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Potential Near-Term Wetting of the Southwestern United
States if the Eastern and Central Pacific Cooling Trend

Reverses
Marec J. Alessi' ¢ and Maria Rugenstein®

lDepartment of Atmospheric Science, Colorado State University, Fort Collins, CO, USA

Abstract Near-term projections of drought in the southwestern United States (SWUS) are uncertain. The
observed decrease in SWUS precipitation since the 1980s and heightened drought conditions since the 2000s
have been linked to a cooling sea surface temperature (SST) trend in the Equatorial Pacific. Notably, climate
models fail to reproduce these observed SST trends, and they may continue doing so in the future. Here, we
assess the sensitivity of SWUS precipitation projections to future SST trends using a Green's function approach.
Our findings reveal that a slight redistribution of SST leads to a wetting or drying of the SWUS. A reversal of the
observed cooling trend in the Central and East Pacific over the next few decades would lead to a period of
wetting in the SWUS. It is critical to consider the impact of possible SST pattern trends on SWUS precipitation
trends until we fully trust SST evolution in climate models.

Plain Language Summary Precipitation trends in the southwestern United States (SWUS) are
sensitive to the pattern of sea surface temperature (SST) trends in the Tropical Pacific. Since the turn of the
century, a decrease in SWUS precipitation has been linked to a cooling of the Central and Eastern Pacific (1990—
2020). Notably, climate models are unable to simulate this observed cooling SST trend. In this study, we answer
how SWUS precipitation projections may be impacted by potential error in the simulation of future SST trends
by climate models. We first demonstrate that slight changes in the pattern of SST trends leads to either a wetting
or drying of the SWUS. Second, if the current 30-year cooling trend in the Central and East Pacific switches to a
warming trend, the SWUS could experience a near-term increase in precipitation. While climate models are the
main tool to predict the global response to anthropogenic climate change, we must consider and account for their
error in projections of global warming.

1. Introduction

As anthropogenic climate change continues, the risk of drought is expected to increase in the southwestern United
States (SWUS), home to nearly 60 million people, mainly due to an increase in evapotranspiration and an overall
drying of soils due to higher temperatures (Ault, 2020; Cook et al., 2014). In fact, a severe, multi-decadal drought,
known as a “megadrought,” is ongoing since the beginning of the 21st century in the SWUS (Cook et al., 2021;
Williams et al., 2022). Rather than being caused by increased evapotranspiration from warming, this drought
developed from a decrease in precipitation due to a combination of internal atmospheric variability and forcing
from sea surface temperature (SST) anomalies in the Equatorial Pacific (Lehner et al., 2018; Seager et al., 2015).
Here, we focus on how long-term SST trends (30-year trends) drive SWUS precipitation trends in projections.

It is well established that the SWUS hydroclimate is sensitive to Tropical Pacific SST patterns, with the El Nifio-
Southern Oscillation (ENSO) being a dominant driver of interannual hydroclimate variability for the SWUS (e.g.,
Evans et al., 2022; Hoerling et al., 1997; Piechota & Dracup, 1996; Redmond & Koch, 1991). Warmer SSTs in the
Central and East Pacific, which are characteristic of a warm-phase ENSO event (referred to as an El Nifio), shift
the area of deep convection eastward from the West Pacific warm pool to the Central Pacific. The area of peak
divergence then shifts in the upper tropical troposphere, thus exciting midlatitude Rossby waves (Horel &
Wallace, 1981; Sardeshmukh & Hoskins, 1988). This results in an extension of the northern subtropical Pacific
jet, bringing anomalous moisture and precipitation to the SWUS (Deser et al., 2018; Hu et al., 2021; Ropelewski
& Halpert, 1986; Seager et al., 2010). While the ENSO phase is a helpful predictor of the SWUS hydroclimate, the
precipitation response is nonlinear with respect to temperature (Hoerling & Kumar, 2002; Hoerling et al., 1997;
Seager et al., 2015), meaning that a change in SWUS precipitation does not scale linearly with a change in SST. A
warming in the East Pacific (El Nifio) results in an increase in precipitation in the SWUS, while the impacts of a
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Figure 1. (a) The observed 1979-2019 correlation between annual-mean Southwestern United States (SWUS) precipitation
(Global Precipitation Climatology Project) and sea surface temperature (SST; HadISST) at each grid point. (b) The simulated
1979-2019 correlation between annual-mean SWUS precipitation (32°-40°N, 124°-105°W) and SST at each grid point in
the MPI-GE. Correlation is first calculated across 1979-2019 within each ensemble member and then the average of the
ensemble is taken. (c) Correlation between the trends in SWUS precipitation and SST at each grid point for years 2050-2080
in the MPI-GE Representative Concentration Pathway 8.5 (RCP8.5) scenario. The trend is first calculated within each
ensemble member, and then the correlation is taken across the ensemble. The color bar in (c) applies to (a) and (b) as well.
(d) Correlation between the trends in SWUS precipitation and Nifio3.4 region (5°S—5°N, 170°-120°W) SST for different
start and end years when calculating the trend. The small white box in (d) denotes the situation in panel (c).

cooling East Pacific (La Nifia) are less certain (Seager et al., 2015) but tend to lead to SWUS drying (Carrillo
et al., 2022). Furthermore, internal atmospheric variability has a larger role than SST forcing in explaining SWUS
precipitation variance, as most historical droughts are unrelated to SST forcing (Cook et al., 2018; Schubert
et al., 2016; Seager et al., 2015). In observations, SWUS precipitation is moderately positively correlated to
changes in Equatorial Pacific SST (Figure 1a). This correlation also exists in the Max Planck Institute Earth
System Model Grand Ensemble (MPI-GE), though to a lesser extent in the average of the 100 ensemble members
(Figure 1b).

Dettinger et al. (1998) found that the relationship between Tropical Pacific SST and SWUS precipitation on
interannual timescales (2-7 years) holds for decadal timescales (74 years) in observations, that is, a decadal-long
cooling trend in the East Pacific is linked to long-term drying in the SWUS. Schubert et al. (2016) and Seager and
Hoerling (2014) confirmed a link between long-term trends (decades long) in SST and SWUS precipitation
during the historical era using prescribed SST atmospheric general circulation model (A-GCM) simulations
across different models. We find a similar relationship in the MPI-GE (Figure 1d): a moderate correlation exists
between SWUS precipitation trends and Central Pacific SST trends for the historical period (starting and ending
years pre-2014). Furthermore, some decades are correlated while others are not at all (e.g., 1960-1990 has a
higher correlation than 1970-2000), meaning that studies focusing on one timescale might over- or underpredict
the link between SWUS precipitation and Central Pacific SSTs. Longer trends are generally more strongly
correlated (top right of Figure 1d), and trends should be taken over longer periods than 20 years to avoid noise
(diagonal of Figure 1d). This dependence of SWUS precipitation trends on Tropical Pacific SST trends suggests
possible skill in predicting SWUS precipitation based on the long-term SST trend in the Tropical Pacific.
Naturally, this skill in projecting SWUS precipitation exists only if atmosphere-ocean general circulation models
(AO-GCMs) correctly simulate the SST trend pattern.

Unfortunately, AO-GCMs fail to replicate the observed SST trend pattern in the Tropical Pacific for many time
periods since 1950 (e.g., Rugenstein et al., 2023; Wills et al., 2022). The observed cooling trend (1990-2020) in
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the East and Central Pacific not replicated by historical simulations in AO-GCMs could indicate that models'
response to anthropogenic forcing is erroneous (e.g., Heede & Fedorov, 2021; Seager et al., 2019) or that their
range of internal variability is too small (Olonscheck et al., 2020; Watanabe et al., 2021). The Eastern Pacific is in
fact warming in trends starting after 1995—although we do not know whether this is due to internal variability or
the forced response to greenhouse gases or aerosols. The current warming could be a signal of an advanced forced
response to greenhouse gases (Heede et al., 2020). By initializing AO-GCMs with observed wind-stress
anomalies in the Tropical Pacific, Delworth et al. (2015) found that models could replicate the observed cool-
ing trend in the Central and East Pacific, which then resulted in a tropical dynamical setup conducive for
development of SWUS drought. Given the relationship between Tropical Pacific SST and SWUS precipitation
trends, we here analyze how a likely near-term warming trend in the Central and East Pacific might affect SWUS
precipitation.

In this paper, we: (a) test the sensitivity of SWUS precipitation trends by slightly adjusting the likely erroneous
near-future SST trends an AO-GCM produces by its free ocean-atmosphere interaction and (b) predict a wetting
trend in the SWUS over the next few decades if the cooling trend in the East Pacific reverses. We do not attempt to
argue whether the erroneously simulated SST trends in the Tropical Pacific are due to model errors in the forced
response or due to an incorrect representation of internal variability. Given that modeled trends in SST are
incorrect over the last few decades, we ask how SST trends affect SWUS precipitation in the future if this model
error continues or abates.

2. Methods

We developed a precipitation Green's function (GFp) to identify which SST regions influence SWUS (32°—40°N,
124°-105°W) precipitation (e.g., Alessi & Rugenstein, 2023b; Bloch-Johnson et al., 2024; Y. Dong et al., 2019;
Zhang et al., 2023; Zhou et al., 2017). We selected this region based on previous work (Evans et al., 2022), and our
results do not depend on changes to the box within a reasonable definition of the SWUS. A GF is derived from
multiple simulations of one A-GCM where anomalous SST patch perturbations are prescribed locally while
elsewhere the SST is kept constant (see Text S1 and Figure S1 in Supporting Information S1 for details on the
development of the GF). The GF is developed using the response averages over 20 years to a constant local SST
forcing, making the tool ideal for studying the relationship of long-term trends in SST and precipitation. A GF is
advantageous to using a coupled AO-GCM or uncoupled A-GCM because atmospheric variability is removed
when calculating the precipitation response, that is, we can causally attribute a precipitation response directly to a
change in local SST. When using an AO-GCM or A-GCM, atmospheric noise makes the connection less obvious
and causal attribution of precipitation more difficult. For example, in A-GCM simulations with a complete spatial
and temporal SST pattern prescribed, as in Schubert et al. (2016) and Seager and Hoerling (2014), the precipi-
tation response is a result of both a change in the SST pattern and fluctuations in atmospheric variability and hence
sensitively depends on the timing of trend analyses, even for trends over several decades (Figure 1d). In addition,
precipitation changes cannot be attributed to one specific region as the whole pattern is prescribed.

The global-mean GF is quantitatively similar to GF, in Zhang et al. (2023; not shown). In this study, we utilize a
regional GF, to focus only on SWUS precipitation response to SST (Figure 2a). Precipitation in the SWUS is
most sensitive to changes in SST in the Central Pacific and the Caribbean (Figure 2a), which corroborates the
moderate correlation between SWUS precipitation and Central Pacific SST (Figure 1c). An increase in SST in the
Central Pacific (denoted by green in Figure 2a) leads to more precipitation in the SWUS. The opposite is true for
the Caribbean (denoted by brown in Figure 2a). This result qualitatively confirms the GF work by Barsugli and
Sardeshmukh (2002), confirms the well-studied teleconnection to the Central Pacific (e.g., Hoerling et al., 1997;
Redmond & Koch, 1991), and backs empirical orthogonal analysis of SST and SWUS precipitation (Hu
etal., 2021). Note that while we do not trust the SST pattern in AO-GCMs, we, in principle, trust the link between
SST and precipitation trends because models reproduce observational precipitation given the SST pattern
(Dettinger et al., 1998; McCabe et al., 2004).

We “tune” GFp to reproduce the SWUS precipitation output from the historical and RCP8.5 MPI-GE ensemble-
mean simulations (Figure 2b), similar to Y. Dong et al. (2019) and Alessi and Rugenstein (2023b). Without
tuning, the GF predicts too much wetting in the SWUS (Figure S2 in Supporting Information S1). While GFp
identifies physically meaningful SST regions as impactful to SWUS precipitation, it probably overestimates the
SWUS precipitation response given a warming in the Central Pacific due to nonlinearities of the climate system
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Figure 2. (a) The annual-mean SWUS precipitation response per unit sea surface temperature (SST) warming in each grid box. A warming in a green (brown) region on
this map results in an increase (decrease) in precipitation over the SWUS. From the northernmost box going clockwise: the SWUS (32°-40°N, 124°-105°W), Caribbean
region (0°-30°N, 107°-40°W), East Pacific region (28°S—1°N, 120°~71°W), and Central Pacific region (16°S—16°N, 175°E~140°W). (b) The SWUS precipitation
response of the Green's function convolved with the MPI-GE SST pattern (black) reproducing the SWUS precipitation output from the MPI-GE historical and RCP8.5
simulations (gray). (c) The annual-mean 500 mb geopotential height response averaged over the SWUS region per unit SST warming in each grid box.

that GF, cannot capture (Williams et al., 2023). We correct this error in GF, by subtracting the same small value
(8.6 x 107°) from each index of the GF, matrix. Our results hold qualitatively for the untuned GF, and for
different choices of tuning, since the tuned GF, has the same pattern as the original GFp, so a warming in the
Central Pacific (Caribbean) still results in a wetting (drying) of the SWUS. We discuss different tuning methods in
Text S2 of Supporting Information S1 in depth. So far, GFs have been used only to calculate a climate response in
the global-mean. In this study, we use a regional GF that is tuned for a specific range of SST and precipitation
variations, that is, for surface temperature variations of a few K and precipitation responses of a few tenths of
mm day ™. Tuning and applying a regional GF is a much more stringent use of the tool than the global-mean GF
for radiation, which works well for situations very different from the one it was constructed for.

We develop a 500 mb geopotential height Green's function (GF,), a 200 mb u#-wind Green's function (GF,), and a
200 mb v-wind Green's function (GF,) to verify if GF, changes precipitation in the SWUS as a result of warming
in the Central Pacific for the right dynamical reasons. How the subtropical jet stream responds to changes in the
SST pattern is explained by GF, (Figure 2c), GF,, and GF,, (Figure S3 in Supporting Information S1), which
represent the location of troughs and ridges, meridional displacement of the jet stream, and intensity of the jet
stream, respectively. A warming of the Central Pacific decreases both the v-wind at 200 mb and the geopotential
height over the SWUS, indicating a southward shift of the subtropical jet stream from the Pacific Northwest and a
deepening trough over the SWUS, respectively, which allow for an increase in precipitation in the SWUS. These
dynamical GF sensitivity maps confirm a path for increased precipitation in the SWUS given a warming in the
Central Pacific (e.g., Hu et al., 2021; Seager et al., 2010).

In the following, we adjust SST trend patterns by cooling and warming the SST trend in the Caribbean, the Central
Pacific, and the East Pacific to test the sensitivity of SWUS precipitation to SST in these regions (Section 3.1). We
then develop plausible future SST pattern storylines starting from observations and calculate the SWUS pre-
cipitation response to these SST patterns using GF (Section 3.2).

3. Results
3.1. Sensitivity of SWUS Precipitation Trends to SST Trends

We adjust the SST trend in different regions to quantitatively assess the impact corrected (or more likely correct)
SST trends have on SWUS precipitation. We first test six idealized scenarios: a cooler and warmer Caribbean, a
cooler and warmer Central Pacific, and a cooler and warmer East Pacific than the RCP 8.5 MPI-GE simulations.
In each region, an equally large area is warmed or cooled by 3% of the global-mean SST anomaly in RCP8.5
compared to the pre-industrial control simulation for each year. The 3% anomaly applied to each region is inspired
by the magnitude of AO-GCM error in simulating SST trends over the last few decades. For reference, 3% of the
global-mean temperature anomaly for each year is plotted in Figure S5 of Supporting Information S1. While 3% is
a small value, we concentrate this anomaly into a region of interest. For example, by 2085, a 3% anomaly of the
global-mean SST change in the RCP8.5 simulation is about 0.06 K but becomes 1.1 K when that 0.06 K anomaly
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Figure 3. (left) Effect of idealized redistribution of sea surface temperature (SST) on SWUS precipitation. SWUS
precipitation anomaly from the 1850-1870 average: MPI-GE historical and RCP8.5 projection ensemble-mean (gray); MPI-
GE historical and RCP8.5 ensemble spread (£1oc; gray shading); (right) Effect of adjusting SST trends starting from
observations. SWUS precipitation anomaly from the 1850-1870 average: MPI-GE historical and RCP8.5 projection
ensemble-mean (gray; as in a, note different range in vertical axis); MPI-GE historical and RCP8.5 ensemble spread (£1o;
gray shading); HadISST convolved with the SWUS GF,, (black); precipitation response from transition SST scenarios
starting from observed SST and ending with MPI-GE RCP8.5 SST over 10 years (dark pink), 50 years (red) and 50 years with
the trend in the Central Pacific replaced by the 1991-2021 observed trend (dashed red); observed 1991-2021 SST trend

convolved with the regional precipitation GF extended through 2100 (dashed black). The SST trend for the 50-year transition

SST scenario (red) is plotted in the inset figure in units of K yr™".

is concentrated into a region of interest (e.g., the Central Pacific), which is comparable to model error in the
tropical East Pacific (Figure 1 in Seager et al. (2019)) and the Southern Ocean (Figure 2 in Wills et al. (2022)). To
maintain the same global-mean SST anomaly in the scenario as in the RCP8.5 simulation, the SST at other grid
points around the globe, outside the region of interest, is slightly adjusted (an area-weighted cooling is applied to
the rest of the world for a warming scenario, and vice-versa for a cooling storyline). Alessi and Rugen-
stein (2023b) apply this method to net top-of-atmosphere radiative imbalance (see more details in Text S3 of
Supporting Information S1).

Adjusting the SST trend in different regions by a modest amount significantly affects the SWUS precipitation
trend (Figure 3a). As expected, changes in Central Pacific SST trends affect SWUS precipitation trends the most
via changes in the midlatitude Rossby wave train, which can lengthen the subtropical Pacific jet, bringing more or
less precipitation to the SWUS. The precipitation, 500 mb geopotential height, and specific humidity response to a
warm anomaly patch simulation in the Central Pacific demonstrates increased precipitation and specific humidity
as a result of a more prominent trough over the SWUS (bottom row in Figure S4 of Supporting Information S1).
We find that SWUS precipitation decreases by 0.44 mm day™' over the SWUS by 2085 compared to the standard
coupled model projections due solely to a nearly 1.1 K decrease in Central Pacific SST. This is on the same order
of magnitude as in the AO-GCM simulations from Delworth et al. (2015). Adjusting the SST trend in the
Caribbean leads to an opposite and weaker SWUS precipitation response than warming or cooling in the Central
Pacific. In empirical orthogonal function analysis of observations, there is some indication of the Caribbean
having an opposite impact to the Central Pacific on SWUS precipitation during the spring season (Figure 3 in Hu
et al. (2021)). The response of a Caribbean warm anomaly patch forcing is a decrease in SWUS precipitation
linked to lower specific humidity because of a lack of northward moisture transport (Figure S4 in Supporting
Information S1), possibly inhibiting the North American monsoon. Instead of moisture moving into the SWUS
during the boreal summer, this moisture is instead focused over the region of warming, where more precipitation
occurs. However, in one paleoclimate study, a decrease in SST in the Gulf of California resulted in less pre-
cipitation in the SWUS due to decreased northward surges of tropical moisture (Barron et al., 2012), which
contradicts our GF and patch simulation result. We attribute this difference to a different North American
monsoon structure: Barron et al. (2012) investigates monsoon proxies from 8,000 years ago, while we are using a
climate model that simulates the North American monsoon in the present and future climate (Hernandez &
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Chen, 2022). Finally, changing the East Pacific SST trend does little in impacting SWUS precipitation as ex-
pected from Figure 2a.

Critically, the SWUS could experience opposite trends in precipitation (wetting or drying) based on a small
redistribution of SST. For example, if the Central Pacific (Caribbean) warms more than what AO-GCMs predict,
indicative of a background mean-state El Nifio, the SWUS would experience a wetting (drying) trend. On the
other hand, if the Central Pacific (Caribbean) cools more than what AO-GCMs predict, the SWUS would
experience a drying (wetting) trend. We applied these SST redistributions to the SST fields of all 100 MPI-GE
ensembles members and took the ensemble-average after calculating the precipitation response to remove the
impact of internal atmospheric variability. While atmospheric variability can be more important in affecting
SWUS precipitation than SST forcing (compare the width of shading in Figure 3a to the magnitude of the mean
response), we demonstrate here that in the ensemble-mean, the overall precipitation trend shifts based on the SST
pattern trend, making it easier or more difficult for a precipitation deficit to develop in the SWUS.

Without any SST adjustment, the MPI-GE ensemble-mean predicts a slight drying over the 21st century
(Figure 3a; gray line). This is due to a slow expansion of the Hadley Cell and a poleward shift of the subtropical
dry zone (e.g., Grise & Davis, 2020; Lau & Kim, 2015). For other CMIP5 models, little precipitation change is
projected in the model-mean for the SWUS, although there is considerable spread among the models (Rojas
et al., 2019).

3.2. SST Storylines Starting From Observations

The SWUS precipitation response from the observed SST pattern (HadISST) convolved with the GF over the last
few decades is noticeably lower than the MPI-GE (Figure 3b, black line). This demonstrates the GF,'s ability to
replicate the observed decrease in SWUS precipitation that led to drought conditions since the start of the 21st
century.

Given that there is already a discrepancy between the observed and simulated SST trend pattern, we develop a
more realistic SST pattern trend storyline that evolves from the currently observed SST pattern into the future.
This storyline approach constrains future SWUS precipitation projections to be consistent with both the currently
observed SST pattern and how we expect the SST pattern to evolve based on theory. The East Pacific is likely to
switch from a cooling trend (1990-2020) to a warming trend at some point in the future as greenhouse gas forcing
continues and aerosol forcing decreases (e.g., Andrews et al., 2022; Heede & Fedorov, 2021; Heede et al., 2020;
Park et al., 2022), and in fact trends starting in the late 1990s are already positive. To reproduce this effect, we
interpolate the observed SST at each grid point from the 20162021 average to the average SST pattern in the
MPI-GE RCP8.5 for 2031-2036 and 2071-2076 (Figure 3b; Text S4 in Supporting Information S1). This
interpolation includes a stronger warming of the subtropical East Pacific and Central Pacific than the equatorial
West Pacific (Figure 3b inset), which is opposite of the trends observed since the 1970s. We choose two transition
storylines, one 10 years in length (2021-2031) and one 50 years in length (2021-2071), since it is unknown how
quickly or when the East Pacific may warm. These storylines assume that we trust the response of the models in
the 2030s or 2070s. Below, we also relax this assumption. Both transition storylines result in increased precip-
itation for the SWUS over the next few decades. The 10-year transition storyline experiences a faster wetting than
the 50-year transition storyline due to a faster warming in the Central and East Pacific. However, for both sce-
narios, after a period of wetting occurs due to the warming Central and East Pacific, the drying from the expanding
Hadley Cell takes over as the transition storylines merge with the MPI-GE. For both storylines, while there is
some warming in the Caribbean, the greater warming in the Tropical Pacific and higher sensitivity of SWUS
precipitation to this region (Figure 2a) results in an overall wetting. Of note is the abrupt increase in SWUS
precipitation for the transition storylines. We calculate the rate of change in SWUS precipitation for each
ensemble member for all 20-year segments centered on 2025-2044 (in total there are twenty 20-year segments).
The ensemble-mean rate of change in precipitation is —0.00120 mm day™' 20 yr~' for RCP8.5 and
0.00125 mm day_l 20 yr_1 for the 50-year transition storyline, indicating a greater (and positive) rate of change in
SWUS precipitation for the storyline. If the observed SST trend pattern were to reverse in the Central and East
Pacific from a cooling trend to a warming trend, as in the transition storylines, we may for several decades observe
a wetting of the SWUS in spite of global warming. Note that this might happen independent of whether changes in
the trends are due to decadal-scale internal variability or the forced response.
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We develop two more storylines that assume SST projections from the RCP8.5 MPI-GE are either partly or fully
incorrect. The first storyline is the same as the 50-year transition storyline in that the SST at each grid point is
interpolated from observations to the RCP8.5 in 2071, however, the SST trend in the Central Pacific is replaced
with the extrapolated 1991-2021 observed SST cooling trend through the end of the century (Figure 3b; dashed
red line). In this storyline, we assume the AO-GCMs continue to incorrectly simulate the trend in the Central
Pacific, and that the SST trend will continue to cool slightly (Seager et al., 2019). The difference between the
dashed red line and the solid red line in Figure 3b is solely the influence of the Central Pacific cooling rather than
warming. Despite warming across the rest of the globe, a cooling Central Pacific would result in continued drying
for the SWUS, given its significant sensitivity to SST trends in that region (Section 3.1).

For the second storyline, we extrapolate the 30-year observed SST trend from 1991 to 2021 forward in time at
each grid point (Figure 3b; black dashed line). We discard RCP8.5 SST pattern trend projections completely, or in
other words, we do not trust the AO-GCM SST pattern trend at all. The extrapolated observed trend features a
cooling Central and East Pacific, which results in a decreasing SWUS precipitation trend that remains below
RCP8.5 projections through the end of the century. This storyline remains wetter than the combined 50-year
transition and observed Central Pacific storyline due to the latter including warming in the Caribbean, which
enhances the drying signal of that scenario. Overall global warming is significantly less in this storyline due to a
more stabilizing global-mean radiative feedback (Alessi & Rugenstein, 2023b), which could lead to less drying in
the SWUS from the Hadley Cell not expanding as much as in RCP8.5 projections. We conclude that in the near-
future, the pattern of SST trends is highly relevant for the sign and magnitude of projections of SWUS
precipitation.

4. Discussion and Conclusions

There is skill in predicting the precipitation trend in the SWUS based on the Equatorial Pacific SST trend pattern
(Figure 1c; Dettinger et al., 1998; Schubert et al., 2016; Seager & Hoerling, 2014). However, AO-GCMs fail to
replicate the observed SST trend pattern in recent decades (e.g., Wills et al., 2022). While AO-GCMs predicted a
warming SST trend in the Central and East Pacific, the region instead experienced a cooling SST trend from 1970
to 2014 (e.g., Coats & Karnauskas, 2017; Seager et al., 2019), which potentially led to the observed megadrought
in the SWUS due to a decrease in precipitation (Delworth et al., 2015; Seager & Hoerling, 2014). The cooling of
the Central and East Pacific not simulated by AO-GCMs may have been caused by a forced response to
greenhouse gas emissions (Coats & Karnauskas, 2017; Heede et al., 2020), a forced response to aerosols (Heede
& Fedorov, 2021; Kuo et al., 2023), internal variability in the climate system (Olonscheck et al., 2020; Watanabe
et al., 2021), missing or poorly simulated teleconnections in climate models (e.g., Y. Dong et al., 2022; Kang
etal., 2023; Kim et al., 2022), or a combination of these factors. At least part of the megadrought was related to a
lack of precipitation from the cooling Central and East Pacific, rather than due to a significant increase in
evapotranspiration from global warming (Seager et al., 2015), which will likely cause droughts in the future as
anthropogenic climate change worsens (e.g., Cook et al., 2014; Diffenbaugh et al., 2015). In this study, we
confirmed the connection between the Equatorial Pacific SST trend pattern and SWUS precipitation trends with a
Green's function approach, which allows us to establish a causal link between SST and precipitation. We
developed SST pattern trend storylines to predict how SWUS precipitation could change over the next century:

A very modest redistribution of SST could lead to a wetting or drying of the SWUS using GF, (Figure 3a). A
warming of the Central Pacific results in a wetting of the SWUS due to a shift in deep tropical convection to the
Central Pacific that excites the midlatitude Rossby wave such that the Pacific jet is extended into the SWUS,
bringing moisture and precipitation (Figure S4 in Supporting Information S1). We also highlight a potentially
strong teleconnection between the Caribbean and the SWUS, which may have been overlooked in the past due to
weak warming and/or internal variability in studies based on regressions in observations. A warming of the
Caribbean and Gulf of Mexico results in a drying of the SWUS due to a decrease in incoming moisture from the
Caribbean (Figure S4 in Supporting Information S1), which could inhibit monsoon development (Ordofiez
et al., 2019). The moisture instead remains in the Caribbean, fueling the increased convection due to the warmer
SSTs.

The sign dependence of the SWUS precipitation trend on the SST trend pattern complicates prediction of future
SWUS drought; since AO-GCMs are unable to replicate relevant aspects of the observed SST pattern trend, they
may continue doing so in the future, confounding SWUS precipitation projections. This finding increases the total
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uncertainty of SWUS precipitation in projections. Some models predict a wetting of the SWUS by the end of the
century due to an extension of the Pacific jet stream, bringing in more precipitation to the SWUS (Deser
et al., 2018; L. Dong & Leung, 2021; Grise & Davis, 2020). There also may exist a thermodynamic response
which adds further uncertainty to subtropical land precipitation (He & Soden, 2017). Given that similar GFp
sensitivities exist in the GFDL model (Zhang et al., 2023) and the National Centers for Environmental Prediction
model (Barsugli & Sardeshmukh, 2002), this result of the sign of SWUS precipitation trends being dependent on
the Tropical Pacific SST is likely robust across AO-GCMs and a modest redistributions of SST trend patterns in
the future will likely affect the sign of precipitation change in other AO-GCMs.

We note that internal atmospheric variability plays a large role in explaining interannual SWUS precipitation
variance (e.g., Seager et al., 2015), so that even if the Central Pacific cools, the SWUS could experience a few wet
years if atmospheric conditions are favorable. However, in long-term trends, all ensemble members still expe-
rience a drying in the SWUS if the Central Pacific cools (Figure 3a, solid teal line).

We also constrain projections of SWUS precipitation trends by developing storylines that start from the observed
SST trend pattern (Figure 3b). If the Central and East Pacific continue cooling, a prolonged period of drought is
more likely to continue in the SWUS. However, if the Central and East Pacific warm over the next few decades, as
theory suggests (Heede et al., 2020), the SWUS would see a period of increased precipitation. This transition to a
warming Central and East Pacific may have already begun (Andrews et al., 2022; Loeb et al., 2021; Rugenstein
et al., 2023). Our approach does not consider changes in soil moisture and evaporative demand. The state of the
hydroclimate overall could still experience drying with increased precipitation if there is a significant increase in
evaporative demand, as suggested by models (Cook et al., 2014, 2015; Mankin et al., 2021; Schubert et al., 2016),
though over the past 60 years evaporative demand may have had little impact (Sheffield et al., 2012).

Our work demonstrates that correctly modeled SST trend patterns are critical for SWUS precipitation projections.
Improved and higher resolution modeling of ocean-atmosphere interaction may reduce mean-state biases and
make the response to forcing more realistic in SST, allowing for more accurate simulation of Central and East
Pacific SST trends. While AO-GCMs may fail to capture the future SST trend, and therefore the future SWUS
precipitation trend, we here predict SWUS precipitation trends given likely storylines of future SST trend pat-
terns. The possible wetting of the SWUS in the near-term should not deter efforts to limit water use and to prepare
for significant drought in the SWUS, as there is ample evidence of increased drought under a drier overall
hydroclimate due to anthropogenic climate change (Ault, 2020; Cook et al., 2014). However, a near-term wetting
would bring relief to the drought stricken SWUS, which could prove crucial for adaptation and mitigation efforts
in that region.

Data Availability Statement

Data for the MPI-GE historical and RCP8.5 SST, MPI-GE historical and RCP8.5 SWUS precipitation, GFp
response, and projections in Figure 3 can be found at Alessi and Rugenstein (2023a).
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