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ABSTRACT: In this study, detailed characteristics of the leading intraseasonal variabilitymode of boreal winter surface air

temperature (SAT) over the North American (NA) sector are investigated. This intraseasonal SATmode, characterized by

two anomalous centers with an opposite sign—one over central NA and another over east Siberia (ES)/Alaska—bears a

great resemblance to the ‘‘warm Arctic–cold continent’’ pattern of the interannual SAT variability over NA. This intra-

seasonal SAT mode and associated circulation exert a pronounced influence on regional weather extremes, including

precipitation over the northwest coast of NA, sea ice concentration over the Chukchi and Bering Seas, and extreme warm

and cold events over the NA continent and Arctic region. Surface warming and cooling signals of the intraseasonal SAT

mode are connected to temperature anomalies in a deep-tropospheric layer up to 300 hPa with a decreasing amplitude with

altitude. Particularly, a coupling between the troposphere and stratosphere is found during evolution of the intraseasonal

SAT variability, although whether the stratospheric processes are essential in sustaining the leading intraseasonal SAT

mode is difficult to determine based on observations alone. Two origins of wave sources are identified in contributing to

vertically propagating planetary waves near Alaska: one over ES/Alaska associated with local intraseasonal variability and

another from the subtropical North Pacific via Rossby wave trains induced by tropical convective activity over the western

Pacific, possibly associated with the Madden–Julian oscillation.

KEYWORDS: North America; Extreme events; Stratosphere-troposphere coupling; Surface temperature; Intraseasonal

variability

1. Introduction
In the climate research community, a great interest has re-

cently been developed in subseasonal predictions, with a

forecast lead time ranging from two weeks to about one month

(National Academies of Sciences, Engineering, and Medicine

2016; Vitart et al. 2017). Filling a gap between weather and

seasonal climate predictions, subseasonal prediction provides

important guidance for policy making and resource manage-

ment for disaster mitigation purposes. For example, during

boreal winter, surface air temperature (SAT) exhibits pro-

nounced intraseasonal variability over the mid- to high lati-

tudes of the Northern Hemisphere (Lin and Brunet 2009; Lin

2015; Collow et al. 2019; Lin 2018; Stan and Krishnamurthy

2019; also see Fig. 1). These persistent SAT anomalies on the

intraseasonal time scale can be closely related to regional ex-

treme warm and cold episodes over North America (NA; e.g.,

Katz and Brown 1992), exerting significant influence on daily

life, public health, energy, and so on. Improved understanding

of the underlying physics regulating the intraseasonal SAT

variability and skillful subseasonal prediction of SAT fluctua-

tions, therefore, are of great social and economic importance

(e.g., Lin 2018; Xiang et al. 2020; Lin 2020; Xiang et al. 2019).

As a dominant intraseasonal variability mode of tropical

atmosphere, the Madden–Julian oscillation (MJO; Madden

and Julian 1971) strongly influences not only tropical convec-

tive systems but also extratropical circulation and weather

extremes via tropical convective-heating-induced planetary

Rossby wave trains (Hoskins and Karoly 1981; Jin andHoskins

1995; Stan et al. 2017), for example, by modulating the Pacific–

North American (PNA) teleconnection pattern (Mori and

Watanabe 2008; Johnson and Feldstein 2010; Riddle et al.

2013), the Arctic Oscillation (L’Heureux and Higgins 2008),
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North Atlantic Oscillation (Cassou 2008; Lin et al. 2009), and

also the polar vortex and sudden stratospheric warming events

(Garfinkel and Schwartz 2017; Kang and Tziperman 2018b,a).

It has been widely reported that the MJO has a profound in-

fluence on the intraseasonal SAT variability over NA (e.g.,

Vecchi and Bond 2004; Lin and Brunet 2009; Zhou et al. 2012;

Baxter et al. 2014; Matsueda and Takaya 2015; Zheng et al.

2018; Riddle et al. 2013) and the Arctic region (e.g., Lee et al.

2011; Yoo et al. 2011, 2012a; Seo et al. 2016). In particular, the

strongest winter SAT variability associated with the MJO is

found over Alaska, Greenland, Siberia, the eastern United

States, and southeastern Canada (Zheng et al. 2018).

The abovementioned observational studies thus suggest a

critical role of theMJO as an important predictability source for

subseasonal prediction over mid- to high latitudes. Improved

subseasonal forecasts of extratropics indeed have been sug-

gested in operational forecast systems when the errors associ-

ated with the representation of the MJO are reduced (Ferranti

et al. 1990; Vitart and Molteni 2010; Riddle et al. 2013; Vitart

2014; Molteni et al. 2015). A recent study based on hindcasts

from three operational models participating in the Seasonal-to-

Subseasonal (S2S) Project (Vitart et al. 2017), however, indi-

cated that predictive skill for the leading intraseasonal SAT

mode over NA, identified by the first empirical orthogonal

function (EOF) mode of pentad-mean boreal winter SAT

anomalies, is independent from MJO status in the model initial

conditions (Lin 2018). Xiang et al. (2019, 2020) also obtained a

similar conclusion that the MJO does not significantly affect

subseasonal prediction skill of the Northern Hemisphere ex-

tratropical SAT anomalies during boreal winter. The insignifi-

cant MJO impact on subseasonal predictions of extratropical

SAT in the above studies, however, could possibly be due to

model deficiencies in representing the MJO convection-induced

teleconnection patterns in climate and weather forecasting models

(e.g., Henderson et al. 2017; Wang et al. 2020). By conducting a

wave activity flux analysis, Lin (2018) further suggested that

the energy source for the leading intraseasonal SATmode over

NA could originate over the North Pacific and is independent

from tropical convective activity associated with the MJO.

While the dominant intraseasonal SAT pattern over NA has

been previously examined (Lin 2015, 2018), its detailed vertical

structures and evolution characteristics have not been exten-

sively investigated. Meanwhile, physical mechanisms of the

intraseasonal SAT variability over NA also remain elusive. In

this study, we explore three-dimensional structures in tem-

perature and circulation anomalies associated with the leading

intraseasonal SAT variability mode over the NA sector as well

as its impact on regional weather extremes. Considering previ-

ous studies on the importance of stratospheric planetary wave

reflection on the amplification of tropospheric blocking (e.g.,

Kodera et al. 2013, 2016; Kidston et al. 2015), a particular in-

terest of this study is to explore a plausible role of stratosphere–

troposphere coupling during evolution of the intraseasonal SAT

variability mode.

The remainder of this paper is organized as follows: Section 2

introduces the data and methods used in this study. Section 3

examines basic features of the leadingmode of the intraseasonal

SAT variability over the NA sector. The precipitation, sea ice,

and extreme warm/cold events related to this mode are pre-

sented in section 4. Detailed vertical structures in temperature,

moisture, and circulation in both the troposphere and strato-

sphere associated with this intraseasonal SAT mode are further

examined in section 5. Particularly, a plausible role of the

stratospheric processes on the intraseasonal SAT variability

mode is explored. Finally, a summary and discussions are

given in section 6.

2. Data and methods
Daily data from the European Centre for Medium-Range

Weather Forecasts (ECMWF) interim reanalysis (ERA-Interim)

are used for this study (Dee et al. 2011). The variables include

SAT at 2-m height, 3D geopotential height (Z), zonal and me-

ridionalwinds (u, y), temperature (T), and specific humidity (q)with a

spatial resolution of 0.758 3 0.758 and 37 vertical levels during 1979–

2017. Daily 18 global precipitation data from the Global Precipitation

Climatology Project (GPCP) Climate Data Record (CDR, version

1.3; Adler et al. 2017) from 1996 to 2017 is used to characterize pre-

cipitation anomalies associated with the leading intraseasonal SAT

mode. Also analyzed in this study are daily passivemicrowave sea ice

concentration (SIC) data, version 3, from the National Snow and Ice

DataCenter (NSIDC; Peng et al. 2013), which are on 25km3 25km

horizontal grids and cover the period of 1988–2017.

Daily intraseasonal anomalies of each variable are obtained

by first removing the climatological annual cycle (annual mean plus

three leadingharmonics)and thena10–90-daybandpassfiltering. Ifnot

particularly mentioned, all analyses in the following will be conducted

for the extended boreal winter season from November to March.

3. The leading intraseasonal SAT variability mode
over NA
Standard deviations of 10–90-day-filtered SAT anomalies

during boreal summer and winter are illustrated in Fig. 1. While

FIG. 1. Standard deviations of daily SAT anomalies (8C) during
(a) boreal summer (May–October) and (b) winter (November–

March) from 1979 to 2017. The blue boxes E, A, and C in

(b) denote the rough locations of ES, Alaska, and the central NA

continent discussed in the text.
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intraseasonal SAT variability over the Northern Hemisphere is

rather weak during boreal summer in general, pronounced in-

traseasonal variability is found over mid- to high-latitude land

regions during boreal winter, with active centers over west

Siberia, east Siberia (ES), the NA continent with a local

maximum over Alaska, and part of the polar region including

Iceland, with maximum standard deviations exceeding 68C.
These standard deviation patterns of the intraseasonal SAT

anomalies during both summer and winter largely resemble

those derived by themonthly mean SAT anomalies (Trenberth

and Shea 2005). Causes for the strong intraseasonal SAT var-

iability over the above areas during boreal winter are not fully

understood, although the winter mean state such as a strong

meridional gradient in climatological surface temperature due

to land–ocean contrast over mid- to high latitudes and land–

atmosphere interactions are considered to play an important

role considering the prevalence of strong variability over land

during boreal winter. In this study, we will focus on the intra-

seasonal SAT variability during boreal winter over the ex-

tended NA sector, including Alaska, Canada, the contiguous

United States, ES, and the neighboring North Pacific and

Arctic regions, which is referred to as NA in the following

discussions for the sake of brevity if not specifically mentioned.

Instead of the EOF analyses used in previous studies (e.g., Lin

2015, 2018), we employ an extended EOF (EEOF) analysis

(Weare and Nasstrom 1982; Jiang and Waliser 2009) of 10–90-

day-filtered SAT anomalies during 1979–2017winters to identify

the dominant intraseasonal SAT variability mode over the NA

sector. (The 1979winter represents the period from 1November

1979 to 31 March 1980, and so on.) The EEOF analysis is con-

ducted over the region of 208–908N, 1208E–608W (see Fig. 3)

with a time lag of 31 days. The EEOF is essentially the same as

the EOF just using an extended covariancematrix with the daily

data during all these time lags. The derived eigenvectors based

on the EEOF analysis therefore contain a series of evolution

patterns of the leading modes. As shown in Fig. 2a, the first and

second modes (EEOF1 and EEOF2), which are in quadrature to

each other, are not separable based on the criteria of North et al.

(1982), and thus represent the same leading intraseasonal SAT

mode.The first twoEEOFmodes account for 7.5%and 6.6%of the

total intraseasonal SAT variance, respectively. As suggested by

power spectra of PC1 (Fig. 2b), this leading intraseasonal mode

exhibits a prevailing period of 20–50 days. Lead–lag correlations

betweenPC1 andPC2 (Fig. 2c) further suggest that PC1 leadsPC2 by

about 8 days, and negative PC1 lags PC2 by 8 days, suggesting a

period of about 32 days associated with this leading intraseasonal

SAT mode, consistent with the period corresponding to the peak

spectrum in Fig. 2b.1 Estimated by correlations between daily time

series of 10–90-day-filtered SAT anomalies and anomalies re-

constructed using the EEOF1 andEEOF2, the leading intraseasonal

SAT modes explain up to about 50% of daily intraseasonal SAT

variations, particularly over ES/Alaska and central NA (Fig. 2d).

Evolution of the leading intraseasonal SAT mode is pre-

sented in Fig. 3 based on lag regressions of 10–90-day-filtered

SAT anomalies onto PC1 from days 212 to 9 at a 3-day in-

terval. This leading intraseasonal SAT mode consists of two

FIG. 2. (a) Percentages of variances explained by the first eight leading EEOF modes. Error bars are calculated

based on North et al. (1982). (b) Power spectra of PC1 in winters from 1979 to 2017 (black), with Markov red noise

spectrum (red) and the 95% confidence level (blue). (c) Lag correlations between PC1 and PC2. A positive

(negative) lag denotes PC2 leading (lagging) PC1. (d) Spatial distribution of percentages of local variances of 10–90-

day SAT anomalies explained by the EEOF1 and EEOF2.

1 Note that the period of the derived leading modes is not sen-

sitive to the time lag used for the EEOF.Using a time lag of 41 days

for the EEOF analysis, for example, will yield a similar leading

intraseasonal mode with a dominant period of 32 days.
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anomalous centers with opposite signs: one over ES/Alaska

with anomalies spreading over a large area of the Arctic region

and another center with an opposite sign over central NA to

the east of Canadian Rockies. At day212, the anomalous SAT

pattern is characterized by warm anomalies over Canada and

the northern United States and cold anomalies over ES/Alaska

(Fig. 3a). Both warm and cold SAT anomalies intensify at

day29 (Fig. 3b). They start to weaken from day29 to day23

(Figs. 3b–d) and shift westward from day 23 to day 0

(Figs. 3d,e). At day 0, weak positive SAT anomalies are found

over Alaska (Fig. 3e). In the following days, positive SAT

anomalies gradually develop over ES/Alaska on both sides of

the Bering Strait, and negative SAT anomalies over the central

NA continent (Figs. 3f–h). The SAT anomalous pattern at day

3 largely mirrors that at day212 with an opposite sign, further

suggesting a period of about 30 days of the leading intra-

seasonal SAT mode.

Note that cold anomalies over ES/Alaska and warm anom-

alies over central NA from day212 to day26 are coupled with

an anomalous surface low near Alaska (Figs. 3a–c). As a result,

cold SAT anomalies over ES/Alaska can be largely due to cold

temperature advection by the northerly anomalous winds,

while warm SAT anomalies over the NA continent due to

warm temperature advection by southwesterly anomalous

winds associated with the low pressure system, as previously

noted (e.g., Lin 2018; Martineau et al. 2017; Guan et al. 2020).

It is also worth noting that the maximum amplitude of the

anomalous low and associated winds is observed at day 212,

FIG. 3. Lag regressions of anomalous SAT (8C; shading), SLP (contours with an interval of 1.5 hPa, dashed if

negative; zero contours omitted), and 10-m winds (m s21; black vectors; plotted only for areas surpassing the 95%

significance level) onto the normalized PC1 from (a) day 212 to (h) day 9 with an interval of 3 days. Areas with

black dots indicate SAT anomalies surpassing the 95% significance level.
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which leads the maximum amplitude in warm and cold

anomalies (day 29), further suggesting that SAT anomalies

tend to be driven by atmospheric circulation. An opposite case

is found during the period from day 3 to day 9, that is, positive

SAT anomalies over ES/Alaska and negative SAT anomalies

over NA are associated with an anomalous surface high

(Figs. 3f–h). In the following discussions, the period when

strong negative (positive) SAT anomalies are present over

ES/Alaska (central NA), that is, day212 to26, is referred to as

the negative phase of the intraseasonal SAT mode; and the

period corresponding to strong SAT anomalies with an opposite

sign over the above two regions, that is, days 3 to 9, is defined as

the positive phase, and the period in between, that is, days 23

and 0, as the transition phase of the intraseasonal SAT mode.

This leading intraseasonal SATmode based on the EEOF as

shown in Fig. 3 is largely similar to those previously identified

based on EOF analyses of 5-day mean SAT anomalies over the

Northern Hemisphere between 208 and 808N (Lin 2018) and

over the NA continent (Lin 2015); their EOF1 modes largely

resemble the anomalous SAT pattern at day 29 in Fig. 3.

However, the PCs associated with the EOF1 modes in the

previous studies exhibit a main spectral peak around 50 days

and a secondary peak around 30 days (e.g., Fig. 3 in Lin 2015).

The lower-frequency intraseasonal periodicity of extratropical

variability has also been previously reported (e.g., Ghil andMo

1991; Plaut and Vautard 1994; Johnson and Feldstein 2010;

Stan and Krishnamurthy 2019). Our analysis suggests that the

leading intraseasonal SAT modes with both the higher (e.g.,

10–40 days) and lower frequencies (e.g., 40–70 days) share

similar spatial patterns as shown in Fig. 3 (not shown).

Therefore, the regression patterns using the PC1 based on the

EOF analysis as in the previous studies may represent mixed

features of the intraseasonal SAT variability modes with

slightly different periodicity. In this study, due to more strict

constraints of the EEOF method by including evolution of

SAT anomalies at different time lags, themodewith a period of

about 32 days is identified as the leading mode.

It is also noteworthy that the spatial pattern of the leading

intraseasonal SAT mode shown in Fig. 3 largely resembles the

‘‘warm-Arctic–cold-continent’’ (WACC) pattern over the NA

sector that has been observed in SAT trend in recent decades

(e.g., Cohen et al. 2014; Kug et al. 2015; Sigmond and Fyfe

2016; Sun et al. 2016; Clark and Lee 2019), and particularly that

associated with the interannual SAT variability during boreal

winter (Kug et al. 2015; Blackport et al. 2019; Guan et al. 2020).

In this regard, the WACC-type intraseasonal SAT variability

mode shown in Fig. 3 tends to serve as a building block for the

prevailing SAT variability over NA on interannual time scales

(e.g., Guan et al. 2020). Understanding of mechanisms regulating

the leading intraseasonal SAT variability mode is therefore criti-

cal for improved understanding of the lower-frequency variability

and long-term trend of SAT over NA and the Arctic region.

Some recent studies reported weakened intraseasonal SAT

variability over NA in the most recent decades (e.g., Screen 2014;

Collow et al. 2019), which is supported by interannual variations of

the amplitudeof the leading intraseasonal SATmodeduring 1979–

2017 winters (Fig. 4). Here, the amplitude of the leading intra-

seasonal SAT mode during each winter is derived by averaging

their corresponding daily values based on the two leading PCswithffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
PC12 1PC22

p
. The weaker amplitude of the intraseasonal SAT

variability after 2002 is readily seen in Fig. 4 with average ampli-

tudes of 1.25 and 1.1 for the period of 1990–2002 and 2003–17,

respectively, which is statistically significant at the 90% level, al-

though the underlying physics needs to be further investigated.

Collow et al. (2019) ascribed the general reduction of intraseasonal

SAT activity over NA to the weakened latitudinal temperature

gradient associated with the Arctic sea ice loss in recent decades.

Screen (2014), on the other hand, hypothesized that the signifi-

cantly decreased subseasonal cold-season temperature variability

over the Northern Hemisphere mid- to high latitudes in recent

decades is associated with more rapidly warming of cold days with

northerly winds than warming days with southerly winds.

4. Modulation of the leading intraseasonal SAT mode on
weather extremes
In this section, the influence of the leading intraseasonal

SATmode on sea ice and precipitation anomalies as well as the

occurrence frequency of extreme warm and cold events is

examined.

Figure 5 shows lag regressions of 10–90-day-filtered SIC

anomalies onto the normalized PC corresponding to the

EEOF1 over the Chukchi and Bering Seas (CBS) where the

strongest SIC anomalies are observed. Considering about 40%

of climatological SIC over CBS, the intraseasonal sea ice

anomalies associated with the leading SAT mode (i.e., 64%)

can reach 20% of the local climatological values. Associated

with the cold SAT anomalies over ES/Alaska from day212 to

day23 (Figs. 3a–d), positive SIC anomalies are observed over

CBS (Figs. 5a–d). During the transition period of the local SAT

anomalies over ES/Alaska from negative to positive after day 0

(Fig. 3e), SIC anomalies gradually become negative after day 3

over CBS (Fig. 5f) and intensify in the following days (Figs. 5g–i).

Note that the maximum SIC anomalies over CBS are ob-

served at day 26 (Fig. 5c), while the local minimum SAT

anomalies near day29 (Fig. 3b), slightly leading positive SIC

anomalies. Similarly, the maximum warming over ES/Alaska at

day 6 (Fig. 3g) also leads the peak of negative SIC anomalies

between days 9 and 12 (Figs. 5h,i). This lead–lag relationship

between SAT and SIC anomalies averaged over CBS (the blue

box in Fig. 5c) is clearly illustrated in Fig. 6. Since SAT warming

anomalies over CBS lag the local surface southerly wind

FIG. 4. Time series of wintermean amplitude of the intraseasonal

SAT variability defined by
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
PC12 1PC22

p
. The black dashed lines

indicate the average amplitude for the two periods of 1979–2002

and 2003–17.
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anomalies associated with anomalous anticyclonic circulation

over Alaska as discussed in Fig. 3, these results thus suggest a

critical role of atmospheric circulation in driving the SAT

warming and sea ice loss over the CBS region. For example, as

previously reported (e.g., Lin and Derome 1995; Yoo et al.

2012b; Flournoy et al. 2016; Park et al. 2015), the southerly

surface wind anomalies can lead to enhanced column water

vapor (to be shown in Fig. 11b) through temperature and

moisture advection, which will further lead to enhanced down-

ward longwave radiation (DLWR) and thus surface warming.

Meanwhile, the southerly anomalous winds can also reduce

surface turbulent heat flux (THF) by weakening the northerly

seasonal mean winds over CBS (Guan et al. 2020), which also

contributes to local surface warming. The important role of

DLWR and THF anomalies for surface warming over CBS as-

sociated with the leading intraseasonal SAT mode is further

supported by Fig. 6. Namely, enhanced DLWR and reduced

THF slightly lead CBS warming by 1–2 days, while CBS sea ice

reduction lags the SAT maximum by about 5 days, largely in

agreement with that recently reported in Guan et al. (2020),

which is based on unfiltered daily anomalous fields.

Figure 7 shows the lag-regressed patterns of precipitation

anomalies against the normalized PC1 along with 200-hPa Z

anomalies. Large anomalous rainfall signals associated with

the leading intraseasonal SAT mode are found over the

northwest coast of NA, ES/Alaska, the central Pacific near

Hawaii, and tropical oceans near the Maritime Continent/

western Pacific. Northwestward migration of enhanced rainfall

anomalies is observed along the northwest coast of NA during

the negative phase of the intraseasonal SAT variability, that is,

day 212 to day 26, in conjunction with cyclonic circulation at

200 hPa centered near ES/Alaska (Figs. 7a–c). This cyclonic

circulation is a part of the west Pacific (WP)-like teleconnec-

tion pattern extending from the central subtropical Pacific to

mid- to high latitudes (Wallace and Gutzler 1981; Baxter and

Nigam 2015). Meanwhile, weak negative rainfall anomalies

FIG. 5. Lag regressions of intraseasonal sea ice anomalies (%) onto the normalized PC1 from (a) day212 to (i) day 12. The black dots

denote the areas where anomalies are statistically significant at the 95% confidence level. The blue box in (c) indicates the CBS region

(558–728N, 1758E–1608W).
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start to appear over northwest coast of the United States at

day 26 (Fig. 7c), and then intensify and experience a similar

northwestward movement along the coastline as the positive

rainfall phase in earlier days. Negative rainfall anomalies over

the northwest NA coast reach its maximum amplitude at day 3

(Fig. 7f). Rainfall anomalies over the central Pacific near the

Hawaiian Islands and ES/Alaska are largely in an opposite sign

with major rainfall anomalies over the west coast of NA.

It has been previously proposed that the intraseasonal SAT

variability over the mid- to high latitude can be traced back to

variability in tropical convection via diabatic-heating-induced

Rossby wave teleconnection pattern, for example, associated

with the MJO (Yoo et al. 2011; Flournoy et al. 2016; Zheng

et al. 2018; Hu et al. 2019), or enhanced convection in the

tropical central Pacific due to low-level convergence originated

from the East Asian cold surge (Lin 2015). Plausible connec-

tion between the leading intraseasonal SAT mode and tropical

convective activity is examined in Fig. 8 by displaying the

longitude–time evolution of precipitation anomalies along the

equator derived by lag regressions of precipitation anomalies

averaged over 158S–158N onto PC1. Note that the eastward-

propagation signals from the Indian Ocean to the western

Pacific of the MJO are clearly discerned in Fig. 8, suggesting

that the leading intraseasonal SAT mode over NA could be

associated with the eastward-propagating MJO mode. It is

shown in Fig. 7 that associated with the slow eastward movement

of enhanced convection from the Maritime Continent to the

western Pacific from day 212 to 0, a westward migration of

anomalous high at 200hPa over the central Pacific near 308N can

be observed. This may indicate that significant convective activity

near the Maritime Continent/western Pacific can play a role in

forming the WP-like teleconnection pattern associated with evo-

lution of the leading intraseasonal SAT, although further inves-

tigations are needed to elaborate the underlying processes.

To examine the impact of the leading intraseasonal SAT

mode on regional extreme warm and cold events, a complete

evolution cycle of the leading intraseasonal SAT mode is

separated into eight phases based on the time series of PC1 and

PC2, following an approach used for the MJO (Wheeler and

Hendon 2004). Days with strong SAT variability over NA can

be identified by daily SAT amplitudes (
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
PC12 1PC22

p
$ 1)

greater than 1. Composite SAT anomalies during the eight

phases of the intraseasonal SATmode can then be obtained by

averaging the 10–90-day-filtered SAT anomalies over selected

strong SAT days (Fig. 9). During phases 1 and 8 (Fig. 9a),

strong warm (cold) anomalies are located over NA (ES/

Alaska), which weaken and move westward in phases 2 and 3

(Fig. 9b) and eventually transit to an opposite phase during

phases 4 and 5 (Fig. 9c).

Cold andwarm extreme days at each grid duringNovember–

March from 1979 to 2017 are then identified using daily SAT

anomalies. A cold extreme on a particular day is identified if

the SAT anomalies fall below the 10th-percentile threshold

value during the all-5-day period centered on that day.

Similarly, a warm extreme is defined by SAT anomalies ex-

ceeding the 90th-percentile threshold value. Distributions of

the warm and cold extreme days during different phases of the

leading SATmode are displayed in Fig. 9. Frequent occurrence

of extreme cold days over the Arctic region and western

Canada is largely observed during phases 1 and 8 and phases 4

and 5, respectively (Figs. 9e,g); while extreme warm days occur

over north Canada during phase 1 and 8 (Fig. 9i) and near the

ES/Alaska region during phases 4 and 5 (Fig. 9k), largely in

accord with anomalous cold and warm SAT patterns of the

intraseasonal SAT mode.

To summarize, analyses in this section illustrate that the

leading intraseasonal SAT mode over NA is closely associated

with regional extreme weather events, including precipitation

over the northwest coast of NA, sea ice over CBS, and extreme

warm and cold events over the NA continent and the Arctic

region. Therefore, considering its extended-range prediction

skill (e.g., Lin 2018), this intraseasonal SAT mode can provide

an important predictability source for subseasonal predictions

of regional extreme weather activity over the NA sector.

5. Vertical structure of the leading intraseasonal SAT
mode and role of the stratosphere–troposphere
coupling
In this section, vertical structure of the leading intraseasonal

SAT mode is further explored to gain insight into physical

mechanisms regulating this intraseasonal mode. Figure 10 il-

lustrates spatial patterns of regressed T and Z anomalies onto

PC1 at day29 and day 0, representing the negative phase of the

intraseasonal SAT mode with maximum warm (cold) SAT

anomalies over central NA (ES/Alaska) and the transition

phase with surface warming over Alaska, respectively (Fig. 3).

An equivalent barotropic structure in vertical T and Z anom-

alies is clearly evident in the troposphere. For example, at

day 29, in accord with anomalous SAT pattern in Fig. 3b,

negative (positive) T anomalies over ES/Alaska (central NA)

and the accompanying low (high) system over Alaska (north

Canada) can be discerned in vertical levels up to 300 hPa. In

contrast to regional features in anomalous T and Z patterns in

the lower troposphere (Fig. 10e), circulation and associated T

anomalies in the stratosphere above 100 hPa are largely char-

acterized by the zonal-wavenumber-1 pattern (Figs. 10a,b),

FIG. 6. Evolution of the SAT index and various fields averaged

over CBS (558–728N, 1758E–1608W; blue box in Fig. 5c) based on

lag regressions onto the normalized PC1. Positive values in THF

and DLWR represent upward fluxes.
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possibly due to the blocking of the upward propagation of

synoptic-scale waves by the strong westerly polar night jet

(Charney and Drazin 1961). As a result, both cyclonic anom-

alies in Z and negative T anomalies exhibit westward shift

above 100 hPa (Figs. 10a,b), a typical signature of upward

planetary wave propagation. Largely similar features in the

stratosphere are also seen at day 0, for example, corresponding

to surface warming over Alaska, a large area of anomalous

warming is discerned at 10 hPa in mid- to high latitudes with a

maximum over Siberia near 1208E (Fig. 10f). The regressed T

and Z anomalies during the positive phase of the intraseasonal

SAT mode are largely similar to those during the negative

phase but with an opposite sign (figure not shown).

Figure 11 further presents time–pressure profiles of lag-

regressed anomalous T and q over ES/Alaska (608–708N,

1608E–1608W) and Z near the Alaska region (508–708N, 1808–
1208W) against PC1. Selection of the two different regions forT

and Z are mainly due to the spatial phase difference between

these two fields (Fig. 3). As shown in Fig. 11a, associated with

negative SAT anomalies over the ES/Alaska region before

day 23, negative T anomalies are also observed in the

troposphere up to about 300 hPa, with themaximum amplitude

near the surface. Similarly, positive T anomalies are also found

in the mid- and upper troposphere after day 0 associated with

surface warming over ES/Alaska. Anomalous T signals asso-

ciated with the leading intraseasonal SAT mode are also

seen in the stratosphere above 50 hPa, with the maximum

positive T anomalies leading surface warming by about

10 days. On the other hand, reduced (enhanced) moisture in

the lower troposphere is found to be coupled with tropo-

spheric and surface cooling (warming) anomalies (Fig. 11b),

which could result from similar horizontal advection pro-

cesses by the cyclonic (anticyclonic) circulation near Alaska

(Fig. 3). As previously discussed, enhanced (reduced) low-

level moisture could enhance the surface warming (cooling)

effect through increased (decreased) DLWR (e.g., Yoo

FIG. 7. As in Fig. 3, but for anomalous precipitation (mmday21; shading) and the 200-hPa streamfunction

(contours with an interval of 23 106m2 s21, dashed if negative; zero contours omitted). The black dots denote the

regressed precipitation anomalies that are statistically significant at 95% confidence level.
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et al. 2012b; Flournoy et al. 2016; Graversen et al. 2008;

Screen and Simmonds 2010).

Note that the positive equivalent barotropic Z anomalies

near Alaska after day 0 in the troposphere, which are respon-

sible for low-level warming anomalies over ES/Alaska via as-

sociated anticyclonic circulation (Figs. 3e–h), are found tobe closely

linked to signals in the stratosphere (Fig. 11c). This linkage between

Z anomalies in the stratosphere and troposphere could result from

the westward tilt in Z anomalies with height as discussed in Fig. 10

and the westward movement of the intraseasonal SATmode. Due

to the relatively low density, the strongest Z anomalies are dis-

cerned in the stratosphere. The peak of warm SAT anomalies over

ES/Alaska tends to lag positive Z anomalies in the stratosphere

near Alaska by about one week (cf. Figs. 11a,c). This result,

therefore, suggests that the intraseasonal Z anomalies in the

stratosphere near Alaska can be used as a useful precursor for

prediction of the intraseasonal SAT variability over the NA sector.

A strong coupling between the troposphere and stratosphere is

further illustrated by examining evolution of the amplitude in zonal-

wavenumber-1 structure of the lag-regressedZ anomalies (averaged

over 508–708N)as a functionof vertical pressure (Fig. 11d). Selection
of zonal-wavenumber-1 structure is mainly based on the consider-

ation that the longest planetary waves are prone to propagate up-

ward into the stratosphere. Figure 11d clearly illustrates that during

both positive and negative phases of the leading SATmode, gradual

upward propagation of the amplitude of wavenumber-1 Z anoma-

lies, that is, energy propagation, is found from the midtroposphere

around500hPa all theway into the stratosphere, suggesting a critical

role of the troposphere in driving stratospheric wave activity. This

will be further discussed in the following.

Detailed evolution features in 500 hPa Z anomalies associ-

ated with the leading intraseasonal SATmode is further shown

in Fig. 12. Associated with strong cold (warm) anomalies over

ES/Alaska (central NA) at days 212 and 29, a low pressure

system at 500 hPa is located over Alaska region and an

anomalous high near Hudson Bay over Canada. In the fol-

lowing days, both the anomalous high and lowweaken and shift

westward, associated with the transition phase of the intra-

seasonal SATmode. At day 0, the anomalous high arrives over

Alaska (Fig. 12e); meanwhile, a new anomalous low starts to

emerge over the Hudson Bay area. After day 3, rapid intensi-

fication of the high and low over Alaska and Hudson Bay,

respectively, leads to strong positive SAT anomalies over

ES/Alaska, and negative anomalies over central NA. These

results suggest that evolution of the leading intraseasonal SAT

mode over NA is closely associated with an oscillatory

northwest–southeast dipole of anomalous low and high sys-

tems in the troposphere, with one located near Alaska, and

another nearHudsonBay in Canada. The anomalousZ pattern

at 500 hPa associated with the intraseasonal SAT mode as

shown in Fig. 12 resembles theWP-like teleconnection pattern

(e.g., Tanaka et al. 2016; Baxter and Nigam 2015; Linkin and

Nigam 2008; Dai and Tan 2019) and the Alaskan Ridge regime

(Casola and Wallace 2007; Straus et al. 2007; Carrera et al.

2004). Also note that westward displacement of intraseasonal

disturbances over Alaska and the CBS region has also been

previously reported as the retrograding low-frequency waves

(e.g., Kushnir 1987).

Figure 13 further illustrates evolution of Z anomalies at

5hPa associated with the leading intraseasonal SAT mode. A

global wavenumber-1 pattern is clearly discerned inZ anomalies at

5hPa, which represents variability associated with displacement of

the stratospheric polar vortex. TheZ anomalies are relatively weak

at day 212, and then quickly develop into a dipole pattern with a

positive center over north Canada and a negative one over the

Eurasian continent (Figs. 13b–d), coincident with the negative

phase of the intraseasonal SAT mode. After day 0, accompanying

the transition period of anomalous SAT, negativeZ anomalies over

Eurasia quickly weaken; meanwhile, positive anomalies shift

westward toward the Eurasian continent. A dipole pattern in Z

anomalies reemerges after day 6 with an opposite sign to that

during day 29 to day 23, associated with the positive phase of

the intraseasonal SAT mode. As shown in Fig. 11d and to be

further discussed below, the establishment of the wavenumber-1

dipole patterns in Z anomalies at 5 hPa is closely linked to up-

ward propagation of planetary waves from the troposphere.

Next, an analysis of the 3D wave activity flux (WAF) is

conducted to explore a possible role of the stratosphere asso-

ciated with evolution of the leading intraseasonal SAT mode.

The calculation of 3DWAF is based on theW vector following

Takaya and Nakamura (2001), which is expressed as

W5
p

2jUj

8>>>>>>><
>>>>>>>:

U(c02
x 2c0c0

xx)1V(c0
xc

0
y 2c0c0

xy)

U(c0
xc

0
y 2c0c0

xy)1V(c02
y 2c0c0

yy)

f 20
N2

[U(c0
xc

0
z 2c0c0

xz)1V(c0
yc

0
z 2c0c0

yz)]

9>>>>>>>=
>>>>>>>;

,

where c0 is the perturbation streamfunction (c), derived based

on lag regressions of 10–90-day-filtered c against the PC1 of the

FIG. 8. Longitude–time evolution of latitude-averaged (108S–
108N) precipitation anomalies (mmday21), which are derived by

lag regressions onto the normalized PC1. The black dots denote the

areas that are statistically significant at the 95% confidence level.
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FIG. 9. (a)–(d) Composite SAT anomalies (8C), and the distribution of the (e)–(h) cold and (i)–(l) warm extreme days for eight SAT

phases. See text for the definition of SAT phases. The black dots denote the areas where SAT anomalies are statistically significant at the

95% confidence level.
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leading SAT mode; U and V are winter mean zonal and me-

ridional winds, respectively; f0 is the Coriolis parameter; N2 is

the buoyancy frequency; p is the normalized pressure by

1000 hPa; and the subscripts represent partial derivatives in the

corresponding x, y, and z directions.

Figure 14 displays vertical–longitude cross sections of 508–
708N averaged c0 (shaded) andWAF associated with the leading

intraseasonal SAT mode. At day 212, while c anomalies are

relatively weak, upward propagation of WAF from the lower to

upper troposphere near 300hPa is found near Alaska (Fig. 14a)

that is mainly contributed by smaller-scale waves with zonal

wavenumbers 2 and 3 (figure not shown). The upward WAF

largely turns into eastward near 200hPa toward the downstream

ridge area, leaving rather weak upward WAF into the strato-

sphere. After day 29, upward propagation of planetary waves

from the troposphere to the stratosphere is rapidly enhanced

along with intensification of both negative and positive

c anomalies in the stratosphere (Figs. 14b–d). This upward

WAF into the stratosphere is dominated by the zonal-wave-

number-1 component of c0 and enhanced by the wavenumber-2

component (figure not shown), in accord with the upward

propagation in the amplitude of the wavenumber-1 structure of

Z anomalies in Fig. 11d. Enhanced upward propagation of

planetary waves during this period is consistent with the

westward tilt of trough and ridge lines with height, particularly

in the upper troposphere and stratosphere (e.g., Kodera et al.

FIG. 10. Lag regressions of intraseasonal T (8C; shading) and Z (gpm; contours) anomalies onto the normalized

PC1 at different vertical levels for (a)–(e) day29 and (f)–(j) day 0. The black dots denote the regressedT anomalies

that are statistically significant at 95% confidence level.
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2008). While strong upward WAF is observed in the strato-

sphere at day 26 and day 23, upward WAF in the lower tro-

posphere is much weaker than that observed in day212 and29,

possibly due to weakened SAT and circulation anomalies

during the transition phase of the intraseasonal SAT mode

(Figs. 3c,d). Strong upward WAF into the stratosphere at

day 26 and day 23 could be partially sustained by meridional

WAF in the mid- to upper troposphere from the extratropical

North Pacific into the Alaska region (e.g., at day26 in Fig. 15a),

via the Rossby wave teleconnection patterns induced by tropical

convective activity over the western Pacific associated with the

MJO (Fig. 7c).

After day 0, the upward propagation of planetary waves into

the stratosphere is significantly suppressed to the east of the

date line; instead, the WAF is characterized by anomalous

downward propagation in the upper troposphere (Figs. 14e,f).

The suppressed vertical propagation is also in agreement with

the less westward tilt of trough and ridge lines with altitude in

the troposphere. Meanwhile, a descent of the ridge is observed

between 1808 and 1208W (Figs. 14e,f) associated with rapid

development of a surface anomalous high over the Alaska

region (Figs. 3e,f), signaling the initiation of the positive phase

of the intraseasonal SAT mode. Amplification of local T and

circulation anomalies associated with the intraseasonal SAT

mode tends to reactivate the upward WAF in the lower tro-

posphere near Alaska after day 3 (Figs. 14f,g). This upward

WAF from the lower troposphere and horizontal WAF from

both the ES and subtropical Pacific regions (Figs. 15b,c,e,f)

FIG. 11. Pressure–time cross sections of regressed (a) temperature (T, 8C) and (b) specific humidity

(q, 1024 kg kg21) anomalies averaged over 608–708N, 1608E–1608W, (c) geopotential height (Z, gpm) anomalies

averaged over 508–708N, 1808–1208W, and (d) amplitude of zonal-wavenumber-1 component of Z anomalies

(508–708N averaged). The black dots denote the areas that are statistically significant at the 95% confidence level.
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FIG. 12. Lag regressions of 500-hPa geopotential height (gpm) anomalies onto the normalized PC1 from (a) day212 to (i) day 12 with an

interval of 3 days. The black dots denote the areas that are statistically significant at the 95% confidence level.
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converge in the upper troposphere over the ridge area near

Alaska and then turn eastward and trigger a downstream

trough over north Canada between 1208 and 608W (Fig. 14f).

Development of the trough over north Canada further leads

to a slight westward shift of the ridge over Alaska after day 3 as

clearly seen in Figs. 14f and 14g. After day 6, in association with

the gradual enhancement of upward propagation of planetary

waves (also see Fig. 11d), both the anomalous ridge and trough

FIG. 13. As in Fig. 12, but for 5-hPa geopotential height anomalies.
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are intensified in the upper troposphere and stratosphere

(Figs. 14h–i), exhibiting similar evolution features as previ-

ously discussed for the negative phase of the intraseasonal

SATmode after day212 but with an opposite sign in c0. Note

that the amplitude of the WAF associated with the intra-

seasonal SAT mode shown in Fig. 14 is about 20% of the

typical intraseasonal WAF variability in the troposphere and

lower stratosphere, with the latter estimated by the standard

deviation of dailyWAF based on 10–90-day-filtered c0 (figure
not shown).

These abovementioned interactive processes between the

troposphere and stratosphere associated with establishment of

anomalous surface high over the Alaska region after day 23

(Fig. 3d) largely resemble the formation processes of Pacific

FIG. 14. Height–longitude evolution of regressed anomalies of streamfunction (m2 s21; shading), vertical and zonal components ofWAF

(vectors; m2 s22 for the horizontal component, and 2.5 3 1023 m2 s22 for the vertical component) averaged over 508–708N from (a) day

212 to (i) day 12 with an interval of 3 days. The magnitude of WAF at each level is scaled by the inverse of the square root of corre-

sponding normalized pressure (Kodera et al. 2013). The 3D wave activity flux is calculated according to Takaya and Nakamura (2001).
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FIG. 15. The regressed anomalous streamfunction (m2 s21; shading) and associated horizontal WAF (m2 s22; vectors) at (left) day 26,

(center) day 0, and (right) day 6 for the (a)–(c) 200-, (d)–(f) 500-, and (g)–(i) 850-hPa levels. Vectors are plotted only where WAF values

are greater than 0.3m2 s22.
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blockings (Kodera et al. 2008, 2016, 2013). Meanwhile, the

anomalous surface high near Alaska during the positive phase

of the intraseasonal SAT mode, for example, at day 3 (Fig. 3f),

also bears a great similarity to the North Pacific blocking sys-

tem previously reported (e.g., Renwick and Wallace 1996),

suggesting a close linkage of the leading intraseasonal SAT

variability over the NA sector discussed in this study to the

blocking activity over the North Pacific.

Figure 15 further illustrates horizontal WAF and associated c0

at different phases of the intraseasonal SAT mode. As previously

mentioned, both the local planetarywave activity nearAlaska and

meridional Rossby wave propagation from the subtropical North

Pacific, particularly at 200 hPa, could play an important role in

promoting the stratosphere–troposphere interaction over the

mid- to high latitudes through vertical planetary wave propaga-

tion. The coherent vertical wave structure indicates a plausible

vertical wave coupling between the troposphere and the strato-

sphere rather than the typical wave–zonal flow interaction during

the downward influence of the stratospheric sudden warming

events (e.g., Limpasuvan et al. 2004). However, it remains un-

known whether the stratospheric processes are essential in sus-

taining the leading intraseasonal SAT mode, or they are just

passive responses to tropospheric wave activity.

The influence of tropical convective activity associated with

the MJO on the polar stratosphere as indicated by this study

has also been proposed in several recent studies. For example,

it was found that the poleward-propagating wave trains in-

duced by MJO convection can propagate upward into the

stratosphere and modulate stratospheric polar vortex intensity

(e.g., Garfinkel et al. 2012, 2014; Schwartz and Garfinkel 2017;

Kang and Tziperman 2018a,b). Enhanced convection over the

western Pacific warm pool (day210; Fig. 8) associated with the

MJO tends to lead the stratospheric warming over the Alaska

region by about one week (Fig. 11a), which is also in agreement

with previous studies (e.g., Schwartz and Garfinkel 2017;

Garfinkel and Schwartz 2017).

6. Summary and discussion
In this study, detailed characteristics of the dominant

intraseasonal SAT variability mode over the NA sector during

boreal winter are investigated. The leading intraseasonal SAT

mode, identified by an EEOF analysis of 10–90-day-filtered

SAT anomalies during 38 boreal winters (November–March)

from 1979 to 2017, exhibits a dipole pattern with one center

over central NA, and another over ES/Alaska with an opposite

sign. This intraseasonal SAT mode bears great resemblance

to the ‘‘warm-Arctic–cold-continent’’ pattern observed in the

interannual variability of SAT over the NA sector. Therefore,

improved understanding of this intraseasonal SAT mode will

provide critical insights into physics regulating the observed

interannual SAT variability over NA (e.g., Guan et al. 2020).

The leading intraseasonal SAT mode and associated anoma-

lous circulation exert a significant influence on regional weather

and climate extremes. During the positive phase of the intra-

seasonal SAT mode, defined by warming (cooling) anomalies

over ES/Alaska (central NA), an anomalous surface high is ob-

served over the Alaska region (Figs. 3f–h). Under this condition,

sea ice concentration (SIC) is significantly reduced over CBSwith

an amplitude of about 20%of local climatological value (Fig. 5). It

is found that sea ice loss over CBS lags surface warming over

ES/Alaska, which further slightly lags the southerly anomalous

winds and related negative THF and DLWR over CBS (Fig. 6).

Therefore, associated with this intraseasonal SAT mode, atmo-

spheric circulation plays a critical role in driving both surface

warming over ES/Alaska and sea ice loss over CBS.

Significantly reduced precipitation over the northwest coast of

NA is observed during positive phases of the intraseasonal SAT

mode (Figs. 7e–g), possibly due to horizontal moisture advection

induced by the anomalous high nearAlaska (Figs. 3e–g);meanwhile,

enhanced precipitation over the North Pacific near the Hawaiian

Islands is observed. Signals of the eastward-propagating MJO from

the IndianOcean to the western Pacific are detected associated with

evolution of the intraseasonal SAT mode, with enhanced tropical

convective activity over thewesternPacific observedabout oneweek

prior to the stratospheric warming overES/Alaska (Figs. 8, 11a). The

stratosphericwarmingoverES/Alaska further leads surfacewarming

over ES/Alaska associated with the positive phase of intraseasonal

SATmode by about 10 days (Fig. 11a). The tropical influence on the

mid- to high latitudes is manifested by a clear Rossby wave tele-

connection pattern extending from thewestern/central Pacific toNA

at 200hPa (Fig. 7). The intraseasonal SAT mode is found to be

closely linked to extreme warm and cold events. Regions with posi-

tive (negative) SATanomalies over theNAcontinent and theArctic

region near Alaska associated with the intraseasonal SAT mode

agree well with frequent occurrence of warm (cold) extreme events

(Fig. 9). All these results suggest that a reliable prediction of the in-

traseasonal SAT mode will be of great value for subseasonal pre-

diction of extreme weather events over the NA sector.

It is further illustrated that the surface warming or cooling

signals associated with the leading intraseasonal SAT mode are

closely connected to T anomalies in a deep-tropospheric layer up

to 300hPa with a decreasing amplitude with height (Figs. 10, 11);

meanwhile, enhanced (reduced) lower-tropospheric moisture is

found to be coupled with tropospheric and surface warming

(cooling), suggesting a positive role of moisture effect on intra-

seasonal temperature variability over mid- to high latitudes

through a longwave radiative feedback as previously discussed.

Particularly noteworthy is the plausible role of the coupling

between the troposphere and stratosphere for formation of the

surface anomalous high or low over Alaska and Hudson Bay

during the transition phase of the intraseasonal SAT mode.

Analyses of 3DWAF indicate that the troposphere–stratosphere

interactions involved with the intraseasonal SAT variability are

via upward propagation of planetary waves to the stratosphere, as

previously observed similarly during the formation of blockings

(e.g., Kodera et al. 2013). During the negative phase of the in-

traseasonal SAT mode, enhanced upward propagation of plane-

tary waves in the lower troposphere from the cyclonic circulation

region near Alaska leads to amplification of ridge and trough in

the upper troposphere and stratosphere. Subsequently, planetary

waves are reflected back to the troposphere, inducing a ridge near

Alaska and a trough near Hudson Bay over Canada and thus the

transition from the negative to positive phase of the intraseasonal

SAT mode. It is further illustrated that upward-propagating

planetary waves near Alaska that influence stratospheric wave

activities tend to have two different origins: one over the
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ES/Alaska region associated with local intraseasonal variabil-

ity, possibly resulting from instabilities by baroclinic energy

conversion as previously reported (Sheng and Derome 1991;

Cai et al. 2007), and another from the subtropical North Pacific

associatedwithRossbywave trains induced by tropical convective

activity over the western Pacific warm pool region (Fig. 15).

This study suggests that interactions between troposphere and

stratosphere over mid- to high latitudes through 3D propagation

of planetary waves could possibly play an important role under-

lying the dominant intraseasonal SAT variability mode over NA,

which has never been previously reported. However, it is difficult

to determine whether the stratospheric processes are essential in

sustaining the leading intraseasonal SAT mode based on obser-

vations alone. Moreover, the role of tropical MJO convective

activity for the intraseasonal SAT variability as indicated by this

study also needs to be verified. Further investigations on the es-

sential physics regulating the leading intraseasonal SAT vari-

ability mode over the NA sector are warranted, for example,

based on climate model experiments.
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