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Divergent impacts of climate
interventions on China’s north-south
water divide
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Solar radiation modification-based climate interventions may cause uneven regional hydrological
changeswhilemitigatingwarming. Here, we investigate the effects of climate interventions onChina’s
North Drought-South Flood pattern using the Norwegian Earth System Model supplemented by
volcanic data. Our results indicate that equatorial stratospheric aerosol injection could mitigate the
north-south water divide by reducing inter-hemispheric and equator-to-North-pole temperature
gradients, thereby modifying atmospheric circulation and the East Asian monsoon to increase
precipitation and surface runoff in northern China while reducing them in the south, compared to the
high emissions scenario. This mechanism is supported by observed precipitation changes following
the Mount Pinatubo volcanic eruption. In contrast, marine cloud brightening may intensify southern
flood risks, while cirrus cloud thinning and moderate emissions reduction might exacerbate northern
droughts. Our findings reveal distinct regional hydroclimatic impacts of different climate interventions,
highlighting potential synergies and trade-offs between their global intervention efficacy and regional
water security.

The global surface air temperature is accelerating faster than expected
and without radical emission reductions, the Earth is on track to breach
the 1.5 °C warming threshold of the Paris climate target1. Mitigating
global warming remains challenging due to difficulties and costs in
reducing emissions2, prompting the exploration of solar or longwave
radiation modification-based climate intervention strategies (SRM for
short, and many other terms exist)3. The Geoengineering Model Inter-
comparison Project4 has proposed three SRM climate interventions:
Stratospheric Aerosol Injection (SAI), Marine Cloud Brightening (MCB),
and Cirrus Cloud Thinning (CCT), which involves modifying the
reflectivity of the atmosphere (SAI, MCB) or altering longwave radiation
emissivity (CCT) to reduce net radiative forcing at the Earth’s surface.
Existing studies have revealed that different SRM schemes can achieve
similar global temperature targets but produce distinct regional climate
and hydrological patterns5. The regionally unequal effects of SRM on
climate6 and hydrological cycles7 and large uncertainties of the Earth
system response to SRM have stimulated continuous debates8. It is
therefore essential to conduct comprehensive and systematic assessments
of the impacts of SRM across different Earth system components before
any implementation of such large-scale intervention measures.

Research on SAI has mainly shown that reducing surface shortwave
radiation and average temperature may lower global mean precipitation9

and decrease the frequency of extreme events like heatwaves and heavy
rainfall worldwide10,11. Studies on MCB reveal minimal changes in global
mean precipitation but substantial regional variations depending on the
design and simulation method5,12. For CCT, most studies suggest it could
enhance the global water cycle by increasing longwave radiation emission
and surface solar shortwave radiation5,13, though some studies report
negligible14 or reduced15 global precipitation changes. The notable differ-
ences in the effects of SAI, MCB, and CCT highlight the complexity and
uncertainty of hydrological responses to varying SRM methods and
deployment strategies.

While prior studies have examined the hydrological effects of
individual SRM methods, predominantly SAI, on global and regional
precipitation patterns16–20, comprehensive evaluations of multiple SRM
methods within a consistent modeling framework remain scarce. This
gap is particularly evident in studies of regional hydroclimate impacts in
East Asia, where complex monsoon dynamics and pronounced spatial
heterogeneity in water resources21–23 present unique challenges for cli-
mate intervention assessment.
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East Asia’s hydroclimate is characterized by the persistent North
Drought-South Flood (NDSF) pattern, which creates an uneven distribu-
tion of water resources with abundance in southern China and scarcity in
the north24 (see Fig. 1 for themonsoon region and its north-south division).
This pattern has prevailed during most warm periods over the past 2000
years25,26, contributing to recurring extreme drought and flood events27,28.
Continued global warming threatens to intensify these disparities through
accelerated snow cover loss and glacier retreat on the Tibetan Plateau29, as
well as strengthened East Asian monsoon variability30. Understanding how
different SRM approaches might alter these established hydroclimate pat-
terns is, therefore, critical for assessing both the potential benefits and risks
of climate interventions in one of the world’s most populous regions.

To our knowledge, no previous study has systematically compared the
effects of the three major SRM strategies (SAI, MCB, and CCT), on the
NDSF pattern. Given the potential for each method to influence atmo-
spheric circulation, monsoon dynamics, and surface water availability in
differentways13,31, it is a critical researchgap thatneeds tobefilled.Our study
addresses this gap by employing the Norwegian Earth System Model
(NorESM1-ME)32 to evaluate and contrast the regional hydroclimatic

impacts of SAI, MCB, and CCT on the NDSF under a high-emissions
scenario. The three SRM schemes were designed to achieve similar net
radiative forcing to that of a moderate emissions reduction scenario
(RCP4.5) relative toRCP8.5 (seeMethods). The three SRMsandRCP4.5 are
all compared to RCP8.5 in the same period (2070–2099) to quantify their
effects on the monsoon system and surface runoff. By isolating the distinct
dynamical and thermodynamic responses associated with eachmethod, we
aim to provide the first comparative assessment of how these climate
interventions might mitigate or exacerbate China’s longstanding north-
south water divide.

Results
Surface runoff responses to climate interventions or mitigation
In the absence of climate intervention or mitigation, the NorESM1-ME
projects increased precipitation and runoff under RCP8.5 (Supplementary
Fig. 1), especially in the south of China’s monsoon region (Supplementary
Fig. 2), whichwould exacerbate theNDSF—afinding that alignswithmulti-
model mean projections using data from the Coupled Model Inter-
comparison Project phase 6 (CMIP6; Supplementary Fig. 3) and the

Fig. 1 | Themonsoon region and its north-south division in China. aTopography
and climate zones; b Precipitation climatology; c Temperature climatology; d The
first Empirical Orthogonal Function (EOF) mode of precipitation (1901–2020) over
China. Topography data is from the Copernicus Global Digital Elevation Model96.
Precipitation climatology and temperature climatology is based on observations
from 1960 to 2021 in China97. The EOF in d was calculated based on data from the
Climate Research Unit (CRU ts4.06). Themonsoon region encompassesmajor river
basins in Eastern China (east of the black line), based on GIS Dataset of Boundaries
among four Geo-Eco Regions of China98. The Qinling mountain range-Huaihe river
(blue line, around 33°N) in the monsoon region is typically regarded as the dividing

line between northern and southern China, with the south being wetter and the
north being drier in terms of annual precipitation (b)99. The climatic boundary (red
line, around 41°N) between the warm temperate zone and the mid-temperate zone
(c)100 further divides the monsoon region to northern and northeastern regions. The
dashed ellipses in d characterize the well-known North-Drought (pink ellipse)
South-Flood (cyan ellipse) hydrological division (NDSF) of China60,101,102. This study
focuses on the relatively drier northern monsoon (between red and blue lines) and
wetter southern monsoon (south of blue line) regions, largely consistent with NDSF
regions, to analyze climate intervention impacts on NDSF.
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literature33. The projected runoff differences (Fig. 2) under climate inter-
vention (SRMs) or mitigation (RCP4.5) relative to RCP8.5 suggest that SAI
is the only scenario that could potentially mitigate the NDSF pattern by
increasing surface runoff in thenorth anddecreasing it in the south (Fig. 2b).
Our attribution analysis (SupplementaryNote 1) shows that runoff changes
under SRMs are predominantly driven by changes in precipitation and
evapotranspiration (ET) or potential evapotranspiration (PET) (more
details in Supplementary Note 2 and Supplementary Tables 2–4). Under
SAI, precipitation is projected to decrease substantially in the south but
slightly increase in theNorthChinaPlain (Supplementary Fig. 4b),while ET
is projected to uniformly decrease across the north and south (Supple-
mentary Fig. 5b). These changes together result in a net surface runoff
increase in the north (+21.3 mm year−1) and a decrease in the south
(−63.5mm year−1) of themonsoon region (Table 1). In contrast, MCB and
CCT are projected to exacerbate the NDSF by increasing surface runoff in
the south and decreasing it in the north (Fig. 2c, d; Table 1), respectively,
compared to RCP8.5. The difference between MCB and CCT lies in their
drivers (Table 1; Supplementary Figs. 6–8): MCB-induced runoff changes
stem from reduced PETdue to cooling, while CCT-induced runoff changes
are dominated by precipitation reduction. Under RCP4.5, increased ET
(Supplementary Fig. 5a) due to enhanced stomatal conductance under
lower CO2 levels relative to RCP8.5 leads to dominant negative land surface
effects (soil and vegetation feedbacks), surpassing climate effects (pre-
cipitation and PET changes). Their combined effects would alleviate
southern floods but exacerbate northern aridity (Fig. 2a and Table 1).

Considering the intra-annual runoff changes in China’s monsoon
region, SAI would effectively alleviate NDSF by increasing runoff from
summer to winter, especially during the crop-growing season

(June–September) in the north, while decreasing it throughout the year,
especially during the flood season (April–October) in the south (Fig. 3b).
This is primarily achieved by altering the NDSF pattern of summer
monsoon precipitation (Supplementary Fig. 6b) and ET changes (Sup-
plementary Fig. 7b) compared to RCP8.5 (more in the next section).
Under other scenarios, surface runoff is projected to decline on average
during the main flood season (July–September) across the monsoon
region. MCB (Fig. 3c) would dramatically increase the risk of floods in
early-flood season (April–June). CCT (Fig. 3d) would briefly increase
surface runoff in the south in June but cause sustained runoff reduction
across monsoon regions throughout the rest of the year, potentially
exacerbating drought risks compared to RCP8.5. RCP4.5 is also projected
to notably reduce flood risks in the south but increase drought risks in the
north by reducing northern surface runoff (Fig. 3a) and precipitation
(Supplementary Figs. 4a and 6a) for nearly the entire year.

Analysis of extreme runoff events shows that SAI would also sub-
stantially reduce the frequencies of P5 (recurrence interval of 20 years) and
P10 (recurrence interval of 10 years) flood events in the flood-prone
southern China with relatively small changes in the north (Fig. 4c, e), but
slightly increase the duration of P5 and P10 events in south and north of the
monsoon regions (Fig. 4d, f). This is consistent with reduced extreme pre-
cipitation events compared to warming scenarios found in other SAI stu-
dies, particularly in southern China34. Slight increases in P10 events are
projected in the North China Plain (Supplementary Fig. 10c). The hetero-
geneous north-south changes in extreme runoff events counterbalance the
NDSF pattern by reducing flood risks overall, which would otherwise
increase under RCP8.5 (Supplementary Fig. 9 and ref. 35). The duration of
extreme runoff events shows no notable north-south differences and is

Fig. 2 | Projected differences in annual surface runoff in China under emissions
reduction and climate interventions relative to RCP8.5. a RCP4.5 minus RCP8.5;
b SAI minus RCP8.5; c MCB minus RCP8.5; d CCT minus RCP8.5 in the period
2070–2099. Dots indicate differences that are statistically significant at the 95% con-
fidence level (p < 0.05). The black line denotes the monsoon boundary, the area

between red and blue lines denotes the northern monsoon region and the south of blue
line denotes the southern monsoon region (see more details in Fig. 1). Each panel
includes an inset map showing the South China Sea region to ensure cartographic
completeness of China’s territorial boundaries. These insets maintain standard map-
ping conventions while preserving the main Fig.’s focus on large-scale patterns.
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projected to decrease for P1 (recurrence interval of 100 years) and increase
for P5 and P10 events compared to RCP8.5.

MCB is projected to reduce the frequency (Fig. 4e, Supplementary
Fig. 10e) but increase the duration (Fig. 4f, Supplementary Fig. 10f) of P10
events in the southmonsoon region,whereasCCT is projected to reduce the

frequencies of P10 (Fig. 4e, Supplementary Fig. 10g) and P5 (Fig. 4c, Sup-
plementary Fig. 11g) events in most monsoon regions. RCP4.5 is projected
to reduce the frequencyofP10 events and thedurationsofP10andP5events
across most monsoon regions (Fig. 4; Supplementary Figs. 10a, b, and 11b).
Formore extreme runoff events (P1, Fig. 4a, b, Supplementary Fig. 12),most

Table1 |Attributionanalysisof surface runoff changeunderRCP8.5 (2070–2099minus2006–2035) andunderSRMsoremissions
reduction (RCP4.5) scenarios compared to RCP8.5 during 2070–2099

Region Attribution [mm
year−1 (%)]

RCP8.5 RCP4.5-RCP8.5 SAI-RCP8.5 MCB-RCP8.5 CCT-RCP8.5

China P_rf 98.2 (34.6%) −32.8 (−9.4%) −46.7 (−13.4%) −9.5 (−2.7%) −33.5 (−9.6%)

PET_rf −77.0 (−27.1%) 34.0 (9.8%) 31 (8.9%) 23.9 (6.9%) 9.1 (2.6%)

CC_rf 21.2 (7.5%) 1.2 (0.4%) −15.7 (−4.5%) 14.3 (4.1%) −24.5 (−7%)

LS_rf 63.3 (22.3%) −45.8 (−13.1%) −12.4 (−3.6%) −7.3 (−2.1%) −5.7 (−1.6%)

Net change 84.5 (29.8%) −44.5 (−12.8%) −28.1 (−8.1%) 7.0 (2.0%) −30.1 (−8.6%)

North-monsoon P_rf 99.7 (24.6%) −39.7 (−8.5%) −15.9 (−3.4%) −14 (−3%) −73.6 (−15.8%)

PET_rf −107.5 (−26.5%) 47.5 (10.2%) 42.5 (9.1%) 21.6 (4.6%) −0.2 (0%)

CC_rf −7.9 (−1.9%) 7.9 (1.7%) 26.7 (5.7%) 7.6 (1.6%) −73.8 (−15.9%)

LS_rf 68.1 (16.8%) −59.1 (−12.7%) −5.4 (−1.2%) −1.3 (−0.3%) −10.7 (−2.3%)

Net change 60.3 (14.9%) −51.2 (−11%) 21.3 (4.6%) 6.3 (1.3%) −84.5 (−18.2%)

South-monsoon P_rf 144.6 (31%) −54.8 (−8.8%) −79.1 (−12.7%) −23.1 (−3.7%) −39.9 (−6.4%)

PET_rf −130.6 (−28%) 56.3 (9%) 41.6 (6.7%) 38.3 (6.2%) 3.7 (0.6%)

CC_rf 14.0 (3.0%) 1.5 (0.2%) −37.6 (−6%) 15.2 (2.4%) −36.2 (−5.8%)

LS_rf 142.5 (30.6%) −100.9 (−16.2%) −25.9 (−4.2%) −12.7 (−2%) −8.7 (−1.4%)

Net change 156.5 (33.6%) −99.4 (−16%) −63.5 (−10.2%) 2.5 (0.4%) −45 (−7.2%)

P_rf and PET_rf represent the individual contributions of precipitation and potential evapotranspiration (PET) changes to surface runoff changes, respectively; CC_rf represents the total contribution of
climate change to surface runoff changes (CC_rf = P_rf+PET_rf); LS_rf represents the contributionof landsurface effects to surface runoff changes.South refers to the southernmonsoonarea, north refers
to the northern monsoon area as shown in Fig. 1. Values in parentheses indicate percentage change of surface runoff relative to RCP8.5. The RCP8.5 column shows the relative change rates in the future
period (2070–2099) under the RCP8.5 scenario compared to the historical period (2006–2035). The other four columns represent relative change rates in the future period (2070–2099) under SRMs or
RCP4.5 scenarios compared to the RCP8.5 scenario.

Fig. 3 | The intra-annual distribution of differences in surface runoff under
emissions reduction and climate interventions relative to RCP8.5. a RCP4.5
minus RCP8.5; b SAIminus RCP8.5; cMCBminus RCP8.5; dCCTminus RCP8.5 in

the period 2070–2099. Cyan and pink bars indicate surface runoff differences in the
southern and northern parts of the monsoon region in China, respectively (see the
north-south and monsoon boundaries in Fig. 1).
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monsoon regions are projected to experience a decrease in P1 event fre-
quency under all SRMs and RCP4.5, while changes in event duration are
more regionally variable.

Mechanisms of atmospheric dynamics driving runoff changes
Under RCP8.5, the projected increases in precipitation and ET in late 21st
century (Supplementary Fig. 13) are driven by increased water vapor (see
increased 850 hPa specific humidity in Supplementary Fig. 14) from rising
temperatures and intensified East Asian monsoons36 (see increased 850 hPa
southwesterly wind in Supplementary Fig. 15d) due to atmospheric ther-
modynamic and circulation changes37,38. These changes result in increased
precipitation across the monsoon regions30, but intensified NDSF pattern for
runoff, particularly in summer (Supplementary Fig. 13). While global
warming also intensifies the East Asian winter monsoon39,40 (see strength-
ened northerly winds in Supplementary Fig. 15j), projected changes in winter
precipitation and runoff are relatively modest (Supplementary Fig. 13).

Under SRM scenarios, reduced temperatures alter atmospheric cir-
culation patterns, leading to distinct regional changes in the hydrological

cycle. In our simulations, SAI mitigates the NDSF precipitation pattern
compared to RCP8.5, primarily by reducing inter-hemispheric (ΔTNH-SH,
Supplementary Fig. 16) and equator-to-North-pole (ΔTEQ-NP, Supple-
mentary Figs. 17–19) temperature gradients (see Methods section “Diag-
nostics”). The ΔTNH-SH is crucial in regulating the latitudinal position of the
planetary atmospheric circulation41–43, including the Hadley circulation
terminus and Intertropical Convergence Zone (ITCZ). When the ΔTNH-SH

decreases, the ITCZ shifts southward as reported in another SAI study43,
leading to a weakening of the East Asian summer monsoon (EASM)44 and
reduced intensity of precipitation across the monsoon regions. Sea surface
temperature decreases over the ITCZ would weaken the Hadley
circulation45. Simultaneously, a reduction in the upper level ΔTEQ-NP would
reduce Hadley cell intensity and also suppress baroclinic wave activity,
enabling angular momentum conservation to extend farther toward the
North pole46. The weakening of upper level ΔTEQ-NP would inhibit the
generation and development of synoptic baroclinic disturbances, limiting
the kinetic energy transfer from transient eddies to the mean flow, which in
turn weakens the East Asian subtropical westerly jet (EASWJ)47,48. The

Fig. 4 | The projected differences in extreme runoff events between different
scenarios in northern and southern monsoon regions. a, b Changes in the fre-
quency and duration of P1 events (recurrence interval of 100 years); c, d Changes in
the frequency and duration of P5 events (recurrence interval of 20 years);
e, f Changes in the frequency and duration of P10 events (recurrence interval of 10

years). Values on the bars are changes between late 21st century (2070–2099) and
early 21st century (2006–2035) under RCP8.5 (referred as RCP8.5 (f–h)), and dif-
ferences of RCP4.5, SAI, MSB, and CCT compared to RCP8.5 (referred as RCP4.5-
RCP8.5, SAI-RCP8.5, MCB-RCP8.5, CCT-RCP8.5), respectively, at the end of the
21st century (2070–2099).
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reduction in the ΔTEQ-NP eventually lead to the weakening of EASWJ and
its northward shift associated with the expansion of the Hadley
circulation49, resulting in a northward shift of summer rainfall towards
northern China50. The northward shift of the EASWJ can also align with the
northward shift of the western Pacific subtropical high (WPSH), often
during La Niña development. Their combined shifts typically bring positive
rainfall anomalies to northern China51.

The above mechanisms can explain the simulated SAI-induced NDSF
changes, which are illustrated in Fig. 5. Under RCP8.5 scenario, the una-
bated warming leads to a pronounced increase in ΔTNH-SH across tropo-
spheric levels (Supplementary Fig. 20), accompaniedby intensifiedΔTEQ-NP

at upper troposphere (300 hPa, Supplementary Fig. 21). These thermal
gradient changes strengthen the summer monsoon circulation (enhanced
850 hPa winds, Supplementary Fig. 15d) and drive southward displace-
ments of the EASWJ (Supplementary Fig. 15f) and the ridge line of WPSH
(Supplementary Fig. 22), resulting in more precipitation in the south
(Supplementary Fig. 13).

In the specific condition of equatorial injections, SAI reducesΔTNH-SH

in the troposphere (Supplementary Fig. 16), leading to weakened summer
monsoon overall (see reduced 850 hPa wind velocity in Supplementary
Fig. 23d,winddirection reversed compared to Supplementary Fig. 15d). The
weakening of themeridional temperature gradient in the lower troposphere
is widely predicted to induce an equatorward shift of the EASWJ52, while a
similar weakening in the upper troposphere generates a competing effect
that drives the jet poleward47. This dynamic interplay creates what is
commonly referred to as the “tug-of-war” pattern53–55 within the jet stream
system. The observed reduction inΔTEQ-NP at upper troposphere (300 hPa,
Supplementary Fig. 17) and relatively stable lower tropospheric gradients in
subtropics (Supplementary Figs. 18, 19), togetherwith enhancedmeridional
temperature gradient on the poleward side which push the EASWJ
northward56, ultimately drives a northward displacement of the EASWJ in
this “tug-of-war” pattern between latitudinal thermal contrasts in SAI.
Reduction of surface temperature (Supplementary Fig. 24) induces wea-
kened Hadley circulation, which further supports the northward shift of
EASWJ. The combined weakening (Supplementary Fig. 25f) and poleward
displacement of the EASWJ, characterized by particularly pronounced
zonal wind reductions in southern regions (Supplementary Fig. 23f), along
with the concurrent northward migration of the ridge line of WPSH
(Supplementary Fig. 26), collectively drive a dipole precipitation response
during the summer monsoon season. These circulation changes are
expected to bring increased (decreased) precipitation to the north (south)
during the summer monsoon compared to RCP8.5 (Supplementary

Figs. 6b, 30f). Moreover, SAI induces greater reductions in 850 hPa specific
humidity in southern monsoon regions than the north during spring and
summer (Supplementary Fig. 14), further mitigating NDSF.

The ΔTNH-SH changes in MCB and CCT are similar to that in SAI at
850 hPa and 300 hPa, which are all decreases compared to RCP8.5 (Sup-
plementary Fig. 16). But at 500 hPa, MCB and CCT show a marginal
increase (less than 0.001 °C forMCBand 0.03 °C for CCT), which lead to an
enhanced summer monsoon (increased wind velocity; Supplementary
Figs. 34d and 35d). The stronger weakening of ΔTEQ-NP at both upper and
middle upper troposphere underMCB (Supplementary Figs. 17, 18) causes
greaternorthwarddisplacements of theWPSH(Supplementary Fig. 27) and
the EASWJ (Supplementary Figs. 34f) compared to SAI. Combined with
enhancedwater vapordepletionover 10°N–35°N (Supplementary Fig. 14n),
this results in reduced summer precipitation over the northern monsoon
region despite intensified summer monsoon. In contrast to its summer
position, the autumn EASWJ shifts southward (Supplementary Fig. 34f, i),
together with slightly increased water vapor (Supplementary Fig. 14o),
driving an associated southward movement of the precipitation belt (Sup-
plementary Fig. 31j). Although the weakened ΔTEQ-NP under CCT leads to
northward movement of WPSH (Supplementary Fig. 28) along with
EASWJ attenuation (Supplementary Fig. 25h), a bifurcation structure is
unexpectedly induced over northeastern China (Supplementary Fig. 35f),
together with even less water vapor over China (Supplementary Fig. 14r),
resulting in decreased precipitation in the northern region.

RCP4.5 produces identical ΔTNH-SH and ΔTEQ-NP evolution patterns
closely resemble those in SAI, which drive similar summer monsoon
modifications (Supplementary Figs. 29 and 36d) and precipitation pattern
(Supplementary Fig. 33f). Less precipitation over the north under RCP4.5
compared to that under SAI is due to the greater reduction in specific
humidity (Supplementary Fig. 14f).

The variation in relative vorticity would impact convective rainfall
during summer monsoon. Under SAI and RCP4.5, the decrease in
relative vorticity in the south, particularly the Yangtze River basin
(Supplementary Figs. 23e and 36e), also suppresses convective rainfall
there during the summer. The decrease of surface pressure (Supple-
mentary Fig. 37) over west of China contribution to the upward vertical
motion in the airflow (Supplementary Fig. 38), together with the increase
in relative vorticity (Supplementary Figs. 23e, 34e, 35e, and 36e) which
will induce convection and positive rainfall anomalies (Supplementary
Figs. 30f, 31f, 32f, and 33f) over west China.

All SRM scenarios and RCP4.5 exert weaker influences on the winter
monsoon compared to their substantial impacts on the summer monsoon,

Fig. 5 | Schematic diagram showing the mechan-
isms of SAI in adjusting the NDSF conditions
over China.Comparison of atmospheric conditions
under SAI (right) to the reference condition
(RCP8.5, left) reveals a series of cascading effects on
the atmospheric circulation and the East Asian
summer monsoon system: (1) the implementation
of SAI reduces bothΔTNH-SH andΔTEQ-NP (see their
calculations in Methods section “Diagnostics”); (2)
the weakened ΔTNH-SH leads to the southward shift
of the ITCZ and a weakening of the EASM; (3) the
weakened ΔTEQ-NP and surface temperature over
tropical suppresses the Hadley circulation, weak-
ening the EASWJ and prompting the northward
movement of EASWJ, as well as the northward shift
of the WPSH, resulting in increased (decreased)
precipitation in the north (south) of China.
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causing smaller changes in precipitation and runoff in winter. An exception
is MCB, where the 850 hPa specific humidity increases along the coast
region over southern China (Supplementary Fig. 14p), which could explain
increased winter precipitation in the south (Supplementary Fig. 31n).

Moreover, these SRM scenarios and RCP4.5 cause more severe
reductions in summer (JJA) specific humidity (Supplementary Fig. 14)
throughout China and more heterogeneous contribution of ET to runoff
changes (Supplementary Figs. 30–33). Consequently, their net climate
effects on surface runoff are uniformly positive (MCB, RCP4.5) or negative
(CCT) across northern and southern monsoon regions (Table 1), which
would exacerbate either flooding in the south or drought in the north in
these simulations.

Underlying thermodynamic mechanisms
Warming of the stratosphere and cooling of the troposphere are observed
in three SRM scenarios and RCP4.5 (Supplementary Fig. 39). Under SAI,
a pronounced anomalous warming occurs in the tropical lower strato-
sphere, with the magnitude of warming progressively decreasing toward
higher latitudes. Conversely, in the troposphere, maximum cooling is
observed in tropical regions (due to the equatorial injection of our SAI
design), with the cooling effect diminishing poleward and eventually
transitioning to warming at higher latitudes. MCB produces tropical
temperature responses broadly similar to SAI, except with weaker lower-
stratospheric warming and stronger tropospheric cooling. CCT induces
maximum tropospheric cooling in tropical regions, coupled with rela-
tively weak lower-stratospheric warming. In contrast, it produces the
strongest warming at high latitudes among all SRM scenarios. Under
RCP4.5, stratospheric warming exhibits a distinct vertical gradient, with
the magnitude of temperature increase growing progressively with alti-
tude. This contrasts with the tropospheric cooling pattern, which shows
spatial similarities to that of SAI.

The hemispheric asymmetry in tropospheric cooling (Supplemen-
tary Figs. 40–42) over subtropical and middle latitude region
(30°N–40°N) constitutes a critical driver of modified meridional tem-
perature gradients, ultimately reshaping the EASWJ and the position of
rain belt. Under SAI, the negative anomalies in atmospheric radiative flux
(Supplementary Fig. 43f) around 30°N induce tropospheric cooling
(especially at upper level-300 hPa) through reduced diabatic heating.
This is fundamentally linked to SAI-induced cloud modifications (Sup-
plementary Fig. 46), particularly through reduced mid-to-upper level
clouds in these regions. The diminished cloudiness reduces shortwave
reflection (Supplementary Fig. 44f) and enhances net longwave cooling
(Supplementary Fig. 45f), collectively contributing to the observed
upper-tropospheric temperature decrease.

More pronounced hemispheric cooling asymmetry induced by
MCB (Supplementary Figs. 40g, 41g, and 42g) amplifies meridional
temperature gradient anomalies. This results in more substantial mod-
ifications to the northward move of EASWJ (see above section). This may
be related to the reduced clouds (Supplementary Fig. 47e–h) across all
vertical levels (low/middle/high) over the tropical-to-subtropical
Northwest Pacific, which enhance the net longwave cooling (Supple-
mentary Fig. 45g) while reduce shortwave reflection (Supplementary
Fig. 44g) more than in SAI, leading to stronger temperature decreases—
particularly in the mid-to-upper troposphere. Although CCT produces
the most pronounced hemispheric cooling asymmetry among SRM
scenarios, its spatial structure—characterized by stronger temperature
reductions at more southwesterly locations—induces a distinct direc-
tional shift in the EASWJ. CCT induces the most substantial high-level
cloud reduction (Supplementary Fig. 48e) in tropical regions among the
SRM scenarios, generating the strongest net longwave cooling (Supple-
mentary Fig. 45h) and the most pronounced shortwave reflection
reduction (Supplementary Fig. 44h). The cloud dynamical responses
under RCP4.5 (Supplementary Fig. 49) exhibit striking similarities to
those under SAI, which generate comparable hemispheric cooling
asymmetry patterns through analogous cloud-radiative feedback.

Evidence from the Mount Pinatubo volcanic eruption
We further validate the reliability of the mechanism (Fig. 5) proposed
here by examining the impact of the 1991 Mount Pinatubo volcanic
eruption, a real-world analogue of near-equatorial SAI, on precipitation
in China (Fig. 6). Ref. 57 suggested that the 1991 Mount Pinatubo
eruption increased precipitation during the first half of July in the
Yangtze-Huaihe River basins (YHRB) of China by intensifying the
rainband north of the cold Maritime Continent and strengthening the
WPSH (Fig. 6f). The internal climate variabilities, including the pre-
ceding winter El Niño (Nino3.4) warm anomaly, fall Dipole mode index
(DMI) positive anomaly, and spring North Atlantic Oscillation (NAO)
negative anomaly that typically enhance summer precipitation over East
China58 were all weakened in 1991 (Fig. 6a), which demonstrates the
potential role of this eruption (June 15th, 1991) in the extreme YHRB
precipitation anomaly (Fig. 6a, f). The northward migration of the
WPSH in July (Fig. 6f, g), along with the typical northward shift of the
East Asian rainband (Fig. 6f, g) during the same period, are well-
established climatological patterns21. The ΔTEQ-NP in 1991 experienced a
more pronounced decreasing trend between the two periods following
the eruption (June 29th to July 15th and July 16th to July 31st) in 1991
compared to the corresponding climatological difference of the two
periods (bars in Fig. 6b–d). After mid-July in 1991, the tropics were
covered by thicker stratospheric volcanic aerosols57. This leads to a
smaller increase of ΔTNH-SH in the lower to upper troposphere (Fig. 6e)
during July 16th to July 31st in 1991, resulting in a weakened EASM
compared to the climatology (see wind field in Fig. 6g), similar to our
simulated effects of SAI (Supplementary Fig. 23d). The substantially
stronger reduction in ΔTEQ-NP during July 16th to July 31st causes the
WPSH and rainband to shift northward, resulting in increased pre-
cipitation in the north and decreased precipitation in the south, similar to
the above mechanism for SAI (Fig. 5). The weakened EASM during this
period resulted in weaker, but positive precipitation anomalies (Fig. 6g)
reaching the north. Although the Mount Pinatubo eruption had weaker
radiative forcing than the simulated equatorial SAI at the end of 21st
century, its impact on the monsoon’s mean-state response and the
mechanisms of how they change the NDSF precipitation pattern in
China’s monsoon regions are largely consistent.

Discussion
Our results demonstrate that different climate intervention approaches
could have distinct impacts on China’s monsoon and NDSF pattern, with
important implications for regional water resource management. The
identification of a clear mechanism through which equatorial SAI could
modify this characteristic dry-wet pattern represents a major advance in
understanding how climate interventions might affect regional hydro-
climate. By reducing both inter-hemispheric and equator-to-north-pole
temperature gradients, SAI induces systematic changes in atmospheric
circulation and the monsoon system, including the weakening and expan-
sion of the Hadley circulation, northward movement of the EASWJ and
northward shift of the WPSH. These changes collectively increase pre-
cipitation and surface runoff in northern China while reducing them in the
south, thereby mitigating the longstanding NDSF water imbalance issue in
our high-emissions background scenario and deployment strategy. The
consistency betweenmodel projections and observed precipitation changes
following the 1991 Mount Pinatubo eruption provides crucial real-world
validation of this mechanism.

Furthermore, our results reveal potential trade-offs between global
climate intervention efficacy and regional water resource distribution.
While all interventions investigated here achieve similar cooling, their
divergent effects on the monsoon system and surface runoff highlight the
complexity of regional hydroclimatic responses to large-scale forcing.
Although equatorial SAI shows potential for mitigating NDSF, the inten-
sification of flood or drought risks in different regions under MCB, CCT,
and RCP4.5 scenarios (relative to RCP8.5) indicates that the choice and
design of intervention strategy could have profound implications for
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regional water security. The differing impacts of MCB and CCT compared
to SAI stemnotonly fromthe typeof SRMbut also fromtheir distinct spatial
forcing patterns and cloud-humidity feedbacks. SAI produces relatively
uniform tropical forcing via stratospheric aerosols, whereas MCB intro-
duces zonal asymmetry by targeting chosen ocean regions, leading to
regionally concentrated surface cooling and stronger meridional tempera-
ture gradients. CCT, affecting longwave radiation by thinning cirrus clouds,
alters upper-tropospheric cooling and stability in ways that differ from

shortwave-based interventions. Both MCB and CCT also cause greater
reductions in lower-tropospheric humidity, limiting precipitation despite
changes in circulation. These differences help explain why MCB increases
southern flood risk, and CCT worsens northern drought, unlike the more
balanced response seen under SAI. These findings underscore the impor-
tance of incorporating regional hydrological impacts in the evaluation and
design of climate interventions, particularly for regions with strong spatial
gradients in water availability.

Fig. 6 | Observed precipitation anomalies in China after 1991 Mount Pinatubo
volcanic eruption. a Summer precipitation of the Yangtze-Huaihe River basins.
Colored dots, where warm colors indicate positive values and cool colors indicate
negative ones, represent the preceding winter Nino3.4 index, fall Dipole mode index
(DMI), and spring North Atlantic Oscillation (NAO) index, in order. The size of
each dot corresponds to its strength. b–d The latitudinal mean equator-to-North
pole temperature gradient (ΔTEQ-NP) of two periods June 29th–July 15th (dashed
lines) and July 16th–July 31st (solid lines) of 1991 following the Mount Pinatubo
volcanic eruption (yellow lines) and the corresponding daily climatology of
1961–2020 for the two periods (green lines, left Y-axis), at 300 hPa (b), 500 hPa (c),

850 hPa (d), respectively. Bars represent the difference of latitudinal mean ΔTEQ-NP

between the two periods (June 29th–July 15th and July 16th–31st) in 1991 (yellow
bars) and corresponding climatological difference (green bars, right Y-axis). Cal-
culation of ΔTEQ-NP is focused on the East Asian sector (see “Methods” section
“Diagnostics”). e The inter-hemispheric temperature gradient (ΔTNH-SH) at
300 hPa, 500 hPa, and 850 hPa of the two periods. Precipitation and wind anomalies
of the two periods June 29th–July 15th (f) and July 16th–July 31st (g) in 1991 relative
to their corresponding climatology. The four lines in f and g are the averageWPSHat
850 hPa for the two periods June 29th–July 15th (blue) and July 16th–July 31st
(yellow) of 1991 (solid lines) and the corresponding climatology (dashed lines).
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TheNDSF precipitation pattern has prevailed in eastern China during
most warm periods over the past 2000 years25. Throughout the Holocene,
however, there existed a dipolar mode of precipitation anomalies—“north
drought (flood)-south flood (drought)” (NDSF/NFSD), with NFSD pre-
vailing in the middle Holocene and NDSF in the early and late Holocene59.
These historical reversals, while not contradicting the current dominance of
NDSF, help illuminate the mechanism of hydrological changes under an
altered climate of SAI. Studies60 have attributed the dipolar mode in the
Holocene to the influence of El Niño/SouthernOscillation (ENSO). During
the middle Holocene, La Niña-like conditions caused the WPSH to retreat
northeastward, shifting the rain belt northward and creating the NFSD
pattern, while El Niño-like conditions produced the typical NDSF. For
equatorial SAI or near-equatorial volcanic eruptions (like Mount Pinatubo
in 1991), theweakening of atmospheric thermodynamics and the cooling of
the troposphere led to reducedΔTNH-SH andΔTEQ-NP (along with LaNiña-
like sea surface temperature anomalies), which can trigger a cascade of
circulation shifts in the ITCZ, EASWJ and WPSH that mirror those
observed during the middle Holocene NDSF-to-NFSD transition. The
resulting distinct south-north disparity in precipitation changes is key to
counteracting the NDSF pattern in China’s monsoon regions. This paleo-
climate perspective reinforces our mechanistic understanding of SAI’s
regional impacts, calling for careful intervention design based on circulation
patterns.

Some caveats are warranted. Our results could be deployment strategy
dependent, as well as model dependent and should be validated by further
studies. Our use of the NorESM1-ME model ensures a consistent frame-
work for simulating all three SRM scenarios, though model-specific
uncertainties remain (see “Methods”: “Model performance evaluation”). In
the future, updatedversionsof thismodel, such asNorESM261, including the
improved hydrological processes in its land component CLM562, can be
utilized to improve simulation capabilities, and multiple Earth system
models can be employed to further examine the impact of climate inter-
ventions, especially SAI, on the regional hydrological cycle and water
resource patterns. Although the model used has known biases that may
affect the magnitude and spatial detail of projected changes, the overall
north–south runoff contrast is likely robust. Similar patterns of circulation
andprecipitation changesobservedafter the 1991MountPinatubo eruption
clearly support the mitigation mechanism of equatorial SAI on China’s
NDSF. More experiments can be conducted to compare the effects of dif-
ferent SAI injection methods63 on the distribution of water resources in
China and other regions of the world.We note that numerous other factors
can influence the East Asia monsoon system64 and water resource dis-
tribution. This paper focuses on a few of the most evident aspects of
atmospheric physics and land surface feedbacks to analyze themechanisms
of SAI’s impact on surface runoff. More aspects of the water cycle and
human activities should be taken into account to fully understand the
impacts of SRMs and emissions reduction on water resource availability.

We acknowledge that there are many degrees of freedom when
designing the SRM scenarios, e.g., based on the spatio-temporal distribu-
tions of the implemented forcingpatterns,whichwould lead to yield distinct
rainfall responses65–67. Nevertheless, the aim of our study is to elucidate key
changes in the regional hydrological cycles in response to fundamentally
distinct SRM forcings. Notably, the mechanism by which SAI mitigates
NDSF—through weakening the inter-hemispheric and meridional tem-
perature gradients (ΔTNH-SH and ΔTEQ-NP)—depends strongly on equa-
torial aerosol injection in our specific SAI design. This aligns with other SAI
studies using different models68,69, which report similar north (increase)-
south (decrease) disparities in precipitation changes over eastern China
under equatorial or near-equatorial injections but not under mid- or high-
latitude injections. Future studies that explore impacts of different injection
designs of each SRMmethod on regional climate would be valuable.

Overall, SAI is one of the most well-studied SRM proposals, theoreti-
cally capable of quickly mitigating global warming while providing the
necessary transition time to achieve emissions reduction goals. We show
that in our model design and with these scenarios, equatorial SAI can

provide a more balanced and sustainable hydroclimatic environment for
China’s water resource management. However, it should be noted that SAI
and other forms of climate intervention are not to be considered as sub-
stitutes for emission reductions, considering that such interventions do not
address the root cause of anthropogenic climate change andmay introduce
novel climatic featureswith consequences onother components of theEarth
system70. To better evaluate the potential of SRM strategies for addressing
climate change alongside emissions reduction, the climate research com-
munity should continue to undertake more comprehensive investigations,
including their regional implications, tradeoffs, ethical and governance
challenges.

Methods
Model and SRM design
Weused the fully coupled, emission-drivenNorwegianEarth SystemModel
version 1 (NorESM1-ME)32, a CMIP5-era Earth system model with estab-
lished capabilities for simulating stratospheric aerosol processes and mul-
tiple SRM methods. Despite the availability of CMIP6 models, NorESM1-
ME remains among the few with integrated modules for SAI, MCB, and
CCT within a consistent framework. NorESM1-ME offers a well-tested
platform for evaluating SRM impacts on regional hydroclimates13,71,72. We
used three SRMdeployment scenarios (SAI,MCB, andCCT) for the period
of 2020–2099 and two reference climate scenarios (RCP4.5 andRCP8.5) for
the same period. The SAI experiment only considered equatorial SAIs, with
specified sulfate aerosol concentrations and distributions, taken from the
ECHAM5model73. The distribution of the aerosol optical depth is described
in ref. 74. The MCB was implemented in the model by increasing accu-
mulationmode sea salt emissionsover theocean surface in the latitude range
of 45° North and South. The accumulation mode is equivalent to a dry
number modal radius of 0.13 μm for sea salt in the model. The CCT was
simulated by increasing the terminal velocity of ice crystals in the atmo-
sphere where temperatures are below −38 °C. More details of these SRM
implementations can be found in ref. 13 (see summary andnomenclature in
Supplementary Table 1). Each experiment was conducted in three realiza-
tions by introducing perturbations to the initial conditions at the beginning
of every simulation13. Our experiments represent a unique set for com-
parisonof the three SRMscenarios consistently designed tohave a trajectory
of net radiative forcing comparable to that of GHG emissions reduction
from the RCP8.5 to RCP4.5 scenarios. Although all SRM scenarios were
designed to offset the radiative forcing of RCP8.5 to approximate RCP4.5
levels, differences in implementation strategy led to distinct spatial forcing
patterns. SAI uses equatorial stratospheric sulfate injections, producing
relatively uniform tropical forcing. In contrast, MCB targets low-level
marine clouds in midlatitudes, introducing zonal asymmetry and greater
regional variability. CCT modifies high-altitude ice cloud properties glob-
ally, primarily affecting longwave radiation. These differences, while con-
trolled for in terms of global radiative forcing,may lead to divergent regional
climate responses. All the simulations were run at a resolution of 1.9° lati-
tude by 2.5° longitude and a temporal resolution of 30min in the land and
atmosphere.

Model performance evaluation
To assess the model’s performance over China, we compared NorESM1-
ME simulated monthly surface runoff, total precipitation, and ET under
RCP8.5 with observations, reanalysis and data from CMIP6. Compar-
ison with ERA5 reanalysis data75 during the historical period 2006–2020
(Supplementary Fig. 50) shows a coefficient of determination (R2) of
0.88, 0.93, and 0.97 for monthly surface runoff, total precipitation, and
ET, respectively. The root mean square errors (RMSE) for monthly
surface runoff, total precipitation, and ET are 11.44, 22.22, and
11.45 mm month−1, respectively. We also compared the simulated
surface runoff with the China Natural Runoff Dataset (CNRD)76, which
shows R2 of 0.86 and RMSE of 15.04 mm month−1 (Supplementary
Fig. 51). The grid-cell-level evaluation of monthly surface runoff and
climate components is presented in Supplementary Fig. 52. Compared
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to ERA5 reanalysis data, the RCP8.5 simulations systematically over-
estimated runoff, precipitation, and ET across most regions. When
validated against CNDR, the model showed contrasting biases: it
underestimated runoff in southern China while overestimating northern
runoff. In general, the simulation results exhibit larger maximum values
and slightly lower minimum values in surface runoff than the CNRD
and ERA5 reanalysis data. Despite some mismatch in the extreme
values, the simulated seasonal pattern of surface runoff, total pre-
cipitation, and ET over China are in good agreement with the reanalysis.
When compared with CMIP6 data, the simulated runoff changes under
RCP8.5 also align with the multi-model mean projections (Supple-
mentary Fig. 3) and published literature33.

Diagnostics
The large-scale climatic impacts as well as changes in different components
of the Earth system in these three SRMs have been evaluated in previous
studies13,77–79. Here, we further assess the impact of these SRMs on China’s
north-south water resource distribution by analyzing surface runoff and
related climate data obtained from the above simulations. First, we
investigated the future trends of surface runoff, total precipitation, actual
ET, and surface air temperature, using the area-weighted averages for
China (Supplementary Fig. 1). We also compared the changes in surface
runoff and climate in China under each scenario between the late 21st
century (2070–2099) and the early 21st century (2006–2035), using 30-year
annual average values for comparison (Supplementary Fig. 2). For the early
21st century before the beginning of the SRM scenarios, results from the
RCP8.5 scenario (2006–2019) were used to supplement the data, noting
also small differences between the RCPs in these early years of the sce-
narios. To assess the effects of different SRMs and emissions reduction
(RCP4.5) scenarios, we compared surface runoff characteristics during
2070–2099 under SAI, MCB, CCT and RCP4.5 to that of RCP8.5 (Fig. 2).
The resulting differences of SAI-RCP8.5, MCB-RCP8.5 and CCT-RCP8.5
represent SRM effects, whereas RCP4.5-RCP8.5 represents a set of effects,
encompassing emissions reduction, land use changes, and other factors
(emissions reduction for short, because our attribution analysis shows
minor land use change effects on runoff; see Supplementary Note 2 and
Supplementary Tables 3–4). We paid particular attention to hydroclimatic
changes in the relatively drier northern and wetter southern parts (Fig. 2,
Supplementary Figs. 6–8) of China’s monsoon region, that is, north-
drought and south-flood regions, consistent with the characteristic NDSF
precipitation pattern26 (see Fig. 1 for details). The effects of SRMs and
RCP4.5 on the NDSF water divide were then evaluated relative to RCP8.5.
We conducted 95% two-sided U-tests to determine statistical significance.

Furthermore,we examined changes inwater availability under extreme
conditions.We analyzed the frequency and duration of daily surface runoff
exceeding a certain threshold that defines extreme events. We considered
the 30-year climatological average of surface runoff for each calendar day
under the RCP8.5 from 2070 to 2099 as the baseline condition. We used
Pearson-III curve fitting80 to generate frequency distribution curves and
determined the surface runoff at recurrence intervals of 10, 20, and100years
for extreme analysis (Supplementary Figs. 9–12, Fig. 4). These recurrence
intervals correspond to theprobabilities of 10%(P10), 5%(P5), and1%(P1),
respectively.

Third, we investigated the drivers for changes in surface runoff under
the different scenarios. We used an attribution framework developed by
Zhou et al.81 to untangle the land surface and climate change effects on
surface runoff changes (Table 1, Supplementary Tables 2–4). The attribu-
tion method, known as the complementary method, was derived from the
Budyko complementary relationship82. The Choudhury–Yang equation83,84

was adopted as the Budyko model, and the reference crop Penman-
Monteith equation85 was employed to calculate PET, which was used in the
Budyko model. Details are described in Supplementary Note 1.

Finally, we analyzed the impacts of SRMs on atmospheric circulation
patterns and the East Asian monsoon by examining annual and seasonal
changes in surface runoff and climate variables (temperature, precipitation,

specific humidity, wind, geopotential height, radiation, cloud, etc.) com-
pared to RCP8.5 (Supplementary Figs. 13–49). We calculated the inter-
hemispheric temperature gradient (ΔTNH-SH) at three levels (300 hPa,
500 hPa, and 850 hPa) as the difference in area-weighted average tem-
peratures between the Northern and Southern Hemispheres (Due to data
availability issues at 850 hPa, the calculation of temperature differences was
limited to latitudes between 70°S and 70°N to ensure robust results.). The
equator-to-North-pole temperature gradient (ΔTEQ-NP) at three levels was
calculatedwithin theEastAsian sector (100°E–150°E) from10°N to 60°Nby
computing the meridional temperature gradient (that is, the mean tem-
perature difference between adjacent latitude bands) along each longitude.
We then summarized the mechanism by which SAI mitigates the NDSF
pattern in China (Fig. 5). Additionally, we further demonstrate the validity
of this mechanism by analyzing observed anomalies of circulation patterns
and precipitation in two adjacent periods (June 29th–July 15th and July
16th–July 31st) after the 1991 Mount Pinatubo volcanic eruption, which is
analogous to near-equatorial deployment of SAI and shows similar effects
on circulation and precipitation (Fig. 6).

Three pressure levels (300 hPa, 500 hPa, and 850 hPa) at troposphere
are chosen for their representative roles in the EASM circulation system21,86,
which have been used in previous studies of geoengineering17,18. In parti-
cular, 300 hPa is selected to assess upper-tropospheric temperature gra-
dients and jet stream dynamics, as it corresponds to the core altitude of the
EASWJ,whichplays a keyrole inmodulating summermonsoonrainfall87–89.
This level is also where SAI-induced stratosphere–troposphere coupling is
most evident, especially given its proximity to the lower stratosphere where
aerosols modify radiative heating90. Studies have shown that both observed
and modeled shifts in the EASWJ under climate change or geoengineering
scenarios are strongly associated with upper-tropospheric temperature
gradient changes at or near 300 hPa48,91–93. Changes in thermal gradients at
this altitude directly influence the strength and position of the jet, which in
turn affects large-scale moisture transport and convective activity across
East Asia. Thus, our analysis at this level provides a physically motivated
indicator of circulation-driven hydroclimatic changes.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
The post-processed data that support the findings of this study are
available on Zenodo (https://doi.org/10.5281/zenodo.16792015)94. The
global daily precipitation, temperature, and wind for the volcanic analysis
were obtained from the Japanese Reanalysis for Three Quarters of a
Century (JRA-3Q)95. The monthly Nino3.4 index was obtained from
https://psl.noaa.gov/data/timeseries/month/. The monthly North Atlan-
tic Oscillation (NAO) index was obtained from https://www.cpc.ncep.
noaa.gov/products/precip/CWlink/pna/norm.nao.monthly.b5001.
current.ascii.table. The monthly Indian Ocean DMI was obtained from
https://psl.noaa.gov/data/timeseries/month/DMI/. The CMIP6 model
data used for comparison of surface runoff and total precipitation with
NorESM1-ME in this study were obtained from the Earth System Grid
Federation (ESGF) nodes (https://esgf-node.llnl.gov/). The data for
model performance evaluation include ERA5 reanalysis data75 from the
European Centre for Medium-Range Weather Forecasts (ECMWF) and
the China Natural Runoff Dataset (CNRD)76.

Code availability
NorESM1-ME is available at https://github.com/NorESMhub/NorESM.
Figures were generated using Python 3.11.8, ArcGIS 10.7 and CorelDRAW
2021. The code used to produce the figures is available on Zenodo (https://
doi.org/10.5281/zenodo.16792015)94.
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