1 DECEMBER 2021 ZHAO ET AL. 9249
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ABSTRACT: Teleconnections from the tropics energize variations of the North Pacific climate, but detailed diagnosis of this
relationship has proven difficult. Simple univariate methods, such as regression on El Niflo-Southern Oscillation (ENSO) indices, may
be inadequate since the key dynamical processes involved—including ENSO diversity in the tropics, re-emergence of mixed layer
thermal anomalies, and oceanic Rossby wave propagation in the North Pacific—have a variety of overlapping spatial and temporal
scales. Here we use a multivariate linear inverse model to quantify tropical and extratropical multiscale dynamical contributions to
North Pacific variability, in both observations and CMIP6 models. In observations, we find that the tropics are responsible for almost
half of the seasonal variance, and almost three-quarters of the decadal variance, along the North American coast and within the
Subtropical Front region northwest of Hawaii. SST anomalies that are generated by local dynamics within the northeast Pacific have
much shorter time scales, consistent with transient weather forcing by Aleutian low anomalies. Variability within the Kuroshio—
Oyashio Extension (KOE) region is considerably less impacted by the tropics, on all time scales. Consequently, without tropical
forcing the dominant pattern of North Pacific variability would be a KOE pattern, rather than the Pacific decadal oscillation (PDO).
In contrast to observations, most CMIP6 historical simulations produce North Pacific variability that maximizes in the KOE region,
with amplitude significantly higher than observed. Correspondingly, the simulated North Pacific in all CMIP6 models is shown to be
relatively insensitive to the tropics, with a dominant spatial pattern generally resembling the KOE pattern, not the PDO.

KEYWORDS: ENSO; Climate variability; Pacific decadal oscillation

1. Introduction appears to result from a combination of different dynamical
processes, including ENSO teleconnections, local atmosphere—
ocean interactions, and ocean dynamics (Newman et al. 2016).
Others, however, have argued that most variability in the North
Pacific is independent of ENSO. For example, Chen and
Wallace (2016) performed a rotation of the two leading empir-
ical orthogonal function (EOF) patterns of Pacific SST anoma-
lies to yield two new orthogonal patterns, one that tracks ENSO
but has only a weak North Pacific footprint, and a second that
bears considerable similarity to the PDO pattern but is seem-
ingly independent of ENSO. Wills et al. (2018) suggested that
the observed interdecadal variability of a variant of the PDO, a
new pattern identified with “low-frequency component analy-
sis,” is nearly independent of ENSO.

Perhaps the most common approach for “removing the
ENSO signal” is to linearly regress a variable against some
ENSO index, and then subtract the regressed portion from that
variable. This regression may be either simultaneous or at
some fixed lag, and the ENSO indices may include the
Southern Oscillation index, the Nifio-3.4 index, or the principal
component (PC) of the dominant EOF of tropical SST (e.g.,
Robock and Mao 1995; Kelly and Jones 1996; Cane et al. 1997;
Angell 2000; Santer et al. 2001; Chiang and Vimont 2004;
Wheeler and Hendon 2004; Thompson et al. 2008, 2009;
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El Nifio—Southern Oscillation (ENSO), the strongest signal
in the tropical Pacific on seasonal-to-interannual time scales,
drives atmospheric teleconnections that project tropical vari-
ability into the extratropics (‘‘the atmospheric bridge”), sig-
nificantly impacting the climate, weather, and ecosystems
throughout the Pacific (e.g., Alexander 1992; Wang et al. 2000;
Alexander et al. 2002; Vimont 2005; Di Lorenzo et al. 2010;
Deser et al. 2012; Liu and Di Lorenzo 2018; Capotondi et al.
2020a). Consequently, ENSO impacts North Pacific sea surface
temperature (SST) variability and, specifically, North Pacific
climate “modes” of variability including the Pacific decadal
oscillation (PDO) (e.g., Zhang et al. 1997; Newman et al. 2003;
Vimont 2005) and the North Pacific Gyre Oscillation (NPGO)
(Di Lorenzo et al. 2010).

Still, the extent of this ENSO impact throughout the North
Pacific remains uncertain. Some studies have suggested that a
simple reddening of ENSO, occurring as the North Pacific in-
tegrates the effects of ENSO teleconnections, may generate a
substantial fraction of PDO variance (e.g., Newman et al. 2003;
Schneider and Cornuelle 2005). More generally, the PDO
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et al. 2020). However, the diversity of ENSO events, with
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FIG. 1. (a)—(f) SSTa lag correlation maps with Nifio-3.4 index for leads of 0-36 months. (g) Hovmoller diagram of
SSHa lag correlation with Nifio-3.4 between 28° and 45°N.

(Capotondi et al. 2015), would seem too rich to be represented
by a single index or pattern at any fixed lag. For example,
central Pacific ENSO events are characterized by SST anom-
alies centered nearer to the date line, with much weaker
anomalies within the eastern Pacific cold tongue region, com-
pared to eastern Pacific ENSO events (Kao and Yu 2009), and
the leading dynamical processes driving these events are also
different and may involve different time scales (Capotondi
2013; Capotondi et al. 2015, 2020b).

Even a canonical ENSO event undergoes substantial evo-
lution over the course of its life cycle, evolving from precursor
pattern through mature pattern and finally to decay pattern
(e.g., Deser et al. 2010; Power et al. 2021). Some of this be-
havior can be seen in the series of maps in Fig. 1, which show
the regression of observed SST anomalies (SSTa) against the
Nifio-3.4 index, at increasing lags up to 36 months. For exam-
ple, starting from the mature phase of an El Nifio event (lag =
0; Fig. 1a), equatorial anomalies typically display a more rapid
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weakening within the cold tongue region in the eastern equa-
torial Pacific than elsewhere, so that the center of the anomaly
effectively shifts westward to the date line in the decay phase
(lag = 6; Fig. 1c). Some elements of this life cycle are also re-
flected in decadal time scale ENSO anomalies, which are me-
ridionally broader (e.g., continued positive correlation in the
off-equatorial tropical Pacific; Fig. 1d) and have relatively
larger amplitude near the date line compared to ENSO inter-
annual patterns (Zhang et al. 1998; Power et al. 2021).

While the extratropics are particularly sensitive to Nifio-3.4
SST anomalies during the peak of an ENSO event (Barsugli
and Sardeshmukh 2002), extratropical teleconnections may
also depend upon western tropical Pacific SST anomalies both
before (Bladé et al. 2008) and after (Jong et al. 2021; Capotondi
et al. 2019) the ENSO maximum. Therefore, as a method for
identifying the North Pacific ENSO component, simple re-
gression on a tropical SST index might be limited by the variety
of ENSO influences on the North Pacific, which act through
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both oceanic and atmospheric pathways to yield varying ENSO
teleconnection patterns occurring on multiple time scales
(Alexander et al. 2002 and references therein). ENSO-related
equatorial Kelvin waves can propagate northward as coastally
trapped waves on a time scale of a few months (Enfield and
Allen 1980; Chelton and Davis 1982; Clarke and Van Gorder
1994), producing a deepening of the thermocline and warming
of the coastal waveguide along the west coast of North
America. This can be seen in the first few months of the
Hovmoller of the lag correlation between observed sea surface
height (SSH) anomalies (averaged within the 30°-45°N latitude
band) and Nifo-3.4, shown in Fig. 1g. Atmospheric tele-
connections, in contrast, change extratropical surface winds
and their corresponding surface fluxes, producing SST anom-
alies of opposite sign in the central and eastern North Pacific
(Figs. la—c), These anomalies, which resemble the PDO pat-
tern, result from integration of ENSO forcing over a period of
several months, typically peaking a few months after they peak
in the tropical Pacific (Fig. 1b) and continuing to persist for
some time thereafter (Fig. 1c) (Alexander 1992; Alexander
et al. 2002; Newman et al. 2003; Vimont 2005). In many regions
of the North Pacific, these SSTa will persist 1-2 years beyond the
original ENSO event due to re-emergence, or wintertime mixed
layer entrainment of deeper thermal anomalies (Alexander and
Deser 1995), with geographic dependence convolving both the
original forcing and the local value of the mixed layer depth
(Deser et al. 2003). On still longer time scales, ENSO-driven
wind changes in the eastern and central North Pacific force
westward-propagating oceanic Rossby waves. Initially, these are
seen in the central and eastern North Pacific SSHa field within
the first 10-12 months (Fig. 1g). These negative anomalies reach
the Kuroshio—Oyashio Extension (KOE) region within a 2-3-yr
period, consistent with the expected propagation speed of large-
scale Rossby waves (Qiu 2003; Ceballos et al. 2009; Joh and Di
Lorenzo 2019), where they are related to decadal fluctuations in
both the ocean and atmosphere (e.g., Newman et al. 2016).
Since the physical interactions both within and between
the tropical and North Pacific occur on a wide range of
overlapping spatial and temporal scales, they may be better
understood with a multivariate dynamical system. Here we
develop such a diagnostic approach, based on empirical dy-
namical modeling, which allows explicit separation of the con-
tributions of tropical and extratropical dynamics to North Pacific
climate variability. Previous studies based on both observational
and model data have shown that this empirical dynamical
model—a linear inverse model (LIM)—is able to capture the full
evolution of ENSO events and important aspects of North
Pacific dynamics (e.g., Penland and Sardeshmukh 1995, hereaf-
ter PS95; Alexander et al. 2008; Newman et al. 2011, and others).
Compo and Sardeshmukh (2009) used a LIM to define the
tropical ENSO-related SST variations with a combination of
dynamical eigenvectors of the dynamical matrix (Penland and
Matrosova 2006) and then estimated the extratropical ENSO-
related SST variations empirically through simultaneous re-
gressions of the tropical ENSO-related SST. Newman (2007)
constructed a LIM to study how the interactions between the
tropical and North Pacific each contribute to interannual-to-
decadal SST predictability, but that analysis used annual means
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and therefore did not capture seasonal ENSO evolution. In this
work, we extend Newman’s (2007) analysis by incorporating
seasonal anomalies of SST and SSH in the construction of the
LIM, which both captures seasonal evolution and better ac-
counts for the ocean memory. The impact of the tropical dy-
namics on the North Pacific is removed in the cross-terms of the
resulting linear dynamical operator to yield an “internal” North
Pacific (“NP-only”’) dynamical system.

The long-term simulations from Earth system models
(ESMs) are also powerful tools to investigate the physical
mechanisms contributing to low-frequency variability of the
North Pacific, and in particular to separate the remote
tropical contributions from the internal extratropical dy-
namics. However, ESM simulations of ENSO and Pacific
decadal variability appear somewhat different than ob-
served (e.g., Newman et al. 2009; Furtado et al. 2011;
Nidheesh et al. 2017; Yi et al. 2018). In particular, the in-
teractions between the tropical and extratropical Pacific
(i.e., ENSO teleconnection dynamics and ENSO precursor
dynamics) on both interannual and decadal time scales are
generally too weak in the ESMs (Furtado et al. 2011;
Newman et al. 2016; Nidheesh et al. 2017; Zhao et al. 2021).
Since the tropical-extratropical coupling has been shown to
be important for the simulation of Pacific decadal variability
in climate models (Newman 2007; Zhao et al. 2021), we also
aim to compare the coupled tropical-North Pacific dynam-
icsin the ESMs to what may be estimated from observations.

The paper is organized as follows. The data and approaches
are explained in section 2. Section 3 compares different methods
to remove tropical effects from the North Pacific. The impact of
tropical dynamics on North Pacific variability in observations is
examined in section 4. The role that tropical dynamics plays in
the North Pacific in the climate models is discussed in section 5,
where it is also compared to observations. We then conclude
with a discussion and summary in section 6.

2. Data and methods
a. Observational and climate model data

The observational data used here included monthly mean
values of SST (unit: °C) and SSH (unit: m) from the European
Centre for Medium-Range Weather Forecasts (ECMWF) Ocean
Reanalysis System 4 (ORAS4) (Balmaseda et al. 2013) for
the period January 1958-December 2015. We assessed the
robustness of our results by evaluating additional SST da-
tasets over the same period (1958-2015), including the Met
Office Hadley Centre Sea Ice and Sea Surface Temperature
dataset (HadISST1) dataset (Rayner et al. 2003) and National
Oceanic and Atmospheric Administration (NOAA) Extended
Reconstruction SST dataset, versionS (ERSST v5) (Huang
et al. 2017). Monthly-mean SST and SSH output from histor-
ical simulations (rlilpl) of 19 climate models from phase 6 of
the Coupled Model Intercomparison Project (CMIP6) were
also used in this study (see Table 1) (Eyring et al. 2016). The
period of model data was restricted to 1950-2014.

SST and SSH fields were first averaged into 2° latitude X 5°
longitude grid boxes and then smoothed in time with a 3-month
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TABLE 1. List of models analyzed in the present study from the
CMIP6 database. Three models (EC-Earth3, FIO-ESM-2-0, and
GFDL-CM4) that have a full to NP-only LIM variance change
pattern that better matches the observation are chosen as ““Group
17 models. (Expansions of most acronyms are available online at
http://www.ametsoc.org/PubsAcronymList).

Model name Class Model name Class
ACCESS-CM2 GFDL-CM4 Group 1
ACCESS-ESM1-5 GFDL-ESM4
BCC-CSM2-MR MPI-ESM-1-2-HAM
CanESM5 MPI-ESM1-2-HR
CAS-ESM2-0 MRI-ESM2-0
CESM2 NESM3
CIESM NorCPM1
EC-Earth3 Group 1 NorESM2-LM
EC-Earth3-Veg SAMO-UNICON
FIO-ESM-2-0 Group 1

running mean. Anomalies were derived by removing the mean
monthly climatology. Each field was normalized by its domain-
averaged climatological standard deviation before computing the
empirical orthogonal functions (EOFs) used to construct the LIM.

b. Using the LIM to remove tropical dynamics from North
Pacific variability

In a LIM framework (e.g., PS95), the evolution of climate
anomalies is modeled as

% =Lx+§&, @8]
where x is the anomalous climate state vector, and L is the
linear dynamical evolution operator representing both local
and non-local deterministic dynamics, which can also include
linearly parameterizable nonlinear dynamics, with all remain-
ing unpredictable nonlinear dynamics approximated as a
temporally white noise forcing &£. Note that L can be deter-
mined based on the covariances of the state vector x, as de-
scribed in PS95

L =7;"In[C(r,)C(0) '], )

where C(0) = (x(¢)xT(¢)) is the covariance matrix of x and
C(79) = (x(t + 70)x'(¢)) is the lag-covariance matrix at lag 7. In
this work, we chose 79 = 3 months. Finally, the spatial statistics
of the white noise forcing is determined from a fluctuation-
dissipation relation:

LC(0) + C(O)LT +Q@ =0, 3)

where the noise covariance matrix Q = (££7)dt.

Following Newman (2007), the dynamics of the coupled
system of tropical Pacific and North Pacific may be investigated
by rewriting Eq. (1) as

@_i Xp | _ | Lorbar || %2
dt dt|xy LvLun | | Xy

&
g o
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where x7 and xy represent the variables within the tropical
Pacific (T) and North Pacific (V), respectively. By explicitly
separating the effects of x on x, and vice versa, we use Eq. (4)
to identify the submatrices of L that encapsulate internal
tropical Pacific processes (Lrr), internal North Pacific pro-
cesses (Lay), and coupling dynamics (Ly7 and Lzy). The dy-
namics of the North Pacific in the full LIM are then

dx

N =

i Loyx, +Lyuxy T &, 5)

We remove the effects of coupling between tropical Pacific and
North Pacific by setting Ly7 = Ly = 0 in L. Then the North
Pacific system in the North Pacific—only LIM (NP-only LIM) is

dx

d—;’ =LXy + &y 6)
Finally, we solve Eq. (3) for the NP-only covariance Cyx(0),
given Lyy and Quy [since (3) is a Sylvester’s equation], and
then the NP-only lag-covariance is

Can (1) =Gy (1)Cyy (0), 7

where Gyn(7) = exp(Lyn7). Note that Cyx(0) is the NP-only
covariance matrix, which therefore may be used to determine
NP-only EOFs.

c. Constructing the LIMs

For this study, we incorporate both SST and SSH in x, since
including SSH in the LIM state vector appears to improve the
representation of ocean dynamics within the LIM by including
additional information of the ocean memory (e.g., Newman
et al. 2011; Shin and Newman 2021). We first remove the ex-
ternally forced trend from the data, since this work focuses on
decoupling the unforced dynamics between tropical and North
Pacific. Therefore, following the approach of Penland and
Matrosova (2006) and Frankignoul et al. (2017), we estimate the
externally forced trend by determining the least damped ei-
genmode from a LIM whose state vector x represents SST and
SSH anomalies covering the entire Pacific basin (60°S—-60°N).
The time-varying projection on the least damped stationary ei-
genmode from this LIM (which we do not consider further) is
then removed from the original data. The resulting “‘detrended”
data form the basis for the coupled tropics—North Pacific LIM
analysis, including subsequent estimation of NP-only variability.
Note that we did not find these results to be qualitatively
changed with different methods to remove the trend.

For this study, the (detrended) state vector x comprises a
tropical Pacific component x7, with subcomponents SST and
SSH7, or the SST and SSH anomalies in the tropical Pacific
(14°S-14°N, 100°E-60°W), respectively; and North Pacific
component Xy, with subcomponents SSTy and SSHy, the SST
and SSH anomalies in the North Pacific (20°-60°N, 100°E-
60°W). The term x represents the 12, 3, 12, and 2 leading PCs of
SSTr, SSHy, SSTy, and SSHy, respectively explaining about
92%, 73%, 74%, and 27% of the variability of their respective
fields. To diagnose the impact of including SSH in the LIM
state vector, we also constructed an SST-only LIM, whose state
vector only contains 12 (12) leading PCs of SST7 (SSTy).
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FIG. 2. North Pacific SSTa regressed on the Nifio-3.4 index for leads of 0-12 months. (a)—(d) Regression maps between Nifio-3.4 index
and ORAS4 SSTa. The remaining columns are as in (a)—(d), except (e)-(h) for the NP-only LIM, (i)—(1) for SSTa when removing the Nifio-
3.4 regressed component, and (m)—(p) for the SSTa when removing the Nifio-3.4 regressed component with 3-month lead.

Unfortunately, only a few SSH PCs could be retained before
the LIM failed basic tests of its construction (the “Nyquist
problem”; PS95; Penland 2019) that typically arise due to
sampling issues (i.e., short data records). This means that the
SSH variance represented by the LIM is lower than observed,
although the SST variance is generally a good match (see
Fig. S1 in the online supplemental material).

To use the LIM for diagnosis, we first must confirm the val-
idity of its linear approximation. This is typically done through a
tau test (PS95), where for example the LIM’s (linearly) pre-
dicted lag-covariability, C(r) = exp(L7)C(0) = G(7)C(0), is
compared to the observed lag-covariability for lags greater than
the training lag. Figure S1 compares the original and LIM-
predicted 6- and 12-month lag-autocovariances of SST and SSH
anomalies. The full LIM captures all salient aspects of the SST
lag-autocovariance pattern. The LIM also generally captures
SSH lag-covariance, although it underestimates amplitude at all
lags, especially in the North Pacific, due to the relatively severe
SSH EOF truncation (Fig. S1).

We constructed two 1000-member sets of realizations from
Egs. (4) and (6), which were then used for some analysis and
significance testing in a standard Monte Carlo approach. Each
equation was integrated forward for 59000 years using the
method described in Penland and Matrosova (1994), where the
spatial structure of the white noise forcing &» and the decoupled
noise forcing &yy was determined from the noise covariance
matrices Q and Quy;, respectively, obtained from Eq. (3). Each
resulting integration (Full LIM and NP-only LIM) was sepa-
rated into 1000 ensemble members, each 59 years in length.

Although the LIMs were computed in a reduced EOF
space, all comparisons to observations were done using the
full (untruncated) gridded data. For the NP-only results, this
means that we assumed that all residual SST and SSH variability
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not contained within the LIM state vector would be unchanged
in the NP-only system. Since the EOF space is orthogonal, we
determined this residual from

C(n=C,(n+C ®)

g,rcmaindcr(T) ’
where Cy(7) is the gridded covariance of the original data,
C, () is the gridded covariance captured by the EOF-truncated
grid space data, and C, remainder(7) is the gridded residual co-
variance. Note that this is true for both zero- and lag-covariance
matrices, and for both the full and NP-only LIMs. In practice,
the residual variability is largely noise, so the results shown be-
low would be little changed by not including the remainder.
Finally, note that the ith column of the 7 lag-covariance matrix
C,(7) represents the regression of x against the time series of its ith
component [e.g., x;(¢)] at lag 7, and similarly the ith row represents
the regression of x against the time series of its ith component at
lead 7. Moreover, if we define an index as an average within some
region, then the average of the columns (rows) corresponding to the
grid points used to define the index gives the lead (lag) regression
between x and that index at lag 7 (after appropriate normalization).

3. Comparison of different methods of removing ENSO

We start by evaluating how well the LIM isolates the tropical
influence on North Pacific variability compared to methods that
use regression against a single ENSO index. First, we determined
the observed regression between the Nifio-3.4 index and North
Pacific SSTa for different lead times (Fig. 2). The simultaneous
regression between the Nifio-3.4 index and observed SSTa
exhibits a PDO-like pattern in the North Pacific (Fig. 2a), which
shifts slowly eastward and intensifies for longer lags (Figs. 2a—),
and then notably decays by about 12 months (Fig. 2d).
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FIG. 3. ORAS4 SST variance patterns (°C?) and percent changes of SST variance (%). (a) Observed full SST variance pattern. Other
panels show the NP-only SST variance patterns (b) of NP-only LIM, (d) when removing Nifio-3.4 regressed component, and (f) when
removing the Nifio-3.4 regressed component with 3-month lead; and the percent decrease from full variance to NP-only variance (c) of
NP-only LIM, (e) when removing the Nifio-3.4 regressed component, and (g) when removing the Nifio-3.4 regressed component with
3-month lead. Removing the leading PC of the tropical Pacific regressed component will get the same results.

We next applied various methods of “removing” ENSO from
the data, and then recomputed the Nifio-3.4 regressions. For the
NP-LIM, the remaining variability is almost uncorrelated with
Nifio-3.4, both simultaneously (Fig. 2e) and for all lags (Figs. 2f-
h), demonstrating that all North Pacific variability both simul-
taneous with and subsequent to the Nifio-3.4 anomaly has been
successfully removed by the multivariate LIM. In the next col-
umn, we show the same calculation applied to data where only
the simultaneous linear regression of Nifio-3.4 index has been
removed from the original data. Now, although there is no re-
sidual variability that is simultaneously uncorrelated with Nifio-
3.4, there remains a residual that has a clear relationship with
Nifio-3.4 for all subsequent lags (Figs. 2j-1). Matters are not
improved by instead removing the 3-month lagged regression on
the Nifo-3.4 index, since now there are residuals correlated with
Nifio-3.4 in both the simultaneous (Fig. 2m) and the 6- and
12-month lead regression maps (Figs. 20,p).

Furthermore, removing ENSO through regression on Nifio-
3.4 removes less North Pacific SST variance (Figs. 3d-f) than the
LIM method (Fig. 3b), especially near 40°N and along the coast
of North America. As a result, the percent decrease from the full
SST variance (Fig. 3a) to NP-only variance (Figs. 3b,d,f) due to
the tropical influence is much smaller when using the regression
method (Figs. 3e,g) than when using the LIM method (Fig. 3c).

Perhaps the issue is that Nifio-3.4 is not the best index to
represent ENSO’s influence on the North Pacific. Following
Takahashi et al. (2011), two different ENSO indices E = (PC1 +
PC2) and C = (PC1 — PC2) were constructed, where PC1 and
PC2 are the first and second leading PC of tropical Pacific SSTa,
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respectively. These indices are sometimes considered to repre-
sent eastern Pacific (E) and central Pacific (C) ENSO types (e.g.,
Capotondi et al. 2015). Similar to the analysis using the Nifio-3.4
index, we removed the simultaneous linear regression of either E
(Figs. 4a—e) or C (Figs. 4f-j) from the original data. In agreement
with Chen and Wallace (2016), we found that removing the re-
gression against C had almost no impact on North Pacific SSTa,
while the regression against E had a somewhat greater impact on
North Pacific SSTa than the Nifio-3.4 regression. However, its
impact was still much smaller than that obtained from the NP-
only LIM (Fig. 3c). Moreover, after removing the regressed
components, the lagged relationship between either C or E and
North Pacific SSTa still remained, with considerable amplitude
especially at longer leads (Figs. 4d,e,i,j). That is, removing the
linearly regressed component against a single ENSO index, ei-
ther simultaneously or at a fixed lag, from North Pacific SSTa is
unable to fully remove the variance associated with the spatial-
temporal evolution of tropical ENSO dynamics, and substantially
underestimates the influence of ENSO upon the North Pacific.
Decoupling the North Pacific from the entire tropical Pacific
through the LIM method more definitively removes the tropical
impact on North Pacific variability.

4. Impact of tropical dynamics on observed North
Pacific variability
a. Overall variability

To evaluate the overall impact of tropical dynamics upon
North Pacific variability, we first compare the SST variance
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pattern of the full and NP-only LIM in the observational
analysis (Figs. 3a—c; see also Fig. S2 for dataset sensitivity of the
observational results). The full SST variance has high ampli-
tude in the KOE region and the two main centers of the PDO
pattern, north of Hawaii and along the coast of North America
(Fig. 3a). In contrast, after removing the tropical influence, the
NP-only variance (Fig. 3b) is substantially reduced; notably,
variance is almost halved in the terminus of the atmospheric
bridge, along the coast of North America, and within the
Subtropical Front (around 30°N near Hawaii) (Fig. 3c). On the
other hand, the variance within the KOE region (around 40°N)
and along the coast of East Asia is little changed. Tropical
forcing also contributes about 20% of the SSH variance to the
maximum within the KOE region and more broadly through-
out much of the North Pacific (cf. Figs. S3a—c). In conclusion,
tropical dynamics have an important impact on SST and SSH
variance in the North Pacific, especially along the North
American coast and in the subtropical area around 30°N in
observations (Fig. 3c; see also Fig. S3c).

b. Climate modes

We next explore how tropical dynamics drive patterns of
variability in different regions of the North Pacific. First, we
define a KOE index as the average SSH anomaly in the region
bounded by 31°-36°N and 140°-165°E, and a central North
Pacific (NP) SST index as the average SST anomaly in the
region bounded by 30°-38°N and 170°-155°W. These are used
to determine lead-lag regressions from Cgnp.oniy(7) (€€
section 2). The lead-lag regression maps between the KOE
index and the SSTa/SSHa fields show that the observed SSTa
evolution associated with the KOE index (left column of Fig. 5)
is little changed and only somewhat weakened in the NP-only
system (right column of Fig. 5), suggesting that both the am-
plitude and evolution of KOE SSTa/SSHa variations are pri-
marily driven by internal North Pacific dynamics.

The lead-lag regression maps based upon the central NP
SST index capture the evolution of a PDO-like pattern (Fig. 6).
Here, the removal of the tropical forcing leads to substantial
change, notably the reduction of both the horizontal scale and
amplitude of the SST and SSH central North Pacific maxima in
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the NP-only regression compared to the observed regression,
as well as the virtual elimination of the anomaly along the
North American coast associated with ENSO teleconnections
(cf. Figs. 6¢ and 6h). Additionally, Fig. 6 shows that the central
Pacific anomaly in the NP-only system is short-lived (right
column), with a time scale of only a few months, especially
compared to the considerably more persistent anomaly seen in
observations (left column). Note that similar results are ob-
tained using other observational datasets instead (ERSST v5
and HadISST), shown in Fig. S4. These results suggest that,
while Aleutian low variations can be driven both internally and
through ENSO teleconnections, their effect on central North
Pacific SSTa/SSHa variability may be quite different, with
more persistent ENSO forcing driving a larger-scale, more
persistent response than is obtained from rapidly decorrelating
weather forcing.

Given this picture of NP-only variability, we next ask how
the dominant patterns of North Pacific SSTa and SSHa would
be different in the absence of tropical forcing; for example,
would the leading EOF of observed SSTa still resemble the
PDO without tropical forcing? To answer this question, in
Fig. 7 we compare the leading North Pacific SSTa and SSHa
EOFs determined from Cg np-oniy(0), the zero-lag covariance
matrix determined for the NP-only system, to the leading
EOFs determined from the original data, where the SSTa
EOFs are indicated by shading and the SSHa EOFs by con-
tours. In observations, the leading North Pacific SSTa EOF
(Fig. 7a) is the well-known PDO dipole pattern, with a central
Pacific maximum tilted west-northwest from north of Hawaii
to Japan and an opposite-polarity anomaly of roughly equal
amplitude curving along the eastern boundary. In contrast, the
leading NP-only SSTa EOF (Fig. 7b) is largely monopolar,
zonally aligned along the subarctic front and extending east-
ward from Japan (along 40°N) to a maximum located some-
what northward of the original PDO maximum. Such a pattern
has been associated with SSTa variability driven by changes in
the strength and position of the Oyashio (e.g., Frankignoul
et al. 2011), and we will refer to it as the KOE pattern here-
after. This change of the dominant SSTa mode of variability
after decoupling from the tropical Pacific, from a PDO-like to a
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KOE-like pattern, also results when repeating our analysis
using other observational datasets (Fig. S5) and is consistent
with the change of overall SST variance discussed above.

The leading SSH EOF (contours in Figs. 7a,b) is also influ-
enced by the tropical forcing, with a KOE-like pattern that is
much more localized to the western Pacific in the NP-only LIM
(Fig. 7b), instead of the basinwide PDO-like pattern in ob-
servations (Fig. 7a).

Autocorrelation functions of the PCs corresponding to these
EOFs were also determined, to study the tropical impact on the
persistence of these dominant modes of variability (Fig. 7c; see
also Figs. S5e,f and S6). In the NP-only LIM, the autocorrelation
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function of a selected PC can be obtained by projecting the NP-
only spatial covariance matrices Cynp_oniy(7) Onto the corre-
sponding EOF pattern. Decoupling from the tropical Pacific
reduces by half the time scale of both the North Pacific dominant
SST mode (Fig. 7c; see also Figs. S3e,f) and the dominant SSH
mode (Fig. S6a), compared to observations.

c¢. Low-frequency variability

The results of the previous section suggest that tropical
forcing drives NP variability not only to be stronger, especially
in the eastern part of the basin, but also to be more persistent.
This raises the possibility that the tropics could likewise have
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an impact on North Pacific low-frequency climate variability.
Therefore, in this section, we repeat our analysis, but first filter
out higher frequencies including those associated with ENSO
interannual variability. To do this, we apply the Zhang et al.
(1997) low-pass filter, which acts to remove power associated
with periods less than 6 years, to SSTa and SSHa from both
observations and the LIM ensemble data.

The impact of tropical dynamics on North Pacific SST
anomalies is even more pronounced for low-frequency vari-
ability, with the notable exception of the KOE region. Observed
low-pass SST variance, shown in Fig. 8a, has a pattern quite
similar to the total SST variance (Fig. 3a), including KOE-like
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and PDO-like variability. In the central North Pacific and the
coastal region of North America, where the influence of ENSO
teleconnections is strongest, the low-pass variance represents a
somewhat larger fraction (~30%) of the total variance than
elsewhere (Fig. 8b). In comparison to these observations, NP-
only low-pass variance (Fig. 8c) is sharply reduced in most re-
gions of the North Pacific, especially along the coast of North
America and in the Subtropical Front (Fig. 8d). In the KOE
region, however, the NP-only and total low-pass variance are
largely the same.

Involving SSH in the LIM tends to improve its representa-
tion of observed SST variability on longer time scales. The
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SST-only LIM performed slightly worse than the SST-SSH
LIM, with an underestimation of observed SST lag-covariance
especially at longer time scales (18-24 months) (Fig. S7).
Consequently, the NP-only version of the SST-LIM was also
less persistent (Fig. S7) and the relative impact of the tropics on
North Pacific SST variability was only slightly stronger, both
overall (Fig. S8) and on decadal time scales (Fig. S9).

5. Comparison between observations and CMIP6

ESMs are another powerful tool to understand how the
physical mechanisms contribute to the low-frequency vari-
ability of the North Pacific. Therefore, in this section we
evaluate 19 climate models from CMIP6, to understand how
well they are able to capture observed North Pacific variability
and its interactions with the tropics. First, updating the
Newman et al. (2016) analysis of the CMIP3/-5 models, we
compare the dominant EOF pattern of North Pacific variability
in each CMIP6 model to observations. Figure 9a shows this
comparison in the form of a Taylor diagram, where each model
EOF is compared to the observed (ORAS4) EOF (i.e., the
PDO). The leading SST EOF patterns from the other SST
datasets are also compared to the ORAS4 EOF (Fig. 9a, black
and blue pentagrams), showing that they are fairly similar
across the three SST datasets we examined. In contrast, the
CMIP6 models (diamonds in Fig. 9a) all have much poorer
matches to the observed EOF, well outside the range of ob-
servational uncertainty. Moreover, the model EOFs appear
significantly outside the range expected by sampling. This is
shown by the gray dots in Fig. 9, which indicate the comparison
of each leading EOF determined from each of 1000 different
LIM 59-yr realizations to the observed EOF (see section 2 for
more details). The CMIP6 EOFs are more different from the
observed EOF than over 90% of the LIM realizations (Fig. 9a,
dark gray dots), implying that the differences between the
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leading observed and model North Pacific SST EOFs are sta-
tistically significant and likely due to model error rather than
the limitation of a single observational realization. This is even
true for the dominant North Pacific SST EOF computed from
the CMIP6 multimodel ensemble mean (MEM; orange pen-
tagram) covariance matrix.

We next built LIMs from the output of each model and re-
peated the observational LIM analysis. The multimodel en-
semble mean statistics are determined by the arithmetic mean
of the statistics analyzed in each model. For example, the full
SST variance pattern of each model is first obtained, and then
full SST variance patterns of all models are averaged collec-
tively as the MEM full SST variance pattern.

The MEM of the North Pacific SST variance shows very strong
variability, especially within the KOE region (Fig. 10a), yet is
absolutely weaker along the North American coast and relatively
weaker within the central North Pacific compared to observa-
tions (Fig. 3a). Moreover, compared to the full SST variance in
the MEM, the NP-only variance is relatively little changed (cf.
Figs. 10a and 10b), with a reduction of only about 10%-20%
(Fig. 10c). This suggests that North Pacific SST variability is
considerably less influenced by tropical dynamics in the CMIP6
models than in observations (Fig. 3c). Similarly, the excessive
SSH variability within the KOE region in the MEM remains
nearly unchanged in the NP-only LIM (Figs. S3d-f), again in
sharp contrast to the observational analysis (Figs. S3a—c) and
again implying that the contribution of the tropical dynamics to
SSH variability is too small in the CMIP6 models. These results
suggest that while tropical dynamics play an important role in
shaping the variability of the North Pacific in the observations,
ESMs are far less sensitive to tropical forcing, so that their North
Pacific variability—which appears too strong—is primarily re-
flective of internal extratropical processes.

Given these results, it is not entirely unexpected that
the dominant North Pacific SST EOF for the MEM has
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characteristics more similar to the KOE pattern (Fig. 11a) than  between the original and NP-only EOF pattern, again consistent
to the observed PDO (Fig. 7a). Removing the tropical influ- with a model underestimation of the tropical-North Pacific
ence from the North Pacific does not notably change this pat- relationship, also consistent with previous findings (e.g.,
tern (Fig. 11b), with a spatial correlation coefficient of 0.97 Furtado et al. 2011; Nidheesh et al. 2017; Zhao et al. 2021).

15t EOF of
NP-only LIM

Standard deviation

FIG. 9. Taylor diagrams of (a) leading EOF pattern of North Pacific SSTa (PDO), (b) leading EOF pattern of
North Pacific SSTa of NP-only LIM. Black star: ORASA4. Blue star: ERASST. Light blue star: HadISST. Orange
star: MEM. Magenta star: Groupl MEM. Magenta diagrams: Group 1 models. Red diamonds: other CMIP6
models. Gray dots show the estimates based on the 59-yr Monte Carlo subsamples, in which the dark gray dots show
the 90% confidence level of these patterns using the 1000 samples and the light gray dots show the other patterns. In
a Taylor diagram, the distance of a point from the reference point (black pentagram, ORAS4) indicates the level of
similarity between the corresponding model and the observation.
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Moreover, the leading North Pacific SST EOFs from all the
NP-only model LIMs are considerably different than the ob-
served, and again more different than that obtained from the
1000 LIM realizations (Fig. 9b). A comparison of the auto-
correlation functions of the leading North Pacific SST PCs in
the full and NP-only systems shows that while tropical forcing
lengthens the time scale of the dominant NP SST mode
(Fig. 7c; see also Figs. SSe,f) and SSH mode (Fig. S6a), leading
to stronger low-frequency variance in observations, it does not
in the CMIP6 models (Fig. 11e and Fig. S6b).

The evolution of the KOE index regression is little impacted
by the tropics (cf. first and second columns of Fig. 12), even less
than the small observed impact (cf. Fig. 5), again implying that
the KOE-related pattern is largely driven by internal North
Pacific dynamics in the ESMs. However, unlike observations,
the tropics do not appear to impact the development of the
central Pacific anomaly (cf. third and fourth columns of
Fig. 12), whose strength and persistence lies between the ob-
served NP-only and full systems (cf. Fig. 6). This raises the
possibility that compared to observations, MEM PDO-like
variability may be both too sensitive to internal North Pacific
dynamics (e.g., forcing by the Aleutian low) and not sensitive
enough to the tropics.

None of the CMIP6 models captures the observed pattern of
the change of North Pacific SST variance due to decoupling
from the tropics (cf. Fig. 3c and Fig. S10), again suggesting that
they do not correctly simulate the impact of the tropical dy-
namics on the North Pacific. Still, a few models appear to better
match observations than even the MEM, so perhaps they
better capture observed dynamics as well. We explore this
possibility by selecting three models (EC-Earth3, FIO-ESM-2-0,
and GFDL-CM4) whose patterns of full to NP-only variance
change better match the observed. These three “Group 1”
models (magenta diamonds in Fig. 9) also better simulate the
observed PDO pattern (magenta diamonds in Fig. 9a) and
exhibit more variance along the North American coast and in

Brought to you by Georgia Tech Library | Unauthenticated | Downloaded 06/11/22 06:31 PM UTC

the central North Pacific, although as in the other models they
still appear to overestimate KOE variability (Fig. 10d). The
impact of tropical dynamics on the NP SST variance in a MEM
derived just from the Group 1 models (Fig. 10f) is considerably
more similar to observations (Fig. 3c), with a spatial correlation
coefficient higher than 0.4 (magenta pentagram in Fig. S10).
However, Group 1 otherwise showed no obvious improvement
relative to the other models, either in terms of the dominant
EOF of the NP-only variability (Figs. 11 and 9b) or in terms of
the tropical impact on the evolution of the KOE and central
NP regression patterns (not shown). Other methods to group
the models did not yield better comparisons to observations,
although averaging models tends to reduce the individual
biases. Therefore, the inability to adequately capture the
tropical Pacific dynamical impact on North Pacific variability
appears common to all CMIP6 models, a problem that appears
to have persisted at least since CMIP3/-5 (e.g., Solomon et al.
2011; Newman et al. 2016).

6. Concluding remarks

We quantified the role of the tropical-extratropical coupled
dynamics in energizing North Pacific climate variability, using
an empirical dynamical model (LIM) that allowed us to se-
lectively and objectively include or exclude the tropical cou-
pling, following Newman (2007). We found that tropical
dynamics drive a large fraction of the central and eastern North
Pacific footprint of the PDO pattern (Figs. 3 and 6). The in-
ternal variability of the North Pacific is most pronounced
within the KOE region, and specifically along the subarctic
front (Fig. 3), especially on decadal time scales (Fig. 8).
Therefore, in the absence of tropical forcing, the dominant
pattern of North Pacific variability might be characterized by a
KOE-like pattern, rather than the PDO (Fig. 7). The tropical
dynamics also contribute to the persistence of North Pacific
anomalies (Fig. 7; see also Figs. S7 and S8) and therefore to an
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even greater fraction of the low-frequency variance in the
North Pacific region (Figs. 8).

Our analysis suggests that the impact of the tropics on North
Pacific SST variability has been underestimated by many pre-
vious regression-based studies, as shown in Figs. 3 and 4, due
perhaps to an inadequate prior definition of ENSO and an
inadequate prior expectation of ENSO impacts on the North
Pacific. Neither of these would necessarily be problematic if all
important physical interactions within the coupled tropical—
North Pacific system could be represented by a set of physically
based orthogonal modes. That is, if the leading EOFs (or some
suitable orthogonal rotation) of tropical and North Pacific SSTa
corresponded to true physical modes of the system, such that
each EOF pattern represented one distinct physical mechanism
and time scale (e.g., Monahan et al. 2009), then a simple re-
gression on the appropriate ENSO index should remove all the
tropical-North Pacific dynamics associated with that index on all
time scales. The failure of the regression method to do this—in
particular, the substantial residuals remaining in the lag regres-
sion in Figs. 2j-1, 4d,e, and 4i,j—strongly supports an alternative
view, previously suggested for ENSO (PS95; Capotondi et al.
2015) and the PDO (Newman et al. 2016) in the ocean, and the
Pacific-North American (PNA; Henderson et al. 2020) and the
North Atlantic Oscillation (NAO; Albers and Newman 2021)
patterns in the atmosphere: a single pattern of variability does
not correspond to a single dynamical mode, but rather arises
through the combination of a number of different dynamical
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modes, where each mode may have a similar spatial pattern but
evolve quite differently due to different underlying physical
processes (i.e., they are nonorthogonal). Then, a diagnosis of the
“impact” of this pattern of variability would, at a minimum,
require separate removal of the effects of each of these physical
modes. In essence, this is what the LIM does.

Our analysis also shows that, both individually and in the
aggregate, CMIP6 models considerably underestimate the
tropical influence on North Pacific variability. At the same
time, they capture KOE variability that is generally similar to
(although perhaps considerably stronger than) what is ob-
served. Therefore, perhaps because of the weaker coupling
with the tropics, the dominant pattern of North Pacific SST
variability in most of the models is the KOE pattern. That is,
the models do not in fact appear to reproduce the observed
PDO (Fig. 9a), an issue that has existed for many model gen-
erations. For example, Newman et al. (2016) showed similar
issues with the leading North Pacific SSTa EOF in CMIP5
models, and also found that the PDO connections to the tropics
were generally too weak compared to observations, perhaps
due in part to ENSO simulation errors (e.g., Bellenger et al.
2014; Capotondi et al. 2015), including the long-standing
westward shift of the modeled ENSO pattern (e.g., Joseph
and Nigam 2006) that results in downstream errors in ENSO
teleconnections (e.g., Deser et al. 2018). As a result, diagnostic
studies of North Pacific variability using CMIP-class models
may routinely overestimate the importance of internal North
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FIG. 12. As in Figs. 5 and 6, but for CMIP6 MEM. The SSHa contour interval is 0.0075.

Pacific dynamics and underestimate the importance of tropical
interactions, and should be treated with considerable caution.
In the meantime, diagnostic studies to determine the sources
for this vexing error in the models seem to be needed.

An alternative approach to our empirical analysis is to de-
sign different numerical sensitivity experiments within climate
models that aim to isolate ENSO-induced variability (e.g., Liu
et al. 2002; Wang et al. 2012; Sandeep et al. 2014; Niranjan
Kumar et al. 2016; Zhang et al. 2018). For example, Pacific
Ocean-Global Atmosphere (POGA) experiments, in which
anomalous SST over the tropical Pacific is restored to obser-
vations but elsewhere is coupled to the atmosphere (e.g.,
Zhang et al. 2018), have found that tropical Pacific-forced and
internal components are distinct for both the PDO and South
Pacific decadal oscillation. By performing a set of experiments
similar to the POGA in coupled ocean—atmosphere models, Liu
et al. (2002) suggest that decadal variability in the North Pacific
originates predominantly from local dynamical processes; Wang
et al. (2012) find the PDO variability only increases slightly in
the ENSO run compared with the no-ENSO run. However,
given our result that climate models do not appear to simulate
observed ENSO teleconnection dynamics with complete fidel-
ity, there may be some questions about the ability of such model
experiments to entirely diagnose the tropical dynamical impact
upon observed decadal North Pacific variability.

The results from the analyses presented in this paper do not
imply that all of North Pacific variability is ““forced” by the tropics,
since tropical variability itself can be influenced by the North
Pacific (Penland and Sardeshmukh 1995; Moore and Kleeman
1996; McPhaden and Yu 1999; Rodriguez-Fonseca et al. 2009;
Kucharski et al. 2016; Liu and Di Lorenzo 2018; Liguori and Di
Lorenzo 2019; Chung et al. 2019; Zhao and Di Lorenzo 2020). For
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example, some of the tropical Pacific decadal variability that
drives the North Pacific is impacted by the North Pacific ENSO
precursor dynamics (Zhao and Di Lorenzo 2020; Zhao et al.
2021). Removing tropical dynamics from the North Pacific using
the LIM also reduces the decadal variance that is generated
from extratropical ENSO precursor dynamics and then
amplified by the tropical dynamics. In this work, the de-
coupled LIM provides a quantitative measure of the net role
of tropical-extratropical coupling on North Pacific climate
variability, which includes ENSO teleconnections both to
and from the tropics.

To follow up on this study, we could expand upon the
datasets used here, such as by extending the time range, using
additional reanalysis datasets (e.g., CERA-20C; Patrick et al.
2018), and/or incorporating ocean variables that might better
capture ocean dynamics than SSH. Extending the data record,
either by analyzing other datasets or by using long centennial-
scale climate model simulations, might also allow for consid-
eration of nonstationarity in both ENSO dynamics (e.g.,
Capotondi and Sardeshmukh 2017) and the interactions be-
tween the tropics and North Pacific. We could also construct a
LIM that includes surface atmospheric variables, such as mean
sea level pressure and/or heat and momentum fluxes, to diag-
nose the dynamical role of the atmospheric bridge in coupling
the tropical and North Pacific basins. Finally, the approach
outlined in this study could be useful to revisit the coupling
dynamics between the tropical Pacific and other oceanic re-
gions such as the South Pacific.
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