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Higher precipitation in East Asia and western 
United States expected with future Southern 
Ocean warming
 

Hanjun Kim    1  , Sarah M. Kang    2  , Angeline G. Pendergrass    1,3, 
Flavio Lehner    1,3,4, Yechul Shin    5, Paulo Ceppi    6, Sang-Wook Yeh    7 & 
Se-Yong Song    8

Precipitation over East Asia and the western United States is projected to 
increase as a result of global warming, although substantial uncertainties 
persist regarding the magnitude. A key factor driving these uncertainties is 
the tropical surface warming pattern, yet the mechanisms behind both this 
warming pattern and the resulting regional precipitation changes remain 
elusive. Here we use a set of climate model experiments to argue that these 
changes are partly driven by global teleconnection from the Southern 
Ocean, which rapidly absorbs anthropogenic heat but releases it with a delay 
of decades to a century. We show that the delayed Southern Ocean warming 
contributes to broad tropical ocean warming with an El Niño-like pattern, 
enhancing precipitation during summer in East Asia and winter in the 
western United States. The atmospheric teleconnections from the tropical 
ocean link the Southern Ocean warming to the Northern Hemisphere 
regional wetting. Southern Hemisphere low clouds are a key regulator of 
this teleconnection, partly explaining the projected uncertainty of regional 
precipitation. The documented teleconnection has practical implications: 
even if climate mitigation reduces carbon dioxide levels, the delayed 
Southern Ocean warming will sustain a wetter East Asia and western  
United States for decades to centuries.

Effective adaptation to climate change hinges on accurate regional 
precipitation projections. This is particularly true for East Asia and 
the western United States—highly populated regions that experi-
ence substantial precipitation variability and associated socioeco-
nomic impacts from flood and droughts1–3. State-of-the-art climate 
models, however, show a high uncertainty of future precipitation 
changes in these regions4. A factor contributing to this uncertainty is 
inter-model differences in sea surface temperature (SST) projections 

over the tropics5–9. For example, climate models projecting a stronger 
El Niño-like warming pattern—stronger warming in the eastern equa-
torial Pacific compared to the western part—tend to exhibit a more 
pronounced precipitation increase in summer over East Asia10 and 
winter over the western United States11.

However, the underlying drivers of projection uncertainty in tropi-
cal SSTs, and thus regional precipitation, remain elusive. A key insight 
emerges from the common slow timescale shared by the tropical Pacific 
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SO-driven teleconnection15,16. Once the warming reaches the eastern 
equatorial Pacific, the El Niño-like warming pattern is sustained by 
Bjerknes feedback.

The SO warming also propagates towards the tropical Indian 
Ocean and the tropical Atlantic Ocean (Fig. 1b,c). The west of Aus-
tralia and South Africa exhibit climate states similar to those west of  
South America, with prevalent southeasterlies and stratocumulus 
clouds, thus exhibiting a similar teleconnection mechanism15. However, 
over the Indian Ocean, tropical warming is not evident in the SO warm-
ing experiment compared to the CMIP6 slow response. We suspect 
that this muted teleconnection towards the tropical Indian Ocean is 
due to the erroneously negative low cloud feedback west of Australia 
in CESM1-CAM4 (Supplementary Fig. 2 and Methods). Regardless 
of such tropical pattern differences, the delayed SO warming par-
tially contributes to the enhanced equatorial warming—the stronger 
SST warming near the equator compared to the tropical ocean7.  

SST and regional precipitation responses. When CO2 concentration is 
abruptly quadrupled in climate models, the eastern equatorial Pacific 
warming is initially muted but gradually evolves to an El Niño-like 
warming pattern12 (Extended Data Fig. 1d). The regional precipitation 
over East Asia and the western United States also slowly increases 
following the slow timescale of the El Niño-like warming13 (Extended 
Data Fig. 1e,f). Notably, the slowly emerging processes are the pri-
mary contributors to the multi-model mean and inter-model spread 
of the long-term responses (Extended Data Fig. 1g–i). This raises a 
critical question: what process in the slow timescale governs the uncer-
tainty of the tropical Pacific warming and, consequently, the regional  
precipitation enhancements?

Building on these insights, we hypothesize that delayed warm-
ing of the Southern Ocean (SO) is a key slow process. Initially, ocean 
circulation over the SO mitigates SST warming by absorbing heat into 
the deep ocean. This ocean heat uptake gradually slows, and manifests 
as the delayed SO warming14. Meanwhile, the anomalous SO warming 
causes the tropical Pacific to warm, particularly in the eastern basin, 
inducing the El Niño-like warming pattern, as revealed by recent ideal-
ized model experiments15–17. In this Article, through a series of climate 
model experiments, we demonstrate that tropical ocean warming, 
including with an El Niño-like pattern, is partly attributable to the 
delayed SO warming. This SO warming, in turn, increases precipitation 
during summer in East Asia and winter in the western United States, 
through teleconnections from the tropical SST changes. We show 
that Southern Hemisphere low cloud feedback modulates the entire 
teleconnection from the SO, partially explaining the inter-model 
spread of the regional precipitation projections over East Asia and 
the western Unites States.

Tropical ocean warming linked to the delayed  
SO warming
The teleconnection from the delayed SO warming emerges in the  
slow response. In this study, we define the slow response as the dif-
ference between the last and first 30 years of the 150-year CMIP6 
abrupt-4xCO2 simulation, in which CO2 is abruptly quadrupled from 
pre-industrial levels18 (Methods). In this section we will focus on the 
remote impact the delayed SO warming has on the tropical SSTs, before 
investigating the impact on regional precipitation.

With abrupt CO2 increases, the SO initially absorbs heat from the 
atmosphere, but gradually releases it around 45° S (Fig. 1a). Conse-
quently, in the CMIP6 slow response, the SST warming is pronounced 
between 60° S and 40° S, indicating delayed SO warming (Fig. 1b). 
Meanwhile, the tropical Pacific warms in a triangular shape from the 
South Pacific (Fig. 1b, purple triangle), corresponding to El Niño-like 
warming (Supplementary Fig. 1). To isolate the effect of the delayed SO 
warming, we conducted a numerical experiment with the CESM1-CAM4 
fully coupled model, wherein a regional thermal forcing is applied 
between 40° S and 60° S (Methods). The prescribed SO heating induces 
a response that resembles the CMIP6 slow response (compare Fig. 1c 
and 1b), with a high pattern correlation, 0.76 over the tropical Pacific 
between 30° S and 30° N and 120° E and 300° E. In other words, an 
anomalous zonally uniform heating to the SO drives global-scale tel-
econnections, including a warming of the eastern Pacific. Therefore, 
the delayed SO warming partially contributes to the tropical Pacific 
SST pattern of the slow response.

Previous studies have revealed the physical mechanisms by 
which zonally uniform SO heating induces El Niño-like warm-
ing over the tropical Pacific15,16,19–21. Specifically, SO warming is 
advected equatorward by the climatological southeasterlies west of  
South America15. The warm anomalies weaken these winds, leading 
to a reduction in evaporative cooling and coastal upwelling, which 
further amplifies the warming response15,16,22. The resulting Southeast 
Pacific SST warming reduces low cloud cover west of South America, 
and this positive low cloud feedback is the key that mediates the 
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Fig. 1 | SO-to-tropics teleconnection. a, Muti-model and zonal mean ocean  
heat uptake (OHU) response of abrupt-4xCO2 relative to piControl, shown for 
15-year periods. OHU corresponds to a downward positive net surface heat flux. 
b,c, Annual mean SST anomaly from the multi-model mean CMIP6 slow response 
to CO2 quadrupling (b) and the CESM1-CAM4 SO warming experiment (c) 
(Methods). Note that the SST averaged over the tropics between 20° S and 20° N 
is used as the centre of the colour scale to emphasize the tropical SST pattern. 
Stippling in b indicates where >70% of 35 models agree on the sign of the pattern 
change. Unhatched shading in c indicates statistically significant signals at the 
95% confidence using a t-test, compared to the inter-annual variability of the 
tropical SST pattern in the control climate.
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The enhanced equatorial warming is dominantly shaped by the tropical 
Pacific heating (Fig. 1b,c and Supplementary Fig. 1).

Remote impact on East Asian precipitation
The delayed SO warming further contributes to the regional precipita-
tion increases in the Northern Hemisphere, via tropical SST anomalies 
and subsequent atmospheric teleconnections. In this section we first 
focus on the precipitation over East Asia (25° N–40° N and 110° E–145° E) 
during the boreal summer months of June, July and August ( JJA). This 
geographic domain includes a densely populated coastal region subject 
to flood risks, as well as portions of ocean, to capture the large-scale 
precipitation signal.

The East Asia summer precipitation increases in both the CMIP6 
slow response and the response to the SO warming alone (Fig. 2a,b, 
green boxes). Thus, the slow increase in the East Asia summer pre-
cipitation can be partly attributed to the delayed SO warming. The 
atmospheric teleconnection occurring in the summer following El 
Niño in the winter illustrates the mechanism, which relies on enhanced 
equatorial warming increasing the East Asia summer precipitation by 
shifting the Asian jet southward6–8,23.

First, the enhanced equatorial warming, driven by the delayed SO 
warming, leads to tropical upper-level warming following the moist adi-
abat (Fig. 2c). The resultant southward shift in the maximum meridional 

temperature gradient leads to the southward displacement of the 
Asian summer jet23 (Fig. 2d). As the Asian jet shifts southward, the 
atmospheric column it passes through becomes shallower due to  
the elevated topography (Fig. 2d). Potential vorticity conservation 
implies a reduction in relative vorticity24, and the subsequent anticy-
clonic flow triggered along the topography entails a northerly wind 
downstream of the Tibetan Plateau8 (Fig. 2e). Northerly anomalies 
result in moisture convergence within East Asia and thereby lead to the 
precipitation increase6. In addition, the southward-shifted jet favours 
warm advection to East Asia in the mid-troposphere, as after the jet 
shift, the westerlies blow from the climatologically warmer regions over 
the Tibetan Plateau25 (Fig. 2f). To balance the mid-tropospheric energy 
budget, the enhanced warm advection requires compensatory adi-
abatic cooling by anomalous upward motion (Supplementary Fig. 3). 
The anomalous upward motion enhances East Asia precipitation26.

Indeed, the East Asia summer moistening is tightly linked to the 
southward jet shift across models, which is associated with the dif-
ferent degree of enhanced equatorial warming, hence the tropical 
Pacific warming (Extended Data Fig. 2 and Supplementary Fig. 1). 
The aforementioned dynamics in the CMIP6 slow response can be 
consistently identified in the SO warming experiment (compare 
Fig. 2c–f to Extended Data Fig. 3). In other words, the delayed SO warm-
ing causes the enhanced equatorial warming, shifting the Asian jet 
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Fig. 2 | Remote impact on the East Asian summer ( JJA) precipitation.  
a,b, Precipitation (shading) and 200-hPa zonal wind (contours) anomalies 
from the multi-model mean CMIP6 slow response (a) and the CESM1-CAM4 SO 
warming experiment (b). The solid (dashed) grey contours represent positive 
(negative) anomalies (interval = 0.8 m s−1), where the thick line specifies zero. 
c–f, The multi-model mean CMIP6 slow response related to the southward 
Asian jet shift. c, Response in the vertical temperature profile averaged over the 
Asian sector (60° E–120° E). d, Response (shading) and climatology (contours; 
interval = 6 m s−1) of the vertical profile of the zonal wind (U) over the Asian sector 

(60° E–120° E), with the solid (dashed) contours indicating westerly (easterly) 
winds. e, Vertical profile of the meridional wind (V) response (110° E–130° E).  
f, 500-hPa zonal wind changes (shading) and 500-hPa temperature climatology 
(contours; interval = 2 K from 265 K). The target East Asia domain is indicated by 
the green box in a, b and f, and the thick green line in e indicates the latitudes of 
the target East Asia domain. The thick green lines in f denote longitudes east of 
the Tibetan Plateau corresponding to e. Stippled and unhatched regions indicate 
statistical significance as in Fig. 1b,c. All variables are averaged for JJA.
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southward, resulting in the anomalous northerly and mid-tropospheric 
warm advection east of the Tibetan Plateau, thereby increasing the  
East Asia precipitation.

Although dynamical mechanisms related to jet shift are consistent 
between the CMIP6 slow response and the SO warming experiment, 
the precipitation decreases south of East Asia only in the CMIP6 slow 
response (Fig. 2a,b). We attribute this difference to the muted warming 
over the tropical Indian Ocean in CESM1-CAM4 (Fig. 1b,c). In previ-
ous studies, the equatorial warming over the Indian Ocean relative 
to the western Pacific is shown to trigger a subtropical high-pressure 
anomaly over the western North Pacific9,10. The resulting anticyclonic 
flow enhances East Asia precipitation by supplying additional moisture, 
and the descent motion associated with the anticyclone decreases the 
precipitation south of the East Asia9,27. Indeed, the western North Pacific 
subtropical high-pressure anomaly is developed only in the CMIP6 
slow response (Extended Data Fig. 4a,b). Similarly, the teleconnection 
mechanisms related to the subtropical high-pressure anomaly exist in 
the slow response but can be negligible in models in which the relative 
Indian Ocean warming is muted (Extended Data Fig. 4e–g).

Remote impact on precipitation around the 
United States
We now examine the slow CO2-forced precipitation response in the west-
ern United States (30° N–45° N, 215° E–245° E) during the boreal winter 
months (December, January, February, DJF). Note that the selected 
region contains the highly populated coastal cities. The western United 
States precipitation increases in the CMIP6 slow response as well as in 
the SO warming experiment (Fig. 3a,b, green rectangles). Hence, the 
slow increase in the western United States winter precipitation is partly 
attributed to the delayed SO warming.

The wetting in the western United States can be induced by an 
El Niño-like teleconnection, starting from the delayed SO warm-
ing. Previous research has revealed that tropical Pacific warm-
ing induces low geopotential height anomalies reminiscent of the  

Pacific/North America (PNA) pattern via Rossby wave responses, 
thereby enhancing winter precipitation over the western United 
States5,11. Indeed, in response to the delayed SO warming, the 200-hPa 
geopotential height anomalies exhibit minima over the northeastern 
Pacific (Fig. 3a,b, grey contours), which resemble the responses in 
a typical El Niño year28. The resulting low height anomalies gener-
ate southwesterly winds directed towards the western United States 
(Fig. 3c), which in turn supply moisture and enhance precipitation. 
In addition, the low height anomalies in the northeastern Pacific cor-
respond to the eastward extension of the Pacific jet, which would 
otherwise be concentrated in the western Pacific (Fig. 3d). Given that 
climatological storm track activity decreases from the Pacific to the 
western United States29, this eastward jet extension steers more storms 
towards the western United States, thereby enhancing precipitation30.

Accordingly, models with stronger tropical Pacific warmings tend 
to have lower height anomalies, modulating the western United States 
precipitation response among models (Extended Data Fig. 5a–c). In 
addition, the dynamic mechanisms behind the western United States 
moistening are similar in the CMIP6 slow response and the SO warming 
experiment (compare Fig. 3c,d to Extended Data Fig. 6a,b). Therefore, 
the delayed SO warming induces a tropical Pacific warming, trigger-
ing a low geopotential height anomaly over the northeastern Pacific, 
increasing moisture supply and steering more storms to the western 
United States, thereby intensifying precipitation there.

The slow precipitation increase in the southeastern United States 
is also partly explained by the SO-driven teleconnection. Precipita-
tion during winter increases with the warming from the SO (Fig. 3a,b, 
green parallelograms). The tropical Pacific warming induces low 
height anomalies over the southeastern United States (Fig. 3a,b, 
grey contours), thereby increasing the rainfall in the southeastern  
United States as in El Niño years31. This El Niño-like teleconnection is 
further confirmed by the inter-model correlation between the tropical 
Pacific warming, low height anomaly and southeastern United States 
precipitation increase (Extended Data Fig. 5d–f).
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Fig. 3 | Remote impact on the United States winter (DJF) precipitation.  
a,b, Precipitation (shading) and 200-hPa geopotential height pattern (contours) 
anomalies from the multi-model mean CMIP6 slow response (a) and the CESM1-
CAM4 SO warming experiment (b). The geopotential height pattern is calculated 
by subtracting the Northern Hemisphere average (0°–40° N) from the original 
value (Methods). The solid (dashed) grey contours represent negative (positive) 
anomalies (interval = 10 m). c,d, The multi-model mean CMIP6 slow response 
related to the Pacific/North America pattern. c, The 850-hPa geopotential height 

pattern (shading) and 850-hPa horizontal wind (vectors). The vectors are shown 
in the region where >70% of 35 models agree on the sign of either the zonal or 
meridional wind changes. d, The changes (shading) and climatology (contours) 
of the 200-hPa zonal wind. Only positive contours larger than 12 m s−1 are shown; 
the contour interval is 8 m s−1. The green rectangle (parallelogram) corresponds 
to regions of western United States (southeastern United States) precipitation 
enhancement. Stippled and unhatched regions indicate statistical significance as 
in Fig. 1a,b. All variables are averaged for DJF.
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Southern Hemisphere low cloud feedback as a key 
regulator
Likewise, the SO-driven teleconnections affect not only the tropical 
SSTs but also regional precipitation over East Asia, the western United 
States and the southeastern United States. Previous studies have iden-
tified Southern Hemisphere low cloud feedback as a key determinant 
of the teleconnection from the SO to the tropics15,16. Here we examine 
whether variations in low cloud feedback can explain the inter-model 
differences not only in tropical SST anomalies, but also in regional 
precipitation changes.

We first quantified the Southern Hemisphere low cloud feed-
back (CFSH) as the sensitivity of the shortwave (SW) cloud radiative 
effect to underlying SSTs averaged over Southern Hemisphere regions 
with climatological low clouds32, indicated by black boxes in Fig. 4a  
(Methods and Supplementary Fig. 4). We then regressed the CMIP6 
slow response against CFSH across different climate models (Fig. 4a–c). 
The models with a stronger CFSH exhibit more warming in the SO and 
tropical oceans. To be specific, the triangular warming over the South 
Pacific becomes stronger, with a significant inter-model correlation 
of 0.74 (Fig. 4g). Furthermore, the models with a larger CFSH tend to 
have a more pronounced increase in precipitation over East Asia and 
the western United States (Fig. 4b,c), with significant correlation coef-
ficients (Fig. 4h,i). Therefore, the Southern Hemisphere low cloud 

feedback may amplify the SO-driven teleconnection, regulating the 
slow response of the tropical SST pattern as well as regional precipita-
tion over the Northern Hemisphere.

We further quantified the role of CFSH by means of a regional 
cloud-locking experiment. The abrupt-4xCO2 simulation with the 
default CESM1-CAM5 was compared with a simulation in which the 
cloud radiative feedbacks were disabled regionally over the climato-
logical low cloud regions in the Southern Hemisphere (Methods and 
Supplementary Fig. 5). The differences in the slow response between 
the cloud-interactive and regional cloud-locked configurations repre-
sent the impact of CFSH (Fig. 4d–f). The tropical Pacific warming and the 
regional precipitation increases were amplified with interactive CFSH 
relative to the cloud-locked experiments (Fig. 4g–i, green rectangles). 
Therefore, it is evident that CFSH regulates the global teleconnections 
from the SO in the models, as suggested by the similarity between the 
regional cloud-locking experiment and the inter-model regression 
map (Fig. 4a–f).

The atmospheric teleconnections discussed in previous sections 
propagate the uncertainty of the diverging CFSH among models to 
regional precipitation change. For the East Asia precipitation increase, 
the southward jet shift and associated interaction with the Tibetan 
Plateau (Fig. 2c–f) explain the model uncertainty associated with CFSH, 
shown by the consistent signals both in the inter-model regression 
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and 200-hPa zonal wind (contours; interval = 0.8 m s−1) during summer ( JJA; b) 
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95% confidence level using a t-test. g–i, CFSH versus the CMIP6 slow responses 

for the tropical Pacific triangular warming (g); precipitation during the East 
Asian (EA) summer (h) and western United States (WUS) winter (i). Annotations 
indicate inter-model correlation coefficients. The symbols are colour-coded 
from blue to red in ascending order of the CFSH. The black symbols indicate the 
multi-model mean, and open (filled) green rectangles indicate the CESM1-CAM5 
experiment in which the clouds are regionally locked (globally interactive). In i, 
the western United States winter is defined as November, December, January for 
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(Extended Data Fig. 7) and the regional cloud-locking experiment 
(Extended Data Fig. 8). The stronger CFSH also favours a stronger 
high-pressure anomaly over the western North Pacific subtropical 
regions (Extended Data Fig. 4c,d), explaining the reduced precipita-
tion south of East Asia (Fig. 4b,e). For the western United States and 
southeastern United States precipitation enhancement, the Rossby 
wave responses and subsequent PNA pattern (Fig. 3c,d) are also ampli-
fied with a stronger CFSH (Extended Data Fig. 6c–f).

Our analysis has concentrated on the slow climate response to 
abrupt CO2 quadrupling, specifically the gradual evolution of tropical 
Pacific warming and related changes in regional precipitation. In fact, 
the Southern Hemisphere low cloud feedback explains the projec-
tion uncertainties not only for the slow responses, but also for the 
long-term responses (Extended Data Fig. 9). The inter-model correla-
tion is dominated by four CESM2 variant models, but the cloud-locking 
experiment aligns with the inter-model relationship (compare the 
black regression lines and green dashed lines in Extended Data Fig. 9). 
Given that the cloud-locking experiment provides actual causal evi-
dence, whereas the inter-model correlation does not, we argue that 
the CFSH is partly responsible for the inter-model spread, even in the 
non-robust inter-model correlation. Thus, under the scenario with CO2 
enhancements, the misrepresentation of low clouds in the Southern 
Hemisphere will contribute to the projection uncertainties of tropical 
SSTs and regional precipitation changes over East Asia and the south-
eastern United States.

SO teleconnections to the Northern Hemisphere 
midlatitudes
Here we reveal a teleconnection in which the delayed SO warm-
ing expected under anthropogenic climate change contributes to 
enhanced equatorial warming with an El Niño-like pattern, thereby 
enhancing regional precipitation over East Asia, the western Unites 
States and the southeastern United States, as summarized in Fig. 5. 

The Southern Hemisphere low cloud feedback regulates the strength 
of the SO-driven teleconnection and partly explains the inter-model 
uncertainties of the regional precipitation projections. In fact, the 
highly model-dependent feedback from the Southern Hemisphere low 
clouds has been identified as a major source of uncertainty in global 
mean temperature increase and thus climate sensitivity33,34. There-
fore, recent field campaigns focusing on the Southern Hemisphere 
low cloud35,36 will prove valuable to improve not only climate sensitivity 
estimates but also regional precipitation projections.

In response to global warming, the slow teleconnections we 
describe here occur on centennial timescales as the SO slowly absorbs 
and releases heat, implying less impact on the near-future transient 
climate. However, the teleconnection impact will be more evident as 
humans reduce greenhouse gases (GHGs)—SO warming will persist 
while other regions will cool or equilibrate faster due to the differing 
heat capacities37. Indeed, in recent climate model experiments in which 
CO2 is removed after transient quadrupling38, SO warming becomes 
pronounced when CO2 is removed (Fig. 6a–d). The SO warming sustains 
the enhanced warming over the tropical oceans, inducing dynamical 
changes identical to this study, thereby sustaining a precipitation 
increase over East Asia, the western United States and the southeast-
ern United States (Fig. 6e–h). The sustained warming and wetting are 
consistent with recent studies with similar model experiments27,39. 
Eventually, long-term adaptation policies need to reflect these regional 
climate changes induced by SO warming, which will remain even with 
CO2 reductions.

Generally, there is growing evidence indicating that the SO is a 
global climate pacemaker in recent trends, producing remote impacts 
such as those highlighted in this study40–42. Specifically, in the process 
of developing decadal climate predictions, higher spatial resolution 
has been shown to improve the prediction skill of surface temperature 
over the SO. This SO skill improvement extends to a better hindcast 
of the tropical Pacific SST as well as the western United States and 
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Fig. 5 | Schematic of the global teleconnection from the delayed SO warming. 
The delayed SO warming propagates equatorward, preferentially west of the 
continents, following the climatological southeasterlies. This equatorward 
teleconnection is further promoted by positive low cloud feedback. As the 
warming signal reaches the equator, it is further amplified by Bjerknes feedback, 
leading to the El Niño-like warming pattern. In summer, the enhanced equatorial 
warming heats the tropical troposphere following the moist adiabat, shifting 
the Asian jet southward and intensifying precipitation over East Asia (EA) due 

to strengthened interactions between the jet and the Tibetan Plateau. In winter, 
the El Niño-like warming induces the Rossby wave responses, producing a PNA 
circulation pattern with corresponding low (L) and high (H) pressure anomalies, 
which in turn enhances precipitation across the western United States (WUS) and 
southeastern United States (SEUS). The multi-model mean of the slow response 
in abrupt-4xCO2 and piControl climatology across the CMIP6 ensemble is used 
for the schematic.

http://www.nature.com/naturegeoscience


Nature Geoscience | Volume 18 | April 2025 | 313–321 319

Article https://doi.org/10.1038/s41561-025-01669-5

southeastern United States precipitation during winter42. Therefore, 
an accurate representation of recent SO cooling trends may play a 
crucial role in resolving model–observation discrepancies of the recent 
tropical Pacific cooling as well as the western United States drying. 
The mechanisms revealed in this study lend further support to this 
hypothesis. These cumulative findings could help alleviate model 
errors in simulating recent regional precipitation trends and enable 
more trustworthy future projections.

Online content
Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information, 
acknowledgements, peer review information; details of author con-
tributions and competing interests; and statements of data and code 
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Methods
CMIP analysis
We use monthly mean outputs of two fully coupled CMIP618 experi-
ments: piControl and abrupt-4xCO2. piControl mimics the climate 
with a pre-industrial CO2 concentration (280 ppm), and abrupt-4xCO2 
simulates the climate with quadrupled CO2. We calculated the total 
response to CO2 quadrupling as the difference between the last 30 years 
of abrupt-4xCO2 and the last 100 years of piControl. We calculated the 
slow response as the last minus first 30 years of abrupt-4xCO2, in which 
the effects of ocean dynamics and slowly evolving SSTs dominate. 
Although previous studies used the first ten years to capture the slow 
evolution of the SST, here we use the first 30 years to minimize the high 
internal variability in regional precipitation. This definition of the slow 
response clearly characterizes the delayed SO warming and associated 
global impacts (Supplementary Fig. 6). All CMIP6 data are interpolated 
to 1° × 1° horizontal resolution, and one ensemble per model was used 
for the analysis. A total of 35 models were selected based on their data 
availability (model lists are provided in Supplementary Table 1).

The SO warming experiment using CESM1-CAM4
To confirm the SO-driven teleconnection impact, a SO warming experi-
ment was conducted using the fully coupled CESM1-CAM443. We first 
equilibrate to the pre-industrial climate and then added the SO warm-
ing to run a forced simulation for 150 years. The target warming was 
added to the longwave heat flux term in the ocean coupler code. We 
added a sinusoidal heat flux between 40° S and 60° S, with a maximum 
of 20 W m−2. The averaged difference between the last 50 years of 
forced climate and last 100 years of pre-industrial climate was analysed. 
The imposed heat flux was eventually released towards the atmos-
phere (dashed–dotted blue line in Supplementary Fig. 6), affecting 
the global climate through teleconnections. Note that the tropical 
Pacific response in this experiment is weaker than in the CMIP6 slow 
response, even if the forcing magnitude is larger (Fig. 1b,c). The weaker 
response can be attributed to the weak positive low cloud feedback 
in CESM1-CAM4, which might dampen the cloud radiative anomalies 
and thus the teleconnection in this particular model (Supplemen-
tary Fig. 2). To be specific, the negative low cloud feedback west of  
Australia might hinder the equatorward propagation of the SO warming 
in CESM1-CAM4, muting the tropical Indian Ocean warming (Fig. 1c). 
Note that the SST response in the North Atlantic and North Pacific in 
the SO warming experiment differs from the CMIP6 slow response. In 
the SO warming experiment, the stronger North Atlantic warming and 
displacement of the North Pacific cooling maxima to the northwest 
modulate the jet streams, which could result in weaker precipitation 
signals over East Asia and the western United States. However, the 
overall teleconnection impacts from the tropical SST anomalies are 
consistent.

Estimating Southern Hemisphere low cloud feedback
In this study we aim to find the cause of the inter-model spread in the 
SW cloud radiative effect (SWCRE) responses over the Southern Hemi-
sphere low cloud regions. We decompose the SWCRE response into the 
product of the forced SST response and the SWCRE sensitivity to SST, a 
relationship that holds, particularly for low cloud regions33. The SWCRE 
sensitivity at each grid point is the estimated strength of the local SW 
cloud feedback, which will be intrinsic to a model’s parameterizations.

We calculated the local SW cloud feedback strength by regress-
ing the monthly SWCRE at the top of atmosphere (TOA) onto the 
monthly SST at each model grid point, using the de-seasonalized 
and de-trended deviations of 100-year piControl simulations.  
The local SW cloud feedback was then averaged over the Southern 
Hemisphere low cloud regions, where the inter-model correlation 
between the SWCRE changes and the tropical Pacific triangular 
warming is large (Supplementary Fig. 4a,b, green and blue boxes).  
The averaged feedback is what we refer to as the Southern Hemisphere 

low cloud feedback (CFSH). This low cloud feedback can explain the 
inter-model spread of SWCRE changes both in the subtropical and 
SO domains, even without considering SST changes (Supplementary 
Fig. 4d,e). This indicates that the difference in low cloud param-
eterization is the dominant cause of the inter-model spread in the 
SWCRE responses. We estimated the observational CFSH with the 
same method, using the CERES-EBAF44 for SWCRE and OISSTv545 for 
SST from March 2000 to February 2020.

Here, the Southern Hemisphere low cloud includes the cloud over 
the subtropics and SO, and the subtropical and SO cloud feedbacks are 
correlated among climate models (r = 0.63; Supplementary Fig. 4c). In 
addition, note that we directly link the low cloud and SWCRE changes 
to the SST. In previous studies using cloud-controlling factor analysis, 
estimated inversion strength is another important factor for explain-
ing SWCRE changes33,46,47. However, for the Southern Hemisphere low 
cloud regions, the anticorrelation between the time series of SST and 
estimated inversion strength is strong, so the univariate regression 
with SST is sufficient to capture the inter-model spread of the SWCRE 
responses.

The CESM1-CAM5 regional cloud-locking experiment
To elucidate the role of CFSH, we conducted regional cloud-locking 
experiments48 using the fully coupled CESM1-CAM549. First, the eight 
cloud parameters were extracted every 2 h from a randomly chosen 
year of the equilibrated pre-industrial simulation. Then, in the regional 
cloud-locking experiments, the 2-h cloud parameters were prescribed 
repetitively every year in the radiative transfer code for the target 
region. The target regions we focused on were the SO and off the west 
coast of all major Southern Hemisphere continents where CFSH is 
defined. One abrupt-4xCO2 simulation was integrated for 150 years 
with the interactive clouds and locked clouds. The effect was that the 
SW cloud radiative forcing in the interactive cloud experiment was 
muted in the regionally locked experiment (Supplementary Fig. 5). The 
difference between the interactive and locked cloud experiments dem-
onstrates the role of CFSH. The slow response was used for the analysis 
as in CMIP. Note that the CESM1-CAM5 has relatively realistic SW cloud 
feedback strength over the SH low cloud regions when compared to 
other models (Supplementary Fig. 2d), confirming the fidelity of the 
cloud-locking experiment.

Tropical SST pattern and the geopotential height pattern
The tropical SST pattern was calculated as the SST from which the 
tropical (20° S–20° N) mean has been subtracted. For the 200-hPa and 
850-hPa geopotential height patterns, the deviation from the Northern 
Hemisphere (0°–40° N) average value was used to capture the circula-
tion responses under global warming, following a previous study50.

Asian jet shift
The shift of the Asian summer jet was quantified as the change in meridi-
onal asymmetry of the 200-hPa zonal wind as follows. First, we took the 
200-hPa zonal wind during the summer ( JJA) over the Asian continent 
(60° E–120° E). Next, we calculated the climatological Asian jet position 
as the latitude of the maximum zonally averaged zonal wind. To assess 
the meridional asymmetry of the zonal wind (U200asy), the meridion-
ally averaged zonal wind between the climatological jet position and 
20° south of the jet was subtracted from that between the climatologi-
cal jet and 20° north of the jet. Negative changes in U200asy denote a 
southward shift in the Asian summer jet.

Data availability
CMIP6 data are available from the ESGF data portals (https://esgf-node.
llnl.gov/projects/esgf-llnl/). The post-processed CESM1-CAM4 
Southern Ocean warming experiment and CESM1-CAM5 regional 
cloud-locking experiment are available at https://doi.org/10.5281/
zenodo.14797112. The observational SST (OISST v2) can be downloaded 
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from the Physical Sciences Laboratory website (https://psl.noaa.gov/
data/gridded/data.noaa.oisst.v2.html). The CERES-EBAF v4.1 TOA 
radiation data are available from https://ceres.larc.nasa.gov/data/. 
The post-processed data for reproducing figures are available at  
https://doi.org/10.5281/zenodo.14797112.

Code availability
The raw data were first averaged by NetCDF Operator (NCO; https://
nco.sourceforge.net/). All calculations, analysis and visualizations 
were then carried out using MATLAB. The MATLAB codes are available 
at https://doi.org/10.5281/zenodo.14797112.
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Extended Data Fig. 1 | Contribution of slow response to the total response in 
CMIP6 CO2 quadrupling simulation. Total response is difference between last 
30 years of abrupt-4xCO2 and last 100 years of pre-industrial control simulation, 
while slow response is difference between last 30 and first 10 years of abrupt-
4xCO2 simulation. Fast response is subtraction of the slow from the total 
response. a–c, Multi-model mean total response in annual-mean SST (a), summer 
precipitation (b), and winter precipitation (c). d–f, Decadal averaged timeseries 
of the response in equatorial Pacific SST gradient (d), precipitation over East Asia 
(e) and the Western United States (f). The zonal SST gradient and regional 
precipitations are calculated over the black boxes in (a-c). Black lines represent 

multi-model mean and shading indicate ±1 inter-model standard deviation.  
g–i, Total responses versus slow/fast responses for equatorial Pacific SST 
gradient (g), precipitation over East Asia (h) and the Western United States (i). 
Red (Blue) circles indicate the slow (fast) responses, and the open circles indicate 
the multi-model mean. For slow/fast response, inter-model correlation 
coefficients to the total response are inserted as text. Note that the definition of 
slow response—which uses first 10 years—is specific to this figure; in main analysis 
we use first 30 years to minimize the internal variability of the regional 
precipitation (Methods).
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Extended Data Fig. 2 | The impact of the tropical SST anomalies and the Asian 
jet shift on the East Asian summer ( JJA) precipitation. a–c, Relationship 
between the Asian jet shift and the East Asian (EA) precipitation changes (a), the 
tropical Pacific triangular warming and the Asian jet shift (b), and the triangular 
warming and the EA precipitation changes (c). The Asian jet shift is measured  
by changes in meridional asymmetry of 200-hPa zonal wind, in which negative 

sign indicates southward shift (Methods). The precipitation anomaly is  
averaged over EA between 25°N-40°N and 110°E-145°E (green boxes in Fig. 2a,b). 
Circle symbols are CMIP6 slow responses, black is multi-model mean. Orange 
triangles indicate the CESM1-CAM4 SO warming experiment. The inter-model 
correlation coefficients are inserted as text. All variables are averaged for JJA.
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Extended Data Fig. 3 | The atmospheric teleconnection from the tropics to East Asia in the SO warming experiment. a–d, Same to Fig. 2c–f but for the CESM1-CAM4 
SO warming experiment. Unhatched regions indicate statistically significant responses at the 95% confidence level using a t test, compared to the inter-annual 
variability in control climate.
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Extended Data Fig. 4 | The western North Pacific subtropical high linked to the 
tropical SST anomalies during summer ( JJA). a–d, 850-hPa geopotential height 
pattern (shading) and 850-hPa horizontal wind (vectors) from multi-model 
mean CMIP6 slow response (a), CESM1-CAM4 SO warming experiment 
(b), inter-model regression of CMIP6 slow response onto the CFSH (c), and 
CESM1-CAM5 regional cloud-locking experiment (d). e-g, Relationship between 
the tropical Pacific triangular warming and the relative warming over the tropical 
Indian ocean between 10°S-10°N and 50°E-100°E, compared to the tropical 

western Pacific between 10°S-10°N and 150°E-180°E (e), the relative tropical 
Indian ocean warming and the western North Pacific subtropical high (WNPSH) 
height anomaly (f), the height anomaly and the East Asia summer precipitation 
enhancement (g). The WNPSH height anomaly is calculated as the averaged 
850-hPa geopotential height pattern (Methods) over the western North Pacific 
between 10°N-25°N and 110°E-145°E (black boxes in (a-d)). Annotations in (e-g) 
follow those in Extended Data Fig. 2. All variables are averaged for JJA.
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Extended Data Fig. 5 | The impact of the tropical SST anomalies and the 
Pacific/North America pattern on the precipitation around United States 
during winter (DJF). a–c, Relationship between the tropical Pacific triangular 
warming and the northeastern Pacific 200-hPa geopotential height pattern 
anomaly (a), the height anomaly and WUS precipitation enhancement (b), and 
the triangular warming and WUS precipitation enhancement (c). The height 
anomaly is averaged over the northeastern Pacific between 30°N–55°N and 

185°E–235°E, and the precipitation anomaly is averaged over WUS between 
30°N-45°N and 215°E-245°E (green boxes in Fig. 3a,b). d–f, Same relationship 
as in a–c except for the height anomalies over the southeastern United States 
(30°N–55°N and 185°E–235°E) and the SEUS precipitations averaged over the 
green parallelogram in Fig. 3a,b. The symbols and texts follow those in Extended 
Data Fig. 2. All variables are averaged for DJF.
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Extended Data Fig. 6 | The El Niño-like teleconnection to the Unites States. 
a,c,e, The 850-hPa geopotential height pattern (shading) and 850-hPa 
horizontal wind (vectors) from the CESM1-CAM4 SO warming experiment 
(a), the inter-model regression of CMIP6 slow response onto the CFSH (c), and 
CESM1-CAM5 regional cloud-locking experiment (e). The vectors are shown if 
either the zonal or meridional component are statistically significant at the 95% 

confidence interval using a t test. b,d,f, Same as a, c and e, but for the changes 
(shading) and climatology (contours) of 200-hPa zonal wind. Only the positive 
contours larger than 12 m s−1 are shown; the contour interval is 8 m s−1. Green 
boxes indicate the Western and Southeastern United States, where precipitation 
increases. All variables are averaged for DJF.
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Extended Data Fig. 7 | The atmospheric teleconnection from the tropics to East Asia for the CMIP6 inter-model regression. a–d, Same to Fig. 2c–f but for the 
inter-model regression of CMIP6 slow response onto the CFSH. Unhatched regions indicate statistically significant regression coefficients at the 95% confidence level 
using a t test.
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Extended Data Fig. 8 | The atmospheric teleconnection from the tropics to East Asia in the cloud-locking experiment. a–d, Same to Fig. 2c–f but for the 
CESM1-CAM5 regional cloud-locking experiment. Unhatched regions indicate statistically significant regression coefficients at the 95% confidence level using a t test.
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Extended Data Fig. 9 | The role of the Southern Hemisphere low cloud 
feedback (CFSH) on the future projection uncertainties. a–d, CFSH versus the 
tropical Pacific triangular warming (a), the precipitation responses during the EA 
summer (b), WUS winter (c), and SEUS winter (d). Circle (cross) symbols indicate 
CMIP6 slow (total) response. The inserted texts indicate inter-model correlation 
coefficients, where the values in parentheses are calculated after excluding  
four CESM2 variant models with the highest CFSH (Supplementary Table 1).  

The symbols are color-coded from blue to red in ascending order of the CFSH. 
Black symbol indicates muti-model mean and empty (filled) green rectangle 
indicates the CESM1-CAM5 experiment in which the clouds are regionally locked 
(globally interactive). The vertical black line indicates the observational estimate 
of CFSH (Methods). Note that WUS winter is defined as November, December, 
January for CMIP6 slow response and as January, February, March for the 
cloud-locking experiment, when each signal is maximized.
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