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Abstract

The Southwestern U.S. (SWUS) is currently in a multi-decade drought that has developed
since the 1980s. While anthropogenic warming has made the drought more severe, it is
the decline in winter-spring precipitation that has had a more profound effect on water
resources and ecosystems. This precipitation decline is not well understood beyond its
attribution to the post-1980 La Nifia-like cooling trend in tropical sea surface temperatures
(SSTs), which caused a North Pacific anticyclonic atmospheric circulation trend
conducive to SWUS precipitation declines. Using a hierarchy of model simulations, we
show that, even under El Nifio-like SST trends, there is a tendency towards a North Pacific
anticyclonic circulation trend and SWUS precipitation declines, counter to the canonical
El Nifio teleconnection. This unintuitive yet robust circulation change arises from non-
additive responses to tropical mean warming and radiative effects from anthropogenic
aerosols. As the forced SWUS precipitation decline combines with anthropogenic
warming, the post-1980 period shows the fastest SWUS soil moisture drying among past
and future periods of similar length. While the precipitation trend might reverse due to
future projected El Nifio-like warming and aerosol emission reduction, it is unlikely to

alleviate the currently projected future drought risk.



32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

Main

The Southwestern United States (SWUS) is a semi-arid region with Mediterranean
climate, in which precipitation mainly arrives during winter-spring (Dec-May, DJFMAM)
and is balanced by evaporative loss during hot and dry summers (Jun-Aug, JJA). In recent
decades, increasing freshwater demand from population growth, and agricultural and
industrial uses’* has increased the vulnerability of the SWUS to droughts. Since about
the 1980s, the SWUS also shifted into drier conditions climatically>€. The combination of
declining winter-spring precipitation and rising summer air temperature®'° led to reduced
soil moisture!, increased vapor pressure deficit’?, enhanced wildfire risk'®'4 and
depleted reservoirs'. While past warming has been robustly attributed to anthropogenic
forcing®®, it is uncertain to what extent the observed precipitation decline is externally
forced'6-2°,

Much of the uncertainty in forced precipitation change is due to the uncertain estimate of
forced circulation change?'-?3. The SWUS winter-spring precipitation correlates with the
strength of the Aleutian Low, a quasi-stationary low-pressure system over the North
Pacific?*. The Aleutian Low’s variability can be influenced by anomalous heating from
tropical Pacific sea surface temperatures (SSTs) via planetary waves; on interannual time
scales this forms the well-studied teleconnection from the El Nifio-Southern Oscillation
(ENSO) to SWUS precipitation®1925-27 A similar mechanism applies to decadal time
scales?®?°. Therefore, the observed post-1980 weakening of the Aleutian Low and the
decreasing SWUS precipitation are frequently attributed to the observed La Nifa-like

trend in tropical Pacific SSTs (Fig. 1a-1b)!7:19.20.3031 Thjs is confirmed by tropical ocean
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global atmosphere (TOGA) simulations with atmosphere-land models forced with
observed tropical SSTs, which largely reproduce the pattern and strength of the observed
Aleutian Low and precipitation trends (Fig. 1c; extratropical SSTs have a negligible
influence, see Fig. S1). Given this pronounced influence of tropical SSTs on circulation
and precipitation, it is surprising to find that CMIP6 models, which simulate forced El Nifo-
like SST trends in recent decades (at odds with observations; Fig. 1d; see also®?-3%), also
produce a weakening of the Aleutian Low and a decline in SWUS preciptiation (Fig. 1e),
contrary to what would be expected based on El Nifio-like SST trends alone. This
suggests that the recent North Pacific atmospheric circulation trend, and by extension the
SWUS precipitation decline, is partly forced but in a way that is not critically dependent
on the specific tropical SST pattern.

However, tropical SST trends can still modulate the influence of external forcing, such
that we might expect an El Nifio-like tropical warming pattern to counteract the forced
North Pacific circulation change. For example, while a model with a modest El Nifio-like
SST warming pattern similar to the CMIP6 ensemble mean (CESM2; Fig. 1f-g) also
shows a weakening of the Aleutian Low, a model with an exceptionally strong El Nifo-
like SST trend (ACCESS-ESM1.5; Fig. 1f) does not, consistent with the expected
teleconnections associated with El Nifio-like warming?82637; though even in this case a
weak increase in sea level pressure remains over the Gulf of Alaska. Understanding how
historical forcings and tropical warming patterns, as independent drivers, influence trends
in the North Pacific sector is necessary to refine projections of near-future drought risk?°.
Here, we use a hierarchy of model simulations to investigate the roles of tropical SST

trends and direct radiative forcing on North Pacific circulation and SWUS hydroclimate



78

79

80

81

82

83

84

85

86

87

changes. We probe the possibility that the current SWUS drought has been more
inevitable than previously thought, as both the temperature increase and the precipitation

decline might have been partly forced.
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Figure 1. Observed and simulated 1980-2014 DJFMAM trends in sea surface
temperature (SST), sea level pressure (psl), and precipitation (pr). Observed a, SST
trend (ERSSTv5), b, psl and pr trends (ERA5/GPCC), ¢, 20-member ensemble mean
from Tropical Ocean Global Atmosphere (TOGA) simulations (10-member CAM6/CLM5
(CESM2), 10-member UM7.3/CABLE (ACCESS-ESM1.5)) prescribed with tropical SSTs

from ERSSTv5. 17-model mean CMIP6 d, SST, and e, psl and pr trends. f-g and h-i are
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similar to d-e but from 100-member CESMZ2-LE and 40-member ACCESS-ESM1.5-LE,
respectively. Hatching/Stippling marks psl/pr trends with 95% significant level for
observations, and when 67% of the ensemble members agree with the sign of the

ensemble mean for model simulations.

Changing teleconnections from tropical decadal SST variability

CESM2 and ACCESS-ESM1.5, as well as CMIP6 models more generally, tend to
produce an El Nifo-like SST trend under historical forcing (Fig. 2a). However, these
models show a systematic shift towards lower SWUS precipitation trends during 1980-
2014 (Historical; hereafter Hist) compared with pre-industrial (PiControl; hereafter PiCtrl)
when binned by Nifo 3.4 trends (Fig. 2a-2b; Methods). Specifically, the crossover point
between positive and negative SWUS precipitation trends occurs at Nifio 3.4 trends of
~0.2 K/decade for Hist rather than the expected 0 K/decade found in PiCtrl. In the
absence of external forcing (PiCtrl), the top decadal Nifio 3.4 trends (above 97.5th/ below
2.5th percentiles for PiCtrl; see Methods) in tropical Pacific SSTs of both signs lead to the
canonical and symmetric modulation of atmospheric circulation and SWUS precipitation
trends: El Nifo-like trends decrease sea level pressure over the North Pacific and
increase SWUS precipitation and vice versa for La Nifia-like trends (Fig. 2c-2d for CESM2
and Fig. S2 for ACCESS-ESM1.5). Under 1980-2014 forcing (Hist), however, the sea
level pressure over the North Pacific tends to increase despite the El Nifio-like SST trends
(Fig. 2e-2f for CESM2 and Fig. S2 for ACCESS-ESM1.5). Even in the strongest El Nifio-
like members (Nifio 3.4 trends above 90th percentiles; Methods), there is an increased

sea level pressure around the Gulf of Alaska, creating a circulation pattern distinct from
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a canonical El Nifio-like response and more conducive to precipitation declines further
south along the North American West Coast during canonical El Nifio (Fig. 2e).
However, interpreting this systematic shift in tropical SST teleconnections in coupled
models is challenging. Results from coupled model simulations involve direct radiatively
forced changes (i.e., without SST changes), indirect radiatively forced changes (i.e., with
SST changes, such as uniform warming and patterned warming), and the interplay with
internal SST and atmospheric variability3?-38. Additionally, coupled models struggle to
capture the observed La Nifa-like trend despite the sizable magnitude of internal
variability around their mean trend (Fig. 2a). To more robustly disentangle the influence
of SST trends and external forcing in the face of large internal atmospheric variability, we
create a set of counterfactual 20-member TOGA ensembles with CESM2 and ACCESS-
ESM1.5 (Fig. 2g-2h; Methods). The SST trajectories for each ensemble are generated
with a stochastically forced cyclostationary linear inverse model®® (LIM; Methods), which
can create synthetic SSTs that preserve the spatial and temporal statistical properties of
observed variability?>2°. We create realizations with an El Nifio-like and a La Nifia-like
SST trend pattern (corresponding to Nifio 3.4 trends of about +/-0.3 K/decade; Fig. 2a)
and prescribe the tropical portion of these SSTs to the atmosphere-land models, under
time-evolving radiative forcing, with climatological values for extratropical SSTs and sea
ice concentrations (termed LIM-TOGA simulations).

Surprisingly, even in the LIM-TOGA EI Nifio-like case, the North Pacific sea level pressure
increases slightly, inducing a precipitation decline over the U.S. Pacific Northwest
extending to the northwestern portion of the SWUS (Fig. 2g). Internal atmospheric

variability can still create positive SWUS precipitation trends, but drying trends are
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substantially more likely in the LIM-TOGA EI Nifo-like case (65% vs 35% of members,

pooling simulations from CESM2 and ACCESS-ESM1.5; not shown). In the LIM-TOGA

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

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

precipitation trends for the El Nifio and La Nifia LIM-TOGA realizations are systematically

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

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

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

impact that Nifio 3.4 trends have in PiCtrl).
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Figure 2. Impacts of tropical Pacific SST trends on DJFMAM North Pacific

hydroclimate trends in different climate mean states. a, histograms of 34-year Nifio
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3.4 trends from Observation (ERSSTvS; for TOGA: ERSSTv5), CS-LIM generated
synthetic SSTs (TOGA: El Nifio-like and TOGA: La Ninia-lile), PiCtrl and Hist from CESM?2
and ACCESS-ESM1.5. b, averaged 34-year SWUS pr trends binned by Nifio 3.4 trends.
Black error bars around the bars from TOGA simulations are +1 standard deviation of the
variability across 20 ensemble members. (c, e, g), El Nifio-like SST trends and associated
psl and pr responses in CESM2 from ¢, PiCtrl (50), e, Hist (10), and g, CS-LIM-TOGA
(10). (d, f, h) same as (c, e, g) but for La Nina-like SST trends. Hatching/Stippling
indicates psl/pr trends where 67% of the ensemble members agree with the sign of the

ensemble mean.

Forced changes oppose the expected response from El Nino-like trend

The systematic hydroclimate shift across different tropical SST trends and model
configurations implies an externally forced change in circulation. The negative correlation
between tropical Nifio 3.4 SST trends and equatorial 200hPa velocity potential gradient
(VPG) trends (Methods), a metric that measures the initial step of the tropics-to-
extratropics teleconnection through the generation of tropical divergent flow, does not
change markedly from PiCtrl to the post-1980 period (Fig. 3a-3b). However, the
relationship between equatorial 200hPa VPG trends and the North Pacific Index (NPI;
Methods) trends changes in the post-1980 period (Fig. 3c), resulting in a shift toward
more positive trends in North Pacific sea level pressure regardless of tropical SST trends
(Fig. 3a).

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

not look similar to the pre-industrial El Nifio-like trends (Fig. 2c, 2e, 2g), due to the
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widespread warming outside of the equatorial Pacific in the former but not the latter. To
decompose the individual drivers of the systematic hydroclimate shift, we examine the
impacts from transient post-1980 historical forcings alone (i.e., radiative forcing, with
climatological SSTs and sea ice, termed RF only), and time-slice experiments in which
the LIM-based El Nifio-like SST trend pattern (termed E/ Nifio-like only) and a uniform 2K
warming (termed 2K only) are imposed within constant radiative forcing representative of
the year 2000 (Methods).

RF only triggers a weak anti-cyclonic response over the northern part of the Aleutian Low
but overall has little impact on SWUS precipitation (Fig. 3d). Such a radiatively forced
Aleutian Low response has previously been attributed to changes in aerosol
emissions®%40-43, The CESM2 single forcing large ensemble confirms that this radiatively
forced anti-cyclonic response over the North Pacific is attributable to historical
anthropogenic aerosols (AAER; Fig. 3e-3f). However, it is worth noting that neither ocean
coupling nor Arctic sea ice changes are critically needed to form this radiatively forced
North Pacific anti-cyclonic response.

The El Nifio-like only simulation, with radiative forcing held fixed at year 2000 levels, on
the other hand, does recover much of the circulation change over the Gulf of Alaska and
a coastal SWUS precipitation decline (Fig. 3g) as seen in the transient historical LIM-
TOGA simulations with the El Nifio-like SST trend (Fig. 2g). However, it also retains a hint
of the canonical El Nifo-like response with a slight deepening of the Aleutian Low.
Ultimately, the sum of RF only and EI Nifio-like only (Fig. 3h) does not completely recover
the behavior of the transient LIM-TOGA simulations with the El Nifio-like SST trend,

suggesting a nonlinear interaction of these two drivers. The residual exhibits a broad
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North Pacific sea level pressure increase and SWUS precipitation decline (Fig. 3h,
calculated as the difference between Fig. 2g and the sum of Fig. 3d and 3g). Such a
nonlinearity is reminiscent of the pattern difference between the trends in the fully coupled
CESM2 all-forcing historical simulations and the sum of AAER and xAAER simulations
(Fig. S3a), in which AAER creates relatively negligible tropical SST changes (Fig. S3b,
analogous to RF only) and xAAER creates an El Nifio-like SST trend (Fig. S3c, analogous
to El Nifio-like only). The unintuitive SWUS precipitation response under El Nifio-like SST
trends thus arises from non-additive North Pacific circulation changes due to tropical
SSTs and direct radiative forcing, a behavior that is consistent across fully coupled and
SST-prescribed simulations based on CESM2.

Outside of the Eastern tropical Pacific, tropical SSTs exhibit robust overall warming as a
response to radiative forcing (Fig. 1d, 1f, 1h) and, unlike the Eastern tropical Pacific, are
not subject to large internal variability that can change the sign of the 1980-2014 trend
(Fig. 2e-2h). Indian and Atlantic Ocean warming has been identified as contributing to
SWUS drying?®3'44. Therefore, we examine the contribution from uniform tropical
warming with 2K only (Methods). Without the EI Nifio-like warming in the Eastern tropical
Pacific, 2K only leads to broad increases in sea level pressure across the North Pacific
and consequently is a contributing factor to the decline in winter-spring SWUS
precipitation (Fig. 3i). This has been argued to result from the overall increased lower
tropospheric stability*® (Fig. S4) while the SWUS drying has been argued to result from
an expansion of the Hadley Cell?34647,

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

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

10



216  warming as well as the interaction of patterned tropical SST trends with RF) that favors
217  SWUS winter-spring precipitation declines. Importantly, these post-1980 contributions
218 from radiative forcing are sufficient to counteract even the influence of a hypothetical El

219 Nino-like SST trend.
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222  Figure 3. Tropical-North Pacific teleconnection shift due to different drivers in
223 CESM2 (CAM6). a, scatter plot of the ensemble mean equatorial 200hPa velocity

224  potential gradient (VPG) trends (x-axis), North Pacific Index (NPI) trends (y-axis), and
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Nifio 3.4 trends (color) from El Nifio-like and La Nifa-like members from different
simulations. The error bars are the full range of the ensemble members in each category.
The mesh grid shows the averaged Nifio 3.4 trends binned by equatorial 200hPa VPG
trends and the NPI trends from PiCtrl. b-c, Regression coefficients from Hist and PiCtrl
simulations (vertical lines, solid/dashed lines for correlations with p < 0.05/ p > 0.05) and
their uncertainties from 10,000 bootstrapped regression coefficients (histograms) for b,
Nifio 3.4 and equatorial 200hPa VPG trends and ¢, equatorial 200hPa VPG and NPI
trends. psl and pr trends driven by d, all post-1980 radiative forcing with fixed SSTs
representative of the average from 1880 to 2019 (RF only), e, anthropogenic aerosols
(AAER), f, everything-but-anthropogenic aerosols (xAAER), g, CS-LIM El Nifio-like
warming (El Nifio-like only) with fixed radiative forcings representative of 2000, h, the
nonlinearity from El Nifio-like only and RF only (the difference between Fig. 2g and the
sum of Fig. 3d and Fig. 3g), and i, the uniform tropical 2K warming (2K only).
Hatching/Stippling is shown as psl/pr trends with 67% of the ensemble members agreeing

with the sign of the ensemble mean for model simulations.

Implication for SWUS droughts

Precipitation in DJFMAM is key in determining the drought risk for the SWUS in the
subsequent JJA dry season due to the snowmelt-driven nature of many of its
watersheds?%484° We assess how the DJFMAM precipitation (pr) trend and the JJA air
temperature (tas) trend shape the risk of low JJA soil moisture (mrsos) over the SWUS.
Internally generated JJA soil moisture trends correlate with both DUFMAM precipitation

and JJA air temperature trends (PiCtrl, shown as mesh grid in Fig. 4a). PiCtrl also shows
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a weak negative correlation between DJFMAM precipitation and JJA air temperature
trends, as the cold season precipitation can affect summertime air temperature through
land-atmosphere interactions and memory effects®. The SWUS has experienced an
exceptional drying period since 1980 with a significant decline in JJA soil moisture (star
in Fig. 4a), also when compared with the strongest trends from PiCtrl. Decreasing
DJFMAM precipitation and increasing JJA air temperature contribute to the decline of the
JJA soil moisture, consistent with the relationship of these variables from PiCtrl. The
SWUS JJA air temperature increase is significant in observations and all TOGA
simulations (Fig. 4a). Together with the tendency for decreasing DJFMAM precipitation
independent of tropical Pacific SST trends, JJA soil moisture declines in almost all
historical simulations (except for ACCESS-ESM1.5-LE) for post-1980 (Fig. 4a). In other
words, the recent JJA SWUS soil moisture drought has been made substantially more
inevitable by the forced response of JJA temperature and cold season precipitation.

In fact, the DJFMAM precipitation decline, the JJA warming, and JJA soil moisture decline
over 1980-2014 are exceptional compared to other simulated 34-year periods in the past
and near future (Fig. 4b-4g). CESM2 and other CMIP6 models agree that the current
rates of change for all three quantities are at or near a local maximum, conspiring to make
this period one of exceptionally rapid change (Fig. 4c,e,g). While soil moisture is projected
to continue to decline under all emissions scenarios (Fig. 49), its drying rate might be
alleviated somewhat by a reversal of the precipitation trend (Fig. 4e), either in response
to a projected strengthening of the EI Nifio-like warming®' due to greenhouse

gases?829.36.37 and/or less aerosol emissions relative to the 1980s in all future scenarios®.
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Figure 4. The relationship between SWUS DJFMAM pr trends, JJA tas trends, and
JJA mrsos trends for 1980-2014 and future projections. a, the relationship between
JJA tas trends (x-axis), DJFMAM pr trends (y-axis), and JJA mrsos trends (color) for
1980-2014 from observation-based data, PiCtrl, Hist (CESM2-LE, ACCESS-ESM1.5-LE,
CMIP6), and TOGA simulations. The error bars are the full range of the ensemble. The
mesh grid shows the averaged JJA mrsos trends binned by JJA tas trends and DJFMAM
pr trends from all PiCtrl segments. The time series of SWUS averaged b, tas, d, pr, f,

mrsos (shown as anomalies from 1980-2014 climatological mean) of and the running 34-
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the range of +1 standard deviation across ensemble members.

Discussion

Projected North Pacific circulation and SWUS precipitation changes have previously been
linked to the Pacific SST warming pattern?228.53_ Given its importance for various global
climate impacts, the observation-model discrepancy in the pattern of tropical Pacific SST
trends introduces substantial uncertainty to historical attribution and future projections.
Several hypotheses for the recent La Nifa-like SST trend have been proposed, including
an internal shift of Pacific decadal variability®*, an amplification of the climatological
pattern by preferential warming of the Western over the Eastern Pacific®®, a delayed
response to GHG forcing due to the ocean thermostat effect>®, anthropogenic aerosol
forcing®, Antarctic stratospheric ozone forcing®, teleconnections from the Southern
Ocean®%-6' and equatorial upwelling®2. Some of these hypotheses predict a future reversal
of the observed trend. In addition, the magnitude of the uniform SST warming can also
influence the tropical circulation and the North Pacific teleconnection pattern?837.63.64 Qur
results here further complicate this story by providing evidence that the influence of the
tropical Pacific pattern of SST trends can be modulated in impactful but perhaps
unintuitive ways by direct radiatively forced atmospheric circulation change as well as
other aspects of the global warming signal, such as uniform warming. Not addressed here
but potentially also of importance are uncertainties in projected changes of the North
American summer monsoon® and its influence on water resources in the SWUS.

Ultimately, a better understanding of the tug-of-war between the radiatively forced North
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Pacific circulation change, either directly from radiative forcing or indirectly through
tropical SST warming patterns and mean warming, and the interplay with internally-
generated SST trends, as well as their cause and thus likely future trajectory, is key to

robustly projecting future SWUS hydroclimate change.

Methods

Data

For observational data, we take monthly sea surface temperature (SST) from ERSSTv5°¢,
precipitation from Global Precipitation Climatology Centre®’, sea-level pressure from
ERA5%8, surface soil moisture from GLEAMv3.7%°, and near-surface air temperature over
land from Berkeley Earth’®. We regrid observational datasets to the CESM2 native
nominal 1° latitude/longitude grid. We use sea surface temperature (fos), near-surface air
temperature (fas), precipitation (pr), sea level pressure (ps/), and soil moisture (mrsos)
from the 100-member Community Earth System Model version 2 large ensemble
(CESM2-LE'"), the 20-member anthropogenic-aerosols-only (AAER) and the 10-member
everything-but-anthropogenic aerosols (XAAER) single forcing simulations” , and the
2000-year long pre-industrial simulation (PiCtrl) of CESM273. mrsos values are
normalized as z-score (mean removed and divided by the standard deviation of
interannual variability)’*. We also include the 40-member ACCESS-ESM1.5 large
ensemble (ACCESS-ESM1.5 LE"®) and its 900-year PiCtrl simulation. We follow previous
studies to remove the long-term drift in PiCtrl through linear detrending® . Seventeen
other models from the Coupled Model Intercomparison Project Phase 6 (CMIP67¢) with

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

are regridded to a 2.5° grid.

Atmospheric General Circulation Model (AGCM) experiments

Two kinds of tropical ocean global atmosphere (TOGA) AGCM experiments were
conducted for this study, including transient historical simulations (i.e., time-evolving
radiative forcing) and simulations with a particular SST pattern and radiative forcing held
fixed. TOGA simulations prescribe time-evolving SSTs within 28°N/S and 1880-2019
climatological seasonal cycle of SSTs from 35°S/N polewards, with a linear interpolation
of SSTs between 28°N/S and 35°N/S. The sea ice forcing is held as an 1880-2019
climatological seasonal cycle for all TOGA experiments.

For the transient historical TOGA experiments, we use existing experiments from CESM2
(CAMG for the atmosphere and CLM5 for the land) and ACCESS-ESM1.5 (UM for the
atmosphere and CABLE for the land) to generate a 20-member ensemble (10-member
for each model) of AGCM simulations with prescribed observed tropical SSTs from
ERSSTVS. In addition, two new 20-member TOGA experiments are conducted with time-
evolving synthetic SSTs, one with an El Nifio-like (Fig. 2g) and the other with a La Nifia-
like (Fig. 2h) trend pattern, generated from a cyclostationary linear inverse model (CS-
LIM3°) trained on observations (termed LIM-TOGA simulations). These LIM-generated
SST trajectories include a representation of internal variability and an estimate of the
forced response found in observations. Details about the creation of the synthetic SSTs
with CS-LIM can be found in the Supplementary Information. All three experiments

prescribe the same climatological sea ice from HadlSST1 and CMIP6 historical forcings
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(note that in CAMG6, we prescribe the smoothed biomass burning version of CMIP6
historical forcings, CMIP6smbb’7-78).

Sensitivity experiments with CAMG6 are used to identify the impacts from direct radiative
forcing (RF), tropical El Nifio-like patterned warming (El Nifio-like only), and 2K uniform
tropical warming (2K only). RF is conducted as a 10-member ensemble with the same
CMIP6smbb historical forcings as the TOGA simulations but with 1880-2019
climatological SSTs and sea ice everywhere. The EI Nifio-like only and 2K only
experiments are constructed differently: we conduct three 23-year CAMG6 simulations with
radiative forcings fixed as 2000 level (F2000climo) with the last 21 years used for
analyses (20 samples of DJFMAM). These F2000climo runs include one control run
forced with the 1880-2019 climatological SSTs and sea ice everywhere. The other two
runs are forced by the same climatological SSTs and sea ice but (i) adding the El Nifio-
like annual mean SST linear trend (termed E/ Nifio-like only, trend calculated from the
1980-2014 annual mean SST of the El Nifio-like LIM-TOGA experiment, including internal
variability and the estimated forced response, in unit of K per 35 years) and (ii) adding the
2K uniform warming (2K only). The difference between the perturbation runs and the

control run isolates the impact of El Nifio-like warming and 2K warming, respectively’%:80,

Definitions for indices and regional mean quantities

Nifio 3.4 is calculated as the average SST over the domain of 5°S-5°N, 170°W-120°W
(yellow box shown in the SST trend maps). We define SWUS using the domain 32.5—
42°N, 102.5-125°W (land-only; navy box shown in ps/, pr trend maps). The equatorial

200hPa velocity potential gradient (VPG) is defined as the difference between the
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equatorial eastern Pacific (56°S-5°N, 180°W-137.5°W) and the equatorial western Pacific
(5°S-5°N, 110°E-180°E). The North Pacific Index (NPI) is defined as the sea level
pressure averaged over 30—65°N, 160°E-140°W. All indices are calculated as area-

weighted means.

The selection of strong decadal trends according to Nifio 3.4 SST trends

We bin the Nifio 3.4 SST trends from Historical (Hist) and PiCtrl for CESM2 and ACCESS-
ESM1.5 into 30 bins, respectively. The 30 bins are evenly spaced between the maxima
and minima of all possible Nifio 3.4 SST trends pooled from Hist and PiCtrl simulations
from both CESM2 and ACCESS-ESM1.5. Then, we sort the SWUS winter-spring
(DJFMAM) precipitation trends into the 30 bins according to their Nifio 3.4 SST trends
and show the averaged SWUS winter-spring precipitation trend for that Nifio 3.4 SST
trend bin (red and gray lines in Fig. 2b). We create composite maps of top La Nifa-like/El
Nifo-like SSTs and their teleconnections (Fig. 2) based on the ensemble members with
Nifo 3.4 trends below the 2.5th/ above the 97.5th percentiles in PiCtrl and below the 10th/

above the 90th percentiles in Hist.

Bootstrapping to estimate the uncertainty of regression coefficients

We randomly select 100 members from the PiCtrl and Hist simulations from CESM2 for
Nifio 3.4 trends, equatorial 200hPa VPG trends, and NPI trends and repeat this procedure
10,000 times to account for the uncertainty of the regression coefficients between these

quantities.
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Nonlinear effects in trends
The nonlinear effect in ps/, pr trends from interactions between anthropogenic aerosols
(AAER) and forcings other than anthropogenic aerosols (xAAER) in fully coupled
simulations is calculated as
Xnt = Xar — Xaaer — Xxaner

X, refers to the trends from the all forcings Hist simulation, X, 4z the trends from AAER
simulation, and X, 445z the trends from the xAAER simulation.
The nonlinear effect in psl, pr trends from interactions between radiatively forced
response (mainly by anthropogenic aerosols) and the El Nifio-like SST trend (mainly by
greenhouse gases, included in XAAER) in AGCM simulations is calculated as

an = XTOGA:El Nifio—like — XEl Nifio—like only — XRF
Where Xroca.e1 vino-1ike FEfErs to the trends from the LIM-TOGA simulations with time
evolving El Nifio-like trends and time evolving radiative forcing, Xg; yino-iike onty the
anomalous change caused by the El Nifo-like trend, and Xz the trend from radiative
forcing when SSTs are held fixed. Since the number of ensemble members differs
between the ensembles, we bootstrap members in each ensemble 100 times to create a

100-member X,,; for calculating signal-to-noise ratio (S/N).
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