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ABSTRACT: Identifying the origins of wintertime climate variations in the Northern Hemisphere requires careful attri-
bution of the role of El Niño–Southern Oscillation (ENSO). For example, Aleutian low variability arises from internal
atmospheric dynamics and is remotely forced mainly via ENSO. How ENSO modifies the local sea surface temperature
(SST) and North American precipitation responses to Aleutian low variability remains unclear, as teasing out the ENSO
signal is difficult. This study utilizes carefully designed coupled model experiments to address this issue. In the absence of
ENSO, a deeper Aleutian low drives a positive Pacific decadal oscillation (PDO)-like SST response. However, unlike the
observed PDO pattern, a coherent zonal band of turbulent heat flux–driven warm SST anomalies develops throughout the
subtropical North Pacific. Furthermore, non-ENSOAleutian low variability is associated with a large-scale atmospheric cir-
culation pattern confined over the North Pacific and North America and dry precipitation anomalies across the southeast-
ern United States. When ENSO is included in the forcing of Aleutian low variability in the experiments, the ENSO
teleconnection modulates the turbulent heat fluxes and damps the subtropical SST anomalies induced by non-ENSOAleu-
tian low variability. Inclusion of ENSO forcing results in wet precipitation anomalies across the southeastern United States,
unlike when the Aleutian low is driven by non-ENSO sources. Hence, we find that the ENSO teleconnection acts to
destructively interfere with the subtropical North Pacific SST and southeastern United States precipitation signals associ-
ated with non-ENSOAleutian low variability.
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1. Introduction

Large-scale atmospheric circulation variability and the
associated SST patterns are an important source of predict-
ability for terrestrial climate anomalies over North America
(e.g., Ropelewski and Halpert 1989; Latif and Barnett 1996;
Dai et al. 1998; Trenberth et al. 1998; Hoerling and Kumar
2002; Di Lorenzo and Mantua 2016; Newman et al. 2016). For
example, a prevalent weather regime is associated with the
Aleutian low and is characterized by the waxing and waning
in strength of the climatological low pressure center over the
North Pacific. Variations in Aleutian low strength are known
to impact a wide range of Earth system components, including
ocean temperature, marine ecosystems, and precipitation
(e.g., Trenberth and Hurrell 1994; Mantua et al. 1997; Cayan
et al. 1998; Di Lorenzo and Ohman 2013). The Aleutian low
is also the most prominent surface feature of the Pacific–
North American pattern (PNA; Wallace and Gutzler 1981), a
large-scale atmospheric circulation pattern that connects the
subtropics and midlatitudes across the Pacific and North
America. Given that PNA and Aleutian low time series are
highly correlated (Trenberth and Hurrell 1994), we focus on
the Aleutian low in this study.

Aleutian low variability, often as part of the PNA pattern,
arises from both internal atmospheric dynamics and remote
forcing mainly via El Niño–Southern Oscillation (ENSO)
(e.g., Trenberth and Hurrell 1994; Lau 1997). For example,
chaotic atmospheric variability may result in an anomalously
strong Aleutian low that persists through the winter. Alterna-
tively, ENSO is well known to modulate Aleutian low
strength, as part of a large-scale pattern that is similar to the
PNA but with a more zonally symmetric pattern (Livezey and
Mo 1987; Trenberth et al. 1998; Hoerling and Kumar 2002;
Straus and Shukla 2002; Johnson and Feldstein 2010; Li et al.
2019). For example, the atmospheric Rossby wave response
to suppressed convection in the tropical Pacific associated
with La Niña events, the cold phase of ENSO, is notorious for
weakening the wintertime Aleutian low (Blackmon et al.
1983; Trenberth and Hurrell 1994) and driving anomalous
ridging across the central United States (e.g., Trenberth et al.
1998). The resulting alterations in the atmospheric circulation
are associated with a northward shift of the storm track and
anomalously dry conditions over the southern states (e.g.,
Ropelewski and Halpert 1989; Dai et al. 1998). ENSO’s mod-
ulation of Aleutian low strength also impacts turbulent heat
flux anomalies (Q′

turb) and anomalous Ekman transports over
the North Pacific (Alexander 1992; Alexander et al. 2002;
Alexander and Scott 2008), driving SST variability resembling
the Pacific decadal oscillation (PDO; Namias et al. 1988)Corresponding author: SarahM. Larson, slarson@ncsu.edu
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pattern, thereby completing the “atmospheric bridge” (Lau
and Nath 1994; Liu and Alexander 2007). Forcing from ther-
modynamically coupled modes and other tropical basins, may
also drive fluctuations in the Aleutian low (e.g., Hoerling and
Kumar 2002; Deser and Phillips 2006; Okumura et al. 2009;
Clement et al. 2011).

Aleutian low variability arising from a combination of
internal dynamics and ENSO typically forces a large-scale
PDO-like pattern. This SST anomaly pattern emerges as the
leading mode of North Pacific SST variability that is pro-
nounced on decadal time scales. The positive phase of the
PDO is characterized by warm SST anomalies along the U.S.
West Coast and cold SST anomalies extending from the west-
ern North Pacific into the interior basin through the Kuroshio
Extension region (Mantua et al. 1997). The PDO pattern is gen-
erated primarily through the modulation ofQ′

turb and anomalous
wind stress forcing on the ocean surface (Alexander 1992; Miller
et al. 1994). The ocean dynamical response to wind stress vari-
ability plays an important role in PDO variability, particularly in
elongating the time scale of PDO variations through ocean
adjustment via midlatitude ocean Rossby waves (Miller et al.
1998; Deser et al. 1999; Schneider and Miller 2001; Seager et al.
2001; Kwon and Deser 2007), Ekman transports (Schneider et al.
2002; Alexander 2010), Kuroshio–Oyashio variability (Miller
and Schneider 2000; Seager et al. 2001; Schneider et al. 2002; Qiu
2003; Schneider and Cornuelle 2005), and the “re-emergence”
mechanism (Alexander and Deser 1995; Alexander et al. 1999).

Many observational and modeling studies identify linkages
between ENSO and PDO phases. Trenberth (1990) shows
that a deeper Aleutian low and a positive PDO coincided
with multiple El Niño events and lack of La Niña events dur-
ing 1977–88. A similar relationship between ENSO and PDO
is found in observations and climate model simulations (Kiem
et al. 2003; Vimont 2005; Verdon and Franks 2006; Okumura
et al. 2017; Sun and Okumura 2020; Power et al. 2021). Stud-
ies also argue that the relative phasing of ENSO and PDO
results in a constructive or destructive interference of the
resulting teleconnection patterns over North America (Ger-
shunov and Barnett 1998; McCabe and Dettinger 1999; Cole
et al. 2002; Brown and Comrie 2004; Hu and Huang 2009;
Wang et al. 2012). Therefore, identifying the origins of North-
ern Hemisphere climate anomalies requires careful attribu-
tion of the role of ENSO.

Although it is well known that interannual variations asso-
ciated with ENSO are an important contributor to lower-
frequency PDO-like SST anomalies (Newman et al. 2003;
Schneider and Cornuelle 2005; Vimont 2005), how ENSO
modifies the North Pacific SST and North American precipi-
tation responses to Aleutian low variability each winter sea-
son remains unclear. We note that prior studies argue for
difficulty in using the PDO to predict seasonal North Ameri-
can impacts (Kumar et al. 2013; Kumar and Wang 2015),
which is another motivator for us to instead focus on the role
of ENSO forcing. Furthermore, it is unclear whether the short
observational record is sufficient to accurately characterize
PDO impacts in nature (McAfee 2014). In the presented anal-
yses, we only consider the PDO-like pattern as a typical SST

response to Aleutian low variability, although we discuss
implications for the PDOmore broadly in the final discussion.

This study aims to closely examine North Pacific SST and
North American precipitation signals associated with Aleutian
low variability originating from ENSO versus non-ENSO sour-
ces. We utilize a novel set of coupled model experiments to ana-
lyze these contributions separately. The paper is organized as
follows. Section 2 introduces the coupled model experiments
and observationally based datasets. Validation of the model
experiments is presented in section 3 and the general methods
for analyses are in section 4. Section 5 contains the results,
including the SST and precipitation signals associated with
Aleutian low variability in each experiment. Section 6 provides
a summary and discussion.

2. Coupled model experiments and observationally
based datasets

All model experiments are performed with a nominal
18-horizontal-resolution version of the Community Earth Sys-
tem Model version 1.2.0 (Hurrell et al. 2013) with present-day
(year 2000) forcing. The ocean model is the Parallel Ocean
Program version 2 (POP2; Smith et al. 2010). The atmosphere
model is the Community Atmosphere Model version 4
(CAM4; Neale et al. 2013), so this version is more closely
aligned with the Community Climate System Model version 4
(CCSM4; Gent et al. 2011) but with the updated diabatic pro-
cesses parameterizations of CAM5 (Hurrell et al. 2013). For
clarity, this version of the model will be referred to as
CESM1-CAM4 but a brief description of CCSM4’s fidelity in
simulating Pacific climate variability is provided. Note that the
characteristics described are for a preindustrial version of the
model with year 1850 radiative forcing, whereas a present-day
version with year 2000 forcing is used in this study. According
to Deser et al. (2012), CCSM4 simulates realistic spatial pat-
terns and time scales of ENSO SST and decadal North Pacific
SST variability. The amplitude of ENSO variability is roughly
30% stronger in CCSM4 compared to HadISST and the peri-
odicity is more confined to the 3–6-yr range compared to the
broader spectral peak in observations. Impacts of this caveat
are mentioned where appropriate. Wintertime modulation of
the Aleutian low via ENSO teleconnections is realistic,
although the anomalies tend to persist too long into spring
(Deser et al. 2012). The spatial pattern of decadal North
Pacific SST variability in CCSM4 includes a tropical SST signa-
ture although it is slightly weaker than in observations. Over-
all, this model is deemed suitable for the task at hand.

In this study, we carry out CESM1-CAM4 model experi-
ments with varying degrees of coupled air–sea processes
resolved as explained in the following subsections. While
some studies argue that the atmospheric response to ENSO
does not require interactive ocean dynamics (Jha and Kumar
2009), we aim to also investigate the SST response to ENSO-
and non-ENSO-driven Aleutian low variations; therefore, a
coupled model framework with an interactive ocean is most
appropriate for our purposes. We adopt a model framework
that minimizes potential air–sea heat flux biases related to
prescribed SST experiments (Saravanan and Chang 1999;
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Yulaeva et al. 2001; Sutton and Mathieu 2002) and allows for
the examination of both the ocean response and atmospheric
variables related to Aleutian low variability. Table 1 summa-
rizes each model experiment and lists the physical processes
that drive Aleutian low variability and the associated SST
anomaly response in each experiment. Each experiment is
300 years in length and subject to present-day (year 2000)
radiative forcing.

a. Mechanically decoupled experiment

CESM1-CAM4 is first integrated in a mechanically decoupled
(MD) configuration to simulate climate variability due to anom-
alous buoyancy (thermal 1 freshwater flux) coupling alone
(Larson and Kirtman 2015; Larson et al. 2017, 2018b, 2020). The
experiment is implemented by forcing the ocean component of
the model with CESM1-CAM4 seasonally varying monthly
wind stress climatology, interpolated to daily values. The wind
stress climatology is computed from a fully coupled version of
the model introduced below. Importantly, the framework does
not thermodynamically decouple the air and sea: wind variabil-
ity is applied to the bulk formula for Q′

turb. This allows for con-
sistent air–sea heat fluxes between the atmosphere and ocean.
By definition, this experiment lacks interannual ENSO variabil-
ity characterized by large thermocline displacements, as anoma-
lous wind stress coupling in the equatorial Pacific is necessary to
simulate ENSO variability through inclusion of an active
Bjerknes feedback (Larson and Kirtman 2015). It follows that in
the MD, SST anomalies linked to Aleutian low variability, by
definition, can only be forced via extratropical air–sea heat
fluxes that are unrelated to ENSO (see Table 1). The MD dif-
fers from a slab ocean coupled model, which also lacks canonical
ENSO variability, as the MD includes a dynamical ocean model
with seasonally varying mean ocean circulation, seasonally vary-
ing mixed layer depth, and anomalous buoyancy-driven ocean
dynamics (Larson et al. 2020). Both slab and MD model ver-
sions have been shown to generate thermodynamically coupled
SST variability in the ENSO region (e.g., Dommenget 2010;
Clement et al. 2011; Larson et al. 2018b), but the MD SST can

be influenced by the mean ocean circulation and buoyancy-
induced variability.

b. Mechanically decoupled equatorial Pacific experiment

Next, CESM1-CAM4 is integrated with only the equatorial
Pacific mechanically decoupled from anomalous wind stress; this
experiment is referred to as MDEqPac. Elsewhere, the model is
fully coupled in terms of both anomalous buoyancy and momen-
tum fluxes. The same prescribed wind stress climatology is used
as in the MD, except only in the tropical Pacific. Like the MD,
MDEqPac does not simulate ENSO variability. Different from
the MD, the SST anomaly response to Aleutian low variability
in the MDEqPac can be generated via anomalous heat flux and
wind stress–driven ocean processes, including anomalous wind
stress–driven Ekman transports, except those related to ENSO.

To implement this framework, between 58S and 58N the
Pacific Ocean is forced with the model’s wind stress climatol-
ogy. Within 58–78S and 58–78N, the ocean is forced with clima-
tology plus 25% of the wind stress anomaly generated by the
atmosphere. The fraction of the wind stress anomalies allowed
to force the ocean increases to 50% within 78–98S/N and to
75% within 98–118S/N; everywhere else the full wind stress
anomaly generated by the atmosphere model forces the ocean.
Tapering the anomaly forcing in this way reduces the possibil-
ity that an erroneous anomalous wind stress curl is generated
by the imposed climatological wind stress forcing. Contrasting
the MDEqPac with the MD experiment reveals the impact of
non-ENSO, anomalous wind stress–driven ocean dynamics in
driving the SST response to Aleutian low variability.

c. Fully coupled experiment

The fully coupled (FC) experiment is the fully coupled ver-
sion of CESM1-CAM4. This version includes both anomalous
buoyancy and momentum coupling globally, the latter of
which enables ENSO variability. SST anomalies linked to
Aleutian low variability are forced via air–sea heat fluxes and
anomalous wind stress–driven ocean dynamics that are driven
either via internal atmospheric variability unrelated to ENSO

TABLE 1. Summary of each CESM1-CAM4 experiment setup, the sources of Aleutian low variability in each experiment, and the
processes that can drive the SST response to Aleutian low variability. All experiments include dynamic atmosphere and ocean
models, as well as land and sea ice models. All experiments include unconstrained buoyancy (heat and freshwater) fluxes.

Expt Expt setup
Sources of Aleutian low

variability

Processes that can drive the
North Pacific SST response to

Aleutian low variability

Mechanically decoupled (MD) Global ocean forced by
climatological wind stresses

Internal atmospheric dynamics Non-ENSO air–sea heat fluxes
Non-ENSO SST variability

Mechanically decoupled
equatorial Pacific
(MDEqPac)

Equatorial Pacific Ocean
forced by climatological
wind stresses; remaining
ocean grid points are fully
coupled

Internal atmospheric dynamics
Non-ENSO SST variability

Non-ENSO anomalous wind
stress–driven ocean
dynamics

Non-ENSO air-sea heat fluxes

Fully coupled (FC) Fully coupled globally Internal atmospheric dynamics
Non-ENSO SST variability

Anomalous wind stress–driven
ocean dynamics

ENSO Air–sea heat fluxes (non-
ENSO and ENSO forced)
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or remotely via tropical forcing. Therefore, contrasting FC
with the MDEqPac experiment indicates the fraction of climate
variability driven by or associated with ENSO and the associ-
ated teleconnections.

d. Observationally based datasets

Several observationally based fields are analyzed to com-
pare to the model. The Hadley Centre Sea Ice and SST
(HadISST) dataset is used for observed SST (Rayner et al.
2003). HadISST is on a 18 horizontal global grid. When com-
paring to the mean state SST in the model, years 1980–2020 of
HadISST are selected to closely encompass the “present-day”
time period. Sea level pressure, 500-hPa geopotential height,
200-hPa winds, sensible heat flux, and latent heat flux are used
from both the National Centers for Environmental Predic-
tion–National Center for Atmospheric Research (NCEP–N-
CAR) reanalysis from 1948 to 2020 (Kalnay et al. 1996) and
the European Centre for Medium-RangeWeather Forecasting
reanalysis (ERA5; Hersbach et al. 2020) from 1979 to 2019.
NCEP–NCAR reanalysis data are provided on a 2.58 horizon-
tal grid and ERA5 data are on a 0.258 horizontal grid. The
time period of the HadISST dataset is modified to match the
time period of the reanalysis products, respectively, when
appropriate. The precipitation datasets used are the NOAA
precipitation reconstruction (PREC) dataset provided on a
2.58 horizontal grid from 1948 to 2020 (Chen et al. 2002) and
version 2 of the Global Precipitation Climatology Project
(GPCP; Adler et al. 2003) from 1979 to 2020.

3. Experiment validation

a. SST climatology and variability

Figure 1 shows the annual mean SST climatology for the
model experiments and HadISST. In general, the model

experiments show no dramatic difference in the mean SST
(Figs. 1a–c), confirming the experimental setup does not sub-
stantially impact the mean state. The model is slightly warmer
in the cold tongue region and the meridional SST gradient in
the North Pacific is slightly weaker than HadISST (Fig. 1d;
see also Larson et al. 2017).

Comparing the three experiments, only the FC shows sub-
stantial SST variability in the tropical Pacific (Figs. 1a–c; shad-
ing), confirming that both MD and MDEqPac generally lack
ENSO variability. The MD experiment shows lower variance
nearly everywhere compared to MDEqPac, FC, and HadISST,
as primarily only anomalous heat fluxes drive SST variability
in the MD. This is expected, as anomalous wind stress cou-
pling drives considerable SST anomaly variance in the west-
ern boundary current regions and regions where vertical
ocean dynamics are important (e.g., Larson et al. 2018b). The
variance in the western boundary current regions is compara-
ble between MDEqPac and FC, as expected given that both
experiments are fully coupled in the extratropics. However,
the SST variance is slightly higher in the Kuroshio Extension
and lower in the Gulf Stream Extension compared to observa-
tions. The variance in the interior basin of the North Pacific
compares well with observations, although the observed vari-
ance is likely underestimated given the short time period over
which the variance is computed. Finally, compared to obser-
vations, the FC experiment shows higher SST variance in the
central equatorial Pacific and the cold tongue extends too far
west, both of which are known biases in CCSM4 (Deser et al.
2012).

b. Tropical Pacific SST variability

To confirm the removal of canonical ENSO variability in
MD and MDEqPac, Fig. 2 shows the time series of the Niño-3.4
SST anomaly index and the associated power spectrum for

FIG. 1. Annual mean SST climatology (white contours) and monthly SST anomaly variance (shading) for experi-
ments (a) MD, (b) MDEqPac, (c) FC, and (d) observations from HadISST. Observations are taken from years
1980–2020 to roughly represent the year 2000 time period (model experiments are run with year 2000 forcing). The
SST climatology contours are in 38C intervals and the 278C isotherm is in bold. SST variance is in units of 8C2.
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each experiment. The Niño-3.4 index is defined as the area-
averaged SST anomaly over 58S–58N, 1708–1208W. Figure 2
confirms that canonical ENSO variability is removed as evi-
denced by the lack of Niño-3.4 variability in the MD and
MDEqPac time series (Fig. 2a) and the lack of variance at inter-
annual time scales in the power spectra (Fig. 2b). The stan-
dard deviation of the Niño-3.4 index for the MD, MDEqPac,
and FC experiments over the full 300-yr period is 0.098, 0.168,
and 0.968C, respectively. Comparing the standard deviations
of MD and FC suggests that a small fraction of the Niño-3.4
variability in the FC is driven by anomalous thermal fluxes in
this model. Larson et al. (2018a) demonstrate that the source
of this variability is theQ′

turb associated with the South Pacific
meridional mode (SPMM; Zhang et al. 2014). Another small
fraction of the Niño-3.4 variability in the FC is linked to
anomalous wind stress–driven ocean dynamics (hereafter, t ′

dynamics) originating outside the equatorial Pacific, as
implied by comparing the standard deviation of Niño-3.4 in
the MDEqPac and MD. This is likely related to the “trade wind
charging” (TWC) mechanism (Anderson and Perez 2015).
According to the TWC paradigm, anomalous wind stress curl
in the extratropical North Pacific drives an equatorward Sver-
drup transport, thereby increasing the oceanic heat content in
the west-central equatorial Pacific. The heat content anomaly
then propagates eastward along the thermocline and emerges
as SST anomaly warming in the eastern Pacific, priming the
system for El Niño. In the presence of an active Bjerknes
feedback, the TWC-generated SST anomaly grows into a
moderate El Niño (Chakravorty et al. 2020). However, this
additional growth is unsupported in the MDEqPac.

When the Bjerknes feedback is active (e.g., FC), the power
spectrum shows more variance at decadal frequencies
(Fig. 2b). After applying an 8-yr low-pass Lanczos filter to the
Niño-3.4 index of each experiment, the standard deviation of
the tropical Pacific decadal variability in the MD, MDEqPac,
and FC experiments are roughly 0.058, 0.18, and 0.228C,
respectively. This suggests that a substantial portion of the
decadal Niño-3.4 variability in the model is not related to
decadal variations in canonical ENSO variability. This
decadal signal may be related to thermally coupled processes

(e.g., Clement et al. 2011) but is beyond the scope of the pre-
sent analysis.

4. Methods

We are interested in the SST and precipitation patterns
associated with variations in Aleutian low strength that persist
throughout the winter. To isolate these time scales, we first
average monthly anomalies over boreal winter months from
November to March (NDJFM; hereafter referred to as
“wintertime”), when Aleutian low variability peaks. Anoma-
lies are computed by removing the monthly mean climatology
from each model experiment, respectively. In observations,
anomalies are calculated by linearly detrending the time
series at each grid point and then removing the monthly cli-
matology. Analyses were repeated for December–February
(DJF) and January–March (JFM) averages. All major conclu-
sions are insensitive to whether analyses are applied over
DJF, JFM, or the full NDJFM period, although anomalies are
typically stronger for the 3-month averages. We choose to
show the NDJFM anomalies to highlight persistent anomalies
over the extended season.

Aleutian low variability is estimated using the North Pacific
Index (NPI), defined as the area-averaged sea level pressure
anomalies over 308–658N, 1608E–1408W (Trenberth and Hurrell
1994). The standard deviation of the wintertime NPI for the
MD, MDEqPac, and FC experiments is approximately 3.0, 3.2,
and 3.5 hPa, respectively. The models overestimate the variabil-
ity in the reanalysis products, as the ERA5 and NCEP–NCAR
reanalysis standard deviations are 2.5 and 2.2 hPa, respectively.
Visual inspection of the wintertime NPI power spectra for the
FC experiment and reanalysis products shows that the most dis-
crepancy is at interannual and decadal time scales (Fig. 3a). At
time scales of 3–5 years, this discrepancy is likely linked to the
model’s overly strong ENSO variance (Deser et al. 2012).
When ENSO forcing is removed as in MDEqPac, the power
spectra at 3–5-yr time scales compare more closely to the rean-
alyses. At time scales of ,2–3 years, even MD and MDEqPac

overestimate the variance. The large variance suggests the
model generates too much year-to-year Aleutian low variability

FIG. 2. ENSO variability in each experiment as estimated by the monthly Niño-3.4 SST anomaly index, defined as
the area-averaged SST anomaly over 58S–58N, 1708–1208W. (a) Niño-3.4 SST anomaly index for 120 consecutive years
from the MD, MDEqPac, and FC experiments. (b) Niño-3.4 spectrum for each experiment, computed over the full 300
years of model data.
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generated via internal atmospheric dynamics or tropically
induced variations from other basins, as both the MD and
MDEqPac retain a portion of the precipitation variance in the
tropical Indian and Atlantic Oceans seen in the FC (Fig. 4).
While this is a caveat to our analysis, we note that all major
results are reproducible even after applying a 3-yr Lanczos filter
(to remove the overly high variance at high frequencies) to the
NPI indices prior to comparison of the experiments. If the NPI

time series are standardized prior to computing the spectra
(Fig. 3b), we find that variability is similarly distributed across
time scales for all time series, except that the FC overestimates
variability around the model's ENSO period of 4 years.

The wintertime-averaged NPI time series are used to cate-
gorize anomalous Aleutian low years. To compare the experi-
ments, the threshold for anomalously strong (2NPI) or weak
(1NPI) wintertime Aleutian low years is defined relative to

FIG. 3. (a) Variance preserving power spectra of boreal wintertime Aleutian low variability for the MD, MDEqPac,
and FC experiments and reanalysis products. Boreal winter Aleutian low variability is estimated using the NDJFM-
averaged North Pacific Index (NPI), defined as the area-averaged sea level pressure anomalies over 308–658N,
1608E–1408W. A five-point Daniell smoothing is applied to the spectral estimates. For each of the model experiments,
the NPI is divided into 60-yr non-overlapping windows, the spectrum is computed for each window, and the average
spectrum over the windows is displayed. (b) As in (a), but each NPI time series is divided by its own standard devia-
tion prior to spectral analysis.

FIG. 4. Monthly precipitation anomaly variance for the (a) MD, (b) MDEqPac, and (c) FC CESM1-CAM4 experiments,
and (d) observations from GPCP 1979–2020. Units are (mm day21)2.
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the standard deviation of the wintertime NPI from FC
(63.5 hPa). All wintertime averages that meet or exceed
3.5 hPa qualify as 1NPI events and all that are less than or
equal to 23.5 hPa are 2NPI events. This way, similar ampli-
tude events are counted similarly for each model experiment
(see Table 2 for event count). To reflect a positive PDO-like
SST anomaly response, composites are shown as [2NPI 2

(1NPI)]/2, as a1PDO-like SST is associated with a deepened
Aleutian low (e.g., 2NPI). The composite differences show
the component of the response that is linear with respect to
sign of the NPI. Generally, the spatial patterns are similar for
both 1NPI and 2NPI in this model (not shown). Significant
differences in anomaly composites between the experiments
are evaluated using a two-sided Welch’s t test, which does not
assume the variances of the two samples are the same. Where
the variances are the same, the Welch’s t test performs simi-
larly to the Student’s t test.

5. Results

a. The SST anomaly response to Aleutian low variability

Figure 5 depicts the SST and SLP anomalies associated
with a deepened Aleutian low in each experiment. Aleutian
low variability driven by non-ENSO sources (e.g., MD and
MDEqPac) generates a North Pacific SST anomaly pattern that
resembles the PDO pattern but is confined to the North
Pacific (Figs. 5a,b). The emergence of a PDO-like SST
response in the MD (Fig. 5a), which lacks t′ dynamics, con-
firms that PDO-like variability can emerge through anoma-
lous air–sea heat fluxes alone (Pierce et al. 2001; Dommenget
and Latif 2008; Clement et al. 2011; Okumura 2013). In the
tropical Pacific, a distinct ENSO imprint on the SST anomaly
pattern is evident in the FC (Fig. 5c), reminiscent of the
ENSO-like pattern in Zhang et al. (1997). This confirms that
when ENSO contributes to Aleutian low variability, the coin-
cident ENSO state projects onto the SST anomaly pattern.
No tropical SST anomaly signature emerges when Aleutian
low variability is independent of ENSO (Figs. 5a,b).

In the subtropical North Pacific, the SST anomaly response
to Aleutian low variability depends on whether ENSO is a
forcing or not. When non-ENSO variability drives a deeper
Aleutian low, a coherent zonal band of warm SST anomalies

emerges throughout the subtropical North Pacific along ∼258N
(Figs. 5a,b). A less coherent version of this pattern is shown in
the EOF2 of Pacific SST in Fig. 1b in Deser and Blackmon
(1995). This subtropical spatial pattern does not accompany the
PDO-like pattern in the western part of the Pacific in observa-
tional studies (e.g., Newman et al. 2016) or the FC experiment
(Fig. 5c), suggesting that ENSO forcing impacts the subtropical
response to Aleutian low variability in some way. This was
noticed by Larson et al. (2018b; see their Fig. 5), who hypothe-
sized that the differing patterns were due to anomalous wind
stress–driven Ekman transports (which are absent in MD)
damping theQ′

turb-driven SST anomaly in the FC. Here, we will
show that the difference in the subtropical SST response is pri-
marily related to ENSO-driven air–sea heat fluxes.

Figure 6 shows the wintertime Q′
turb and SST anomaly pat-

terns associated with a deeper Aleutian low. In the MD,
anomalous heat fluxes primarily drive SST variability. The

TABLE 2. Event count for anomalously strong (2NPI) and
weak (1NPI) wintertime Aleutian low years. For the MD
experiment, the event count in parenthesized italics is from a
different 300-yr window not used in this analysis to show the low
sensitivity of the sample size to the 300-yr window chosen for
this experiment. Both MDEqPac and FC are only 300 years total,
so a similar sensitivity test is not performed.

Expt
2NPI (1PDO-like

SST response)
1NPI (2PDO-like

SST response)

MD 37 (43) 34 (38)
MDEqPac 37 44
FC 60 56

FIG. 5. Composite averaged wintertime SST (shading) and sea
level pressure (SLP; black contours) anomalies associated with
Aleutian low variability for the MD, MDEqPac, and FC experi-
ments. Events are defined as meeting or exceeding plus and minus
one standard deviation of the wintertime NPI. Composites are dis-
played as [2NPI 2 (1NPI)]/2 to reflect the spatial pattern and
typical amplitude of a deepened Aleutian low and the 1PDO-like
SST anomaly response. SLP contour intervals begin at 60.5 hPa
and increase in amplitude in 0.5-hPa intervals. Dashed contours
indicate negative SLP anomalies. SST anomalies are in 8C. Winter-
time months are defined as NDJFM.
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zonal band of 1Q′
turb anomalies in the subtropical North

Pacific clearly drives the SST warming (Fig. 6a). The climato-
logical winds are northeasterly in this region; therefore, the
anomalous southwesterlies (Figs. 7a,b, vectors) decrease the
wind speed, reducing the turbulent heat flux out of the ocean
(according to the bulk formula), and result in an anomalous
warming. Unlike what would be expected in an atmosphere
model coupled to a slab ocean (SST anomalies and Q′

turb gen-
erally overlap spatially), the Q′

turb and SST anomalies do not
perfectly overlap because the mean ocean circulation can still
drive anomalous temperature advection. Comparing the MD
and MDEqPac (Figs. 6a,b) reveals how non-ENSO t′ dynamics
modify the patterns. There is little difference in the SST and
Q′

turb south of 208N (Fig. 6d), suggesting that t′ dynamics play
an insignificant role. Note that if the NPI index is 3-yr low-
pass filtered prior to the composite analysis, positive SST and
Q′

turb are weaker in MDEqPac, suggesting that on multiyear
time scales t′ dynamics damp the warming south of 208N,

which may then reduce the air–sea heat flux anomaly.
Between 208 and 408N, the MDEqPac SST is cooler than in the
MD (Fig. 6d), particularly off the east coast of Japan and the
central-western North Pacific. The enhanced SST cooling in
these regions is associated with increased positive (down-
ward) Q′

turb (Fig. 6d), suggesting that t′ dynamics are the pri-
mary driver of the cooling.

ENSO forcing clearly impacts the SST anomaly and Q′
turb

patterns associated with a deeper Aleutian low (Fig. 6e). Only
when ENSO forcing is included does the subtropical SST
response diminish, as in the FC (Fig. 6c). The FC shows no
coherent zonal band of 1Q′

turb, suggesting that ENSO tele-
connected forcings are modifying the Q′

turb pattern in the sub-
tropical North Pacific, likely through enhanced evaporative
SST cooling related to the overlying anomalous wind stresses
(Fig. 7c, vectors). The difference plot for FC and MDEqPac

(Fig. 6e) shows that when Aleutian low variability includes
ENSO forcing, significant differences emerge in the Q′

turb

FIG. 6. North Pacific composite average wintertime turbulent heat flux (shading) and SST (contours) anomalies
associated with Aleutian low variability for (a)–(c) each model experiment and (d),(e) their differences. Events are
defined as meeting or exceeding plus and minus one standard deviation of the wintertime NPI. Composites are dis-
played as [2NPI2 (1NPI)]/2 to reflect the spatial pattern and typical amplitude of anomalies associated with a deep-
ened Aleutian low. Turbulent heat fluxes are calculated as the sum of the sensible and latent heat flux anomalies. The
sign convention is a positive (negative) heat flux is into the ocean, or a warming (cooling) and units are W m22. SST
anomaly contour intervals begin at60.18C and increase in amplitude in 0.18C intervals. Dashed contours indicate neg-
ative SST anomalies. Wintertime months are defined as NDJFM. Stippling in (d) and (e) indicates turbulent heat flux
anomaly differences significant at the 95% confidence level using a two-sided Welch’s t test.
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forcing south of 408N. For a deeper Aleutian low, ENSO
drives 2Q′

turb in the extratropical interior North Pacific, can-
celing out the 1Q′

turb generated on the southern flank of the
deepened Aleutian low. South of Japan near the Philippines,
ENSO drives 1Q′

turb, likely due to changes in surface winds
(Fig. 7c, vectors).

To verify that the Q′
turb terms associated with El Niño and,

separately, a deeper Aleutian low differ and oppose each
other in the subtropics, we calculate partial regression maps
for ERA5, NCEP–NCAR reanalysis, and the FC experiment.
The NCEP–NCAR results are not shown, as the results are
similar to the ERA5 results. We define the wintertime Niño-
3.4 and NPI indexes as the two predictor variables of winter-
time Q′

turb. The NPI index is multiplied by 21.0 such that the
two predictor time series are associated with the same phasing
of the Aleutian low (e.g., 1Niño-3.4 and 2NPI are associated
with a deeper Aleutian low). For example, the ENSO partial
regression map shows the standardized rate of change ofQ′

turb

per unit change in Niño-3.4 with the condition that the NPI is
held constant. The goal is to see if the same Q′

turb patterns
associated with non-ENSO Aleutian low variability (e.g.,
Figs. 6a,b) and ENSO forcing (Fig. 6e) can emerge from data-
sets containing the combined forcings. This also provides a
sanity check that the spatial patterns in the model are realis-
tic. The ENSO Q′

turb pattern in FC (Fig. 8a) closely resembles
the ENSO forcing pattern in Fig. 6e, verifying that the pattern
is extractable from the FC experiment. The ERA5 pattern
matches closely (Fig. 8c), although larger 2Q′

turb are present
in the west Pacific subtropics than the model. A pattern corre-
lation of 0.63 is calculated between the ERA5 and FC ENSO
patterns after the ERA5 pattern is coarsened to match the 18
resolution of the model (Figs. 8c and 8d show the 0.258 resolu-
tion). The Q′

turb pattern associated with Aleutian low variabil-
ity is similar between the FC and ERA5 (Figs. 8b,d),
confirming that in the absence of ENSO signal interference a
deeper Aleutian low drives a 1Q′

turb into the subtropical
ocean, and this general pattern is extractable and similar in
the model and popular reanalysis products. The pattern corre-
lation between the model and ERA5 is 0.76. So, whether
there is a subtropical SST response in the western Pacific to
Aleutian low variability appears dependent on whether
ENSO is a contributing factor or not.

Next, we determine if the anomalous wind stress–driven
Ekman heat fluxes (Q′

ek), which are an important dynamical
forcing of PDO-like SST anomalies (e.g., Alexander and
Scott 2008), can explain the differences between the SST
anomaly patterns between the experiments (Figs. 6d,e). To
assess this contribution, we calculate the Q′

ek pattern in
Fig. 7, defined as

Q′
ek � cp

f
SST
y

t′x 2
SST
x

t′y

( )
, (1)

where cp is the heat capacity of the ocean, f is the Coriolis
parameter, t′x and t′y are the zonal and meridional wind stress
anomalies, respectively, and SST=x and SST=y are the
climatological wintertime zonal and meridional SST gradient,
respectively. Ekman heat fluxes due to mean wind stress
blowing perpendicular to anomalous SST gradients is not
included in the calculation, as Small et al. (2020) show that
the wind stress anomaly contribution is more influential on
extratropical large-scale SST. The contribution from anoma-
lous SST gradients is indeed generally an order of magnitude
smaller than that from anomalous wind stress (not shown).
As expected, t′ dynamics enhance the cool signal in the Kur-
oshio Extension region (Fig. 6d) through Ekman heat fluxes
(Fig. 7a) when the Aleutian low deepens (Alexander 1992;
Pierce et al. 2001). Whether ENSO forcing is included or not
(Figs. 7a,b) does not impact the Ekman anomaly pattern sig-
nificantly in most regions (Fig. 7c). One exception is in the
western subtropical Pacific, where the wind stress in the FC is
more northeasterly and drives an Ekman-induced warming,
but these Ekman heat fluxes are eclipsed by the stronger
Q′

turb (Fig. 6e). A cooling contribution from Ekman due to
anomalous SST gradients counters a small portion of the
Ekman warming due to anomalous winds stress (not shown),

FIG. 7. (a)–(c) As in Figs. 6b, 6c, and 6e, but for wintertime
anomalous wind stress–driven Ekman heat flux (shading) and SST
(contours) anomalies. Ekman heat flux anomaly units are W m22.
SST anomaly contour intervals begin at 60.18C and increase in
amplitude in 0.18C intervals. Magenta vectors are the composite
wind stress anomaly in units of N m22. Stippling in (c) indicates
Ekman heat flux anomaly differences significant at the 95% confi-
dence level using a two-sided Welch’s t test. Vectors in (c) are sig-
nificant at the 95% confidence level. Note the color bar range and
reference vector magnitude are smaller in (c).
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although the anomalies are too eclipsed by those from Q′
turb.

ENSO forcing could potentially explain the warmer SST
anomaly near 458N, 1608W and a portion of the colder SST
anomaly directly to the south; however neither the differences
in Ekman nor the differences in the wind stress anomalies are
significantly different.

In the MDEqPac, the wintertime Ekman heat flux anomalies
are negative in the North Pacific subtropics where Q′

turb are
positive (cf. Figs. 6b and 7a). This is consistent with Larson
et al.’s (2018b) hypothesis that Ekman heat fluxes play a
damping role to turbulent heat flux forcing in the subtropics,
as later demonstrated in Takahashi et al. (2021). However, t′

dynamics, namely Ekman, appear to play a secondary role to
the ENSO-driven Q′

turb in damping the subtropical SST
response to Aleutian low variability.

As a side note, between 408 and 458N off the coast of
Japan, the results suggest that a deeper Aleutian low drives a
cool SST anomaly through t′ dynamics (Fig. 6d), whereas
ENSO forcing drives a warm SST anomaly (Fig. 6e). Both
anomalies coincide with opposite-sign Q′

turb, supporting the
notion that the ocean forces the atmosphere in this region
(Tanimoto et al. 2003). However, it remains unclear why
these two forcing mechanisms drive opposite sign SST anom-
alies. The SST warming associated with ENSO forcing occurs
despite a stronger contribution from anomalous Ekman cool-
ing (Fig. 7c). It is possible that the enhanced year-to-year
ENSO forcing interferes with the oceanic Rossby wave
adjustments to Aleutian low variability, which takes about
4–5 years and acts to enhance SST response in this region
(e.g., Miller et al. 1998; Deser et al. 1999; Kwon and Deser
2007; Taguchi et al. 2007).

b. Precipitation over North America

The above analysis establishes that t′ dynamics and ENSO
modify the Q′

turb and SST anomaly response to Aleutian low
variability. To what extent does inclusion of these processes
modify the precipitation patterns over North America? In this
section, we also show atmospheric circulation patterns to vali-
date the model results with expectations from the literature.
Recall that we consider the Aleutian low as part of the greater
PNA pattern. The SLP anomaly composites show that in the
absence of ENSO, a deeper Aleutian low is associated with
negative SLP anomalies over the southeastern United States
and Mediterranean Sea (Figs. 5a,b). Between these low pres-
sure anomaly centers lies ridging. Consistent with Trenberth
et al. (1998), ENSO drives a more enhanced and zonally elon-
gated SLP teleconnection pattern stretching across the Atlan-
tic Ocean (Fig. 5c), whereas when ENSO forcing is absent,
the SLP pattern is wavier over the same region (Figs. 5a,b).

The wintertime composite average precipitation anomalies
(Fig. 9) show striking differences in the southeastern United
States depending on whether ENSO contributes or does not
contribute to Aleutian low variability. In the absence of
ENSO, a deeper Aleutian low, as part of the PNA pattern, is
associated with reduced precipitation throughout the south-
ern and eastern United States and enhanced precipitation in
the Pacific Northwest and throughout the Caribbean extend-
ing northeastward over the Atlantic Ocean (Figs. 9a,b). When
ENSO contributes to Aleutian low variability as in the FC,
the ENSO forcing contribution (Fig. 9e) erodes the negative
precipitation anomaly in the Southeast, allowing the posi-
tive precipitation anomalies in the Caribbean to expand

FIG. 8. Partial regression maps of wintertime turbulent heat flux anomalies associated with ENSO and Aleutian low
variability for the (a),(b) FC experiment and (c),(d) ERA5 dataset from 1979 to 2019. Wintertime Niño-3.4 and the NPI
index are defined as the independent predictor variables for the turbulent heat flux anomalies. Units are W m22 per unit
standard deviation of the respective time series. The NPI index is multiplied by21.0, as1Niño-3.4 and2NPI are associ-
ated with a deeper Aleutian low.
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northwestward into the Southeast (Fig. 9c). On the West
Coast, ENSO forcing results in a positive precipitation anom-
aly, consistent with a deeper and eastward-extended Aleutian
low (Fig. 5c). The ENSO forcing contribution (Fig. 9e) shows a
canonical El Niño precipitation pattern, with enhanced precipi-
tation across the southern United States (e.g., Ropelewski and
Halpert 1987). These results show that ENSO forcing signifi-
cantly modifies the precipitation signal associated with Aleutian
low variability. The impact of t′ dynamics appears to resemble
the ENSO forcing pattern slightly (Fig. 9d). This signal is likely
due to MDEqPac containing more Niño-3.4 variability than the
MD (Fig. 2). Note that in the western United States the wet
anomaly associated with ENSO is not significant in DJF but is
in JFM, suggesting that the later months in the NDJFM average
contribute most to that feature (e.g., Deser et al. 2012; Chen
et al. 2020; Chapman et al. 2021).

To see if these different spatial patterns are extractable
from the FC and observations, partial regression maps are
computed for precipitation (Fig. 10). Similar to what was
done for the Q′

turb patterns (e.g., Fig. 8), wintertime Niño-3.4
and the inverted NPI time series are used as the predictors of
the wintertime precipitation anomalies. Since precipitation is
a noisier variable, we use the NCEP–NCAR reanalysis data
from 1948 to 2020 for the SLP variable instead of ERA5 to
match the longer time period of the precipitation dataset.
Both the FC experiment and observations show enhanced
precipitation in the southern United States associated with
ENSO (Figs. 10a,c), with maximum anomalies in the South-
east. The model generates a stronger pattern in the Southeast
and West Coast, likely related to the too regular and too
strong ENSO cycle in the model compared to observations.
Overall, both datasets generally resemble the derived

FIG. 9. As in Fig. 6, but for wintertime precipitation
rate. Units are mm day21. Stippling in (d) and (e) indicates
precipitation anomaly differences significant at the 95%
confidence level using a two-sided Welch’s t test.
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ENSO forcing contribution (Fig. 9e). The partial regression
technique also extracts a precipitation pattern similar to
that associated with non-ENSO Aleutian low variability
(cf. Figs. 10b,d and 9a,b). This pattern is characterized by
reduced precipitation across the southern and eastern
United States and enhanced precipitation in the Pacific
Northwest, the Caribbean, and the subtropical west Atlan-
tic. In observations, the enhanced precipitation signals are
substantially weaker than in the model, but most impor-
tantly the reduced precipitation signal in the southeastern
United States emerges. This provides further support that
in the absence of ENSO, a deeper Aleutian low is associ-
ated with negative precipitation anomalies in the southeast-
ern United States; these anomalies are eroded by positive
precipitation anomalies when ENSO forcing is included.
The anomaly patterns over the continental United States
are consistent with the regions of maximum precipitation
variance associated with ENSO and the PNA in a prior
study (Li et al. 2019). The related 500-hPa partial regres-
sion patterns overlay the precipitation patterns in Fig. 10.
The patterns for ENSO and the Aleutian low are consistent
with the midlevel circulation patterns for tropical Pacific
SST and North Pacific SST forcing in prior studies (Deser
and Blackmon 1995; see their Fig. 3).

Next, we view the upper-atmospheric circulation patterns
to hypothesize why these differences in the precipitation pat-
tern may occur. Figure 11 (contours) shows the wintertime
200-hPa streamfunction anomalies from the experiments.
When Aleutian low variability is driven by non-ENSO sour-
ces, a midlatitude stationary Rossby wave train resembling
the PNA is evident (Figs. 11a,b), consistent with prior studies
(e.g., Deser and Blackmon 1995; Wang et al. 2012; Zhang et al.
2018; Li et al. 2019). Including t′ dynamics does not substan-
tially impact the PNA pattern (Fig. 11d). When ENSO forcing
is present, a more complex pattern emerges, as the anomalies
become more interhemispheric and extend into the Southern
Hemisphere. The ENSO forcing contribution shows a typical
El Niño pattern, consistent with prior studies (Trenberth et al.
1998; Alexander et al. 2002; Straus and Shukla 2002; Li et al.
2019; Chapman et al. 2021).

Composites of the wintertime 200-hPa zonal wind anomalies
show that a deeper Aleutian low is associated with a stronger
and eastward-extended North Pacific jet (Figs. 12a–c). Down-
stream over North America just west of where the climatologi-
cal jet splits, a deeper Aleutian low unrelated to ENSO is
associated with a southward shift in the jet (Figs. 12a,b). The
amplified North Pacific SST response to Aleutian low variabil-
ity when t′ dynamics are present modestly enhances the jet

FIG. 10. As in Fig. 8, but for wintertime precipitation rate (shading) and 500-hPa geopotential height (contours)
anomalies from 1948 to 2020. The precipitation dataset is the NOAA precipitation reconstruction (PREC), and geopo-
tential heights are obtained from NCEP–NCAR reanalysis. Precipitation units are mm day21 per unit standard devia-
tion of the respective time series. Geopotential height anomaly contours begin at64 m and increase in 4-m intervals.
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response over the Pacific (Fig. 12d). Inclusion of ENSO forc-
ing (Figs. 12c,e) leads to more a pronounced southward shift
and zonal elongation of the jet over North America, consistent
with Seager et al. (2005).

The wintertime 200-hPa velocity divergence anomalies
(Fig. 11, shading) also exhibit substantial differences when
ENSO forcing is included. When Aleutian low variability, as
part of the PNA pattern, is independent of ENSO, anomalous
divergence occurs on the east side of the anomalous cyclonic
circulation over the North Pacific (Figs. 11a,b), which coin-
cides with the left exit region of the enhanced jet streak (Figs.
12a,b) and enhanced precipitation that stretches over the
Pacific Northwest (Figs. 9a,b). Conversely, anomalous conver-
gence occurs on the east side of the anomalous anticyclonic
circulation in the subtropical Pacific, which coincides with the
right exit region of the enhanced jet streak (Figs. 12a,b) and
reduced precipitation stretching into the southwestern United
States (Figs. 9a,b). Upper-level anomalous convergence
occurs over much of the central, eastern, and southern United

States, directly above the reduced precipitation (Figs. 9a,b).
Anomalous upper-level divergence also occurs at the east side
of the anomalous cyclonic circulation anomaly just off the
U.S. East Coast, which coincides with the left exit region of
the southward shifted 200-hPa jet anomaly (Figs. 12a,b) and
enhanced precipitation (Figs. 9a,b). This anomalous diver-
gence pattern is offshore in MD and MDEqPac and extends
northwestward when ENSO forcing is present (Fig. 11c).
The inclusion of ENSO forcing leads to more conducive
upper-level dynamics (e.g., a more divergent upper-level
atmosphere; Fig. 12e) for enhanced precipitation over the
southeastern United States, which opposes the convergence
that occurs when the deeper Aleutian low is independent of
ENSO. This shift is due to the zonally elongated flow pattern
when El Niño contributes to the deepened Aleutian low,
allowing for the upper-level cyclonic circulation to extend
unimpeded into the Southeast and off the mid-Atlantic coast,
as seen in the ENSO forcing contribution (Fig. 11e). Although
not shown, we would also expect this additional cyclonic

FIG. 11. As in Fig. 6, but for wintertime anomalous 200-hPa velocity divergence (shading) and anomalous 200-hPa
velocity streamfunction (contours). Divergence units are 1026 s21 and streamfunction units are 106 m2 s21. Positive
(negative) divergence anomalies represent anomalous divergence (convergence).
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circulation to enhance moisture flux convergence in the
Southeast, as expected with El Niño (e.g., Seager et al. 2005).
When the deepened Aleutian low is unrelated to ENSO,
there is no ENSO teleconnection to interfere with the station-
ary Rossby wave response in the extratropics, allowing the
ridging over northern Canada to remain intact, interrupting
the cyclonic circulations upstream and downstream.

Finally, we note that only when ENSO contributes to Aleu-
tian low variability and associated SST response do interhemi-
spheric signals emerge in the atmospheric circulation. In the
absence of ENSO, Aleutian low variability shows no Southern
Hemisphere signal in either the SLP (Figs. 5a,b) or the 200-hPa
circulation (Figs. 11a,b and 12a,b). The addition of ENSO forc-
ing drives a Southern Hemisphere SLP signal in the south
Indian Ocean (Fig. 5c) as well as shifts in the Southern Hemi-
sphere 200-hPa jet (Figs. 12a–e).

6. Summary and discussion

This study uses a coupled model experimental approach to
determine the extent to which ENSO teleconnections and t′

dynamics modify the SST response and North American pre-
cipitation patterns associated with wintertime Aleutian low
variability. We use three CESM1-CAM4 coupled model
experiments. The FC experiment is the fully coupled version
in which all typical forcings, including ENSO and non-ENSO

atmospheric variability, can drive Aleutian low variability,
and t′ dynamics and air–sea heat flux anomalies can drive the
SST response (see Table 1). In MDEqPac, ENSO variability is
absent and Aleutian low variability is generated primarily via
intrinsic atmospheric variability. All non-ENSO t′ dynamics
and air–sea heat fluxes can drive the SST response. In the
MD, anomalous wind stress is decoupled from the ocean glob-
ally, therefore Aleutian low variability is due only to non-
ENSO sources and the SST response is primarily driven by
air–sea heat fluxes.

We find that in the absence of ENSO, a deeper wintertime
Aleutian low can drive a 1PDO-like SST response primarily
via air–sea heat flux anomalies (e.g., in MD; Figs. 5a and 6a),
consistent with prior studies (Pierce et al. 2001; Dommenget
and Latif 2008; Clement et al. 2011; Okumura 2013). Notably,
we find that non-ENSO Aleutian low variability drives a zonal
band of SST warming in the subtropical North Pacific that is
not present in observations or FC. This subtropical SST signal
is driven primarily through Q′

turb along the southern flank of
the Aleutian low (Fig. 6a). If ENSO forcing also drives the
Aleutian low variability, the tropical heating and associated
alteration in the near-surface winds drive aQ′

turb teleconnection
pattern that counteracts that generated by the deeper Aleutian
low in the subtropics (Fig. 6). This teleconnection results in a
damping of the subtropical SST anomaly response to the Aleu-
tian low variability, resulting in the PDO-like pattern typically

FIG. 12. As in Fig. 6, but for wintertime 200-hPa zonal wind anomaly (shaded) and the overlaid contours for all
panels are the wintertime 200-hPa zonal wind climatology from FC. Units are m s21. Note that the MD and MDEqPac

200-hPa zonal wind climatologies are similar to FC, but FC is used for all for simplicity. Contour intervals for the cli-
matology begin at 120 m s21 and increase in amplitude in 10 m s21 intervals. Stippling in (d) and (e) indicates zonal
wind anomaly differences significant at the 95% confidence level using a two-sidedWelch’s t test.
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seen in observations and the FC, which are devoid of a coherent
subtropical SST signal. Therefore, the spatial pattern of the
canonical PDO-like response to Aleutian low variability is
shaped, in part, by ENSO teleconnections. Although our inves-
tigation focuses on wintertime variations, the results suggest
that ENSO forcing may be required to reproduce the canonical
PDO pattern. We note the possibility that high-frequency wind
variability unrelated to ENSO could project onto longer-term
variability in subtropics. However, this rectification is likely
facilitated through the impact of wind variability on the mean
mixed layer depth, which is shown to be minimally impacted in
the Pacific subtropics in the MD (Larson et al. 2018b).

ENSO forcing also impacts the atmospheric circulation
pattern associated with the Aleutian low. Non-ENSO Aleu-
tian low variability is typically associated with a coherent
stationary Rossby wave train resembling the PNA pattern
(Figs. 11a,b), consistent with previous studies (e.g., Deser and
Blackmon 1995; Wang et al. 2012; Zhang et al. 2018; Li et al.
2019). The pattern is strictly confined over the North Pacific
and North America. ENSO forcing acts to interfere with this
pattern (Figs. 11c–e), driving an elongation of the cyclonic cir-
culation anomalies in the North Pacific across North America
(Trenberth et al. 1998; Alexander et al. 2002; Straus and
Shukla 2002; Li et al. 2019; Chapman et al. 2021). Notably,
when ENSO is a factor, anomalous upper-level divergence
promotes enhanced precipitation over the southeastern
United States (Figs. 11e and 9e), whereas when ENSO is not
a factor, anomalous upper-level convergence results in reduced
precipitation over the Southeast (Figs. 11a,b and 9a,b). We
acknowledge that moisture transports are also likely to play a
role in these differences (e.g., Seager et al. 2005). Results show
that a deeper Aleutian low, as part of the PNA pattern, that
includes ENSO forcing drives the enhanced precipitation signal
in the Southeast typically associated with the PDO (e.g.,
Newman et al. 2016). Without ENSO forcing, the patterns are
significantly modified, yielding enhanced dryness across the
eastern and central United States, including in the Southeast.

We acknowledge that some details of the analyses could be
model dependent; however, the two most important conclu-
sions are supported by observational evidence, as shown in
the partial regression maps (Figs. 8 and 10). First, the destruc-
tive interference of the ENSO-driven Q′

turb teleconnection
with the Q′

turb generated by Aleutian variability in the sub-
tropical North Pacific is reproduced in two popular reanalysis
products. Second, the negative precipitation signal in the
southeastern United States generated via a deeper Aleutian
low without ENSO forcing is also reproduced in two reanaly-
sis products and is extractable from the FC.

Given that a PDO-like SST pattern is typically associated
with Aleutian low variability, we conclude by discussing stud-
ies attempting to understand how ENSO modifies climate
anomalies associated with the PDO. Using conditional com-
posite analysis of ENSO and the PDO, Hu and Huang (2009)
argue that without ENSO variability, the PDO has no signifi-
cant climate impact over North America. We find that when
ENSO forcing is not included in the Aleutian low variability
and the associated PDO-like SST response, there is a signifi-
cant difference in the precipitation pattern over the Southeast

and West Coast of the United States compared to when
ENSO is included. This discrepancy could be related to the
small sample size in their study.

Wang et al. (2012) analyze the PDO in the NCEP CFS
model with tropical Pacific SST either relaxed to climatology
or time varying, which includes ENSO variability. Zhang et al.
(2018) use a similar approach with a different model. In Wang
et al.’s (2012) study, there is a hint of a subtropical warming
signal associated with the PDO in their “No-ENSO” run. The
authors suggest it may be related to slightly different atmo-
spheric circulation patterns over the region. We find that the
subtropical warming pattern is directly related to ENSO’s
teleconnected Q′

turb, which appear to be related to near-sur-
face wind anomalies forced by ENSO (Fig. 7c). Wang et al.
(2012) also argue that the precipitation patterns associated
with the PDO and ENSO are approximately linear, although
their linear approximation does not include the opposite-sign
precipitation response in the southeastern United States (see
their Fig. 10d) during 1PDO/2NPI. Our results, while
focused solely on relationships with wintertime Aleutian low
variability, suggest that precipitation patterns associated with
ENSO and non-ENSO Aleutian low variability are approxi-
mately linear, as our partial regression analysis confirms that
the non-ENSO-related precipitation pattern (Figs. 9a,b) can
be separated from the ENSO pattern in both observations
and the FC (Fig. 10). Furthermore, our results show strong evi-
dence of a robust dry precipitation anomaly occurring through-
out the southern and eastern United States during 2NPI
winters, which is associated with a 1PDO-like SST pattern,
which has not been highlighted in prior studies. This could be
due to small sample sizes of observational studies or caveats
related to prescribed SST experiments, as mentioned earlier.

There are many implications based on these results. First, it
is clear that model simulation of ENSO teleconnection pat-
terns is crucial to obtaining realistic climate anomalies associ-
ated with Aleutian low and PNA variability. For example,
Yim et al. (2015) show the PDO pattern for multiple CMIP5
models (albeit the domain only extends to 208N), and many
models simulate a subtropical SST signal that is not seen in
nature. We hypothesize that this discrepancy may be related
to errors in the ENSO-driven air–sea heat fluxes, as many
coupled models, even in CMIP6, have issues in simulating a
realistic ENSO teleconnection pattern (Planton et al. 2021).
Models with realistic ENSO teleconnections should be prefer-
entially used for PDO, Aleutian low, and wintertime North
American climate prediction applications and studies.

Second, our results suggest that during winters when non-
ENSO variability results in a persistent, deeper Aleutian low,
the resulting SST response in the North Pacific and the pre-
cipitation teleconnection downstream to the southeastern
United States would be different had El Niño contributed to
the Aleutian low deepening. The different precipitation
responses in the southeastern United States to different sour-
ces of Aleutian low variability may have implications for sea-
sonal climate prediction over North America. Additional
analyses need to be conducted to determine if the precipita-
tion pattern associated with non-ENSO Aleutian low variabil-
ity are predictable on seasonal time scales, but that is outside
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the scope of this work. For example, ENSO is thought to be
the primary source of predictability for atmospheric variabil-
ity over North America (Jha et al. 2019; Li et al. 2019). Based
on our results, one would expect that during winters when El
Niño contributes to driving a deeper Aleutian low and a posi-
tive PDO-like response, the expected precipitation response
over North America follows the canonical PDO, with
enhanced precipitation in the Southeast. However, when a
persistent deeper Aleutian low develops independent of
ENSO, negative precipitation anomalies occur over the
Southeast.
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