced MP over

northern Eurasia, South America, and North America. This may be attributed to its

multi-latitude injection strategy and the dynamic adjustment of injection amounts at

different latitudes to fully offset future warming (Fig. 3). In contrast, significant drought

amplification is projected with GLENS in India. northern Asia, and Alaska relative to

RCP8.5 (Fig. 5b), a pattern not seen under G6sulfur (Fig. 4¢).

3.3 Attribution of extreme drought response to SRM
We performed sensitivity experiments to elueidatequantify the eausescontributions

of extreme-drought-vartations—Under-the-SSP5-8-5-seenarto;-changes in temperature,
precipitation, and radiation to the variations of extreme droughts. By the end of the

century, changes in temperature and radiation under the SSP5-8.5 scenario lead to an

increased frequency of extreme drought events compared to the historical period (Fig
2b. 4b). Significant warming alone (Fig—ta. 2a) enhances the frequency of extreme
droughts globally by 5.43%:% (Fig. 6a), with the most pronounced increases in the mid-
and high-latitudes of the NerthernHemisphere (NH;—Fig—S4a)—Bythe—end-ofthe
eentury,-. Meanwhile, net radiation increases by 0:255.28 W m™-due-to-the reduction-of
anthropocente—acrosolstHodnaebros—et—al—2024.. thuy  intensifying  potential
evapetranspiration(PETY) and worsening drought eenditiensfrequency by 1.05% (Fig
S4g. 6g). In contrast, the increase in global precipitation (Fig—td. 2d) under the-SSP5-
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98 8.5 seenarie-reduces the frequency of drought extremes by 2.12% globally and across

99  most regions, except for southern Africa, Australia, and western Europe (Fig-S44. 6d).
400  On the global scale, warming is the dominant factor driving changes in drought
401  extremes over 50.17% of land area (excluding ice and desert), surpassing the 47.97%
402  influenced by precipitation (Fig2e. 4c).
403 Relative to SSP5-8.5, SRM-induced cooling alone reduces extreme drought
404  frequency by 3.44% in Go6solar (Fig-2e. 4¢) and 3.42% in Go6sulfur (Fig2h. 4h). This
405  mitigation shows a very similar spatial pattern between the two SRMs, with a more

406  pronounced effect at mid-high latitudes in the NH (Eig—S4bFigs 6b and S4e6c).

407  Additionally, the reduction of solar radiation due to dimming effects further alleviates
A08  global drought extremes by 0.85% for G6solar (Fig2e. 6h) and 1.42% for Gé6sulfur (Fig
409  2H. 61). However, SRM-induced rainfall deficits (Figs +e2e and H2f) increase the
A10  frequency of extreme drought by 1.61% for G6solar (Fig. 6¢) and 2.12% for G6surfur
411 (Fig. 6f) relative to SSP5-8.5 scenario, with the most significant impacts occurring in
A12  central Africa where the reduction in precipitation is at its maximum-(Fig-S4e-and-S4£)..
413  These changes partly offset the cooling-induced mitigation, resulting in patchy
414  responses of drought extremes in the NH (Fig2dFigs 4d and 2g4g). Compared to

415  Gé6solar, the rainfall deficit is larger in G6sulfur, leading to an enhanced frequency of
416  drought extremes in central Africa, the eastern U.S., and eastern Europe. Consequently,
A17  changes in precipitation act as the dominant driver of extreme drought over mere48.0%
418  land areas in Go6sulfur (Fig-—24. 4i), larger than that of 39.9% in Gé6solar (Fig-2H-
419 i i i

120 i ipitati i - 4.
121 Compared with RCP8.5. the SAl-induced cooling in GLENS reduces the frequency

a 2 N a horn a horao a ammne a a
pDtro cl wiessie waw ot Cl cl ct, O v, atu artc

422  of extreme droughts by 4.28% by the end of the century (Fig. 7a). In contrast, the

423  precipitation reduction in GLENS increases global extreme drought frequency by 2.12%

424  (Fig. 7b), with regional hotspots in central Africa, India, North America, and northern

425  Asia, consistent with the spatial pattern of the SAl-induced rainfall deficit (Fig. 3d).

426  These patterns resemble those in G6sulfur (Figs 6¢ and 6f), except that the cooling-

427  induced drought reduction is larger in GLENS. due to its stronger cooling effect (Fig.

428  3b vs. Fig. 2¢). Overall, SAl-induced cooling plays the dominant role in mitigating the

429  projected increase in extreme drought frequency under a warming climate, although the
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level of alleviation may vary across SAI strategies because of differences in injection

locations and sulfate amounts.

3.4 Global socioeconomic disparity in exposure to drought extremes

To assess—the—impaets—ofquantify socioeconomic exposure to drought extremes
under future warming and the—implementation—ef—SRM en—human——secietal

developmentscenarios, we analyzed variations of global GDP and population exposure
to drought extremes across different scenarios. Compared to present day, there are
significant increases of $72.1 trillion in GDP and 460 million in population exposed to
extreme drought every year by the end of century under the SSP5-8.5 scenario (Eig
3aFigs 8a and 348d). High exposure areas are located in eastern North America, western
Europe, and eastern China. As an effective mitigation, G6solar can reduce annual GDP

exposure by $18.6 trillion and population exposure by 142 million people to extreme

drought (Fie—3bFigs 8b and 3e8e¢), resulting in the mitigation—petential {MP,—see

Methods) of -25.8% for GDP and -30.9% for population—{(Fig—3b-and 3e). As a
comparison, the MP of G6sulfur is lower at -17.9% for GDP and -22.5% for population

(Fig3eFigs 8c and 3£8f). The SAGSAI in GLENS achieves a similar global MP of -
19.6% in GDP to that in G6sulfur (Fig-S5b. 9b). However, it results in a 15.9% increase
in global population exposure to extreme drought relative to SSP5-8.5, mainly because
of the substantial enhancement of drought risks in India, central Africa, and eastern
China (Fig-S5€. 9d).

The spatial heterogeneity of these mitigations resultresults in pronounced

disparities among countries withat different Human—Development—Indices

tdevelopment levels, as measured by HDI).. Gésolar reduces GDP exposure to drought

extremes by 35.1% in very high HDI countries and by 19.9% in high HDI countries,
but only 11.2% in countries with low HDI (Fig4a. 10a). This disparity becomes even
more pronounced under the G6sulfur scenario, in which the frequency of GDP exposure
to drought extremes instead increases by 12.6% relative to SSP5-8.5 for low HDI
countries, with the highest risks in South Sudan, Rwanda, and Burundi (Fig-4e)-. 10e).
It is important to note that under both SRMs. the exposure of the GDP and population

for the low HDI countries varies to a certain extent among models. However, most

models project elevated risks, suggesting that these nations may remain highly

vulnerable. Both SRMs result in relatively weaker MP for population exposure
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compared to GDP in low and medium HDI countries, with G6sulfur even increasing
population exposure by up to 42.9% in low HDI countries. Similar to GDP, the top 5
countries suffering the largest increases in population exposure are located in central
Africa (Fig4+. 10f). As a comparison, the SAGSAI in GLENS shows pronounced risk
amplification, with notably elevated risks-e+-drought exposure for medium- and low-
HDI countries compared to the SRM approaches in GeeMIP(Fie4aGeoMIP6 (Figs
10a-b).

We use the index of drought exposure disparity (DED) to indicate the inequity of
drought exposure between high- and low-HDI countries. Compared to SSP5-8.5,
Gésolar increases the DED of GDP by 12.72% and that of population by 30.58%. Under
Gosulfur, this disparity is even more pronounced, with DED values increasing by 22.74%
for GDP and 36.34% for population, with GLENS experiment increasing 244.37% for
GDP and 251.18% for population.

4 Discussion and conclusions
Global warming is projected to enhance future drought risks (Dai, 2013). SRM is
hypothesized to partially offset warming, but its regional climatic and societal impacts

remain uncertain (Irvine et al., 2019). Our analyses show asymmetric responses in

temperature and precipitation to SRM. For example, the SAI in himited-effectiveness-of

RN 311 o
y a ’

SRM-n-GeeMIPGoOsulfur mitigates only 42.8% of the SSP5-8.5 warming (Fig. 2¢) but
offsets 88.9% of the rainfall increase under SSP5-8.5 (Fig. 2f). indicating a

disproportionate suppression of the water cycle. While cooling directly reduces

evaporation, aerosol-induced increase in atmospheric stability indirectly weakens

regionscirculation (Tilmes et al., 2013; Krishnamohan and Bala, 2022), such as India

and China (Fig +e)—2e). Consequently, SRM may inadvertently degrade hydroclimate

security in vulnerable regions under a high-emission scenario.

Relative to G6solar, precipitation is even more inhibited in G6sulfur especially over
central Africa (Fig-H. 2f), because the absorbing sulfate aerosols induces an anomalous
stratospheric heating that further enhances air stability (Simpson et al., 2019; Tilmes et

al., 2022). In addition, SAGunder the GLENS scenario, SAI overcompensates for the

greenhouse gas-forced expansion of the Hadley Circulation (Cheng et al., 2022) and
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offsets the poleward shift of storm tracks in the mid-latitude of NH (Karami et al., 2020).
These changes, along with a more positive phase of the North Atlantic Oscillation
induced by SAGSAI (Jones et al., 2022), resulting in increased exposures to drought in
Europe and the northeastern U.S. (Fig3eFigs 4d and 3#4g).

Previous studies have revealed the negative impacts of SAGSAI on hydrological
cycles, but they mainly highlighted the benefits of SAGSAI in mitigating temperature
and precipitation extremes induced by climate warming (Jones et al., 2017; Irvine et al.,
2019). However, variations of drought involve complex relationships between
temperature and precipitation, leading to nonlinear responses of drought to the
perturbations in these climatic variables. For instance, the sum of the contributions of
individual climatic factors is not fully equal to the total changes in drought extremes
under the SSP5-8.5 and two SRM scenarios (Fig2Figs 4 and S4)-6).

Few studies have explored the SAGSAI impacts on global drought using specific
drought indices (Abiodun et al., 2021; Liu et al., 2024), but they tend to focus on the
mean state of drought events rather than drought extremes. Our additional analyses
showed very limited changes in the mean scPDSI values for both G6solar and G6sulfur
relative to the SSP5-8.5 scenario on the global scale (Fig-S6a-SéeFigs 11a-11c). The
regional reduction (indicating a drier state) of scPDSI by Gé6sulfur is also smaller in
magnitude than the increase (indicating a wetter state) under SSP5-8.5 over central
Africa, masking the unbalanced responses as shown for the drought extremes (Fig2. 4).

The climatic effects of SAGSAI vary depending on the intensity and deployment
strategies. Under the same high-emission scenario, the GeeMIP-SAGSAI in GeoMIP6

(Gé6sulfur) experiment aims to limit global warming to a moderate level, whereas

GLENS implements SAGSAI intensively to maintain the temperature at the level of

2020 (Tilmes et al., 2015; Tilmes et al., 2018). Furthermore, these two experiments
employ distinct injection methodologies, with the multi-latitude aerosol deployment in
GLENS but fixed equatorial injection in GeeNMIPG6sulfur. Despite these differences,
both GLENS and GeeMIPG6sulfur exhibit similar spatial patterns in their impacts on
extreme drought (Eig2gFigs 4g and S3b)—This-simtlarity suggests—that-the-chotce-of

implementation-5b). However, regional differences, particularly in India and northern
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China, lead to different levels of extreme drought risk for the global economy and
population.

Our findings are subject to some limitations and uncertainties. First, differences in
model configurations may affect the predicted impacts of SRM. For instance, the IPSL-
CMO6A-LR and UKESM1-0-LL models simulate changes in stratospheric chemistry by
using actual injected SO>, whereas CNRM-ESM2-1 and MPI-ESM1.2 employ
prescribed distributions of stratospheric aerosol (Tilmes et al., 2015; Niemeier et al.,
2020; Visioni et al., 2021). Although each model predicts comparable cooling effects,
variations in the SAGSAI implementation may lead to discrepancies in precipitation
perturbations that are vital for predicting drought responses. Here, we employed a
multi-model ensemble to derive climatic changes that are consistent among the majority
of models. Second, the application of a single drought index may influence the
projection results. For this study, we used scPDSI due to its clear physical meaning,
adaptive climatic responses, and specific criteria for drought extremes_(Wells et al.,
2004). As a comparison, we checked other drought indices such as PDSI, Palmer
Modified Drought Index (PMDI), Palmer Hydrological Drought Index (PHDI), and
Palmer Z Index (Z-index). Projections using these indices showed similar patterns to
scPDSI though with spatially varied magnitude (Fig-S6. 11), suggesting that our main
conclusions are not affected by the selection of the drought index. Third, uncertainties
in future projections of GDP and population may affect exposure to drought extremes.
In this study, we applied the future estimates of GDP and population density from the
SSP5-8.5 scenario by the end of the 21% century. As a check, we used present-day
economic and population data to predict future changes in drought exposure. Although
the specific numbers changed, we found similar spatial variations in drought exposure
using either present-day (Fig-S7. 12) or future (Fig-3. 8) GDP and population data. The
main conclusion remains that low HDI countries bear the largest exacerbation in both
economic and population exposures to drought extremes due to SAGSAI (Fig-S8. 13).

Despite these limitations, our multi-model ensemble projection presents a strong
impact of SAGSAI on global drought extremes and the consequent exposures for
economy and population. As an effective intervention for global warming, SAGSAI
exhibits certain potentials in mitigating drought risks but with large spatial
heterogeneity. Particularly, this study emphasizes the heightened vulnerability of low

HDI countries to exacerbated drought exposures due to SAGSAI. Future projections
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indicate that these regions, already at a socio-economic disadvantage, will face the most
severe impacts on both economic development and public health. This spatial disparity
underscores the importance of considering equity and regional specificities in SAGSAI
policies. As we navigate the complexities of geoengineering, it is imperative to weigh
the global benefits against the localized risks, ensuring that strategies do not

disproportionately burden the most vulnerable regions.
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Figure 1. Evaluation of climate models from GeoMIP6. Results shown are the Taylor

diagram of annual mean (a) temperature and (b) precipitation for GeoMIP6 models

during the period of 1995-2014.
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Figure 2. Climatic responses to global warming and SRM in GeoMIP. Results
shown are the spatial pattern of annual mean changes in (a, b, ¢) surface air temperature
(TAS) and (d, e, f) precipitation (PR) at 2081-2100 under (a, d) SSP5-8.5 scenario
relative to the historical period of 1995-2014, as well as that under (b, ¢) G6solar and
(c, f) Gosulfur scenarios relative to SSP5-8.5 both at 2081-2100. The dotted areas
indicate regions where at least four out of five models show changes with the same

signs. The glebal-mean value of the difference over global land surface is shown at the

lower-left of each panel. Climatieresponsesto-GEENS-are-presentedinFigure-S2-
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Figure 3. Climatic responses to global warming and SAI in GLENS. Results shown are

the spatial pattern of annual mean changes in (a, b) temperature (TAS) and (c, d)
precipitation (PR) at 2075-2094 under (a, ¢c) RCP8.5 scenario relative to 2010-2030
baseline, as well as that under (b, d) SAI scenarios relative to RCP8.5 at 2075-2094.

The dotted areas indicate regions where at least two out of three members show changes

with the same signs. The mean value of the difference over global land surface is shown

at the lower left of each panel.
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Figure 4. Changes in frequency of drought extremes by global warming and SRM
in GeoMIP. Results shown are the changes in frequency of drought extremes (scPDSI
<-4)at 2081-2100 under (a) SSP5-8.5 scenario relative to the historical period of 1995-
2014, as well as that under (d) G6solar and (g) G6sulfur scenarios relative to SSP5-8.5
both at 2081-2100. The dotted areas indicate regions where at least four out of five
models show changes with the same signs. Latitudinal distribution is shown on the right
of each panel. Contributions of temperature (TAS), precipitation (PR), and radiation
(RN) to changes in drought extremes are also presented, with bars in (b, e, h)
representing the mean and errorbars indicating one standard deviation of predictions
from five GeoMIP models. Colors in (c, f, i) indicate the dominant drivers of drought

extremes.
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Figure 5. Changes in frequency of drought extremes by global warming and SAI in

GLENS. Results shown are the changes in frequency of drought extremes (scPDSI < -
4) at 2075-2094 under (a) RCP8.5 scenario relative to 2010-2030 baseline, as well as
that under (b) SAI scenarios relative to RCP8.5 at 2075-2094. The dotted areas indicate

regions where at least two out of three members show changes with the same signs.

Latitudinal distribution is shown on the right of each panel. The global mean value of

the difference is shown at the lower left of each panel.
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Figure 6. Changes in frequency of drought extremes due to different climatic factors.

Results shown are the changes in frequency of drought extremes (scPDSI < -4) at 2081-
2100 under SSP5-8.5 scenario relative to the historical period of 1995-2014 attributable

to (a) temperature, (d) precipitation, and (q) radiation changes, as well as that under (b,
e, h) G6solar and (c, f, i) G6sulfur scenarios relative to SSP5-8.5 both at 2081-2100

attributable to (b, ¢) temperature, (e, f) precipitation, and (h, i) radiation changes. The

dotted areas indicate regions where at least four out of five models show changes with

the same signs.
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Figure 8. Changes in GDP and population exposure to drought extremes. Results
shown are the changes of (a, b, ¢) GDP and (c, d, f) population (POP) exposure to
drought extremes at 2081-2100 (a, d) under SSP5-8.5 scenario relative to the historical
period of 1995-2014, as well as that (b, ) under G6solar and (c, ) G6sulfur scenarios
relative to SSP5-8.5 both at 2081-2100. The dotted areas indicate regions where at least
four out of five models show changes with the same signs. The global sum value of the

difference is shown at the lower-left of each panel.
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Figure 9. Changes in GDP and population exposure to drought extremes by global
warming and SAI in GLENS. Results shown are the changes of (a, b) GDP and (c, d)
population (POP) exposure to drought extremes at 2075-2094 (a, c¢) under RCP8.5

scenario relative to 2010-2030 baseline, as well as that (b, d) under SAI scenarios

relative to control both at 2075-2094. The dotted areas indicate regions where at least

two out of three models show changes with the same signs. The global mean value of

the difference is shown at the lower left of each panel.
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Figure 10. Changes in GDP and population exposure to drought extremes by HDI.
For each of four HDI groups, changes in (a) GDP or (b) population exposure to drought
extremes for 2081-2100 in Gé6solar (blue) and Gé6sulfur (red) relative to SSP5-8.5 are
normalized by the differences under SSP5-8.5 relative to 1995-2014. The bars represent
the mean changes from five models with errorbars indicating one standard deviation for
inter-model spread. Yellow stars represent results from three members of GLENS. The
mitigation potential (MP, see Methods) is also calculated for individual countries, and
the top 5 countries with the greatest mitigation (violet) or aggravation (orange) of (c, €)
GDP and (d, f) population exposures to drought extremes are shown for (c, d) G6solar
and (e, f) Goésulfur, respectively. The MP values (ratios of changes) are denoted for
those top countries. Yellow triangles denote GLENS outcomes (right-aligned for values

exceeding axis limits).
35



058
059

060
061
062
063
064
065
066
067
068

(a)

sU'N
80N
AW

0°s
G0'S ||
905

an{ N

W5
BIS

90°S

B0*N
0N
0N

w08
50°5 {0,
90°8

80N
B0°N
WN

an's

B0°S 1|

905

S0°N

a0'N
a0"N

o
305
A0S -

s
180T 120N BOW 0° GU'ET20°E TR0 -4 [ 4180 2w ew o OB 120°E tept 4 v 4 1m0 rw w0 BIE 120 1wt 4 0

-4 -3 -2 - 0 1 2 3 4 -4 -3 -2 - o 1 2 3 4 -4 3 -2 - b 1 2 3 4

Figure 11. Change of drought status indicated by different indices. Results shown are

the changes of drought indices (a, d, g, j, m) at 2081-2100 under SSP5-8.5 scenario
relative to the historical period of 1995-2014, as well as that under (b, e, h, k, n) G6solar
and (c, f, i, I, 0) G6sulfur scenarios relative to SSP5-8.5 both at 2081-2100. Drought
indices include (a, b, c) self-calibrating Palmer Drought Severity Index (scPDSI), (d, e,
f) PDSI, (g, h, i) Palmer Modified Drought Index (PMDI), (j, k, I) Palmer Hydrological
Drought Index (PHDI), and (m, n, 0) Palmer Z Index. The latitudinal distribution of the

changes is shown on the right side of each panel. The dotted areas indicate regions

where at least four out of five models show changes with the same signs.
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Figure 12. The same as Figure 8 but present-day GDP and population is applied.
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Figure 13. The same as Figure 10 but present-day GDP and population is applied.
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Table 1. Summary of the GeoMIP6 models used in drought assessment.

Models Stratospheric aerosols in G6sulfur Resolution
CNRM-ESM2-1 Prescribed aerosol distribution 1.4°x1.4°
IPSL-CM6A-LR Actual SO» injections 2.5°x1.25°
UKESM1-0-LL Actual SO» injections 1.875°x1.25°
MPI-ESM1-2-HR Prescribed aerosol distribution 0.9375 °x 0.9375°
MPI-ESM1-2-LR Prescribed aerosol distribution 1.875° x 1.875°
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080 Table 2. Summary of the GLENS experiment used in drought assessment.

Experiment Model Time Series Members
Control CESMI1(WACCM) 2010-2097 3
Control CESMI1(WACCM) 2010-2030 17
Feedback CESM1(WACCM) 2020-2099 20
081
082
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Table 3. Summary of scPDSI calculated with varied meteorological forcings.

Name Temperature  Precipitation Radiation Period
HIST HIST HIST HIST 1995-2014
SSP585 SSP585 SSP585 SSP585 2081-2100
Go6sulfur Go6sulfur Gosulfur Gosulfur 2081-2100
Goésolar Goésolar Gosolar Gosolar 2081-2100
TgesufurPssRss ~ G6sulfur SSP585 SSP585 2081-2100
TssPGesulfur Rss ~ SSP585 Go6sulfur SSP585 2081-2100
TssPss Rgesutfur ~ SSP585 SSP585 Gé6sulfur 2081-2100
TGesolarPssRss Go6solar SSP585 SSP585 2081-2100
TssPgesolar Rss ~ SSP585 Gé6solar SSP585 2081-2100
TssPss RGesolar ~ SSP585 SSP585 Gé6solar 2081-2100
TristPss Rss HIST SSP585 SSP585 2081-2100
TssPuist Rss SSP585 HIST SSP585 2081-2100
TssPss Ruist SSP585 SSP585 HIST 2081-2100
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