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Anthropogenically forced-warming and La Niia
forced-precipitation deficits caused at least a
sixfold risk increase for compound extreme low
precipitation and high temperature in California—
Nevada from October 2020 to September 2021.

he most intense 22-yr drought in the western

United States since 800 CE (Williams et al.

2022) was extended by compound dry and
hot extremes in Water Year 2021 (October 2020-
September 2021). Compared to an instrumental record
that dates to 1895, low precipitation (Fig. 1a) and high
temperatures (Fig. 1b) were widespread across the
western United States. The intense and prevalent
drought has caused water delivery shortages (U.S.
Bureau of Reclamation 2021), damaged ecosystems
(Wlostowski et al. 2022), and contributed to extreme
wildfires (e.g., Fu et al. 2021; Gutierrez et al. 2021;
Abolafia-Rosenzweig et al. 2022).

California and Nevada (CA-NV) were once again at
the epicenter of drought and heat in Water Year 2021
(California Department of Water Resources 2021).
This was the first time since 1895 that precipitation
fell below —1.5 standardized departures and tempera-
tures exceeded 1.5 standardized departures concur-
rently for the two-state average (Fig. 1c). Precipitation
and temperatures were individually extreme as well,
as the former was the second lowest since 1895 and
the latter was the second highest.
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Fig. 1. Estimates of observed percentile ranks for October 2020-September 2021 relative to 1895-2021
in terms of (a) precipitation and (b) temperature. For CA-NV during October-September relative to
1895-2021, (c) scatter relationship between observed standardized temperature and standardized
precipitation and (d) time series of observed precipitation (bars; mm) and temperature (shading within
bars; °C) departure from average. The gray shading in (c) indicates the location where precipitation is
lower and temperature is higher than 1.5 standard deviations from the average and the gray shading
in (d) indicates past (1921-50) and recent (1991-2020) climates.

We examine whether the co-occurrence of anthropogenic climate change and La Nifia, two
principal climate drivers during Water Year 2021, altered the risk of unprecedented compound
dry and hot extremes in CA-NV during Water Year 2021. Our as-
sessment investigates the factors related to compound extremes
that lead to heightened societal impacts compared to individual
extreme events (e.g., AghaKouchak et al. 2020; Zscheischler
et al. 2020; W. Zhang et al. 2021).

"https://origin.cpc.ncep.noaa.gov/products/analysis_
monitoring/ensostuff/ONI_v5.php

Data and methods

Data. Estimates of observed precipitation and temperature since 1895 are from nClimGrid/
CLIMGRID (Vose et al. 2014) and estimates of observed sea surface temperatures (SST) over the
same period are from the Extended Reconstructed SST version 5 (Huang et al. 2017). Simulated
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Table 1. Model ensembles used.

Model ensemble Reference Ensemble size  Historical period  Future period and forcing
gf;g'cidpmeg '(’ét“‘jlrl‘;%r)”pa“”" Eyring et al. (2016) 38 Before 2015 Aft'(aéyzr?: 95 :t”;jl Iszsgfg)&s
™ bobomesLaow 2 wosars  Asmss
Commcsend  qaaon 0 weews Aot
Community Earth System Model Danabasoglu et al. (2020) 100 Before 2015 After 2015 and SSP3-7.0

version 2 (CESM2) (Eyring et al. 2016)

quantities are from four fully coupled transient climate model ensembles (Table 1) in which
time-evolving natural and anthropogenic forcings are prescribed, such as greenhouse gasses
and aerosols (J. Zhang et al. 2021). The CMIP6 ensemble used here consists of a single realiza-
tion from 38 different models (Table ES1in the supplemental material) and the SPEAR, CESM1,
and CESM2 ensembles consist of many realizations from their namesake models, which differ
in their representation of internal variability due to perturbations introduced at initialization.
The suitability of the models regarding the seasonality of precipitation and temperature and
their relationship with ENSO in CA-NV are discussed in the supplemental text and Fig. ES1.

Methods. Three indices are used to describe climate conditions. Precipitation and temperature
indices for CA-NV during the water year in observed estimates and in each model realization
are computed from an average of all grid points in the two states. Precipitation and tempera-
ture indices are standardized after averaging over the two states. The Nifio-3.4 index during
October—May is used to quantify the state of El Niio—Southern Oscillation, given this is the
CA-NV wet season and time of maximal ENSO amplitude (e.g., Chen and Jin 2020). The Nifio-
3.4 index (Bamston et al. 1997) is computed in observed analyses and in model simulations
from an average of all SST grid points within 5°S-5°N, 120°-170°W. La Nifia is defined as a -1
standardized departure in the Nifio-3.4 index, as was observed in 2020-21.

Different climate conditions are compared in the model simulations to estimate the ef-
fects of anthropogenic influences and La Nifia on the risk of compound hot (temperature
exceeding 1.5 standardized departures) and dry (precipitation falling below -1.5 standard-
ized departures) extremes in CA-NV during the water year. To deconvolve their respective
influences on compound hot and dry extremes, temperature and precipitation are examined
during La Nifna conditions in recent and past climates in model ensembles. The effect of La
Nina is diagnosed by comparing simulated conditions during La Nina years to the remaining
“non-La Nifna” years. Anthropogenic influences are diagnosed by comparing quantities from
the past (1921-50) climate to those from the recent (1991-2020) climate. The 1921-50 period is
used as the past or counterfactual climate because it is the period in which western U.S. water
policy was written, water management practices were developed, and hydrologic infrastruc-
ture was built. In contrast to a preindustrial baseline, as is often used, the 1921-50 period
represents the climate normal to which people and policy are well adapted. Precipitation and
temperature are standardized relative to 1921-2020 and the Nifio-3.4 index is standardized
relative to each climate epoch to accentuate interannual variability, consistent with the NOAA
Climate Prediction Center’s definition of El Niio—Southern Oscillation events.’ The relative
risk ratio (e.g., Otto et al. 2018) is used to quantify the effects of
anthropogenic and La Nifia influences on compound hot and
dry extremes during the water year. Relative risk confidence in-
tervals are calculated via bootstrapping (see supplemental text).

https://origin.cpc.ncep.noaa.gov/products/analysis_
monitoring/ensostuff/ONI_change.shtml
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Results

Observed analyses. CA-NV climate exhibits strong interannual precipitation variability
(Fig. 1d) having a 25% coefficient of variation, although with a lag-1 autocorrelation of only
—0.01 for the entire period of record, which is indicative of little interannual memory (e.g.,
Dettinger et al. 1998; Wang et al. 2017; Wahl et al. 2020). The interannual variability is shaped
in part by ENSO (e.g., Schonher and Nicholson 1989), given the correlation between CA-NV
precipitation and the Nifo-3.4 index of 0.33 (p < 0.05) in the recent climate (Fig. ES1c), which
confirms that below-average CA—NV water year precipitation is related to La Nina. Despite
the pronounced low precipitation since the turn of the twenty-first century related to decadal
variations in Pacific Ocean SSTs (Lehner et al. 2018), there is no significant precipitation trend
from 1895 to 2021. Regarding temperature, the most striking feature of its time series is the
pronounced warming trend throughout the instrumental record, which has been especially
strong since the mid-1990s (Figs. 1c,d). There is only modest covariability of CA-NV tempera-
ture and precipitation, with a weak October—September correlation of —0.18 (Fig. 1c).

Model simulations. Given the brevity of—and the large interannual variability in—the ob-
served record, change detection is difficult, especially for precipitation (Fig. 1). We therefore
examine the effects of anthropogenic climate change and La Nifia on compound hot and dry
extremes using ensembles of climate models. Comparing past and recent climates, with the
latter conditioned on La Nifia to reflect the internal climate state of 2021, the risk of compound
dry and hot extremes significantly increases by at least 6 times in the recent period in the
model ensembles (Table 2, top row). Some variation in the risk of these compound extremes is
noted between the model ensembles, with the SPEAR ensemble indicating a sixfold increase
and the CESM1 ensemble indicating a nearly twelvefold increase.

Table 2. Relative risk ratio and its 95% confidence interval (in brackets) of temperature exceeding
1.5 standardized departures and precipitation falling below -1.5 standardized departures simulta-
neously in CA-NV during October-September.

CMIP6 SPEAR CESM1 CESM2
Past non—La Nifa to Recent La Nifia 7.9 [3.8,18.6] 6.1[2.6, 14.5] 11.7 [6.6, 23.4] 7.4 [4.2,13.7]
Past La Nifia to Recent La Nifa 4.11[1.7,14.9] 5.1[1.7, 22.1] 4.312.3,10.3] 5.4[2.8,13.8]
Past non—La Nifia to Recent non-La Nifia 4.0[2.0,9.3] 4.912.9,10.7] 4.3[2.4,9.8] 5.9 [3.7,10.7]
Recent non-La Nina to Recent La Nifia 1.1 [0.0, 4.0] 1.6 [0.3, 4.4] 4.910.9, 21.8] 3.2[1.1,7.9]

The increase in the risk of compound dry and hot extremes is the result of statistically sig-
nificant shifts to both lower precipitation and higher temperatures, a response evident in all
four models (Figs. 2a—d). Different forcings contribute to different elements of the compound
risk, however. La Nifia forces the lower precipitation via interannual ENSO teleconnections
that increase dry extreme risks over the western United States (Figs. ES2a—d). Anthropogenic
forcing increases regional temperatures, with the models differing somewhat in their spatial
pattern of temperature risk (Figs. ES2e—h).

The middle two rows of Table 2 and Fig. 2 present the separate effects of anthropogenic and
interannual La Nifia forcings on the risk of compound hot and dry extremes during the water
year over CA-NV. We note similarities in the risk ratios and their confidence intervals among
the models and two cases considered (cf. Past La Nifia to Recent La Nifia and Past non-La Nifia
to Recent non-La Nifia) and that some models arrived at these risk ratios in different ways due
to slight differences in their sensitivities to the drivers they are conditioned on. Comparing
past to recent climates conditioned on La Nifia, a statistically significant increase in the risk
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Fig. 2. Scatterplots of the relationship between standardized temperature and standardized precipi-
tation in the four model ensembles for (a)-(d) past climate non-La Niia (gray) and recent climate
La Nifa (purple), (e)-(h) past climate La Niiia (blue) and recent climate La Nifa (purple), (i)-(I) past
climate non-La Niiia (gray) and recent climate non-La Niia (red), and (m)-(p) recent climate non-
La Nia (orange) and recent climate La Niiia (purple). Colored boxplots indicate the temperature and
precipitation distributions, where boxes indicate the interquartile range and the whiskers indicate
the interdecile range. The p values are from a two-sided t test of the precipitation and temperature
distributions of the two samples.

of compound hot and dry extremes during the water year of at least 4 times is noted in all
model ensembles (Table 2, second row from top). The increase in the compound risk is prin-
cipally caused by high temperatures, as models indicate large and statistically significant
shifts to higher temperatures from past to recent climates while only two models, both from
the CESM family, indicate small though significant shifts to lower precipitation (Figs. 2e-h).
A statistically significant increase in the risk of hot extremes is found over almost the entire
contiguous United States, with the largest increases west of the Rockies in three of the four
model ensembles (Figs. ES2m—p). Spatial patterns of the risk in low water year precipitation is
suggested by attendant patterns of change in the four model ensembles, and particularly the
CESM family (Figs. ES2i-1). Comparing past to recent climates without La Nifia also indicates
a statistically significant increase in the risk of compound hot and dry extremes during the
water year of at least 4 times in all model ensembles (Table 2, second row from bottom) that
is also principally caused by temperatures, as indicated by statistically significant shifts to
higher temperatures and no significant change in precipitation (Figs. 2i-1; Figs. ES2q—x).

To isolate the effects of La Nifia alone, we compare conditions during the recent climate
for La Nifia years versus non-La Nifia years. We find no statistically significant evidence
for an increase in the risk of both hot and dry extremes during the water year related to La
Nifna in the recent climate (Table 2, bottom row). However, La Nifia itself leads to statistically
significant shifts in the precipitation distribution to drier conditions in CA-NV (Figs. 2m-p),
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which is associated with the relationship between ENSO and precipitation over the western
and southern tier of the United States (Figs. ES2y—bb). La Nifa alone does not significantly
shift mean temperatures during the water year in three of the four model ensembles (Figs.
2m-p). The inverse correlation between surface air temperature and precipitation, caused
by shifts in the surface energy balance as soil moisture and evapotranspiration change, and
which is often invoked to explain concurrent heat and drought, is largely restricted to the
warm season and the interior continent and not operative in the cool season in the CA-NV
region (not shown).

Conclusions and discussion

Coupled climate model ensembles indicate that anthropogenic climate change and La Nifa,
presumed to be the primary climate drivers in 2021, together led to a greater than sixfold
increase in the risk of compound hot and dry extremes (each greater than 1.5 standard de-
partures) from October 2020—September 2021 in CA-NV. We found that anthropogenic effects
principally caused an increase in extreme temperature risks while La Nifa effects principally
increased extreme low precipitation risks, though it is important to note that details diverge
between climate models regarding their individual sensitivities to the aforementioned drivers.
Moreover, the change in external forcing alone leads to statistically significant increases in
the risk of compound temperature and precipitation extremes because of the exceptional shift
to higher temperatures while La Nifa alone is insufficient to do so because it is only related
to significant shift to lower precipitation.

Several factors have not been addressed that could also be relevant to changing risks of com-
pound hot and dry extremes in CA-NV. First, we have not explicitly addressed how the tropi-
cal Pacific Ocean and ENSO or its teleconnections may have changed due to anthropogenic
forcing. For instance, is the observed trend toward a more La Nifia—like zonal SST gradient a
response to anthropogenic forcing (e.g., Hoell and Funk 2013; Coats and Karnauskas 2017)?
If so, it is not simulated by CMIP class models (e.g., Seager et al. 2019, 2022) and would likely
affect CA-NV precipitation (e.g., Seager and Vecchi 2010; Yoon et al. 2015; Swain et al. 2018)?
Second, we have not explicitly controlled for forced changes in land—atmosphere feedbacks,
which can amplify warming and drying effects. There is some evidence that temperature
and precipitation correlations may have strengthened in recent decades compared to the
early twentieth century. But the issue of whether anthropogenic influences change the land
surface coupling, which could make droughts in CA-NV hotter, is an area of active research
(Chiang et al. 2018; Cheng et al. 2019).
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