
1.  Introduction
In recent decades, water resources in the Southwestern United States (SWUS) have been strained due to the 
combination of a prolonged drought (Delworth et al., 2015; Williams et al., 2022) and increasing demand from 
population growth (Gleick, 2010). This region is particularly vulnerable to climate change, as drought conditions 
are projected to become more severe with warming (Seager & Hoerling, 2014; Williams et al., 2020). However, 
projecting future drought risk at regional scales remains challenging (Marvel et al., 2019) because of the exist-
ing uncertainty of regional precipitation changes (Polade et al., 2017; Ukkola et al., 2020). Water resources in 
the SWUS depend critically on winter-spring precipitation, which has been decreasing since 1980. What are 
the drivers of this decline, and can a better understanding of historical precipitation trends inform precipitation 
projections?

Winter-spring SWUS precipitation is strongly influenced by internal variability (Seager & Hoerling,  2014), 
including air-sea coupled modes of variability and internal atmospheric variability (Lehner et  al.,  2018; Lin 
et al., 2017; McKinnon & Deser, 2021; Zhang et al., 2021). Teleconnections originating from Pacific sea surface 
temperature (SST) variability on different time scales (e.g., inter-annually from El Niño-Southern Oscillation, 
ENSO, or inter-decadally from Pacific decadal variability, PDV) determine a substantial fraction of the variabil-
ity in SWUS precipitation (Lehner et al., 2018). When the tropical Pacific SSTs are warm (El Niño or positive 
phase of PDV), anomalous tropical deep convection triggers Rossby waves deepening the Aleutian Low (AL; 
Horel & Wallace, 1981) and increases the moisture transport into the SWUS (Chavez et al., 2003)—and vice 
versa. Furthermore, the inter-model spread of future wintertime North Pacific sea level pressure changes is asso-
ciated with a Pacific Decadal Oscillation (PDO)-like pattern (Choi et  al., 2016), implying that North Pacific 
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ocean-atmosphere coupling is an important source of projection uncertainty for winter-spring SWUS precip-
itation. However, decadal SST  variability might not be purely internal. For example, anthropogenic aerosols 
(AA) have been reported to induce a negative PDV-like pattern, especially after 1980 (Dittus et al., 2021; Qin 
et al., 2020; Takahashi & Watanabe, 2016; Wills et al., 2018). To what extent is the PDV-driven SWUS precipi-
tation decline actually an AA-forced response?

Anthropogenically forced SWUS precipitation trends have been reported to be either weak (Delworth et al., 2015; 
Seager, Osborn, et  al.,  2019) or lacking model agreement (Pierce et  al.,  2013; Polade et  al.,  2017). Often, 
historical AA forcing counteracts the greenhouse gases (GHGs)-forced response (Deser, Phillips, et al., 2020; 
Samset, 2018; Zhao et al., 2019), including for Pacific SSTs (Heede & Fedorov, 2021). However, the potential 
for attributing observed SWUS precipitation trends to AA has received less attention. This is partly due to the 
challenge of attributing regional aerosol influences directly, given the small signal-to-noise ratio (S/N) in obser-
vations and the lack of model agreement (Bonfils et al., 2020). Quantifying the more robust influence of AA on 
PDV and then inferring associated SST-driven precipitation trends is a more promising avenue of inquiry.

Historical AA emissions are spatially and temporally heterogeneous, and can induce global (Deser, Phillips, 
et al., 2020; Hwang et al., 2013; Ming & Ramaswamy, 2009) and regional (Bollasina et al., 2011; Dong et al., 2014) 
precipitation changes. There are two modes to describe the historical AA emissions (Kang et  al.,  2021; Shi 
et  al.,  2022,  2023): (a) the aerosol increase mode, a global aerosol increase in the mid-20th century, induc-
ing Northern Hemisphere cooling, and (b) the aerosol shift mode, an aerosol emission shift from the Western 
to the Eastern Hemisphere since 1980, inducing a negative PDV-like SST pattern. Idealized experiments with 
prescribed strong radiative forcings from aerosols (e.g., 5–10 times the observed emissions; Allen et al., 2020; 
Dow et al., 2021) and transient historical aerosols forcing (Allen & Zhao, 2022) show that AA, especially black 
carbon emissions from Asia, can induce a negative PDV-like pattern, weaken the AL, and influence precipitation 
over Western North America. Given the anticipated regional changes to aerosol emissions in the near future 
(Persad et al., 2022), understanding its influence on historical precipitation trends is key to develop more robust 
future projections.

In this study, we aim to quantify how much of the post-1980 SWUS precipitation change originates from internal 
or anthropogenically forced Pacific SST variability. Thereby, we attempt to extract as much information as possi-
ble from observations before turning to model simulations. We use a low-frequency component analysis (LFCA; 
Wills et al., 2018) to disentangle the forced and internal low-frequency Pacific SST variability and investigate 
how those SST patterns affect SWUS precipitation. Additionally, we assess the contributions from AA on SWUS 
precipitation with a set of idealized Community Earth System Model version 2 (CESM2) simulations.

2.  Data Processing
We use observational and reanalysis data from 1940–2020 to understand Pacific SSTs low-frequency variability 
and its relationship to atmospheric circulation and precipitation. Monthly mean SST is taken from ERSSTv5 
(Huang et  al.,  2017), monthly mean sea level pressure (SLP) is from European Centre for Medium-Range 
Weather Forecasts (ECMWF) Reanalysis version 5 (ERA5; Hersbach et al., 2020). Precipitation is taken from 
the Global Precipitation Climatology Center monthly precipitation data set with spatial resolution of 1° latitude/
longitude (GPCC; Schneider et al., 2022). We remap observational and reanalysis data to CESM2's native nomi-
nal 1° latitude/longitude grid with a mass-conserving regridding scheme. We calculate the area-weighted average 
of precipitation over the SWUS using the domain 32.5–42°N, 102.5–125°W (land-only; red box in Figure 1).

We also use the 50-member CESM2 large ensemble with full radiative forcings (CESM2-LE; Rodgers et al., 2021) 
and a set of single forcing LEs with CESM2 (Simpson et al., 2023): (a) 15-member ensemble with anthropogenic 
aerosols only (AAER) and (b) 10-member ensemble with all forcings evolving, except AA is held fixed at 1920 
values (xAAER). The 50 CESM2-LE members use the smoothed biomass burning (smbb) forcing, consistent 
with what is used in the single forcing experiments. We include a 2000-year pre-industrial simulation with fully 
coupled CESM2 (Danabasoglu et  al.,  2020) to estimate the distribution of precipitation trends from internal 
variability alone, calculated from overlapping 40-year periods. A 999-year pre-industrial simulation from CAM6 
with fixed SST/sea ice seasonal cycle is also included to estimate the distribution of precipitation trends from 
internal atmospheric variability alone. The long-term drift in the pre-industrial simulations is removed following 
Lou et al. (2023). We define signal-to-noise ratio (S/N) as the ensemble mean divided by the ensemble spread 
(one standard deviation) to assess the significance of any simulated forced response.
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LFCA is applied to monthly Pacific SSTs from ERSSTv5 (Wills et al., 2018) and an ensemble matrix from each 
model large ensemble (Wills et al., 2020) to obtain the dominant modes of variability on decadal and longer 
time scales. Previous studies demonstrated the effectiveness of LFCA for obtaining low-frequency variability 
in SST and sea ice (Dörr et al., 2023; Rollings & Merlis, 2021; Wills et al., 2020). Analogous to an Empirical 
Orthogonal Functions (EOFs) analysis, the goal of LFCA is to find the modes that maximize the low-frequency 
to total variance ratio (rk). To do so, we apply EOF analyses and retain the minimum N EOFs that can explain 
more than 90% of the total variance in Pacific SST. Then, we project the Pacific SST, 10-year low-pass filtered 
with a Lanczos filter (Duchon, 1979), on the N EOFs and apply a singular value decomposition to obtain the 
low-frequency patterns and low-frequency components (LFPs/LFCs; analogous to EOFs/PCs) with the highest 
rk. The mathematical basis of LFCA and discussion of its sensitivity to choices in low-pass filtering and number 
of EOFs retained are found in Wills et al. (2018).

We focus on the winter-spring precipitation and circulation defined as the December-May (DJFMAM) mean. To 
understand the teleconnections arising from the forced low-frequency Pacific SSTs, we apply a multivariate linear 
regression on DJFMAM precipitation and SLP with the normalized DJFMAM mean of M leading Pacific SST 
LFCs that capture forced signals during 1940–2020:

𝑦𝑦(𝑡𝑡) =

𝑀𝑀
∑

𝑖𝑖=1

𝑦𝑦LFC𝑖𝑖
(𝑡𝑡) + 𝜀𝜀(𝑡𝑡) =

𝑀𝑀
∑

𝑖𝑖=1

𝛽𝛽LFC𝑖𝑖
LFC𝑖𝑖(𝑡𝑡) + 𝜀𝜀(𝑡𝑡)� (1)

Here, y is the variable of interest (e.g., precipitation, SLP), 𝐴𝐴 𝐴𝐴LFC𝑖𝑖
 is the reconstructed y as 𝐴𝐴 𝐴𝐴LFC𝑖𝑖

LFC𝑖𝑖 , where 𝐴𝐴 𝐴𝐴LFC𝑖𝑖
 

is obtained by regressing the 10-year low-pass filtered y on the leading M LFCs. The first two modes capture 
physically meaningful and primarily forced responses (see also discussion in Wills et al., 2018). ε is the resid-
ual and is interpreted as internal variability and variability not associated with the forced Pacific SSTs. Using 
M = 2 in the observations-based LFCs regression model yields an explained variance of 2%–55% and 0%–61% 
of the grid cell-level low-frequency variance of the low-pass filtered SWUS precipitation and North Pacific SLP 
(Figures S1b and S1d in Supporting Information S1). Due to the strong internal variability during winter-spring, 
the low-frequency signal regression captures only 0%–14% and 0%–6% of the interannual variance of the SWUS 

Figure 1.  Observed 1980–2020 DJFMAM (a) climatology (sea level pressure (SLP) is relative to 1013.25 hPa; contour spacing 2 hPa; thick line indicates 0 hPa), (b) 
interannual variability (standard deviation after detrending; precipitation is given as percentage of climatology; contour spacing 0.5 hPa; thick line indicates 1 hPa), and 
(c) trend (contour spacing 0.5 hPa/40 years; thick line indicates 0 hPa/40 years; hatching/stippling indicates significant trend at 95% confidence level based on a t-test 
for SLP/precipitation). Panels (d)–(f) same as panels (a)–(c) but showing the ensemble mean of CESM2-LE. Hatching/stippling in (f) indicates a trend with S/N > 1 for 
SLP/precipitation.
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precipitation and North Pacific SLP (Figures S1a and S1c in Supporting Information S1). Finally, we can decom-
pose the observed trend (i.e., trend in y, noted as ∆y) into different modes of Pacific SST low-frequency variabil-
ity (i.e., trend in 𝐴𝐴 𝐴𝐴LFC𝑖𝑖

 ) and the trend in ε as

∆𝑦𝑦 =

𝑀𝑀
∑

𝑖𝑖=1

∆𝑦𝑦LFC𝑖𝑖
+ ∆𝜀𝜀 =

𝑀𝑀
∑

𝑖𝑖=1

𝛽𝛽LFC𝑖𝑖
∆LFC𝑖𝑖 + ∆𝜀𝜀� (2)

3.  Results
3.1.  Overview of North Pacific and SWUS Winter-Spring Hydroclimate

Figure 1 shows the climatology, interannual variability, and trend of winter-spring SLP and precipitation during 
1980–2020 from observations and CESM2-LE. The AL in the North Pacific transports moisture to the coastal 
SWUS and establishes a strong climatological precipitation gradient from the coast to the inland (Figure 1a). 
The highly variable AL leads to high relative precipitation variability over the SWUS, especially its coastal 
sector (Figure 1b). Generally, CESM2 reproduces these climatological patterns and their interannual variability 
(Figures 1d and 1e). CESM2 has a stronger climatological SLP gradient between the AL and the North Pacific 
Subtropical High and more precipitation in the central SWUS. The interannual variability of SLP in the North 
Pacific is overestimated in CESM2.

The observed 1980–2020 precipitation trend is negative over most of SWUS (Figure 1c), but insignificant due to 
the high variability in winter-spring. The ensemble mean of CESM2-LE indicates weaker trends for both SLP and 
SWUS precipitation, with S/N mostly <1 (Figure 1f). Of course, internal variability can contribute to a decadal 
trend in observation while it averages out in the CESM2-LE ensemble mean (Figures 1c and 1f).

3.2.  Forced Low-Frequency Variability in Pacific SSTs

Applying LFCA to Pacific SSTs during 1940–2020, we obtain the leading two LFPs/LFCs with forced signals 
from ERSSTv5 and CESM2-LE (Figure  2). LFP1/LFC1 depicts a basin-wide warming trend, most likely 
representing the long-term warming signal from GHGs. LFP2/LFC2 shows a negative PDV-like pattern that 
is enhanced post-1980 and has been suggested to be forced by AA. To corroborate the hypothesized influence 
of external forcings on observed decadal Pacific SST variability in LFP1/LFC1 and LFP2/LFC2, we compare 
the leading two LFPs/LFCs from ERSSTv5 to the CESM2-simulated LFPs/LFCs, specifically the all-forcing 
CESM2-LE, AAER and xAAER ensembles (Figures 2 and 3).

The LFP1/LFC1 from ERSSTv5 and ensemble mean of CESM2-LE have a temporal correlation of 0.89 (p < 0.01, 
Figures 2e and 2g) during 1940–2020, while the pattern correlation is only 0.23 (p < 0.01, Figures 2a and 2c). 
The difference in spatial pattern arises from CESM2's lack of central North Pacific cooling and a more El Niño-
like warming, something seen in most climate models (Lee et al., 2022; Seager, Cane, et al., 2019, 2022; Wills 
et al., 2022). LFP1/LFC1 from CESM2-LE resembles LFP1/LFC1 from xAAER (Figures 3a and 3d), implying 
that GHGs are the main driver of this mode. xAAER alone, however, cannot explain the 1940–1980 warming 
hiatus seen in ERSSTv5 and CESM2-LE; instead, the AA-driven basin-wide cooling contributes to this mid-20th 
century warming hiatus (Figures 3b and 3e). Regressing AAER's aerosol optical depth (AOD) onto AAER's 
LFC1 identifies the aerosol increase mode as the primary driver here (Figure S2 in Supporting Information S1). 
Here, the global increase mode features decreasing AOD over North America, differing from Shi et al. (2022) due 
to the choice of time period (1940–2020 vs. 1920–2080).

LFP2/LFC2 from ERSSTv5 and CESM2-LE ensemble mean have a temporal correlation of 0.47 (p  <  0.01, 
Figures 2f and 2h) during 1940–2020 and a pattern correlation of 0.73 (p < 0.01, Figures 2b and 2d). The LFP2/
LFC2 from CESM2-LE corresponds to the LFP2/LFC2 from AAER (Figures 3c and 3f), which is associated 
with the aerosol shift mode, corroborated by a regression of AOD onto LFC2 (Figure S2 in Supporting Infor-
mation S1). LFP1/LFC1 in the fully coupled pre-industrial run and LFP2/LFC2 in xAAER are both PDV-like 
patterns (Figure S3 in Supporting Information S1), indicating internal variability itself can also generate this PDV 
pattern. However, the inclusion of AA forcing substantially increases the probability of a transition to a negative 
PDV-like pattern during 1980–2020 (Figure 4a). This supports the idea that the aerosol shift mode can influence 
SWUS precipitation trends through its potential to trigger a negative PDV.
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3.3.  Hydroclimate Teleconnection From Forced Pacific SST Low-Frequency Variability

Multivariate linear regressions of SLP and precipitation onto M LFCs illustrate how the forced Pacific SST 
low-frequency variability affects regional hydroclimate (Figures 2i–2l and Figures 3g–3i; M = 2 for observa-
tion, CESM2-LE, AAER and M = 1 for xAAER). The observed LFC1 (basin-wide warming) leads to a signif-
icant increase in North Pacific SLP and a decrease in SWUS precipitation (Figure 2i). The LFC1 regression 
in CESM2-LE shows a similar pattern, however, the SLP increase occurs further north in the Pacific and the 
precipitation decline is consequently also located further north along the coast, leaving the SWUS precipitation 
trend to be insignificant (Figures 2k). These discrepancies can be explained by the stronger LFP1 warming in 
CESM2-LE than observation (Figures 2a and 2c); a stronger North Pacific warming drives an SLP increase at 
higher latitudes (Choi et al., 2016), while the enhanced tropical Pacific warming in CESM2 and other models 
favors a more positive SWUS precipitation signals (Allen & Luptowitz, 2017).

Observed LFC2 significantly increases SLP over the North Pacific and decreases SWUS precipitation, consistent 
with the shift to a negative PDV. These patterns are well reproduced by CESM2-LE (Figure 2l) and the AAER 
ensemble (Figure 3i). However, the strengths of the regressions are weaker in CESM2 (both CESM2-LE and 
AAER) compared with observations (Figure  2j). It is possible that internal variability influences the regres-
sion coefficients (Figure 1e) or that CESM2 underestimates the externally forced circulation response (Scaife 
& Smith, 2018). Notably, the regression map of AAER has large areas of S/N > 1, while CESM2-LE does not 
(Figures 2l vs. 3i). This low S/N in CESM2-LE suggests that the AA forcing is offset by other forcings, such as 
GHGs (Dittus et al., 2021).

The observed LFCs regression maps are insensitive to conducting the LFCs-regression over 1940–2020 or 1980–
2020 (Figure S4 in Supporting Information S1). In general, CESM2 captures the observed teleconnections from 
forced Pacific SST low-frequency variability. However, there are many regions outside of the SWUS where the 

Figure 2.  (a)–(d) LFPs, (e)–(h) monthly (gray) and DJFMAM mean (black) LFCs, and (i)–(l) regression maps of precipitation (mm/month) and sea level pressure (hPa) 
onto the LFCs over 1940–2020, based on ERSSTv5/GPCC/ERA5 (left two columns) and CESM2-LE (right two columns). Black lines in panels (e)–(h) are DJFMAM 
means of LFCs from ERSSTv5 and the ensemble mean of CESM2-LE; red lines and texts are linear trends of the black lines during 1980–2020. Hatching and stippling 
in panels (i)–(j) mark regression coefficients with 95% confidence level based on a t-test and (k)–(l) regression coefficients S/N > 1. Contour spacing in panels (i)–(l) is 
0.15 hPa/LFCs with thick line indicating 0 hPa/LFCs.

 19448007, 2023, 23, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023G

L
105389 by T

est, W
iley O

nline L
ibrary on [07/12/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Geophysical Research Letters

KUO ET AL.

10.1029/2023GL105389

6 of 10

results from observations disagree with the smoother and more robust regression results from CESM2-LE. This 
can be either due to internal variability or true model-observation differences.

3.4.  Observed Hydroclimate Trend Decomposition

We use Equation  2 to estimate the contributions from the forced Pacific SST low-frequency modes to the 
SWUS winter-spring precipitation (Figure  4b). The observed winter-spring precipitation decline (−2.8  mm/
month/40 years) is primarily from LFC2 (−4.0 mm/month/40 years, 143% of the observed trend). The observed 
residual drives an increasing trend (2.1 mm/month/40 years, −75% of the observed trend), containing most of 
the interannual variability, including ENSO (Figure S5 in Supporting Information S1). Attributing all residuals is 
beyond the scope of this study, as we focus on the influence of the forced Pacific SST low-frequency variability.

The total forced trend estimated by CESM2-LE is a weak increasing trend, qualitatively following the wetting 
from xAAER with a competing drying from AAER. This again suggests the forced SWUS spring-winter 
precipitation in CESM2-LE leans toward xAAER's forced response. Decomposing the trends forced by 
Pacific low-frequency modes, the xAAER wetting is associated with the basin-wide warming (LFC1, 2.3 mm/
month/40 years, −82% of the observed trend), while the AAER drying is from the negative PDV-like pattern 
(LFC2, -1.2 mm/month/40 years, 42% of the observed trend). This qualitatively agrees with observations, though 
the observed LFC2-related precipitation trend is an outlier in the context of LFC2-related trends from both 
CESM2-LE and AAER (Figure 4b). Note that the observed LFC2-related trend is inevitably a mix of AA-forced 
response and internal PDV variability. To what extent, quantitatively, the observed LFC2 is forced remains 
unclear. 40-year winter-spring SWUS precipitation trends from CESM2's pre-industrial simulations can create a 
wide range of trends, even from atmospheric internal variability alone (Figure 4b green and brown distribution). 
However, it is evident that the AA-forced response shifts the total forced response toward the observed SWUS 

Figure 3.  As in Figure 2 but panels (a), (d), (g) for the first mode from CESM2 xAAER and panels (b), (c), (d), (f), (h), (i) for the first two modes from AAER.
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drying associated with a negative PDV shift. We speculate that the AA-forced response acts qualitatively similar 
in reality.

The observed LFC2 trend magnitude is rare but not unseen in CESM2 (Figure 4a), yet CESM2-LE does not 
produce the corresponding precipitation trends (Figure S6 in Supporting Information S1). However, the AAER 
ensemble appears to have the right relationship between trends in LFC2 and SWUS precipitation, producing 
PDV-related SWUS drying more comparable to the observations than CESM2-LE (Figure S6 in Supporting 
Information S1). This suggests that CESM2 in general reproduces the aerosol response that favors the observed 
SWUS drying, but that it is too weak compared to other forcings (see also Dittus et al., 2021).

4.  Discussion and Conclusion
Using a combination of LFCA and multivariate linear regression, we find the observed winter-spring SWUS 
precipitation decline since 1980 to be primarily driven by a negative PDV-like pattern, consistent with previ-
ous studies (Delworth et al., 2015; Lehner et al., 2018; Seager & Hoerling, 2014; Seager & Ting, 2017). While 
these trends were often attributed to internal variability, we show evidence with CESM2 that they are, in part, a 
forced response to anthropogenic aerosols (AA; up to 42% of the observed precipitation trend). Specifically, the 
AA-driven negative PDV-like pattern originates from the post-1980 shift of aerosol emissions from the Western 
to the Eastern Hemisphere, which has been suggested to be conducive to SWUS precipitation declines (Allen & 
Zhao, 2022; Allen et al., 2020).

Figure 4.  (a) Percentage of Community Earth System Model version 2 (CESM2) ensemble members with a positive 
1980–2020 DJFMAM LFC2 trend (red bars; hatched if model trend ≥ observed trend) (see Figure 2f) for CESM2-LE (50 
ensemble members), AAER (15), and xAAER (10) and pre-industrial simulation (1960; LFC1). (b) Decomposition of 
observed DJFMAM SWUS precipitation trend with LFCs. Error bars around observations (black) are 1 standard deviation of 
its trend. Stars, ranges, and dots for CESM2 represent ensemble mean trends, ensemble mean standard deviation of trends, 
and individual ensemble members.
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Our estimate of SWUS precipitation decrease associated with the PDV shift in observation is stronger than in 
CESM2 simulations. It remains unclear whether this is a sampling problem or whether CESM2 simulates a 
too-weak AA-forced response. In fact, whether parts of the decadal Pacific SST variability are forced by AA 
(Qin et al., 2020; Smith et al., 2016; Takahashi & Watanabe, 2016; Wills et al., 2018) or not (Oudar et al., 2018) 
is still debated given the small S/N from aerosols and the potential inability of climate models to simulate the 
correct strength of aerosol-caused cooling (Dittus et al., 2021; Oudar et al., 2018). Recent concerns about whether 
models correctly represent the S/N of the real world, leading to a signal-to-noise paradox in climate models 
(Scaife & Smith, 2018), could be at play in the North Pacific as well. PDV involves several processes and patterns 
(Newman et al., 2016), so it is challenging to separate the AA-induced PDV shift from the pure internally driven 
PDV that it projects onto. Large ensembles are thus clearly necessary to separate forced responses from internal 
variability (Deser, Lehner, et al., 2020), and to study regional aerosol responses.

The residual in our study is indeed large and contains ENSO and other drivers of SWUS precipitation, including 
intrinsic atmospheric variability (Lehner & Deser, 2023), teleconnections from other ocean basins (McGregor 
et al., 2014; Seager et al., 2005), and local drivers of precipitation (e.g., land-atmospheric interactions; Dirmeyer 
et al., 2013). The relative importance of these sources of variability remains unknown and may require addi-
tional idealized model simulations to disentangle. CESM2 shows a balance between the effects of aerosol forc-
ing (drying) and everything-but-aerosol forcing (wetting) on SWUS precipitation, a balance that leans toward 
the xAAER forced response but is clearly sensitive to the exact location of the North Pacific SLP response 
pattern. Such counteracting effects, and their model dependency, may explain why previous studies found an 
insignificant net anthropogenically forced SWUS precipitation trend (Delworth et al., 2015; Lehner et al., 2018; 
Seager, Osborn, et al., 2019). Given the sizable model uncertainty in regional aerosol forcing and hydroclimate 
response to it (Lehner & Coats, 2021), future work will need to investigate the across-model robustness of our 
CESM2-based results.

As temperature is projected to increase further in the future, the main uncertainty around SWUS drought occur-
rence is precipitation. Here we demonstrate that up to 42% of the observed winter-spring precipitation trend since 
1980 is driven by AA within CESM2. An important implication is that as aerosol emissions continue to change, 
so will their influence on regional precipitation via SSTs. This is consistent with the hypothesis that changes 
in the zonal gradient of tropical Pacific SST so far mimic a tug-of-war between GHGs and aerosols that might 
reverse and shift toward Eastern equatorial warming as aerosol emissions subside and GHGs continue to increase 
(Heede & Fedorov, 2021). Consequently, reducing uncertainty in future regional precipitation trends depends on 
a better understanding of the influences from both GHGs and aerosol forcings.

Data Availability Statement
The information to access CESM2-LE and single forcing simulations can be found https://www.cesm.ucar.
edu/community-projects/lens2/data-sets; Research Data Archive (RDA) at NCAR provides access to ERSSTv5 
(Huang et  al.,  2017; National Centers for Environmental Information/NESDIS/NOAA/U.S. Department 
of Commerce,  2019) and ERA5 (European Centre for Medium-Range Weather Forecasts,  2019; Hersbach 
et al., 2020); GPCC is accessed through Schneider et al. (2022). Codes to perform LFCA can be found at https://
github.com/rcjwills/lfca and codes to generate the results in this study are available at Kuo (2023).
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