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ABSTRACT: Key processes associated with the leading intraseasonal variability mode of wintertime surface air tempera-
ture (SAT) over Eurasia and the Arctic region are investigated in this study. Characterized by a dipole distribution in SAT
anomalies centered over north Eurasia and the Arctic, respectively, and coherent temperature anomalies vertically extend-
ing from the surface to 300 hPa, this leading intraseasonal SAT mode and associated circulation have pronounced influen-
ces on global surface temperature anomalies including the East Asian winter monsoon region. By taking advantage of
realistic simulations of the intraseasonal SAT mode in a global climate model, it is illustrated that temperature anomalies
in the troposphere associated with the leading SAT mode are mainly due to dynamic processes, especially via the horizon-
tal advection of winter mean temperature by intraseasonal circulation. While the cloud-radiative feedback is not critical in
sustaining the temperature variability in the troposphere, it is found to play a crucial role in coupling temperature anoma-
lies at the surface and in the free atmosphere through anomalous surface downward longwave radiation. The variability in
clouds associated with the intraseasonal SAT mode is closely linked to moisture anomalies generated by similar advective
processes as for temperature anomalies. Model experiments suggest that this leading intraseasonal SAT mode can be sus-
tained by internal atmospheric processes in the troposphere over the mid- to high latitudes by excluding forcings from Arc-
tic sea ice variability, tropical convective variability, and the stratospheric processes.
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1. Introduction over NA is characterized by a dipole pattern in SAT anoma-
lies with opposite SAT anomaly centers over central NA and
East Siberia (ES)/Alaska, respectively (Lin 2015, 2018; Guan
et al. 2020b,a). The vertical structure, evolution features, and
physical mechanisms of the leading intraseasonal SAT mode
over NA have also been documented in detail (Lin 2015;
Guan et al. 2020b).

It has been suggested that the leading intraseasonal SAT
mode and associated cold surge events over Eurasia and NA
could be linked to each other (Lin 2018; Deng et al. 2020;
Sung et al. 2021), in which Arctic processes can play a crucial
role (e.g., Deng et al. 2020) or possibly through mediation by
the North Pacific Oscillation (Sung et al. 2021). While the
leading boreal winter intraseasonal SAT variability mode
over Eurasia and associated evolution features has been pre-
viously examined (e.g., Yang and Li 2016), those studies did
not integrally consider the mid- and high latitudes and the

Subseasonal prediction of extreme weather on the time
scale from two weeks to one season has become an active
research topic and urgent need in the community due to its
immense social benefits for disaster mitigation and risk man-
agement (National Academies of Sciences, Engineering and
Medicine 2016; Vitart et al. 2017; Vitart and Robertson 2018;
Lang et al. 2020). Over the mid- to high latitudes, in particu-
lar, extreme events associated with variability in surface air
temperature (SAT) greatly affect daily life, public health,
energy, industry, and so on. Improved understanding of intra-
seasonal SAT variability, therefore, can help to advance our
capability for subseasonal predictions (e.g., Xiang et al. 2019,
2020).

Recent studies have reported that wintertime SAT exhibits
pronounced intraseasonal variability over the mid- to high lat-
itudes of the Northern Hemisphere (NH) (Lin and Brunet . f . . .
2009; Lin 2015; Yang and Li 2016; Yao et al. 2016; Lin 2018; Arct{c as a whole. Meanwhlle', pt}}fs1cal processes IP sustaining
Guan et al. 2020b; Cui et al. 2020). Two leading intraseasonal the intraseasonal SAT variability (?ver I?l}rasm are not
modes of winter SAT over the extratropical NH were illus- completely .understood.. For example, in add1t.1or? _to temperg-
trated by Lin (2018), with one prevailing over North America ture advection for the intraseasonal SAT variability as previ-

(NA) and another over Eurasia continent. The leading mode ously. suggested (e.g,, Yang and Li 201,6; Kim et al. 202,1),’ it
remains unknown whether the associated cloud-radiative

feedback plays a role for the intraseasonal SAT variability,
and how temperature anomalies at the surface and in the
Corresponding author: Xianan Jiang, xianan@ucla.edu lower troposphere are coupled with each other, partially due
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to the lack of reliable observational dataset for studies on
these processes.

The Madden—Julian oscillation (MJO; Madden and Julian
1971, 1972), a dominant intraseasonal variability in the
tropics, has been widely reported to exert significant impacts
on extratropical intraseasonal SAT variability and extreme
weather over the NH continents during boreal winter, includ-
ing both NA and Eurasia (e.g., Vecchi and Bond 2004; Seo
et al. 2016; Cui et al. 2020; Jeong et al. 2005; He et al. 2011;
Abdillah et al. 2018; Song and Wu 2019¢,b; Li et al. 2020;
Song and Wu 2020; Lin and Brunet 2009; Zhou et al. 2012;
Riddle et al. 2013; Baxter et al. 2014; Zheng et al. 2018; and
many others), and even the Arctic region (Lee et al. 2011;
Yoo et al. 2012). For example, cold SAT anomalies and
extreme cold surges over East Asia are significantly intensi-
fied during the MJO phases 2-3 as defined by the real-time
multivariate MJO (RMM) index following Wheeler and
Hendon (2004) (e.g., Jeong et al. 2005; Seo et al. 2016). Signif-
icant negative SAT anomalies over north Eurasia and the
Barents—Kara Sea (BKS) region along with warm SAT anom-
alies over NA are observed after 1-2 weeks of the enhanced
MIJO convection over the Indian Ocean (Cui et al. 2020),
resembling a so-called NA and the Bering Sea (NABS) lead-
ing SAT pattern identified by the self-organizing map analysis
in Deng et al. (2020). Abdillah et al. (2018) illustrated that
two types of East Asian cold air breaks, a western type and an
eastern type, are related to MJO convection over the Mari-
time Continent (MC) and western Pacific, respectively, as also
supported by Song and Wu (2019b). The tropical convective
activity associated with the MJO is also found to play a role
for the interannual variability of East Asian winter monsoon
(e.g., Zhang et al. 2015). However, recent studies on subseaso-
nal predictive skill of mid- to high-latitude SAT anomalies
obtained inconsistent results on the role of the MJO. While it
was found that MJO status in the model initial condition does
not significantly affect subseasonal prediction skill of the NH
mid- to high-latitude winter SAT anomalies (Xiang et al.
2019, 2020), slight improvement of predictive skill of SAT
anomalies is achieved when strong MJO signals are present in
the initial condition for the Eurasia Continent but not NA
(Lin 2018).

Influences of the MJO on subseasonal SAT variability over
the mid- to high latitudes of Eurasia can also combine with
other climate variability modes such as the Arctic Oscillation
(AO) or North Atlantic Oscillation (NAO), although these
NH annular modes could also be partially linked to tropical
convective variability of the MJO (e.g., L'Heureux and Hig-
gins 2008; Lin et al. 2009; Cassou 2008; Jiang et al. 2017). A
positive phase of AO/NAO generally corresponds to weaken-
ing of the Ural Blocking (Luo et al. 2016), and thus warm
SAT anomalies over the East Asia, and vice versa (e.g., Gong
et al. 2001; Park et al. 2010, 2011; Geng et al. 2017; Song and
Wu 2018, 2019c¢). It was also reported that the blocking ridges
over central and western Siberia that are closely associated
with local cold air outbreaks tend to be amplified through
interactions between the upper-level Rossby waves and sur-
face cold anomalies (Takaya and Nakamura 2005), indicating
that the observed intraseasonal SAT variability over Eurasia
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can result from internal atmospheric processes over the mid-
to high latitudes. Moreover, a recent study by Kim et al.
(2021) indicates that variability associated with the Ural
blocking can play a critical role, but is not essential for the
intraseasonal SAT variability over Eurasia/Arctic.
Stratospheric processes could also play a role in regulating
intraseasonal SAT variability over the mid- to high latitudes
as suggested by many previous studies, for example, through
variability of the stratospheric polar vortex. During the period
of weak stratospheric polar vortex, anomalously low SAT is
often observed in Eurasia (Kolstad et al. 2010; Woo et al.
2015; Kretschmer et al. 2018; Huang and Tian 2019; Peng et al.
2019; Song and Wu 2019a; Kim et al. 2014; Green and Furtado
2019). Guan et al. (2020b) also suggested a possible interac-
tion between the troposphere and stratosphere associated
with the leading intraseasonal SAT mode over NA.
Regardless of the aforementioned studies on plausible roles
of tropical convective activity and the stratospheric processes
in triggering the intraseasonal SAT variability over the NH
mid- to high latitudes, it remains elusive whether these exter-
nal forcings are essential in generating the observed SAT vari-
ability on the intraseasonal time scales. In this study, the
leading intraseasonal SAT mode over Eurasia is further
examined with a specific focus on its linkage to Arctic pro-
cesses. Particularly, by capitalizing on realistic simulations of
the leading intraseasonal SAT mode in a global climate
model, physical processes responsible for the intraseasonal
SAT variability over Eurasia are examined. Roles of tropical
convective forcing, the stratosphere, and Arctic sea ice vari-
ability in sustaining the intraseasonal SAT variability are fur-
ther explored by model sensitivity experiments. The remainder
of this paper is organized as follows. In section 2, the data and
methods used in this study are introduced. Structure and evolu-
tion features of the observed intraseasonal SAT mode over
Eurasia and the Arctic are examined in section 3. In section 4,
the intraseasonal SAT mode simulated in a climate model is
analyzed and key physical processes are explored based on tem-
perature budget analyses and sensitivity experiments by exclud-
ing tropical convective forcing and stratospheric coupling.
Conclusions and a summary are presented in section 5.

2. Data and methodology
a. Observational dataset

Daily variables for 1979-2017 from the European Centre
for Medium-Range Weather Forecasts (ECMWF) interim
reanalysis (ERA-I; Dee et al. 2011) are used in this study.
These include SAT, surface pressure (Ps), sea ice concentra-
tion (SIC), temperature (T), geopotential height (Z), meridio-
nal and zonal winds (u, v), and specific humidity (g) on
0.75° X 0.75° horizontal grids and 37 vertical pressure levels
extending from 1000 to 1 hPa. Daily SAT data in China from
2474 stations of the Chinese Meteorological Administration
(CMA,; available online http://data.cma.cn/) are also analyzed.
Analyses in the following will be conducted for the extended
boreal winter from November to March. To extract the intra-
seasonal signals, a 10-90-day bandpass filtering (Duchon 1979)
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FIG. 1. (a) Standard deviations of daily SAT anomalies (K) dur-
ing boreal winter (November-March) from 1979 to 2017, and (b)
the percentage of total daily SAT STDs explained by 10-90-day fil-
tered SAT anomalies. The blue rectangle in (a) denotes the loca-
tion over the central North Eurasia continent for spectral analysis
shown in Fig. 2.

is applied to daily anomalies of each variable after removal of
the climatological annual cycle (annual mean plus three lead-
ing harmonics).

b. Climate model experiments

The atmospheric-only global climate model (GCM) used
for this study is the ECHAM AGCM version 4.6 (Roeckner
et al. 1996; Jiang et al. 2020), with a resolution of T42
and 19 vertical layers with the model top at 10 hPa. The
convection scheme in ECHAM GCM links the cloud-base
mass flux to the convective instability for the penetrative
convection (Tiedtke 1989; Nordeng 1994). In the control
experiment, the model was integrated for 20 years forced
by climatological monthly mean sea surface temperature
(SST) and sea ice.

Two additional sensitivity experiments are conducted
based on ECHAM AGCM to verify the roles of tropical
and stratospheric processes in sustaining the intraseasonal
SAT variability over Eurasia using a nudging approach. In
the first experiment (“no_tropics”), the atmospheric state
variables (u, v, T, q) over the tropical region (30°S-30°N)
are nudged toward their corresponding climatological
annual cycles derived from the control simulations. In the
second experiment (“no_strato”), the atmospheric fields
above 100 hPa to the north of 40°N are nudged to their cli-
matological annual cycles from the control experiment to
exclude influences from the stratosphere. A similar nudging
approach has been used to isolate influences of the tropics
and midlatitudes on Arctic climate (Ye and Jung 2019), and
to explore how Arctic sea ice responds to the observed cir-
culation (Ding et al. 2017).
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FIG. 2. Power spectra (black) of daily SAT anomalies averaged
over the region of 55°-75°N, 60°~120°E (see blue box in Fig. la)
based on (a) the ERA-I reanalysis and (b) ECHAM AGCM simu-
lations. Red and blue lines denote the Markov red noise spectra
and the 95% statistical confidence level, respectively.

3. The leading intraseasonal SAT mode over Eurasia
and the Arctic region

Figure 1a shows standard deviations (STDs) of daily SAT
anomalies during boreal winter over the NH based on ERA-I,
in which strong SAT variability over the mid- to high latitudes
is clearly evident. A spectral analysis of daily SAT anomalies
over the Eurasian region with the maximum daily SAT STD
(blue box in Fig. 1a) illustrates pronounced SAT variability on
intraseasonal time scales, with two prevailing periods of 10-25
and 25-50 days (Fig. 2a). A significant role of the intraseasonal
SAT variability in contributing to the total day-to-day SAT
variability based on ERA-I is further confirmed in Fig. 1b,
with the ratio of the 10-90-day SAT variability to the total
daily STDs exceeding 65% over most of the NH continental
regions.

a. Evolution characteristics of the leading intraseasonal
SAT mode in observations

To extract the leading intraseasonal SAT mode over
Eurasia and the Arctic, an empirical orthogonal function
(EOF) analysis is performed based on daily 10-90-day-filtered
SAT anomalies from the ERA-I reanalysis over the domain
of 20°-90°N, 0°~150°E for the winters from 1979 to 2017. The
first EOF mode (EOF;) accounts for 20% of total SAT var-
iances and is largely characterized by a dipole of SAT anom-
aly centers with opposite signs, one covering a large portion
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FIG. 3. Regressed anomalous SAT (K; shading) and surface pressure (contours with an interval of 1.0 hPa, dashed if
negative with zero contours omitted) against the normalized PC,; of the leading intraseasonal SAT mode based on
(a) the ERA-I reanalysis and (b) ECHAM AGCM simulations. The black dots denote the areas where SAT anoma-
lies are statistically significant at the 95% confidence level.

of north Eurasia and another over the Arctic region (Fig. 3a).
Relatively weak SAT anomalies associated with the EOF; are
also evident over NA, resembling the prevailing North Amer-
ica North Eurasia (NANE) SAT pattern identified in Deng
et al. (2020). Cold SAT anomalies over Eurasia and warm
SAT anomalies over Arctic associated with the leading intra-
seasonal SAT mode are linked by an anomalous surface high
pressure system based on regressions against the principal
component (PC) time series of the EOF; (Fig. 3a).

The leading intraseasonal SAT mode as shown in Fig. 3a is
largely similar to the leading interannual SAT mode over
Eurasia (e.g., Fig. 2a in Mori et al. 2014), suggesting a cross-
scale influences of the intraseasonal SAT mode on SAT vari-
ability on interannual time scales, similarly as found over the
NA sector (Guan et al. 2020a). Mori et al. (2014) also suggests
that the anomalous SAT pattern is closely associated with the
NAO on the interannual time scale, although there are recent
debates on the origin of this interannual SAT mode, particu-
larly regarding the relative role of Arctic sea ice and internal
atmospheric processes (e.g., Mori et al. 2019; Blackport et al.
2019; Blackport and Screen 2020).

Figure 4 presents evolution of lag-regressed SAT anomalies
associated with the leading intraseasonal SAT mode from day
—12 to day 12 with a 3-day interval. Anomalous SAT signals
start to amplify after day —9. In corresponding to the estab-
lishment of cold anomalies over north Eurasia and warm
anomalies over the Arctic at day —6 (Fig. 4c), development of
an anomalous surface high centered near the BKS region is
observed, suggesting intensification of the Ural blocking high
(e.g., Gong et al. 2001; Luo et al. 2016; Takaya and Nakamura
2005). In the following days, both SAT and SLP anomalies
associated with the leading SAT mode gradually enhance and
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peak at day 0O (Figs. 4c—e). After that the leading SAT mode
starts to weaken and shifts southeastward (Figs. 4f-h); it starts
to dissipate after day 9, suggesting an approximate 3-week
period of the leading intraseasonal SAT mode.

b. Vertical structure of the leading intraseasonal
SAT mode

In this section, vertical structures of air temperature (7),
geopotential height (Z), and wave activity fluxes (WAFs)
associated with the leading intraseasonal SAT mode are
examined based on lag regressions against the PC; of the
leading intraseasonal SAT mode. The calculation of 3D WAF
is based on the W-vector following Takaya and Nakamura
(2001), which is expressed as follows:

(W2 = W) + VI, — wir,)
W= st U, S ) ¢ v(ws —ww,) L
2
S[UW W = W)+ VW~ )]

where i/ is the perturbation streamfunction, derived based on
lag regressions of 10-90-day filtered winds against the PC; of
the leading SAT mode; U and V are winter mean zonal and
meridional winds, respectively; f;, is the Coriolis parameter;
N? 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 5 illustrates the height-latitude cross sections of lag-
regressed anomalies of 7, Z, and WAF averaged over 85°-95°E
and 85°-95°W for the Eurasian and NA sectors from day —12
to day 9. At day —9, before significant 7" anomalies associated
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FIG. 4. Lead-lag regressions of anomalous SAT (K; shading) and surface pressure (contours with intervals of 1.0 hPa with zero contours
omitted) onto the normalized PC; of the leading intraseasonal SAT mode based on the ERA-I reanalysis. Areas with black dots indicate
the SAT anomalies surpassing the 95% statistical significance level. The black dots denote the areas where SAT anomalies are statistically

significant at the 95% confidence level.

with the leading SAT mode appear over the Eurasian sector,
cold anomalies have developed over NA near 60°N in the tro-
posphere and is coupled with negative Z anomalies vertically
extending to 50 hPa (Fig. 5b). Meanwhile, positive Z anomalies
is found over the upper stratosphere near the Arctic region in
both Eurasia and NA sectors. After day —9, positive strato-
spheric Z anomalies near the Arctic extend downward into
the lower troposphere between 75° and 90°N over Eurasia
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accompanying with the establishment of warm temperature
anomalies between the surface and 300 hPa near the Arctic
(Fig. 5c), suggesting a possible role of the stratosphere in ampli-
fying the intraseasonal 7 anomalies in the lower troposphere
and at the surface. At the same time, initiation of negative Z
anomalies is evident over Eurasia near 60°N at 300 hPa associ-
ated with local development of cold anomalies in the lower tro-
posphere (Fig. 5c), which is consistent with convergence of the
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FIG. 5. Height-latitude cross sections of lag-regressed anomalies of 7 (K; shadings, see color bar
below), Z (gpm; contours with an interval of 20 gpm), and WAF (vectors; m? s~ for the horizontal com-
ponent and 1.0 X 10> m? s~ for the vertical component; only plotted on grids where the amplitude of
zonal component is greater than 1 m? s~%) averaged over 85°-95°E and 85°-95°W for the Eastern and
Western Hemispheres, respectively. The black dots denote the areas where Z anomalies are statistically

significant at the 95% confidence level.
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FIG. 6. Regressed anomalies of geopotential height (gpm; shading) and horizontal wave activity fluxes (m? s~ 2; vectors; only plotted on
grids where the amplitude is greater than 0.2 m? s~2) at 250 hPa onto the normalized PC; of the leading intraseasonal SAT mode based on
the ERA-I reanalysis. The black dots denote the areas where Z anomalies are statistically significant at the 95% confidence level.

southward WAF fluxes from the Arctic region as more clearly
seen at day —3 (Fig. 5d). On the other hand, the negative Z
anomalies also dramatically intensify over the NA sector and
vertically stretch from the surface all the way to the upper
stratosphere after day —6. In the following days, both circula-
tion and 7" anomalies, and associated WAF fluxes significantly
intensify and peak at day 0. Warm and cold anomalies are
observed over the Arctic region and Eurasian continent near
60°N, respectively, from the surface to 300 hPa, with the maxi-
mum amplitude in 7" anomalies occurring near the surface. In
contrast, 7 anomalies show opposite sign in the upper tropo-
sphere above 300 hPa and the stratosphere (Figs. Sc—f). After
day 0, warm 7 anomalies start to emerge over the NA
sector near 60°N while circulation and 7 anomalies over the
Arctic region and Eurasia weaken and change sign after day 6
(Figs. 5g,h).

The establishment of positive geopotential height anoma-
lies in the troposphere over the Eurasian sector between 75°
and 90°N after day —6 as discussed in Fig. 5 is further illus-
trated by time evolution of Z anomalies and WAF at 250 hPa
(Fig. 6). It is illustrated that initiation of positive Z anomalies
at 250 hPa near the Arctic region over the Eurasian sector at
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day —6 is linked to northward WAFs over the Atlantic Ocean
with positive and negative Z anomalies over the subtropical
and North Atlantic Ocean, respectively, resembling the wave
pattern associated with the positive phase of the NAO. After
day —6, the NAO-like wave pattern disappears over the
Atlantic associated with rapid amplification of positive Z
anomalies near the Arctic; meanwhile, strong WAFs that
direct southward from the Arctic to north Eurasia are
induced, which tend to trigger the initiation of negative Z
anomalies over Eurasia continent (Figs. 6¢c—e, also Figs. 5c—f).
A statistically significant although weak positive correlation
between the NAO index and PC, of the intraseasonal SAT
mode is confirmed near day —6 (figure not shown).

c. Influences of the leading intraseasonal SAT mode

The leading intraseasonal SAT variability mode over Eur-
asia and associated circulation anomalies exhibit widespread
influences on weather and climate as previously reported
(e.g., Yang and Li 2016; Yang et al. 2019; Cui et al. 2020). For
an example to illustrate how this intraseasonal SAT mode can
be potentially useful for subseasonal-to-seasonal prediction
over regions away from north Eurasia and the Arctic, Fig. 7
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shows lag regressions of 10-90-day-filtered SAT anomalies in
China based on station observations. Significant modulation
of the leading intraseasonal SAT mode on subseasonal tem-
perature variations over China is clearly evident, possibly
associated with its southeastward migration discussed in Fig. 2,
as also reported in previous studies (e.g., Yao et al. 2015; Yao
et al. 2020). From day —12 to day —6, positive SAT anomalies
largely prevail over north China associated with the leading
SAT mode. At day —3, negative SAT anomalies begin to
appear over the northeast and northwest China and then
greatly amplify and extend southward to about 40°N. The
maximum amplitude of SAT anomalies is observed between
day 3 and day 6 with an amplitude greater than 0.5°C. Note
that the minimum SAT anomalies over the mid- to high lati-
tudes associated with the leading intraseasonal SAT mode
leads the minimum SAT anomalies in China by about 6 days,
indicating a potential role of the leading SAT mode for sub-
seasonal SAT predictions in China.

In addition to its direct impact on SAT, the leading intra-
seasonal SAT mode and associated circulation pattern can
also significantly influence Arctic sea ice. Motivated by the
study on the relationship between circulation and Barents Sea
ice conditions on the subseasonal time scale in Sorokina et al.
(2016), we also analyzed the linkage of SIC variability over
the BKS region to the leading intraseasonal SAT mode. Fig-
ure 8 illustrates lag regressions of 10-90-day-filtered SIC
anomalies onto the PC; of the intraseasonal SAT mode.
Associated with the warm SAT anomalies over the Arctic and
cold anomalies over north Eurasia from day —3 to day 9,
reduced SIC anomalies over the BKS region are observed.
Note that the peak of negative SIC anomalies is observed at
day 3 (Fig. 8d) but the maximum positive (negative) SAT
anomalies over the Arctic (Eurasia) and associated pressure
anomalies at day O (Fig. 4¢), indicating that circulation anom-
alies associated with the leading SAT mode slightly lead SIC
variability as also reported in Sorokina et al. (2016). On the
other hand, reduced SIC over the BKS may also enhance the
warm SAT anomalies over the Arctic and cold anomalies
over Eurasia associated with the leading SAT mode by induc-
ing an anticyclonic circulation over Siberia through tropo-
spheric Rossby wave responses (e.g., Honda et al. 2009; Inoue
et al. 2012; Mori et al. 2014; Nakamura et al. 2015), or through
a stratospheric pathway via vertically propagating planetary
waves (Kim et al. 2014; Sun et al. 2015; Nakamura et al. 2016;
Zhang et al. 2018).

As previously discussed, many previous studies hypothe-
sized that tropical convective activity associated with the
MJO could play a role in triggering the intraseasonal SAT
variability over the mid- to high latitudes of Eurasia (e.g.,
Jeong et al. 2005; Seo et al. 2016; Cui et al. 2020). Therefore,
lag-regressed precipitation patterns associated with the intra-
seasonal SAT mode are similarly examined, but the result
does not support a close association between the eastward
propagating MJO signals along the equator and the leading
intraseasonal SAT mode over Eurasian and the Arctic (figure
not shown). This result, therefore, suggests that the leading
intraseasonal SAT mode over Eurasia and the Arctic may not
be directly related to the MJO.
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4. Key processes of the leading intraseasonal SAT mode
based on ECHAM simulations

While the observed characteristics and vertical structure of
the leading intraseasonal SAT mode are illustrated in the pre-
vious section, key processes in sustaining this intraseasonal
SAT variability mode are not fully understood. Critical ques-
tions include whether the cloud-radiative feedback plays an
important role in sustaining the vertical 7 structure associated
with the leading SAT mode. How are 7 anomalies in the tro-
posphere coupled with temperature variability near the sur-
face during the evolution of the intraseasonal SAT mode as
shown in Fig. 57 Are forcing signals from the stratosphere
and tropical convective activity essential in generating the
leading intraseasonal SAT variability mode over north Eur-
asia and the Arctic? These questions are to be addressed in
this section based on ECHAM AGCM simulations.

a. The leading intraseasonal SAT mode in ECHAM
simulations

Figure 2b illustrates the prevailing periodicity of SAT vari-
ability over Eurasian Continent in ECHAM AGCM simula-
tions, which captures the observed high-frequency intraseasonal
variability (=30 days), but largely misses the 25-50-day low-
frequency intraseasonal variability in the observations (Fig. 2a).
The spatial pattern of the leading intraseasonal SAT mode and
associated circulation anomalies in ECHAM AGCM simula-
tions are further shown in Fig. 3b following a similar EOF anal-
ysis, which greatly resemble the observed counterpart, including
cold anomalies over north Eurasia and warm anomalies over
the Arctic region as well as the anomalous high in-between the
two SAT anomaly centers. The observed SAT anomalies over
the NA sector associated with the leading intraseasonal SAT
mode (Fig. 3a), however, are not simulated in GCM, suggesting
the signals over NA may not be essential in generating the
intraseasonal SAT mode over Eurasia. Figure 9 further illus-
trates evolution of the leading SAT mode in model simulations,
which again shares great similarity to the observations shown in
Fig. 4. For example, initiation of the negative SAT anomalies
over north Eurasia is associated with the development of an
anomalous high near the BKS region from day —9 to day —6
(Figs. 9b,c). After that, both SAT and circulation anomalies
dramatically intensify and reach the strongest amplitudes at day
0 and then gradually decay in the following days.

Similarly as in Fig. 5 for the observations, the meridional-vertical
cross sections of the regressed 7, Z, and WAF anomalies aver-
aged over 85°-95°E and 85°-95°W associated with the leading
SAT mode based on ECHAM simulations are illustrated in
Fig. 10. The evolution of T anomalies in the troposphere is
largely consistent with the observations. From day —6 to day
3, positive (negative) T anomalies are evident over the Arctic
(north Eurasia) region extending from the surface to 300 hPa
(shading in Figs. 10c—f) with the peak amplitude at
day 0. The T anomalies in the upper troposphere and strato-
sphere with a largely opposite sign to those in the lower tropo-
sphere are also simulated in ECHAM, similar to the
observations. Some differences in the vertical structure of cir-
culation anomalies between model simulations and
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FIG. 7. Lead-lag regressions of 10-90-day filtered SAT (K) in China onto the normalized PC; of the leading intraseasonal
SAT mode from day —12 to day 9. The dots denote the areas that are statistically significant at the 95% confidence level.
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FIG. 8. As in Fig. 6, but for lead-lag regressions of 10-90-day filtered sea ice concentration anomalies (%) over the Eurasian sector of the
Arctic region from day —6 to day 9. The black dots denote the areas that are statistically significant at the 95% confidence level.

observations, however, are also readily seen. For example, the
observed T and circulation anomalies over the NA sector
associated with the intraseasonal SAT mode are greatly
underestimated in GCM simulations. Also as previously men-
tioned, associated with development of warm SAT anomalies
over the Arctic after day —9, a downward extension of circula-
tion anomalies from the stratosphere to lower troposphere is
observed (Fig. 5¢), but this process is not evident in simula-
tions. Instead, the maximum Z anomalies are found near
300 hPa throughout the evolution of the leading intraseasonal
SAT mode in simulations. This difference could be due to the
low-top configuration in the ECHAM model used in this
study, such that interactions between the stratosphere and tro-
posphere are not able to be well depicted. Nevertheless, the
largely well simulated leading intraseasonal SAT mode and its
associated circulation anomalies in this model itself may sug-
gest that coupling with the stratosphere is not essential for this
intraseasonal SAT mode. This will be further discussed with
model sensitivity experiments.

Evolution of anomalous Z and WAF at 250 hPa associated
with the leading intraseasonal SAT mode in model simula-
tions is further illustrated in Fig. 11 to facilitate a comparison
to the observations (Fig. 6). The most important observed fea-
tures of the intraseasonal SAT mode, including the establish-
ment of positive Z anomalies over the Arctic region of the
Eurasian sector at day —6, and the southward WAFs from the
Arctic to north Eurasia associated with the development of
negative Z anomalies over Eurasia continent are well simu-
lated in the model. However, the NAO-like wave pattern
along with the northward WAFs into the Arctic over the
Atlantic Ocean at day —6 in the observations is absent in
model simulations (cf. Figs. 6b and 11b), indicating the ampli-
fication of Z anomalies near the Arctic at day —6 associated
with the intraseasonal SAT mode may not necessarily be
related to the Rossby wave sources associated with the NAO-
like wave pattern over the Atlantic Ocean.
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b. Temperature budget analysis in the troposphere

Since ECHAM GCM well captures the most important char-
acteristics and vertical structure of the observed leading intra-
seasonal SAT mode, diagnoses based on GCM simulations can
provide important insights into the key processes of the intra-
seasonal SAT mode. As previously discussed, in both observa-
tions and simulations the warm 7 anomalies over the Arctic
region and cold 7 anomalies over Eurasia in the lower tropo-
sphere starts after day —9 and reach their maximum amplitude
at day 0. In the following, we examine the total 7" tendency pat-
tern and associated budget terms from day —8 to day 0 based
on ECHAM simulations to determine the critical processes
responsible for the development of the leading SAT mode.

The total 7 tendency in the free atmosphere can be
depicted by the temperature equation on the p coordinate:

aT aT aT T  kTw
—=u-—-—v_——0_—*
ot 0x ay ap P

+ Qdiav, (1)

where u, vand T are regular variables; w is the vertical veloc-
ity under the p coordinate; k = R,/C,, with R; and C,, the
gas constant and specific heat of dry air, respectively; and
Quiab denotes the diabatic processes including convective and
radiative heating, and vertical diffusion due to turbulences. In
the following discussions, the sum of the first four terms on
the rhs of Eq. (1), i.e., the zonal, meridional, and vertical T
advection, as well as the adiabatic term kT w/p, is defined as
the total dynamic process.

Figure 12a illustrates the height-latitude cross sections of
total T tendency anomalies from day —8 to day O derived by
regressions again the PC; of the leading intraseasonal SAT
mode based on ECHAM simulations. Consistent with the ver-
tical structure of 7 anomalies at day O (Fig. 10e), warming over
the Arctic region and cooling over Eurasia below 300 hPa are
clearly seen from day —8 and day 0, along with an opposite
sign in 7T tendency above 300 hPa. Figures 11b—d also presents
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FIG. 9. As in Fig. 4, but based on the control experiment by the ECHAM AGCM.

decomposition of the total T tendency pattern into several
major budget terms due to dynamics (horizontal/vertical advec-
tion and adiabatic processes), radiation (longwave and short-
wave radiation), and convection (subgrid cumulus and gridscale
condensation) based on model output. It is readily seen that the
atmospheric dynamic processes play a primary role in driving
the leading intraseasonal temperature mode, while amplitudes
of the other two terms are generally weak. Note that the 7 ten-
dency anomalies due to vertical diffusion is rather weak and
not well organized (figure not shown), therefore, the strong
coupling between the vertically extended 7" anomalies in the
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free atmosphere and near the surface associated with the lead-
ing intraseasonal SAT mode as shown in Figs. 5 and 10 is not
directly due to the vertical mixing.

Relative roles of each T budget term can be further quantita-
tively assessed based on ECHAM simulations by projecting their
corresponding patterns onto the vertical-latitude cross-section of
the total T tendency over 1000-300 hPa (i.e., the blue box in
Fig. 12a). The projection coefficients from each term as shown
by the gray bars in Fig. 12 further suggests that the dynamic pro-
cess plays a crucial role in amplifying the intraseasonal SAT
mode. In agreement with previous discussions, convective and
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Fi1G. 10. As in Fig. 5, but based on ECHAM AGCM simulations.
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FIG. 11. As in Fig. 6, but based on the control experiment based on the ECHAM AGCM.

radiative effects are not important for development of the intra-
seasonal SAT mode. The important role of dynamic processes
for the total T tendency is also confirmed in the observations by
applying a same approach (blue bars in Fig. 13). Note that con-
tributions from the radiative and convective effects cannot be
assessed based on ERA-I due to the unavailability of these data.

Further analysis based on both observations and model sim-
ulations suggests that the zonal and meridional 7" advection
are both important for the total 7" tendency anomalies due to
the dynamic processes, which are mainly associated with
advection of mean temperature pattern by anomalous circula-
tion associated with the intraseasonal SAT mode. To demon-
strate this process, Fig. 14 illustrates 1000-300-hPa vertically
averaged winter mean 7T (shaded), intraseasonal 7" anomalies
(contours), and horizontal wind anomalies (vectors) averaged
from day —8 to day 0. In both simulations (Fig. 14a) and
observations (Fig. 14b), the winter mean temperature in the
mid- to high latitudes of NH is characterized by a minimum
over the Arctic region with strong meridional gradient. Given
an anticyclonic circulation over north Eurasia associated with
the intraseasonal SAT mode, northerly wind anomalies tend
to bring cold air from Arctic to the Eurasian continent, while
southerly wind anomalies act to bring warmer air over the
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lower latitudes into the Arctic, contributing to the warm
anomalies over the Arctic region and cold anomalies over
Eurasia.

c. Temperature budget analysis at the surface

As the above model results indicate that the vertical mixing
does not play a role in generating the coherent vertical tem-
perature variability associated with the intraseasonal SAT
mode, a critical question therefore remains unanswered regard-
ing the key process for the strong coupling of surface tempera-
ture and air temperature anomalies in the lower troposphere
(Figs. 5 and 10). To address this question, we further conduct a
budget analysis for surface temperature based on ECHAM
GCM simulations. Following Clark and Feldstein (2019) for a
study on surface temperature analysis associated with the
NAO, changes on the intraseasonal time scale in skin tempera-
ture (7y) can be expressed under the assumption of the infi-
nitely thin interface at the surface:

T, = (Fy + FY + FlL+ Fy + Fry + R ) [4s0T, )

where primes denote anomalies associated with the intrasea-
sonal SAT mode; F, and F,, indicate longwave and
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FIG. 12. Height-latitude cross sections of 10-90-day filtered (a) total 7-tendency anomalies, and budget compo-
nents by (b) dynamics (horizontal and vertical advection, and the adiabatic process), (c) radiation (longwave and
shortwave), and (d) convection (cumulus plus gridscale precipitation) averaged from day —8 to day —1 based on
ECHAM simulations. All these anomalies (K day ) are derived by lag regressions of their corresponding 10-90-day
filtered fields against the normalized PC, of the leading intraseasonal SAT mode.

shortwave radiation, respectively; and Fy, and Fyy, for sensible
and latent heat fluxes at the surface, respectively. The arrows
“1” and “|” refer to the upward and downward directions for
the energy fluxes, respectively. The term &, is the surface
emissivity, o is the Stefan-Boltzmann constant, and Ty
denotes the winter mean skin temperature; R represents other
remaining surface energy budget processes, such as T
changes associated with conduction due to ice melting, etc.,
which is not provided by ERA-Interim but available from
ECHAM output.

Based on Eq. (2), the relative role of each term on the
right-hand side for T, changes associated with the intraseaso-
nal SAT mode can be examined based on both observations
and model simulations. As spatial pattern of T is largely iden-
tical to the SAT pattern associated with the leading intrasea-
sonal SAT mode (figure not shown), in the following we
compare various energy flux patterns against the SAT pattern
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(Fig. 15). Due to its rather weak amplitude over the mid- to
high latitudes of NH during boreal winter, shortwave radia-
tion variability associated with the intraseasonal SAT mode is
not shown. Both modeling and observational results in Fig. 15
clearly illustrate that the Fllv; term, i.e., the downward long-
wave radiation (DLWR) at the surface, plays a dominant role
in driving the surface temperature variability associated with
the leading intraseasonal SAT mode. The anomalous DLWR
patterns associated with the leading SAT mode at day O are
highly consistent with the anomalous SAT spatial distributions
in both ECHAM simulations (Fig. 15a) and ERA-I (Fig. 15b),
with enhanced DLWR anomalies collocated with warm anom-
alies over the Arctic region, and reduced DLWR over the
regions of negative SAT anomalies over north Eurasia.

To further investigate the processes responsible for the
DLWR anomalies, the total DLWR anomalies at day O are
decomposed into components associated with clear-sky and
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F1G. 13. Contribution of each T tendency term to the total 7 ten-
dency represented by projection coefficient of its spatial pattern
onto the total 7 tendency pattern over the 2D latitude-height plane
(the green box in Fig. 11a). Note that the adiabatic term is com-
bined with the vertical advection in this plot [see Eq. (1)]. Gray
bars are for ECHAM GCM simulations, and blue bars for ERA-I.
Radiative and convective heating terms are not available from
ERA-L

cloudy conditions based on ECHAM simulations (Fig. 16).
The amplitude of clear-sky DLWR anomalies is found be
very weak (Fig. 16a), and the total DLWR anomalies are pri-
marily contributed by the cloud-induced DLWR (Fig. 16b).
This is further supported by distribution of simulated cloud
fraction anomalies in Fig. 16¢c, which suggests a close associa-
tion between reduced (enhanced) cloud fractions at 925 hPa

(a) ECHAM T&uv
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and surface cooling (warming) anomalies. The reduced
(enhanced) clouds associated with the leading intraseasonal
SAT mode are found to be largely consistent with reduced
(enhanced) moisture anomalies at 925 hPa (Fig. 16d), suggest-
ing that the increased moisture over the Arctic region indi-
rectly intensifies surface warming through increased clouds
and thus enhanced DLWR, and opposite for the cooling
anomalies over north Eurasia. Further analysis suggests that
the anomalous moisture pattern as shown in Fig. 16d is also
due to advection of winter mean moisture pattern by the
anomalous winds associated with the intraseasonal SAT
mode similarly as for 7" anomalies (figure not shown).

d. Roles of the tropics and stratosphere for the leading
intraseasonal SAT mode

As the leading intraseasonal SAT mode and associated pro-
cesses are largely well captured in the control experiment
based on ECHAM GCM, roles of stratospheric processes and
tropical convective activity on the leading intraseasonal SAT
mode are further investigated by two additional sensitivity
experiments. In the first experiment, “no_tropics,” the intra-
seasonal variability over the tropics is eliminated by relaxing
model variables to climatological annual cycle derived from
the control experiment; while in the second experiment,
“no_strato,” influences of the stratospheric variability above
100 hPa to the north of 40°N is eliminated using a similar
nudging approach. Figure 17 displays the leading SAT modes
using similar EOF analyses based on the “no_tropics” and
“no_strato” experiments along with that from the control
experiment based on ECHAM AGCM. The results suggest
that the leading intraseasonal SAT mode over Eurasia and
the Arctic in the two sensitivity experiments (Figs. 17b,c) are

(b) ERA-I T&uv
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FI1G. 14. Distributions of 1000-300-hPa averaged winter mean temperature (shading; K), the intraseasonal 7" anom-
alies (contours; K) and intraseasonal horizontal wind anomalies (vectors; m s~ ') averaged from day —8 to day 0
derived by regressions against the normalized PC; of the leading intraseasonal SAT mode in (a) ECHAM simulations

and (b) ERA-L
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(a) ECHAM SAT&DLWR (d) ERA-I SAT&DLWR

¢) ECHAM SAT&LHF f) ERA-I SAT&LHF

[ S S S S S S —— — —
-4 -3 -2 -1 0 1 2 3 4
FIG. 15. Regressions of intraseasonal anomalous SAT (shading; K) along with (top) DLWR (W m™?),
(middle) surface sensible heat fluxes, (bottom) surface sensible heat fluxes, onto the normalized PC; of the
leading intraseasonal SAT mode at day 0 in (a)-(c) ECHAM simulations and (d)-(f) ERA-L. All contours
are plotted with intervals of 3 W m 2.
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FIG. 16. Regressed intraseasonal anomalous SAT (shadings; K) at day 0 along with contours for (a) clear-sky and
(b) cloudy-sky surface DLWR (W m™2), (c) cloud fraction at 925 hPa (%), and (d) specific humidity (0.1 g kg™ ")
associated with the leading intraseasonal SAT mode based on ECHAM GCM simulations.

largely similar to those in the control run (Fig. 17a) and obser-
vations (Fig. 3a). The vertical structure of T and circulation
anomalies associated with the leading SAT mode in the
“no_tropics” experiment are also very similar to those in
the control experiment over the mid- to high latitudes
(cf. Figs. 17d.f). These results are largely in agreement with
previous studies that during winter the regions affected by the
tropical convection are mainly confined to south of 30°N on
both interannual and intraseasonal time scales (Zhang et al.
1996; Zhang et al. 2015; Zhang and Sumi 2002). Additionally,
no significant impacts on 7" and circulation anomalies in the
lower troposphere are found in the “no_strato” experiment
despite the removal of the stratospheric influences above
100 hPa (Fig. 17e). Moreover, the southward WAFs from the
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Arctic to north Eurasia at 250 hPa which tend to be critical in
sustaining the negative Z anomalies over Eurasia as discussed
in both ERA-I (Fig. 6) and ECHAM control experiment
(Fig. 11) are also largely captured in “no_strato” and
“no_tropics” experiments (Figs. 17i,h, only patterns at day 0
shown). All these results suggest that influences from tropical
convective activity and the stratosphere may not be essential
in driving the leading intraseasonal SAT mode over Eurasia
and the Arctic region.

5. Conclusions

Evolution characteristics, vertical structure, and key pro-
cesses associated with the leading intraseasonal SAT variability
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FIG. 17. Regressed intraseasonal anomalies associated with leading intraseasonal SAT mode at day 0: (a)—(c) SAT (shadings; K with
intervals of 0.4 K), (d)—(f) height-latitude cross sections of 7" (shadings; K with intervals of 0.4 K) and Z (contours; gpm with intervals of 10
gpm), and (g)—(i) Z (gpm; shading) and horizontal wave activity flux (m? s~2; vectors) at 250 hPa, based on ECHAM simulations in the

(left) control experiment, (middle) “no_strato” experiment, and (right) “no_tropics” experiment. The black dots in (a)-(c) denote the
areas that are statistically significant at the 95% confidence level.

mode over Eurasia and the Arctic region during boreal win-
ter are examined in this study. The leading intraseasonal
SAT mode is characterized by a dipole structure with oppo-
site signs of SAT anomalies over the Arctic and north
Eurasia. Positive SAT anomalies over the Arctic and cold
anomalies over Eurasia associated with this leading SAT
mode are linked with each other by an anomalous high
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centered near the BKS region. Surface temperature anoma-
lies associated with the leading SAT mode are coupled with
temperature anomalies in the troposphere extending from
the surface to 300 hPa with decreasing amplitude with
height, and temperature anomalies with an opposite sign
above 300 hPa. A deep anomalous circulation pattern,
stretching from surface all the way into the stratosphere
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with the maximum geopotential height near 300 hPa, is
found to be coupled with the leading intraseasonal SAT
mode.

In addition to its significant influences on local SAT over
the mid- to high latitudes over the Eurasian sector, this lead-
ing intraseasonal SAT mode also exhibits strong modula-
tions on SAT anomalies in remote areas including the East
Asia monsoon region, possibly through the southeastward
migration of this intraseasonal SAT mode. Meanwhile, the
leading intraseasonal SAT mode is also closely associated
with sea ice variability over the BKS region. Reduced sea
ice in the BKS region is observed in association with warm
anomalies over the Arctic and cold anomalies over Eurasia
of the intraseasonal SAT mode. As the maximum of
reduced SIC over BKS slightly lags the circulation and SAT
anomalies associated with the intraseasonal SAT mode, the
sea ice variability can be a response to circulation but its
feedback onto the circulation and thus SAT anomalies can-
not be excluded.

The observed evolution and spatial distribution of the lead-
ing intraseasonal SAT mode and associated air temperature
anomalies in the troposphere over the Arctic and Eurasia are
largely well simulated in the ECHAM AGCM, although the
observed linkage in 7 and circulation anomalies between Eur-
asia and NA continents associated the intraseasonal SAT
mode is not captured in simulations. Meanwhile, possibly due
to the low-top configuration of the ECHAM GCM used in
this study, the observed downward extension of geopotential
height anomalies from the stratosphere to lower troposphere
during the onset the intraseasonal SAT anomalies is also not
represented in model simulations. Since the ECHAM AGCM
is forced by climatological monthly mean SST and sea ice, this
result indicates that the intraseasonal variability in SST and
Arctic sea ice is not essential in driving this leading intraseaso-
nal SAT mode. Based on ECHAM simulations, the underly-
ing physical mechanisms that maintain the leading SAT
variability mode are further investigated. By diagnosing the
thermodynamic budget based on the temperature equation, it
is found that the dynamical processes play a critical role for
temperature anomalies in the troposphere associated with the
SAT mode, with horizontal advection as the primary contrib-
uting term. The northerly wind anomalies in the eastern flank
of the anomalous high over north Eurasia are conducive to
bringing cold air from the Arctic toward the mid- to high lati-
tudes, while the southerly wind anomalies on the western
flank of the anomalous high brings warmer air in the mid- to
high latitudes toward the Arctic. Model simulations illustrate
that both the convective and radiative effects are not critical
in sustaining the intraseasonal temperature variability. On the
other hand, the surface energy budget suggests that surface
warming (cooling) associated with the leading intraseasonal
SAT mode is mainly due to the enhanced (reduced) surface
DLWR. Further analysis suggests that the variability of sur-
face DLWR is mainly induced by variability in clouds, which
is in turn closely linked to lower-tropospheric moisture anom-
alies due to the horizontal moisture advection. Over the
regions corresponding to warm (cold) air temperature anoma-
lies in the lower troposphere, a similar moisture advection
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process as for the 7 anomalies will generate enhanced (reduced)
moisture anomalies along with increased (decreased) cloudiness
(Fig. 16), which can further lead to enhanced (reduced) DLWR
and thus surface warming (cooling). Instead, model simulations
indicate that the vertical temperature mixing is not important in
coupling temperature anomalies in the lower troposphere and
surface temperature as previously hypothesized on the longer
time scales (e.g., Vargas Zeppetello et al. 2019).

To verify whether tropical MJO convective activities or
stratospheric processes are essential to trigger the intrasea-
sonal SAT mode, two additional model experiments are
conducted by excluding influences of tropical variability and
the stratosphere using a nudging approach. Our results
show that the effects of tropical and stratosphere processes
are not essential for the leading intraseasonal SAT variabil-
ity mode during boreal winter over Eurasia and the Arctic
region. In other words, the leading intraseasonal SAT mode
can be generated by internal atmospheric processes over the
mid- to high latitudes in the troposphere, possibly associ-
ated with processes underlying the formation of the block-
ing systems over Eurasia as previously reported (e.g.,
Takaya and Nakamura 2005; Luo et al. 2016; Kim et al.
2021). Further investigations are warranted to understand
how these synoptic Rossby wave events are modulated on a
subseasonal time scale. Also note that despite the model
results in this study, possible roles of tropical and strato-
spheric forcing, as well as Arctic sea ice variability, on the
intraseasonal SAT variability over Eurasia and the Arctic
region cannot be excluded in the observations.
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