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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.
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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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far northeastern Pacific (nicknamed the “Ridiculously Resilient Ridge”
for its extraordinary persistence) (19). The anomalous ridge has not
been a static feature; rather, it has exhibited substantial variation in in-
tensity from month to month and a notable eastward shift toward the
West Coast over successive winters. However, it has remained a very
prominent [and observationally unprecedented (19)] feature in seasonal
mean fields for the full duration of the drought [data from the NOAA
Earth System Research Laboratory (ESRL) online data plotter at www.
esrl.noaa.gov/psd]. Various mechanistic hypotheses have been posed to
account for the persistence of this northeastern Pacific ridge, including
(i) remote teleconnections from anomalous warmth in the western
tropical Pacific Ocean (20–22) and subsequent extratropical ocean-at-
mosphere feedbacks (22, 23), (ii) remote teleconnections from negative
Arctic sea ice anomalies and direct/indirect thermal effects on theNorth
Pacific geopotential height (GPH) field (22, 24, 25), and (iii) internal
(“natural”) atmospheric variability (26). The potential mechanistic role
of anthropogenic forcing is less certain, but several studies suggest that
human greenhouse gas emissionsmay have influenced the likelihood of
occurrence of a persistent anticyclone in this region, possibly via tele-
connections to the western tropical Pacific Ocean and/or Arctic sea ice
(19, 20, 22, 27, 28).

Despite uncertainty in the physical causes of this and other high-
profile meteorological events (29), it is clear that the Northern Hemi-
sphere has experienced heterogeneous trends in atmospheric circulation
in recent decades, and that these trends have influenced the probability of
certain kinds of extremes (30). Regardless of whether these atmospheric
trends are the result of natural variability or anthropogenic forcings (or
some combination of the two), the impacts on natural and human
systems have been substantial.

Given California’s intrinsic hydroclimatic sensitivity to seasonally
persistent circulation regimes, we restrict our geographic focus to circu-
lation patterns associated with historical statewide precipitation and
temperature extremes.We also emphasize that our study focuses on de-
tecting changes in circulation patterns over the period of record, rather
than attributing these changes to particular causes. However, the gen-
eral framework of our analysis can be readily applied to characterizing
and detecting changes in other regions of the globe and/or to attributing
observed changes to underlying natural or anthropogenic causes.
il 1, 2016
RESULTS

We analyzed atmospheric reanalysis data to identify changes in atmo-
spheric patterns occurring within the North Pacific domain (NPD;
see Materials andMethods). We first considered long-term trends in
large-scale atmospheric characteristics (Figs. 1 and 2 and figs. S1 and
S2). We then assessed whether there were discernable changes in the
occurrence of patterns exhibiting high spatial similarity to those during
California’s five driest (Fig. 3 and fig. S3), five wettest (Fig. 4 and fig. S4),
five warmest (Fig. 5 and fig. S5), and five coolest years (Fig. 6 and fig. S6)
(using raw precipitation data, both raw and detrended GPH data, and
detrended temperature data; see Materials and Methods and figs. S7 to
S10). Using 500-mb GPH, four of the extreme atmospheric configura-
tions exhibited statistically significant increases in frequency (including
2 dry, 0 wet, 2 warm, and 0 cool), and three atmospheric configurations
exhibited statistically significant decreases in frequency (including 1 dry,
0wet, 1warm, and 1 cool) (Fig. 1F). Using sea level pressure (SLP), eight
atmospheric configurations exhibited statistically significant increases
Swain et al. Sci. Adv. 2016; 2 : e1501344 1 April 2016
in frequency (including 1 dry, 4 wet, 3 warm, and 0 cool), and one at-
mospheric configuration exhibited statistically significant decreases in
frequency (0 dry, 0 wet, 1 warm, and 0 cool) (Fig. 1G). Notably, GPH
and SLP patterns from 2 years during California’s ongoing severe
drought showed large and statistically significant increases in frequency:
2013–2014 (extreme dry; Fig. 3E and fig. S3E) and 2014–2015 (extreme
warm; Fig. 5E and fig. S5E). Also, whereas none of the GPH patterns
associated with California’s five wettest years exhibited statistically sig-
nificant changes (Fig. 1F)—including 1982–1983 (Fig. 4C) and 1997–1998
(Fig. 4E), which were associated with the two strongest El Niño events
in the observed record—four of five corresponding “wet” SLP patterns
showed a statistically significant increase in frequency (Fig. 1G).

To verify that moderate to high positive pattern correlations were
meaningful predictors of surface weather extremes in California, we as-
sessed the categorization skill for each “year type” (that is, dry/wet/
warm/cool) (Fig. 1E and fig. S7). We found that moderate to high pos-
itive GPH pattern correlation correctly identified increased probability
(in a given year) of anomalous precipitation/temperature conditions as-
sociated with four of five dry patterns, five of five wet patterns, three of
five warm patterns, and four of five cool patterns (Fig. 1E). Likewise,
SLP pattern correlation correctly identified the increased probability
of anomalous precipitation/temperature conditions associated with
four of five dry patterns, four of five wet patterns, two of five warm
patterns, and three of five cool patterns (Fig. 1E). These results confirm
that NPD GPH and SLP pattern correlations indeed provide useful
information regarding the likelihood of surfacemeteorological extremes
in California, although SLP correlations are generally less skillful than
GPH for temperature extremes (Fig. 1E). The magnitude and statistical
significance of changes in the frequency of years with high pattern cor-
relation often exceeded that which might be inferred from the mean
linear trend in correlation alone, especially for SLP (Fig. 1, F and G,
and figs. 3 to 6). This finding highlights the importance of focusing
on highly correlated patterns when assessing changes in relatively un-
common or extreme atmospheric configurations.

TheNPD spans a large geographic region and encompasses both the
cool-season storm development region near the Aleutian Islands/Gulf
of Alaska and the climatological meanWest Coast ridge (Fig. 1, A to C).
We therefore also considered changes in the mean October-May zonal
gradient in GPH because this gradient is an indicator of broad-scale
changes in the storm track. We found increasing trends in the zonal
GPH gradient in the NPD in all four latitude bands, which were statis-
tically significant in all but the northernmost band (Fig. 1D). Further,
we found that the occurrence of high gradient years increased in all
four latitude bands between the 1949–1981 and 1982–2015 periods,
whereas the occurrence of low gradient years decreased in all four
latitude bands (Fig. 2C). The increase in the mean gradient between
these two periods was statistically significant in the middle two lat-
itude bands (30°N-40°N and 40°N-50°N) (Fig. 2, A and B), which are
directlywest ofCalifornia and are therefore highly relevant forCalifornia
meteorological extremes.

We also assessed changes in the zonal GPH gradient at subseasonal
(monthly) time scales. We found a large number of individual calendar
months during which the zonal gradient demonstrated a statistically
significant increase (mostly during winter and spring), particularly in
the 30°N-40°N [4 of 8months (Fig. 2A)] and 40°N-50°N [4 of 8months
(Fig. 2B)] bands. For the 30°N-40°N band, this shift represented a no-
table amplification of the well-defined preexisting seasonal cycle, with
the largest positive increases in the gradient coincidingwith the calendar
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Fig. 1. ObservedOctober-May changes across the northeastern Pacific. (A) Mean trend in October-May 500-mb GPH over the northeastern Pacific and
westernNorth America, 1949–2015 (meters per year). (B) Contribution of lower troposphericwarming (thermal dilation) to observedOctober-May GPH trend
(meters per year). (C) Mean trend in October-May SLP over the northeastern Pacific and western North America, 1949–2015 (millibars per year). Black box in
(A) to (C) depicts the NPD. (D) Time series ofmeanOctober-May zonal gradient of 500-mbGPH in the NPD over four separate latitude bands (10−5m/m). Units
of reported trends are 10−8 m/(m*y). (E) Predictive skill of moderate to high pattern correlation using GPH and SLP. The quantity plotted is the percent of
years that exhibited a pattern correlation of >0.4 with a particular extreme pattern and also experienced surface meteorological conditions of the correct
sign (for example, low precipitation in a year that also had high correlation with one of the five dry patterns). Dashed horizontal line at 60% represents
threshold for defining “increased likelihood” of a precipitation or temperature anomaly of the correct sign (as described in the text). Labels correspond to
specific GPH/SLP patterns shown in matching figure panels in Figs. 3 to 6 [for example, “3D” corresponds to (D) in Fig. 3]. (F) Changes in the occurrence of
GPH patterns that have moderate to high correlation (>0.4) with patterns of interest (that is, those associated with surface meteorological extremes). Left
columns (striped fill) represent the 1949–1981 occurrence; right columns (solid fill) represent the 1982–2015 occurrence. Numbers in the gray horizontal
rectangle under the column pairs indicate confidence (P values) that the change is statistically significant. (G) Same as in (H) but for SLP patterns.
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months in which the gradient reaches its climatological maximum (Fig.
2, A and B).

In addition to these increases in themean zonal GPH gradient at the
seasonal and monthly scale, we also found a statistically significant in-
crease in the subseasonal (month-to-month) persistence of anomalous-
ly high gradients (Fig. 2 and fig. S2, insets). This is especially noteworthy
given the importance of recurring and/or persistent circulation
anomalies in generating California precipitation extremes (31, 32). In-
creases in the magnitude and persistence of strongly positive zonal
GPH gradients acted to reinforce the West Coast cool-season mean
ridge (Fig. 1A), amplifying the climatological mean midtropospheric
wave pattern and displacing the Pacific jet stream (and associated storm
activity) to the north of California (19). This last finding of increased
persistence of high GPH gradients therefore has particular relevance
for drought in California and supports our findings of increased fre-
quency of atmospheric patterns similar to those experienced during
California’s driest and warmest years (Fig. 1, F and G).

Observed increases in the NPD GPH gradient (mean and extreme
values; Fig. 2) and in the GPH itself (Fig. 1A) were spatially coincident
with trends of the same sign in both lower tropospheric thermal expan-
sion (dilation) (Fig. 1B) and SLP (Fig. 1C). Whereas the magnitude of
the thermal dilation trend was considerably larger than that of the SLP
trend, both were positive (and, indeed, had local maxima) near the axis
of theWest Coastmean ridge (Fig. 1A). Thus, this reinforcing pattern of
positive thermal dilation and positive SLP changes appears to contribute
to the observed increase in cool-season mean ridge amplitude (Fig. 1A)
and resembles certain specific extreme event configurations that have
exhibited increasing occurrence (Fig. 1, F and G)—especially anoma-
lous northeastern Pacific ridging patterns similar to those observed dur-
ing the 2012–2015 California drought (Figs. 3E and 5E).
 on A
pril 1, 2016
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DISCUSSION

Contribution of circulation changes to California’s
cool-season precipitation extremes
Careful considerationof the specificGPH/SLPpatterns observedduring
extremewet anddry years yields further insights. GPHandSLPpatterns
during extreme wet years exhibit a high degree of homogeneity in the
NPD, with a broad region of negative anomalies west of California
occurring during each of California’s five wettest years (Fig. 4 and fig.
S4). In contrast, patterns during extreme dry years exhibit considerable
heterogeneity (Fig. 3 and fig. S3) [although four of five dry patterns are
characterized by an anomalously positive west-to-east GPH/SLP gradi-
ent and anomalously high GPH over California (Fig. 3, B to E, and fig.
S3, B to E)]. These structural differences between extreme dry and ex-
treme wet years may indicate asymmetry in underlying dynamical
mechanisms. Negative NPD anomalies during extreme wet years spa-
tially coincide with the mean exit region of the Pacific jet stream, which
is suggestive of an eastward extension and/or southward shift of the
cool-season storm track toward California (33). The west-east negative-
positive anomaly that is present during four of five extreme dry years
acts to reinforce the climatological cool-season midtropospheric wave
pattern, which is characterized by a relative “ridge” roughly aligned
with the west coast of North America (Fig. 1A). Such amplification of
the cool-season mean state leads to a sharper south-to-north storm
track over the northeastern Pacific, causing weather systems origi-
nating in the Central Pacific to preferentially veer northward toward
Cool season monthly 500-mb GPH gradient
1949−1981 (blue) vs.1982−2015 (red)
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Fig. 2. ObservedOctober-May changes in zonal GPH gradient over the
northeastern Pacific. Blue (red) points represent monthly values of the
west-to-east GPH gradient averaged over the given range of latitudes from
each year of the 1949–1981 (1982–2015) period. (A and B) Blue (red) curves
represent monthly values of the west-to-east GPH gradient averaged over
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(C) Change inextreme (±1SD)500-mbNPDGPHgradientsbetween1949–1981
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1:1 line imply increasing frequency; points below 1:1 line imply decreasing
frequency.
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the Pacific Northwest and British Columbia, and thereby miss
California (19).

The apparent divergence between GPH- and SLP-based metrics for
assessing the change in wet circulation patterns may be a product of
thermal dilation because increases in the mean height of the 500-mb
GPH surface could mask a simultaneous increase in relative cyclonic
anomalies in the middle troposphere. However, we note that the “pre-
dictive skill” of pattern correlation using both GPH and SLP is actually
quite similar—and relatively high—for both wet and dry extremes
(Fig. 1E). We find a corresponding increase in the actual occurrence
Swain et al. Sci. Adv. 2016; 2 : e1501344 1 April 2016
of October-May periods experiencing very high (>80th percentile)
and very low (<20th percentile) precipitation, although neither of
these increases is statistically significant. (The frequency of wet years
increases from 18.2 to 23.5% between 1949–1981 and 1982–2015,
and the frequency of dry years increases from 18.2 to 26.5%.) We sug-
gest that GPH- and/or SLP-based measures of changes in large-scale
circulation over the North Pacific may be subject to less background
variability than California precipitation itself, and therefore may offer
the potential for earlier detection of 21st century changes in California’s
hydroclimatology (34, 35).
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Fig. 3. Trends in California extreme dry patterns. (A to E) October-May 500-mb GPH anomaly patterns during California’s five driest cool-season periods
between 1949 and 2015 (left column) and time series of pattern correlation between GPH/SLP in each specific year of interest (right column) and all other
years. Horizontal dashed black lines highlight ±0.4 correlation thresholds used to define “moderate to high correlation” in this study. Maps shown are
October-May 500-mb GPH anomalies for the given year (meters).
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Previousworkhas highlightedCalifornia’s dependence on a relatively
small number of storm events for the bulk of its annual precipitation,
and found that California’s driest and wettest years occur primarily as
a result of variations in the frequency of the strongest individual storms
(11, 12). Our findings are consistent with the notion that persistent,
seasonal-scale anomalies in northeastern Pacific atmospheric circulation
cause California’s driest and wettest years by modulating the frequency
and/or trajectory of extratropical cyclones. We suggest that the observed
heterogeneity ofNPDGPHpatterns during extreme dry yearsmay result
from multiple distinct seasonal-scale atmospheric forcing regimes,
Swain et al. Sci. Adv. 2016; 2 : e1501344 1 April 2016
whereas the uniformity of negative GPH anomalies during extreme
wet years indicates a more common etiology. These considerations be-
come especially relevant when attempting to infer the likelihood of
changes inmeteorological extremes from changes in themean state. Such
large heterogeneity in the atmospheric circulation patterns that lead to
extremely low seasonal-scale precipitation strongly reinforces the impor-
tance of separately considering each pattern when assessing long-term
trends, particularly for the case of drought.

The simulated response of California’s long-termmean annual pre-
cipitation to strongly elevated (that is, “future”) greenhouse forcing has
 on A
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Fig. 4. Trends inCalifornia extremewetpatterns. (A toE) October-May 500-mbGPHanomaly patterns duringCalifornia’s fivewettest cool-seasonperiods
between 1949 and 2015 (left column) and time series of pattern correlation between GPH/SLP in each specific year of interest (right column) and all other
years. Horizontal dashed black lines highlight ±0.4 correlation thresholds used to definemoderate to high correlation in this study. Maps shown are October-
May 500-mb GPH anomalies for the given year (meters).
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been used to argue that historical global warming has not influenced the
probability of conditions that create low precipitation in California [for
example, Seager et al. (26)]. However, coupled climate model simula-
tions that assume a scenario of strong greenhouse forcing actually
project a nuanced mix of co-occurring, physically self-consistent hy-
droclimatic changes in California (14, 32, 36–38). The multimodel en-
semble from the Coupled Model Intercomparison Project Phase 5
(CMIP5) projects amodest increase inDecember-Februarymean pre-
cipitation (34, 39) [although it exhibits considerable intermodel dis-
agreement (33)], and most individual models suggest a large increase
Swain et al. Sci. Adv. 2016; 2 : e1501344 1 April 2016
in the occurrence of extreme wet events on daily to annual time scales
(31, 34–36, 40–43). Yet there is also considerable evidence that precipi-
tation during the rest of California’s wet season (in autumn and espe-
cially spring) will decrease in response to elevated forcing (14, 36, 38)
and that the likelihood of extremely dry years will increase overall
(although perhaps at a lesser rate than the likelihood of extremely
wet years) (14, 32, 34–36).

Proposed proximal causes of these divergent changes at either ex-
treme of the precipitation distribution include (i) an eastward extension
of the Pacific jet stream (33, 34, 39) and increased frequency/intensity
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Fig. 5. Trends inCalifornia extremewarmpatterns. (A to E) October-May 500-mbGPHanomaly patterns during California’s fivewarmest detrended cool-
season periods between 1949 and 2015 (left column) and time series of pattern correlation between GPH/SLP in each specific year of interest (right column)
and all other years. Horizontal dashed black lines highlight ±0.4 correlation thresholds used to definemoderate to high correlation in this study. Maps shown
are October-May 500-mb GPH anomalies for the given year (meters).
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of transient atmospheric rivers (leading to more wet periods) (40, 41, 44),
and (ii) more frequent/intense amplification of the West Coast ridge
and decreased precipitation frequency associated with northward shifts
in the storm track (leading to more dry periods) (19, 27, 31, 33, 41).
However, many of the atmospheric features associated with such
extremes—such as persistent ridging/blocking, seasonal-scale shifts
in the storm track, and relatively infrequent fine-scale events such as
atmospheric rivers—are precisely the variety of phenomena that
global climate models struggle to reproduce with realistic frequen-
Swain et al. Sci. Adv. 2016; 2 : e1501344 1 April 2016
cy and structure, lending considerable uncertainty to 21st century
predictions (26, 32–34). The results presented here further
highlight the critical importance of considering changes in the oc-
currence and underlying mechanisms of specific circulation patterns
(both during the historical period and in the future) because these
patterns may substantially differ in character and surface meteorologi-
cal impacts from changes in the mean state [for example, Simpson
et al. (45)], and may not respond linearly to increasing climate
forcing.
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Fig. 6. Trends in California extreme cool patterns. (A to E) October-May 500-mb GPH anomaly patterns during California’s five coolest detrended cool-
season periods between 1949 and 2015 (left column) and time series of pattern correlation between GPH/SLP in each specific year of interest (right column)
and all other years. Horizontal dashed black lines highlight ±0.4 correlation thresholds used to definemoderate to high correlation in this study. Maps shown
are October-May 500-mb GPH anomalies for the given year (meters).
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Increased frequency of atmospheric patterns similar to
those experienced during the 2012–2015 California drought
We note that the spatial character and magnitude of the extreme mid-
tropospheric wave patterns over the northeastern Pacific and North
America during 2013–2014 and 2014–2015were strikingly similar, with
cyclonic anomalies over the central North Pacific just north ofHawaii, a
high-amplitude ridge along, or just west, of the coastline of western North
America, and a deep trough further east over Hudson Bay (Figs. 3E and
5E). Both of these years yielded very dry and very warm conditions in
California, which, combined with antecedent dryness and warmth,
produced 3-year October-May precipitation deficits and 3-year October-
May temperature values unprecedented in the state’s 119-year observa-
tional record (fig. S10, B and C). The extraordinary magnitude of this
high-amplitude atmospheric pattern in recent winters has tentatively
been linked to several distinct surface forcings—including anomalously
warm tropical sea surface temperatures (20, 21, 27) and anomalously
lowArctic sea ice extent (22, 25)—although a considerable contribution
was likely alsomade by randomatmospheric variability (26). Long-term
increases in the particular Pacific sea surface temperature pattern asso-
ciated with this persistent ridging have been observed; although there is
evidence that the signal may be anthropogenically forced (20, 27, 46),
distinguishing this trend fromnatural decadal variability (21, 47) and/or
possible midlatitude ocean-atmosphere feedbacks (23, 48) has proven
difficult. Further complicating the overall picture is recent evidence sug-
gesting that the atmospheric response to declining sea icemay be highly
sensitive to the spatial pattern of ice loss and that decreasing coverage in
the Pacific sector (that is, the East Siberian/Chukcki Sea region) may be
especially influential in driving large-scale atmospheric shifts over
North America (25). Recent work has shown that recent drought years
in California have coincided with a significant reduction in storm fre-
quency associated with an increase in anticyclone intensity and persist-
ence over the northeastern Pacific (49). Some have argued that an
increase in the persistence of regional circulation patternsmay be linked
to enhanced high-latitude warming (that is, Arctic amplification) and/or
sea ice loss (50, 51), although this topic remains the subject of vigorous
ongoing discussion.

Additional uncertainty arises from the potentially opposing influ-
ences of Arctic and tropical warming on the midlatitude circulation.
For instance, Barnes and Polvani (52) found that although the degree
of simulated future Arctic amplification is significantly related to
changes in several key atmospheric indicators across the American
sector, this effect is apparently muted (or even reversed) by other
competing large-scale influences. This emerging dynamical “tug of
war” (52, 53)—and the fact that the individual contributions of specific
forcings may reinforce or oppose each other in different regions and/or
seasons (38, 45, 54)—highlights the inherent challenges in identifying
causal influences of specific patterns using observational data alone.
Therefore, we reiterate that the present study does not explicitly identify
the underlying causes of the observed northeastern Pacific circulation
trends. However, the demonstrated anthropogenic contribution to
Arctic sea ice loss (55) and to the spatial pattern of SST warming in
the Pacific (46), coupled with our finding of robust increases in North
Pacific atmospheric circulation patterns that are similar to that observed
in 2014–2015 (Fig. 5E), suggests that these dynamical mechanisms
should be explored further within a formal climate change attribution
framework.

Using such a framework, Swain et al. (19) attributed the 20th century
increase in extreme annual-scale GPH over the northeastern Pacific to
Swain et al. Sci. Adv. 2016; 2 : e1501344 1 April 2016
anthropogenic greenhouse gas emissions. However, Swain et al. did not
make specific attribution claims regarding the particular anomalous
spatial configuration exhibited by the Ridiculously Resilient Ridge. Al-
though we have not used a formal attribution framework in the current
study, we do note that (i) the 1949–2015 mean trend in GPH and SLP
over the far northeastern Pacific (Fig. 1A) strongly resembles the cir-
culation pattern observed during the latter half of the 2012–2015
California drought (Figs. 3E and 5E); (ii) the increasing trend in West
Coast ridging patterns similar to that observed in 2014–2015 is robust
to domain-mean GPH detrending (figs. S8 and S9) as well as the use of
SLP in place of GPH (Figs. 1, F and G, and 5E); (iii) years with high
correlation with the observed 2014–2015 pattern appear to be preferen-
tially driving the long-term increasing trend in GPH (fig. S10A); and
(iv) the pattern and magnitude of the long-term trend in GPH are
caused primarily by the pattern of direct thermal dilation (Fig. 1, A
and B, and fig. S1). The results presented in the current study therefore
confirm that the observed pattern of the long-term GPH trend in the
NPD is spatially nonuniform, strongly positive in the mean, driven by
the specific pattern of lower tropospheric warming, and characterized
by an amplification of theWest Coast mean ridge highly reminiscent of
that which occurred during historical dry and warm years in California.

These empirical findings demonstrate a complex evolution over the
northeastern Pacific between 1949 and 2015, with 500-mb GPH and
SLP trends of generally the same sign occurring “in-phase” with the
mean West Coast cool-season ridge (Fig. 1, A to C, and fig. S1) and
the largest trends occurring just east of the terminus of the East Pacific
storm track (33). This is especially interesting in light of recent investi-
gations into the physical structure of anthropogenically forced trends in
regional atmospheric circulation, which have suggested that changes in
mean flow (viamomentum/energy fluxes driven by embedded transient
cyclones) may reinforce planetary-scale stationary waves in the upper
atmosphere under certain conditions (37, 45, 54, 56). Additionally, be-
cause the location and amplitude of atmospheric stationary waves are
dictated by the relative placement and orography of global landmasses,
the observed alignment of the nonuniform spatial pattern of thermal
dilation with the North American continent (Fig. 1B) supports the no-
tion that at least some of the observed trend in GPH—and thus specific
extreme atmospheric configurations—may be due to increasing land-
sea thermal contrasts. Enhanced warming over the continents is a pre-
dicted (and observed) response to global greenhouse forcing andhas the
potential to influence broader circulation regimes (57, 58). Ultimately,
our observational findings support model-based arguments that the net
circulation response to global warming across the northeastern Pacific
may be shaped by complex, regionally specific interactions between the
climatological mean wave pattern and atmospheric variability on both
subseasonal and interannual time scales.

Contribution of circulation changes to California’s
cool-season temperature extremes
The actual (that is, not detrended) occurrence of seasonal-scale warm
temperature extremes in California has dramatically increased over the
1949–2015 period (fig. S10C). This increase has largely been attributed
to the thermodynamic contribution of global warming (14). However,
the fact that we still find increased occurrence of atmospheric patterns
associated with extreme warmth using GPH, detrended GPH, and SLP
(Figs. 1, F and G, and 5 and fig. S8) suggests the potential for an addi-
tional contribution from trends in large-scale atmospheric circulation
patterns that has further increased the likelihood of anomalously warm
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October-May periods. In contrast, we find only one statistically signif-
icant decrease in spatial patterns associated with extremely cool years
using GPH (Figs. 1F and 6), and none using SLP (Figs. 1G and 6), de-
spite a large decrease in the actual occurrence of cool years (fig. S10B).
The fact that “cool” circulation patterns are still occurring with essen-
tially unchanged frequency (Fig. 6), but the cold temperatures them-
selves are not, suggests that the observed warming at the lower end of
the temperature distribution primarily stems from thermodynamic
warming (as opposed to trends in circulation). These results are broadly
consistent with findings regarding the contribution of trends in circu-
lation patterns to observed changes in the frequency of daily-scale hot
and cold extremes in other parts of the Northern Hemisphere [for ex-
ample, Horton et al. (30)].

Concluding remarks
Wehave analyzed the occurrence of large-scale atmospheric circulation
patterns associated with seasonal-scale precipitation and temperature
extremes in California. We find that the occurrence of several such
patterns has changed significantly in recent decades. In particular, we
find robust increases (using both GPH- and SLP-based metrics) in the
occurrence of patterns similar to those experienced during the latter half
of the ongoing severe California drought, which has been characterized
by a persistent ridge near the West Coast of North America, leading to
both extremely low precipitation (2013–2014) and extremely warm
temperatures (2014–2015). Further, despite little observed change in
GPH-based metrics for patterns linked to extremely wet years, our anal-
ysis demonstrates an increase in wet SLP patterns. Together, these find-
ings are suggestive of a possible increase in regional variance of large-scale
patterns linked to surface precipitation extremes in California.

In addition to these observed changes in specific extreme atmo-
spheric configurations, we also find a multidecadal trend toward
amplification of the mean cool-season state over the North Pacific, re-
sulting in a stronger ridge near the West Coast of North America. The
proximal cause of these observed trends appears to be the superposition
of a strikingly nonuniform pattern of lower tropospheric thermal dila-
tion and in-phase SLP changes, which favormore persistent and/or fre-
quent midtropospheric ridging patterns over the far northeastern
Pacific.

We suggest that California and the adjacent northeastern Pacific
make an excellent test bed for investigations of the physical processes
governing regional climate change. Given the large interannual variabil-
ity of the northeastern Pacific, the existence of potentially competing
dynamic and thermodynamic contributions to circulation trends (41),
and the complex seasonal expressions of observed and projected future
changes (33, 45), detecting and understanding the mechanisms
underlying climate shifts in this region require targeted approaches that
explicitly account for intrinsic climatological subtleties. Radiatively
forced changes in climate are thought to preferentially reinforce natural
modes of variability (29, 59); therefore, we suggest that investigations
focusing on regions like California—which exhibit well-defined circula-
tion anomalies associated with surface meteorological extremes—may
be particularly enlightening (60). Further, our approach is also readily
transferable to other regions and therefore provides a more general
framework for understanding linkages between large-scale atmospheric
patterns and regional climate change.

Managing the socioeconomic and environmental impacts of ex-
treme meteorological events in California is a challenging endeavor
(18). In many cases, natural hazard risks of opposing character—such
Swain et al. Sci. Adv. 2016; 2 : e1501344 1 April 2016
as droughts and floods—must be dealt with simultaneously. The situa-
tion during the present 2015–2016 wet season provides a stark exam-
ple of this conundrum: in the midst of California’s record-breaking
drought, a very strong El Niño event in the tropical Pacific Ocean
holds the potential to disrupt persistent multi-year ridging across
the northeastern Pacific and bring drought-alleviating precipitation
(and perhaps even an increased risk of flooding and mudslides). How-
ever, as of March 2016, El Niño has thus far delivered only modest
drought relief—which will undoubtedly raise further questions re-
garding the character and causes of the resilient West Coast ridge.
Together, the physical complexity and acute impacts of these hydro-
climatic conditions demonstrate the critical importance of under-
standing changes in the spatial and temporal characteristics of
specific large-scale atmospheric patterns that lead to surface meteoro-
logical extremes.
MATERIALS AND METHODS

Experimental design
We used monthly 500-mb GPH and SLP data from the NCEP/NCAR
R1 Reanalysis [a joint project between the National Centers for
Environmental Prediction (NCEP)/National Center for Atmospheric
Research (NCAR)] (61) to characterize large-scale, midtropospheric at-
mospheric conditions.We usedmonthly precipitation and temperature
data from the NCDC nClimDiv climate divisional data set (for the full
state of California) to assess the extremity of surface meteorological
conditions (available at www.ncdc.noaa.gov/monitoring-references/
maps/us-climate-divisions.php). Whereas the NCDC precipitation
and temperature data sets extend as far back as 1895, the R1 reanalysis
begins in 1948, and so we restricted our analysis to the overlapping set
of full October-May “cool season” periods between 1949 and 2015
(October 1948 through May 1949, October 1949 through May 1950,
etc). Our analysis encompassed an approximately rectangular geo-
graphic domain (20°N-65°N, 190°E-250°E) extending from the central
North Pacific basinwest to the central RockyMountains over theNorth
American continent. We refer to this area of analysis as the NPD.

Analysis of precipitation and temperature data
To identify extreme years in the observed record, we calculated
8-month (October-May) mean values for both precipitation and tem-
perature. We then selected the five highest values from each variable
and respectively defined them as the “extremewet” and “extremewarm”
years, and the five lowest values from each variable and respectively
defined them as the “extreme dry” and “extreme cool” years. (Given that
there are 67 years in our historical period of record, these represent the
top and bottom 7.5% of the temperature and precipitation distribu-
tions.)Here, we sought to test hypotheses about changes in precipitation
and temperature associated with changes in the atmospheric circula-
tion. Because of a pronounced long-term warming trend in California
(14) (fig. S10C), we fit a linear model to the temperature data and re-
moved the time-mean trend before calculating the five warmest and five
coolest years. Failure to remove the observed increasing trend inOctober-
May mean temperature would bias our extreme event analysis toward
recent years that could have been made extreme by the long-term ther-
modynamic trend rather than by large deviations in the atmospheric
conditions during those years (that is, all of California’s top fivewarmest
years on record have occurred since 1990; fig. S10C). In contrast, because
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there has been little if any trend in mean cool-season precipitation in
California (14) (fig. S10CB), we used the raw precipitation data to cal-
culate the five driest and five wettest years.

Analysis of GPH and SLP data
We first calculated 8-month (October-May)mean values formidtropo-
spheric (500 mb) GPHs for each grid point in the Northern Hemi-
sphere. We then created a three-dimensional (year × latitude ×
longitude) anomaly time series by subtracting the mean 1949–2015
October-May value from the yearly October-May value at each grid
point for each of the 67 years. From this three-dimensional GPH
anomaly time series, we selected the GPH field associated with each
of the 20 extreme dry/wet/warm/cool years. Lastly, for each of these
20 extreme-year GPH maps, we calculated the pattern correlation be-
tween the respective extreme-year GPH anomalymap and the anomaly
map of each of the 67 years in the GPH anomaly time series, yielding
20 time series of pattern correlation. We repeated this process using
SLP, yielding a further 20 time series of pattern correlation. We present
the GPH- and SLP-derived findings side by side in the text.

To assess changes in the cool-season mean state over the northeast-
ern Pacific Ocean and adjacent western North America, we calculated,
for each year, the October-Maymean zonal gradient of NPDGPH over
four separate latitude bands (using the original, non-detrended GPH
field). The reported zonal gradients were derived by calculating the area-
weightedmean of west-to-east finite differences in GPH at each grid point
within each latitude band and then summing over all longitudes within
the NPD. This yielded four 67-year time series of the mean October-
May zonal GPH gradient in each latitude band. For each band, we
reportedboth the linearmean trendand changes inhigh/low (±1 SD) cool-
season gradients between the first half (1949–1981) and the second half
(1982–2015) of the historical period of record. Using the method de-
scribed above, we performed further analysis of subseasonal data to cal-
culate the mean GPH gradient during each calendar month between
May and October for the 1949–2015 period. We then created a
month-by-month mean “climatology” to report departures from
month-specific mean values in each latitude band.Wemeasured the per-
sistence of the monthly GPH gradient by counting the mean number of
consecutivemonths in each October-May season during which the GPH
gradient exceeded the long-term month-specific mean, and reported a
single value for each year.

Partitioning direct thermal and dynamical contributions to
observed GPH trend
The thermal dilation effect of global warming is expected to increase the
mean GPH of constant-pressure surfaces across the Northern Hemi-
sphere (62), although the actual observed changes have been strongly
heterogeneous (30). To test the sensitivity of the occurrence of large-
scale 500-mb GPH to uniform increases in the mean field (rather than
changes in the spatial pattern or the horizontal gradient), we repeated
the GPH analysis described in the previous section by first calculating
and removing the domain-mean linear trend (0.289 m/year) from each
grid point in theNPDdomain. This approach implicitly controls for the
regional-mean trend while preserving any spatially heterogeneous
trends that might exist (full results shown in the Supplementary
Materials).

However, the substantial spatial heterogeneity in the observed GPH
trends suggests that the regional-mean trendmay be due to a combina-
tion of nonuniform thermal dilation and changes in the large-scale cir-
Swain et al. Sci. Adv. 2016; 2 : e1501344 1 April 2016
culation (30) and that removal of the observed GPH trendmay not be a
valid assumption. We therefore performed additional analysis to ex-
plore the causes of the observed spatially heterogeneous GPH trends.
To quantify the relative contributions of lower tropospheric thermal di-
lation and SLP change on GPH, we partitioned the GPH trend using Li
et al.’s (63) hydrostatic approximation approach. Using monthly tem-
perature data from the surface through 500 mb, we calculated the
expected contribution of thermal expansion (or contraction) to changes
in the height of the 500-mb pressure surface at each grid box in the
Northern Hemisphere. We performed an analogous calculation for
SLP to quantify the expected contribution of dynamical trends (that
is, changes in local air column mass) to changes in the height of the
500-mb surface. We show the partitioned contributions for the entire
North Pacific basin and the continent of North America in Fig. 1 and
fig. S1, but focus on results within the NPD in the text.

Statistical analysis
We calculated linear trends for zonal-mean October-May GPH gradi-
ents. All trendswere calculated by fitting a linear least squares regression
to the data, and P values signified the confidence that the regression
coefficients for each model were statistically significant using a two-
tailed test. The sign and significance of GPH gradient trends may be
interpreted as answering the question, “Is there a statistically significant
long-term trend toward amplification of the October-Maymean atmo-
spheric state over the NPD?” Additionally, we compared the frequency
of occurrence of high- and low-gradient October-May seasons in the
first and second halves of the observational record using a standard
two-tailed t test to formalize confidence in the mean sign changes.
We used a two-tailed t test to report P values for changes in subseasonal
persistence of the zonal gradient between the two halves of the obser-
vational record. Similarly, we used a Kolmogorov-Smirnov test to de-
termine whether the difference in distributions between seasonal mean
GPH gradients for the 1949–1981 and 1982–2015 periods was statisti-
cally distinguishable. The associated P values are reported in Fig. 2C.

We also assessed the change in frequency of years that exhibited
moderate to high correlation with the GPH or SLP pattern exhibited
in the extreme dry/wet/warm/cool years. This metric may be inter-
preted as answering the question, “Are there changes in the occurrence
of spatial patterns that are very similar those observed during the occur-
rence of extreme temperature or precipitation conditions?”To do so, we
calculated the number of years between 1949–1981 and 1982–2015 that
had pattern correlations greater than 0.4 (or less than −0.4). P values
associated with the reported changes in moderate- to high-correlation
years were derived using a conditional one-tailed binomial test predi-
cated on a null hypothesis that the probability of occurrence of specific
patterns is the same during 1982–2015 and during 1949–1981 [that is,
assuming stationarity in the frequency of circulation patterns, and using
an upper (lower) tailed test if the observed change is positive (negative)].
In this case, rejection of the null suggested that the observed increase (or
decrease) in pattern frequency was very unlikely to have occurred by
chance.

To confirm that GPH/SLP pattern correlations exceeding the >0.4
and <−0.4 thresholds were useful predictors of actual extreme surface
metrological outcomes in California, we calculated the fraction of years
with high positive (negative) correlations that exhibited precipitation/
temperature anomalies of the correct sign for each year type. We
considered a particular pattern correlation to have “correctly identified”
increased likelihood of an extreme year when the fraction of years was
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greater than 60%. For example, for each extreme dryGPH/SLPmap, we
first identified all the years from 1949 to 2015 in which the October-
May GPH map exhibited >0.4 correlation with that extreme dry
GPH/SLPmap.We then calculated the fraction of those identified years
in which precipitation was actually below the long-term mean (which,
in this case, was greater than 60% for four of five patterns). Here, as
before, we used the raw precipitation data and the linearly detrended
temperature data, calculating anomalies relative to the mean for the full
period of record (1949–2015).

A P value of <0.10 was considered statistically significant. P values
are also reported in the figures so that significance can be evaluated on a
case-by-case basis.
http://advances
D

ow
nloaded from

 

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/2/4/e1501344/DC1
Fig. S1. Observed October-May changes across the northeastern Pacific.
Fig. S2. Observed October-May changes in zonal GPH gradient over the northeastern Pacific.
Fig. S3. Trends in California extreme dry patterns.
Fig. S4. Trends in California extreme wet patterns.
Fig. S5. Trends in California extreme warm patterns.
Fig. S6. Trends in California extreme cool patterns.
Fig. S7. Change in frequency of high-correlation years using GPH.
Fig. S8. A comprehensive summary of extreme pattern trend results for analysis using linearly
detrended 500-mb GPH data (columns labeled “DT”) and using non-detrended GPH data
(columns labeled “NDT”).
Fig. S9. Time series of pattern correlation between GPH pattern in each specific year of interest
and all other years using linearly detrended GPH data.
Fig. S10. Observed trends in GPH, precipitation, and temperature.
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