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Abstract

Central Asia (CA) experiences large interannual hydroclimate variability that profoundly
affects ecosystems, agriculture, and socioeconomic stability. While the EI Nifio—Southern
Oscillation (ENSO) has long been recognized as the leading driver, a significant proportion of
observed CA precipitation variability remains unexplained. Here, we reveal that Antarctic ozone
variability in October—November serves as a robust and independent precursor to winter CA
precipitation (WCAP). Antarctic ozone modulates WCAP through two primary pathways. First,
enhanced Antarctic ozone drives a persistent negative phase of the Southern Annular Mode (SAM)
that persists into the following winter. The ensuing ozone—SAM coupling shifts two Ferrel cells
equatorward and enhances low-level convergence and ascent over CA, thereby increasing WCAP.
Second, the negative SAM induces central-eastern South Pacific warming, triggering Rossby
wave trains that establish a meridional circulation dipole around CA and strengthen subtropical
westerlies, moisture transport, and WCAP. Exposure analyses further indicate that combined
ozone—ENSO effects substantially exacerbate precipitation-related socioeconomic risks across CA,
adding ~34 billion person-days of population exposure and >34 billion dollar-days of economic
exposure by mid-century relative to ENSO alone. Our findings identify Antarctic ozone variability
as a critical yet previously underappreciated predictor of CA hydroclimate, revealing subtle

interhemispheric connections beyond the traditional ENSO-centric paradigm.



INTRODUCTION

Central Asia (CA), encompassing Kazakhstan, Kyrgyzstan, Uzbekistan, Tajikistan, and
Turkmenistan, constitutes the world’s largest arid to semi-arid region. Fragile ecosystems and
scarce water resources render societies highly vulnerable to hydroclimatic fluctuations !=. Boreal
winter Central Asian precipitation (WCAP), especially as snowfall over mountainous terrain,
contributes more than half of the annual total *°. Its spring melt regulates river discharge, irrigation,
and ecosystems, thereby shaping agricultural productivity, water availability, and vegetation
dynamics in the subsequent warm season * ¢, Previous studies have shown that a variety of
Northern Hemisphere processes, including Indo-Pacific and Atlantic sea surface temperature (SST)
anomalies, Arctic sea ice loss, and local land—atmosphere interactions such as snow cover and soil
moisture, can significantly influence precipitation over the region > °'>. However, the role of
Southern Hemisphere drivers, especially those originating in the Antarctic, remains insufficiently
understood, despite emerging evidence of their potential cross-hemispheric impacts on Northern
Hemisphere hydroclimate 16, Hereafter, all seasons mentioned in this study refer to those of the
Northern Hemisphere.

Since the late twentieth century, anthropogenic emissions of ozone-depleting substances have
produced the Antarctic ozone hole, with seasonal losses of nearly half of the local total-column
ozone during boreal autumn. This phenomenon represents one of the clearest examples of human-
induced perturbations to the Earth system !""!°. Meanwhile, interannual variability in Antarctic
ozone arises from a combination of dynamical and chemical processes. Variations in planetary
wave forcing from the troposphere play a central role by modulating the strength of the polar
vortex and meridional ozone transport, while the amplitude and propagation of these waves are
further modulated by the quasi-biennial oscillation (QBO) 2% 2!, Beyond its chemical effects,
Antarctic ozone variability exerts a broad influence on atmosphere—ocean coupling and climate
variability in the Southern Hemisphere from seasonal to decadal timescales. Apart from its

radiative forcing on stratospheric temperatures 2> 2*, Antarctic ozone variability has emerged as a



potent driver of atmospheric circulation changes, modulating regional temperature and
precipitation '*242°_ In addition, the positive phase of the Southern Annular Mode (SAM), the
leading mode of extratropical variability in the Southern Hemisphere, can be induced by
stratospheric cooling associated with ozone depletion. This strengthens the polar vortex and alters
planetary wave propagation, thereby shifting poleward and intensifying the Southern Hemisphere
eddy-driven jet 3%, Therefore, investigating the potential influence of Antarctic ozone, a key
driver of large-scale climate variability, may help bridge current gaps in understanding
interhemispheric climate linkages affecting WCAP.

SAM variability is fundamentally linked to interannual fluctuations in stratosphere—

troposphere coupling '+ 223334

, with Antarctic ozone depletion identified as the dominant driver
of the observed positive SAM trend in recent decades, exceeding the influence of greenhouse gas
forcing *°. Conversely, SAM in June—August also feeds back on the stratosphere by modulating
the strength and position of the polar vortex, whereby a stronger vortex during the positive SAM
phase cools the stratosphere, accelerating ozone depletion and deepening the ozone hole in
September-November *°. Additionally, through its imprint on surface winds, Ekman transport, and
ocean mixed-layer processes, a positive SAM is conducive to a dipole-like anomalous SST pattern
in the southern extratropical ocean, with warming at mid-latitudes and cooling at high latitudes,
thereby reshaping atmosphere—ocean feedbacks, including an amplified and poleward-shifted
Ferrel cell '% 3638, These pathways establish SAM as a key bridge linking Antarctic ozone to
Southern Hemisphere climate variability 2% 27> 2> 3% Beyond the Southern Hemisphere, SAM
anomalies also trigger interhemispheric teleconnections, influencing Northern Hemisphere mid-
to high-latitude temperature, East Asian hydroclimate, and the tricellular circulation, with impacts
that may persist across seasons '* 16253940 Qych evidence indicates that SAM may influence
subsequent-season climate anomalies in the Northern Hemisphere '* 133 Nevertheless, whether
and how the Antarctic ozone-SAM coupling modulates WCAP variability, a key determinant of

regional water resources and ecosystem health, has yet to be systematically examined.



This study investigates the interannual variability of WCAP in response to boreal autumn
(October—November) Antarctic ozone anomalies during 1979-2023, revealing cross-hemisphere
linkages that have so far been underrecognized. While previous work has established the El Nifio—
Southern Oscillation (ENSO) as the dominant driver of precipitation variability in CA % 10-41- 42,
we demonstrate that Antarctic ozone plays a crucial and dynamically independent role as well,
acting together with ENSO to shape WCAP variability. Mechanistically, boreal autumn Antarctic
ozone anomalies lead SAM variability by approximately one month, and the subsequent ozone—
SAM coupling modulates WCAP by altering the global meridional circulation and by interacting
with the Walker circulation and triggering eastern Pacific warming, which together shape
atmospheric dynamics over CA. These mechanisms are further supported by Coupled Model
Intercomparison Project Phase 6 (CMIP6) simulations and atmospheric general circulation model
(AGCM) experiments using ECHAMG6. Beyond its climatic impacts, Antarctic ozone anomalies
superimposed on ENSO events could significantly amplify socioeconomic exposure to
hydroclimatic variability in CA, with direct implications for regional risk assessment and

adaptation planning.

RESULTS
Lagged WCAP Response to Autumn Antarctic Ozone Variability

We first examine the linear and potentially additive effects of October—November Antarctic
ozone on the interannual variability of WCAP. The Antarctic total column ozone index (ATCOI)
is defined as the cosine-latitude-weighted mean total column ozone averaged over 60°-90°S,
180°W-180°E, while the Nifio3.4 index, representing ENSO intensity, is calculated as the average
SST anomaly over 170°-120°W, 5°S—5°N (Methods). To isolate interannual variability, both
indices and WCAP are high-pass filtered to remove interdecadal components longer than 11 years
(Supplementary Fig. 1). During 1979-2023, interannual WCAP variability exhibits significant

correlations with autumn ATCOI and winter Nifio3.4, with regional mean correlation coefficients



reaching 0.37 (p < 0.01) and 0.52 (p < 0.01), respectively. The two indices are statistically
independent (» = —0.07), indicating that their impacts on WCAP are largely independent and
approximately additive (Fig. 1a). In addition, given that the Indian Ocean Dipole (IOD) is a
dominant coupled ocean—atmosphere mode on interannual timescales in the tropical Indian Ocean,

4,44 we further examine its

peaking in boreal autumn and exerting global climate impacts
relationship with the ATCOI. The autumn ATCOI is found statistically independent of the
simultaneous IOD Index (p > 0.1), defined as the difference in SST anomalies between the western
(50°E-70°E, 10°S—10°N) and southeastern (90°E—110°E, 10°S—0°) Indian Ocean *. These results
suggest that Antarctic ozone variability can be regarded as a distinct signal, independent of both
Pacific and Indian Ocean influences. Spatially, correlation patterns reveal that increased autumn
ATCOlI is linked to enhanced WCAP east of 60°E, with weaker responses in western CA, whereas
winter El Nifio induces a more homogeneous wetting across the entire region (Figs. 1b—c). These
WCAP patterns linked to ATCOI and ENSO are further validated using independent observational
datasets, including Global Precipitation Climatology Centre (GPCC; 1979-2020) and Global
Precipitation Climatology Project (GPCP; 1980-2023) (Supplementary Fig. 2).

Additionally, the lead—lag relationship between ATCOI and SAM is examined. The SAM,
defined as the normalized zonal mean sea level pressure difference between 40°S and 65°S,
exhibits a significant negative correlation (p < 0.01) with autumn ATCOI when the latter leads by
about one month (Supplementary Fig. 3), indicating that ATCOI and SAM interact during autumn
and might jointly shape the subsequent winter circulation anomalies. The negative phase of winter
SAM produces a coherent wetting pattern consistent with ATCOI (Fig. 1d and Supplementary Fig.
4), suggesting that autumn ATCOI may modulate WCAP through its interaction with SAM. This
wetting linkage between ATCOI and WCAP is further corroborated by the multi-model ensemble
mean (MME) of CMIP6 models that realistically simulate WCAP and Antarctic ozone variability

(Fig. 1e; Methods).



SAM as a Bridge Linking Antarctic Ozone to WCAP

The above hypothesized bridging role of SAM is supported by moisture budget diagnostics
regressed onto autumn ATCOI, the inverted winter SAM and Nifio3.4 (Supplementary Fig. 5).
Negative normalized SAM anomalies induce a stronger WCAP response (1.34 mm mon™') than
positive normalized ATCOI (1.02 mm mon ). This difference is consistent with the fact that the
winter SAM represents a contemporaneous signal linked to WCAP, whereas autumn ATCOI acts
as a precursor with a lagged influence of approximately 1-2 months (Supplementary Fig. 3).
Specifically, both negative SAM and positive ATCOI enhance WCAP primarily through dynamic
processes driven by anomalous convergence of background moisture, which offsets the drying
effect of thermodynamic processes associated with anomalous moisture (Supplementary Fig. 5).
Quantitatively, a negative SAM enhances WCAP by up to 139% through dynamical moisture
transport, while a positive ATCOI contributes a smaller but still substantial increase of about 119%.
In parallel, regression onto normalized Nifio3.4 yields a stronger WCAP response of 1.42 mm
mon !, with the dynamical component contributing up to 165%, indicating a dominant
contemporaneous influence of ENSO relative to SAM and ATCOI. These findings suggest that
winter SAM acts as a critical intermediary linking Antarctic ozone variability to WCAP, with its
additional contribution beyond ATCOI likely mediated through interactions with ENSO that
modulate interannual WCAP variability.

Given the well-established ENSO-WCAP teleconnection % %4142 we focus here primarily
on ozone-related mechanisms. We first investigate how autumn ATCOI modulates the subsequent
SAM, and then how winter ozone—SAM coupling further affects WCAP. Figure 2 illustrates the
atmospheric and oceanic responses to enhanced ATCOI. Higher autumn ATCOI favors the
negative phase of SAM in both autumn and winter, characterized by a weakened and equatorward-
shifted 200-hPa westerly jet at high latitudes (Fig. 2a). This response can be attributed to lower-
stratospheric warming at high latitudes, which enhances downward longwave radiation at high

latitudes and warms the mid-to-upper troposphere in situ, thereby weakening the climatological



negative meridional temperature gradient between high and mid-latitudes (Fig. 2b). The delayed
wintertime response reflects the typical downward propagation of stratospheric signals, which
generally take several weeks to months to reach the surface 2>,

In addition, the persistent influence of Antarctic ozone induces a quasi-barotropic adjustment
of low-level winds (Fig. 2a). Weakened polar westerlies and their equatorward shift linked to the
negative phase of SAM strengthen poleward Ekman transport, reducing upwelling and warming
high latitudes while enhancing upwelling and cooling at mid-latitudes (Figs. 2c—e). This
circulation adjustment promotes a northward shift of the Antarctic Circumpolar Current and the
associated meridional overturning circulation, contributing to the formation of a Southern Ocean
dipole SST anomaly pattern '8. These Ekman-driven SST anomalies are further amplified by the
wind—evaporation-SST feedback 7 %8, Reduced high-latitude westerlies suppress surface
evaporation, leading to local SST warming, while enhanced mid-latitude westerlies increase
evaporation and induce SST cooling. The resulting meridional anomalous SST dipole develops
from October—November into December—February and is sustained by surface heat flux anomalies
(Supplementary Fig. 6). Specifically, Ekman transport dominates the formation of the anomalous
dipole-like SST pattern, while net radiation and turbulent heat flux reinforce the meridional SST

gradient. These results indicate that SAM could serve as a useful proxy for understanding how the

impacts of autumn ATCOI persist into the following winter.

Potential Mechanisms Linking SAM to WCAP

In this section, we examine the mechanisms through which SAM influences the interannual
variability of WCAP via large-scale circulation changes. SAM exerts seasonal impacts on major
atmospheric circulation systems, including the Ferrel and Walker cells 2% 3%, On the one hand,
SAM and the associated anomalous Southern Ocean dipole SST pattern could directly modulate
global meridional circulation along the 45—88°E longitude band that corresponds to CA (Fig. 3a).

During the negative SAM phase, the ascent branch of the Southern Hemisphere Ferrel cell



intensifies and shifts equatorward by about 10°, centering around 50°S, while the descent branch
also expands equatorward to 10°S, overlapping with the climatological ascent branch of the Hadley
cell. This pattern indicates a northward displacement of the Southern Hemisphere Ferrel cell,
accompanied by the weakening of the Hadley cell. Meridional atmospheric circulation adjustments
in the Southern Hemisphere further influence Northern Hemisphere circulation through the shared
ascent branch of the Hadley cell % 3% 40, Consequently, the climatological mid-latitude ascent
center in the Northern Hemisphere shifts southward from 60°N to 50°N, enhancing low-level
moisture convergence and ascent over CA (red line in Fig. 3a), thereby increasing WCAP.

On the other hand, negative SAM could also modulate tropical convection and weaken the
Walker circulation through a Southern Hemisphere—tropical teleconnection pathway excited by
SAM-associated South Atlantic—Pacific dipole SST anomaly pattern *°. Consistent with this
mechanism, the zonal atmospheric circulation averaged over 10°S—10°N is regressed onto the
inverted SAM index (Fig. 3b). These circulation anomaly changes are accompanied by tropical
westerly anomalies in the central-eastern Pacific, which weaken the trade winds and suppress
compensatory upwelling, favoring eastern Pacific warming (Fig. 3b). This is supported by a
significant negative partial correlation (» = —0.33, p < 0.01) between SAM (with ENSO signals
removed) and the South Pacific Index (SPI), defined as interannual SST anomalies averaged over
130°-70°W, 25°-10°S (magenta box in Fig. 2f). In addition, Walker circulation anomalies
associated with winter SPI manifest as a large-scale upper-level divergence—convergence dipole
pattern, characterized by upper-level divergence over the central-eastern Pacific and compensating
convergence over the Indo-Pacific warm pool (Fig. 3¢). As a result, CA lies under the upper
divergent flank, where anomalous ascent enhances WCAP, a pattern consistent with divergence
fields regressed onto the inverted winter SAM (Figs. 3c, d). These results suggest that SAM
variability modulates the Walker circulation and central-eastern Pacific SST anomalies, thereby
affecting WCAP through large-scale divergence—convergence dipole anomalies.

Additional evidence for the SAM—SPI linkage comes from regressions of the 200-hPa stream



function onto the inverted winter SAM and the corresponding wave activity flux, which reveal a
Rossby wave train originating from the high-latitude South Pacific and propagating into the
tropical Pacific, accompanied by low-level tropical westerly anomalies (Figs. 3e—f). Furthermore,
the persistent northeastward-propagating, cross-hemispheric Rossby wave train associated with a
negative winter SAM extends into the North Atlantic, resulting in upper-level cyclonic anomalies
over northern CA and anticyclonic anomalies over southern CA. This meridional dipole anomalous
circulation strengthens the 200-hPa subtropical westerly jet and enhances moisture transport from
the North Atlantic into CA, ultimately intensifying WCAP (Figs. 3e—f).

The above-mentioned mechanisms are consistently captured by both the CMIP6 MME and
targeted numerical experiments (Fig. 4 and Supplementary Fig. 7; Methods). The MME
reproduces the ATCOI-related negative phase of SAM and the accompanying dipole-like SST
pattern over the Southern Ocean (Supplementary Figs. 7a-b). Meanwhile, the meridional
circulation features a weakened Hadley cell and two equatorward-shifted Ferrel cells, with the
northern one leading to anomalous moisture convergence and ascent in CA (Supplementary Fig.
7¢). Upper-level divergence and ascent over CA are further enhanced through the large-scale
divergence—convergence dipole spanning the Indian and Pacific Oceans, favoring increased
WCAP (Supplementary Fig. 7d).

To further corroborate the modulation of WCAP by autumn ATCOI, a sensitivity experiment
is performed using the ECHAMG6 model. The imposed SST forcing over the extratropical Southern
Ocean (75°S-30°S) is based on the autumn SST pattern regressed onto the ATCOI, with the
amplitude ranging from —0.27 to 0.17 K, whose influence on SST variability is supported by a
Granger causality test at the 90% confidence level (Fig. 4a). This forcing reproduces the
homogeneous wetting across CA (Fig. 4b). Dynamically, the imposed SST anomalies induce an
expansion of the descending branch of Southern Hemisphere Ferrel cell over 50°S—15°S,
accompanied by a southward displacement of the Northern Hemisphere Ferrel circulation. The

latter enhances moisture convergence and anomalous ascent over CA, particularly over its northern



part, despite enhanced ascent over the equator compared with observations (Fig. 4c). In addition,
the ATCOI-SAM coupling generates pronounced upper-level divergence over the eastern Pacific
and the western to northern sectors of the Atlantic—Eurasian region, while compensating
convergence occupies the western Indian Ocean and the Maritime Continent (Fig. 4d). CA lies
along the divergent flank of this large-scale divergence—convergence dipole and is therefore
dominated by upper-level divergence anomalies, which favor enhanced ascent and low-level
moisture convergence, ultimately intensifying WCAP (Fig. 4d). Although the resulting circulation
patterns exhibit slight differences from observations, these discrepancies do not alter the overall
conclusion that the meridional pathway triggered by the imposed SST anomalies exerts a robust

influence on the WCAP.

Combined Effects of SAM and ENSO on WCAP Variability

Previous studies have shown that atmospheric teleconnections originating from the South
Pacific intensify when SAM and ENSO are in opposite phases, affecting climate variability over
North America and Eurasia °°. However, simple correlation analyses often inadequately capture
SAM-modulated changes in ENSO teleconnections due to their sensitivity to outliers > 3°. To
address this, we conduct further composite analyses comparing individual SAM events with
coupled out-of-phase winter SAM—ENSO events. Specifically, using +0.75 as the standard
deviation threshold, out-of-phase events are defined as cases in which both indices exceed the
threshold but with opposite signs, whereas individual events are cases where only one index
exceeds the threshold (Supplementary Table 1). The reference climatology is defined as the
composite mean of events in which both indices fall within +0.5 standard deviations.

The results indicate that negative SAM coupled with El Nifio produces more homogeneous

1

and intensified wetting, with a spatially averaged WCAP anomaly of 5.90 mm mon™, especially

in southeastern CA. This response is substantially stronger than that during individual negative

1

SAM events, which yield a weaker wetting anomaly of 2.23 mm mon . The additional increase



in WCAP during the combined events, relative to individual negative SAM events, is associated
with a strengthened Pacific—North America (PNA) wave train and more pronounced upper-level
divergence—convergence anomalies over the Pacific (first and second rows in Fig. 5). In contrast,
positive SAM coupled with La Nifia results in drier conditions of —1.50 mm mon ! in CA,
compared with —0.20 mm mon' during individual positive SAM events. During individual
positive SAM events, CA is located within the upper-level convergence over the Indo-Pacific
warm pool, dominated by a 200-hPa anticyclonic anomaly that promotes subsidence and
suppresses WCAP (third row in Fig. 5). Simultaneously, a cyclonic circulation over South Asia
transports warm and moisture-laden air from the Indian Ocean into southern CA, partly offsetting
the drying. When positive SAM co-occurs with La Nifa, however, CA is located near the margin
of the warm pool divergence zone, where prevailing subsidence anomalies further suppress WCAP
(fourth row in Fig. 5). The resulting decrease in WCAP is partially compensated by cyclonic
anomalies over central CA, which form part of the South Pacific Rossby wave train and thereby
enhancing WCAP in the region (fourth row in Fig. 5). Nevertheless, the strong anticyclone over
South Asia blocks moisture transport from the Indian Ocean, intensifying drought in southern CA.
These results remain generally robust to the use of an alternative +0.5 standard deviation threshold
(Supplementary Fig. 8). Notably, a consistent enhancement of WCAP is also observed in
composites based on autumn ATCOI and the subsequent winter mature ENSO phase, where in-

phase coupling leads to intensified WCAP anomalies (Supplementary Fig. 9).

Predictability and Socioeconomic Exposure of WCAP
The autumn ATCOI-ENSO-based composite analysis, examined under both 0.75 and 0.5

standard deviation thresholds, shows high consistency with winter SAM—ENSO composite
responses (Supplementary Figs. 10—11), providing a robust physical basis for WCAP predictability.
Given the cross-seasonal effects of ATCOI and ENSO on WCAP and their approximately linear

additivity, both predictors are taken as their October—-November mean values. Using linear



regressions over the training period (1979-2010), the prediction equation is established as WCAP
= —0.06 + 0.94xATCOI + 1.40xNifio3.4. Leave-one-out cross-validation yields a temporal
correlation coefficient of 0.55 (p < 0.01) and a root mean square error (RMSE) of 4.53 mm mon™'
in the training period. Forecast skill remains robust in the independent prediction period (2011—
2023), with » = 0.58 and RMSE = 5.67 mm mon ™' (Fig. 6a). To further assess robustness, ATCOI
is replaced by alternative physically interpretable indices, namely winter (December—February) or
early-winter (December—January) SAM combined with Nifio3.4, as well as a cross-seasonal
combination of autumn (October—-November) ATCOI and winter Nifio3.4 at their respective peak
phases. All predictor sets yield high predictive skill, with correlation coefficients exceeding 0.58
and RMSEs below 5.28 mm mon ! (Supplementary Fig. 12).

Building on this predictive model, we assess the socioeconomic exposure associated with
WCAP variability. Figures 6b—c present the spatial distributions of averaged population (POP) and
Gross Domestic Product (GDP) across CA in the 2010s, indicating that socioeconomic assets are
predominantly concentrated along oasis regions of southern and northern CA. These spatial
patterns reflect underlying geographic and developmental factors, instead of direct exposure. We
therefore quantify area-averaged exposure, focusing on the contributions of different climate
drivers to CA-averaged POP and GDP, rather than spatial variability. Specifically, regional
exposure is estimated by multiplying one standard deviation of reconstructed WCAP anomalies
induced by ATCOI, Nifio3.4, and their combined effect during 1979-2023 with projected POP and
GDP (Figs. 6d—e). This approach assumes that the empirical predictor—WCAP relationships remain
valid in the near future, enabling the estimation of additional exposure attributable to ATCOI from
the excess of combined effects over ENSO alone (Methods).

Under the business-as-usual Shared Socioeconomic Pathways 2 (SSP2) scenario, ATCOI and
ENSO individually contribute more than 210 billion person-days of POP exposure during 2020—
2060, while their combined effect adds 31-34 billion person-days relative to Nifio3.4 alone across

the first half of the 21st century. Under the fossil-fuel-driven SSP5 scenario, POP exposure is



slightly lower than in SSP2 but remains broadly stable. In contrast, GDP exposure exhibits a
pronounced decadal increase. Under SSP2, WCAP-driven GDP exposure attributable to ATCOI,
ENSO, and their combined effect increases by 155, 182, and 205 billion dollar-days (2010
Purchasing Power Parity) from 2020 to 2060, respectively. These corresponding values surge to
283, 333, and 375 billion dollar-days under the SSP5 scenario. Importantly, the additional GDP
exposure contributed by ATCOI relative to ENSO alone increases from 11 to 34 billion dollar-days
under SSP2, while from 11 to 53 billion dollar-days under SSP5 during 2020-2060. These results
indicate that the ozone-driven component further amplifies hydroclimatic exposure beyond the
ENSO-related baseline. Consequently, Antarctic ozone-induced WCAP variability may intensify
climate risks in the rapidly developing CA region, and proactive adaptation and water resource

management would therefore be beneficial.

DISCUSSION

This study establishes the stratosphere, particularly autumn Antarctic ozone variability, as an
underappreciated source of seasonal predictability for CA hydroclimate, independent of the
dominant influence of ENSO. In this world’s largest arid and semi-arid region, winter precipitation
accounts for more than half of the annual total and is therefore critical for regional hydrology,
agriculture, and ecosystems % . Our results demonstrate that enhanced autumn Antarctic ozone
induces a negative phase of SAM in the following winter, providing a key dynamical bridge linking
cross-hemispheric ozone variability to CA hydroclimate. The schematic in Fig. 7 summarizes the
key mechanisms identified in this study.

Mechanistically, SAM modulates WCAP via two distinct pathways. First, the equatorward
expansion of the Southern Hemisphere Ferrel cell and associated southward displacement of the
Northern Hemisphere Ferrel circulation favor anomalous ascent and low-level moisture
convergence over CA. Second, SAM weakens the Walker circulation via a Southern Hemisphere—

tropical teleconnection pathway, thereby favoring El Nino—like warming in the central-eastern



Pacific. The resulting large-scale divergence—convergence dipole reflecting tropical convection
anomalies places CA along the upper-level divergent flank, favoring ascent and WCAP. When
SAM and ENSO act out of phase, their combined effects further amplify WCAP anomalies beyond
those induced by individual SAM events.

Building on these mechanisms, we develop a physically based linear prediction model for
WCAP using autumn ATCOI and Nifio3.4. The model exhibits robust predictive skill, with a
correlation coefficient of 0.58 and an RMSE of 5.67 mm mon ! during the independent prediction
period (2011-2023), and comparable performance is achieved using alternative physically
interpretable predictors, including winter SAM and cross-seasonal combinations of ATCOI and
ENSO. Moreover, the relevant socioeconomic implications are substantial, with ATCOI-related
variability projected to increase exposure by more than 34 billion person-days of POP and 34
billion dollar-days of GDP by the 2060s under the SSP2 scenario, and could reach 53 billion dollar-
days under the high-emission SSP5 scenario. These results highlight the socioeconomic
significance of Antarctic ozone—related WCAP variability and its joint predictive potential with
ENSO to improve climate risk prediction in CA.

Importantly, the exploration of SST forcing also provides a practical framework to isolate and
quantify the contributions of individual ocean basins. To further disentangle these basin-specific
effects, we perform three additional sensitivity experiments in which the SST dipole anomalies are
imposed separately over the Pacific, Indian, and Atlantic sectors of the Southern Ocean, as
indicated by the boxes in Fig. 4a. The results show that SST dipole forcing in all three basins
generally favors increased precipitation over CA, except for southern CA in the Indian Ocean
experiment (Supplementary Fig. 13). Across all basin-specific experiments, the descending branch
of the Southern Hemisphere Ferrel cell expands equatorward, while the Northern Hemisphere
Ferrel circulation shifts southward, jointly enhancing low-level moisture convergence and
anomalous ascent over CA, thereby increasing WCAP. Notably, the equatorial responses differ

among basins. The Indian and Atlantic Ocean experiments exhibit enhanced equatorial ascent,



whereas the Pacific experiment features weaker equatorial ascent, in closer agreement with
observations (Fig. 3a and Supplementary Figs. 13b, d, f). These contrasts suggest basin-dependent
modulation of the ATCOI-WCAP teleconnection, and the relative dominance and potential
interactions among the Southern Ocean dipole forcings across different basins warrant further
investigation.

In addition to precipitation, interannual variability of winter near-surface air temperature
(T2m) in CA is assessed as well. Its variability is significantly correlated with the tropical signal
(Nifio3.4; p < 0.1), whereas its relationships with autumn ATCOI and winter SAM are weak and
statistically insignificant (Supplementary Fig. 14). Further, several uncertainties remain to be
elucidated in the future, including the asymmetric responses arising from SAM—ENSO interactions
3051 and different ENSO phases % 3. Additionally, previous findings indicated that Atlantic
Multidecadal Variability (AMV) shapes WCAP at interdecadal timescales through Rossby wave
train propagation >*. Although Antarctic ozone recovery and the associated positive SAM shift may
modulate WCAP, their impacts on longer timescales are largely obscured by low-frequency
climate modes, resulting in only weak correlations at the interdecadal timescale (»=0.28 and —0.33
during 1979-2023). As the Antarctic ozone hole continues to recover under international ozone-
depleting substance intervention, its evolving impacts on SAM, interhemispheric teleconnections,
and the CA hydroclimate warrant sustained monitoring. Integrating both interannual and decadal
predictors, such as ATCOI, ENSO, and AMYV, into climate risk assessments promises to improve
early-warning capacity and inform water resource management, thereby strengthening climate

resilience across this highly vulnerable region.



METHODS
Data

Three monthly precipitation datasets are used to ensure the robustness of the results. These
include the Climatic Research Unit (CRU) high-resolution gridded dataset (version 4.04), GPCC
monthly product (version 2022), and GPCP monthly analysis product (version 2.3) °>3¢. Monthly
T2m data are sourced from CRU as well. SST fields are obtained from the Hadley Centre Sea Ice
and SST dataset (HadISST) 7. Additionally, atmospheric circulation variables, surface radiative
fluxes, and total column ozone are derived from the fifth-generation European Centre for Medium-
Range Weather Forecasts atmospheric reanalysis (ERAS5) 8. Meanwhile, population and economic
projections at national and provincial scales under the Shared Socioeconomic Pathways (SSPs) are
incorporated, covering the period 20102100 *°.

Outputs from historical experiments of nine CMIP6 climate models (see details in
Supplementary Table 2) are also analyzed. These represent the only models currently providing
publicly available outputs for both total-column ozone and precipitation. These simulations,
covering the period 1850-2014, reproduce past climate conditions under combined natural and
anthropogenic forcings, thus offering an extensive ensemble to examine the mechanisms driving
historical WCAP variability. The model evaluation, based on a Taylor diagram analysis, indicates
that all nine models reasonably capture the climatological features of WCAP and Antarctic total-
column ozone (Supplementary Fig. 15). Moreover, all models except GISS-E2-2-G realistically
reproduce the Antarctic ozone variability (Supplementary Fig. 16). To avoid sampling bias, GISS-
E2-2-G i1s retained in the ensemble, and sensitivity tests confirm that its exclusion does not affect
the overall conclusions. For consistency, all model datasets are bilinearly interpolated onto a
common 1° x 1° grid before analysis. Model agreement is assessed using a significance criterion
requiring at least 70% consistency in the sign of the multi-model response.

In the present study, winter is defined as December of the preceding year to February of the

current year. Unless otherwise specified, all seasons refer to those of the Northern Hemisphere.



The research period spans 1979-2023, with 1979-2008 used as the climatological baseline.
Analyses using the full 1979-2023 period as the baseline yield consistent results, indicating that
our findings are robust to the choice of baseline period. In addition, the starting year of 1979 is
selected because the availability of comprehensive satellite observations in the Southern
Hemisphere from this time onward ensures robust and consistent records of circulation, ozone, and

related climate variables.

Numerical simulations

To examine the modulation of WCAP by the ATCOI-induced dipole-like SST anomaly
pattern, numerical experiments are conducted using the AGCM ECHAMG6, which constitutes the
atmospheric component of the fully coupled MPI Earth System Model (MPI-ESM) ®. The model
is configured at a Gaussian T63 horizontal resolution (96 x 192 grid points) with 47 vertical levels
extending up to 0.01-hPa, representing a high-top configuration suitable for resolving stratospheric
dynamics. The control simulation (CTL) is driven by global climatological SST and sea ice
concentration (SIC) fields that include a realistic seasonal cycle. To isolate the atmospheric
response to the ATCOI-related Southern Ocean SST dipole, four sensitivity experiments are
conducted by prescribing autumn SST anomalies derived from the Theil-Sen linear regression
against the ATCOI. In the first sensitivity experiment, SST anomalies are imposed over the
extratropical Southern Ocean (75°S—30°S). In the remaining three experiments, the SST forcing is
applied separately to individual ocean basins, including the Pacific Ocean sector (160°E-70°W,
75°S-30°S; black box in Fig. 4a), the Indian Ocean sector (10°E—160°E, 75°S—-30°S; magenta
box), and the Atlantic Ocean sector (10°E—70°W, 75°S-30°S; green box). Outside these regions,
SST and SIC fields are identical to those in the CTL simulation. All experiments are run for a 31-

year period, with the last 25 years used for analysis.

ATCOI, SAM and Nifi03.4 index

The Antarctic total-column ozone index (ATCOI) is defined as the cosine-latitude-weighted



mean total-column ozone from ERAS reanalysis over October—November, averaged across 60°—
90°S and 180°W-180°E for 1979-2023. October—November is selected as it corresponds to the
peak of Antarctic ozone depletion, during which its variability exerts the strongest impact on
atmospheric circulation. To validate the ERAS dataset, we also use ground-based measurements
from Halley station (75°S, 25°W), where observations extend from late August to mid-April.
Although limited to 1979-2021 due to missing records, the Halley series shows a strong correlation
with ERAS-derived ATCOI (p < 0.001), confirming its consistency. The reliability of ERAS-
derived total-column ozone and the ATCOI definition has also been validated in previous studies.

The Southern Annular Mode (SAM) index is calculated following Marshall (2003), as the
normalized zonal mean sea level pressure difference between 40°S and 65°S. Positive SAM phases
correspond to enhanced westerlies at 50°-70°S and weakened westerlies at 30°-50°S. The Nifo3.4
index is defined as the mean SST anomaly over 170°-120°W, 5°S—5°N, averaged for December—
February. All indices are high-pass filtered to exclude interdecadal variations longer than 11 years,

allowing robust assessment of the interannual variability (Supplementary Fig. 1).

Moisture budget analysis

To elucidate the physical processes underlying WCAP variability, we conduct a moisture

budget analysis based on the vertically integrated moisture equation '

P’ = —(V;Vq')—(V;'VG) + E' + &' (0
Therm Dyn

where P', E', and &' denote anomalies of precipitation, evaporation, and the residual term,
respectively. V; and g indicate the three-dimensional wind and specific humidity fields,
respectively. () represents the mass integral from the surface to 100-hPa. The prime indicates
anomalies relative to the climatological mean, which is denoted by the overbar. The first term on
the right-hand side represents the moisture-driven thermodynamic component, associated with
anomalous moisture transport by the mean circulation, while the second term represents the

circulation-driven dynamic component, linked to anomalous advection of background moisture.



Surface heat flux

To investigate the ocean—atmosphere coupling processes, we analyze surface heat fluxes
derived from reanalysis products. Net surface radiation fluxes are computed as the sum of net
shortwave and net longwave fluxes, while surface turbulent fluxes are obtained as the sum of latent
and sensible heat fluxes. In addition, the Ekman heat flux is calculated as following:

Qex = pCp(Ugk - VSST) (2)
where p is seawater density, C,, is the specific heat capacity, VSST denotes the SST gradient,

and Ug, 1s the Ekman transport. The Ekman transport is further defined as:

1
Ugk = E (_Tyr Tx) (3)

where 7, and 7, represent the zonal and meridional surface wind stresses, respectively, and f

is the Coriolis parameter.

Wave-activity fluxes

The horizontal wave-activity fluxes are defined as ®*:

_ 1 {U (W7 = ') + V(s — ¥y @
2710 (e, = 9'viy) + V(7 = 9'45)
where V represents the horizontal wind velocity vector, U and V denote the zonal and

meridional wind velocity, respectively. 1 symbolizes the stream function. The primes and

overbars signify anomalies and the climatological mean-state, respectively.

Leave-one-out cross-validation approach

To assess the robustness and predictive skill of the reconstruction model, we employ a leave-
one-out cross-validation approach. During the training period (1979-2010), one year is iteratively
excluded from the sample, and the model is recalibrated using the remaining years. The excluded

year is then reconstructed and compared with observations. Repeating this process for each year



in the training period yields a cross-validated estimate of model performance that is less sensitive
to overfitting and provides a more realistic measure of out-of-sample skill. For the independent
prediction period (2011-2023), predictions are generated using the regression model calibrated
solely on the 1979-2010 training period. This separation between training and independent
prediction periods ensures that the evaluation reflects genuine predictive capacity rather than
statistical artifacts of model fitting. Such cross-validation has been successfully applied in previous

physics-based predictions -6,

Exposure assessment

To quantify the socioeconomic impacts associated with WCAP variability, we estimate POP
and GDP exposure attributable to ENSO, Antarctic total column ozone, and their combined effect.
Exposure is defined as follows:

Exposure, = W; - Sca
=| Bi | ;- Sca

where W; denotes the weight of driver i in WCAP variability, and Sc, represents the CA-

(5)

averaged POP or GDP. For individual drivers (ATCOI and Nifio3.4), W; is quantified as the
product of the absolute regression coefficient (| §; |) derived from the prediction model and the
corresponding interannual standard deviation (o;) over 1979-2023. For the combined contribution,
W, is estimated from the regression-based WCAP reconstruction, defined as the product of the
standard deviation of the reconstructed WCAP (o;) and its correlation with observations (| §; 1),
thereby accounting for both variability amplitude and explained variance. Moreover, the additional
contribution attributable to ATCOI is defined as the residual beyond ENSO, which is the difference
between the combined and ENSO-related components. Future exposure is calculated using SSP-

based projections, while holding the historical sensitivities (i.e., W;) fixed.

Granger causality analysis

Granger causality analysis is employed to assess directional predictive relationships between



October—November ATCOI and SST anomalies over the Southern Hemisphere mid- to high
latitudes (Fig. 4a). Unlike correlation analysis, this approach tests whether the inclusion of past
information from a predictor improves the prediction of a target variable, thereby providing a
statistical measure of causality in terms of predictability .

At each grid point, a bivariate Granger causality test is performed between the predictor time
series X (ATCOI) and the response time series Y (SST). The test is based on a vector
autoregressive framework, in which the current value of Y is regressed on its own lagged values
and those of X. If the inclusion of lagged values of X significantly improves the prediction of Y,

X is said to Granger-cause Y.
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Fig. 1 | Interannual variability of WCAP and its large-scale climate drivers. (a) Time series of
interannual WCAP anomalies (PR; black line; units: mm mon '), ATCOI in preceding October—November
(blue line; units: 10~ kg m ) and winter Nifio3.4 index (red line; units: °C) from 1979 to 2023. Gray bars
represent raw PR. Numbers below denote their correlation coefficients, with three asterisks indicating
significance at the 99% confidence level. (b—d) Spatial distributions of correlation coefficients of PR with
autumn ATCOI, winter Nifio3.4, and inverted winter SAM, respectively. White dots indicate regions with
significant correlation coefficients at the 90% confidence level. (e) Same as (b), but for CMIP6 model
simulations in 1979-2014. White dots indicate regions with at least 70% consistency in CMIP6 models.
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Fig. 2 | Atmospheric circulation responses to autumn ATCOI and associated SST anomalies. (a)
Correlation map of ATCOI with winter 200-hPa zonal wind (shading) and 925-hPa wind vectors (black
vectors). Green vectors denote climatological 200-hPa winds. (b) Correlation map of ATCOI with winter

500-hPa temperature (contours) and its meridional gradient (—g—;, positive northward; shading). Solid

(dashed) contours denote positive (negative) correlations. (c—e) Correlation maps of ATCOI with SST
(shading) and 200-hPa zonal wind (contours) in simultaneous October—November, November—December,
and the following December—February, respectively. (f) Correlation map of inverted winter SAM with SST
(shading) and 925-hPa wind vectors (black vectors) in the simultaneous December—February period. The
magenta boxes in (a, f) denote the SPI region (130°-70°W, 25°-10°S). White dots indicate regions with
significant correlation coefficients at the 90% confidence level.
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inverted winter SAM and winter SPIL. (a)

Latitude—height distribution of correlation coefficients between inverted SAM and the meridional

circulation averaged over 45°—88°E (vectors) and inverted vertical velocity (shading; positive values denote
ascending). The red horizontal line on the x-axis marks CA at 32°-58°N. (b) Longitude—height distribution
of correlation coefficients between inverted SAM and the zonal circulation averaged over 10°S—10°N

(vectors) and inverted vertical velocity (shading; positive values denote ascending). The magenta horizontal

line on the x-axis marks the SPI region at 130°~70°W. Contours in (a—b) denote the climatology of inverted
vertical velocity of £3x107° Pas ', (c~d) Correlation maps of SPI and inverted SAM with 200-hPa velocity
potential (shading) and 850-hPa divergent wind (vectors), respectively. (e) Correlation map of inverted

SAM with 200-hPa stream function (shading) and the corresponding 200-hPa wave activity flux (vectors;

only values exceeding 0.1 are shown). (f) Correlation map of inverted SAM with 200-hPa zonal wind

(shading) and 850-hPa wind (vectors; only values exceeding 0.1 are shown). Dots indicate regions with

significant correlation coefficients at the 90% confidence level.
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Fig. 4 | Winter atmospheric responses to the Southern Ocean SST forcing associated with autumn
ATCOL. (a) Prescribed autumn SST forcing (unit: K) over the Southern Ocean (75°S-30°S). The black,
magenta, and green boxes indicate the Pacific, Indian, and Atlantic sectors of the extratropical Southern
Ocean (75°S-30°S), respectively. (b) WCAP response (unit: mm month™'). Black dots indicate regions
where the Granger causality test is significant at the 90% confidence level. (c) Meridional circulation
response (vectors) of meridional wind (unit: m s™') and inverted vertical velocity (unit: 10 Pa s™'; shading;
positive values denote ascending) anomalies averaged over 45°—88°E. The red horizontal line on the x-axis
marks CA at 32°-58°N. Contours denote the climatology of inverted vertical velocity of £3x10~° Pas'. (d)
200-hPa velocity potential anomalies (unit: 10° m? s~'; shading). White dots denote regions with significant
differences between the forced response and climatology at a 90% confidence level.
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Fig. 5 | Winter atmospheric circulation responses to the out-of-phase relationship between winter
SAM and ENSO. The phases of SAM and ENSO are determined by a threshold of 0.75, as summarized in
Table S1. The first column shows composites of SST (shading; units: °C) and 200-hPa velocity potential
(contours; values of +5 x 10° m? s™") anomalies. The second and third columns display composites of 200-
hPa stream function (shading; units: 10° m* s™"), horizontal wind (shading; units: m s™') and PR (shading;
units: mm mon ') anomalies, respectively. White dots indicate regions with significant correlation
coefficients at the 90% confidence level.
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Fig. 6 | Reconstruction and socioeconomic impacts of WCAP. (a) Observed (OBS; gray bars; unit: mm
mon ') and reconstructed WCAP anomalies (black line; unit: mm mon ') based on normalized preceding
October—November ATCOI and Nifio3.4 index. Prediction equations are shown in the upper-right corner,
and prediction skills during the training and independent prediction periods are indicated at the bottom-left
and bottom-right, respectively. One, two, and three asterisks denote significance at the 90%, 95%, and 99%
confidence levels, respectively. The yellow dashed line marks the separation between the training and
independent prediction periods, located between 2010 and 2011. (b—c) POP (unit: 100 million persons) and
GDP (unit: billion dollars, 2010 price) over CA during the 2010s. (d—e) Exposure to internal WCAP
variability induced by one standard deviation of ATCOI (red bar), Nifio3.4 (blue bar), and the reconstruction
(yellow bar) under SSP2 and SSP5 scenarios, respectively. POP exposure is expressed in billion person-
days, and GDP exposure is in billion dollar-days (2010 price, Purchasing Power Parity). Error bars denote
the 95% confidence interval.
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Fig. 7 | Schematic diagram illustrating the mechanisms of enhanced autumn Antarctic ozone to
interannual WCAP variability. At the surface, blue and orange shadings denote negative and positive
winter SST anomalies, respectively, while green shading indicates increased WCAP. Black vectors
represent 925-hPa wind anomalies. At 200-hPa, purple and green shadings indicate strengthened and
weakened zonal winds, respectively, with yellow arrows marking the horizontal wind anomalies associated
with strengthened westerlies. Gray solid (dashed) contours represent positive (negative) stream function
anomalies to depict the wave train excited by enhanced autumn Antarctic ozone. The red curves illustrate
the propagation of Rossby wave trains. Symbols connecting the two atmospheric layers denote vertical
coupling. Brown vector indicates upper-level divergence with lower-level convergence, whereas purple
denotes the opposite configuration. Black and red circulations depict the Ferrel and Walker cells,
respectively.



