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Ridging Over the Northeastern Pacific
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'Department of Earth System Science, Stanford University, Stanford, CA, USA, “Institute of the Environment and
Sustainability, University of California, Los Angeles, CA, USA, 3Lamont—Doherty Earth Observatory, Columbia University,
Palisades, NY, USA, “Department of Earth and Planetary Sciences, Northwestern University, Evanston, IL, USA, >NASA
Goddard Institute for Space Studies, New York, NY, USA, %Woods Institute for the Environment, Stanford University,
Stanford, CA, USA

Abstract severe drought in California between 2013 and 2016 has been linked to the multiyear
persistence of anomalously high atmospheric pressure over the northeastern Pacific Ocean, which
deflected the Pacific storm track northward and suppressed regional precipitation during California’s winter
“rainy season.” Multiple hypotheses have emerged regarding why this high pressure ridge near the west
coast of North America was so resilient—including unusual sea surface temperature patterns in the Pacific
Ocean, reductions in Arctic sea ice, random atmospheric variability, or some combination thereof. Here we
explore relationships between previously documented atmospheric conditions over the North Pacific and
several potential remote oceanic and cryospheric influences using both observational data and a large
ensemble of climate model simulations. Our results suggest that persistent wintertime atmospheric ridging
similar to that implicated in California’s 2013-2016 drought can at least partially be linked to unusual
Pacific sea surface temperatures and that Pacific Ocean conditions may offer some degree of cool-season
foresight in this region despite the presence of substantial internal variability.

Plain Language Summary Severe drought in California between 2013 and 2016 has previously
been linked to the persistence of atmospheric high atmospheric pressure over the Pacific Ocean
(nicknamed the “Ridiculously Resilient Ridge”), which prevented winter storms from reaching the coast over
several consecutive years. There has been much discussion regarding why this high-pressure system has
been so persistent—and some scientists have previously suggested that unusual ocean temperature
patterns in the Pacific, reductions in Arctic sea ice, or random weather variations may have played a role. In
this study, we investigate relationships between atmospheric high pressure over the North Pacific and
possible links to ocean conditions using both real-world observations and climate model simulations. Our
results suggest that persistent atmospheric high pressure similar to that which occurred during California’s
2013-2016 drought can be partially linked to unusual Pacific Ocean temperatures and that knowledge of
such ocean conditions may offer foresight regarding the potential for future droughts in this region.

1. Introduction

California experienced a severe drought beginning in early 2013, with substantial consequences for
California’s heavily managed water supply (Swain, 2015). Due to the prolonged nature of this extreme event,
adverse environmental impacts were especially pronounced—including widespread forest mortality (Asner
et al, 2016), increased wildfire activity (Yoon et al., 2015), and the near extirpation of certain aquatic species
in the most affected watersheds (Jeffries et al., 2016). From a physical climate perspective, the magnitude of
California’s multiyear drought was unprecedented in the direct instrumental (Swain et al.,, 2016) and short-
term proxy records (Griffin & Anchukaitis, 2014), bringing both the lowest mountain snowpack in 500 years
(Belmecheri et al., 2016) and the most extreme combination of high temperatures and low precipitation in
at least a millennium (Griffin & Anchukaitis, 2014; Robeson, 2015).

These large cumulative precipitation deficits and record-high temperatures were associated with the multi-
year persistence of atmospheric high pressure over the northeastern Pacific Ocean during California’s
October-to-May wet season (Seager et al., 2015; Swain, 2015; Swain et al., 2014; H. Wang & Schubert, 2014;
Wang et al, 2014). This so-called “Ridiculously Resilient Ridge” (Swain et al., 2014) brought about a
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recurring northward deflection of the North Pacific storm track and disrupted the typically well-defined
seasonal cycle (Swain et al, 2016) in California’s “Mediterranean” climate zone (Cayan & Roads, 1984).
Though its structure and spatial orientation varied considerably over the course of the drought, the longevity
and overall coherence of this striking atmospheric feature over successive winters was nonetheless
unprecedented in the observational record (Swain et al,, 2014).

While it is very likely that the human emission of greenhouse gases is at least partially responsible for the
record-breaking warmth during the 2013-2016 California drought (Diffenbaugh, Swain, & Touma, 2015),
and therefore the drought’s overall intensity (Griffin & Anchukaitis, 2014; Robeson, 2015; Williams et al.,
2015), there remains considerable uncertainty regarding the physical causes underlying the persistence of
North Pacific high pressure (Hartmann, 2015; Lee et al.,, 2015; Seager et al., 2015; Wang et al., 2014). A reason-
able null hypothesis is that this anomalous high-pressure “ridging” is the product of internal variability: that
the atmospheric anomaly (and associated precipitation deficits) arose largely at random, without direct
forcing by conditions in the broader Earth system (Seager et al.,, 2015). However, recent studies hint at a
more traceable etiology, with evidence of remote teleconnections to North Pacific ridging via tropical
excitation of atmospheric Rossby waves (Hartmann, 2015; Lee et al, 2015; Seager & Henderson, 2016;
Teng & Branstator, 2016; Wang et al., 2014). Other studies have hinted that the thermally direct (or indirect)
effects of Arctic sea ice loss (Lee et al., 2015; Overland et al., 2016; Pedersen et al.,, 2016) may also play a role
in North Pacific atmospheric variability, though a well-defined mechanism remains elusive. There is also
observational evidence that seasonally persistent North Pacific high-pressure patterns similar to those which
occurred during the 2013-2014 and 2014-2015 winter seasons have occurred more frequently in recent
decades, coincident with a regional maximum of lower tropospheric warming along the west coast of
North America (Swain et al., 2016). Collectively, these previous findings raise the possibility that unusual
remote ocean temperatures (and perhaps sea ice conditions) may have contributed to the anomalous
North Pacific/North American atmospheric conditions during 2013-2016.

Motivated by this recent work, we use observational data and climate model experiments to explore poten-
tial linkages between northeastern Pacific atmospheric conditions and regional sea surface temperature (SST)
and Arctic sea ice extent (SIE). We focus on ocean and ice conditions associated with anomalous atmospheric
ridging in the storm track region immediately to the west of California, which is strongly linked to the
occurrence of dry conditions on seasonal to annual timescales (Swain et al., 2014). In this analysis, we inves-
tigate observed empirical relationships among five potential remote influences and an atmospheric response
variable (the 500 hPa geopotential height (GPH) field via multiple linear regression. The five potential remote
influences are SST anomalies in the tropical western Pacific (WP), tropical eastern Pacific (EP) and extratropical
northeastern Pacific (NEP), and SIE anomalies in the Barents/Kara (BK) and Bering/Chukchi (BC) regions. (See
section 2 for details regarding implementation and regressor selection.) We use a large ensemble of climate
model simulations to assess whether observed relationships are likely the products of internal atmospheric
variability alone or plausibly represent robust Earth system linkages that may yield insights into the
underlying causes of atmospheric ridging conducive to drought in California.

2, Methods
2.1. Selection of Remote Regressors

We seek to explore relationships between sea surface temperature/sea ice extent (SST/SIE) in specific
Northern Hemisphere regions and atmospheric conditions over the North Pacific. We stress that our methods
do not allow us to make explicit claims regarding the direction of causality involved in these relationships—
instead, we investigate statistical linkages between the surface and atmospheric conditions in geographically
distant regions. Further study will be required to more clearly elucidate underlying mechanisms, though the
temporally lagged relationships we investigate offer insights into the persistence of ocean-atmosphere
interactions on multimonth timescales.

Selection of SST and SIE regressors is directly informed by mechanistic hypotheses set forth in the existing
literature—including well-known modes of variability and associated teleconnection patterns. Our EP region
was chosen primarily to represent the effect of the El Niflo—-Southern Oscillation (ENSO) in the tropical and
lower latitude subtropical eastern Pacific (and, indeed, we confirm that SST in the EP region exhibits its high-
est values during 1982-1983, 1997-1998, and 2015-2016—coinciding with the three most powerful El Nifio
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events on record). The effects of ENSO upon West Coast precipitation have been described extensively,
although recent work has increasingly focused on the diversity of ENSO teleconnections (Hoell et al.,
2016), which appear to depend on the overall structure of SST anomalies in the North Pacific (Hoell &
Funk, 2013). Our WP region is intended to capture the potential atmospheric response to western tropical
Pacific SST variability unrelated to ENSO, which has been directly implicated by at least some studies in the
persistence of recent northeastern Pacific high pressure (Hartmann, 2015; Lee et al, 2015; Seager &
Henderson, 2016; Wang et al., 2014), and is more generally linked to an increased risk of extreme winter
ridging near the West Coast of North America (Teng & Branstator, 2016). Additionally, there is evidence that
SSTs in this region may modulate increased ENSO- and ENSO-precursor-related atmospheric variability over
the North Pacific under 21st century global warming scenarios, potentially leading to both increased dry and
wet seasonal precipitation extremes in California (Yoon et al., 2015).

We include NEP SST in our analysis in response to enhanced interest in the North Pacific “Blob” (Bond et al.,
2015)—a persistent region of extraordinarily warm SST that has coincided in time and space with
anomalous high pressure in the overlying atmosphere. While recent warm SST in the “Blob” region is
thought to be primarily a second-order response to atmospheric high pressure via reduced sea-air energy
fluxes associated with storm track suppression (Bond et al., 2015; Di Lorenzo & Mantua, 2016), there is also
evidence that global warming has substantially increased the likelihood of extreme northeastern Pacific SST
(Di Lorenzo & Mantua, 2016; Funk, Hoell, & Stone, 2014) and that resultant lower tropospheric temperatures
could act to amplify the preexisting atmospheric standing wave pattern along the West Coast (Swain et al.,
2016). It is also possible that record-warm SSTs in this region could be associated with a tropically induced
excitation of the North Pacific Mode during the early part of the drought (Hartmann, 2015) or with the
increasingly positive phase of the Pacific Decadal Oscillation during 2015 (Di Lorenzo & Mantua, 2016).
While previous evidence suggests that NEP SST is unlikely to have been an initial trigger of anomalous
ridging during the recent California drought (Bond et al., 2015; Hartmann, 2015; Seager et al,, 2015), we
include it in our analytical framework primarily due to the potential for strong ocean-atmosphere feedback
on multimonth timescales in the extratropical North Pacific (Di Lorenzo & Mantua, 2016; Fang & Yang, 2016;
Gan & Wu, 2012; Lee et al., 2015).

Finally, our selection of geographically distinct BK and BC SIE domains (as opposed to a pan-Arctic mean)
stems from recent studies showing pointedly different midlatitude responses to sea ice loss in different
regions (Kug et al.,, 2015; Pedersen et al., 2016). In particular, recent work has linked sea ice loss in the BK
region in particular to a weakened polar vortex (Zhang et al., 2016), which has been shown to have substan-
tial effects upon the lower tropospheric circulation over North America during winter (Kug et al., 2015).
However, the spatial character of the regional response to sea ice loss (for example, the “Warm Arctic/Cold
Continents” pattern) and its magnitude relative to large natural variability remains the subject of consider-
able uncertainty (Shepherd, 2016)—emphasizing the importance of considering each region separately.
While there is limited direct evidence that sea ice conditions contributed to the anomalous atmospheric
conditions during the California drought period specifically (Lee et al., 2015), recent studies suggest that
21st century sea ice loss may strongly affect the strength and position of the North Pacific storm track
(e.g., Blackport & Kushner, 2017; Overland et al.,, 2016; Pedersen et al., 2016), which would have substantial
implications for California seasonal precipitation.

2.2. Construction of Statistical Model

In our analysis, we construct multiple linear regression models of the form
Y = Bo + BiXa + BoXo + B3X3 + BaXa + BsXs + BeXe

where Y represents the atmospheric response variable (i.e., GPH (m)), X; _ 5 represent standardized SST/SIE
values (mean = 0, standard deviation = 1), B, represents the intercept term, 1 _ 5 represent standardized
regression coefficients for SST/SIE regressors, and S represents a “year term” to account for any linear trend
in the response. Standardized regression coefficients allow for more direct comparisons between the
respective magnitudes of effects that different regressors have on the atmospheric response.

We create regressions for GPH on a gridbox-by-gridbox basis—building separate linear regressions that
estimate the atmospheric response variable at each location in the Northern Hemisphere. We also create
separate linear regressions for both observational and climate model data (Figures 1, 2, S1, and S2 in the

SWAIN ET AL.

REMOTE LINKAGES TO PACIFIC HIGH PRESSURE 3



@AG U Journal of Geophysical Research: Atmospheres 10.1002/2017JD026575

Standardized regression coefficients for Dec-Mar GPH “no lag” model (R1) Dec-Mar SST and sea ice
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Figure 1. (a-e) Observed relationships between December-March (no lag) SST/SIE regressors and December-March
atmospheric conditions (NCEP/NCAR R1 Reanalysis). (left column) Standardized regression coefficients for 500 hPa
geopotential height anomalies (color shading; units = m). The hashed regions denote areas where regression coefficients
are statistically significant at or below p = 0.10. The black rectangles on map depict geographic region corresponding to
each regressor. (right column) Time series of observed December-March regressor values for 1979-2016 (ERSSTv4 and
HadISST). The dashed trend lines depict linear time trends from simple linear regression. P values denote statistical
significance of linear trend during full period of record.

supporting information). In constructing our observational model, we use GPH data from the National
Centers for Environmental Prediction/National Center for Atmospheric Research (NCEP/NCAR) R1
Reanalysis (Kalnay et al., 1996), SST data from the NOAA Extended Reconstructed Sea Surface Temperature
Version 4 (ERSSTv4) data set (Huang et al., 2014), and SIE from the Hadley Center (Hadley Centre Sea Ice
and Sea Surface Temperature (HadISST)) data set (Rayner et al., 2003) for each year between 1979 and 2012
(Figure 3a). For our climate model analysis, we use simulated GPH, SST, and SIE data from the Community
Earth System Model (CESM) Large Ensemble Experiment (CESM-LE) (Kay et al.,, 2015). We examine data
from 28 separate CESM-LE ensemble members, creating separate regressions for each realization to
accommodate the possibility that simulated internal variability gives rise to divergent relationships across
the ensemble. These members differ only by their initial atmospheric conditions in 1920 and are each
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Standardized regression coefficients for Dec-Mar GPH “no lag” model (CESM) Dec-Mar SST and sea ice
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Figure 2. (a—e) Simulated relationships between December-March (no lag) SST/SIE regressors and December-March
atmospheric conditions (CESM Large Ensemble Experiment). (left column) Standardized regression coefficients for

500 hPa geopotential height anomalies (color shading; units = m). The hashed regions denote areas where regression
coefficients are statistically significant at or below p = 0.10. The black rectangles on map depict geographic region
corresponding to each regressor. (right column) Time series of observed December-March regressor values for 1979-2016.
The dashed trend lines depict linear time trends from simple linear regression. P values denote statistical significance of
linear trend during full period of record.

forced with the same historical time series of atmospheric constituent concentrations between
1920 and 2005.

We emphasize that our primary goal in constructing each of these statistical models is to assess the character
and spatial patterns of relationships between remote regressors and atmospheric conditions during the
severe 2013-2016 California drought. We construct separate statistical models that incorporate both tempo-
rally simultaneous (“contemporaneous”) and temporally lagged regressor values. We use December-March
SIE and SST values to estimate contemporaneous December-March GPH (henceforth the “no lag” model),
and September-November SIE and SST values to estimate December—-March GPH values (henceforth the
“lag” model). We choose to focus on atmospheric conditions during December-March in both cases as
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a. Dec-Mar regional sea ice, SST, and California precipitation anomalies ("no lag” model)
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Figure 3. Character of relationships between Earth system regressors and North Pacific atmospheric circulation.

(a) Combined time series of all December-March sea surface temperature and sea ice extent regressors used in this study
(colored lines and points). The blue (brown) points near the bottom of the figure represent observed December-March
California wet (dry) precipitation anomalies (binned by percentile in increments of 10%). (b) Time series of October-May
regional Pacific sea surface temperature gradients. The red (blue) lines depict the difference between the tropical West
and tropical East Pacific (tropical East Pacific and extratropical northeastern Pacific). The dashed lines represent the linear
trend for each regional gradient between 1979 and 2016 (°C/yr). P values denote significance of each trend. Note the
different y axes for each time series. (c) Similarity of North Pacific geopotential height anomaly pattern for each regressor
between each of 28 CESM-LENS ensemble members and the unweighted ensemble mean (using the December-March
no lag model). The red shaded regions in all time series represent the 2013-2016 California drought period.

these months constitute the peak of the California “wet season” (Cayan & Roads, 1984; Swain et al., 2016), and
the period during which the climatological mean West Coast winter mean ridge reaches its maximum
amplitude (Swain et al.,, 2016). We present the full range of results using the both the lag and no lag
formulations for reanalysis and climate model data.

The unusually large number of ensemble members (and the wide range of simulated internal ocean/climate
variability) in CESM-LE provides a unique opportunity to increase the effective “sample size” of our analysis,
thereby allowing us to assess whether the observed relationships between SST/SIE and North Pacific atmo-
spheric conditions are statistically robust and/or physically plausible (Figures 3c and 4). Recent work has
shown that natural variability can lead to substantial and statistically significant trends in regional atmo-
spheric circulation over decades (Deser et al., 2014; Horton et al., 2015) and that separating the relative role
of climate change can be challenging (Horton et al., 2015; Shepherd, 2014; Singh et al., 2016). An important
caveat, however, is that CESM is only a single coupled ocean-atmosphere model, and any systematic biases
that the model may exhibit are propagated into our results. This is especially relevant for the complex Earth
system feedback involved in sea ice-related teleconnections, which global climate models like CESM may
struggle to adequately represent (Zhang et al.,, 2016).

SWAIN ET AL.

REMOTE LINKAGES TO PACIFIC HIGH PRESSURE 6



@AG U Journal of Geophysical Research: Atmospheres 10.1002/2017JD026575

Similarity between observed and predicted North Pacific GPH spatial pattern
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Figure 4. Cross-validation results for December—March no lag model (dark orange and dark purple points) and
September-November lag model (light orange and light purple points). (top row) Results using a systematic leave one out
approach, using a model trained on all data between 1979 and 2016 except for the single validation year. (bottom row)
Results using a bootstrapped (n = 1000) leave four out approach, using a model trained using data between 1979 and 2012
(i.e., excluding all data from 2012 to 2016 and four random training years). Metric of assessment is the anomaly pattern
correlation between observed and estimated 500 hPa geopotential height anomalies in the northeastern Pacific. Also
noted is the overall fraction of estimations that yielded “moderate to high” pattern correlation (=0.4) during cross validation
and the mean pattern similar for the 2013-2016 drought years of interest.

Prior to analysis, we create regional SST and SIE time series for both observational and climate model data by
calculating latitude-weighted aerial means in the following geographic regions (see Figures 1 and 2 for map
representation): Barents/Kara (BK) (60°N-85°N, 40°E-100°E), Bering/Chukchi (BC) (60°N-85°N, 160°E-220°E),
northeastern Pacific (NEP) (30°N-50°N, 210°E-240°E), West Pacific (WP) (0°N-20°N, 130°E-160°E), and East
Pacific (EP) (0°N-20°N, 210°E-240°E). Gridboxes with sea ice concentration >50% are considered ‘“ice
covered” and are included in extent calculations.

In all CESM analyses, each model realization is treated separately until the final step—meaning that 28 sepa-
rate regressions and SST/SIE time series are generated. From these, we generate unweighted ensemble-mean
regression coefficients and time series. We note that the CESM-LENS “Historical” forcing simulations used in
this study only extend to 2005 and therefore do not fully overlap with the 1979-2016 observational period.
Significant differences between real-world and prescribed aerosol forcings (especially volcanic contributions)
in the corresponding post-2005 Representative Concentration Pathway simulations (Medhaug et al., 2017;
Santer et al, 2014) make direct comparison of specific regional climate patterns difficult. As a result, we
restrict our model analysis to the Historical simulations up through 2005, while also acknowledging that a
modest amount of additional greenhouse gas forcing occurred between 2005 and 2016.

2.3. Model Cross Validation and California Drought Assessment

We assess the fidelity of our empirical models by calculating the anomaly pattern correlation between the
regression-estimated and observed GPH field in the North Pacific Domain (25°N-55°N, 200°E-250°E;
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a. Adjusted R2 (GPH, “No Lag”)
1
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Figure 5. Adjusted R? values for observational (R1T NCEP/NCAR Reanalysis) model: (top) December-March no lag model
and (bottom) September-November lag model, with larger values suggesting a better fit to the data.

Figures 4-6). This region includes far western continental North America and the adjacent Pacific storm track
offshore—encompassing the region through which virtually all precipitation-bearing storm systems affecting
California pass (Swain et al.,, 2016). We use 500 mb GPH anomaly pattern correlation as a primary metric of
model performance, as it provides a quantitative measure of spatial “likeness” to specific anomalous
atmospheric patterns of interest (i.e., those occurring between 2013 and 2016), and because the
magnitude/distribution of GPH itself integrates the thermodynamic characteristics of the entire lower tropo-
sphere (e.g., Swain et al., 2016). We define “moderate to high” pattern similarity as pattern correlation >0.4, as
this threshold has previously been used to objectively identify seasonally persistent North Pacific ridges
(Swain et al.,, 2016).

To assess the sensitivity of our empirical regression models to the inclusion of training data, we perform two
sets of comprehensive cross validation. We first conduct “leave-one-out” cross validation on the contempora-
neous and temporally leading empirical models. In both cases, we train 38 different multiple linear regres-
sions using subsets of training data that each excludes a single year of regressor values between 1979 and
2016. Statistical model performance is then assessed in all 38 instances by comparing model estimations with
observations during the single excluded year—effectively generating an “out of sample” test for a single year
in each model formulation. As a metric of model “goodness of fit” and stability over time, we again calculate
the 500 mb GPH anomaly pattern correlation between the out-of-sample estimations and the observations
(as described above).

We subsequently take a more restrictive cross-validation approach, conducting “leave-four-out” cross valida-
tion using both the contemporaneous and temporally leading data for the years between 1979 and 2012.
Here we create random 30 year subsamples of the 34 years of data between 1979 and 2012 using a bootstrap
resampling approach (n = 1,000). We fit separate regressions to each of the 1,000 subsamples of the empirical
data, once again assessing model performance using the GPH pattern correlation metric discussed
previously. We note that this “leave four out approach” effectively yields an “out of sample” test for eight
separate years in each iteration: the four randomly excluded years in the subsample, plus the four
California drought years between 2013 and 2016 that are excluded from the training set in every iteration.
We report the results of both cross validation methods side by side in Figure 4.

Finally, we assess empirical model estimations of GPH for each year of the recent California drought. We
compare results from both the no lag and lag models using observed SIE/SST conditions from
December-March and September-November 2013-2016, respectively.
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“No lag” predictions vs. observations, 500mb GPH anomaly, R1 Reanalysis

December-March Observations December-March Predictions

2012-2013 2012-2013

Figure 6. (a-d) Observed versus estimated December-March North Pacific ridging during the 2013-2016 California drought using the December-March no lag
model. (left column) Observed 500 hPa geopotential height anomalies (m) for each December—March period between 2012-2013 and 2015-2016. (right column)
Estimations (corresponding to panels at left) for California drought years using observed regressor values (see section 2). The black rectangles denote the
northeastern Pacific storm track region over which model skill (anomaly pattern correlation) is assessed.

2.4. Data Sets, Definitions, and Statistical Tests

We obtain California December-March precipitation data from NOAA'’s Gridded Climate Divisional Dataset
for the 1979-2016 period. We subdivide these precipitation data into percentile bins (interval = 10%).

We define the zonal tropical Pacific SST gradient as the absolute difference between the WP SST and EP SST,
and the meridional Pacific SST gradient as the difference between EP SST and NEP SST.

All P values in this study are derived using a standard two-tailed t test. Adjusted R? values are presented
instead of standard R2. We note that R? values are generally larger in the tropics than midlatitudes but exhibit
a pronounced regional maximum in the Pacific storm track region west of California.

While multicollinearity does not (in general) bias regression coefficient estimates, it can increase the variance
of coefficient estimates, thereby increasing the likelihood of failure to detect a statistically significant effect
(Mansfield & Helms, 1982). Therefore, we present information regarding the pairwise correlation structure
and the variance inflation factor (VIF) associated with each regressor (Figure S3). The VIF is a measure of
multicollinearity, with values >10 suggestive of strong multicollinearity (e.g., Belsley, Kuh, & Welsch, 2005).
We note that the largest VIF is 5.47 for the “year term” regressor (Figure S3c), which is a product of correlated
long-term trends in BK SIE, BC SIE, and WP SST, and is suggestive of moderate collinearity. As the SIE/SST
regressors themselves exhibit relatively low multicollinearity (VIF < 4; Figure S3c), we determine that the
modest multicollinearity observed among the Earth system variables under consideration is acceptably
low for the purposes of our analysis.
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3. Results and Discussion
3.1. North Pacific Atmospheric Circulation Associated With SST/Sea Ice Anomalies

We find strong observational relationships between seasonal-scale ocean conditions and North Pacific atmo-
spheric pressure patterns for all three SST regions, with weaker links to SIE (Figure 1). Regression coefficients
for each regressor exhibit considerable diversity of spatial patterns across the Northern Hemisphere, but here
we focus on each regressor’s contribution to positive North Pacific GPH anomalies (“ridging”). In the following
discussion, all references to GPH refer to December—March values, December—-March SIE/SST references refer
to results from the no lag model, and references to September-November SIE/SST references refer to results
from the lag model.

Warm NEP SSTs in December-March are associated with a wave-like pattern of December-March GPH, with
positive values near western North America (including Alaska) and negative values to the east and west
(Figure 1c). This southwest-northeast oriented pattern is reminiscent of the pronounced GPH dipole dis-
cussed in (Wang et al,, 2015, 2014), which is thought to be linked to an ENSO-precursor SST pattern. Warm
NEP SSTs in September-November are associated with a similar wave-like GPH pattern over North America
in December-March, though with slightly weaker ridging along the West Coast (Figure S1c).

Cool (warm) EP SSTs in December-March coincide with strongly positive (negative) GPH anomalies across a
broad swath of the North Pacific (Figure 1e), which likely reflects a weakening (strengthening) of the
semipermanent Gulf of Alaska low associated with La Nifa (EI Nifio) conditions (Alexander et al., 2002). A
nearly identical December-March pattern emerges using September—-November SSTs in the lag model
(Figure S1e).

Warm WP SSTs coincide with a broad region of positive GPH anomalies over and west of California (Figure 1d),
consistent with previously identified connections between enhanced West Pacific tropical convection and
North Pacific ridging (Hartmann, 2015; Seager & Henderson, 2016; Teng & Branstator, 2016; Wang et al,
2014). As with NEP SST and EP SST, the lagged (September-November) relationship with December-March
GPH is strikingly similar with the contemporaneous (December-March) relationship (Figure 1d)—offering
observational evidence for statistical linkages persisting on multimonth timescales for all three Pacific
SST regressors.

Low (high) SIE during December—March in both the BK and BC regions cooccurs with increased (decreased)
December—March GPH over the far northeastern Pacific (Figures 1a and 1b), although the magnitude of the
relationship is larger for BK SIE. While interactions between sea ice and midlatitude weather remain an active
area of study (e.g., Cohen et al., 2014; Francis & Vavrus, 2012; Overland et al., 2016; Screen et al., 2014), a grow-
ing body of evidence suggests that sea ice loss can force zonally asymmetric GPH patterns across the
Pacific/North American sector (Kug et al.,, 2015; Lee et al., 2015; Overland et al., 2016; Pedersen et al., 2016),
and these linkages may occur via time-lagged troposphere-stratosphere interactions (Cohen et al., 2014;
Zhang et al,, 2016). In light of this, it is interesting to note that the observed relationships are substantially
different for lagged (September-November) and nonlagged (December-March) SIE values. While BK SIE
yields a similar (but weaker) GPH pattern in both cases (Figure S1a versus Figure 1a), the lagged GPH anomaly
pattern associated with low BC SIE in autumn is actually greater in magnitude than that associated with
winter BK SIE (Figure S1b versus Figure 1b).

We test whether these observational relationships between remote influences and atmospheric pressure pat-
terns are consistent with those that arise in the NCAR CESM Large Ensemble Experiment (NCAR CESM-LE; see
section 2). We find striking similarity between observed and simulated pressure patterns over the northeast-
ern Pacific for all three contemporaneous SST regressors (Figures 1a-1e versus Figures 2a-2e), with warm WP
SSTs yielding a broad region of subtropical ridging centered southwest of California and cool EP SSTs yielding
atmospheric ridging over the Gulf of Alaska. Warm NEP SSTs coincide with a familiar “wave-like” GPH anomaly
pattern extending from the central North Pacific to eastern North America. In the no lag model, the ensemble
mean spatial pattern of GPH over the northeastern Pacific is highly similar (pattern correlation >0.7) to that of
individual ensemble members in 27 of 28 realizations for WP SSTs, 20 of 28 realizations for EP SSTs, and 24 of
28 realizations for NEP SSTs (Figure 3c¢) in the no lag model. This strong clustering (particularly for WP and NEP
SST) in a large coupled climate model ensemble indicates that the relationships between regional SST and
northeastern Pacific atmospheric circulation have a strong physical basis. Further, the congruence of these
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simulated patterns with those arising in observations suggests that these SST-GPH relationships are likely a
robust feature of the real-world climate system.

The interpretation of NEP SST-linked spatial patterns is complicated by the difference between the CESM-
based results in the lag and no lag analyses. Strong and spatially similar contemporaneous SST/GPH linkages
exist in both the reanalysis and CESM-based analyses (Figures 1c and 2c). However, while such a “West Coast
ridge” pattern also emerges using lagged autumn NEP SSTs from reanalysis (Figure S1c), it does not appear in
the lagged CESM ensemble-mean analysis (Figure S2c). We suggest two possible reasons for this divergence.
First, if warm NEP SSTs have been caused primarily by the presence of inhibited ocean mixing caused by pre-
existing ridging (e.g., Bond et al., 2015), the SSTs themselves would likely exhibit little lead/lag relationship
prior to the development of positive GPH anomalies—in which case, the observed lagged relationship could
have occurred by chance. Second, it is possible that the coupled GCM simulations do not adequately capture
ocean-atmosphere coupling in this extratropical region on longer timescales (e.g., Fang & Yang, 2016)—a
situation that may be indicated by the existence of a statistically significant lagged NEP SST/GPH relationship
in reanalysis but not in CESM. In either case, it is also plausible that self-reinforcing ocean-atmosphere
feedback between locally warm SSTs and the nearby ridge are simply occurring on subseasonal timescales
(i.e, on a weekly or monthly basis within the December—March period).

In contrast to SST relationships, however, the observed relationships between sea ice and North Pacific
ridging are not present in the CESM ensemble mean. While similar high-latitude GPH anomaly patterns
arise in both observational and model-based no lag analyses, we find little overall midlatitude GPH signal
in the CESM ensemble mean for BK SIE (Figure 2a versus Figure 1a) and a North Pacific GPH anomaly
pattern of opposite in sign as the reanalysis for BK SIE (Figure 2b versus Figure 1b). In the lagged
CESM ensemble-mean analysis, there is very little GPH signal anywhere in the Northern Hemisphere
(Figures S2a and S2b). We reiterate, however, that these findings do not necessarily constitute a negative
result. It is plausible that the most relevant timescale for SIE/GPH relationships is shorter than the intersea-
sonal timescale presumed by a September-November to December-March lag and that the “contempora-
neous” results presented in Figures 1 and 2 may mask sea ice-atmosphere linkages occurring on weekly to
monthly timescales.

Further analysis of individual model ensemble members also reveals that the weak ensemble-mean relation-
ship between SIE and midlatitude GPH is not necessarily representative of the relationship in individual
realizations—and may result from the “smoothing” effect of averaging spatially divergent patterns across
the large ensemble. The GPH relationship to BC SIE anomalies is highly variable across individual ensemble
members, with few (3 of 28) individual members exhibiting a GPH pattern highly similar to the ensemble
mean (Figure 3c). In the case of BK SIE, slightly over half of the individual ensemble members (18 of 28) exhibit
a GPH pattern that is highly similar to the ensemble mean (Figure 3c). The fact that individual realizations
show strong (but sometimes opposing) GPH anomaly patterns associated with SIE anomalies, but the climate
model exhibits a weak signal in the ensemble mean, supports previously published arguments that relation-
ships between Arctic sea ice and midlatitude circulation may depend on the background state of the coupled
ocean-atmosphere system and/or may project strongly onto other modes of variability (e.g., Blackport &
Kushner, 2017; Overland et al., 2016; Screen et al.,, 2014).

Either of these conditions could potentially explain the wide range of simulated relationships that we report
across the many realizations of a single physical model. However, we add as a significant caveat that systema-
tic errors in CESM could also prevent accurate representation of these Earth system interactions. For example,
emerging evidence suggests that interactions between Arctic surface conditions and midlatitude atmo-
spheric circulation likely involve time-lagged troposphere-stratosphere interactions (e.g., Cohen et al,
2014; Zhang et al.,, 2016), which may not be adequately resolved by CESM. Moreover, in contrast to our
CESM-related findings, Kim et al. (2014) report a robust North Pacific early winter atmospheric response to
Barents-Kara sea ice loss using a different atmospheric model and experimental design—suggesting that
intermodel differences (and related biases in troposphere-stratosphere interactions) can substantially affect
the simulated sea ice relationships.

We also note the occurrence of a small region of modest but statistically significant (p < 0.10) regression
coefficients near California associated with BC ice in the no lag CESM analysis (Figure 2b). The sign of this
simulated relationship is opposite to that in observations (in the CESM simulations, reduced sea ice in the
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BC region is associated with lower geopotential heights near California, as opposed to ridging in the
reanalysis-based regression; Figure 2b versus Figure 1b)—suggesting that low BC SIE conditions are
associated with a weaker winter mean ridge along the West coast and “flattened” zonal flow in CESM.
Interestingly, Blackport & Kushner (2017) report a spatially similar but much stronger relationship between
basin-wide reductions in Arctic sea ice, decreased geopotential heights over the northeastern Pacific, and
increased precipitation over California. The simulated reductions in sea ice examined by Blackport &
Kushner (2017) are much larger than those which occur during the 1920-2005 CESM-LE simulations, so
it is plausible that the forced signal in our analysis is simply too small to produce the same
magnitude of response.

Despite these sea ice-related uncertainties, our observational and modeling results agree that anomalous
Pacific SSTs coincide with an increased likelihood of northeastern Pacific ridging (Figures 1, 2, S1, and S2).
Since climate models are frequently better able to simulate regional-scale atmospheric circulation extremes
than precipitation extremes themselves (e.g., Schroeder et al., 2016), knowledge of SST configurations that
are conducive to Pacific ridging has the potential to yield increased predictability of California precipitation
extremes. The enhanced predictive power of regional-scale circulation has recently been leveraged in a
hybrid statistical-dynamical modeling framework to improve seasonal precipitation forecasts for the
American Southwest (Madadgar et al,, 2016) and used in a “pattern analogue” approach to better character-
ize changes in heavy precipitation events along the western coast of North America (Gao et al., 2016). In the
present study, we find that the reanalysis-based empirical model explains a large fraction (>50% for the no
lag model; >40% for the lag model) of the year-to-year variance in both GPH in the region and immediately
to the southwest of California (Figure 5)—despite the fact that this region is characterized by large interann-
ual variability (e.g., Seager et al., 2015).

3.2. Quantification of Model Performance

To test whether our empirical model can provide useful information regarding the occurrence of
atmospheric circulation patterns similar to those during the California drought, we compare GPH estimated
by our empirical statistical model to GPH that actually occurred. We find that both our lag and no lag
statistical models reproduce key characteristics of the observed northeastern Pacific GPH pattern
during each season between 2012-2013 and 2015-2016, including (1) a broad area of anomalously positive
GPH in 2012-2013 (Figures 6a and S4a) and (2) an amplified North Pacific trough/ridge “dipole” pattern
during 2013-2014, 2014-2015, and 2015-2016 (Figures 6b-6d and S4b-S4d). Further, the empirical model
captures a subtle eastward shift of this persistent wave-like anomaly pattern over successive seasons
(Figures 6b-6d and S4b-S4d), which ultimately had large implications for West Coast precipitation (Swain
et al, 2016) and East Coast cold temperature extremes (Singh et al., 2016). Overall, we find that although
the absolute magnitude of the estimated GPH anomalies is underestimated (Figures 6 and S4), estimated
spatial patterns over the northeastern Pacific are highly similar to those observed during the California
drought (mean pattern correlation during 2013-2016 = 0.69 using the no lag model and 0.54 using the
lag model) (Figure 4).

Over the full 1979-2016 period, we find that the empirical model estimates spatial patterns of
December—March GPH that exhibit moderate to high (>0.4) pattern correlation with observations for 66%
of years using the no lag model and 48% of years using the lag model (Figure 4). A significant fraction of
specific years substantially exceed this benchmark (with high pattern correlation (>0.6) for 40% (37%) of years
exhibited by the no-lag (lag) model). Results from both cross-validation procedures suggest that this
correlation is not highly sensitive to the exclusion of training data. In particular, empirical models generated
using both the “leave one out” and “leave four out” methods yield mean GPH pattern correlations exceeding
the 0.4 benchmark for 2013-2016 drought years that are the focus of this manuscript—even when these
years are completely excluded from the training set (Figure 4). We also show in Figures S5 and S6 (versus
Figures 1 and S1) that the exclusion of 2013-2016 data does not substantially affect the spatial pattern or
magnitude of standardized regression coefficients for either the no lag or lag model.

We emphasize that the ability of the empirical model to reproduce the observed GPH pattern in a majority
of cases is not trivial—especially in a region characterized by large natural variability. While there are a
number of years where the empirical model exhibits low (or even negative) skill in reproducing observed
GPH patterns, this result is not especially surprising in light of the large internal variability of the
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ocean-atmosphere system. Recent work has pointed out that random variability may indeed be a primary
driver of observed North Pacific GPH variability in specific years (Seager et al.,, 2015; Teng & Branstator,
2016)—a contribution which even a perfect empirical model would be unable to capture. Nevertheless,
our finding that the lagged model yields comparable results to the no lag model suggests that there is
“memory” in the coupled ocean-atmosphere system that persists on multimonth timescales. In particular, this
result suggests that autumn SSTs in the Pacific may indeed offer a meaningful degree of foresight regarding
winter GPH in the storm track region relevant for California cool-season precipitation.

3.3. Findings in Context of Anthropogenically Forced Trends in SST/Sea Ice

Our findings can be interpreted in a broader climatological context. Between 1979 and 2012, SIE exhibits
strong decreasing trends during September-November for BK and BC (Figures S1a and S1b) and during
December-March for BK SIE (Figure 1a), consistent with greenhouse gas-forced CESM simulations
(Figures 2a and 2b and S2a and S2b). WP SST, meanwhile, exhibits an increasing trend (Figure 1d) during both
September-November and December—March, also consistent with simulations (Figures 2d and S2d).
However, despite extremely warm observed values since 2013, neither NEP nor EP SST exhibits statistically
significant trends in September-November or December-March (Figures 1c and 1e and S1c and S1d)—in
contrast to CESM simulations, which exhibit statistically significant warming (except for NE Pac SST in
September-November; Figures 2c and 2e and S2c and S2e). This divergence between observed and
simulated regional SSTs has previously been linked to the persistently “La Nifia-like” state observed in the
tropical Pacific (Medhaug et al, 2017), which modulated global temperature trends and influenced
Northern Hemisphere precipitation patterns (Funk & Hoell, 2015).

Consistent with earlier findings by Hoell and Funk (2013), we report stronger zonal tropical Pacific SST
gradient over the 1979-2016 period (p = 0.07), in addition to a weakened meridional SST gradient (p = 0.13)
(Figure 3b). Known teleconnections between tropical Pacific SST gradients and midlatitude atmospheric
circulation (Hoell & Funk, 2013), combined with the potential for meridional SST gradients to influence the
strength/position of the Pacific storm track (Brayshaw, Hoskins, & Blackburn, 2008), suggest that these
changing SST gradients may have increased the propensity for northeastern Pacific ridging in recent years
(Swain et al., 2016). Finally, we emphasize that while several remote regressors reached record-high (NEP
and EP SST) or record-low (BK SIE) values over the course of the 2013-2016 drought, previous California dry
spells have coincided with a wide range of SIE/SST conditions (Figure 3a). Therefore, there are likely multiple
combinations of remote conditions that can interact to enhance or reduce the probability of atmospheric
patterns conducive to California drought.

3.4. Caveats Regarding Overall Approach

We reiterate that fully disambiguating the complex and potentially interacting Earth system processes linking
remote regional influences to high-impact atmospheric circulation regimes will require targeted numerical
experiments that capture the spatiotemporal complexity of North Pacific climate. Our primary goal in
constructing a physically interpretable statistical model is to assess the character and spatial patterns of con-
temporaneous relationships between SST/sea ice and atmospheric conditions, with a focus on understanding
previously hypothesized linkages during the 2013-2016 California drought in particular.

We acknowledge, however, that real-world relationships are unlikely to be strictly linear (Overland et al., 2016;
Screen, 2017; Shepherd, 2014) and may in fact be state-dependent (Overland et al., 2016). Additionally, our
methods allow us to infer associative linkages—rather than demonstrate the directionality of causal relation-
ships—between SST/sea ice and atmospheric circulation. Thus, further work aimed at elucidating underlying
physical mechanisms is necessary. We emphasize that uncertainties regarding the robustness of relationships
in the relatively short observational record and the ability of coupled climate models to correctly simulate
relevant SST/sea ice feedback highlight the challenge of systematically diagnosing Earth system relationships
in a complex and nonstationary climate system.

Finally, we acknowledge the challenge of disambiguating relationships between nonstationary variables that
exhibit nontrivial collinearity. While our systematic cross-validation procedure suggests that the regressions
are robust, we cannot exclude the possibility that multiple regressors are in fact common responses to
another driver not accounted for in our analyses.
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4, Conclusions

We have developed an observation-based empirical model intended to isolate connections between
several potential remote regressors and North Pacific atmospheric conditions. We confirm the robustness
of Pacific SST-related relationships using climate model simulations but find greater uncertainty in the
robustness of sea ice linkages. In agreement with previous work linking warmth in the western tropical
Pacific Ocean to the California drought (e.g., Seager et al., 2015; Seager & Henderson, 2016), we also find
lagged ocean-atmosphere relationships on seasonal timescales that may represent an important source
of foresight regarding anomalous North Pacific ridging. Ultimately, we find that this parsimonious empirical
model does indeed reproduce the spatial pattern of anomalous North Pacific high pressure during the
2012-2016 California drought, even when autumn SST/SIE conditions are used to estimate winter GPH
(although we acknowledge that the extreme magnitude of the observed ridge is underestimated).
Collectively, these findings strongly suggest that the California drought can be at least partially traced to
coupled Earth system processes but also reinforce the notion that multiple aggravating factors were likely
at play—including internal variability and possibly other ocean, sea ice, or land surface conditions not
considered in this study.

We find that historically forced climate model simulations depict substantial long-term trends in nearly all
examined SST and sea ice regions, highlighting the potential for continued greenhouse gas emissions to
affect SST and sea ice patterns that have historically been connected to North Pacific ridging (and conse-
quently to the risk of California drought). Our results suggest that the specific spatial patterns of future ocean
warming—about which there remains considerable uncertainty—may be highly consequential for
California’s future climate.

Recent events further underscore the relevance of these findings. The 2015-2016 El Nifio event, which was
among the strongest in the observational record, failed to bring widely anticipated drought relief to much
of California—particularly in the south, where the historical relationship between ENSO and precipitation is
typically strongest (Hoell et al., 2016). The lack of drought relief in California can be proximally linked to
the persistence of subtropical ridging to the southwest of the state, which redirected the strong Pacific jet
stream northward and instead brought record precipitation to the Pacific Northwest. The empirical model
developed in this study largely reproduces the spatial pattern (if not the full magnitude) of the observed
atmospheric anomalies during this period. We suggest therefore that the unusual character of the regional
atmospheric response to ENSO may have been foreseeable with sufficient knowledge of regional SST/sea
ice conditions.

Contrarily, widespread and substantial drought relief subsequently occurred in California during late 2016
and early 2017 amidst an extended period of persistent storminess and near-record precipitation (United
States Drought Monitor via http://droughtmonitor.unl.edu). These wet conditions occurred despite the lack
of a well-defined La Nifia or EI Nifio event in the Pacific Ocean. While Pacific Ocean temperatures were not
particularly anomalous relative to recent extreme years (NOAA Earth System Research Laboratory (ESRL)
Map Room via https://www.esrl.noaa.gov/psd/map/clim/sst.shtml), regional Arctic sea ice exhibited record-
low extent during the autumn and early winter of 2016-2017, especially in the Barents/Kara and
Bering/Chukchi sectors (National Snow and Ice Data Center Arctic Sea Ice News and Analysis via https://
nsidc.org/arcticseaicenews). These informal observations further underscore the potential importance of tel-
econnections between geographically remote regional processes and North Pacific large-scale circulation
patterns capable of producing both dry and wet extremes. We suggest that there may be promise in refining
these relationships in pursuit of improved real-time predictions of seasonal precipitation—and subsequent
drought and flood risk—in California.

Data Availability

GPH data from the NCEP R1 Reanalysis are available from the NOAA ESRL website (www.esrl.noaa.gov/psd/
data/gridded/data.ncep.reanalysis.html). SST data from the ERSSTV4 analysis are also available from
the NOAA ESRL website (http://www.esrl.noaa.gov/psd/data/gridded/data.noaa.ersst.v4.html). SIE data
from the HadISST analysis are available from the Hadley Center website (http://www.metoffice.gov.uk/
hadobs/hadisst). GPH, SST, and SIE data from the LENS simulations are available from UCAR (http://www.
cesm.ucar.edu/projects/community-projects/LENS/data-sets.html). Precipitation data for California are
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