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Abstract Global warming and internal climate variability have changed winter temperature extreme
regimes in North America, affecting droughts and wildfires in the western United States. However, how internal
climate variability influences North American winter temperature extreme patterns remains poorly understood.
Here, we demonstrate that the recent winter North American surface air temperature (SAT) exhibits an
accelerated decadal alternation between Warm West‐Cold East (WWCE) and Cold West‐Warm East (CWWE)
dipoles because their variations show shorter decadal periods during 1990–2022 than during 1950–1989 and are
regulated by the Pacific Decadal Oscillation (PDO) variability. While the winterWWCE dipole mainly linked to
North Pacific blocking events exhibited a smaller mean amplitude during 1990–2022 than 1950–1989 due to the
weakened positive PDO phase during 1990–2022 under the positive phase of the Atlantic Multidecadal
Oscillation (AMO), the winter CWWE showed a larger mean amplitude during 1990–2022 due to the stronger
negative PDO phase than during 1950–1989. Our results further suggest that the recent rapid decadal shift of
North American winter temperatures is primarily attributed to the PDO variability likely due to anthropogenic
warming under the positive AMO.

Plain Language Summary The North Amercian winter surface air temperature (SAT) pattern
exhibits a more rapid decadal transition between Warm West‐Cold East (WWCE) and Cold West‐Warm East
(CWWE) dipoles during 1990–2022 than during 1950–1989. These decadal variations seem to have a footprint
of the Pacific Decadal Oscillation (PDO) variability with shortened periods in recent decades likely due to
anthropogenic warming. While the sub‐seasonal WWCE and CWWE dipoles are produced by North Pacific
blocking events, the rapid decadal alternation between the positive and negative phases of PDO during 1990–
2022 under the positive phase of AMO can lead to an accelerated decadal alteration between the winter WWCE
and CWWE dipoles, as a result of the winter mean effect of sub‐seasonal WWCE and CWWE dipoles, by
regulating North Pacific blocking events. The obtained results are of great significance for understanding the
variability and physical cause of North Amercian temperature extreme patterns, droughts and wildfires under
greenhouse warming.

1. Introduction
In recent decades, North America has experienced many extreme cold weather events (Smith & Sheridan, 2018;
Vavrus et al., 2006; Walsh et al., 2001), although it is not clear whether their number is increasing (Cohen
et al., 2023). Tens of millions of people in the region have been seriously affected by extremely low temperatures
and heavy snowfalls associated with these events. Examples of these episodes occurred in 2013/2014 and 2014/
2015 (Hartmann, 2015; Peng et al., 2019; Yu & Zhang, 2015). Many studies have suggested that North American
winter cold extremes are significantly influenced by atmospheric teleconnection patterns associated with North
Pacific (Ge & Luo, 2023a, 2023b; Kushnir & Lau, 1992; Pitcher et al., 1988) and North Atlantic (Veres &
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Hu, 2015) sea surface temperature (SST) anomalies and the effect of diminishing sea ice in the west of Greenland
(Lee et al., 2015; R. Zhang et al., 2022; W. Zhang et al., 2022; X. Zhang et al., 2022). However, how the internal
variability from the North Pacific and North Atlantic in a warming climate influences the occurrence and vari-
ability of North American winter cold extreme patterns is not well understood. Therefore, investigating the
mechanisms leading to the occurrence and variability of winter cold extremes or low temperatures over North
America is crucial for better understanding and more accurately predicting extreme cold events. This has sig-
nificant implications for mitigating impacts on human life, socio‐economics and ecosystem, and for managing
summer wildfires (Considine, 2000; Ladwig et al., 2016; Liu et al., 2023).

Prominent features of the winter surface air temperature (SAT) over North America are theWarmWest‐Cold East
(WWCE) and warmArctic‐cold North American continent (WACNA) dipole patterns (Kug et al., 2015; Overland
et al., 2011; Singh et al., 2016). The winter WWCE dipole, associated with the Pacific‐North American pattern
(PNA), North Pacific Oscillation (NPO), North Pacific blocking (PB) and North Atlantic Oscillation (NAO)
events (Lin, 2015; Luo et al., 2020; Vigaud et al., 2018; Yu et al., 2016), shows a cold anomaly in the Eastern
United States and a warm anomaly in the Western United States. The winter SAT also exhibits a marked
interannual‐interdecadal variability under the modulation of El Niño‐Southern Oscillation (ENSO), Victoria
mode, Pacific Decadal Oscillation (PDO), and Atlantic Multidecadal Oscillation (AMO) (Dai, 2013; Ji
et al., 2024; McCabe et al., 2004; Wang et al., 2014).

The winter WWCE pattern has been shown to be a main contributor to the drought over California (Kushnir &
Lau, 1992; Mo et al., 2009), in addition to the contribution of anthropogenic forcing (R. Zhang et al., 2022; W.
Zhang et al., 2022; X. Zhang et al., 2022; Zhuang et al., 2021). The formation of the WWCE dipole is mainly due
to a persistent high‐pressure ridge on the West Coast of North America with a trough in eastern North America
(Swain et al., 2016; Wang et al., 2017; R. Zhang et al., 2022; W. Zhang et al., 2022; X. Zhang et al., 2022). The
Western United States is a fire‐prone region where extensive and high‐intensity wildfires can occur (Abolafia‐
Rosenzweig et al., 2022; Zhuang et al., 2021; Zou et al., 2021). However, large wildfire risk is recently increasing
in the Eastern United States with a seasonal shift to an earlier time during 2011–2020 (Donovan et al., 2023). The
increasing frequency of large wildfires in the Eastern United States is likely due to persistent warm winters there
via enhancing winter vapor pressure deficits (Abolafia‐Rosenzweig et al., 2022).

Based on the above physical discussion, we form the hypothesis that the WWCE has likely weakened and
changed its phase from positive to negative with a cold west‐warm east (CWWE) dipole structure during the
recent decade. In this study, we test this hypothesis and explore the potential associated mechanisms by exam-
ining the role of internal variability (e.g., PDO and the AMO) with a focus on the responses of the occurrence of
PB events. This will reveal the different roles of the internal PDO and AMO variations in producing the decadal‐
interdecadal variability of the winter SAT anomalies over North America. On this basis, a new result is presented
that the winter North American temperature pattern shows an accelerated decadal alternation between theWWCE
and CWWE dipoles from 1950–1989 to 1990–2022.

2. Data and Methods
2.1. Data

We used the daily data on a 10 × 10 grid for winter (December, January and February, DJF) for the period from
December 1950/February 1951 to December 2022/February 2023 (1950–2023 hereafter) taken from the ERA5
reanalysis of European Centre for Medium‐Range Weather Forecasts (ECMWF) (Hersbach et al., 2020) and the
ERA5‐Land for Medium‐Range Weather Forecasts (ECMWF) (Muñoz‐Sabater et al., 2021). The data in-
cludes daily 500‐hPa geopotential height (Z500), 500‐hPa zonal wind (U500) and SAT (2m).

2.2. Empirical Orthogonal Function (EOF) Analysis and Decadal‐Interdecadal Modes

Empirical Orthogonal Function (EOF) analysis of the linearly detrended DJF‐mean SAT anomalies, performed in
the North American region (25°–70°N, 140°–60°W) during the 1950–2022, is used to extract the first and second
EOF modes (EOF1 and EOF2) of the winter North America SAT anomaly and their corresponding principal
components (PC1 and PC2) by computing the eigenvectors of a spatially weighted anomaly covariance matrix. A
9–30‐year (or 9–30‐yr) band‐pass filter of PC1 is used to represent the decadal variability of the North American
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SAT EOF1mode via the Lanczos method (Emery & Thomson, 2004), whereas a 30‐year (or 30‐yr) low‐pass filter
of PC2 is used to represent the interdecadal variation of the EOF2 mode.

2.3. Time Series of Winter PDO and AMO Indices

The PDO index used in this study is taken from NOAA (https://www.ncei.noaa.gov/access/monitoring/pdo/),
while the AMO index is taken from Koninklijk Nederlands Meteorologisch Instituut (KNMI) Climate Explorer
(http://climexp.knmi.nl/selectindex.cgi?id=someone@somewhere). Here, we define the positive (negative) PDO
winter based on the value with >0 (<0) of a 9–30‐year band‐pass filtered DJF‐mean PDO index, whereas the
positive (negative) AMO winter is based on the value with >0 (<0) of a 30‐year low‐pass filtered DJF‐mean
AMO index. The PDO (AMO) index with a 9–30‐year band‐pass (30‐year low‐pass) filtering represents its
decadal (interdecadal) variation based on the Lanczos method (Emery & Thomson, 2004).

2.4. Regression Analysis

The regressed fields of detrended SAT and Z500 anomalies against the normalized time series of the SAT PC1,
PC2, PDO, and AMO are derived in terms of a linear regression equation:

Y = a + bX (1)

where Y is a predicated variable, a is the error term, the matrix X are independent variables and b is the regression
coefficient.

2.5. Identification of North Pacific Blocking (PB) Events

To extract PB events, we identify such events occurring in the longitudinal sector from 160°W–100°W, based on
the one‐dimensional blocking index of Tibaldi and Molteni (1990) (TM hereafter). The TM index is defined in
terms of the reversal of the meridional gradient of Z500:

GHGN = [Z500(ϕN) − Z500(ϕo)]/(ϕN − ϕo) (2a)

GHGS = [Z500(ϕo) − Z500(ϕS)]/(ϕo − ϕS), (2b)

at the three given reference latitudes: ϕN = 80°N + Δ, ϕo = 60°N + Δ, ϕS = 40°N + Δ and
Δ = − 4° , 0° , 4° in a fixed longitude. A blocking event is defined to have taken place if the conditions GHGS> 0
and GHGN <− 10 gpm (deg lat)− 1 hold for at least three consecutive days and are satisfied for at least one choice
of Δ in a given zonal region covering at least 15° of longitude.

2.6. Data Treatment and Statistical Significance Tests

The long‐term (1950–2022) mean and linear trend of all the daily or monthly data for each calendar day or month
are removed to generate de‐seasonalized anomaly data for the analyses and composites of atmospheric variable
fields. We also used the two‐sided student t‐test to examine the statistical significance of the anomaly fields, and
the Mann‐Kendall (MK) test is also employed in this paper. These statistical methods are fully described in
Wilks (2011) (Emery & Thomson, 2004).

2.7. Meridional Potential Vorticity Gradient (PVy) Theory of Atmospheric Blocking in a Nonlinear
Multiscale Interaction (NMI) Model

We used the nonlinear multiscale interaction (NMI) model of atmospheric blocking events to diagnose the
spatiotemporal evolution of atmospheric blocking in terms of the background meridional potential vorticity
gradient (PVy or PVy) (Luo et al., 2019; Luo & Zhang, 2020; Zhang & Luo, 2020). The theory shows that when
PVy is smaller, the atmospheric blocking has a weaker dispersion and a stronger nonlinearity so that it has longer
lifetime, lesser eastward movement, larger zonal scale and slower decay, and vice versa (Luo et al., 2019; Zhang
& Luo, 2020). Here, the non‐dimensional equivalent barotropic PVy is scaled by the characteristic velocity Ũ
(∼10 m/s) and length L̃ (∼106 m). The non‐dimensional PVy can be expressed as
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PVy = β −
∂2U
∂y2

+ FU (3)

where F = L̃2

Rd2
, where β = β0L̃

2/ Ũ , U(y) is the non‐dimensional basic zonal wind, Rd is the radius of Rossby
deformation and β0 is the meridional gradient of the Coriolis parameter at a given reference latitude φ0,
respectively. We set F ≈ 1 as a fixed parameter (Zhang & Luo, 2020).

3. Results
3.1. Decadal‐Interdecadal Variability of North American Winter Temperature Extreme Patterns

Here, we use a linear detrending to crudely remove the direct effect of greenhouse warming trend. We then
perform an EOF analysis of the detrended winter (December to February, DJF) mean SAT anomalies over North
America (25°–70°N, 140°–60°W) during 1950–2022. The first mode (EOF1) with its Principal Component (PC1)
explains 28% of the variance and exhibits a WWCE dipole along the zonal direction in the southern part of North
America (Figure 1a) for a positive value of PC1. When PC1 is positive, this EOF1 mode reflects the decadal‐
interdecadal variability of North American SAT anomalies and partly includes a warm west‐cold east
(WWCE) dipole in the southern part of North America and aWarmArctic‐Cold North America (WACNA) dipole
in the eastern part of North America (Kug et al., 2015). We see that the WWCE dipole denoted by EOF1 mode
with its positive PC1 is distinct from the North American winter temperature dipole (NAWTD) pattern defined by
Singh et al. (2016) based on the difference of SAT anomalies between the western and eastern parts of North
America. This mode reflects that the decadal variability part of the WWCE (WACNA) dipole is mainly located in
the southern (eastern) side of North America. In the study over the shorter period of 1980–2015 of Singh
et al. (2016), the formation of the NAWTD pattern is associated with the presence of a wave train with zonal
wavenumber 2 across North American midlatitudes (Figure 1 of Singh et al., 2016). While the NAWTD exhibits
an upward trend, it does not show a notable decadal‐interdecadal variability (Figure 2 of Singh et al., 2016). In the
present study, we further reveal that the phases of PDO and AMO can induce the decadal‐interdecadal variability
of North American SAT anomalies through modulating blocking events over the northeast Pacific.

It is further found that the winter WWCE dipole in the south side of North America, as denoted by the SAT EOF1
mode, exhibits a pronounced interannual‐decadal variability (Figure 1c), which is likely tied to the modulation by
ENSO (R. Zhang et al., 2022; W. Zhang et al., 2022; X. Zhang et al., 2022) and PDO (Ge & Luo, 2023a, 2023b).
Another interesting feature is that the PC1 time series has a longer mean decadal period of about 20 years during
1950–1989 than the shorter mean decadal period of about 14 years during 1990–2022 (Figure 1c). The mean
period difference is statistically significant (p < 0.05) based on the Monte‐Carlo test with 10,000 samples. This
implies that the winter North American temperature pattern exhibits an accelerated decadal shift from 1950–1989
to 1990–2022. We also mention that the decadal variability of the EOF1WWCE dipole amplitude depends on the
sign of the PC1 time series. By construction, a positive value of PC1 represents a WWCE dipole, whereas its
negative value characterizes a cold west‐warm east (CWWE) dipole in the North American midlatitudes. The PC1
has a mean negative value of − 0.26 (− 0.32), and a mean positive value of 0.43 (0.37) over 1950–1989 (1990–
2022), even though its two large negative values exceed − 2.0 during 1950–1989. This suggests that the mean
CWWE (WWCE) dipole is stronger (weaker) during 1990–2022 than during 1950–1989, thus implying that the
winter North American SATWWCE dipole has exhibited a decadal weakening at a rate of about 14% from 1950–
1989 to 1990–2022, whereas the CWWE dipole has undergone a decadal intensifying at a rate of about 23%
during the same period. These mean amplitude differences between 1990–2022 and 1950–1989 are also statis-
tically significant (p < 0.05 in the Monte‐Carlo test). We mention that in order to ascertain whether our findings
here are influenced by the linear detrending we have employed, we recalculated these results after performing the
detrending with a second order polynomial. The results were essentially unaffected (Figure S2 in Supporting
Information S1). EOF2, which explains about 19% of the variance, shows a widespread negative SAT anomaly
over the whole North America (Figure 1b). The North test confirms that EOF1 and EOF2 are statistically
distinguishable (North et al., 1982).

To further extract the decadal (interdecadal) variation of the SAT EOF1 (EOF2) mode over North America, we
apply the 9–30‐year (or 9–30‐yr) band‐pass and 30‐year (or 30‐yr) low‐pass filters to the PC1 and PC2 time series
over 1950–2022, respectively. The regressed winter 500‐hPa geopotential height (Z500) and SAT anomalies onto
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the 9‐30‐year bandpass filtered PC1 time series show that the winter WWCE dipole on decadal timescales is
accompanied by a high latitude PB‐like anticyclone in the northeast Pacific and a winter negative NAO (NAO− )‐
like pattern with their anticyclonic centers being near the North American continent for a positive PC2
(Figure 1g). While the SAT EOF2 mode exhibits a marked interannual variability (Figures 1d and 1f) associated
with ENSO (R. Zhang et al., 2022; W. Zhang et al., 2022; X. Zhang et al., 2022), it also possesses an interdecadal
variability (Figure 1h) tied to an anticyclonic anomaly located in the North American Arctic region (Figure 1f).

Figure 1. Spatial structure and variability of winter North American surface air temperature (SAT) of the leading and second
empirical orthogonal function (EOF1 and EOF2) modes of winter SAT anomalies during 1950–2022 and regressed
atmospheric fields onto the time series of their principal components (PC1 and PC2) without and with low‐pass filtered
curves. (a, b) Spatial patterns of first and second leading empirical orthogonal function (EOF1 and EOF2) modes of
linearly detrended winter (December to February, DJF) mean surface air temperature (SAT) anomaly over North America
(25o–70oN, 140o–60oW) and (c, d) their corresponding normalized principal components (PC1 and PC2). (e–h) Regressed
DJF‐mean 500‐hPa geopotential height (Z500, contours, CI = 2.5 gpm) and SAT (color shading, in K) anomalies against the
normalized (e, f) unfiltered PC1 and PC2, (g) 9–30‐year (or 9–30‐yr) band‐pass PC1 (black line) and (h) 30‐year (or 30‐yr)
low‐pass PC2 (black line) time series during 1950–2022, where the black dot represents the color shading region being above
the 95% confidence level for a two‐sided Student's t‐test. In panel c, the red (blue) number represents the mean of the positive
(negative) PC1 value averaged over 1950–1989 (1990–2022).
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We note that the cold anomaly of the 30‐year low‐pass filtered SAT EOF2 pattern is located in the central‐eastern
North America for a positive PC2 (Figure 1h), even though it is much weaker than that of the unfiltered pattern
(Figure 1f). Because the PC2 time series shows less notable decadal variability (Figure 1d), the strong cold
anomaly of the SAT EOF2 mode over the whole North America mainly consists of interannual and interdecadal
parts.

As noted by Ge and Luo (2023b), the anticyclonic (or positive Z500) anomalies in the mid‐high latitudes of North
Pacific are mainly modulated by the ENSO and PDO. Thus, when the timescales less than 30 years are filtered
out, the interdecadal variability longer than 30 years becomes much weaker so that the positive Z500 anomalies
longer than 30 years are almost absent in the middle latitudes of the eastern Pacific, even though positive Z500
anomalies appear in high latitudes. As a result, the cold anomalies are relatively weak across the North America
and are found mainly in the central‐eastern North America (Figure 1h). Therefore, the weak cold anomalies in the
central‐eastern North America mainly reflect the interdecadal variability of the North American SAT anomalies
induced by AMO, while major parts of the cold anomaly in Figure 1f are an interannual signal (Figure 1d). On the
other hand, we can see that the interdecadal cold anomaly does not appear in the western part of the North
American midlatitudes. Thus, it is likely that the AMO can contribute to the WWCC dipole on decadal‐
interdecadal timescales in the North American midlatitudes through producing weak interdecadal cold anoma-
lies in the central‐eastern North America (Figure 1h).

To verify the robustness of our results, we performed an EOF analysis using the ERA5‐Land data, which includes
only land grid points (Figure S1 in Supporting Information S1). It is interesting to see that the first and second
EOFmodes (EOF1 and EOF2) obtained from ERA5 and ERA5‐Land data sets are very similar in spatial structure
and temporal variability, although their first and second principal components (PC1 and PC2) are reversed.
Specifically, the EOF1 (EOF2) pattern in the ERA5 data closely matches the EOF2 (EOF1) pattern in the ERA5‐
Land data. A strong agreement between the two data sets confirms that the dominant modes of the SAT variability
over North America are robust and not sensitive to the inclusion of oceanic grid points.

3.2. Footprint of the Anthropogenic Warming‐Induced PDO Variability in the Decadal Variability of the
North American Zonal Air Temperature Dipole

To explore in detail the potential drivers for these changes, we show in Figures 2a and 2b the DJF‐mean PDO and
AMO indices over 1950–2022. We find that the DJF‐mean PDO index displays a longer (shorter) decadal period
of about 20 (14) years on average over 1950–1989 (1990–2022) (Figure 2a), with periods consistent with those of
the SAT PC1 time series in the two sub‐periods (Figure 1c). The PDO index has a mean of the positive values of
0.45 (0.38) over 1950–1989 (1990–2022), and a mean negative value of − 0.20 (− 0.48) over 1950–1989 (1990–
2022). Clearly, the positive (negative) phase of PDO shows a decadal weakening (intensifying) at a rate of about
16% (140%) in amplitude from 1950–1989 to 1990–2022. As noted in previous studies (Fang et al., 2014; Geng
et al., 2019; Zhang & Delworth, 2016), the lifespan of the PDO is largely shortened due to the greenhouse
warming‐induced intensification of oceanic stratification (Fang et al., 2014; Zhang & Delworth, 2016) via the
increased propagation speed of oceanic Rossby waves (Saenko, 2006). Global warming is significantly enhanced
after 1990, and as a consequence we expect to see the shortened lifetime of the PDO after this time. However, we
find that the PDO amplitude suppression during 1990–2022 occurs only for its positive phase, whereas the
negative PDO is intensified from 1950–1989 to 1990–2022. The same PDO amplitude variability signal can also
be seen in the SAT PC1 time series (Figure 1c). In addition, because the predictability of the PDO is reduced
under anthropogenic warming (Li et al., 2020), one could infer that the North American SAT WWCE or CWWE
dipole will become less predictable in a warming climate. Thus, the effect of the anthropogenic warming trend
still persists in the decadal variability of the North American zonal temperature dipole via the PDO variability,
even though the direct effect of anthropogenic warming trend has been crudely removed. To some extent, the two
phases of PDO also have a strong asymmetric impact on the North American air temperature patterns on decadal
timescales.

We see that the positive PDO phase (PDO+) favors the WWCE dipole through the formation of a winter PB‐like
pattern (Figure 2c), though the winter NAO− ‐like pattern is very weak. In contrast, the CWWE dipole is easily
formed in North America in the negative phase of PDO. This suggests that the shift of PDO from the positive to
negative phase is important for the decadal variability of the winter North American SAT pattern from a WWCE
to CWWE. This conclusion is supported by the significant correlation of 0.72 (p < 0.05) between a 9–30‐year
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bandpass filtered PDO index and SAT PC1 (blue line in Figure 2e), even though the unfiltered PDO index has a
significant correlation with the SAT PC1 (red line in Figure 2e). In addition, 9–30‐year bandpass filtered SAT
PC2 has a weak correlation with the PDO index (Figure 2f). This result indicates that the SAT EOF1 pattern is
significantly modulated by the PDO variability. The AMO can also influence the decadal variability of the North
American SAT EOF1 mode associated with PDO (Figures 2d, 2e, and 2g), even though it makes a larger
contribution to the interdecadal variation of the winter SAT EOF2 mode (Figure 2h). Specially, the 30‐year low‐
pass filtered AMO index is significantly correlated with the PC1 with a correlation coefficient of 0.44 (p < 0.05)
(Figure 2g) and the PC2 with a correlation coefficient of 0.84 (p < 0.05) (Figure 2h). This result indicates that the
AMO plays a dominant role in the interdecadal SAT variability over the North America.

We also find that the positive AMO phase (AMO+) favors a warm anomaly in eastern North America via the
presence of an anticyclonic anomaly over North Atlantic midlatitudes (Figure 2d), whereas the associated winter

Figure 2. Temporal variations of winter Pacific Decadal Oscillation (PDO) and Atlantic Multidecadal Oscillation (AMO)
indices and their relationshipswith thewinterNorthAmerican surface air temperature (SAT) regimes during 1950–2022. (a, b)
Time series of normalizedwinter (December to February,DJF)mean (a) PacificDecadalOscillation (PDO) indexwith a 9–30‐
year (or 9–30‐yr) band‐pass curve (black line) and (b)AtlanticMultidecadalOscillation (AMO) indexwith a 30‐year (or 30‐yr)
low‐pass curve (black line) during 1950–2022. (c, d) Regressed winter‐mean 500‐hPa geopotential height (Z500, contours,
CI= 2.5 gpm) and SAT (color shading, in K) onto (c) 9–30‐year band‐pass PDO index and (d) 30‐year low‐pass AMO index.
The dot represents the color shading region above the 95% confidence level for a two‐sided Student's t‐test. (e–h) Scatter
diagrams of the normalized DJF‐mean (e, f) PDO and (g, h) AMO time series against the normalized PC1 and PC2 time series
of the DJF‐mean SAT EOF1 and EOF2modes over North America. The blue (red) circle represents the unfiltered (9–30‐year
band‐pass or 30‐year low‐pass) case. The value of R (S) denotes the correlation (slope) coefficient being statistically
significant for the 95% confidence (asterisk). The red (blue) numbers in (a) represent the values of themean positive (negative)
PC1 averaged over 1950–1989 and 1990–2022.
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SAT change is relatively weak in western North America. Thus, AMO+ suppresses the WWCE dipole and favors
the CWWE dipole. In contrast, a strong cold anomaly appears in the eastern part of North America for the
negative AMO phase (AMO− ) (a reversed pattern of Figure 2d), which favors the WWCE dipole and suppresses
the CWWE dipole. In summary, the transition of the PDO at the 9–30‐year spectral band from a positive to a
negative phase during the recent decade causes a shift of the WWCE pattern to the CWWE pattern as revealed by
the SAT EOF1 mode, while the AMO+‐induced SAT anomalies strengthens the PDO− ‐driven CWWE dipole.
Consequently, the recent decadal shift from the WWCE dipole to the CWWE dipole pattern is mainly associated
with the PDO variability, whereas the AMO mainly induced the interdecadal variability of the SAT anomalies in
the central‐eastern North America.

3.3. Decadal Changes in North Pacific Blocking Events

We see that the DJF‐mean SAT dipole over North America is related to the presence of a winter PB anticyclone‐
like pattern (Figures 1e and 2c). Thus, we consider the role of the PDO and AMO in modulating extreme cold/
warm events driven by PB events in North America. Here, we classify PB events in terms of the values of the
normalized time series of the 9–30‐year band‐pass filtered PDO and 30‐year low‐pass filtered AMO indices over
1950–2022. The values with <0 (>0) of the filtered PDO and AMO indices are defined as the negative (positive)
phases of the PDO and AMO or PDO− and AMO− (PDO+ and AMO+). We use the TM blocking algorithm to
identify PB events over the region (160°–100°W). We found 36 PDO− , 37 PDO+, 30 AMO− and 43 AMO+

winters during the 1950–2022 when there were 166 total PB events (Figure S3a in Supporting Information S1).

Stratification of the years reveals that there are 81 (85) PB events or 2.25 (2.30) PB events per winter for the
PDO− (PDO+) winters (Figures S3b and S3c in Supporting Information S1). But there are 80 (84) PB events or
2.67 (1.95) PB events per winter for the AMO− (AMO+) winters (Figures S3d and S3e in Supporting Infor-
mation S1). Clearly then, the phase of the PDO does not substantially influence the number of PB events, whereas
AMO− is more favorable for the PB events than AMO+. We find there to be 17 PDO− & AMO− , 19 PDO− &
AMO+, 13 PDO+&AMO− , and 24 PDO+&AMO+ combination winters over our period, which have in turn 53,
28, 29 and 56 PB events, corresponding to 3.1, 1.5, 2.2 and 2.3 PB events per winter, respectively (Figures S3f and
S3i in Supporting Information S1). This then indicated that PDO− can increase (decrease) PB events via the
combination with AMO− (AMO+) because AMO− favors more PB events than AMO+. Thus, the PB events are
favored (suppressed) by AMO− (AMO+) only during the PDO− period, even though AMO− and AMO+ do not
influence the number of PB events in the PDO+ period.

3.4. Combined Effect of PDO and AMO

To further reveal the evolutionary dynamics at play here, we calculate the time‐mean fields of composite daily
Z500 and SAT anomalies of PB events during the blocking lifecycle for different phases of PDO and AMO
(Figures 3a–3d) and their four combinations (Figures 3e–3h). Correspondingly, the impact of PB events on the
daily SAT anomalies in the western and eastern parts of United States are shown in Figure 4 for different
combinations of PDO and AMO. We see from Figure 3 that the anticyclonic anomaly of PB has a longer lifetime,
a larger zonal scale, less westward movement, and is located more eastward and in higher latitudes (Figure S4 in
Supporting Information S1) for PDO+ (Figure 3b) than for PDO− (Figure 3a). This is because the PDO+ is
characterized by a weakening of westerly winds to the north of 60°N and a reduced meridional gradient of po-
tential vorticity (PVy) over the mid‐high latitudes of North Pacific (Figures 5b and 5f) compared to the PDO

−

(Figures 5a and 5e). As we indicated earlier, the differences of these blocking characteristics can be explained by
using the PVy theory of atmospheric blocking based on a nonlinear multiscale interaction (NMI) model in a given
basic zonal wind (Figures S5 and S6 in Supporting Information S1). Because the time‐mean effect of sub‐seasonal
WWCE dipoles in winter mostly reflects the winter WWCE dipole pattern, below we will focus on examining the
sub‐seasonal variability of the WWCE and CWWE dipoles in winter.

We see that PB can produce a strong sub‐seasonal cold anomaly in the northwest region of North America for
PDO− (Figure 3a), whereas it can result in a relatively strong sub‐seasonal WWCE dipole in the midlatitudes of
North America (35°–55°N) for PDO+ (Figure 3b) because the anticyclonic anomaly of PB can extend southward
to about 35°N, resulting in a persistent high‐pressure ridge along the west coast of the United States. The
southward extension of such a high ridge supports a sub‐seasonal WWCE‐like dipole pattern (Figure 3b),
although the sub‐seasonal SAT WWCE dipole pattern seems to be relatively weak during the PDO+ & AMO−
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(Figure 3e). Therefore, a sub‐seasonal WWCE dipole is favored to form over North America due to the presence
of PB events under the PDO+ condition. For AMO− , a weak widespread cold anomaly associated with PB events
appears over North America (Figure 3c). However, a sub‐seasonal WWCE dipole, albeit weak, is also seen for
AMO+ (Figure 3d). Thus, the phase of AMO appears to modulate the sub‐seasonal WWCE dipole regimes over
North America produced by PB events, even under the PDO+ condition.

Our analysis further demonstrates that while the PB events are most frequent for the PDO− & AMO− in the four
combinations, the PB is short‐lived (Figure 5) in this case because PVy is relatively large (Figure 6). Even so, a

Figure 3. Time‐mean composite daily 500‐hPa geopotential height (Z500) and surface air temperature (SAT) anomalies
during the blocking lifecycles of North Pacific blocking events. (a–h) Time‐mean fields of composite daily Z500 (contours,
CI = 10 gpm) and SAT (color shading, in K) anomalies averaged from lag − 10 to +10 days of Pacific blocking (PB) events
(lag 0 denotes the peak day of blocking) for the (a) negative PDO (PDO− ), (b) positive PDO (PDO+), (c) negative AMO
(AMO− ), (d) positive AMO (AMO+) as well as their different combinations of (e) PDO− & AMO− , (f) PDO− & AMO+,
(g) PDO+ & AMO− and (h) PDO+ & AMO+. The negative (positive) PDO or AMO phase is defined in terms of <0 (>0)
standard deviations (STDs) of the normalized 9–30‐year band‐pass winter (December to February, DJF) mean PDO or 30‐
year low‐pass winter mean AMO index. The color shading indicates the region with the SAT anomalies being significant
with a 95% confidence level based on a two‐sided Student's t‐test.
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strong widespread cold anomaly is still formed over all of North America (Figure 3e) because AMO− favors
NAO+ events (Li et al., 2013). Although we see a sub‐seasonal WWCE dipole for PDO+& AMO− and PDO+&
AMO+ (Figures 3g and 3h), the PB can cause a sub‐seasonal cold west‐warm east (CWWE) dipole, a reversal
dipole of the WWCE regime, due to the joint role of PB and NAO− events in the PDO− & AMO+ winter
(Figure 3f). The reason for this is that the AMO+ is favorable for NAO− events that lead to warm anomalies over
the eastern North American mid‐high latitudes. Thus, the different combinations of AMO+with PDO+ and PDO−

over 1998–2022 can regulate the decadal shift of North American temperature extreme patterns via decadal
changes in PB events.

3.5. Integrative Effects of North Pacific Blocking Events on Shaping the Decadal SAT Variability

Finally, in Figure 4 we have defined SATA(t)= SATB(t)–SATM, where SATB is the daily SAT anomaly during the
lifecycle from lag − 10 to 10 days for each blocking event, and SATM is the mean SAT anomaly for all blocking
days of 166 PB events in a given region. The probability distribution function (PDF) of daily SAT anomaly during
the blocking lifecycle, as shown in Figure 4, shows that the mean SAT associated with PB events is shifted to a
strong cold (weak warm) anomaly in western North America (Figures 4b and 4d), but a strong warm (weak cold)
anomaly in eastern North America (Figures 4f and 4h) under PDO− & AMO+ (PDO+ & AMO+). Thus, the PB
can induce a weak sub‐seasonalWWCE dipole for PDO+&AMO+ over 1990–2022 partly because the PDO+ has
a smaller mean amplitude over 1990–2022 than over 1950–1989 when the AMO index increases and shifts toward
a positive phase over 1990–2022. In contrast, the PB can cause a stronger sub‐seasonal CWWE dipole for PDO−

Figure 4. Probability density functions (PDFs) of daily SAT anomalies associated with North Pacific blocking events. (a–h)
Probability density functions (PDFs) of daily SAT (SATA = SATB–SATM) anomalies averaged over the western (120°–
100°W, 40°–60°N) and Eastern (80°–60°W, 35°–55°N) North America from lag − 10 to 10 days during the life cycles of
North Pacific blocking (PB) events for (a, e) PDO− &AMO− , (b, f) PDO− &AMO+, (c, g) PDO+&AMO− and (d, h) PDO+

&AMO+ combinations based on the above definitions in terms of 9–30‐year band‐pass filtered PDO index and 30‐year low‐
pass filtered AMO index, where SATM denotes the time‐mean value of daily SAT (SATB) anomalies of all blocking days of
all PB events from lag‐10 to 10 days. The red line represents a fitted curve, whereas μPB represents the mean value of SAT
anomalies for each case.
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& AMO+ over 1990–2022 partly because the PDO− has larger mean amplitude over 1990–2022 than over 1950–
1989. Thus, when AMO+ is dominant over 1990–2022, the phase shift of PDO from PDO+ to PDO− can lead to a
shift from a WWCE dipole to a strong CWWE dipole. This explains why the CWWE dipole over North America
has a larger mean amplitude than the WWCE dipole during 1990–2022. Because the PDO has a shorter period
during 1990–2022 than during 1950–1989, a decadal alteration between the winter WWCE and CWWE dipoles is
accelerated during 1990–2022.

4. Summary and Discussion
In this study, we find that winter North American SAT exhibits a decadal alternation between warm west‐cold
east (WWCE) and cold west‐warm east (CWWE) dipoles with a shorter mean decadal period during 1990–
2022 than during 1950–1989. Moreover, the WWCE (CWWE) dipole has a smaller (larger) mean amplitude
during 1990–2022 than during 1950–1989. Thus, the decadal variability of the North American temperature
extreme pattern, which leads to decadal changes in North American drought and wildfires in the recent decades
(McCabe et al., 2004; Zhuang et al., 2021), resembles the PDO variability under greenhouse warming (Fang
et al., 2014; Geng et al., 2019; Zhang & Delworth, 2016), primarily because the variability of the SAT PC1 time
series is similar to the PDO variability in period and amplitude. Consequently, one could infer that the decadal
alteration of the winter WWCE and CWWE dipoles is accelerated during 1990–2022, which has a footprint of the
PDO variability under anthropogenic warming, even though the winter WWCE or CWWE dipoles, as a result of

Figure 5. Spatial patterns of composite winter 500‐hPa zonal wind (U500) and meridional potential vorticity gradient (PVy or
PVy) anomalies for the different phases of PDO and AMO: (a–(h) Composite winter (December to February, DJF) mean
500‐hPa (a–d) zonal wind (U500, color shading, in m/s) and (e–h) meridional potential vorticity gradient (PVy, unit: non‐
dimensional) anomalies without North Pacific blocking (PB) events during 1950–2022 for the (a, e) negative and (b, f)
positive PDO (PDO− and PDO+) as well as the (c, g) negative and (d, h) positive AMO (AMO− and AMO+) defined in terms
of the 9–30‐year (or 9–30‐yr) band‐pass PDO index and 30‐year (or 30‐yr) low‐pass AMO index, where the case without PB
events represents that the blocking days from lag − 10 to 10 days (lag 0 denotes the peak day of PB) are removed for each PB
event and the dot denotes the region being statistically significant at the 95% confidence level for a two‐sided Student's t‐test.
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the winter mean sub‐seasonal zonal dipoles, are mainly related to North Pacific blocking events. This reflects the
indirect effect of anthropogenic warming trend. In a word, anthropogenic warming trend can significantly in-
fluence the recent decadal shift in winter North American temperature patterns via altering the PDO and its effect
on North Pacific blocking. Moreover, it is further concluded that the winterWWCE or CWWE dipoles over North
America will be less predictable in a future warming climate, as the predictability of the PDO variability is
reduced under increasing Carbon dioxide emission scenarios (Li et al., 2020).

We also find that the winter WWCE or CWWE dipole can be considered as a result of the winter mean sub‐
seasonal WWCE or CWWE dipoles. The PDO+ (PDO− ) favors a sub‐seasonal warm (cold) anomaly associ-
ated with PB events in western North America via decadal changes in mean zona winds and PVy over North
Pacific. PDO+ tends to promote a winter WWCE dipole over North America when it coincides with AMO+. In
contrast, a sub‐seasonal CWWE dipole is favored by the PB when PDO− coincides with AMO+. Since the AMO+

winters are prevalent during 1998–2022, the transition of PDO from PDO+ to PDO− can induce a notable decadal
shift in the winter North Atlantic SAT regimes from a sub‐seasonal WWCE dipole (Figure 3h) to a sub‐seasonal
CWWE dipole (Figure 3f). This phase shift is more evident over 1994–2022, which has led to more frequent cold
winters in western North America and warm winters in eastern North America in recent years. Such changes tend
to inhibit droughts or wildfires in western North America, while promoting them in eastern North America.

It should be pointed out that greenhouse warming trend can indirectly influence the North American winter
weather patterns via altering the PDO due to changes in the oceanic basic state (Fang et al., 2014; Geng
et al., 2019; Li et al., 2020; Saenko, 2006; Zhang & Delworth, 2016), even though the PDO is fundamentally
thought of as an internal decadal mode. The effect of the greenhouse warming trend persists in the PDO variability
through changes in the PDO period and amplitude (Geng et al., 2019; Zhang & Delworth, 2016). While we have

Figure 6. Same as Figure 5 but for (a, e) PDO− & AMO− , (b, f) PDO− & AMO+, (c, g) PDO+ & AMO− and (d, h) PDO+

& AMO+.
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examined the cause of the decadal variability of the winter North American weather regimes, the impact of ENSO
on them and its combined effect with PDO and AMO are not considered here, but has been addressed in earlier
studies (Peng et al., 2019; Ge & Luo, 2023a, 2023b; Wang et al., 2014; Zhuang et al., 2021). However, our present
results significantly improve our understanding of the decadal changes in the winter North American weather
regimes and enhance our knowledge regarding the management of economic activity and water resources.
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