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Forecasting Remote Atmospheric Responses to Decadal Kuroshio Stability Transitions
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ABSTRACT: Based on observational estimates and global ocean eddy-resolving coupled retrospective initialized
predictions, we show that Kuroshio Extension variability affects rainfall variability along the west coast of North America.
We show that the teleconnection between the current undulations and downstream rainfall can lead to improved sub-
seasonal to seasonal predictions of precipitation over California, and we demonstrate that capturing these teleconnections
requires coupled systems with sufficient ocean resolution (i.e., eddy-resolving), especially over time scales longer than one
season. The improved forecast skill is diagnosed in terms of 35 years of retrospective initialized ensemble forecasts with an
ocean eddy-resolving and an ocean eddy-parameterized coupled model. Not only does the ocean eddy-resolving model
show sensitivity to Kuroshio Extension variability in terms of western North America precipitation, but the ocean eddy-
resolving forecasts also show improved forecast skill compared to the ocean eddy-parameterized model. The ocean eddy-
parameterized coupled model shows no sensitivity to Kuroshio Extension variability. We also find near-decadal variability
associated with a progression of a lower-tropospheric height dipole around the North Pacific and how these height
anomalies lead to wind-driven Rossby waves that affect the eddy activity in the Kuroshio Extension with a time lag on the
order of four years. This decadal-scale variability (~10 years) opens the possibility of multiyear predictability of western
North American rainfall.

KEYWORDS: North Pacific Ocean; Atmosphere-ocean interaction; Climate variability; Climate prediction; Climate
models; Climate variability

1. Introduction climate science, bridging the gap between current operational
seasonal forecasts and century-scale climate change projec-
tions. Skillful near-term climate predictions are expected to
become operational (Kushnir et al. 2019) and increasingly
useful for a range of applications, such as marine heatwaves
and biogeochemical cycles (Bond et al. 2015; Di Lorenzo and
Mantua 2016; Bif et al. 2019), climate-induced forest fire con-
ditions (Drobyshev et al. 2016; Chikamoto et al. 2017), and
drought and flood management (Swain et al. 2014; Swain et al.
2016; Wang and Schubert 2014; Seager et al. 2015).

In the North Pacific Ocean, low-frequency ocean—atmosphere
fluctuations on interannual to decadal time scales are found to
influence multiple components of the Earth system. These low-
frequency fluctuations are usually described in terms of statistical
modes of sea surface temperature (SST) such as El Nifo-
Southern Oscillation (ENSO) and the Pacific decadal oscillation
(PDO; Mantua et al. 1997; Power et al. 1999; Chen and Wallace
2015; Santoso et al. 2017; Wills et al. 2018), the North Pacific Gyre
Oscillation (NPGO; Di Lorenzo et al. 2008) in sea surface height
(SSH), and their atmospheric counterparts. The atmospheric
impacts associated with these low-frequency fluctuations include,
but are not limited to, changes in storm tracks and wintertime
temperatures, and in rainfall patterns over the western and
south-central United States (Linkin and Nigam 2008; Dai
2012; Newman et al. 2016).

The nature of the ocean and atmosphere decadal variability
in the North Pacific is crucial from the prediction standpoint.
On the one hand, the so-called Hasselmann (1976) null hy-
pothesis (climate noise scenario), in which the low-frequency
variability arises simply by changes in the short time scale
Corresponding author: L. Siqueira, Isiqueira@miami.edu statistics of the atmospheric forcing, suggests a minimal

The prediction of near-term changes in Earth’s climate
system, between 1 and 10 years in advance, mostly involves
forecasting both the evolution of well-known modes of low-
frequency ocean—atmosphere variability and the system’s re-
sponse to changes in external forcing. This emerging effort to
predict near-term changes dovetails with extensive research
into the historical and future impacts of anthropogenic forcing
to better understand the physical processes associated with the
climate system’s response, with the ultimate goal of informing
governments and society in general of the long-term risks of
climate change (Meehl et al. 2000; Taylor et al. 2012; Stocker
et al. 2013; Eyring et al. 2016). This marriage between near-
term prediction and understanding the anthropogenically
forced response is essential. The low-frequency modes of nat-
ural internal variability can heighten or lessen underlying long-
term trends driven by external forcing and induce persistent,
multiyear shifts in large-scale ocean—atmosphere patterns, with
accompanying impacts on regional climate (Kirtman et al.
2013; Seager et al. 2015; Joh and Di Lorenzo 2017).

Near-term climate predictions largely depend on the initial
oceanic conditions, although sea ice, snowpack, and soil
moisture may also be relevant. The emergence of near-term
climate predictions represents one of the newest challenges in
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predictive skill due to the low atmospheric persistence. On the
other hand, the coupled system scenario involving active ocean
dynamics can further enhance the predictive skill due to the
existence of midlatitude ocean—-atmosphere coupling (Teng
and Branstator 2011; O’Reilly and Czaja 2015).

The potential for midlatitude ocean—atmosphere coupling
and feedbacks has been mainly explored in the Gulf Stream
and Kuroshio-Oyashio western boundary currents (WBCs)
with both WBCs displaying substantial decadal variability (Qiu
et al. 2014; Siqueira and Kirtman 2016; Nigam et al. 2018;
McCarthy et al. 2018). Moreover, earlier modeling studies in
the North Pacific explored ocean—atmosphere feedback pro-
cesses in the western boundary whereby the arrival of poten-
tially predictable, long extratropical oceanic Rossby waves act
to perturb the oceanic frontal dynamics that in turn feed back
on the large-scale atmosphere driving new oceanic Rossby
waves (Latif and Barnett 1994; Deser et al. 1999; Schneider
et al. 2002; Qiu et al. 2007). Such ocean—atmosphere feedback
would likely enhance the decadal variability of the coupled
system compared to the expected under the climate noise
scenario.

Although the large-scale ocean variability in the extratropics
tends to fit in the null hypothesis, there is increasing evidence
that the strong horizontal SST gradients and high SST vari-
ability associated with WBCs can influence the large-scale at-
mosphere via boundary layer dynamics [Minobe et al. 2008;
O’Reilly and Czaja 2015; Ma et al. 2015, 2017; see Kwon et al.
(2010) and Czaja et al. (2019) for a review of air-sea interaction
studies]. Active ocean—atmosphere coupling in WBCs, unlike
its passive large-scale counterpart, is mediated by boundary
layer phenomena occurring over oceanic meso- and frontal
scales, which eddy-parameterized and eddy-permitting cou-
pled models are either unable or inadequate to resolve (e.g.,
Small et al. 2008; Chelton and Xie 2010; Bryan et al. 2010;
Kirtman et al. 2012; He et al. 2018; Laurindo et al. 2019). Eddy-
permitting models improve the representation of oceanic
fronts and are likely to enhance the air—sea coupling and the
SST-induced atmospheric response along the front (Feliks
et al.2007; Minobe et al. 2008; Feliks et al. 2011). However, this
class of models tends to underestimate the ocean eddy activity
(Maltrud et al. 1998; Malone et al. 2003; Marzocchi et al. 2015)
and the strength of the ocean-atmosphere coupling, mostly
due to differences in boundary current mean state represen-
tation (Roberts et al. 2016). A few recent studies have explic-
itly addressed the potential role of ocean eddies in remotely
influencing atmospheric storm track and winter rainfall vari-
ability (Piazza et al. 2015; Zhou et al. 2015; Ma et al. 2017), and
in influencing the physical process underpinning the decadal
variability (Volkov et al. 2008; Marzocchi et al. 2015; Robson
et al. 2018). Despite these findings, the extent of the role of
ocean eddies in decadal prediction around the globe remains
an open question.

The objective of our study is to explore further the role of
mesoscale ocean phenomena in driving atmospheric variability
at seasonal to decadal time scales using eddy-resolving en-
semble retrospective climate forecasts in comparison with a
similarly configured model with coarse 1.0° ocean and atmosphere
resolution for the period between 1982 and 2016.
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While most previous studies documenting decadal variabil-
ity in the North Pacific have focused on the PDO, this study
focuses on the analysis of multiyear dry (wet) wintertime
conditions. These atmospheric conditions associated with the
evolution of a near-decadal variability over the Pacific Northwest
region of the United States (USPN region) happen to occur
concomitantly with high (low) ocean eddy activity over the
Kuroshio Extension. We disentangle the identified low-frequency
atmospheric variability from the broad spectral peak on decadal
time scales associated with a collection of physical processes
involving ocean—atmosphere interactions in the midlatitudes,
subtropics, and tropics (Newman et al. 2016). We show that
this near-decadal mode and its time evolution represent a
robust low-frequency atmospheric variability characterized
by a slow (decadal) counterclockwise progression of a lower-
tropospheric height dipole around the North Pacific. The
existence of a similar atmospheric pressure dipole, termed
the Pacific decadal precession (PDP), has been revealed in a
few recent studies that employed an extended EOF analysis
(Anderson et al. 2016a,b, 2017). The PDP explains persistent
multiyear shifts in rainfall over the USPN region that occur
beside those explicitly related to quasi-stationary standing
wave-like structures of other fluctuations, such as ENSO and
the PDO.

After describing the observational datasets and the hindcast
models in section 2, we examine in section 3a the time evolu-
tion of the identified decadal mode over the North Pacific, the
accompanying precipitation anomalies, and its relationship
with SSH variability, especially in the Kuroshio Extension. We
describe the differences in boreal winter rainfall variability
between ensemble hindcasts and observation in sections 3a and
3b. The results, supported by observational analyses, are
quantified in section 3b, and demonstrate that resolving the
mesoscale ocean variability can significantly affect winter
rainfall variability along the USPN region depending on the
dynamic state of the Kuroshio Extension. Finally, section 4
summarizes the present study.

2. Data, models, and methods
a. Datasets

We use the global SSH datasets from SSALTO/DUACS
altimetric mean dynamic topography produced by the
Copernicus Marine and Environment Monitoring Service
(CMEMS), to examine changes in the Kuroshio Extension
(KE) dynamic state and its relationship with near-decadal
fluctuations. To extend the time series before the satellite al-
timeter period, we utilize the Simple Ocean Data Assimilation
(SODA3.3.1) Ocean Reanalysis (Carton et al. 2018) forced
with NASA MERRA-2 reanalysis (Gelaro et al. 2017). Both
datasets are available on a 0.25° lat/lon grid and cover the pe-
riod from 1982 to 2016.

We use monthly wind stress, 850-hPa geopotential height,
and precipitation from the MERRA-2 reanalysis on a 2/3°
longitude X 1/2° latitude resolution to examine multiyear dry
(wet) wintertime conditions associated with near-decadal
fluctuations over the North Pacific. To evaluate the models’
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retrospective forecasts, we compare their outputs against
satellite-based estimates of rainfall and 850- and 250-hPa
winds. The rainfall datasets used are the daily Tropical
Rainfall Measuring Mission rainfall (TRMM 3B42) over the
ocean and the bias-corrected NOA A CPC morphing technique
blended with gauge analysis (CMORPH_BLD: Joyce et al.
2010) overland since orographic effects may contribute to
changes in rainfall along the U.S. west coast. Both satellite
products are distributed on a 0.25° lat/lon grid and cover the
1998-2016 period.

b. Model and initialization

The set of global retrospective forecasts of the National
Center for Atmospheric Research (NCAR) Community Climate
System Model version 4 (CCSM4) follow most elements of the
North American Multi-Model Ensemble protocol (NMME;
Kirtman et al. 2014). However, here we only consider retrospec-
tive forecasts initialized on 1 January 1982-2016, including three
ensemble members for each initial condition (IC).

The initialization of the CCSM4 retrospective forecasts
configured to an eddy-parameterized ocean resolution [low
resolution (LR)] and an eddy-resolving ocean resolution [high
resolution (HR)] follows the same approach described in
Paolino et al. (2012) for the atmosphere and land, and the
approach described in Kirtman and Min (2009) for the ocean
and sea ice. We briefly discuss the respective procedures below.

Allinitial conditions are obtained from the Climate Forecast
System Reanalysis (CFSR; Saha et al. 2010). We initialize the
Community Atmosphere Model version 4 (CAM4) from
multilevel fields of zonal and meridional winds, temperature,
specific humidity, cloud fraction, cloud liquid water content,
and cloud ice water content. The single-level fields used in-
clude surface pressure, surface geopotential, surface tempera-
ture, and planetary boundary layer height. The initial atmospheric
data are regridded to a 0.9° X 1.25° horizontal grid for LR fore-
casts and to a 0.625° X 0.5° grid for HR forecasts, and further
interpolated in both cases to the 26 hybrid sigma pressure levels
used by CAMA4.

We initialize the Community Land Model version 4.0
(CLM4) from daily fields of soil temperature, soil moisture,
snow temperature, snow depth, canopy moisture, and vegeta-
tion temperature. We normalize these fields by their standard
deviations and combine with the mean and standard deviation
of soil climatology from 30 years of CLM4 output data, sam-
pled after 100-yr (variance corrected) spinup. Initial data south
of 60°S are set to model climatology. We use vegetation tem-
perature and canopy initial moisture fields from a 7-day
CCSM4 spinup forecast where CAM is initialized as above to
produce fields influenced by the initial atmospheric state as
observations are not available. The land grid resolution in
CLM4 follows CAM4, and we interpolate as discussed above.

The ocean component initialization is, perhaps, most chal-
lenging and we emphasize that we do not explicitly initialize
the ocean mesoscale eddies or intend to predict their evolution.
The procedure to initialize the ocean component of CCSM4
involves the horizontal and vertical interpolation of the CFSR
ocean data assimilation fields using a bilinear interpolation
scheme, without any filtering. We use climatological data from
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long simulations of the LR (1° X 1° ocean grid) and HR (0.1° X
0.1° ocean grid) in regions where CFSR data are undefined
concerning the CCSM4 ocean grid. We construct the initial
salinity condition for CCSM4 restart by computing the nor-
malized anomalies using both the CFSR and CCSM4 clima-
tological and standard deviation data. Since no observational
information is included in the sea ice initial conditions, those
were set to the climatological monthly condition based on a
long simulation of CCSM4.

¢. Methods and statistical significance testing

We employed a Multichannel Singular Spectrum Analysis
(M-SSA: Ghil et al. 2002; Groth et al. 2017) to extract the
space—time variability related to robust decadal fluctuations
from the NASA MERRA-2 reanalysis. First, we calculate the
extended boreal winter (November—March) 850-hPa geo-
potential height anomaly (Z850a) by subtracting out the cli-
matological mean value derived over the full analysis period
(1982-2016) at each grid point. We then removed any linear
trend and applied a 7-20-yr Butterworth bandpass filter
(Walraven 1980) to the anomalies, analogous to the use of 30—
90-day bandpass data to derive standard Madden—Julian os-
cillation (MJO) indices (Wheeler and Hendon 2004). We then
subset the extratropical North Pacific domain from 15°-80°N
and 125°E-90°W.

The principal component analysis (PCA) and truncation was
performed here through a ‘“‘scree test” on the eigenvalue
spectra to obtain the signal/noise separation by inspecting the
slope break of eigenvalues versus rank and the first three
leading modes are initially retained. For our purposes, the
PCA is also used to identify and subsequently remove the
signal related to the first leading mode of low-frequency at-
mospheric winter variability over the North Pacific domain
associated with the PDO (71% of the variance). After the re-
moval of the PDO-related signal, we applied a multichannel
singular spectrum analysis (M-SSA: Ghil et al. 2002; Groth
et al. 2017) to the “residual” 850-hPa geopotential height
anomalies. Within the M-SSA, the essential parameter is the
width of the temporal lag window M, and we chose M = 15
years, enough to resolve the variability over the region on the
time scales of interest. The number of retained eigenmodes
(two accounting for 78% of the variance) and the chosen M
determines the size of the lag-covariance matrix to be diago-
nalized, yielding eigenvectors [i.e., space-time empirical or-
thogonal functions (ST-EOFs)] consisting of lag sequences of
maps. The projection of the data on the ST-EOFs yields the
corresponding space—time principal components (ST-PCs),
representing how these patterns evolve in time.

The detection of pairs of ST-EOFs (and of their corre-
sponding ST-PCs) explaining similar amounts of variance are
in phase quadrature, and with a similar period, suggests the
presence of modulated oscillations. However, the occurrence
of ST-EOF pairs alone is an inconclusive result for the exis-
tence of oscillations since they can also arise from finite sam-
ples of some nonoscillatory processes, such as first-order
autoregressive (AR1) noise. Therefore, we follow the proce-
dure designed by Allen and Robertson (1996) to test whether
the oscillatory modes identified by the M-SSA correspond to
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real oscillations. In this procedure, confidence intervals for a
given significance level are estimated using Monte Carlo sim-
ulations, where a large ensemble (1000 members) of normally
distributed surrogate noise time series is created with the null
hypothesis characteristics, and yielding the same length, vari-
ance, and temporal lag-one autocorrelation as the original time
series. The confidence intervals can be computed in two dif-
ferent ways: first, using the ST-PCs and ST-EOFs of the data,
and second using the ST-PCs and ST-EOFs of the null hy-
pothesis. In the first case, the lag-covariance matrix is com-
puted from the data, whereas the lag-covariance matrix in the
second is computed from the surrogate data generated by the
Monte Carlo simulations. The subsequent procedure of pro-
jecting data and noise surrogates onto the vector basis is similar
in both cases. The latter yields a more robust test, while the
former implicitly assumes the existence of a signal before any
signal has been identified. Finally, the projection of the data on
the vector basis allows the subsequent variance examination
for values higher than expected under the red noise null hypothesis,
occurring at a given (dominant) time scale.

We estimate the statistical significance of the composite
analysis by applying a two-sided Wilcoxon rank-sum test. Our
main reason for choosing this test is that it is a nonparametric
alternative to the two-sample ¢ test, with no requirement on the
distribution, and is based solely on the order in which the data
from two samples fall. The fact that the test is nonparametric is
of particular relevance for testing differences in rainfall com-
posites as the rainfall distribution is non-Gaussian. For the
retrospective forecast data, we concatenate the ensemble
members at each grid point, and test the median values of the
two distributions to check if they are significantly different
(Fay and Proschan 2010; Ma et al. 2015).

3. Results

a. Low-frequency atmospheric signatures and Kuroshio
dynamic state

The subsequent analysis focus on the sources and physical
processes giving rise to multiyear dry (wet) conditions over the
USPN region, targeted to the region’s water availability.

To pinpoint potential sources of near-term ocean—atmosphere
predictability, we employed the M-SSA analysis (cf. section 2b) to
extract the space-time structure from the NASA MERRA-2 re-
analysis. We identified a pair of ST-EOFs in the Z850a spectrum,
and corresponding ST-PCs that emerge above their upper sig-
nificance level (0.05) and explain the largest fraction of the 7-20-yr
bandpass filtered winter Z850a variance (39% and 38%). The first
two Z850a ST-PCs estimated by M-SSA are found to be in
quadrature (not shown), indicating the presence of an oscillatory
ST-EOF pair with a period of ~11 years (Fig. 1).

The time evolution of the precipitation and 850-hPa height
anomalies associated with the identified near-decadal vari-
ability of the extended winter season (November—March) is
shown by lead-lag regression fields in Figs. 2a—f. During
anomalously dry (from years —6 to —2) and wet (from
years +2 to +6) periods over the USPN region, a Z850a dipole
pattern is found to slowly (on a decadal time scale) evolve
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FIG. 1. Spectral properties of the detrended 7-20-yr bandpass
filtered 850-hPa geopotential height anomalies in the extratropical
North Pacific (15°-80°N, 125°E-90°W), using M-SSA with a win-
dow width of 15 years. The estimated variance in each mode as a
function of their corresponding frequency is shown as black circles.
Error bars correspond to the 5% and 95% quantiles from a Monte
Carlo test (ensemble of 1000 members) for the red noise null
hypothesis.

counterclockwise around the extratropical North Pacific. The
existence of a similar lower-tropospheric height dipole and its
evolution has been revealed in a few recent studies employing a
different approach (Anderson et al. 2016a,b, 2017; Anderson
2019). Unlike these previous studies, here the identified
M-SSA oscillation is termed Pacific decadal progression (PDP)
due to its quasi-decadal periodicity and prograde motion
around the North Pacific (Fig. 2).

In the years leading up to persistent dry conditions over the
USPN region, the dipole displays a pronounced zonal orien-
tation (Fig. 2a) with higher than average Z850a over the central
subtropical North Pacific and lower than usual Z850a over
Alaska [North Pacific Oscillation (NPO)-type pattern; Linkin
and Nigam 2008]. As time evolves, the dipole pattern rotates
counterclockwise and progressively acquires a meridional
orientation as its easternmost lobe extends across the coast of
western North America during the midpeak drought period
(Figs. 2b,c). During the peak dry years (Fig. 2c), positive large-
scale Z850a are found off the coast of western North America,
characterizing a multiyear persistence of wintertime anoma-
lously high atmospheric pressure (Anderson et al. 2016b). In
our results, this anomalous ridge is part of the broad basin-scale
Z850a dipole displaying a coherent spatial and temporal sig-
nature that progresses counterclockwise on the near-decadal
time scale. The Z850a dipole pattern then turns back into a
zonal orientation but of opposite sign in the years following the
drought (Fig. 2d), eventually reverting to a meridional orien-
tation of opposite sign concurrent with the peak of persistent
wet conditions over the USPN region (Figs. 2e,f).

We further explore the relationship between the identified
M-SSA mode and the low-frequency changes in SSH anomalies
(SSHa), mostly concentrated along the Kuroshio Extension
(KE) region of 31°-36°N, 140°~165°E. This region encompasses
both the time-mean eastward flowing KE jet and its southern
recirculation gyre, the most variable circulation feature in the
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FIG. 2. Lag regression of boreal winter (November—March) rainfall [shaded; mm day ™! per standard deviation (STD)] and 850-hPa
geopotential height anomalies (contours; m per STD) onto the M-SSA reconstructed time series of the PDP. Stippling indicates regression
coefficients exceeding the p < 0.10 significance level based on a two-tailed Student’s ¢ test.

North Pacific, and is also where the largest air-sea exchanges of
heat and moisture take place (Kelly et al. 2010).

From a climate noise perspective, low-frequency variability
in the midlatitude ocean arises simply by interannual or
interdecadal changes in the white noise atmospheric forcing.
These changes may produce apparent oscillatory behavior over
finite time windows merely because of accidental swings with a
certain period and sampling issues [the so-called Hasselmann
(1976) null hypothesis]. Although the climate noise theory has
shown its usefulness in understanding the overall shape of
midlatitude SST spectra (e.g., the PDO time series), this theory
fails to capture the decadal spectral peak that stands out in the
KE observed SST (Qiu et al. 2007). Previous studies indicate
that decadal variability in regional SST, ocean heat content,
and eddy activity are mostly due to transitions in the dynamic
state of the KE jet (Qiu and Chen 2005; Taguchi et al. 2007,
Ceballos et al. 2009).

The low-frequency variations of the KE system can be
concisely represented by constructing a KE index based on the
SSHa signals in the 31°-36°N, 140°-165°E region (Qiu et al.
2014). Here, we employ the KE index as a proxy to four dy-
namic properties, namely, the upstream KE path length,
strength of the jet, latitudinal position, and strength of the re-
circulation gyre. By definition, a positive KE index represents a
stable dynamic state in which the KE jet is strengthened with a
steady and northerly path, the southern recirculation gyre is

2
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1 == AVISO KEI
= PDP
0 .
-1
2 A > 0 ©
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enhanced, and eddy activity is reduced. The opposite effect
occurs when the KE jet switches to an unstable dynamic state
(negative KE index).

The time evolution, reconstructed using the leading ST-PC
pair, of the dominant wintertime 850-hPa geopotential height
anomalies in the North Pacific from 1982 to 2018 is shown in
Fig. 3 together with the 7-yr low-pass KE index based on
November—March satellite-observed SSHa from 1993 to 2016.
We extend the KE index time series for as long a period as
possible using SSHa from the SODA ocean reanalysis for
1982-2016 to enhance the statistical confidence of the composite
analysis in section 3b.

During the past three decades, the KE system is considered
to be in a stable dynamic state during the periods 1988-93,
2002-05, and 2010-12 and unstable during 1984-86, 1995-99,
and 2006-09 (Fig. 3). Selected years of negative KE index and
intense eddy activity, are shown in blue and termed active eddy
years (AEY), while periods of positive values and subdued
eddy activity are shown in red and named inactive eddy years
(IEY). The selection of the eddy active and inactive years
follows the Kuroshio unstable and stable periods mentioned
above, but only the years with a near-neutral phase of ENSO
and PDO are considered for the composite analysis in
section 3b.

It is apparent from the lagged cross-correlation between the
PDP and KE indices (Fig. 4) that the 850-hPa height dipole

P

S @°

F1G. 3. Time evolution of the Pacific decadal precession (PDP) from 1982 to 2016 based on
the leading M-SSA components (solid black) and the 5-yr low-pass Kuroshio Extension index
(KEI) for AVISO satellite (solid gray), and SODA reanalysis (dashed gray). Both the PDP
and KE indices have been normalized by their respective standard deviations. Active eddy
years (AEY) are shown in blue and inactive eddy years (IEY) in red.
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FIG. 4. Lagged cross-correlation between November-March PDP time series and the
AVISO KE index. Negative (positive) years indicate the PDP index leading (lagging) the KE
time series. The one-tailed (95% ) significance threshold for the cross-correlation is depicted
by the hatched area and estimated using the nonparametric random phase method

(Ebisuzaki 1997).

typically leads the dynamical state of the KE system by about
3—4 years. Results from previous studies also indicate that the
low-frequency transitions in the dynamic state of the KE sys-
tem are predominantly driven by the arrival of large-scale
Rossby waves that were forced by atmospheric variability
about 3-4 years earlier in the central and eastern North Pacific
(Seager et al. 2001; Schneider et al. 2002; Taguchi et al. 2007,
Qiu et al. 2014). Moreover, a coupled feedback has been pro-
posed (Qiu and Chen 2005; Qiu et al. 2014) whereby the de-
layed arrival of long oceanic Rossby waves perturbs the KE
system dynamics, which in turn feed back on the large-scale
atmosphere (NPO-type pattern), eventually driving new oce-
anic Rossby waves directed to the KE region. This delayed
feedback mechanism would likely enhance the KE variability
on decadal time scales and establish an essential basis for near-
term predictions (Anderson 2019).

Figure 5 depicts the evolution of the 7-20-yr bandpass SSHa
and Z850a associated with PDP. Positive SSHa (excited by
wind stress curl) are produced by higher than average Z850a
over the central subtropical North Pacific (Fig. 5a). These
positive SSHa signals, guided by the KE jet, slowly propagate
westward and reach the KE region (Sasaki and Schneider 2011;
Sasaki et al. 2014) about four years later, as the Z850a dipole
rotates counterclockwise (Figs. 5b,c). Once the SSHa crosses
the date line, the extent of the anomaly narrows considerably
as it approaches the KE region (Figs. 5a,b,d,e), consistent with
the transition from large-scale, linear Rossby wave dynamics to

mesoscale, nonlinear Rossby wave dynamics along a jet (Sasaki
and Schneider 2011; Sasaki et al. 2014; Anderson 2019).
Moreover, Fig. 6a suggests an increase in the phase speed of the
SSHa following this transition (Sasaki et al. 2014). After the
dynamic state of the KE system becomes stable (Fig. 5c), the
cycle evolves to a lower than average Z850a at the central and
eastern basin (Figs. 5d,e), which generates SSHa of the oppo-
site sign, initiating the sign reversal via Rossby wave propa-
gation. Eventually, the wind-induced negative SSHa signals
propagate westward into the KE region after about four years
(Fig. 5f) and switch the phase of the KE dynamic state, re-
sulting in a negative KE index (Fig. 3). After the dynamic state
of the KE system becomes unstable (Fig. 5f), the sequence of
processes with an opposite sign takes place (Figs. 5Sa—c). This
interpretation based on lead-lag regressions is further sup-
ported by a Hovmoller analysis shown in Fig. 6 for the two
transects depicted as dotted lines in Fig. 5.

Figure 6 shows the time-longitude plot of the detrended 7-yr
low-pass satellite-observed SSHa (Fig. 6a) along 33°N and
across the North Pacific Ocean from 141°E to 150°W, and from
33°N, 150°W toward the northeast North Pacific (50°N, 140°W)
in Fig. 6¢ (the paths are indicated in Fig. 5). Here, the influ-
ences of both the PDO (Trenberth and Hurrell 1994) and
ENSO (Ropelewski and Jones 1987) indices have been re-
moved using least squares regression. The slow Rossby wave
propagation, excited by the anomalous wind stress curl in the
central-eastern part (Figs. 6a,b), leads to large-scale decadal
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FIG. 5. Lag regression of boreal winter (November—-March) SSHa (shaded; cm per STD) and 850-hPa geopotential height anomalies
(contours; m per STD) onto the M-SSA reconstructed time series of the PDP. Colored areas denote regression coefficients exceeding the
p < 0.10significance level based on a two-tailed Student’s ¢ test. Dotted lines denote the transects used in the time-longitude plot in Fig. 6.
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FIG. 6. Time-horizontal distance diagram for (a),(b) 33°N in the
North Pacific Ocean extending from the coast of Japan to 150°W
and (c),(d) from 33°N and 150°W toward the northeast North
Pacific at 50°N, 140°W for the detrended 7-yr low-pass satellite-
observed sea surface height anomalies in (a) and (c). The projec-
tion of the PDO and ENSO indices was removed using least
squares regression. The dotted line marks a westward phase speed
of 42 cms ™!, The lagged cross-correlation between wind stress curl
anomalies from MERRA-2 reanalysis and SSHa is shown for each
transect in (b) and (d).

SSHa changes in the KE region (from ~0 to 3000 km). These
changes are illustrated in Fig. 6a by the positive SSHa in 1992—
95, 2001-05, and 2010-12 and negative SSHa in 1995-99 and
2006. Figures 6c and 6d, showing the SSHa along the north-
eastward transect, depict the evolution of PDP dipole as it
extends across the western coast of North America (Fig. 5).
The lagged cross-correlation between the SSHa and the
anomalous wind stress curl along the two transects is shown in
Figs. 6b and 6d. Considering the speed of baroclinic Rossby
waves (4.2cms™ ') across the latitude band from 31° to 36°N
(Fig. 6a) and the lagged correlations in Fig. 6b, our results
suggest that SSHa signals, produced by the low-frequency wind
forcing in the eastern part of the basin, propagate westward
and into the KE region in about four years. For periods longer
than four years, the wind stress curl and SSHa lagged corre-
lations display positive values at about —6 years in the central-
eastern basin (Fig. 6b), indicating that the wind stress curl there
might serve as a leading predictor to changes in the KE index. This
lagged correlation on longer leads has been investigated by Qiu
et al. (2014) while exploring the predictive skills of the KE index
under a Rossby wave adjustment scenario with and without wind
feedback. They report that the inclusion of the feedback Ekman
pumping forcing along 31°-36°N can increase and extend the
predictive skill of the KE index to a lead time of 6-7 years.

b. Winter rainfall and KE eddy activity

In this section, we first evaluate the rainfall variability over
the 3-month lead times [January-March (JFM)] of the CCSM4
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LR (parameterized ocean eddy version) and HR (resolved
ocean eddy version) retrospective forecasts from 1982 to 2016,
before examining the effect of the KE dynamical state on the
rainfall over the USPN region. Although the impact of better
resolving mesoscale ocean features cannot be distinguished
from intrinsic differences between the 0.5° and 1° atmospheric
horizontal resolution employed in our retrospective forecasts,
previous results suggest that (sufficiently) higher atmospheric
resolution leads to more intense vertical velocities, moisture
flux, and atmospheric transient eddy heat flux responses over
ocean frontal areas (Smirnov et al. 2015).

Figure 7 shows a comparison of the JFM daily rainfall mean
and standard deviation simulated in LR and HR retrospective
forecasts and the observational estimates over the same period.
In the observational estimates, the maxima in daily rainfall are
found collocated with the path and extension of the Kuroshio
and in the central-eastern part of the North Pacific (Fig. 7c¢).
The overall pattern and the position of the observed daily
rainfall variance are well reproduced in both HR (Fig. 7a) and
LR (Fig. 7a). However, we notice substantial improvements in
the HR retrospective forecast over the WBCs along the path
and extension of the Kuroshio and Gulf Stream, especially near
the eastern U.S. seaboard, as well as a modest improvement in
the Gulf states region toward the observed values (Figs. 7b,c).
Figure 8 shows the precipitation histograms and cumulative
distribution functions (CDFs) over the WBCs indicating that
up to about 10mmday ™', both models overestimate the oc-
currence of weak and moderate events compared to observa-
tions and underestimate for larger values (Fig. 8a). For extreme
values (97.5%) in the CDFs (Fig. 8b), the HR forecast shows
slightly higher rainfall values than the LR. Although HR shows
the improvements mentioned above compared to LR, HR-
simulated standard deviations and extreme rainfall are a great
deal less than observed. Overall, these model results are in
agreement with Covey et al. (2018), which suggests that the
CMIPS5 climate models that provided high-time-frequency out-
put, in general, underestimate the variance of daily means.

It is apparent from Figs. 2, 3, and 5 that dry (wet) periods
over the USPN correspond to stable (unstable) periods of the
KE dynamical state. In the subsequent analysis, we further
explore this observational evidence, which points to a rela-
tionship between the dynamic state and mesoscale variability
of the KE region and the winter precipitation along the USPN
region. Here, we follow the approach outlined in Ma et al.
(2015) by separately considering periods where the KE system
is in a stable dynamic state and the eddy activity is reduced
(IEY) and periods where the eddy activity is relatively large
(AEY) and the KE system is in an unstable state. Based on the
results from Fig. 3, the seven AEY cases include January-March
of 1984, 1986, 1997, and 2006-09, and the IEY cases occur in 1990,
1991, 200205, and 2010. In particular, we will explore the po-
tential atmospheric response when accounting for ocean meridi-
onal shifts of the KE jet and its associated mesoscale variability,
driven by decadal changes in the KE system state in low- and high-
resolution ensemble retrospective forecasts.

The low- and high-resolution retrospective forecasts were
initialized on 1 January for each year, including three-member
ensembles, and the first 90 days of the forecast are considered.
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F1G. 7. January-March daily rainfall mean (contours) and standard deviation (shading)
from 1982-2016 over the Pacific-North American sector: (a) LR (global coupled low-
resolution retrospective forecast), (b) HR (global coupled high-resolution forecast), and

(c) observation (TRMM 3B42 and CMORPH_BLD).

Due to the shortness of the satellite-based rainfall data, we
consider five AEY (1997 and 2006-09) and IEY (2002-05 and
2010) for the observational estimates.

Figures 9a—c summarize the effect of the KE mesoscale ac-
tivity in terms of the January—March mean rainfall difference
between composites based on inactive (stable) eddy years and
active (unstable) eddy years (IEY — AEY) in observational
estimates (Fig. 9a) and the ensemble average of the retro-
spective forecasts (Figs. 9b,c). The difference between the
composites indicates an increase in rainfall in the USPN re-
gion, especially over central-northern California, when the
eddy activity is reduced (IEY), and the KE system is stable
(Figs. 9a,b). The HR retrospective forecast captures this dif-
ference (Fig. 9b), with amplitudes comparable to observations
(Fig. 9a). In contrast, the LR forecast displays a stronger de-
crease in rainfall over the northern part of the USPN (Fig. 9¢c)
and a much weaker (nonsignificant) increase over southern
California.

Figure 10 shows the observed and ensemble average hind-
casts for the difference IEY — AEY in daily rainfall over land

and the individual CDF, specially targeted to California’s wa-
ter availability. Here we employ both the Kolmogorov—
Smirnov statistic to quantify the distance between the empirical
cumulative distribution functions of the two samples and the
Dvoretzky-Kiefer-Wolfowitz inequality (Dvoretzky et al. 1956)
for generating CDF-based confidence bounds and producing a
confidence band at the 90% confidence level.

Clearly, the LR forecast shows a weaker and dipolar spatial
pattern (Fig. 10c) and does not capture differences in the daily
rainfall distribution between the active and inactive eddy
years. The differences in rainfall are accentuated in the HR
forecasts (Fig. 10b), but reproduce well the observed spatial
pattern (Fig. 10a), showing a robust difference in the daily
rainfall distributions (Fig. 10b). In the HR case, for example,
only 23% of the AEY make more than 5 mm per day compared
to 34% of the IEY; from another perspective, there is a robust
shift of the 25%, 50%, and 75% percentile toward higher
values in the IEY (Fig. 10b). In the observations, there is a
barely significant difference at the 75% percentile, although
differences are also seen at 97.5% extreme values (Fig. 10a).
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FIG. 8. (a) Probability distributions of daily precipitation in the Kuroshio (30°-38N, 125°-155°E) and Gulf Stream
systems (32°-40°N, 78°-48°W) aggregated in 1 mm day ' bins from 0 to 40 mm day . (b) Daily rainfall empirical
CDFs, where crosses display the location of the 2.5th, 25th, 50th, 75th, and 97.5th percentiles from left to right.
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FIG. 9. Difference in January-March rainfall composites between inactive eddy years (IEY)
and active eddy years (AEY) for (a) TRMM 3B42 (5 years each), (b) ensemble average HR
retrospective forecast (7 years each), and (c) ensemble average LR retrospective forecast (7
years each). IEY and AEY are taken from observational estimates in Fig. 3a. Rainfall differ-
ence significant at 95% confidence level based on a two-sided Wilcoxon rank-sum test is shaded

by dots.

Although we do not find a robust shift in the percentiles for the
observations, the Kolmogorov—Smirnov statistic suggests that
the distance between the CDFs of the AEY and IEY is robust
(p value is less than 0.05).

In the KE region, the SST anomalies shown in Figs. 11a and
11b emerge after the arrival of PDP-induced oceanic Rossby
waves and corresponding SSHa (Figs. 5b,e) and are accom-
panied by a substantial transfer of heat to the overlying at-
mosphere via surface turbulent heat fluxes in the Kuroshio—
Oyashio confluence region (Figs. 11c,d) in the IEY and AEY
composites. Here we focus only on turbulent heat flux anom-
alies that are positively correlated with the underlying SST
anomalies during the considered IEY and AEY periods
(Figs. 11e.f), linear relationship that is indicative of a thermo-
dynamic oceanic forcing of the atmosphere (Wu et al. 2006;
Kirtman et al. 2012; Bishop et al. 2017; Small et al. 2019). The
turbulent heat fluxes induced by the SST fluctuations in the KE
region can subsequently induce remote atmospheric pressure
anomalies and circulation patterns over the eastern North
Pacific on subseasonal and longer (beyond seasonal) time
scales. At subseasonal time scales, localized heat fluxes modify
the baroclinicity of the atmosphere, which in turn modulates
the growth rate and energy transport of baroclinic storms in the
region (Riviere 2009; Ma et al. 2015; Révelard et al. 2016; Ma
etal. 2017; Sugimoto et al. 2017), while at the longer time scales
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the time integration of the anomalous baroclinic eddy activity
results in an equivalent barotropic atmospheric response
(O’Reilly and Czaja 2015; Ma et al. 2015; Révelard et al. 2016;
Ma et al. 2017). Figures 12a and 12b show the difference in
geopotential height anomalies at 250 and 850 hPa between IEY
and AEY composites, where the upper- and lower-level winter
mean geopotential height anomalies display an anomalous
equivalent barotropic circulation in the North Pacific. These
are consistent with the southward shift of the upper-tropospheric
storm track and zonal wind in the eastern North Pacific (Fig. 12)
and corresponds to the dipole-like response in upper-level storm
track activity (Figs. 12e.f) with an increase (decrease) in storm
activity to the south (north) of the jet stream in the eastern
North Pacific.

Based on empirical analysis, Anderson (2019) suggests an
extratropical tethered pathway in which the KE variability
plays a vital role. In this view, the PDP forces the atmospheric
circulation that generates the westward propagating Rossby
waves that can subsequently modify the KE state. In contrast,
the KE mesoscale ocean—-atmosphere coupling induces remote
atmospheric pressure anomalies over the eastern North Pacific
of opposite sign, setting the stage for the opposite phase of the
PDP cycle.

To examine the possibility that the SST and corresponding
heat flux anomalies in the KE region may be, in part, responsible
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Wolfowitz inequality (Dvoretzky et al. 1956).

for the development of the atmospheric circulation patterns
over the eastern North Pacific, we investigate the KE down-
stream atmospheric response by calculating the correlation
maps of the KE index with the wind stress curl anomalies for a
lag of 2 months (Fig. 13). The KE’s feedback to the atmosphere
shown in Fig. 13 agrees with several observational studies
(Frankignoul et al. 2011; Qiu et al. 2014; Na et al. 2018; Joh and
Di Lorenzo 2019) that investigate the downstream atmo-
spheric and oceanic response to the KE stable state, showing
positive wind stress curl anomalies consistent with a cyclonic
atmospheric response in the subtropical eastern Pacific. In
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our results, the KE’s downstream atmospheric response in
Fig. 13 does not effectively project on the forcing pattern for
the KE variability but is more consistent with the Pacific
meridional mode forcing pattern by weakening the trade winds
in the subtropical eastern Pacific (Joh and Di Lorenzo 2019).
Given the possibility that the KE state may be important for
determining the nature of the North Pacific storm track, let us
now turn our attention to the lower- and upper-level storm-
track changes in the HR ensemble forecast. Figures 12c—f show
the difference in January-March 850-hPa and 250-hPa mean
zonal winds and the storm track represented using the 250-hPa
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FIG. 11. Composite January—March SST (shading) and 250-hPa geopotential height (contours) anomalies for
(a) inactive eddy years (IEY) and (b) active eddy years (AEY) for HR ensemble mean. Positive (negative) geo-
potential height anomalies shown as solid (dashed) contours. Contour interval is 5m, and the zero contours are
omitted. Composite January-March turbulent heat flux anomalies for (c) IEY and (d) AEY for HR ensemble
mean. Correlation maps between January—March SST and turbulent heat flux anomalies for (e) IEY and (f) AEY

HR composites. Correlations significant at 95% confidence level are shaded by dots.

high-pass-filtered (10 day) meridional wind speed variance
(Chang and Fu 2002; Wettstein and Wallace 2010) between
IEY and AEY. During years of reduced eddy activity and
stable KE system (IEY), there is a significant southward shift in
250-hPa storm track (Figs. 12e,f) in the eastern part of the basin
and both the lower- and upper-level zonal winds display a
significant equatorward shift (Figs. 12¢,d) compared to years of
increased eddy activity (AEY). A significant deceleration of
the zonal flow is also noted downstream of the KE region and

near Alaska. The zonal wind anomalies in the MERRA-2 re-
analysis (Fig. 12d) show a similar pattern with weakened
southwest-northeast-oriented zonal winds and enhanced winds
over the subarctic northwestern Pacific, although located slightly
to the south, at about 30°-40°N, compared to the HR ensemble
forecast in the western Pacific.

Although only the years of near-neutral phase of ENSO and
PDO were considered in the composite analysis, there is a
possibility that remaining SST anomalies, correlated with the
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FIG. 12. Composite mean difference (IEY — AEY) in January-March: geopotential height anomalies at 250
(contours) and 850 hPa (shading) for (a) HR retrospective ensemble forecast and (b) NASA MERRA-2 reanalysis;
zonal wind at 250 (contours) and 850 hPa (shading) for (c) HR and (d) MERRA-2; high-pass filtered (10 days) 250-
hPa meridional velocity variance (contours show climatology) for (¢) HR and (f) MERRA-2 reanalysis.
Differences significant at 95% confidence level based on a two-sided Wilcoxon rank-sum test are shaded by dots.
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FIG. 13. Atmospheric January-March downstream wind stress
curl feedback of the KE, outlined by the black box, for (a) LR
retrospective forecasts and (b) HR retrospective forecasts. Shading
shows the correlation maps of the 3-month low-pass wind stress
curl anomalies and the KE index for lag 2 months (lagged curl
anomalies vs KE index). Correlations significant at 95% confidence
level are shaded by dots.

KE index, may also have an impact on the extratropical North
Pacific. Figure 14 examines the SST (Figs. 14a,b) and geo-
potential height and precipitation anomalies (Figs. 14c,d) in
the entire Indo-Pacific regions for the first 15 days of the IEY
composites of both LR and HR retrospective forecasts. The
results in Fig. 14 show that the composites are still associated
with small SST signals in the Indian Ocean and central-western
tropical Pacific as well as weak low pressure centers in the
subtropical western Pacific that might be indicative of an at-
mospheric bridge from the tropics so that the slight contami-
nation of the estimated response to the KE shifts cannot be
excluded. Despite that, both LR and HR retrospective en-
semble forecasts are similarly initialized and contain the same
signal so that the difference between them for the full com-
posites arises from the eddy-resolving features. Moreover, the
existence of weak central-Pacific SST anomalies in the com-
posites suggests that decadal climate interactions between the
North Pacific western boundary current and the tropical Pacific
via Pacific meridional modes may be at play.
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Finally, the extent to which the low-frequency fluctuations in
the KE state can influence the local atmosphere is investigated
by taking a close look at vertical sections over the northern
edge of the KE region where the strong SST gradient is situ-
ated. Figure 15 shows the HR and LR longitude-height
sections of the vertical velocity difference (w in isobaric
levels) between AEY when the current is weakened with a
meandering southerly path and IEY when the KE is strengthened
with a steady and northerly path. Figure 15b shows that there is a
relative decrease in the upward vertical motion over most of the
KE region during AEY compared to inactive eddy years (IEY) in
the LR retrospective forecast. However, in the HR forecast, when
the KE is in an unstable (eddy-active) state, the overall decrease in
vertical motion during AEY is disrupted by a local structure
showing sharp increases in ascending motion extending to the
upper troposphere (Fig. 15a). The ascending motion structure is
deeper to the middle-west part of the KE region and is indicative
of an active role of ocean eddies in influencing the atmosphere.

Collectively, these results in this section indicate that the
insufficient resolution of the LR retrospective forecasts leads
to an unrealistic simulation of the winter rainfall in the USPN
region and the associated large-scale atmospheric response to
the dynamic state of the KE system.

4. Summary and conclusions

We diagnosed low-frequency ocean—atmosphere variability
over the North Pacific and its association with the Kuroshio
Extension. Remarkably, using observations and two contrasting
low- and high-resolution coupled global ensemble retrospective
forecasts, we show that Kuroshio Extension variability and pre-
cipitation in western North America are intimately connected and
that capturing and predicting this connection requires models that
resolve the mesoscale features of the Kuroshio. The lagged cross-
correlation analysis between January-March AVISO KE index
(KEI) time series and the rainfall over land (36°-44°N, 235°-
250°E) indicates the KEI leading the USNP rainfall by three
months for MERRA-2 reanalysis, one month for HR, and two
months for LR, with coefficients of 0.56, 0.6, and 0.34 respectively.
The results described here are consistent with previous work
showing that low-frequency variability in the Kuroshio Extension,
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FIG. 14. (top) Sea surface temperature anomalies for the first 15 days of the IEY composites of (a) LR and (b) HR
retrospective forecasts, including the Indo-Pacific regions. (bottom) Precipitation and 500-hPa geopotential height
anomalies (in contours) for the first 15 days of the IEY composites of (c) LR and (d) HR retrospective forecasts.
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two-sided Wilcoxon rank-sum test are shaded by dots.

driven by baroclinic Rossby waves carrying interior wind-forced
SSH anomalies, influences the extratropical storm track across the
North Pacific basin, and ultimately rainfall along the west coast of
North America.

This teleconnection between the Kuroshio Extension un-
dulations and western North American rainfall is embedded
in a decadal progression in the North Pacific. Specifically, ob-
served decadal variations involve a slow progression of a
lower-tropospheric height dipole around the North Pacific and
associated shifts in rainfall. We further explored the linkage
between the identified atmospheric mode and the low-frequency
transitions in the dynamic state of the Kuroshio Extension. We
found Kuroshio Extension variability to be driven by wind-
forced Rossby wave signals four years earlier in the central and
eastern North Pacific. Essentially, the Kuroshio Extension os-
cillates between ocean eddy active regimes and ocean eddy in-
active regimes with an approximately 8-yr period, and these
oscillations are driven by a delayed excitation of Rossby waves in
the central and eastern Pacific. The substantive details of this
decadal variability are represented very differently in the ocean
eddy-parameterized and ocean eddy-permitting coupled fore-
cast systems. In particular, we find substantial differences in the
storm track, lower- and upper-level zonal winds, and rainfall
between the low- and high-resolution retrospective ensemble
forecasts, demonstrating that resolving mesoscale ocean vari-
ability and the associated air-sea interaction is critical to cap-
ture changes in seasonal (winter) rainfall in the U.S. Pacific
Northwest region and the accompanying large-scale atmospheric
response to decadal variations in the dynamic state of the
KE system.

The fact that the western North American precipitation
teleconnection is embedded in this decadal progression is ex-
amined here primarily from the perspective of initialized pre-
dictions. The prediction framework is used because the coupled
model (either eddy-resolving or eddy-parameterized) is unable to
capture the multiyear evolution of the decadal progression. When
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initialized with observational estimates, the prediction system
indicates persistence of the low-frequency state for a few seasons
but does not capture the transition between states. Nevertheless,
we are able, at least with the eddy-resolving model, to predict the
seasonal western North American precipitation teleconnection by
taking advantage of this limited seasonal persistence.

The natural follow-on question is to understand why the
model fails to reproduce the decadal progression adequately.
We have examined this issue in the context of eddy-parameterized
and eddy-resolving multidecadal simulations, and while we do not
have a clear answer, we do hypothesize that the failure is not
resolution-dependent. Our preliminary analysis suggests that the
limiting factor is more related to the persistence of the KE at-
mospheric downstream feedback in the eastern Pacific as the
forcing of the subtropical Pacific SST anomalies and central
tropical Pacific variability. We hypothesize that a dynamical
pathway where the KE downstream ocean—atmosphere response
in the eastern North Pacific—energized by the atmospheric tele-
connections associated with the Pacific meridional modes and
central Pacific ENSO (Joh and Di Lorenzo 2019)—plays a crucial
role in the phase transitions of the KE system. We do, however,
argue that capturing the ocean mesoscale features is critical in
terms of predicting the downstream atmospheric precipitation
teleconnection.
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