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Trends in atmospheric patterns conducive to
seasonal precipitation and temperature extremes
in California
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Recent evidence suggests that changes in atmospheric circulation have altered the probability of extreme climate
events in the Northern Hemisphere. We investigate northeastern Pacific atmospheric circulation patterns that have
historically (1949–2015) been associated with cool-season (October-May) precipitation and temperature extremes in
California. We identify changes in occurrence of atmospheric circulation patterns by measuring the similarity of the
cool-seasonatmospheric configuration that occurred in eachyear of the1949–2015periodwith the configuration that
occurredduringeachof the fivedriest,wettest,warmest, and coolest years. Our analysis detects statistically significant
changes in the occurrence of atmospheric patterns associatedwith seasonal precipitation and temperature extremes.
We also find a robust increase in the magnitude and subseasonal persistence of the cool-season West Coast ridge,
resulting in an amplification of the background state. Changes in both seasonal mean and extreme event configura-
tions appear to be caused by a combination of spatially nonuniform thermal expansion of the atmosphere and re-
inforcing trends in thepatternof sea level pressure. In particular, both thermal expansionand sea level pressure trends
contribute to a notable increase in anomalous northeastern Pacific ridging patterns similar to that observed during
the 2012–2015 California drought. Collectively, our empirical findings suggest that the frequency of atmospheric
conditions like those during California’s most severely dry and hot years has increased in recent decades, but not
necessarily at the expense of patterns associated with extremely wet years.

INTRODUCTION

Persistent and/or recurring atmospheric circulation anomalies are
strongly linked to surfacemeteorological extremes (1). Such atmospher-
ic patterns can lead to high-impact weather and climate events across a
wide range of temporal and spatial scales, from localized flash flooding
caused by single-day slow-moving convective downpours to continental-
scale droughts associated with multidecadal oceanic oscillations. Re-
gions with relatively short or sharply defined wet seasons—where there
is limited potential for meaningful precipitation during the canonical
dry season—may be particularly susceptible to the hydroclimatic effects
of unusually long-lived circulation anomalies that persist (or recur)
across seasonal to annual scales. Here, anomalous circulation patterns
that disrupt or enhance typical precipitation-generating mechanisms
for several consecutivemonths can have disproportionately large effects
on total annual precipitation and, consequently, on subsequent drought
or flood risk [for example, Wise and Dannenberg (2)]. For drought risk
in particular, this effect may be further amplified where the dry season
coincides with the warm season because high temperatures increase net
water stress by heightening potential evapotranspirative demand (3).

The state of California provides an important example of societal
and ecological vulnerability to hydroclimatic extremes. California is
home to nearly 39 million people (4), has the eighth largest economy
in the world (5), and is an agricultural center of national and interna-
tional significance (6). It is also considered to be a global biodiversity
hotspot (7) and contains 49 million acres of protected forests and park-
lands (8). This socioeconomically and geographically complex region

receives the vast majority (~95%) of its annual precipitation in the form
of rain and high-elevation snow between the cool-season months of
October andMay, including ~66%during the core rainy seasonmonths
from December to March [data from the NOAA National Climatic
DataCenter (NCDC) atwww.ncdc.noaa.gov/cag]. Nearly all of this pre-
cipitation occurs during the passage of extratropical cyclonic systems
from late autumn to early spring (9), with a much smaller fraction
falling as the result of warm-season deep convection associated with
the westernmost fringe of the North American Monsoon (10). Because
the state lies near (and often to the south of) the wintertime polar jet
stream and the prevailing North Pacific storm track, the large relative
contribution to total annual precipitation by short-duration periods of
storm activity associated with transient southward shifts in the jet
stream is unique in a North American context (11, 12). Moreover, re-
cent work has shown that the occurrence (or absence) of individual ex-
treme precipitation events associated with East Pacific “atmospheric
rivers”—which typically occur only a handful of times each rainy
season—can often “make or break” California’s precipitation total for
the entire year (12). Given this combination of socioeconomic, ecologi-
cal, and climatological characteristics, California and the adjacent
northeastern Pacific Ocean make for a compelling test bed in which
to explore large-scale atmospheric circulation patterns associated with
regional climate extremes.

California’s ongoing multiyear drought (2012–2015), which by
many metrics is the most severe in the direct instrumental record
(13–17)—and perhaps in a millennium or more (13, 15)—provides ad-
ditional motivation for this investigation (18). The extremely low pre-
cipitation and extremely high temperatures associated with the current
California drought stem from the persistent northward deflection of the
cool-season storm track by a recurring anomalous anticyclone over the
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