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Abstract The El Nifio/Southern Oscillation (ENSO) affects the occurrence frequency and intensity

of extreme precipitation through modulations of regional heat and moisture fluxes. California experiences
particularly strong ENSO influences and models project different to its extreme precipitation. It remains unclear
how diverse projections of future precipitation extremes relate to inter-model differences for those changing
signals. Here, we use “large ensemble” simulations with multiple climate models along with the Coupled
Model Intercomparison Project Phase 5 to investigate the range of precipitation extreme changes over California
and the influences from ENSO-related teleconnections. We found that precipitation amount increases are much
larger during El Nifio relative to La Nifia years, mainly caused by the differences in frequency of extreme events
during different phases. The ENSO-driven effect is even larger than the overall climate change signal for the
most extreme events, implying uncertainties from inter-model differences in ENSO-related SST variability for
extreme precipitation changes.

Plain Language Summary Regional projected precipitation changes over California are associated
with large uncertainties due to both climate variabilities, external forcing, and model internal uncertainties.
Extreme precipitation in California is projected to intensify, and how mean-state climate change and El Nifio/
Southern Oscillation (ENSO)-related SST variability contribute to different changes are focused on with a set of
“large ensemble” simulations. Precipitation extremes, as a significant topic for climate impacts, are focused in
this study for future changes and distributions within models' large ensemble. We found that the effect of ENSO
variability is comparable to the magnitude of overall future changes and even larger than mean climate impacts
for the most precipitation extreme events. Projections of future precipitation extremes are diagnosed for the
influences from changes to ENSO variability with mean-state forcings.

1. Introduction

Large-scale climate variability, such as the El Nifio/Southern Oscillation (ENSO), has impacts on extreme
events around the world. California is a particularly vulnerable region, experiencing significant impacts due to
extreme precipitation including but not limited to water resources and flood management (Huang, Stevenson, &
Hall, 2020; Oakley et al., 2018; White et al., 2019). Cayan et al. (1999) showed that in El Nifio years, extremes
(exceeding the 90th percentile) in daily precipitation and streamflow are more frequent over the Southwest
and are less frequent during La Nifia years, based on daily historical data over the western United States. Jong
et al. (2016) examined El Nifio's impacts on California winter precipitation, using observational data from 1901
to 2010 and found that the El Nifio influence on California precipitation strengthens from early to late winter and
is stronger in the southern portion of the state.

As climate change progresses, precipitation extremes are generally projected to intensify due to changes in atmos-
pheric thermodynamics (Huang & Stevenson, 2021; Huang, Swain, & Hall, 2020; O'Gorman & Schneider, 2009;
Pendergrass & Hartmann, 2014; Pfahl et al., 2017). These hydrological extremes over the US west coast are
mainly associated with atmospheric rivers (ARs), especially for the strongest events (Dettinger, 2013; Dettinger
et al., 2011; Huang & Swain, 2022; Ralph et al., 2004; Zhu & Newell, 1998). Previous studies (e.g., Payne &
Magnusdottir, 2014) have shown the role of ENSO in modulating landfalling ARs over the US west coast using
MERRA reanalysis data, with more frequent AR occurrences during the El Nifio phase relative to La Nifia.
Given ENSO's influences on the trajectory of ARs (Hoell et al., 2016; Payne & Magnusdottir, 2014; Schubert
et al., 2008), the relationship of ENSO with future projected changes in precipitation extremes is an important
consideration. However, the influence of projected future climate change on ENSO-related SST variability is
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unclear, as climate models disagree on the magnitude and direction of the projected changes to overall SST vari-
ance (Bellenger et al., 2014; Fredriksen et al., 2020; Maher et al., 2022; Stevenson, 2012).

One of the missing ingredients is to look directly at how changes to future precipitation extremes are related to
ENSO, mean Pacific climate, and inter-model structural differences, which is the aim of the present study. This
is enabled by the recent increase in popularity of “large ensembles,” suites of many (~20-100) simulations run
with the same climate model under varying initial conditions. Here we investigate the features of precipitation
extreme changes over the California region by examining results from the Multi-Model Large Ensemble Archive
(MMLEA; Deser et al., 2020). In addition, we have retrieved a selection of global climate models (GCMs) from
the Coupled Model Intercomparison Project Phase 5 (CMIPS5) (Taylor et al., 2012) to comprehensively analyze
ENSO-related variability and uncertainties in future precipitation extremes, by considering both inter-model
differences and internal variability within model ensembles. We focus on extreme precipitation and its response
to climate change at a state-wide scale, to illustrate how models' representation of ENSO pattern and amplitude
interplays with precipitation extremes under a changing climate.

2. Methods and Data Sets

Much of the data used in this study is derived from the Multi-model Large Ensemble Archive (see Table S1 in
Supporting Information S1) (Deser et al., 2020), compiled at the National Center for Atmospheric Research and
containing multiple realizations of 20th and 21st century simulations for several different GCMs. In our analy-
ses, the “historical” period refers to 1951-2000, and the “future” period refers to 2051-2100 under RCP8.5 (a
high-emission scenario). Selected MMLEA models are used here according to the availability of all variables
needed in this work, for which CESM1, CSIRO-Mk3.6, GFDL-CM3, and CanESM2 provided output (see Table
S1 in Supporting Information S1 for details).

In addition to the MMLEA, we have retrieved a set of CMIP5 models (see Table S2 in Supporting Informa-
tion S1). Although the CMIP5 models generally do not provide many ensemble members per model, the inclusion
of many different models allows a more comprehensive look at inter-model differences in ENSO variability and
climate change influences, which complements the smaller model set but larger ensemble sizes provided by the
MMLEA.

Daily precipitation (Pr) is used to identify precipitation extremes, defined as the state-mean intensity exceeding
the 99th percentile for each time period (i.e., 1951-2000 and 2051-2100 respectively). This calculation is based
on all the daily Pr values masked over the California region for each ensemble member. Extreme precipitation is
defined as days exceeding the 99th percentile of the distribution over the relevant period. We acknowledge that
ENSO effects could behave differently for different regions of California (such as northern CA vs. southern CA)
(e.g., as discussed in Hoell et al., 2016; Payne & Magnusdottir, 2014), which we will only focus on the whole
California region considering the overall coarse resolution and does not classify ENSO intensity into different
categories in this study. For the analyses of models' mean, we have regridded all the data set to 1°.

For the calculation of SST (surface sea temperature) and SLP (sea level pressure) anomalies, the relevant vari-
ables are detrended after the seasonal cycle is removed. The Nifio 3.4 SST anomaly is the SST anomaly over
the Nifio 3.4 region ([SN-5S, 120-170W]) (https://www.ncdc.noaa.gov/teleconnections/enso/indicators/sst/,
NOAA) calculated based on the detrended monthly SST data. El Nifio/La Nifia years are defined as the years
when the DJF-average Niflo 3.4 index exceeding +1 of the standard deviation (Okumura & Deser, 2010), where
the Nifio 3.4 index (monthly) is based on the 3-month running means of SST anomalies in the Nifio 3.4 region
relative to the 30-year running mean.

3. Results
3.1. Future Changes in Mean and Extreme Precipitation

First, we investigated the model representation of ENSO and its impacts on CA precipitation. For simulated
historical precipitation, we found that the mean precipitation over the historical period (1951-2000) for state
average as investigated here is ~1.9 mm/day for the MMLEA and ~2.2 mm/day for CMIP5, close to the CPC
(Unified Gauge-Based Analysis of Daily Precipitation) (relatively fine-resolution, 0.25 X 0.25°) observational
mean value of ~1.6 mm/day and NCEP (National Centers for Environmental Prediction) (atmospheric reanalysis,
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Figure 1. Top: mean and extreme precipitation from the NCEP reanalysis (a and b) and CPC observation data (¢ and d) over 1951-2000, and EI Nifio/Southern
Oscillation effect on California precipitation: boxplot of (e) extreme precipitation and (f) mean precipitation. (Here, the boxplot represents the values for 1/8th, 25th,
medium, 75th, and 7/8th from lower to top whiskers based on the state-average values.); Bottom: mean and extreme precipitation and their future changes in the
MMLEA and Coupled Model Intercomparison Project Phase 5 (CMIPS). (g and h) Historical daily mean precipitation (i.e., total precipitation divided by the number of
days over all years from daily data) and its future change averaged over the four MMLEA ensembles; (i and j) Historical extreme precipitation and its future changes;
(k and 1) Boxplot of the ensemble spread (among all members in MMLEA and all CMIP5 model members) in CA precipitation, in terms of daily mean (k) and 99th
percentile (1). The 99th percentile is determined from state-mean values (Here the box width corresponds to the interquartile range, and whiskers indicate the maximum
and minimum value in the relevant ensemble).
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coarse resolution, 2.5 x 2.5°, closer to the GCMs' grid spacings) mean value of ~1.2 mm/day (Figures la-1d,
and 1g). For the extreme precipitation mean, the MMLEA value is ~25.5 mm/day and CMIP5 ~26.7 mm/day,
which is close to the CPC observational mean (about 23.7 mm/day) but larger than the NCEP reanalysis value
of 18.6 mm/day.

We have also examined models' capacity to represent the ENSO effect on California precipitation over the histor-
ical period (Figures le—1f). The effects of ENSO on both mean and extreme precipitation are examined by
separating El Nino and La Nina phases in the MMLEA ensembles, CMIP5 models, and NCEP observations. The
results show that the ENSO effect is important for both California's total annual precipitation amount and the
magnitude of extreme precipitation events, as seen in NCEP and most of the MMLEA ensembles (except for the
CSIRO-Mk3.6 model, which shows a relatively weak ENSO effect). However, the ENSO signal is less clear when
the CMIP5 models are considered as a whole (Figure 1), with both the mean and extreme precipitation being
similar across El Nino and La Nina years. This is most likely due to models with very different ENSO telecon-
nection structures being averaged together, blurring the signal in the ensemble mean.

We analyze the changes to mean and extreme precipitation characteristics (Figure 1) between the historical and
future periods for MMLEA and CMIP5 data. When comparing historical precipitation behavior across models
(Figure 1k), it is obvious that there is a large range in model representation of historical precipitation, with
MMLEA ensemble means ranging from ~1.3 to 2.7 mm/day (Figure 1k, black boxes). When the full suite of
CMIPS5 models is considered, the range of inter-model differences is even larger (Figure S3 in Supporting Infor-
mation S1). This is likely caused in part by known differences in simulated mean North Pacific circulation (Huang
& Stevenson, 2021), different magnitudes of internal variability, as well as differences in model representations
of physical processes (Rupp et al., 2013) and models variability in midlatitude circulation patterns that exist
within CMIPS5 (Simpson et al., 2014). Models also generally capture the spatial structure of precipitation of Cali-
fornia, with higher values of both mean and extreme precipitation overall in northern California compared to the
southern part of the state (Figures 1b, 1d, 1g, and 1h). We expect that orographic influences are underestimated
relative to observations but identifying the magnitude of this effect is beyond the scope of this study.

The magnitude of future changes to mean precipitation are inconsistent among the models, with CESM1 and
CanESM?2 showing an overall state-wide increasing trend, but there is a decreasing trend in the GFDL-CM3 and
CSIRO-MK3.6 (Figure 1k). Ensemble spread can be substantial as well, as illustrated by the relatively large spread
across realizations from a single GCM (Figure 1k); however, in all four large ensembles, the difference between the
historical and future distributions of mean precipitation is statistically significant. The CMIP5 mean shows a slight
reduction in mean precipitation, although again the CMIP5 inter-model spread is larger than the spread between the
MMLEA ensembles (Figure 1k; also see Figure S3 in Supporting Information S1). This apparent lack of signal is a
result of the CMIP5 ensemble mean including a wide range of model behaviors (cf. the diversity of signatures in the
MMLEA models alone); further demonstration of this is illustrated by the distributions of historical and future precip-
itation in the individual CMIP5 models used in this analysis (Figures S3e and S3f in Supporting Information S1).

Uncertainty in the simulated magnitude of extreme precipitation over the historical period is also apparent among
models, with the historical ensemble mean 99th percentile value ranging from ~15 to 25 mm/day (Figure 11).
However, the effect of climate change is consistent in its direction; there is a significant increasing trend in the future
period across the ensemble mean in all of the different MMLEA ensembles. The 99th percentile value also increases
modestly in CMIPS mean (Figure 11), although the signal is not as strong as in the MMLEA ensemble mean. The
magnitude of the future intensification does differ, with increases ranging from about 10% to 35% in the MMLEA.

To understand the large-scale climate anomaly patterns underlying the extreme precipitation over California, we
further investigate the SST and SLP patterns over the tropical and north Pacific regions (Figure 2) during extreme
precipitation days. The data is detrended to remove the seasonal cycle and the anthropologic warming trend. The
anomaly patterns associated with extreme precipitation days show some differences across model ensembles,
in both SST and SLP, likely relates to the differences in ENSO amplitude across models (Figures S1 and S2 in
Supporting Information S1). However, in general, there is a tendency in all models (both MMLEA and CMIP5)
for extreme precipitation days to be associated with “El Nifio-like” anomaly patterns based on the composite SST
anomaly (Figure 2a) over the historical period, which is also present in the NCEP reanalysis and CMIP5 mean
(Figure S4 in Supporting Information S1). There is an overall warming band over the subtropical to southern
coastal ocean off California (Figure 2a) which indicates the southward movement of midlatitude moisture tracks
carrying concentrated vapor inflows during extreme precipitation events (Huang & Stevenson, 2021).
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Future changes in the SST and SLP anomaly patterns associated with extreme precipitation days also differ
among the models (Figure 2b). In CESM1 and GFDL-CM3 there is increased warming along the equatorial
Pacific during extreme precipitation days, whereas this warming is less pronounced in CSIRO-Mk3.6 and nearly
absent in CanESM2. The behavior of the NINO3.4 time series (see Figure S5 in Supporting Information S1)
also differs in these models, with CESM1-CAMS showing an increasing trend, CanESM2 showing a decreasing
trend, and GFDL-CM3 showing nonmonotonic behavior with variance peaking near 2020, while CSIRO-Mk3.6
exhibits a relatively stable state before the late 21 century.

The teleconnection effects from ENSO variability are further illustrated in Figures 2c and 2d. The extreme
precipitation intensity for El Nino is calculated as the mean precipitation for all the extreme precipitation days
during El Nino years, and the equivalent calculation is also performed for La Nina years. Figure 2c demon-
strates that El Nino years generally favor a dipolar pattern in precipitation extremes, with increased precip-
itation in southern California and decreases in the northern portion of the state. This is consistent with the
known tendency for the midlatitude jet and AR landfalls to shift southward during El Nino events (Payne &
Magnusdottir, 2014). This dipolar pattern becomes more pronounced in the future in the CESM1, and to a lesser
extent in CanESM2 (Figure 2d). However, the other two MMLEA ensembles behave differently: little change is
observed in CSIRO-Mk3.6, and in GFDL-CM3, the future changes tend toward weakening of the dipolar pattern.

HUANG AND STEVENSON

50of 9

ASUAOIT suowwo)) daAnear) ajqeaijdde ay) £q pauroaod are sajone Y osn Jo sajni 10j K1eiqi suljuQ A3[IA\ UO (SUOHIPUOS-PUE-SULIR}/W0d Ad[1m ATeIqijaul[uo//:sdny) SUOnIpuo)) pue sud | Y1 39S [€707/90/67] uo Areiqi aurjuQ L3[IM ‘ZZEE01TDET0T/6T01°01/10p/wod Kapim Areiqrjaurjuo sqndnSey/:sdy woiy papeojumod ‘¢l ‘€20T ‘L0086



I .Yed ¥
.
A\ Geophysical Research Letters 10.1029/2023GL103322
AND SPACE SCIENCE
3.0 e
Foo7 3 Historical 360
SR 3 Future o oo N0 ® El Nifio
= - [ Q %R oo
3 20 Lo i il ; 33.0 & Y o0 2 e ® La Nifa
g ’ i ! & i i | %;\:’ 52 ® Neutral
g 10 I : i &l T E i (? 30.0 - X ?/«go % o © 570
S P ke o o8/%°
:!‘/ ~ £ 270 - / 240 -
© 00 |- £ 4 2
o i = o0/
e ) 7 T T | D 240 - // 210 4 3
z [ [ P P i 5 / /
~-10— | 1 P 11 ! = / 18.0 -
© ] i i i LE 21.0 7 CESM1-CAM CanESM2
- 1 h = o,
- CESM1-CAM5, CanESM2 | GFDL-CM3 | CSIRO-Mk3.6 | CMIP5mean | > 210 240 270 300 330 360 180 210 240 270 300 330
050 C 380 — - 320 T— —_—
- — — g w0 v 320 -
3 (El Nifo) (La Nina) = o ° /
© . - I Historica | IHistorical | "= 30 00t™ o ,/° 300 o "9
TDodo|— b CIFuture |CJFuture a R’ o o o /
o : P © 30 A8° o 2801 o o oo/
[} HI i T i £ ° B8 a0 ° o
(= i ! I I °© o g&s 208 8%
o 030 [— 1 gl [ B o 40 1 29%0;8
= IF Pl T 13 = 320 ©000 26.0 %
= n ! i ! i Soy O S lao
) < 1 =1 i ; o L /®q
6 020 [— | i H b : Swod e o] e
= o I ) s ! P | f /
[ W ! 1 it by ! i / 74
S8 e i : {‘H\ B‘ : 280 - / 2204 ,
o - H : ! ¢
goto— | IH ﬁ ; H r .ﬂ o GFDL-CM3 4 CSIRO-Mk3.6
[/ 1 B | H (RN 11! 1 L5 26.0 T T T T 20.0 T T T T T
E T 1 1 ! ‘L il ) 260 280 300 320 340 360 380 200 220 240 260 280 300 320
E 1l

0 c) Extreme Pr intensity (Historical) (mm/day)
CESM1-CAM5 CanESM2  GFDL-CM3 CSIRO-Mk3.6  CMIP5 mean

Figure 3. El Nifio/Southern Oscillation (ENSO) influences on precipitation extremes, expressed as frequency and intensity changes. (a) Boxplot of Nifio 3.4 DJF

SST anomaly during extreme precipitation days for all ensemble members of each model and Coupled Model Intercomparison Project Phase 5 collection (here, the
interval between the lower and top whiskers indicates the 90% confidence interval, and the box width represents the interquartile range); (b) Boxplot of fraction of
extreme precipitation days occurring during El Nifio and La Nifia years; (c) Scatter plot of the mean extreme precipitation intensity at different phases of ENSO for each
ensemble member.

3.2. ENSO Influences on Precipitation Extremes

We further investigate how ENSO and its teleconnections affect the future behavior of precipitation extremes. To
understand this relationship, we first use the Nifio 3.4 index to quantify ENSO variability during extreme precipita-
tion days (Figure 3a) for MMLEA models, averaging all the ENSO phrases including neutral state. We acknowledge
that the average Nifio 3.4 index values are not particularly aimed to identify the strength of El Nifio versus La Nifia
but for the overall representation of ENSO variability, indicating the models are intrinsically different for simulating
ENSO amplitude. The models used here differ in their projections of future ENSO amplitude, consistent with previ-
ous analyses of both CMIP5 and CMIP6-era model behavior (Bellenger et al., 2014; Fredriksen et al., 2020; Maher
etal., 2022; Stevenson, 2012). In the MMLEA, the CESM1 is the only model showing significant ENSO strengthen-
ing, and CanESM2 the only model where ENSO weakens significantly (see Figure S5 in Supporting Information S1).
The CMIP5 likewise is roughly evenly split on the direction of ENSO amplitude changes (Bellenger et al., 2014;
Stevenson, 2012; Stevenson et al., 2021) with the mean blurring together models with very different behaviors.

Despite the differences in projected ENSO amplitude across models, there appear to be some consistent changes
in the impact of ENSO on future precipitation extremes. Even in the historical climate, models simulate an
enhanced frequency of extreme precipitation days during El Nifio years relative to La Nifia, consistent with
what is observed in the real world (Figures S6 and S7 in Supporting Information S1). This fraction of extreme
precipitation days occurring during El Nino years increases in the future for all models (Figure 3b), with increases
ranging from about 8% to 16% for the MMLEA (and most pronounced for CESM1). We have also clarified that
it is not referring that El Nifio events are increasing but the ENSO influences on precipitation extremes. Further,
precipitation extremes are predicted to be nearly the same or less frequent during La Nifia years in all models
(Figure 3b, Figure S7 in Supporting Information S1).

Using this analysis, we can quantify how the effect of ENSO compares with the effect of anthropogenic forcing, which
is known to be robustly projected to increase the frequency of precipitation extremes overall (Pfahl et al., 2017). For
instance, in CESM1 and CanESM2 (Figure 3c; Figure S8 in Supporting Information S1) the differences between
the ensemble mean of El Nifio and La Nifia-associated precipitation extremes are comparable to the differences
between historical and future mean values. However, in CSIRO-MKk3.6, the ENSO effect on the extreme precipitation
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intensity is relatively weaker. This indicates that ENSO representation does have an impact, and that inter-model
differences in ENSO behavior are important for improving agreement among projections of future extremes.

To provide a more direct visualization of the relative effects of climate change and ENSO, the statistics of daily
precipitation distributions are calculated using all ensemble members, for precipitation amounts ranging from 10 to
50 mm/day (Figure 4). In general, the frequency of heavy precipitation shows larger increases for very intense days
in the future period, consistent with a change in the upper tail of the precipitation distribution (most notable above
25 mm/day). The ENSO effects are shown in Figure 4 as the spread between whiskers on each histogram box; the
future period generally presents a stronger ENSO impact on the most extreme precipitation values, as indicated by
a wider spread between whiskers (indicating difference between El Nifio and La Nifia phases) relative to the mean
frequency. An exception to this rule is the CSIRO-MKk3.6. This may be a result of the CSIRO-Mk3.6's limited abil-
ity to accurately represent the ENSO-related SST anomaly pattern. The ENSO related variability of extreme precip-
itation frequency above 10 mm/day is comparable to the mean values in CESM1 and CanESM2, which is relatively
weaker in GFDL-CM3 and CSIRO-MK3.6. This implies that the effect of ENSO variability on the distribution of
precipitation can be comparable to the effect of climate change - with even larger impacts on very extreme events.

4. Summary and Discussions

In this study, the effect of teleconnections from the El Nifio/Southern Oscillation (ENSO) on regional projected
precipitation changes over California has been investigated using a combination of large ensemble simulations
from the Multi-Model Large Ensemble Archive, and the CMIP5 collection of future projections. Our results show
that both external climate forcing and large-scale modes of internal climate variability can affect the occurrence
and strength of extreme precipitation events in California.
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We investigate how ENSO and its teleconnections affect the future behavior of precipitation extremes. In the
MMLEA, the CESM1 is the only model showing significant ENSO strengthening, and CanESM?2 the only model
where ENSO weakens significantly. The CMIPS5 is roughly evenly split on the direction of ENSO amplitude
changes with the mean blurring together models with very different behaviors. Despite these differences in
projected ENSO amplitude, there appear to be some consistent changes in the impact of ENSO on future precip-
itation extremes. The results show that the fraction of extreme precipitation days occurring during El Nifio years
increases in the future for all models. Further, precipitation extremes are predicted to be nearly the same or less
frequent during La Nifia years in all models.

In both El Nifio and La Niiia years, the ensemble spread is quite large, in some cases comparable to the climate
change signal - this implies that internal variability contributes strongly to the ENSO impact on precipitation
extremes. However, the distinct behaviors of the MMLEA ensembles also demonstrate that inter-model differ-
ences in ENSO behavior are important for improving agreement among projections of future extremes. The
ENSO influence is particularly apparent for the most extreme precipitation values, and in fact the difference
between El Nifio and La Nifia years is even larger than the overall difference between the historical and future
periods in some models. We acknowledge that the statistics for the mean and extreme precipitation for CA state-
wide are not aimed for use in water resource planners at the watersheds' level, constrained by the resolution of the
available climate models simulations.

In sum, this work implies that ENSO has a notable influence on modulating the statistics of precipitation extremes
over California, both in the historical period and in terms of projected future changes. Our findings also imply
that the ENSO influence is associated with inter-model differences and how the model represents ENSO telecon-
nections. It remains important to better constrain future changes to ENSO-related SSTA patterns and the associ-
ated teleconnections, for more accurate projections of future California precipitation extremes.
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