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ABSTRACT: Droughts that span the states of Washington, Oregon, and California are rare but devastating due to their

large spatial coverage and potential loss of redundancies in water, agricultural, and fire-fighting resources. Such pan-

coastal droughts [which we define using boreal summer volumetric soil moisture along the U.S. Pacific coast (328–508N,

1158–1278W)] require a more precise understanding of the roles played by the Pacific Ocean and internal atmospheric

variability. We employ 16-member ensembles of the Community Atmosphere Model version 5 and Community Climate

Model version 3 forced with observed sea surface temperatures (SSTs) from 1856 to 2012 to separate and quantify the

influences of the tropical Pacific and internal atmospheric variability on pan-coastal droughts; all other boundary condi-

tions are kept at climatological levels to explicitly isolate for the impacts of SST changes. Internal atmospheric variability is

the dominant driver of pan-coastal droughts, accounting for 84% of their severity, and can reliably generate pan-coastal

droughts even when ocean conditions do not favor drought. Cold phases of the Pacific Ocean play a secondary role and

contribute, on average, only 16% to pan-coastal drought severity. Spatiotemporal analyses of precipitation and soil

moisture along the U.S. Pacific coast corroborate these findings and identify an antiphased wet–dry dipole pattern induced

by the Pacific to play a more secondary role. Our model framework expands on previous observational analyses that point

to the spatially uniform forcing of internal atmospheric variability as the more dominant mode of hydroclimate variability

along the U.S. Pacific coast. The secondary nature of oceanic forcing suggests limited predictability of pan-continental

droughts.
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1. Introduction

Regional droughts in the states of Washington, Oregon, and

California are common, but droughts that span the three states

simultaneously (herein pan-coastal droughts) are relatively rare

(Wise 2016; Cook et al. 2018). These events nevertheless carry

significant risks because of their large spatial extent, which may

reduce water and agricultural redundancies to incur dispro-

portionately high costs (Daniels 2016; Jenkins 2017). For in-

stance, the 2015 pan-coastal drought (Fuchs 2015) forced all

three Pacific coastal states to declare drought emergencies by

spring of 2015 (Nagourney 2015; Lurie 2015). The dry condi-

tions in 2015 not only contributed to the year becoming the

United States’ biggest wildfire year since careful records were

tracked in terms of total area burned at 10.1 million acres (Dickie

2016), but ultimately cost California and Washington $2.7 billion

and $700 million in losses, respectively (Rice 2015; Jenkins 2017).

Understanding the causes, dynamics, and potential predictability

of pan-coastal droughts thus holds important implications for

mitigating the impacts of these events.

The rarity of pan-coastal droughts may stem in part from the

influences of the El Niño–Southern Oscillation phenomenon

(ENSO) and the Pacific decadal oscillation (PDO) on precip-

itation along the U.S. Pacific coast; ENSO and the PDO are

important controls on the meridional position of the subtrop-

ical jets and the dominant supply of precipitation found in

winter storm tracks. Cold phases of ENSO and the PDO are

associated with an atmospheric ridge over the subtropical

Pacific that diverts subtropical jets and winter storm tracks

northward, which enhance and deplete precipitation totals

along the northern or southern Pacific coast, respectively

(Sarachik and Cane 2010; Gershunov and Barnett 1998;

Piechota and Dracup 1996; McCabe et al. 2004). Conversely,

warm phases of ENSO and the PDO create atmospheric lows

over the subtropical Pacific that divert the subtropical jets and

storm tracks southward and induce the inverse effect (Sarachik

and Cane 2010; Trenberth andGuillemot 1996). These shifts in

the storm tracks straddle;408–428N latitude (Wise 2010, 2016)

and collectively establish an antiphased wet–dry dipole pattern

in precipitation and soil moisture along the Pacific coast of the

United States (Dettinger et al. 1998). Consequently, oceanic

forcing by itself would make it unlikely for droughts to simul-

taneously affect the U.S. Pacific coast, particularly when

ENSO and the PDO are in phase and enforce their respective

hydroclimatic influences (Gershunov and Barnett 1998).

In addition to the dipole-like hydroclimatic influence of

ENSO and the PDO, previous studies have also highlighted the
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dominance of a coherent, uniform mode attributed to sto-

chastic internal atmospheric variability in driving U.S. hydro-

climate on both interannual and multidecadal time scales

(Cayan and Roads 1984; McCabe and Dettinger 2002; Cook

et al. 2018; Williams et al. 2020), demonstrating that internal

variability unaided by oceanic forcings can cause droughts of

substantial spatial extent, duration, and severity (e.g., Coats

et al. 2013, 2015; Stevenson et al. 2015; Baek et al. 2019; Erb

et al. 2020). Internal atmospheric variability can even work

against oceanic forcings to nullify them (Seager and Hoerling

2014; Baek et al. 2019), casting doubt on whether oceanic in-

fluences along the U.S. Pacific coast can overwhelm the po-

tentially obscuring effects of atmospheric variability. Further

complicating the dipole paradigm is moisture transport to

western North America from atmospheric rivers (Lora et al.

2017; Skinner et al. 2020), the dynamical features of which are

not yet fully understood (Gimeno et al. 2014). The on-the-

ground conditions will of course be a combination of oceanic

and atmospheric influences; any given pan-coastal drought will

therefore be the product of variable influences forced by the

Pacific Ocean and another by the atmosphere. Identifying how

these two factors contribute to pan-coastal droughts is thus

critical to the prediction of these devastating events because

the conditions of the Pacific can be seasonally predicted

(Barnston et al. 1994, 2012) whereas those of the atmosphere

are stochastic in nature and thus yield limited forecasting po-

tential (Colfescu and Schneider 2017).

Cook et al. (2018) investigated the role of oceanic forcing

and internal atmospheric variability on pan-coastal droughts

along the U.S. Pacific coast over the observational interval,

specifically examining the relative influences of the Pacific

Ocean and internal variability over the region. The authors

established that the leading mode of hydroclimate variability

along the U.S. Pacific coast is a spatially uniformmode not well

correlated with sea surface temperatures (SSTs) or a known

climate oscillation (therefore attributed to internal atmo-

spheric variability). They identified the tropical Pacific–driven

dipole mode of hydroclimate variability along the western U.S.

coast to be the second and less dominant mode of influence.

Although the findings of Cook et al. (2018) are robust over the

observational interval, the brevity of this interval limits the

sampling of rare pan-coastal droughts. Furthermore, the ob-

servational record only chronicles one realization of climate

variability, thus making it difficult to characterize internal atmo-

spheric variability and its contribution to pan-coastal droughts.

One method to circumvent the challenges posed by the ob-

servational record is to employ ensembles of atmospheric

models forced with observed SSTs. Such ensembles not only

drastically augment the sampling of rare events (such as pan-

coastal droughts), but by construction allow the separation of

internal atmospheric variability and forcing from oceanic

conditions (Hoerling and Kumar 2003; Schubert et al. 2004;

Seager et al. 2005; Kushnir et al. 2010; Baek et al. 2019).

Ensembles of atmospheric model simulations forced with ob-

served SSTs either globally or over the tropical Pacific in

particular have been used previously to examine both persis-

tent (e.g., Seager et al. 2005) and spatially widespread (e.g.,

Baek et al. 2019) droughts over the United States. We apply

this methodological framework herein to examine pan-coastal

droughts and their association with the leading modes of var-

iability in precipitation and soil moisture along the U.S. Pacific

coast.We expand on the findings of Cook et al. (2018) to explicitly

determine the extent to which pan-coastal droughts are driven by

the tropical Pacific Ocean and atmospheric variability.

2. Data and methods

a. Data

We employ two 16-member ensembles of the Community

ClimateModel version 3 (CCM3; Kiehl et al. 1996) forced with

two different ocean configurations. The Global Ocean–Global

Atmosphere (herein CCM3 GOGA) configuration forces the

CCM3 atmospheric global circulation model (AGCM) with

historical global SSTs derived from Kaplan et al. (1998) and

Hadley Centre Sea Ice and SST [HadISST; Rayner et al. 2003;

see Seager et al. (2005) for details]. The Pacific Ocean–Global

Atmosphere–Mixed Layer configuration (herein CCM3 POGA-

ML) forces the same AGCM with Kaplan SSTs over the

tropical Pacific (208S–208N) but imposes a uniformmixed layer

everywhere else. Both 16-member ensembles span 1856–2012

on a ;2.88 latitude–longitude grid. In addition to these

CCM3 experiments, we employ a 16-member ensemble of

the Community Atmosphere Model 5 (CAM5; Conley et al.

2012) that is forced by the same prescribed oceanic condi-

tions as theCCM3GOGAexperiment (hereinCAM5GOGA).

The CCM3 and CAM5 model experiments explicitly isolate for

the impacts of SST changes alone—all other forcings are kept at

1950 climatological levels. The CAM5 ensemble spans 1856–

2016 on a ;2.88 latitude–longitude grid, from which we use the

common 1856–2012 interval for intermodel consistency with the

CCM3 experiments.

For each of the three 16-member ensembles, we usemonthly

precipitation (large-scale and convective precipitation total),

boreal summer [June–August (JJA)] averages of volumetric

soil moisture at 80-cm depth (linearly interpolated for CAM5),

boreal winter [December–February (DJF)] averages of SSTs,

and DJF averages of geopotential height at 500 mb. We also

employ version 4.03 of the Climatic Research Unit Time series

(CRU TS; Harris et al. 2020) precipitation data, available

monthly from 1901–2018 on a 0.58 latitude–longitude grid. All

fields are linearly detrended to more specifically focus on

higher-frequency variability and, in advance of our correlation

analyses, to avoid artificially enhancing these estimates due to

co-occurring trends that may not be causally related. We

convert volumetric soil moisture and geopotential height to

standardized anomalies (s) at each grid point relative to the

1856–2012 baseline. SST anomalies are calculated by sub-

tracting 1856–2012 means.

b. Pan-coastal drought identification

Weemploy a parallel definition of pan-coastal droughts used

in Cook et al. (2018), examining a region that approximates the

U.S. Pacific coast (328–508N, 1158–1278W) and dividing this

area into northern and southern regions split at 408 latitude.
We define pan-coastal drought years as those in which (i) the
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JJA volumetric soil moisture over 70% of the entire coastal

region is below20.5s; and (ii) the area-average soil moisture is

below 20.5s in both the northern and southern regions. This

definition was adopted to select for the most extensive and

intensive of coastal droughts (Cook et al. 2018).

c. Parsing atmospheric and oceanic contributions

The 16-member ensembles allow conditions due to atmo-

spheric variability and oceanic forcing to be separated. Consistent

with previous studies (e.g., Seager et al. 2005; Kushnir et al. 2010;

Baek et al. 2019), we interpret variations in each SST-forced 16-

member ensemble mean to be due to oceanic forcing. We attri-

bute each ensemblemember’s deviation from the ensemblemean

to internal atmospheric variability. Although residual atmo-

spheric variabilitymay be present in the ensemblemean, its effect

is negligible if the ensemble is large enough; a 16-member en-

semble has been demonstrated to robustly represent the simu-

lated oceanic forcing (Seager et al. 2005;Kushnir et al. 2010; Baek

et al. 2019). Using the CCM3 and CAM5 GOGA ensembles,

we separate pan-coastal droughts in the model simulations into

contributions from internal atmospheric variability and the global

ocean. Similarly, we separate simulated pan-coastal droughts into

contributions from internal atmospheric variability and the

tropical Pacific Ocean in the CCM3 POGA-ML ensemble. We

quantify these contributions from the atmosphere and ocean into

percentages by dividing the soil moisture anomalies attributed to

the oceanic or atmospheric variations by the total pan-coastal

drought composite soil moisture anomaly; these percentages are

calculated specifically over the definedU.S. Pacific coastal region.

d. Assigning significance

We use a bootstrapping technique to determine the signifi-

cance (p , 0.10) of mean soil moisture, geopotential height,

and SST during pan-coastal drought years relative to chance.

We randomly select and composite N model years with re-

placement out of the 2512 possible years (157 years 3 16 en-

semble members), where N equals the number of pan-coastal

droughts identified in each respective 16-member ensemble.

This process is repeated 1000 times to generate a distribution of

composites, from which we identify the 5th- and 95th-percen-

tile thresholds. Significance is only assigned to the soil mois-

ture, geopotential height, and SST fields where the value at a

given grid point is either below the 5th-percentile or above the

95th-percentile thresholds.

3. Results

a. Model–observation comparisons

To assess whether the CAM5 and CCM3 SST-forced at-

mospheric models analyzed herein capture real-world dy-

namics pertinent to our study of pan-coastal droughts, we first

examine how model precipitation and JJA soil moisture con-

ditions compare to observations over the U.S. Pacific coast

region. Figure 1 plots the monthly mean precipitation total

during the water-year (October to September) for the northern

and southern regions of the U.S. Pacific coast for observations

and the CAM5 GOGA ensemble during their overlapping

period from 1902 to 2012; time series of precipitation averaged

across the northern and southern regions of the Pacific coast

are also plotted for observations and the CAM5 GOGA en-

semble. Parallel figures for the CCM3 GOGA and POGA-ML

ensembles are shown in Figs. S1 and S2 in the online supple-

mental material, respectively. The models simulate climato-

logical precipitation for the northern region reasonably well

relative to observations, but they strongly underestimate long-

term mean precipitation totals and interannual variability for

the southern region. The models nevertheless capture much of

the relative precipitation changes. For instance, in both obser-

vations and the model, the northern region experiences more

precipitation than the southern region, with much of the pre-

cipitation occurring during the cold season (November to April)

in both regions; precipitation peaks around December in the

northern region and around January in the southern region.

FIG. 1. (top) Monthly mean precipitation climatology during the

water year (October–September) for observations and CAM5

GOGA ensemble mean for their overlapping period of 1902–2012

in the northern and southern regions of the U.S. Pacific coast. Time

series of average precipitation for the (middle) northern and

(bottom) southern regions of the U.S. Pacific coast. Brown lines

represent the CAM5 GOGA ensemble members and black line

represents observations.
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The systematic dry biases in the SST forced simulations of

West Coast precipitation do not negate the usefulness of these

models as tools to diagnose SST effects on regional precipita-

tion anomalies of interest. Numerous studies have effectively

used the CCM3 and/or CAM5 models to examine North

American hydroclimate despite identifying model biases (e.g.,

Seager et al. 2005; Jong et al. 2018; Bishop et al. 2019). For

instance, the CCM3 GOGA and POGA-ML ensembles were

cornerstone tools for Seager et al. (2005) in their study of

persistent western North American droughts and pluvials,

despite some differences relative to observations (e.g., under-

estimating the length and severity of the Dust Bowl drought).

Jong et al. (2018), in their investigation of the failure of the

2015/16 strong El Niño to bring respite to drought in California,

also found the CCM3 and CAM5 models to simulate different

precipitation responses to similar SST forcings, particularly for

Southern California; the CCM3 and CAM5 models were nev-

ertheless useful in identifying a potential for internal atmo-

spheric variability to have nullified the expected above-average

precipitation response to the 2015/16 El Niño. These studies
demonstrate some of the challenges and limitations associ-

ated specifically with the CCM3 and CAM5 models but are

also more generally indicative of the biases that exist in all

models. In spite of these biases, the CCM3 and CAM5

models have provided dynamical insights not possible with

the observational record alone; one simply needs to be

cognizant of the limitations and specific caveats they bring.

In that regard, the focus of our study is primarily on relative

changes of hydroclimate variability; biases in total precipi-

tation are therefore not relevant to our analyses unless they

are characteristic of biases in relative variability.

To further assess whether the models capture real-world

dynamics pertinent to our study of pan-coastal droughts, we

examine how model precipitation and JJA soil moisture con-

ditions compare to observations. Figure 2 shows correlations

between interannual variability of JJA soil moisture and in-

terannual variability of total precipitation for each of the

12 months, plotting Pearson’s correlation coefficients between

(i) total precipitation for each month of the water year and (ii)

JJA volumetric soil moisture concurrent with the same water

year across the CAM5 GOGA ensemble. To preserve the in-

fluences of internal atmospheric variability, these correlation

coefficients have been calculated for each respective ensemble

member and then averaged across the ensemble. Consistent

with observations (see Fig. 1 of Cook et al. 2018), correlations

along the U.S. Pacific coast are strongest in April to June for

the northern region and January to March for the southern

region, highlighting the importance of antecedent winter/

spring precipitation for JJA soil moisture conditions, particu-

larly for the southern region. Parallel figures for the CCM3

GOGA and POGA-ML ensembles (Figs. S3 and S4, respec-

tively) demonstrate that the spatiotemporal patterns of pre-

cipitation and their association with soil moisture are largely

consistent across the three ensembles. All three ensembles

show consistency with water-year results from the observational

record (Cook et al. 2018). Based on these comparisons, and

despite underestimating absolute precipitation totals (Fig. 1),

we interpret subsequent model results as reasonable (but not

perfect) representations of real-world relative conditions

over the study region. We nevertheless incorporate mul-

tiple assessments throughout our results to assess how the

models represent the pan-coastal hydroclimate features of

interest.

b. Separation of atmospheric and oceanic influences

Composites of pan-coastal droughts and their associated DJF

SSTs and 500-hPa height anomalies for the three ensembles

are shown in Fig. 3. The CAM5 GOGA, CCM3 GOGA, and

CCM3 POGA-ML ensembles generate 96, 41, and 47 pan-

coastal droughts, respectively, during 1857–2012 (each en-

semble has 16 chances to generate a pan-coastal drought in

each year given the 16-member ensemble size). The CAM5

GOGA ensemble generates a larger number of pan-coastal

droughts than the CCM3 GOGA ensemble, which we explore

further in section 4. The spatial features of the pan-coastal

drought composites, oceanic contributions, and atmospheric

contributions simulated by CAM5GOGA and CCM3GOGA

are nevertheless similar. For example, all three composites

show pan-coastal droughts that are driest near the U.S. Pacific

coast and taper off toward the east, broadly consistent with the

composites of observed pan-coastal droughts in Cook et al.

(2018). All three composites furthermore show an atmo-

spheric ridge centered over the U.S. Pacific coast that diverts

storm tracks northward and creates wet conditions over

Alaska and northern Canada.

We explicitly parse these pan-coastal drought composites

into contributions from the ocean (global ocean for the two

GOGA ensembles and tropical Pacific for the POGA-ML

ensemble) and internal atmospheric variability (Fig. 3). Although

we interpret the ensemble mean to be the oceanic forcing and

attribute all deviations from the mean to stochastic internal

atmospheric variability, in reality stochastic internal atmo-

spheric variability as defined in our study may not truly be

random and/or exclusively atmospheric in nature. For in-

stance, any land surface feedbacks and quasi-cyclic oscilla-

tory behavior in precipitation not obviously tied to an

oceanic controlling mechanism (see Johnstone 2011; Seager

et al. 2015) will be folded into our definition of stochastic

atmospheric variability.

Notwithstanding the above caveat, the oceanic contribution

manifests as broad but slight drying over the contiguousUnited

States across all three ensembles, with the oceanic contribution

from the CCM3 POGA-ML ensemble being the most modest;

overall, the SST-forced JJA soil moisture anomaly accounts for

14%–18% of the total anomaly identified during pan-coastal

droughts (Fig. 3). The contributions from internal atmospheric

variability to pan-coastal droughts are substantially larger

across the three ensembles (accounting for 82%–86% of the

severity of pan-coastal droughts) and closely resemble the pan-

coastal composite, suggesting a primary role for internal atmo-

spheric variability driving pan-coastal droughts. Furthermore,

this parsing demonstrates that the atmospheric ridge established

during (and mostly likely responsible for) the pan-coastal

droughts is derived almost entirely from internal atmospheric

variability, with minimal contributions from the ocean; Fig. 4 of

Cook et al. (2018) similarly suggests atmospheric ridging to be
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primarily associated with internal atmospheric variability in

October–December and January–March. Consistent with the

interpretation that atmospheric variability is the dominant

influence on pan-coastal droughts, the simulated pan-coastal

droughts are spread relatively evenly in time. Pan-coastal

droughts occur most often in only one or two members from

each 16-member ensemble (Fig. 4). Only seven years across

all three ensembles generate pan-coastal droughts in three

FIG. 2. Point-to-point correlations between precipitation and JJA volumetric soil moisture (concurrent with the same water year) for

eachmonth fromOctober to June over 1857–2012 for the CAM5 ensemble. Land regions contained in the boxes indicatedwith dashed red

lines represent the northern and southern domains of the pan-coastal regions considered in this study.
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FIG. 3. (top) Composites of pan-coastal droughts defined by JJA soil moisture and their concurrent water year DJF SSTs and 500-hPa

height anomalies across the (left) CAM5 GOGA, (middle) CCM3 GOGA, and (right) CCM3 POGA-ML ensembles during 1856–2012.

The number of years in the composite is given in the upper-left corner of each panel. (middle) The oceanic contribution to pan-coastal

droughts. (bottom) The contribution of internal atmospheric variability to pan-coastal droughts. Only significant values (p , 0.10) de-

termined using the bootstrapping technique described in section 2 are plotted. The contribution to the total drought severity from the

ocean and atmosphere is given in the upper-left corner in the middle and bottom rows for each model experiment.
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members and only one year (1953 of CAM5 GOGA en-

semble) generates pan-coastal droughts in four members.

This relatively random distribution of pan-coastal droughts is

further evidence that internal atmospheric variability is the

dominant cause of pan-coastal droughts, and that oceanic

forcing is secondary.

In addition to separating the oceanic and atmospheric con-

tributions, our methodology allows for a comparison of the

influence of the tropical Pacific Ocean specifically, relative to

the global ocean, on pan-coastal droughts. While SST anom-

alies in the pan-coastal drought composite of the CAM5 and

CCM3GOGA ensembles show evidence of weak La Niña and
cold PDO conditions during pan-coastal drought years (Fig. 3),

the CCM3 POGA-ML ensemble displays neutral SSTs over

both the tropical Pacific and the North Pacific. The contrasting

Pacific conditions during pan-coastal droughts are reflected

in the mean DJF Niño-3.4 index values [spatially weighted

average DJF SST anomaly (JF for 1856) over the region boun-

ded by 58S–58N, 1708–1208W], which are 20.32,20.25, and 0.06

across theCAM5GOGA,CCM3GOGA, andCCM3POGA-ML

ensembles, respectively. This suggests that North Pacific SST

variability, as measured in observations, is not fully repre-

sented in the POGA-ML experiment, which can only gener-

ate variability in the North Pacific mixed layer that is forced

by the tropical Pacific. Interestingly, the consequence is not

only an absence of northern Pacific contributions to pan-

coastal droughts, but also a negation of the cold tropical

Pacific SST anomalies that are evident in the oceanic com-

ponent of the CCM3 GOGA experiment. A potential implica-

tion is that northern Pacific Ocean variability may play a role in

the expression of both the tropical and extratropical contribu-

tions of the Pacific to pan-coastal droughts. Difference between

themagnitude of the northern Pacific contribution in theCCM3

and CAM5 GOGA experiment, however, warrants further in-

vestigations into model-dependent representations of northern

Pacific influences (comparing the CAM5 and CCM3 GOGA

ensembles shows the CCM3 ensemble to exhibit stronger sen-

sitivity to the northern Pacific). In the real world, there is close

coupling between the tropical and extratropical Pacific (Amaya

2019; Chiang and Vimont 2004; Larson and Kirtman 2013,

2014). For instance, both the tropical Pacific and extratropical

Pacific exert strong controls on Aleutian low variability, and

tropical Pacific variability will transfer low-frequency variabil-

ity to the extratropical Pacific (Vimont 2005; Di Lorenzo et al.

2010, 2015; Newman et al. 2016). In the POGA-ML experi-

ments, tropical Pacific SSTs will thus force some mixed-layer

response in the extratropical Pacific, but, in the case of pan-

coastal droughts, this response does not appear to sufficiently

emulate the influence of observed northern Pacific SST vari-

ability. The POGA-ML ensemble nevertheless generates a

comparable number of pan-coastal droughts with similar spatial

characteristics as its GOGA counterpart, indicating that inter-

nal atmospheric variability is the main factor driving pan-

coastal droughts.

To assess the extent to which the Pacific may assist or in-

terfere with internal atmospheric variability in generating pan-

coastal droughts, we further parse the CAM5 pan-coastal

drought composite, ocean contribution, and atmospheric var-

iability contribution into subcomposites during (i) strong El

Niños, (ii) weak El Niños, (iii) weak La Niñas, and (iv) strong

La Niñas, which we define as when the DJF Niño-3.4 index is

(i) more than one standard deviation above the mean, (ii)

between half and one standard deviation above the mean, (iii)

between half and one standard deviation below the mean, and

(iv) more than one standard deviation below the mean, re-

spectively (Fig. 5). We classify all other years as neutral events

(i.e., when the DJF Niño-3.4 index is between plus or minus

half a standard deviation from the mean). Depending on its

state, ENSO can range in its influence from assisting to slightly

reducing the forcing of pan-coastal droughts from internal at-

mospheric variability. A great share of pan-coastal drought

years (42 out of 96) occur during La Niñas, when the ocean

contributes 23% to the severity of pan-coastal droughts. The

intensity of La Niñas can affect the ocean contribution to pan-

coastal droughts, but this impact appears modest; for instance,

weak and strong La Niñas both contribute 23% to the severity

of pan-coastal droughts. For the most severe La Niñas, when
the Niño-3.4 index is greater than 1.5 standard deviations

below the mean (N 5 9), the ocean contributes 27% (which

is only 4% more than for all other La Niñas). The ocean’s

contribution is diminished during El Niño states, which

comprise a smaller share of pan-coastal droughts (14 out of 96)

than La Niñas; neutral events account for the remaining years

(40 out of 96). The ocean during weak El Niños contributes
4% to the severity of pan-coastal droughts. During strong El

Niños, the ocean favors wet conditions along the U.S. Pacific

coast, and therefore diminishes the severity of pan-coastal

drought events. The atmosphere is nevertheless able to drive

pan-coastal droughts despite the ocean-forced wet pattern

along the U.S. Pacific coast during El Niños, demonstrating

that internal atmospheric variability can reliably produce pan-

coastal droughts even when ocean conditions do not favor

them. We also note, however, that the ocean-forced hydro-

climatic pattern over North America during pan-coastal

droughts during weak El Niños is not canonical. The specific

spatial pattern of tropical Pacific SST anomalies in the pan-

FIG. 4. Time series of the number of ensemble members simu-

lating pan-coastal droughts across the CAM5 GOGA, CCM3

GOGA, and CCM3 POGA-ML ensembles from 1856 to 2012.

Vertical gray lines indicate observed pan-coastal droughts identi-

fied by Cook et al. (2018), with the black dotted line marking the

beginning of the observational interval. Negative values of theDJF

Niño-3.4 index are shown in blue (positive values have been re-

placed with zeros for legibility).
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coastal drought composite is furthermore more representative

of a central Pacific El Niño pattern (Ashok et al. 2007; Freund

et al. 2019; Kug et al. 2009), which may play a role in the rel-

ative mix of pan-coastal drought forcing from internal atmo-

spheric variability and oceanic contributions during El Niños.
While the Pacific’s influence is more nuanced than what we

explore here, the largest ocean contribution to pan-coastal

droughts appears to be during severe La Niñas, which, based
on the character of La Niñas sampled over the observational

interval, contributes an upper limit of about 27% to the severity of

such events.

c. Identifying the leading drivers of U.S. Pacific
hydroclimate variability

We complement our ability to explicitly separate oceanic

and atmospheric influences on pan-coastal droughts with

principal component analyses (von Storch and Zwiers 1999) to

further investigate the respective influences of oceanic forcing

FIG. 5. (top) Composites of pan-coastal droughts defined by JJA soil moisture and their concurrent water year DJF SSTs and 500-hPa

height anomalies during (left to right) strongElNiños, weakElNiños, weakLaNiñas, and strongLaNiñas in theCAM5GOGAensemble

during 1856–2012. The number of years in the composite is given in the upper-left corner of each panel. (middle) The oceanic contribution

to pan-coastal droughts. (bottom) The contribution of internal atmospheric variability to pan-coastal droughts. Only significant values

(p, 0.10) determined using the bootstrapping technique described in section 2 are plotted. The contribution to the total drought severity

from the ocean and atmosphere is given in the upper-left corner in the middle and bottom rows for each model experiment.
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and atmospheric variability on hydroclimate variability along

theU.S. Pacific coast; these analyses also parallel those in Cook

et al. (2018). Figure 6 shows the first and second empirical

orthogonal functions (EOFs) ofOctober toMarch (ONDJFM)

averages of total precipitation variability over 1856–2012

(calculated on a time-concatenated matrix comprising the 16

members of each respective ensemble as opposed to the en-

semble mean) along the U.S. Pacific coast across the CAM5

GOGA, CCM3 GOGA, and CCM3 POGA-ML ensembles;

the first leading EOF is a spatially uniform pattern explaining

54%, 57%, and 59% of the respective variance, while the

second leading EOF is a dipole pattern explaining 31%, 28%,

and 26% of the respective variance. These are broadly con-

sistent with the observational findings of Cook et al. (2018), in

which the uniform mode was the first leading mode explaining

44%–48% of the variance and appeared largely attributable to

internal atmospheric variability; the dipole mode was the sec-

ond leading mode explaining 24% of variance and was attrib-

utable to oceanic forcing. The precipitation variance attributed

to the first and second EOFs for the fully concatenated en-

semble is higher in the models than the observations, but the

full range of variances explained by the EOFs of each indi-

vidual ensemble member is more directly comparable to the

calculation in the observations. The precipitation variance of

the first EOF (second EOF) across the 16-member ensemble

ranges from 49% to 60% (26%–36%), 51% to 62% (24%–

32%), and 55% to 64% (23%–31%) for the CAM5, GOGA,

and POGA-ML ensembles, respectively, indicating that the

leading modes simulated by some ensemble members more

closely resemble the observations in terms of variance explained.

Regardless of any differences in variances attributed to the two

leading modes between models and observations, the relative

variance attributed to oceanic forcing with regard to internal at-

mospheric variability (estimated by dividing the variance ex-

plained by the secondEOFby that of the first) is;50%across the

three ensembles and in the observational record.

When the analysis domain is expanded to a greater area of

western North America (218–608N, 1358–1128W), the first EOF

FIG. 6. (top) The first leading EOF of coastal ONDJFM total precipitation for 1856–2012 across the (a) CAM5 GOGA, (b) CCM3

GOGA, and (c) CCM3-POGA-ML ensembles. (d) As in (a), but when the domain is expanded to 218–608N, 1358–1128W. The number at

the bottom represents the percent of the variance explained by each EOF. (bottom) As at top, but for the second leading EOF.
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of precipitation does resemble a dipole pattern, but the latitude

of inflection is much farther north than the ;408N inflection

that is attributed to the ENSO dipole forcing (Wise 2010,

2016; Dettinger et al. 1998). These results are also broadly

reproduced for JJA soil moisture (Fig. 7); the first EOF

resembles a uniform mode accounting for 34%, 27%, and 26%

of the variance and the second EOF resembles a dipole mode

accounting for 22%, 17%, and 15% of the variance across the

CAM5 GOGA, CCM3 GOGA, and CCM3 POGA-ML en-

sembles, respectively (when calculated on a time-concatenated

matrix comprising the 16 members). These results are collec-

tively consistent with those presented byCook et al. (2018) using

only the observational data, even when the EOF results are for

the expanded area of western North America, suggesting that

the EOF results are robust and not the product of imposed EOF

features of orthogonality.

We further explore the association of the first and second

leading modes with internal atmospheric variability and oce-

anic forcing. To do so, we (i) calculate the first principal

components (PC1) of ONDJFM precipitation over the pan-

coastal domain for each of the 16 members of the CAM5

ensemble and (ii) correlate them with their respective ensem-

ble member’s concurrent ONDJFM 200-hPa geopotential

heights (Fig. 8); only significant coefficients are plotted (p ,
0.10). In all 16 members, PC1 exhibits correlation coefficients

in the northern Pacific that are opposite in sign from coeffi-

cients in the tropical Pacific, while consistently exhibiting

negative correlations with a homogeneous elliptical feature

centered off the U.S. Pacific coast that is characteristic of the

atmospheric ridge we have already identified as the fea-

ture that dominates the occurrence of pan-coastal droughts.

Parallel plots for PC2 (Fig. 9) show more consistently ENSO-

like correlation patterns than those represented in Fig. 8, all of

which show more widespread and robust coefficients that are

symmetric across the equator and are absent the more isolated

ridging feature off the U.S. Pacific coast associated with PC1.

Although several members of Fig. 8 resemble a pattern that is

more characteristic of a symmetric, tropically forced Pacific

Ocean mode (e.g., the top-left and bottom-right members), the

majority of the ensemble members are characteristic of more

randomly distributed patterns that are primarily consistent

only through the ridging feature off the U.S. Pacific coast

FIG. 7. As in Fig. 6, but for JJA volumetric soil moisture.
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associated with the uniform precipitation mode. In contrast,

every member of Fig. 9 robustly captures a hemispherically

symmetric pattern (particularly over the Pacific Ocean basin)

that is characteristic of a tropically forced Pacific Ocean mode

manifest as a dipole precipitation pattern over the U.S.

Pacific coast.

Our interpretations of PC1 and PC2 are further supported in

Figs. 10 and 11 that plot Pearson’s correlation coefficients (p,
0.10) calculated between PC1 and PC2 and annual global SSTs

for all 16members of the CAM5 ensemble.While PC1 strongly

correlates with ENSO SST patterns in only several of the 16

ensemble members, PC2 correlates with ENSO SST patterns

that are consistent across all ensemble members. As in Cook

et al. (2018), and in keeping with our analyses that separated

themodel simulations into internal atmospheric variability and

ocean forcing components, our analyses support the physical

interpretation that PC1 represents an internally generated,

atmospheric mode largely independent of SSTs and PC2

represents a Pacific-generated dipole mode, despite PC1 and

PC2 being statistical constructions.

4. Discussion and conclusions

We have examined the representation of pan-coastal droughts

in 16-member ensembles of CAM5 and CCM3 atmospheric

models forced with observed SSTs. By interpreting the (i)

ensemble mean and (ii) deviations from the ensemble mean

as forcings from the ocean and internal atmospheric vari-

ability, respectively, we have separated contributions to

pan-coastal droughts into oceanic and atmospheric compo-

nents. Our results nevertheless have the following caveats:

(i) relative to observations, both the CAM5 and CCM3

models underestimate the climatological total precipitation

of the water year along the U.S. Pacific coast, particularly

for the southern region and (ii) the CAM5 model simulates

more than twice the number of pan-coastal droughts as

simulated by the CCM3 model. Despite the model biases,

the relative behavior of the simulated hydroclimate and the

dynamic interpretations that we derive from the models are

consistent with previous observational analyses. Regarding

the second caveat, several observations may suggest po-

tential explanations. First, relative to CCM3, the CAM5

GOGA ensemble has a stronger statistically significant

connection to ocean forcing over the tropical Pacific (Fig. 3),

which is also reflected in the fact that the ocean forcing

explains slightly more pan-coastal drought severity (18%)

than the CCM3 GOGA simulations (16%). These differ-

ences suggest a stronger ENSO teleconnection to the U.S.

Pacific coastal region in CAM5 than CCM3, which would

translate into more consistent pan-continental droughts

FIG. 8. Point-to-point correlations between PC1, derived from the ONDJFM precipitation field over the pan-coastal domain, and

ONDJFM 200-hPa geopotential height for each of the 16 members of the CAM5 ensemble, respectively. Only significant coefficients are

plotted (p , 0.10).
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than would be favored by chance (atmospheric variability)

alone. The relative increase in the strength of the oceanic

forcing within CAM5 is nevertheless only a small increase

over CCM3 and is unlikely to be the only explanation for a

number of pan-continental droughts that is more than twice

as large in CAM5 than in CCM3. It is therefore also possible

that both the strength of the oceanic forcing and the mag-

nitude of internal atmospheric variability are larger in

CAM5, yielding only a small change in the relative contri-

butions to pan-continental droughts from the ocean and

atmosphere, but a large increase in the overall number of

the events. This possibility is underscored in Fig. 4, which

shows CAM5 to have the largest occurrence of single years

in which multiple ensemble members simulate pan-continental

droughts; 1953 includes four ensemble members with pan-

continental droughts, while six years include three ensemble

members that simulate such droughts. The CCM3 POGA-ML

ensemble includes only one year in which three ensemble mem-

bers simulate a pan-continental drought, otherwise the two

CCM3 simulations only include pan-continental drought years

shared by two or one ensemble members. Finally, it is also pos-

sible that there are other dynamics pertinent to our study of pan-

coastal hydroclimate variability that are represented differently

in the two atmospheric models. All of the above possible ex-

planations should be investigated in future studies given that the

incidence of pan-continental droughts is important to accurately

quantify, particularly if one is interested in understanding how

those numbers may change into the future under a warming

climate.

Despite the described caveats, our results show that the

atmospheric ridge responsible for pan-coastal droughts is

derived mostly from internal atmospheric variability in the

SST-forced model simulations. Despite an association with

both La Niña and cold PDO conditions, the global ocean

plays a secondary role driving pan-coastal droughts, while

internal atmospheric variability is the dominant influence

on these events. EOF analyses of modeled winter precipi-

tation show a uniform mode, attributable to internal at-

mospheric variability, and a dipole mode, attributable to

Pacific Ocean forcing, to comprise the first and second

leading modes of hydroclimate variability along the U.S.

Pacific coast, consistent with previous observational ana-

lyses (Cook et al. 2018). This contrasts with the paradigm of

the Pacific-induced dipole as the leading mode of precipi-

tation variability along the U.S. Pacific coast, which re-

mains attractive in part because the strong teleconnections

to the Pacific combined with the predictability of ENSO

events would suggest possible forecasting of pan-coastal

droughts 6 months or more in advance (Barnston et al.

1994, 2012). The dominance of internal atmospheric vari-

ability along the U.S. Pacific coast nevertheless remains

well documented and is reinforced by the expanded sam-

pling of internal atmospheric variability provided by our

model framework.

FIG. 9. As in Fig. 8, but for PC2 derived from the ONDJFM precipitation field over the pan-coastal domain.
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Ourmodel results suggest limited predictability of pan-coastal

hydroclimate variability (including pan-coastal droughts) because

any secondary oceanic forcings may become lost in the chaos

of the atmosphere. The recent failure of the anomalously

strong 2015/16 El Niño to bring respite to the 2012–15

California drought further highlights the challenge of using

Pacific SSTs as predictors of pan-coastal droughts (Kintisch

2016; Jong et al. 2018). While not fully predictive, La Niñas
nevertheless do enhance both the incidence and severity of

pan-coastal droughts and can thus still provide useful insight

into the likelihood of pan-coastal droughts. The limited

predictability of pan-coastal droughts persists despite the

strong correlations of ONDJFM precipitation with JJA soil

moisture, demonstrated herein using models as well as in

observations (e.g., Cook et al. 2018). While cold season

precipitation itself may be difficult to forecast (given the in-

fluence of internal atmospheric variability), summer pan-

coastal droughts will nevertheless be directly impacted by

precipitation deficits during the preceding ONDJFM period.

Additionally, while we attribute any non-oceanic forcing of

pan-coastal droughts to stochastic atmospheric variability,

our definition of stochastic internal atmospheric variability

may not truly be stochastic or atmospheric in nature. Quasi-

cyclic atmospheric activity, such as the quasi-biennial mode

in western U.S. precipitation variability (Johnstone 2011;

Dettinger et al. 1998) for instance, suggests that interannual

precipitation variability in the pan-coastal region is likely not

completely stochastic in nature, although its mechanism is

not yet well understood (and not obviously tied to the global

ocean); further research into such quasi-cyclicity may offer

additional avenues for predictability. Land surface initiali-

zations can also affect atmospheric circulation and have

demonstrated forecasting impact, albeit very small, of

30- and 45-day leads for precipitation and temperature, re-

spectively, over parts of North America (Koster et al. 2010).

Despite these considerations, our study makes clear the limi-

tations of examining pan-coastal droughts through a Pacific-

induced dipole paradigm and highlights the need to further

consider internal atmospheric variability as the controlling

factor in these events.
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