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Abstract. In August 2022, Death Valley, the driest place in North America, experienced
record flooding from summertime rainfall associated with the North American Monsoon
(NAM). Given the socioeconomic cost of these type of events, there is a dire need to
understand their drivers and future statistics. Fundamental theory predicts that increases in
the intensity of precipitation is a robust response to anthropogenic warming. Paleoclimatic
evidence suggests that northeast Pacific sea surface temperature (SST) variability could further
intensify summertime NAM rainfall over the desert southwest. Drawing on this paleoclimatic
evidence, we use historical observations and reanlyses to test the hypothesis that warm SSTs
on the southern California margin are linked to more frequent extreme precipitation events
in the NAM domain. We find that summers with above-average coastal SSTs are more
favorable to moist convection in the northern edge of the NAM domain (southern California,
Arizona, New Mexico, and the southern Great Basin). This is because warmer SSTs result in
increased precipitable water over normally dry regions of the southwest, driving more frequent
precipitation extremes and increases in seasonal rainfall totals. These results, which are robust
across observational products, establish a linkage between marine and terrestrial extremes,
since summers with anomalously warm SSTs on the California margin have been linked
to seasonal or multi-year northeast Pacific marine heatwaves. However, current generation
climate models struggle to reproduce the observed relationship between coastal SSTs and
NAM precipitation. Across models, there is a strong negative relationship between the
magnitude of a models’ warm SST bias on the California margin and its skill at reproducing
the correlation to desert southwest rainfall. Given persistent northeast Pacific SST biases
in models, our results suggest that efforts to improve representation of climatological SSTs
are crucial for accurately predicting future changes in hydroclimate extremes in the desert
southwest.
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1. Introduction

In August 2022, regions of the desert southwest, including Death Valley, the driest place
in North America, experienced once-in-a thousand year flooding. This was a result of
summertime storms that dumped up to 75% of normal annual precipitation amounts in
the span of a few hours [1]. These storms occurred at the northern edge of the North
American Monsoon (NAM), the primary source of summer rainfall in southwestern North
America [2, 3]. These types of events are associated with loss of life and infrastructure
damage. In addition, above-average monsoon rainfall has been linked to increases in invasive
plant biomass, increasing fire risk [4]. These impacts highlight the need to understand the
mechanisms underlying variability in regional precipitation extremes.

An increase in precipitation intensity is expected as a result of global warming, since
saturation specific humidity increases with temperature [5]. In the NAM region, earth system
models (ESMs) and regional models all suggest that warming tends to intensify individual
storms, despite predictions of an overall decrease in summer rainfall by the end of the 21st
century (albeit with considerable structural uncertainty–[6, 7, 8, 9, 10]). Nevertheless, the
entire summer of 2022 featured above-average rainfall, especially on the northern edge of the
NAM domain (Figure S1,a). Not only were rainfall rates above average in Nevada, Arizona,
and New Mexico, but values of daily outgoing longwave radiation (OLR) show a systematic
shift to a longer left tail, suggesting a greater frequency of cooler, convective cloud tops, and
associated convective rainfall.

We hypothesize that north Pacific SST variability helped drive these higher rainfall rates.
The summer of 2022 featured positive SST anomalies in coastal regions of the northeast
Pacific (NEP), as well as a La Niña event in the eastern equatorial Pacific (EEP). Observational
analyses have shown that La Niña events feature a stronger monsoon ridge, enhancing the
strength of the circulation [11]. Previous analyses of intraseasonal variability in the monsoon
found that cool conditions in the EEP cold tongue could drive an earlier monsoon onset
[11, 12]. Modeling results, however, are equivocal about the impact of extratropical Pacific
SST anomalies on the monsoon. Some studies suggest that warm NEP SST anomalies, similar
to the configuration observed in summer 2022, should weaken the monsoon [11]. In contrast,
more recent work suggests that these SST anomalies should strengthen the monsoon [13, 14].
Observations and paleoclimatic reconstructions are also equivocal about the relationship
between southwest summer precipitation and large-scale SST patterns [15, 16, 17]. Given
these contradictory findings, more work is needed to contextualize the role of SST variability
in driving extremes similar to summer 2022. Along these lines, paleoclimatic evidence from
past warm intervals has identified a link between warm SSTs off the southern California
margin and an intensification of monsoon rainfall [18, 13]. If this relationship holds in the
modern, it suggests that warm NEP SSTs, as were observed in summer 2022, would have
played a role in August 2022 flooding.

In this study, we explore the link between SST on the CA margin and precipitation in the
NAM domain. Because of our interest in events similar to the Death Valley flooding in August
2022, we focus on the northern edge of the NAM domain, or regions of the desert southwest
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in Arizona, New Mexico, California and Nevada. Using observational data, reanalyses, and
ESM simulations, we analyze the relationship between large-scale SST patterns and both
extreme precipitation and seasonal precipitation totals. We show that summers of a greater
frequency of days with extreme precipitation in the northern NAM region tend to co-occur
with intervals of warm SSTs on the CA margin. There is also a statistically significant
relationship between CA margin SSTs and seasonally-averaged summertime rainfall in the
northern NAM domain. Our results therefore provide important context for the processes
underlying recent extreme precipitation in the desert southwest, and also identify a mechanism
of inter-annual variability in extremes that may continue to influence regional precipitation
into the 21st century. However, the ability of Coupled Model Intercomparison Project (CMIP)
phase 5 and 6 ESMs to reproduce this relationship is highly variable, and depends in part
on the magnitude of SST bias on the CA margin. This has implications for our ability to
use ESMs to estimate future changes in extreme precipitation, signal-to-noise ratios, and
hydroclimate-related risks in the desert southwest.

2. Data and Methods

2.1. Composite Analyses and Conditional Probability

Our work focuses on the northern NAM region, consisting of land regions of the desert
southwest between 28 to 37 �N and 115 to 108 �W. To identify the relationship between
daily precipitation extremes and large-scale SST patterns, we used daily Global Precipitation
Climatology Centre’s (GPCC) 1.0�data to define the 95th percentile of daily precipitation
rates at each grid point. This threshold, otherwise known as ‘p95’, is a widely accepted
metric of extreme precipitation for daily average precipitation rates [19]. We then calculated
the number of days between June 14th and the end of September in each year that exceed
p95 for the interval between 1982 and 2014 [20]. While extreme rainfall is relatively rare in
this desert setting, events like August 2022 highlight the profound impact of these types of
events. To contextualize extreme precipitation, we analyzed daily fields of outgoing longwave
radiation, as an indicator of convective cloud cover and therefore convective rainfall, from
NOAA [21]; zonal and meridional moisture flux; and daily maximum 3-hourly convectively
available potential energy (CAPE, a measure of energetic favorability of the atmosphere for
deep convection and rainfall) from the North American Regional Reanalysis (NARR–[22]).
In order to link changes in the frequency of daily precipitation extremes to SST, we analyzed
anomalies of monthly SST [23] and total precipitable water [22] associated with summers that
contain the greatest frequency of extreme precipitation.

To elucidate the link between CA margin SST anomalies and changes in extreme
precipitation in the northern NAM region, we quantified differences in the statistics of Gulf of
California surges during summers when an index of CA margin SSTs, averaged between 20
and 30 �N and 125 and 110 �W, is > 1� above average. Gulf surges are daily-scale northward
propagation of moisture along the Gulf of California that drive increases in precipitation and
humidity in the northern NAM region [24, 25, 26, 27]. Extreme precipitation in the northern
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NAM domain tends to be associated with Gulf surges, although not all surges drive high
rainfall rates [27]. We used the method outlined in [24] to define gulf surge days (see SI
Methods).

Finally, we quantified the probability of seeing a summer with above-average days (e.g.,
greater than 6 days) with extreme precipitation in the northern NAM region in years with > 1�

CA margin SST anomalies. This is essentially the conditional probability that a summer will
have greater than 6 days of precipitation exceeding p95 given anomalously warm SSTs on the
CA margin. We also assessed this probability for warm CA margin SST anomalies at different
lead times (e.g., the preceding April-June SSTs), to see whether preceding CA margin SSTs
can serve as predictors of northern NAM region precipitation extremes. The statistical
significance of these conditional probabilities was calculated using a 1-sided binomial test
to assess whether it was significantly different from random chance (i.e., that the observed
conditional probability is not significantly larger than expected from a process with a 50%
probability of occurrence [28]).

2.2. Correlation Analysis and Comparison with ESM Simulations

We quantified the correlation between CA margin SSTs and monthly mean precipitation over
the northern NAM domain by correlating the same index of CA margin SSTs (20 and 30 �N
and 125 and 110 �W) with monthly mean precipitation from multiple precipitation products
(0.25 �GPCC product between 1960 and 2014, the CPC merged analysis of precipitation
(CPC), the Global Precipitation Climatology Project (GPCP), and the NARR [20, 29, 30, 22]).
Using multiple precipitation products helps establish the robustness of the relationship. We
also analyzed the correlation between the CA margin SST index and monthly mean fields of
precipitable water from the NARR, and sea level pressure from the NCEP-NCAR reanalysis
[31]. This complements our analysis of precipitation extremes by showing how CA margin
SSTs modulate desert southwest hydroclimate on monthly to seasonal timescales. It also
facilitates comparison to CMIP ESMs, since daily-scale fields are unavailable for many
models.

To determine the extent to which CMIP5 and CMIP6 ESMs reproduce the observed
relationship between CA margin SSTs, precipitation, and circulation, we analyzed historical
simulations (Table S1). We analyze historical simulations from 23 ESMs in total, including
several conducted as part of the HighResMIP project [32, 33, 34]. Because the set of
simulations we analyze differ in their input forcing datasets (e.g., CMIP5 vs. CMIP6 historical
simulations), we focused on analyzing the sensitivity of precipitation to CA margin SSTs
instead of analyzing the particular trajectory of NAM precipitation in each simulation. We
quantified the linear correlation between southern CA Margin SSTs (e.g., the previously
defined SST index between 22 and 30 �N and 125 and 110 �W) and northern NAM region
precipitation (e.g., the region between 28 to 37 �N and 115 to 108 �W).
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3. Results and Discussion

3.1. California margin temperatures and northern NAM region precipitation

Between 1979 and 2014, five summers featured the greatest number of days with rainfall
exceeding p95 [19, 35] (Figure 1a). The composite SST pattern associated with these five
summers reveals a ‘horseshoe’ pattern of warmth in the NEP similar to the warm phase
of Pacific decadal variability and the extratropical expression of warm ENSO events [36]
(Figure 1e), with stronger anomalies near Alaska and off the CA margin. The extratropical
portion of this SST pattern resembles that found in summer 2022 (Figure S1d). However,
unlike 2022, the EEP cold tongue shows only weakly positive SST anomalies, reflecting
that these five years featured different phases of ENSO. While some years featured La Niña
events (e.g., 1984, 1990, 1996), others had moderate or decaying El Niño events (e.g. 1983,
2014). The lack of a consistent ENSO phase associated with years of more frequent extreme
daily precipitation likely reflects the relatively weak relationship between ENSO and NAM
precipitation [11]. It also suggests that NEP SST patterns may play a more important role in
modulating the NAM than the EEP, although we note that tropical and extratropical variability
are connected [36].

Warmer CA margin SSTs appear to modulate precipitation by driving stronger
evaporation and thus increasing precipitable water over the southwest. The five years with the
highest number of days exceeding p95 feature higher precipitable water over Baja California,
southern California and Arizona, and the Great Basin, representing an almost 50% increase in
humidity in some of these regions (Figure 1b,S2). Higher humidity would increase dewpoint
temperatures over the normally dry desert regions of the southwest. The 5 years also show a
statistically significant shift to larger values of daily maximum 3-hourly CAPE, indicating an
increase in the energetic potential of the atmosphere to generate deep convection (Figure 1d)
[37]. Similarly, the distribution of daily outgoing longwave radiation during the five years
has a larger left tail, reflecting days with deeper convection (Figure 1c), and more convective
rainfall.

In years with warm (e.g., > 1�) CA margin SST anomalies, there tends to be a higher
number of days classified as gulf surges, although this difference is not statistically significant
(Figure 2c). There is also no significant shift in the strength of winds associated with gulf
surges in years where CA margin SSTs are anomalously warm. However, meridional moisture
transport during days with gulf surges is significantly higher in years with anomalously warm
CA margin SSTs, bolstering our argument that they influence hydroclimate by modulating
humidity (Figure 2d). The increased moisture means that a given daily-scale transient (e.g.,
a gulf surge) carries more moisture into the NAM region. In the climatology, relatively cool
SSTs on the CA margin favor the import of low-entropy air over the northern NAM region
[37]. The additional evaporation and humidity from positive CA margin SST anomalies drive
higher daily-scale moisture influxes into the northern NAM region, resulting in more CAPE
and overall higher summertime precipitation rates [37, 38].

These results suggest that warm SSTs on the CA margin promote an energetic
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environment that is more favorable for summertime convective storms in the northern NAM
domain, resulting in a greater number of days with extreme precipitation. It is notable that at
least two of the five years used in this analysis coincide with significant seasonally-persistent
extratropical marine heat waves (e.g. 1990, 2014) [39], suggesting a link between marine and
atmospheric extremes. The link between total precipitable water off the southern California
coast and extreme NAM precipitation has been noted in studies of individual flood events
[40, 41], but the link to coastal SSTs has not been explicitly studied. Our results therefore
complement and corroborate previous findings using regional modeling (e.g., WRF), which
found a linkage between the warm phase of the Pacific Decadal Oscillation (PDO), integrated
vapor transport, and an enhanced monsoon [14].

3.2. Implications for Seasonal Prediction

While CA margin SSTs can exhibit significant sub-seasonal SST variability [42], they tend
to show strong persistence on monthly to seasonal timescales, with significant correlation
between early spring and summertime SST anomalies (Figure S4). This inherent persistence,
and the link between CA margin SSTs and northern NAM precipitation extremes, raises the
possibility that that coastal SSTs in springtime could aid with efforts to predict northern NAM
precipitation.

To test this possibility, we quantified the conditional probability of a summer containing
an above-average number of days exceeding p95 given that CA margin SSTs are anomalously
warm (e.g., greater than 1� above average) for different seasonal leads. When CA margin
SSTs are 1� above average in JAS, there is a 85% probability of seeing greater than average
days with precipitation exceeding p95 (Figure 2). Warm CA margin SST anomalies during
early summer (JJA, MJJ) and spring (AMJ) are also associated with summers with above-
average days with precipitation exceeding p95. Each of these relationships are statistically
significant at the 95% level (1-sided binomial test [28]). These results highlights the potential
utility of coastal SSTs for predicting summers with greater extreme precipitation days in the
desert southwest.

3.3. Model Representation of SST-Summer Rainfall Relationship

Figures 1 and 2 suggest that summers with anomalously warm CA margin SSTs not only
feature more extreme precipitation days, but also see an overall shift to conditions that are
favorable to heavier rainfall. Further support for this interpretation comes from the statistically
significant correlations between CA Margin SSTs and total summer (JAS) precipitation in the
northern NAM, extending from the northern Sierra Madre Occidental to Baja California and
into the Great Basin, across multiple precipitation products (Figure 3,S3). SST anomalies
are also positively correlated with total precipitable water in the eastern Pacific and Baja
California, with correlations extending north over the Great Basin to almost 40 �N. In a
reanalysis (e.g. NCEP-NCAR reanalysis, [31]), CA margin SSTs are correlated with a
decrease in surface pressure offshore of Mexico and Baja California, and higher pressures
over the Gulf of California. Previous work has noted that on daily timescales, a pressure
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dipole between the eastern Pacific and the Gulf of California may favor the development
of gulf surges, especially those associated with the northward passage of an easterly wave
[43, 25, 26, 44, 45]. However, on monthly timescales, the negative correlation over the eastern
Pacific likely reflects a decrease in static stability as a result of warmer SSTs and increased
humidity [46].

Predicting future risks from flooding, drought, and fire therefore requires an
understanding of future NAM-related precipitation extremes. Since most future projections of
the NAM system rely on downscaled (or direct) output from ESMs, we assess whether ESMs
reproduce the relationship between NEP SSTs and summer rainfall similar to that found in
observational products (Figure 3).

Only a small subset of ESMs simulate a similar strength of CA margin - northern
NAM precipitation correlation as compared to observational products. Furthermore, we
find a significant negative correlation between climatological SST bias on the CA margin
and the strength of the correlation to northern NAM summer precipitation: ESMs that are
too warm in the CA margin relative to observations underestimate the correlation between
summer precipitation and SSTs (Figure 4). For two ESMs, increasing resolution results
in an improvement in both the CA Margin SST bias and the correlation to NAM summer
precipitation (Figure S5-S7). This coheres with previous findings that higher resolution ESMs
perform better at simulating the NAM because of their ability to resolve topography and
produce realistic statistics of transient disturbances like gulf surges [47, 10, 48]. However,
higher resolution does not always improve the correlation: the higher resolution configuration
of the CNRM model produces a weaker CA Margin SST-NAM summer precipitation
correlation than its low resolution counterpart (Figure 4).

The results in Figure 4 suggest a role for atmosphere-ocean coupling in driving the
strength of the CA Margin SST-NAM summer precipitation correlation. We hypothesize that
larger CA margin SST biases result in an atmospheric boundary layer that is less sensitive
to SST variability. For models with a strong warm bias on the CA margin, a given SST
anomaly may result in a smaller fractional change in humidity or surface moist entropy
(e.g. equivalent potential temperature) than in a less biased model. ESMs with a stronger
warm bias may therefore generate less variability in NAM precipitation, as well as a weaker
link between CA margin SST variability and atmospheric stability. An analysis of the
spread across ESMs supports this view, since ESMs with a stronger SST bias on the CA
Margin exhibit an overall weaker correlation between SST and sea level pressure on the
CA Margin in historical simulations(Figure 4c). This suggests that mean state biases in
CMIP ESMs directly influences their ability to capture coupling between SST variability,
the atmosphere, and regional hydroclimate. While atmosphere-ocean coupling means that
atmospheric biases and oceanic biases influence each other, our hypothesis agrees with
previous idealized studies showing that SST patterns modulate ESM skill at simulating rainfall
patterns [18, 13, 14, 49, 7].
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4. Conclusions

In this paper, we used observational data and reanalyses to demonstrate a linkage between
subtropical NEP SSTs and precipitation over the US southwest, Baja California, and western
Mexico, which comprise the northern edge of the modern NAM domain. Warm SSTs on the
CA margin result in greater evaporation and an increase in precipitable water over coastal
regions, creating a summertime energetic environment that is on-average more favorable for
moist convection. Warmer SSTs therefore result in a statistically significant increase in the
number of days with extreme precipitation, as well as an overall increase in summertime
precipitation. Because SST anomalies on CA margin show strong monthly to inter-seasonal
persistence, spring or early summer SST anomalies could be used to predict years with
a greater frequency of daily precipitation extremes, as well as above-average summertime
precipitation in this region. Our results suggest that the extreme precipitation observed in
August 2022 was at least in part modulated by the large-scale SST configuration, and that
other similar events have occurred over the observational record.

The link between SSTs and NAM precipitation has been explored in previous
observational and modeling studies, but results have been equivocal [15, 16, 17, 11, 14]. This
may stem from the fact that the SST configuration associated with greater daily precipitation
extremes does not resemble a canonical warm ENSO or positive PDO phase. Moreover, the
strongest SST-rainfall correlations occur in the northern NAM domain and are relatively weak
in the core monsoon domain in western Mexico. Studies that focus on mode-based indices like
ENSO or the PDO, or analyze precipitation only in the core monsoon domain, may therefore
have missed this association between SST anomalies on the CA margin and NAM rainfall.
Our observational analyses support results from paleoclimate studies and modeling efforts
that emphasize the importance of the extratropical North Pacific, even in the absence of strong
equatorial Pacific SST anomalies, in governing the spatial footprint of NAM precipitation
[14, 13, 18].

Over the recent observational record, interannual SST variability on the CA margin
has been linked to persistent multi-year marine heat waves [10, 50]. While previous work
has explored the linkage between marine heat waves and winter precipitation over western
North America [51], we provide an observational link between extreme events in the marine
realm and extreme summertime precipitation on land. Given that observational data and
paleoclimate records suggest strong decadal variability of CA margin SSTs, our results also
raise the possibility for decadal modulation of precipitation extremes in the desert southwest
[52]. While there is some evidence for decadal variability in NAM precipitation extremes,
more long-term precipitation datasets, including paleoclimate proxy datasets, are needed to
explore this possibility [16, 17].

While we focus on the link between CA margin SST anomalies and NAM rainfall, it is
possible that the strength of this relationship is modulated by equatorial Pacific SSTs. El Niño
events result in a southward shift of the intertropical convergence zone in the eastern Pacific,
enhancing atmospheric stability over the southwest [6]. In addition, central Pacific El Niño
events may reduce NAM rainfall by inhibiting the development of disturbances that can serve
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as precursors to strong gulf surges [53]. We are unable to disentangle the relative influence
of subtropical versus tropical SSTs on northern NAM precipitation in this study because of
the limited observational record that offers few realizations of extreme precipitation events,
especially since tropical and subtropical SST variability are highly correlated. Long ESM
simulations, as well as more idealized modeling studies, could help parse out the importance
of subtropical versus tropical SST variability on desert southwest precipitation.

Finally, we showed that historical simulations of ESMs show varying skill at reproducing
the correlation between CA Margin SSTs and northern NAM precipitation. ESMs featuring
a strong warm bias on the CA Margin show a weaker correlation, in some cases producing
significant correlations of the wrong sign. This appears to be related to the fact that ESMs
with a strong warm bias underestimate the coupling strength of surface pressure and SST
on the CA margin. Both CMIP5 and CMIP6 ESMs exhibit systematic warm SST biases
in the subtropical NEP, likely stemming from biases in shortwave radiation and ocean heat
transport [54, 55]. Given the results presented herein, ESMs are likely to systematically
misrepresent an important source of interannual variability in desert southwest precipitation.
This in turn undermines confidence in the results of studies that rely on direct or downscaled
ESM outputs to quantify future changes in precipitation extremes, estimate signal-to-noise
ratios for regional hydroclimate, or analyze future changes in hydroclimate-related risk over
the desert southwest [56, 57]. ESMs are also known to underestimate the severity and duration
of multi-month or multi-year marine heat waves, similar to those that cause warming on the
southern CA margin [58]. Efforts to improve ESM representation of climatological SSTs and
SST variability will therefore greatly improve our ability to estimate variability and trends
in precipitation extremes, with broad implications for our understanding of future regional
hydroclimate, especially in arid regions like the desert southwest.

It remains an open question as to whether the relationship between SSTs on the CA
margin and northern NAM precipitation will persist into the 21st century. Modeling studies
predict a weakening of the NAM with anthropogenic warming, in part from a dynamic
response resulting in a warmer, more stable troposphere over the southwest [6] and thus a
higher threshold for convection [7]. This suggests that in the future, a given CA margin
SST anomaly may become less effective at generating positive anomalies of CAPE over the
northern NAM region, resulting in a decrease in the strength of the correlation to summertime
precipitation in this region. We briefly assess this possibility by analyzing the four ESMs that
best reproduce the observed CA margin SST-northern NAM precipitation correlation, and
find that all produce a strong, statistically significant correlation well into the 21st century,
with two ESMs even producing a strengthening of this association (Figure S9). While further
analyses, especially using large ensemble approaches, are needed to disentangle the relative
influence of interannual SST variability and forced changes on future precipitation in the
northern NAM region, our results suggest that the CA margin SST-NAM monsoon linkage
could aid the effort to predict monsoon extremes well into the 21st century.
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7. Figures and Figure Captions
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Figure 1. Composites associated with summers featuring the greatest number of extreme
precipitation days a) shows the number of summertime days with precipitation exceeding
the 95th percentile (p95) between 1981 and 2014 over the region between 28 and 37 �N
and 115 and 108 �W. Gray bars highlight the five years with the greatest number of extreme
precipitation days (1983, 1984, 1990, 1996, and 2014). b) total precipitable water during these
five summers. c) outgoing longwave radiation (OLR) associated with these five summers
(green) compared to climatology (tan). d) shows daily maximum of 3-hourly CAPE for
climatology (tan), each individual summer (light blue) and a composite of all summers (dark
blue). In both panels c) and d), composites are significantly different at the 95% level from the
climatological distribution (2-sample Kolmogorov-Smirnov test). d) shows the SST composite
associated with these five summers.
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Figure 2. Changes in the average statistics of Gulf of California surges with and without
anomalously warm CA margin SSTs. a) differences in the number of days classified as
gulf surges in years where CA margin SST anomalies are less than 1� above average (red),
compared to the number of gulf surge days in summers where CA margin SST anomalies
are above 1� (blue). b) as in a) but for average wind speeds over the northern Gulf of
California (25 to 32�N and 115 to 105�W) on days classified as gulf surges; c) as in a) but
for meridional moisture flux over the northern Gulf of California during gulf surge days; this
shift is statistically significant at the 95% level using a 1-sided 2-sample Kolmogorov-Smirnov
test. d) probability of seeing greater than 6 days of precipitation above p95 between July and
September in the presence of a warm SST anomaly on the CA margin at different leading
seasons. Seasons with ⇤ are statistically significant at the 95% level using a 1-sided binomial
test.
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Figure 3. Correlation between CA margin SSTs and southwest hydroclimate. a)
Shows the linear correlation between the CA margin SST index and summer July-September
precipitation, with hatching indicating regions where correlations are not statistically
significant at the 95% level. b) correlation between summertime CA margin SSTs and total
precipitable water. c) correlation between summertime CA margin SSTs and and sea level
pressure.
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Figure 4. Relationship between SST bias and hydroclimate in observational products
compared to CMIP5 and CMIP6 ESMs. a) Scatterplot of SST bias over 20 and 30 �N and
125 and 110 �W on the CA margin (x axis), and the strength of the correlation between SSTs
in this region and precipitation in the northern NAM region (27 and 37 �N and 115 and 107
�W–y axis). b) Relationship between the strength of precipitation-SST correlation shown in
panel a (x axis) and the correlation between SLP (20 and 30 �N and 125 and 110 �W) and SST
over CA margin (y axis); c) Relationship between SST bias on the CA margin (x axis) and the
SLP-SST correlation shown in panel b (y axis).
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Text S1. Additional Methods Description

Gulf Surge Analysis

We analyzed changes in Gulf of California surges during summers with above-average (e.g., 1�

above the mean) sea surface temperature (SST) on the southern California margin (CA margin).

Gulf of California surges refer to daily-scale transients that transport moisture along the Gulf of

California, driving increases in humidity and high rainfall rates over the desert southwest Pascale

and Bordoni (2016); Bordoni and Stevens (2006); Stensrud et al. (1997); Higgins and Shi (2005).

Strong gulf surges, especially those associated with the passage of a tropical easterly wave to the

south of the Gulf of California, tend to be associated with extreme precipitation over Arizona and

other parts of the northern edge of the North American Monsoon (NAM) domain Pascale and

Bordoni (2016). However, gulf surges can be ‘dry’ and not associated with high rainfall rates

Higgins and Shi (2005). We therefore chose to quantify whether there are a greater number of Gulf

surges in years with CA margin warming, as well as whether those surge days are associated with

stronger mean daily winds or stronger mean daily moisture transport over the northern Gulf of

California. For these latter two metrics, we take averages of winds and daily meridional moisture

transport over 25 to 32�N and 115 to 105�W.

We used the method outlined in Pascale and Bordoni (2016) to define gulf surge days. This

method uses the first two EOFs of near-surface along-shore winds, obtained after removing the

daily-scale seasonal cycle from the wind field, over the entire Gulf of California to classify surge

days and non-surge days. We performed this analysis using data from the North American Regional

Reanalysis (NARR), but obtain similar EOFs with similar amounts of variance explained to those in

Pascale and Bordoni (2016). Given the relatively short observational record, this analysis should

be seen as largely exploratory, since we only have a few years in our observational record that

feature summers of CA margin SSTs that are 1� or more above the mean. Longer term datasets,

or long integrations of high-resolution Earth System Model (ESM) simulations, may be essential

to demonstrate the link between the statistics of gulf surges and SST variability.
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Correlation and Running Correlation Analysis

To identify the link between CA margin SSTs and monthly mean precipitation over the northern

NAM domain, we calculated an index of SSTs between 20 and 30 �N and 125 and 110 �W. We then

calculated the linear correlation of this index and monthly mean precipitation fields from the 0.25
�Global Precipitation Climatology Centre (GPCC) product between 1960 and 2014, the Climate

Prediction Center merged analysis of precipitation (CPC), the Global Precipitation Climatology

Project (GPCP), and the NARR Schneider et al. (2008); Xie et al. (2007); Adler et al. (2018);

Mesinger et al. (2006). Using multiple precipitation products helps establish the robustness of the

relationship. We also evaluated the correlation between this SST index and monthly mean fields

of SLP, precipitable water, and moisture flux from the NARR.

For our analysis of correlations between CA margin SSTs and precipitation across a range

of Coupled Model Intercomparison Project (CMIP) phase 5 and 6 ESMs, we use an index of

precipitation over land areas between 27 and 37 �N and 115 and 107 �W. For the SST-sea level

pressure (SLP) correlation analysis, we use an index of SLP over ocean areas between 20 and 30
�N and 125 and 110 �W. Slight changes to the bounds of these index regions do not alter our results

or conclusions.

In Figure S9, we plot the running correlation between CA margin SST anomalies and precipi-

tation in future emission scenarios for the 4 ESMs that show the greatest fidelity over the historical

period at producing the observed SST-precipitation correlation (high resolution configurations of

CESM1.3, MPI-ESM1-2, as well as ACCESS-CM and CanESM5). This running correlation is per-

formed in 40-year averaging windows for historical simulations, Shared Socioeconomic Pathway

(SSP) 3-7.0 and 5-8.5 in the case of the MPI, ACCESS and CanESM5 ESMs, and for Representa-

tive Concentration Pathway (RCP) 8.5 in the case of CESM1.3-HR (see Table S1 for more details).

Because the forcing datasets differ across these simulations, the purpose of this analysis is not to

analyze the particular trajectory of NAM precipitation and SST in a given ESM versus another,

although we show this in Figure S8. Instead, the goal of this analysis is show that the strength

of the correlation between CA margin SSTs and northern NAM precipitation remains statistically

significant in the future.
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Figure S1: Shifts in monsoon precipitation rates in summer 2022. a) shows July-September

monthly mean precipitation anomalies in mm/day. Gray box highlights the northern NAM region

used for averaging, and includes Death Valley, CA. b) shows anomalies of total precipitable water

and 850 mb winds. c) shows differences in daily values of outgoing longwave radiation (OLR)

for summer 2022 (mint green) compared to the climatology between 1974 and 2022 (tan). The

distribution of OLR for 2022 is significantly different from the climatological distribution at the

95% level according to a 2-sided Kolmogorov-Smirnov (K-S) test. d) shows summer 2022 SST

anomalies in �C relative to a 1950-2022 climatology.
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Figure S2: July-September climatology of total precipitable water in kg/m2 over the southwest US and

western Mexico. Data from the North American Regional Reanalysis (Mesinger et al., 2006). Climatology

shows strong gradients from 30-40 �N, where there are very low values of precipitable water over desert

regions of the southwest.
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Figure S3: Correlation between CA Margin SSTs and southwestern precipitation between July-September

across three different precipitation products. SSTs are an index between 22 and 30 �N and 125 and 110
�W, taken from the COBE SST product (Ishii et al., 2005). a) shows GPCC correlation from the main text

(Schneider et al., 2008); b) shows correlation with GPCP (Adler et al., 2018); and c) shows correlation

between SSTs and CPC precipitation (Xie et al., 2007). Results show that the correlation pattern is robust

across observational products.
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Figure S5: July-September climatology of low vs. high resolution ESMs. a) shows observational clima-

tology of summertime precipitation from the GPCC 0.25 �product; b) shows MPI-ESM1-2 low resolution

summertime rainfall climatology; c) shows MPI-ESM1-2 high resolution climatology; d) shows CESM1.3

low resolution climatology; e) shows CESM1.3 high resolution climatology. All ESM climatologies are

computed from 1950-2014 in historical simulations. Dashed box outlines the region used for precipitation

averages shown in Figure 5 in the main text. Climatologies of rainfall rates show a small improvement over

this dashed box in the high resolution version of the ESMs
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Figure S6: July-September correlation of precipitation with CA margin SST anomalies in historical simu-

lations to analyze impact of changing resolution. a) CESM1.3 low resolution; b) CESM1.3 high resolution;

c) MPI-ESM1-2 low resolution; d) MPI-ESM1-2 high resolution. In the higher resolution simulations, pos-

itive correlations with SST extend farther north into the Great Basin.

8



0 0.2 0.4 0.6-0.2-0.4-0.6

b)
c)

d) e)

a)

CESM1.3 MPI ESM1-2

L
o

w
-R

e
s

H
ig

h
-R

e
s

Correlation

Figure S7: July-September correlation of SLP with CA margin SST anomalies in historical simulations to

analyze impact of changing resolution. a) CESM1.3 low resolution; b) CESM1.3 high resolution; c) MPI-

ESM1-2 low resolution; d) MPI-ESM1-2 high resolution. Higher resolution simulations, which also have a

smaller SST bias on the CA margin, produce a stronger correlation between SLP and CA margin SSTs.
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Figure S8: Changes in precipitation and SST in the future for ESMs that exhibit CA margin SST-northern

NAM rainfall correlations similar to observations. Top panel shows precipitation (mm/day); bottom panel

shows SST (�C). a) and f) are MPI-ESM1-2; b) and g) are CESM1.3; c) and h) are ACCESS-CM2; and

d) and i) are CanESM5-1. SSTs and precipitation are in absolute units rather than anomalies in order to

highlight SST and precipitation biases.
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Figure S9: Running correlation between CA margin SST and precipitation for future emissions scenarios

across four ESMs that show the highest skill at reproducing the observed SST-precipitation correlation (see

Figure 4 in main text). Correlations above the dashed line are statistically significant at the 95% level.
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Table S1: CMIP6 and CMIP5 models used to analyze the relationship between SST bias between

22 and 30 �N and 125 and 110 �W, on the CA margin, and the relationship between SSTs, pre-

cipitation, and SLP over northern NAM domain shown in Figure 4 and Figure 5 in the main text.

Acronym refers to the acronym used in Figure 4 in the main text.
Institution Model Name Acronym Simulations Analyzed

National Center for Atmospheric Research CESM2 CESM2 CMIP6 historical

National Center for Atmospheric Research CESM1.3 low-res CESM1.3 LR CMIP5 historical

National Center for Atmospheric Research CESM1.3 high-res CESM1.3 HR CMIP5 historical

RCP8.5

EC Earth Consortium EC-Earth3 ECEarth3 CMIP6 historical

Model for Interdisciplinary Research on Climate MIROC6 MIROC6 CMIP6 historical

Model for Interdisciplinary Research on Climate MIROC-ESM2-L MIROC-ESML CMIP6 historical

Geophysical Fluid Dynamics Laboratory GFDL-CM4 GFDL-CM4 CMIP6 historical

Geophysical Fluid Dynamics Laboratory GFDL-ESM4 GFDL-ESM4 CMIP6 historical

L’Institut Pierre-Simon Laplace IPSL-CM6A-LR IPSL-CM6A-LR CMIP6 historical

Beijing Climate Center BCC-CSM2-MR BCC CMIP6 historical

State Key Laboratory of Numerical Modeling for Atmospheric Sciences

and Geophysical Fluid Dynamics

FGOALS-g3 FGOALS CMIP6 historical

Max Planck Institute for Meteorology MPI-ESM1-2-LR MPI-LR CMIP6 historical

Max Planck Institute for Meteorology MPI-ESM1-2-HR MPI-HR CMIP6 historical

SSP585

SSP370

Canadian Centre for Climate Modelling and Analysis CanESM5-1 CanESM5 CMIP6 historical

SSP585

Centre National de Recherches Météorologiques CNRM-CM6-1 CNRM-LR CMIP6 historical

Centre National de Recherches Météorologiques CNRM-CM6-1 CNRM-HR CMIP6 historical

Commonwealth Scientific & Industrial Research Organisation Australia ACCESS-CM2 ACCESS-CM CMIP6 historical

SSP585

SSP370

Commonwealth Scientific and Industrial Research Organisation Aus-

tralia

ACCESS-ESM2 ACCESS-ESM CMIP6 historical

Nanjing University of Information Science and Technology China NESM3 NESM3 CMIP6 historical

First Institute of Oceanography and Pilot National Laboratory for Ma-

rine Science and Technology

FIO-ESM2 IO-ESM2 CMIP6 historical

Meteorological Research Institute Japan MRI-ESM-2.0 MRI-ESM2 CMIP6 historical

Institute for Numerical Mathematics Russian Federation INM-CM4-8 INM4-8 CMIP6 historical

Institute for Numerical Mathematics Russian Federation INM-CM5-0 INM5-0 CMIP6 historical
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