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Abstract 15 

The Southwestern U.S. (SWUS) is currently in a multi-decade drought that has developed 16 

since a precipitation maximum in the 1980s. While anthropogenic warming has made the 17 

drought more severe, it is the decline in winter-spring precipitation that has had a more 18 

profound effect on water resources and ecosystems. This precipitation decline is not well 19 

understood beyond its attribution to the post-1980 La Niña-like cooling trend in tropical 20 

sea surface temperatures (SSTs), which caused a North Pacific anticyclonic atmospheric 21 

circulation trend conducive to SWUS precipitation declines. Using a hierarchy of model 22 

simulations, we show that, even under El Niño-like SST trends, there is a tendency 23 
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towards a North Pacific anticyclonic circulation trend and SWUS precipitation declines, 24 

counter to the canonical El Niño teleconnection. This unintuitive yet robust circulation 25 

change arises from non-additive responses to tropical mean SST warming and radiative 26 

effects from anthropogenic aerosols. As the forced SWUS precipitation decline combines 27 

with anthropogenic warming, the post-1980 period shows the fastest SWUS soil moisture 28 

drying among past and future periods of similar length. While the precipitation trend might 29 

reverse due to future projected El Niño-like warming and aerosol emission reduction, it is 30 

unlikely to substantially alleviate the currently projected future drought risk. 31 

 32 

Main 33 

The Southwestern United States (SWUS) is a semi-arid region with a Mediterranean 34 

climate, in which precipitation mainly arrives during winter-spring (Dec-May, DJFMAM) 35 

while summers (Jun-Aug, JJA) are hot and dry. In recent decades, increasing freshwater 36 

demand from population growth, and agricultural and industrial uses1,2 has increased the 37 

vulnerability of the SWUS to droughts. Since about the 1980s, the SWUS also shifted into 38 

drier conditions climatically3,4. The combination of declining winter-spring precipitation 39 

and rising summer air temperature4-6 led to reduced soil moisture7, increased vapor 40 

pressure deficit8, enhanced wildfire risk9, and depleted reservoirs10. While past warming 41 

has been robustly attributed to anthropogenic forcing4-6, it is uncertain to what extent the 42 

observed precipitation decline is externally forced11-13.  43 

Much of the uncertainty in forced precipitation change is due to the uncertain estimate of 44 

forced circulation change14,15. The SWUS winter-spring precipitation correlates with the 45 

strength of the Aleutian Low4,16. The Aleutian Low’s variability can be influenced by 46 
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anomalous heating from tropical Pacific sea surface temperatures (SSTs) via planetary 47 

waves; on interannual time scales this forms the well-studied teleconnection from the El 48 

Niño-Southern Oscillation (ENSO) to SWUS precipitation4,17,18. A similar mechanism 49 

applies to decadal time scales19,20. Therefore, the observed post-1980 weakening of the 50 

Aleutian Low and the decreasing SWUS precipitation are frequently attributed to the 51 

observed La Niña-like trend in tropical Pacific SSTs (Fig. 1a-1b)11,13,16. This is confirmed 52 

by tropical ocean global atmosphere (TOGA) simulations with atmosphere-land models 53 

forced with observed tropical SSTs and 1980-2014 radiative forcings where extratropical 54 

SSTs and sea ice are kept at climatology (Methods; Fig. 1c). These simulations largely 55 

reproduce the pattern and strength of the observed Aleutian Low and precipitation trends 56 

(i.e., extratropical SSTs have a negligible influence, see Fig. S1). Given this pronounced 57 

influence of tropical SSTs on the North Pacific circulation and precipitation, it is surprising 58 

to find that CMIP6 models, which simulate either no tropical Pacific trend or an El Niño-59 

like SST trends in recent decades (at odds with observations; Fig. 1d, 1f, 1h; see also21-60 

23), also produce a small weakening of the Aleutian Low and a decline in SWUS 61 

precipitation (Fig. 1e), contrary to what would be expected based on El Niño-like SST 62 

trends alone. This suggests that the recent North Pacific atmospheric circulation trend, 63 

and by extension the SWUS precipitation decline, is partly externally forced.  64 

However, tropical SST trends - forced or internally generated - still influence circulation 65 

and precipitation trends, such that we might expect an El Niño-like tropical warming 66 

pattern to counteract the forced North Pacific circulation change. For example, while a 67 

model with a modest El Niño-like SST warming pattern similar to the CMIP6 ensemble 68 

mean (CESM2; Fig. 1f-g) also shows a weakening of the Aleutian Low, a model with an 69 
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exceptionally strong El Niño-like SST trend (ACCESS-ESM1.5; Fig. 1f) does not, 70 

consistent with the expected teleconnections associated with El Niño-like warming19,24; 71 

though even in this case a weak increase in sea level pressure remains over the Gulf of 72 

Alaska. Understanding how historical forcings and tropical warming patterns influence 73 

trends in the North Pacific sector is necessary to refine projections of near-future drought 74 

risk20. Here, we use a hierarchy of model simulations to investigate the roles of tropical 75 

SST trends and direct radiative forcing on North Pacific circulation and SWUS 76 

hydroclimate changes. We probe the possibility that the current SWUS drought has been 77 

more inevitable than previously thought, as both the temperature increase and the 78 

precipitation decline might have been partly forced.  79 
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 80 

Figure 1. Observed and simulated 1980-2014 DJFMAM trends in sea surface 81 

temperature (SST), sea level pressure (psl), and precipitation (pr). Observed a, SST 82 

trend (ERSSTv5), b, psl and pr trends (ERA5/GPCC), c, 20-member ensemble mean 83 

from Tropical Ocean Global Atmosphere (TOGA) simulations (10-member CAM6/CLM5 84 

(CESM2), 10-member UM7.3/CABLE (ACCESS-ESM1.5)) prescribed with tropical SSTs 85 

from ERSSTv5. 17-model mean CMIP6 d, SST, and e, psl and pr trends. f-g and h-i are 86 

similar to d-e but from 100-member CESM2-LE and 40-member ACCESS-ESM1.5-LE, 87 

respectively. Hatching/Stippling marks psl/pr trends with 95% significant level for 88 
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observations, and when 67% of the ensemble members agree with the sign of the 89 

ensemble mean for model simulations. 90 

 91 

Changing teleconnections from tropical decadal SST variability  92 

CESM2 and ACCESS-ESM1.5, as well as CMIP6 models more generally, tend to 93 

produce an El Niño-like SST trend under historical forcing (Fig. 2a). However, these 94 

models show a systematic shift towards lower SWUS precipitation trends during 1980-95 

2014 (Historical; hereafter Hist) compared with pre-industrial (PiControl; hereafter PiCtrl) 96 

when binned by Niño 3.4 trends (Fig. 2a-2b; Methods). Specifically, the crossover point 97 

between positive and negative SWUS precipitation trends occurs at Niño 3.4 trends of 98 

~0.2 K/decade for Hist rather than the expected 0 K/decade found in PiCtrl. In the 99 

absence of external forcing (PiCtrl), the strongest positive and negative decadal Niño 3.4 100 

trends (above 97.5th and below 2.5th percentiles from PiCtrl; see Methods) lead to the 101 

canonical and symmetric modulation of atmospheric circulation and SWUS precipitation 102 

trends: El Niño-like trends decrease sea level pressure over the North Pacific and 103 

increase SWUS precipitation and vice versa for La Niña-like trends (Fig. 2c-2d for CESM2 104 

and Fig. S2 for ACCESS-ESM1.5). Under 1980-2014 forcing (Hist), however, the sea 105 

level pressure over the North Pacific tends to increase despite the El Niño-like SST trends 106 

(Fig. 2e-2f for CESM2 and Fig. S2 for ACCESS-ESM1.5). Even in the strongest El Niño-107 

like members (Niño 3.4 trends above 90th percentiles; Methods), there is an increased 108 

sea level pressure around the Gulf of Alaska, creating a circulation pattern distinct from 109 

a canonical El Niño-like response and more conducive to precipitation declines further 110 

south along the North American West Coast (Fig. 2e).  111 
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However, interpreting this systematic shift in tropical SST teleconnections in coupled 112 

models is challenging. Results from coupled model simulations involve direct radiatively 113 

forced changes (i.e., independent of SST changes), indirect radiatively forced changes 114 

(i.e., including SST changes, such as uniform warming and patterned warming), and the 115 

interplay with internal SST and atmospheric variability16,25. Additionally, coupled models 116 

struggle to capture the observed La Niña-like trend despite the sizable magnitude of 117 

internal variability around their mean trend (Fig. 2a). To more robustly disentangle the 118 

influence of SST trends and external forcing in the face of large internal atmospheric 119 

variability, we create a set of counterfactual TOGA ensembles with CESM2 and 120 

ACCESS-ESM1.5 (Fig. 2g-2h shows the 10-member ensemble mean from CESM2 and 121 

Fig. S2 for the 10-member ensemble mean from ACCESS-ESM1.5; Methods). First, we 122 

create a large ensemble of synthetic SST realizations with a stochastically forced 123 

cyclostationary linear inverse model (LIM; Methods), which preserves the spatial and 124 

temporal statistical properties of observed SST variability17,20. Then, we choose two SST 125 

realizations from the LIM ensemble, with an El Niño-like and a La Niña-like SST trend 126 

pattern (corresponding to Niño 3.4 trends of about +/-0.3 K/decade; Fig. 2a), and use 127 

them as SST boundary forcings for standard TOGA simulations (termed LIM-TOGA 128 

simulations). 129 

Surprisingly, even in the LIM-TOGA El Niño-like case, the North Pacific sea level pressure 130 

increases slightly, inducing a precipitation decline over the U.S. Pacific Northwest 131 

extending to the northwestern portion of the SWUS (Fig. 2g). Internal atmospheric 132 

variability can still create positive SWUS precipitation trends, but drying trends are 133 

substantially more likely in the LIM-TOGA El Niño-like case (65% vs 35% of members, 134 
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pooling simulations from CESM2 and ACCESS-ESM1.5; not shown). In the LIM-TOGA 135 

La Niña-like case, we find the expected North Pacific sea level pressure increase and 136 

significant SWUS precipitation decline (Fig. 2h). Just like in the fully-coupled models, 137 

precipitation trends for the El Niño and La Niña LIM-TOGA realizations are systematically 138 

lower than those based on PiCtrl segments for the same Niño 3.4 trend values (Fig. 2b). 139 

These results confirm a North Pacific circulation change and associated SWUS drying 140 

beyond what would be expected from internally generated Niño 3.4 trends alone (i.e., the 141 

impact that Niño 3.4 trends have in PiCtrl). 142 

 143 

 144 

Figure 2. Impacts of tropical Pacific SST trends on DJFMAM North Pacific 145 

hydroclimate trends in different climate mean states. a, histograms of 34-year Niño 146 

3.4 trends from Observation (ERSSTv5; also used for TOGA: ERSSTv5), CS-LIM 147 
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generated synthetic SSTs (TOGA: El Niño-like and TOGA: La Niña-like), PiCtrl and Hist 148 

from CESM2 and ACCESS-ESM1.5. b, averaged 34-year SWUS pr trends binned by 149 

Niño 3.4 trends. Black error bars around the bars from TOGA simulations are ±1 standard 150 

deviation of the variability across 20 ensemble members. (c, e, g), El Niño-like SST trends 151 

and associated psl and pr responses in CESM2 from c, PiCtrl (50), e, Hist (10), and g, 152 

LIM-TOGA (10). (d, f, h) same as (c, e, g) but for La Niña-like SST trends. 153 

Hatching/Stippling indicates psl/pr trends where 67% of the ensemble members agree 154 

with the sign of the ensemble mean. 155 

 156 

Forced changes oppose the expected response from El Niño-like trend 157 

The systematic hydroclimate shift across different tropical SST trends and model 158 

configurations implies an externally forced change in circulation. The negative correlation 159 

between tropical Niño 3.4 SST trends and equatorial 200 hPa velocity potential gradient 160 

(VPG) trends (Methods), a metric that measures the initial step of the tropics-to-161 

extratropics teleconnection through the generation of tropical divergent flow, does not 162 

change markedly from PiCtrl to the post-1980 period (Fig. 3a-3b). However, the 163 

relationship between equatorial 200 hPa VPG trends and the North Pacific Index (NPI; 164 

Methods) trends changes in the post-1980 period (Fig. 3c), resulting in a shift toward 165 

more positive trends in North Pacific sea level pressure regardless of tropical SST trends 166 

(Fig. 3a).  167 

Indeed, the El Niño-like tropical warming patterns under post-1980 historical forcings do 168 

not look similar to the pre-industrial El Niño-like trends (Fig. 2c, 2e, 2g), due to the 169 

widespread warming outside of the equatorial Pacific in the former but not the latter. To 170 
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decompose the individual drivers of the systematic hydroclimate shift, we examine the 171 

impacts from transient post-1980 historical forcings alone (i.e., radiative forcing, with 172 

climatological SSTs and sea ice, termed RF only), and time-slice experiments in which 173 

the LIM-based El Niño-like SST trend pattern (termed El Niño-like only) and a uniform 2K 174 

warming (termed 2K only) are imposed within constant radiative forcing representative of 175 

the year 2000 (Methods).  176 

RF only triggers a weak anti-cyclonic response over the northern part of the Aleutian Low 177 

but overall has little impact on SWUS precipitation (Fig. 3d). Such a radiatively forced 178 

Aleutian Low response has previously been attributed to changes in aerosol 179 

emissions16,26. The CESM2 single forcing large ensemble confirms that this radiatively 180 

forced anti-cyclonic response over the North Pacific is attributable to historical 181 

anthropogenic aerosols (AAER; Fig. 3e-3f). However, it is worth noting that neither ocean 182 

coupling nor Arctic sea ice changes are critically needed to form this radiatively forced 183 

North Pacific anti-cyclonic response.   184 

The El Niño-like only simulation, with radiative forcing held fixed at year 2000 levels, on 185 

the other hand, does recover much of the circulation change over the Gulf of Alaska and 186 

a coastal SWUS precipitation decline (Fig. 3g) as seen in the transient historical LIM-187 

TOGA simulations with the El Niño-like SST trend (Fig. 2g). However, it also retains a hint 188 

of the canonical El Niño-like response with a slight deepening of the Aleutian Low. 189 

Ultimately, the sum of RF only and El Niño-like only (Fig. 3h) does not completely recover 190 

the behavior of the transient LIM-TOGA simulations with the El Niño-like SST trend, 191 

suggesting a non-additive response to these two drivers (termed residual; Methods). The 192 

residual exhibits a broad North Pacific sea level pressure increase and SWUS 193 
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precipitation decline (Fig. 3h, calculated as the difference between Fig. 2g and the sum 194 

of Fig. 3d and 3g). Such a residual is reminiscent of the pattern difference between the 195 

trends in the fully coupled CESM2 all-forcing historical simulations and the sum of AAER 196 

and xAAER simulations (Fig. S3a), in which AAER creates relatively negligible tropical 197 

SST changes (Fig. S3b, analogous to RF only) and xAAER creates an El Niño-like SST 198 

trend (Fig. S3c, analogous to El Niño-like only).  199 

The unintuitive SWUS precipitation response under El Niño-like SST trends thus arises 200 

from non-additive North Pacific circulation changes due to tropical SSTs and direct 201 

radiative forcing, a behavior that is consistent across fully coupled and SST-prescribed 202 

simulations with CESM2. Anthropogenic aerosols forcing, both in AAER and RF only 203 

simulations, weakens the Pacific jet27 and generates a barotropic anti-cyclonic response 204 

over the North Pacific26,28 (Fig. S4a-S4d). El Niño-like SSTs, on the other hand create a 205 

barotropic cyclonic response over the North Pacific, extend the Pacific jet eastward, and 206 

increase SWUS precipitation24 (Fig. S4e, S4f). The extension of the Pacific jet can shift 207 

the location where atmospheric circulation anomalies develop most efficiently eastward29. 208 

This mechanism could contribute to the eastward shift of the aerosol-induced anti-209 

cyclonic response when the El Niño-like SST trend and radiative forcings act together 210 

(see Fig. 2g and Fig. S4g, S4h), leading to the non-additive response seen in the residual 211 

(Fig. 3h and Fig. S5a-S5d). 212 

Outside of the Eastern tropical Pacific, tropical SSTs exhibit robust overall warming as a 213 

response to radiative forcing (Fig. 1d, 1f, 1h) and, unlike the Eastern tropical Pacific, are 214 

not subject to large internal variability that can change the sign of the 1980-2014 trend 215 

(Fig. 2e-2h). Indian and Atlantic Ocean warming has been identified as also contributing 216 
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to SWUS drying20,30. Therefore, we examine the contribution from uniform tropical 217 

warming with 2K only (Methods). Without the El Niño-like warming in the Eastern tropical 218 

Pacific, 2K only leads to broad increases in sea level pressure across the North Pacific 219 

and consequently is a contributing factor to the decline in winter-spring SWUS 220 

precipitation (Fig. 3i). This has been argued to result from the overall increased lower 221 

tropospheric stability31 (Fig. S6) while the SWUS drying has been argued to result from 222 

an expansion of the Hadley Cell15,32.  223 

Thus, we conclude that radiative forcing contributes to an atmospheric circulation 224 

response over the North Pacific directly (via RF only) and indirectly (via uniform tropical 225 

warming as well as the interaction of patterned tropical SST trends with RF) that favors 226 

SWUS winter-spring precipitation declines. Importantly, these post-1980 contributions 227 

from radiative forcing are sufficient to notably counteract even the influence of an El Niño-228 

like SST trend. 229 

 230 
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 231 

Figure 3. Tropical-North Pacific teleconnection shift due to different drivers in 232 

CESM2 (CAM6). a, scatter plot of the ensemble mean equatorial 200 hPa velocity 233 

potential gradient (VPG) trends (x-axis), North Pacific Index (NPI) trends (y-axis), and 234 

Niño 3.4 trends (color) from El Niño-like and La Niña-like members from different 235 

simulations. The error bars are the full range of the ensemble members in each category. 236 

The mesh grid shows the averaged Niño 3.4 trends binned by equatorial 200 hPa VPG 237 

trends and the NPI trends from PiCtrl. b-c, Regression coefficients from Hist and PiCtrl 238 

simulations (vertical lines, solid/dashed lines for correlations with p < 0.05/ p > 0.05) and 239 
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their uncertainties from 10,000 bootstrapped regression coefficients (histograms) for b, 240 

Niño 3.4 and equatorial 200 hPa VPG trends and c, equatorial 200 hPa VPG and NPI 241 

trends. psl and pr trends driven by d, all post-1980 radiative forcings with fixed SSTs 242 

representative of the average from 1880 to 2019 (RF only), e, anthropogenic aerosols 243 

(AAER), f, everything-but-anthropogenic aerosols (xAAER), g, CS-LIM El Niño-like 244 

warming (El Niño-like only) with fixed radiative forcings representative of 2000, h, the 245 

residual from El Niño-like only and RF only (the difference between Fig. 2g and the sum 246 

of Fig. 3d and Fig. 3g), and i, the uniform tropical 2K warming (2K only). 247 

Hatching/Stippling is shown as psl/pr trends with 67% of the ensemble members agreeing 248 

with the sign of the ensemble mean for model simulations.  249 

 250 

Implication for SWUS droughts 251 

Precipitation in DJFMAM is key in determining the drought risk for the SWUS in the 252 

subsequent JJA dry season due to the snowmelt-driven nature of many of its 253 

watersheds20,33. We assess how the DJFMAM precipitation (pr) trend and the JJA air 254 

temperature (tas) trend shape the risk of low JJA soil moisture (mrsos) over the SWUS. 255 

Internally generated JJA soil moisture trends correlate with both DJFMAM precipitation 256 

and JJA air temperature trends (PiCtrl, shown as mesh grid in Fig. 4a). PiCtrl also shows 257 

a weak negative correlation between DJFMAM precipitation and JJA air temperature 258 

trends, as the cold season precipitation can affect summertime air temperature through 259 

land-atmosphere interactions and memory effects34. The SWUS has experienced an 260 

exceptional drying period since 1980 with a significant decline in JJA soil moisture (star 261 

in Fig. 4a), also when compared with the strongest trends from PiCtrl. Decreasing 262 
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DJFMAM precipitation and increasing JJA air temperature contribute to the decline of the 263 

JJA soil moisture, consistent with the relationship of these variables from PiCtrl. The 264 

SWUS JJA air temperature increase is significant in observations and all TOGA 265 

simulations (Fig. 4a). Together with the tendency for decreasing DJFMAM precipitation 266 

independent of tropical Pacific SST trends, JJA soil moisture declines in almost all 267 

historical simulations (except for ACCESS-ESM1.5-LE) for post-1980 (Fig. 4a). In other 268 

words, the recent JJA SWUS soil moisture drought has been made substantially more 269 

inevitable by the forced response of JJA temperature and cold season precipitation.  270 

In fact, the DJFMAM precipitation decline, the JJA warming, and JJA soil moisture decline 271 

over 1980-2014 are exceptional compared to other simulated 34-year periods in the past 272 

and near future (Fig. 4b-4g). CESM2 and other CMIP6 models agree that the current 273 

rates of change for all three quantities are at or near a local maximum, conspiring to make 274 

this period one of exceptionally rapid change (Fig. 4c,e,g). While soil moisture is projected 275 

to continue to decline under all emissions scenarios (Fig. 4g), its drying rate might be 276 

alleviated somewhat by a reversal of the precipitation trend (Fig. 4e), either in response 277 

to a projected strengthening of the El Niño-like warming35 due to greenhouse gases19,20,24 278 

and/or less aerosol emissions relative to the 1980s in all future scenarios36.  279 
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 280 

Figure 4. The relationship between SWUS DJFMAM pr trends, JJA tas trends, and 281 

JJA mrsos trends for 1980-2014 and future projections. a, the relationship between 282 

JJA tas trends (x-axis), DJFMAM pr trends (y-axis), and JJA mrsos trends (color) for 283 

1980-2014 from observation-based data, PiCtrl, Hist (CESM2-LE, ACCESS-ESM1.5-LE, 284 

CMIP6), and TOGA simulations. The error bars are the full range of the ensemble. The 285 

mesh grid shows the averaged JJA mrsos trends binned by JJA tas trends and DJFMAM 286 

pr trends from all PiCtrl segments. The time series of SWUS averaged b, tas, d, pr, f, 287 

mrsos (shown as anomalies from 1980-2014 climatological mean) of and the running 34-288 
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year trends for SWUS averaged c, tas, e, pr, g, mrsos for 1950-2050. Shading in b-g is 289 

the range of ±1 standard deviation across ensemble members. 290 

 291 

Discussion 292 

Projected North Pacific circulation and SWUS precipitation changes have previously been 293 

linked to the Pacific SST warming pattern19,37. Given its importance for various global 294 

climate impacts, the observation-model discrepancy in the pattern of tropical Pacific SST 295 

trends introduces substantial uncertainty to historical attribution and future projections. 296 

Several hypotheses for the recent La Niña-like SST trend have been proposed, including 297 

an internal shift of Pacific decadal variability38, an amplification of the climatological 298 

pattern by preferential warming of the Western over the Eastern Pacific39, a delayed 299 

response to GHG forcing due to the ocean thermostat effect40, anthropogenic aerosol 300 

forcing41, Antarctic stratospheric ozone forcing42, teleconnections from the Southern 301 

Ocean43,44 and equatorial upwelling45. Some of these hypotheses predict a future reversal 302 

of the observed trend. In addition, the magnitude of the global uniform SST warming can 303 

also influence the tropical circulation and the North Pacific teleconnection 304 

pattern19,24,46,47,48. Our results here further complicate this story by providing evidence that 305 

the influence of the tropical Pacific pattern of SST trends can be modulated in impactful 306 

but perhaps unintuitive ways by direct radiatively forced atmospheric circulation change 307 

as well as other aspects of the global warming signal, such as uniform tropical warming. 308 

Not addressed here but potentially also of importance are uncertainties in projected 309 

changes of the North American summer monsoon49 and its influence on water resources 310 

in the SWUS. Ultimately, a better understanding of the tug-of-war between the radiatively 311 
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forced North Pacific circulation change, either directly from radiative forcing or indirectly 312 

through tropical SST warming patterns and mean warming, and the interplay with 313 

internally-generated SST trends, as well as their cause and thus likely future trajectory, 314 

is key to robustly projecting future SWUS hydroclimate change.  315 

 316 

Methods 317 

Data 318 

For observational data, we take monthly sea surface temperature (SST) from ERSSTv550, 319 

precipitation from Global Precipitation Climatology Centre51, sea level pressure from 320 

ERA552, surface soil moisture from GLEAMv3.753, and near-surface air temperature over 321 

land from Berkeley Earth54. We regrid observational datasets to the CESM2 native 322 

nominal 1° latitude/longitude grid. We use sea surface temperature (tos), near-surface air 323 

temperature (tas), precipitation (pr), sea level pressure (psl), and soil moisture (mrsos) 324 

from the 100-member Community Earth System Model version 2 large ensemble 325 

(CESM2-LE55), the 20-member anthropogenic-aerosols-only (AAER) and the 10-member 326 

everything-but-anthropogenic aerosols (xAAER) single forcing simulations56, and the 327 

2000-year long pre-industrial simulation (PiCtrl) of CESM257. mrsos values are 328 

normalized as z-score (mean removed and divided by the standard deviation of 329 

interannual variability)58. We also include the 40-member ACCESS-ESM1.5 large 330 

ensemble (ACCESS-ESM1.5 LE59) and its 900-year PiCtrl simulation. We follow previous 331 

studies to remove the long-term drift in PiCtrl through linear detrending16. Seventeen other 332 

models from the Coupled Model Intercomparison Project Phase 6 (CMIP660) with all four 333 

future SSP scenarios are also included (See Supplementary Table 1), as well as the last 334 
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300-year of their PiCtrl simulations. The CMIP6 and ACCESS-ESM1.5 LE outputs are 335 

regridded to a 2.5° grid.  336 

 337 

SSTs generated with a Cyclostationary Linear Inverse Model (CS-LIM) 338 

The globally extended version of CS-LIM61 is used to generate a large ensemble of 60-339 

year SST trajectories. The CS-LIM was constructed by using monthly sea surface 340 

temperature (SST) and sea surface height (SSH) anomalies at 2°x2° spatial resolution 341 

derived from the NOAA ERSSTv550 and ECMWF ORAS462 over the ice-free global ocean 342 

during the years 1958-2017. Anomalies were obtained by removing the long-term mean, 343 

the mean seasonal cycle, and the long-term trend (identified by the least damped mode 344 

of the system via stationary empirical normal mode analysis63). Then, the operators in 345 

CS-LIM (L, Q) are obtained with SST and SSH in the principal components (PCs) space 346 

by conducting an Empirical Orthogonal Function (EOF) analysis. The leading 13 (9) PCs 347 

of SST (SSH) anomalies were used, which explain 62.5% (64.3%) of the total variance. 348 

This combination of PCs was chosen to represent the variability realistically while 349 

producing reasonably skillful hindcasts of ENSO and PDO in a cross-validation sense 350 

and creating a stable model (L must be stable and Q must be positive semidefinite)61. 351 

The CS-LIM has been integrated numerically for 6,100 years, from which the last 6,000 352 

years are used to generate 100 60-year segments of natural climate variability61. The 353 

segments differ regarding the initial state of SST and SSH anomalies and stochastic 354 

forcing realizations. The total SST and SSH anomalies were then estimated by adding 355 

the predefined long-term trend (least damped mode) to the anomalous natural climate 356 

variability. These synthetic SST trajectories from CS-LIM thus include a representation of 357 
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internal variability and an estimate of the forced response found in observations. Two 358 

SST trajectories from the CS-LIM, one with an El Niño-like (Fig. 2g) and one with a La 359 

Niña-like (Fig. 2h) trend pattern for 1980-2014, are identified to run idealized experiments 360 

(see below). 361 

 362 

Atmospheric General Circulation Model (AGCM) experiments 363 

Two kinds of tropical ocean global atmosphere (TOGA) AGCM experiments were 364 

conducted for this study, including transient historical simulations (i.e., time-evolving 365 

radiative forcing) and simulations with a particular SST pattern and radiative forcing held 366 

fixed. TOGA simulations prescribe time-evolving SSTs within 28°N/S and 1880-2019 367 

climatological seasonal cycle of SSTs from 35°S/N polewards, with a linear interpolation 368 

of SSTs between 28°N/S and 35°N/S. The sea ice forcing is held as an 1880-2019 369 

climatological seasonal cycle for all TOGA experiments. 370 

For the transient historical TOGA experiments, we use existing experiments from CESM2 371 

(CAM6 for the atmosphere and CLM5 for the land) and ACCESS-ESM1.5 (UM for the 372 

atmosphere and CABLE for the land) to generate a 20-member ensemble (10-member 373 

for each model) of AGCM simulations with prescribed observed tropical SSTs from 374 

ERSSTv5. In addition, two new 20-member TOGA experiments (again, 10 each per 375 

model) are conducted with the two synthetic SST trajectories selected from the CS-LIM 376 

(termed LIM-TOGA simulations). All three experiments prescribe the same climatological 377 

sea ice from HadISST1 and CMIP6 historical forcings (note that in CAM6, we prescribe 378 

the smoothed biomass burning version of CMIP6 historical forcings, CMIP6smbb64,65).  379 
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Sensitivity experiments with CAM6 are used to identify the impacts from direct radiative 380 

forcing (RF), tropical El Niño-like patterned warming (El Niño-like only), and 2K uniform 381 

tropical warming (2K only). RF is conducted as a 10-member ensemble with the same 382 

CMIP6smbb historical forcings as the TOGA simulations but with 1880-2019 383 

climatological SSTs and sea ice everywhere. The El Niño-like only and 2K only 384 

experiments are constructed differently: we conduct three 23-year CAM6 simulations with 385 

radiative forcings fixed as 2000 level (F2000climo) with the last 21 years used for 386 

analyses (20 samples of DJFMAM). These F2000climo runs include one control run 387 

forced with the 1880-2019 climatological SSTs and sea ice everywhere. The other two 388 

runs are forced by the same climatological SSTs and sea ice but (i) adding the El Niño-389 

like annual mean SST linear trend (termed El Niño-like only, trend calculated from the 390 

1980-2014 annual mean SST of the El Niño-like LIM-TOGA experiment, including internal 391 

variability and the estimated forced response, in unit of K per 35 years) and (ii) adding the 392 

2K uniform warming (2K only). The difference between the perturbation runs and the 393 

control run isolates the impact of El Niño-like warming and 2K warming, respectively66,67. 394 

A comparison of these AGCM simulations is provided in Table. S2. 395 

 396 

Definitions for indices and regional mean quantities 397 

Niño 3.4 is calculated as the average SST over the domain of 5°S–5°N, 170°W–120°W 398 

(yellow box shown in the SST trend maps). We define SWUS using the domain 32.5–399 

42°N, 102.5–125°W (land-only; navy box shown in psl, pr trend maps). The equatorial 400 

200 hPa velocity potential gradient (VPG) is defined as the difference between the 401 

equatorial eastern Pacific (5°S–5°N, 180°W–137.5°W) and the equatorial western Pacific 402 
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(5°S–5°N, 110°E–180°E). The North Pacific Index (NPI) is defined as the sea level 403 

pressure averaged over 30–65°N, 160°E–140°W. All indices are calculated as area-404 

weighted means.  405 

 406 

The selection of strong decadal trends according to Niño 3.4 SST trends  407 

We bin the Niño 3.4 SST trends from Historical (Hist) and PiCtrl for CESM2 and ACCESS-408 

ESM1.5 into 30 bins, respectively. The 30 bins are evenly spaced between the maxima 409 

and minima of all possible Niño 3.4 SST trends pooled from Hist and PiCtrl simulations 410 

from both CESM2 and ACCESS-ESM1.5. Then, we sort the SWUS winter-spring 411 

(DJFMAM) precipitation trends into the 30 bins according to their Niño 3.4 SST trends 412 

and show the averaged SWUS winter-spring precipitation trend for that Niño 3.4 SST 413 

trend bin (red and gray lines in Fig. 2b). We create composite maps of top La Niña-like/El 414 

Niño-like SSTs and their teleconnections (Fig. 2) based on the ensemble members with 415 

Niño 3.4 trends below the 2.5th/ above the 97.5th percentiles in PiCtrl and below the 10th/ 416 

above the 90th percentiles in Hist. 417 

 418 

Significance test for the observed trends 419 

The linear trends are determined via ordinary least square regression with its significance 420 

tested with a t-test at the 95% confidence level; degrees of freedom are N-2, where N is 421 

the number of years considered. 422 

 423 

Bootstrapping to estimate the uncertainty of regression coefficients 424 
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We randomly select 100 segments from the PiCtrl and Hist simulations from CESM2 for 425 

Niño 3.4 trends, equatorial 200 hPa VPG trends, and NPI trends and repeat this 426 

procedure 10,000 times to account for the uncertainty of the regression coefficients 427 

between these quantities.  428 

 429 

Additivity of individual forcing responses 430 

The residual in trends arising from interactions between radiatively forced response 431 

independent of SST changes (mainly by anthropogenic aerosols) and the El Niño-like 432 

SST trend (mainly by greenhouse gases, included in xAAER) in AGCM simulations is 433 

calculated as 434 

𝑋𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙 = 𝑋𝑇𝑂𝐺𝐴:𝐸𝑙 𝑁𝑖ñ𝑜−𝑙𝑖𝑘𝑒 − 𝑋𝐸𝑙 𝑁𝑖ñ𝑜−𝑙𝑖𝑘𝑒 𝑜𝑛𝑙𝑦 − 𝑋𝑅𝐹 435 

Where 𝑋𝑇𝑂𝐺𝐴:𝐸𝑙 𝑁𝑖ñ𝑜−𝑙𝑖𝑘𝑒  refers to the trends from the LIM-TOGA simulations with time 436 

evolving El Niño-like trends and time evolving radiative forcing, 𝑋𝐸𝑙 𝑁𝑖ñ𝑜−𝑙𝑖𝑘𝑒 𝑜𝑛𝑙𝑦  the 437 

anomalous change caused by the El Niño-like trend, and 𝑋𝑅𝐹 the trend from radiative 438 

forcing when SSTs are held fixed.  439 

Similarly, the residual trend due to interactions between anthropogenic aerosols (AAER) 440 

and forcings other than anthropogenic aerosols (xAAER) in fully coupled simulations is 441 

calculated as 442 

𝑋𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙 = 𝑋𝐴𝐿𝐿 − 𝑋𝐴𝐴𝐸𝑅 − 𝑋𝑥𝐴𝐴𝐸𝑅 443 

𝑋𝐴𝐿𝐿 refers to the trends from the all forcings Hist simulation, 𝑋𝐴𝐴𝐸𝑅 the trends from AAER 444 

simulation, and 𝑋𝑥𝐴𝐴𝐸𝑅 the trends from the xAAER simulation.  445 

 446 
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Since the number of ensemble members differs between the ensembles, we bootstrap 447 

members in each ensemble 100 times to create a 100-member 𝑋𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙  for identifying 448 

regions where 67% of the ensemble members agree with the sign of the ensemble mean 449 

seen in model simulations. 450 

 451 

Data Availability Statement 452 

The information to access CESM2-LE and single forcing simulations can be found 453 

https://www.cesm.ucar.edu/community-projects/lens2/data-sets; Research Data Archive 454 

(RDA) at NCAR provides access to ERSSTv5 (Huang et  al.,  2017; National Centers for 455 

Environmental Information/NESDIS/NOAA/U.S. Department of Commerce,  2019) and 456 

ERA5 (European Centre for Medium-Range Weather Forecasts,  2019; Hersbach 457 

et al., 2020); GPCC is accessed through51. 458 

 459 

Code Availability Statement 460 

Codes to generate the results in this study are available at 461 

https://doi.org/10.5281/zenodo.14990892.   462 

https://www.cesm.ucar.edu/community-projects/lens2/data-sets
https://doi.org/10.5281/zenodo.14990892
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