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ABSTRACT: Boreal summer extratropical intraseasonal oscillation (EISO) is crucial in modulating regional subseasonal
variation and particularly causing extreme meteorological events, but it has yet to be well clarified and operationally moni-
tored. This study first objectively sorts out three dominant EISOs trapped along two extratropical westerly jet streams over
Eurasia, and then proposes the corresponding real-time metrics. The three dominant EISOs are (i) an 8-25-day eastward-
propagating wave along the subtropical westerly jet (EISO-SJE) initiating at the exit of the North America—North Atlantic
jet and strengthening over the Black Sea—Caspian Sea-arid central Asia region; (ii) a 10-30-day eastward-traveling wave
along the polar front jet (EISO-PJE), starting near Scandinavia and enhancing from the East European Plain to the West
Siberian Plain and then decaying over the Okhotsk region; (iii) a 10-40-day westward-migrating wave along the polar front
jet (EISO-PJW), which enhances near the Ural Mountains and weakens over Scandinavia. The real-time metrics then,
following the three EISOs, have been constructed, and they are able to capture the spatiotemporal features of three EISOs
in application. Moreover, the close linkages between these EISOs and the regional extremes/the blocking occurrence have
been clearly demonstrated, confirming the importance of real-time EISO metrics. Together with tropical intraseasonal
oscillation, this study provides the subseasonal-to-seasonal (S2S) community with a well-portrayed unified picture of extra-
tropical intraseasonal waves and the real-time metrics for monitoring boreal summer intraseasonal signals over Eurasia
and facilitate subseasonal predictions.

SIGNIFICANCE STATEMENT: Boreal summer extratropical intraseasonal oscillation (EISO) has drawn increasing
attention owing to its importance in triggering extreme weather events and affecting regional subseasonal prediction.
However, despite the urgent need of the subseasonal-to-seasonal (S2S) community, a comprehensive delineation of
EISO diversity and real-time EISO monitoring remain the gap of knowledge. This study objectively sorts out and com-
prehensively clarifies three dominant EISOs trapped along two extratropical westerly jet streams over Eurasia. More
importantly, the well-portrayed real-time EISO metrics are constructed based on three EISOs, which are applicable for
operational real-time monitoring, subseasonal prediction, and model evaluation. This study stimulates an extratropical
focus in the S2S community as a complementary component in addition to monitoring the MJO’s teleconnection to the
mid- to high latitudes.
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1. Introduction (1971, 1972), including an equatorial eastward-propagating
oscillation [i.e., the Madden—Julian oscillation (MJO)] in boreal
winter (e.g., Zhang 2005) and the prevailing meridionally
(northeastward- and northwestward-) propagating ISO over
the Asian monsoon regions in boreal summer (e.g., Wang and
Xie 1997; Annamalai and Slingo 2001; Kemball-Cook and
Wang 2001; Jiang et al. 2004; Yang et al. 2008; Wang et al.
2021). Since the tropical ISO significantly affects both tropical
_ @ Denotes content that is immediately available upon publica-  anq extratropical weather and climate (Hendon and Licbmann
tion as open access. 1990; Liebmann et al. 1994; Maloney and Hartmann 2000;
Sultan et al. 2003), several effective indices have been well-

& Supplemental information related to this paper is available  constructed for the real-time monitoring and subseasonal pre-
at the Journals Online website: https://doi.org/10.1175/JCLI-D-22-  {iction of tropical ISO, including the MJO (Wheeler and
0788:s1. Hendon 2004) index, boreal summer ISO (BSISO) index (Lee
et al. 2013), and quasi-biweekly oscillation index (Qian et al.

Corresponding author: Jing Yang, yangjing@bnu.edu.cn 2019). Currently, these tropical ISO indices are widely used in

The intraseasonal oscillation (ISO) is one of the important
atmospheric internal modes (Li 1991; Hoskins 2013). The
tropical ISO has been well recognized and extensively docu-
mented since the pioneering work of Madden and Julian
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operational services (e.g., http://www.bom.gov.au/climate/mjo/;
https://apcc21.org/ser/).

Compared with tropical ISO, extratropical intraseasonal
oscillation (EISO) has been less well studied, especially in bo-
real summer. EISO was first recognized in the “index cycle”
with a period of 4-6 weeks in boreal winter (Namias 1950),
and since then, considerable attention has been given to the
boreal winter EISO. For instance, a quasi-23-day westward-
propagating wave across North America was reported (Branstator
1987; Ghil and Mo 1991) in boreal winter, and significant EISO
signals with periods of approximately 39, 19, and 16 days were
found in the regional spectrum analysis of Dickey et al. (1991).
Hannachi et al. (2017) summarized the progress in recognizing the
intraseasonal circulation behaviors in the extratropical atmo-
sphere of boreal winter, and numerous previous studies em-
phasize the strong connection between the boreal winter
EISO and tropical forcing (Lau and Phillips 1986; Frederiksen
and Webster 1988; Ferranti et al. 1990; Garfinkel et al. 2014;
Straus et al. 2015), which was also comprehensively summa-
rized by Stan et al. (2017).

Recent studies have increasingly recognized the significance
of boreal summer EISOs, because they have been found to
broadly trigger or enhance regional extreme meteorological
events. Examples include flooding over East Asia (Chan et al.
2002; Liu et al. 2014, 2020; Wang 2020), South Asia (Ding and
Wang 2007; Dugam et al. 2009), the Tibetan Plateau (Fujinami
and Yasunari 2004; Yang et al. 2017), and the Mediterranean
(Sanchez-Gomez et al. 2008) and heatwaves over North America
(Teng et al. 2013), East Asia (Gao et al. 2018; Qi et al. 2019),
and North Africa (Chauvin et al. 2010). Particularly, the con-
current regional extreme events over Eurasia have been found
to be closely aligned with significant extratropical intraseaso-
nal traveling waves (Kornhuber et al. 2020; White et al. 2022).
Eurasian intraseasonal waves mostly feature zonal propaga-
tion along the jet waveguide but have diverse properties with
different periodicities and propagating directions over different
locations. Examples include midlatitude eastward-propagating
waves along the subtropical westerly jet (SJ) across the
Mediterranean Sea-Black Sea toward Southeast Asia (e.g.,
Fujinami and Yasunari 2004; Yang et al. 2014, 2017), high-
latitude eastward-propagating waves along the polar front
jet (PJ) across the Ural Mountains toward East Asia (Xu
et al. 2020; Zhu and Yang 2021; Tang et al. 2022), and high-
latitude westward-migrating waves along the PJ across Europe
toward the North Atlantic (Sanchez-Gomez et al. 2008; Yang
et al. 2013, 2022).

The diverse boreal summer Eurasian extratropical intrasea-
sonal waves in previous studies mainly result from three types
of perspectives. The first is using the small regional-based
statistical methods like the lead-lag correlation/regression or
composite analysis based on intraseasonal cases over some
specific regions (Fujinami and Yasunari 2004; Liu et al. 2014;
Yang et al. 2014, 2017; Cheng et al. 2021; Li et al. 2021; Zhu
and Yang 2021; Gao et al. 2022; Zhong et al. 2022; Zhou et al.
2023; and many others). These studies reported the striking
extratropical intraseasonal waves associated with the regional
intraseasonal events but tended to statistically amplify the
signals in the study target regions. The second is using the
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domain-based statistical methods like the empirical orthogonal
function, singular value decomposition, or singular spectral
analysis over the whole mid- to high-latitude Eurasia (e.g.,
Yang 2001; Ding and Wang 2007; Yang et al. 2013; Sun et al.
2018; Stan and Krishnamurthy 2019). These studies did not
consider the distinct components of climatological background
within one domain, e.g., the subtropical and polar front jets
are not intentionally separated even though they are two dis-
tinctive waveguides when the domains were selected for some
conventional statistical analysis. As a result, these studies
more easily captured the intraseasonal waves in the higher lati-
tudes rather than the lower latitudes of the selected domains,
although some midlatitude signals were included (Figs. Sla,b
in the online supplemental material), because the atmospheric
intraseasonal variability is usually larger in higher-latitude re-
gions (Li 1990; Xu et al. 2020, also can be seen in Fig. Sic).
The third is identifying the intraseasonal evolution of some
mid- to high-latitude waves, which are originally reported as
typical quasi-stationary teleconnections in the interannual
time scale, like the Silk Road pattern in Lu et al. (2002) and
Sato and Takahashi (2003), circumglobal teleconnection in
Ding and Wang (2005) and Schubert et al. (2011), and British—
Baikal Corridor pattern in Xu et al. (2019, 2020). These studies
provided the quasi-stationary characteristics of interannual-
like wave patterns in the intraseasonal time scale but ignored
the potential traveling properties of the intraseasonal waves
themselves. More importantly, all the above results cannot be
directly applied for real-time monitoring, model evaluation,
and subseasonal prediction. Therefore, similar to tropical ISO,
it is necessary to objectively sort out the real dominant EISOs
based on a practical method that overcomes the disadvantages
of previous studies, which can be applied for operational
application.

Two recent research projects further motivate the study of
boreal summer EISOs. The first is the World Weather Re-
search Programme (WWRP) and the World Climate Research
Programme (WCRP) Subseasonal to Seasonal Prediction Pro-
ject (S2S), launched in November 2013, with the primary goals
of improving prediction skills and understanding the dynamics
and climate drivers on the S2S time scale. Along with this pro-
ject, several studies have reported that regional subseasonal
prediction biases are ascribed to the failure of predicting extra-
tropical intraseasonal waves, including the prediction of the
heatwave in 2003 in eastern China (Qi and Yang 2019), the re-
cord-breaking mei-yu in 2020 (Yan et al. 2021b), and the onset
of the South China Sea summer monsoon (Yan et al. 2021a).
The second is the Transregional Collaborative Research Center
“Waves to Weather” (W2W), established in July 2015, in which
one of the important subtopics is to explore the role of Rossby
waves in seamless prediction (10-30 days) of extremes. A recent
review article about W2W has concluded that the intraseasonal
Rossby waves within the jet stream may play a role in enhanc-
ing the S2S predictability of extreme events over the midlati-
tude regions (White et al. 2022). In addition to the two research
projects mentioned above, our recent work (Yang et al. 2023,
manuscript submitted to npj Climate Atmos. Sci.) also found
that the subseasonal prediction of both 2-m temperature and
atmospheric circulation over East Asia significantly exhibits
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higher skill when the climate background has stronger EISO
signals along the jet stream (Fig. S2; similar to Fig. 2 of Yang
et al. 2023, manuscript submitted to npj Climate Atmos. Sci.).
Therefore, a well-portrayed real-time EISO metric is urgently
needed in the S2S community for better real-time monitoring,
model evaluation, and subseasonal prediction.

To fill the gap of EISO study and meet the urgent need for
application, the present study is first to objectively sort out and
comprehensively clarify the leading intraseasonal waves along
the jet streams that capture the fundamental characteristics of
the mid- to high-latitude ISO signals over the Eurasian sector
during boreal summer. On this basis, this study will construct
real-time metrics potentially for operational real-time monitor-
ing, subseasonal prediction, and model evaluation (Robertson
et al. 2015). This study will stimulate an extratropical focus in
the S2S community as a complementary component in addition
to monitoring the MJO’s teleconnection to the mid- to high lati-
tudes (Vitart et al. 2017).

2. Datasets and methods
a. Meteorological datasets

Daily atmospheric fields, including geopotential height (GHT),
temperature (7), winds [zonal (U) and meridional (V)], and
potential vorticity (PV) at different levels, and 2-m air tempera-
ture (T5y,), are retrieved from ERA-Interim (Dee et al. 2011),
with a horizontal resolution of 1.5° X 1.5° and covering the period
1982-2018. The daily averaged interpolated outgoing long-
wave radiation (OLR) is used, which is retrieved from Na-
tional Oceanic and Atmospheric Administration (NOAA),
with a 2.5° X 2.5° horizontal resolution. The daily Arctic Oscil-
lation (AO) index and North Atlantic Oscillation (NAO) in-
dex are from NOAA’s Climate Prediction Center. The
selected period is fitted to the atmospheric fields.

b. Methods
1) STATISTICAL TOOLS

This study uses two filtering methods—the Butterworth
bandpass filtering method and the real-time running-mean
method—to process the daily data to isolate the specific intra-
seasonal components. Three steps are used for the Butter-
worth bandpass filter: (i) the slow climatological annual cycle
is removed by subtracting the climatological mean and the first
three harmonics; (ii) the synoptic fluctuations are removed by
taking a 5-day running mean, and we define the processed
data here as the intraseasonal signals (e.g., intraseasonal
V200); and (iii) the specific intraseasonal components are ob-
tained by the Butterworth bandpass filter (e.g., 8-25-day V200;
10-30-day V250; 10-40-day GHT250). This method has been
widely used in observational work (e.g., Wang et al. 2013;
Yang and Li 2016). For the real-time running-mean method,
three steps are also used: (i) remove the slow climatological
annual cycle by subtracting the climatological mean and the
first three harmonics from the raw data; (i) remove the lower-
frequency variability by subtracting the previous N1-day run-
ning mean, as done in Wheeler and Hendon (2004) and Lee
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et al. (2013); and (iii) remove the higher-frequency noise by
making the previous N2-day running mean. We denote the
processed data with an asterisk—for example, 8-25-day
V200*, 10-30-day V250%, and 10-40-day GHT250*. Therefore,
the signals extracted by this method contain no “future” infor-
mation and can be applied to real-time monitoring. The ratio-
nality of this real-time running-mean method has been widely
verified in many previous works (e.g., Hsu et al. 2015; Zhu and
Li 2018; Wu et al. 2022). After numerous sensitivity analyses
using intervals with various numbers of days for smoothing in
the second and third steps, we eventually set N1 (N2) equal to
9 (3) as the best parameter to retain the 8-25-day signals,
11 (3) to retain the 10-30-day signals, and 15 (3) to retain the
10-40-day signals. A detailed comparison of the results be-
tween the two filtering methods is given in section 4.

Empirical orthogonal function (EOF) analysis is performed
for the boreal summer (1 May-31 August) intraseasonal vari-
ables to extract the dominant EISO modes, with reference to
the separability criterion of North et al. (1982). Normalized
fields feed the EOF analysis, as in previous studies (Lee et al.
2013; Lin 2013). A power spectrum analysis is applied to analyze
the periodicity and the dominant time scales of the correspond-
ing principal components (PCs). The statistical significances of
the power spectra are tested according to the method developed
by Gilman et al. (1963).

Lead-lag correlation analysis and composite analysis are
also applied, to identify the spatiotemporal evolutions and
three-dimensional features of EISOs; and considering the
strong autocorrelation of the filtered data, the number of de-
grees of effective freedom is calculated to determine the sta-
tistical significance, according to the method of Zwiers and
Storch (1995).

2) ENERGY ANALYSIS

To explore the energy conversion of the core region and
possible mechanisms for the growth of the EISOs, the baro-
tropic and baroclinic energy conversion (CK and CP) are con-
sidered in this study. According to Hoskins et al. (1983),
Maloney and Hartmann (2001), and Du and Lu (2021), the
CK and CP can be calculated as follows:

12 12 (a — — __
ck=""" %—a—v—u'v’?—u+&—v,
2 dx dy dy  ox
CP = —]: u’T’d—u - u’T’a—U ,
S op ap

where fis the Coriolis parameter; p is the pressure; and S is
the static stability, which is defined as (RT/C,p) — @ T/op),
in which C,, is the specific heat and R is the gas constant of
dry air. An overbar denotes the summer mean state, and a
prime is the intraseasonal perturbation. A positive value of
CK and CP represents energy conversion from the mean
flow to the intraseasonal perturbation by barotropic and
baroclinic processes, respectively (Kosaka and Nakamura
2006, 2010).
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TABLE 1. Definitions of eight phases based on the normalized
PC1 and PC2 for strong events: (PC1> + PC2%)'? > 1.5.

Phase Definition

PC1 < 0 and PC2 > 0 and abs(PC1) < abs(PC2)
PC1 < 0 and PC2 > 0 and abs(PC1) > abs(PC2)
PC1 < 0 and PC2 < 0 and abs(PC1) > abs(PC2)
PC1 < 0 and PC2 < 0 and abs(PC1) < abs(PC2)
PC1 > 0 and PC2 < 0 and abs(PC1) < abs(PC2)
PC1 > 0 and PC2 < 0 and abs(PC1) > abs(PC2)
PC1 > 0 and PC2 > 0 and abs(PC1) > abs(PC2)
PC1 > 0 and PC2 > 0 and abs(PC1) < abs(PC2)

(e BN Be SR R N R

The efficiencies of the energy conversions are also evalu-
ated, by the metric of replenishing time scales (1), and the
TcK, Tcp, and Tok 4+ cp can be calculated as

_ {KE}
e T {CRY
_ {APE}
Ter T cpy
_ {KE + APE}

TeR+cP — “(CK + CP} °

where KE is the intraseasonal perturbed kinetic energy and
APE is the intraseasonal available potential energy. The curly
braces {} denote the spatial and vertical integration from 1000
to 100 hPa. The KE and APE are calculated as

(M/Z + v/2)
KE=— 2
D) B
RT/Z
APE = .
28

according to Kosaka and Nakamura (2006), Huang et al. (2020),
and Du and Lu (2021), a positive 7 represents a net energy gain
of the intraseasonal perturbation, and a shorter 7 can be regarded
as being more effective.

3) DEFINITIONS FOR EISOS’ PHASE SPACE, HEATWAVES,
AND BLOCKINGS

Similar to the tropical ISO indices of Wheeler and Hendon
(2004), Kikuchi et al. (2012), and Lee et al. (2013), a two-
dimensional phase space defined by the first two normalized
PCs is constructed. It is convenient to identify the state and
location of the EISOs using a point in the diagram. We define
eight phases to track the spatiotemporal evolution of the
strong events in Table 1.

To examine the impact of the retrieved EISO waves on the
extreme heating events, a relative threshold is used to choose
the heatwave events over the specific regions. Following the
approach of Liu et al. (2008) and Chen and Zhai (2017), a
heatwave event is defined as three or more successive days of
regional-averaged T, exceeding the 90th percentile of the
climatology, which is the 31-day window centered on each cal-
endar day during 1982-2018. Also, the day on which the
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maximum 75, occurs is used to represent the particular heat-
wave event.

The linkages between the EISOs and blocking events are
also examined, as follows. According to the methods of Lejenés
and @kland (1983) and Tibaldi and Molteni (1990), the south-
ern 500 hPa GHT (GHTS500) gradient (GHGS) and the north-
ern GHTS500 gradient (GHGN) are first computed at each
longitude as

_|eHT(@,) - GHT@,)
GHGS = 5= ,
HT(@, ) — GHT
GHGN = GHT(@,) — GHT(Z,)

s

Qni ®0

where &, = 80°N + §, &, = 60°N + 6, I, = 40°N + 6,
6 = —5°0° 5°. A given longitude on a given day is defined as
blocked if there is at least one value of & that satisfies both of
the following criteria: (i) GHGS > 0 m degree ™ '; (ii) GHGN
< —10 m degree ™. Note that a 5-day running mean is applied
to the GHTS500 prior to calculating both GHGS and GHGN
to extract potential blocking events of sufficient duration. In
this study, a Ural Mountains blocking (UB)/Lake Baikal
blocking (LB) event is defined when at least one longitude be-
tween 30° and 60°E/90° and 120°E is blocked; and according
to this definition, 993 UB and 476 LB events are selected in
boreal summer from 1982 to 2018.

3. One SJ-related EISO and two PJ-related EISOs
over Eurasia

a. SJ- and PJ-related domains over Eurasia

As many previous studies have shown, EISOs over Eurasia
feature zonally traveling waves trapped mostly along the jet
streams (Branstator 2002; Martius et al. 2010; Giannakaki and
Martius 2016; Wirth et al. 2018). Two types of jet streams
over Eurasia, respectively named SJ and PJ, have been known
in previous knowledge (Yang and Zhang 2008; Lu et al. 2013
for SJ; Panetta 1993; Lee 1997, Huang et al. 2014 for PJ). To
overcome the disadvantages in the previous studies pointed
out in section 1, this study intentionally separates the Eurasian
continent into two regions, respectively, including two distinct
jet streams. Figure la shows the Eurasian zonally averaged
(15°W-150°E) climatological U wind at different pressure lev-
els in boreal summer, and the core region of the climatological
SJ and PJ with the maximum zonal wind speed is respectively
located nearly at 200 and 250 hPa, which is consistent with to
previous studies. Figure 1b displays the 200 hPa climatological
U wind (U200), and the maximum jet core concentrates be-
tween the latitudes of 25° and 55°N and the longitudes of
15°W and 150°E, which represents the location of SJ. Accord-
ing to Iwao and Takahashi (2008) and Xu et al. (2019), PJ
stream is better identified by the 250 hPa PV meridional gradient
rather than U wind. Hence, we recognize the domain (55°-85°N,
25°-150°E) as the PJ’s location over the Eurasian continent ac-
cording to the climatological spatial distribution of the 250 hPa
PV meridional gradient in boreal summer displayed in Fig. 1c.
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FIG. 1. (a) Zonally averaged (15°W-150°E) climatological U wind (shading; unit: m s™") at different pressure levels over the Eurasian
continent in boreal summer. The black and blue stars roughly denote the altitude of SJ and PJ, respectively. (b) Climatological U200

(shading; unit: m s~ ') in boreal summer. The blue line is the boreal

summer—averaged U200 contour of 18 m s~ ', which roughly denotes

the SJ’s location. (c) The meridional gradient of the climatological PV250 (shading; unit: 1077 K m? kg ' s ! degree ™ !) in boreal summer.

The green line is the meridional gradient of PV250 contour of 1.6

x 1077 K m kg~! s™! degree ™!, which roughly denotes the location

of the PJ. (d) Total energy conversion (unit: m* s> hPa) integrated from 1000 to 100 hPa over the Eurasian SJ region between the ISO

perturbation and mean flow in boreal summer. (e) The replenished
(d) and (e), but for PJ region.

In terms of the selected SJ and PJ regions over the Eurasian
continent, we calculate the energy conversions and conversion
efficiencies between the intraseasonal component and mean
state in boreal summer, as shown in Figs. 1d-g. As a result,
both SJ and PJ regions are the sink of intraseasonal energy in
boreal summer, in which the baroclinic energy conversions
are dominant. The energy analysis above shows that the energy
prefers the conversion from the mean state to intraseasonal
eddy in boreal summer over the SJ and PJ region (dominantly
through baroclinic processes) and facilitates the developments
of intraseasonal disturbances, which further illustrates that both
SJ and PJ potentially feature the active intraseasonal signals.

b. SJ-related eastward-propagating EISO mode

To obtain the leading EISO mode trapped in SJ, a conven-
tional EOF analysis is carried out for the intraseasonal 200 hPa
V wind (V200) over the SJ region. Here V200 is selected as the
optimal variable to best describe EISOs because of its superior-
ity in identifying Rossby waves (Lu et al. 2002; Hu et al. 2018;
Wirth et al. 2018). First, as shown in Fig. 2a, EOF1 and EOF2,
which can explain 13.4% and 12.7% variances, respectively, are
not separable but distinguishable from the rest of the
modes, according to the criterion proposed by North et al.

time scales (tao; unit: day) over the Eurasian SJ region. (f),(g) As in

(1982). Figures 2b and 2c depict the spatial distributions of
the intraseasonal V200 for the leading two EOF modes. As
can be seen, EOF1 and EOF2 show a similar pattern of
zonal wavenumber 3 along the SJ over the Eurasian conti-
nent, but with a quadrature phase relationship. Meanwhile,
the spectrum analysis of PC1 and PC2 reveals that the dominant
temporal periodicities of the first two EOFs share 825 days
with a peak periodicity of about 18 days, which can explain
46.7% and 51.8% of the variance of the original PC1 and PC2,
respectively (Figs. 2d,e). Also, the temporal correlation coeffi-
cient between them is nearly 0.30 (—0.36), exceeding the 95%
significance level, when PC1 leads (lags) PC2 by 3-4 days,
which corresponds to approximately a quarter of their life cycle
(Fig. 2f). The similar static spatial structures of EOF1 and
EOF2 and the temporal characteristics of the corresponding
PCs indicate that the wave patterns of EOF1 and EOF2 may be
two different phases of the same wave train.

To further determine the consistency of the leading two
modes from a physical point of view, the temporal-zonal Hov-
moller diagrams of the SJ-meridionally averaged lead-lag cor-
relation coefficient between the 8-25-day V200 and 8-25-day
PCs are calculated. They share the similar eastward propaga-
tions with the phase velocity speed of 3.1 m s~ and group
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FIG. 2. (a) Percentage variance (unit: %) explained by the first 10 EOF modes for the boreal summer intraseasonal V200 over the
Eurasian SJ region. The bars represent one standard deviation of the sampling errors. Spatial distributions of the (b) first and (c) second
EOF modes of the boreal summer intraseasonal V200 over the Eurasian SJ region. The blue line is the boreal summer-averaged U200 con-
tour of 18 m s~ !, which denotes the SJ’s location. The power spectra of the corresponding (d) PC1 and (e) PC2. The red dashed line denotes
the Markov red noise spectrum, and the blue and green dashed lines represent the a priori and a posteriori 9% confidence, respectively.

(f) The temporal lead-lag correlation between the first two PCs, in which the green part of the line exceeds the 95% confidence level.

velocity speed of 23.6 m s~ ! (Figs. S3a,b), and consistent verti-
cal quasi-barotropic structure with the maximum amplitudes
of 150-200 hPa (Figs. S3c,d). Meanwhile, the spatial lead-lag
correlation coefficient also confirms the significant relationship
of the first two EOFs, in which the spatial correlation coeffi-
cient reaches 0.91 (—0.93), far exceeding the 99% significance
level, when EOF1 leads (lags) EOF2 by 4 days (Fig. S3e). In addi-
tion to similar spatiotemporal evolutions and characteristics, the
energy conversions associated with EOF1 and EOF2 are almost
similar, in which both EOFs harvest energy from background
flow through baroclinic processes throughout their lifetime
(Fig. S3f). Therefore, the first two EOFs have been confirmed
to be a pair and together represent an 8-25-day eastward-
propagating wave along the SJ. Like the tropical ISOs repre-
sented by the MJO and BSISO indices, a two-dimensional
metric for retrieving the EISO wave trapped over the SJ,
named EISO-SJE, is constructed using a combination of the
8-25-day PC components from the EOF1 and EOF2 of V200
over the SJ region.

To clarify the spatiotemporal characteristics of EISO-SJE,
we select strong events based on the eight-phase diagram of
the EISO-SJE metric (Table 1), and construct the composite
8-25-day V200 in each phase (Fig. 3). Similar to the MJO and
BSISO indices, the strong events are defined in this study by the
amplitude being greater than 1.5 [i.e., (PC1> + PC2%)"? > 1.5].
Additionally, we also examined other smaller amplitudes, such as
greater than 0.8 or 1, as the criteria for strong events, and

find that the composite EISO-SJE is similar but with a
slightly weaker amplitude. The EISO-SJE has a zonal wave-
length of about 4400 km between 25° and 55°N. This east-
ward-propagating EISO-SJE initiates over the Northeast
Atlantic to the west of Great Britain, at the exit of the North
America—North Atlantic jet core. When the initial perturba-
tion lands on the Eurasian continent, it is trapped by the
Eurasian continental SJ and the meridional perturbation
amplifies. Afterward, EISO-SJE moves eastward with a phase
speed of about 3.1 m s~ ! along the SJ over the Eurasian conti-
nent, amplifies over the Black Sea—Caspian Sea-arid central
Asia area (the Iranian-Tibetan Plateau regions), and weakens
near coastal East Asia. The spatial features of EISO-SJE
are also examined in the middle and lower troposphere, re-
vealing that the abovementioned horizontal structures and
eastward propagation can be clearly seen in the mid-to-
lower troposphere, but with relatively weaker amplitude
(not shown). The composite EISO-SJE has similar wave
characteristics to EOF1 and EOF2 individually, further il-
lustrating that the constructed EISO-SJE metric is reason-
able. The EISO-SJE-like intraseasonal wave does have been
exhibited in some regional-based studies (e.g., Fujinami and
Yasunari 2004; Yang et al. 2014, 2017), but the amplitude
over some specific regions is statistically amplified due to
the limitation of one-point statistical methods as mentioned
in section 1.
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FIG. 3. Composite 8-25-day V200 (contours; unit: m s~ '; interval: 1.5 m s~ !; shading: above the 95% confidence
level) for eight phases based on EISO-SJE strong events. The blue line is the boreal summer-averaged U200 contour
of 18 m s~ !, which denotes the SJ’s location. The red (blue) contours are the positive (negative) values.

c¢. PJ-related eastward-propagating EISO mode

PJ is the high-latitude dominant waveguide facilitating the
zonal propagation of the Rossby wave (Branstator 2002; Wirth
et al. 2018; White et al. 2022) over the Eurasian continent. We
perform an EOF analysis for the intraseasonal 250 hPa V wind
(V250) over the PJ region. As shown in Fig. 4a, EOF1 and
EOF2 are a pair and significantly separable from the rest of
the modes. Together, they explain 41.0% of the variance of
the intraseasonal variation. The spatial patterns of the first two
EOFs are shown in Figs. 4b and 4c. And both have zonal
wavenumber 1.5 over the PJ region, but with a quadrature
phase relationship with each other. The spectrum analysis ap-
plied to the PC1 and PC2 shows the first two PCs together
have a dominant periodicity of 10-30 days and share the same
peak periodicity of 20 days (Figs. 4d,e). And their correspond-
ing 10-30-day components can explain 48.3% and 53.4% vari-
ance of the raw PC1 and PC2, respectively. In addition, the
temporal lead-lag correlation of EOF1 and EOF2 also shows
their significant coherence (Fig. 4f), in which the temporal cor-
relation coefficient of their PCs is nearly 0.24 (—0.21) when
PC1 leads (lags) PC2 by 3-5 days.

The first two EOFs-related temporal-zonal Hovmoller dia-
grams and zonal-vertical cross sections meridionally averaged
over PJ are examined. The results show that EOF1 and EOF2
share a similar propagating phase speed of 3.8 m s~! and
group velocity of 25.8 m s~ ! (Figs. S4a,b). Moreover, EOF1
and EOF2 also have a similar vertical structure, which fea-
tures a quasi-barotropic structure (Figs. S4c,d). Meanwhile,

the spatial lead-lag correlation of EOF1 and EOF2 also
shows their coherence (Fig. S4e). The spatial correlation coef-
ficient reaches 0.84 (—0.83) when EOF1 leads (lags) EOF2 by
4 days. Their related energy conversions are also examined,
as shown in Fig. S4f. As can be seen, EOF1 and EOF2 feature
similar energy conversions, in which baroclinic processes ex-
ert a vital positive contribution in the whole life cycle of both
EOF1 and EOF2, while barotropic processes play a negligible
role. Since EOF1 and EOF?2 obtained over the PJ region have
similar three-dimensional spatial structures, dominant periodicity,
spatiotemporal evolutions, and energy conversion processes, they
have been verified to be two different phases of the same wave
train and together represent a 10-30-day eastward-propagating
wave along the PJ. Therefore, a two-dimensional metric for re-
trieving the eastward-propagating EISO along the PJ, named
EISO-PJE, is constructed using the combination of the 10-30-day
PC components from EOF1 and EOF2 of V250 over the PJ
region.

Similar to EISO-SJE, we can better portray EISO-PJE by
compositing the spatial distributions of the 10-30-day V250 in
eight phases of the EISO-PJE metric (Fig. 5). EISO-PJE
is characterized by a zonal wavelength of about 4200 km
along the latitudes of 55°-85°N, and a phase speed of about
3.8 m s~ . It features eastward migration with zonal wave-
number 2 spanning over the high-latitude Eurasian conti-
nent. EISO-PJE originates near Scandinavia, where the
bifurcation of the North America—North Atlantic jet and
the PJ is situated; enhances over the East European Plain;
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FIG. 4. As in Fig. 2, but for the intraseasonal V250 over the Eurasian PJ region.

crosses the Ural Mountains and the West Siberian Plain;  waveguides, which implies they may have distinct dynamic pro-
and decays over the Okhotsk region. cesses. Second, the peak periodicity of EISO-PJE is about 20 days,

Note that though both EISO-SJE and EISO-PJE exhibit  which is longer than the 18 days of EISO-SJE. Third, the maxi-
eastward propagation, the different features between them can ~ mum amplitudes of EISO-PJE are located at 250-300 hPa, which
be clearly identified. First, they propagate along the different is lower than that of EISO-SJE at 150-200 hPa. Furthermore, the
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historical cases, which will be displayed in section 4a, demonstrate
their independent occurrences. For example, a single EISO-PJE
occurred during 12-25 June 1982, a single EISO-SJE appeared
during 12-23 July 2017, and EISO-PJE and EISO-SJE simulta-
neously appeared during 5-23 July 1989.

d. PJ-related westward-propagating EISO mode

As mentioned in the introduction, there also exists a west-
ward-propagating EISO over the Eurasian continent along
the PJ in boreal summer, which has considerable effects on
the Eurasian temperature variation, GHT variation near the
Ural Mountains, and sea ice variation over the Barents Sea
(Yang et al. 2013; Zhu and Yang 2021; Yang et al. 2022), and
this westward-propagating atmospheric intraseasonal wave
found in these works is through analyzing the GHT field.
Therefore, in this section, we attempt to conduct the EOF
analysis for the intraseasonal GHT250 over the PJ region. As
shown in Fig. 6a, EOF1 and EOF?2 are a pair and can be well
distinguished from the rest of the modes, together explaining
42.4% of the variance. Figures 6b and 6c¢ display the spatial
patterns of EOF1 and EOF2, and they have the same spatial
scale but with a quadrature relationship. The spectrum analy-
sis of PC1 and PC2 shows that the bulk of their variance is
concentrated at 1040 days, with a peak of 31 days, and the frac-
tional variances in the 1040-day bands account for 62.9% and
66.9% of the original PC1 and PC2, respectively (Figs. 6d,e).
The significant lead-lag correlation between EOF1 and EOF2
reveals that when EOF1 leads (lags) EOF2 by 4-6 days, the
temporal correlation coefficient is 0.27 (—0.26), exceeding the
95% significance level (Fig. 6f).

We similarly carry out the first two EOFs-related temporal—-
zonal Hovmoller diagrams and zonal-vertical cross sections
along PJ. It is found that EOF1 and EOF?2 share a similar west-
ward propagation, with a phase speed of 4.0 m s~ ! (Figs. S5a,b),

and a similar quasi-barotropic structure (Figs. S5c,d). The spatial
lead-lag correlations between EOF1 and EOF2 are also
examined, revealing that when EOF1 leads (lags) EOF2
by 4-6 days, the spatial correlation coefficient reaches up
to 0.80 (—0.60), which exceeds the 99% significance level
(Fig. S5e). The energy analysis is also applied for the whole
life cycle associated with EOF1 and EOF2, as shown in Fig. S5f.
The energy conversions suggest that both EOF1 and EOF2 can
obtain the ISO energy from the summer mean flow mainly
via baroclinic processes. Therefore, a two-dimensional metric
for retrieving the westward-propagating EISO wave, named
EISO-PJW, is constructed using the combination of the 10-40-day
PC components from EOF1 and EOF2 of GHT250 over the PJ
region. We then composite the 10-40-day GHT250 at EISO-
PJW eight phases, as shown in Fig. 7. EISO-PJW shows a
wavenumber-1 structure between 65° and 85°N, with a wave-
length of about 5600 km and a phase speed of about 4.0 m s ™.
It features westward migration from the central Siberian Plateau
to Greenland, enhances near the Ural Mountains, and weakens
over Scandinavia. This EISO-PJW mode covers the major fea-
tures reported in previous case studies, e.g., the Ural Mountains
intraseasonal westward-propagating waves in Zhu and Yang
(2021) and a westward-propagating wave causing a European ex-
treme event (Sanchez-Gomez et al. 2008).

4. Real-time metrics of boreal summer EISOs
over Eurasia

One SJ-related EISO (EISO-SJE) and two PJ-related EISOs
(EISO-PJE and EISO-PJW) have been well separated and
comprehensively portrayed in section 3. A critical aim of identi-
fying these three dominant EISOs is to serve real-time monitor-
ing, subseasonal prediction, and model evaluation. Therefore,
this section will first build up real-time metrics based on the
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FIG. 7. As in Fig. 3, but for the composite 10-40-day GH250 for eight phases based on EISO-PJW strong events
(contours; unit: gpm; interval: 10 gpm; shading: above the 95% confidence level).

dominant EISOs, verify their utility, and then explore their rela-
tions with extreme events (heat) and important extratropical
synoptic systems (e.g., blocking) based on the real-time metrics.

a. Real-time metrics

To develop the real-time metrics like that of the MJO or
BSISO, we use a real-time running-mean method to process
the daily circulation variables (V200 for EISO-SJE, V250 for
EISO-PJE, and GHT250 for EISO-PJW) that does not use
any future information and can be applied to real-time moni-
toring (see section 2 for details). We can obtain the real-time
PCs by projecting the 8-25-day V200* (10-30-day V250*/10-40-day
GHT250%) onto the first two EOFs of EISO-SJE (EISO-PJE/
EISO-PJW) obtained in section 3. The boreal summer real-
time and filtered EISO-SJE, EISO-PJE, and EISO-PJW
metrics in three randomly selected years, as the samples are
presented in Fig. 8. As can be seen, the real-time EISO
metrics possess consistent variation characteristics with the
filtered ones, and the temporal correlation coefficient is
0.83/0.87 for EISO-SJE (Figs. 8a,b), 0.69/0.69 for EISO-
PJE (Figs. 8c,d) and 0.74/0.74 for EISO-PJW (Figs. 8e,f) in all
samples (37 years X 123 days = 4551), far exceeding the 99%
significance level. The EISO-SJE, EISO-PJE, and EISO-PJW
waves portrayed by the real-time metrics are also examined,
and they share identical temporal and spatial evolution charac-
teristics to the conventional filtered ones (Fig. S6).

A real-time two-dimensional phase-space diagram can eas-
ily exhibit the real-time position/pattern of the traveling
waves. The all-day trajectories of EISO-SJE, EISO-PJE, and

EISO-PJW in boreal summer during 1982-2018 are plotted in
Figs. 8g—i. The days outside the ring represent the strong
cases. For EISO-SJE, the strong cases account for 31.8% of
all boreal summer days, and the cases with a duration of at
least four phases (about 8-12 days) account for 52.7%
among the dates outside the circle (Fig. 8¢). For EISO-PJE,
the strong cases account for 31.9% of all days, in which
the cases with a duration of at least four phases (about
12-15 days) account for 42.1% (Fig. 8h). For EISO-PJW,
there are 32.6% strong cases in all boreal summer days, in
which 31.5% cases can persist at least four phases (about
18-21 days) (Fig. 8i). The frequent occurrence and long du-
ration of EISO-SJE, EISO-PJE and EISO-PJW demon-
strate the real-time EISOs’ monitoring is indispensable in
S2S community.

Almost all strong cases can be real-time monitored, and
here, four monitoring cases are given as examples to demon-
strate the utility of the real-time metrics. The first case is an
evident SJ-trapped wave that propagates eastward along the
SJ during 12-23 July 2017 (Fig. 9a). Accordingly, this intra-
seasonal wave can be accurately captured by the real-time
EISO-SJE metric as shown in the two-dimensional phase-
space diagram (Fig. 9b). The second case, a PJ-trapped
wave propagating eastward during 12-25 June 1982, is well
monitored by the real-time EISO-PJE metric shown in Figs. 9¢
and 9d. The third, a PJ-trapped wave traveling westward during
10-31 August 1990, is well exhibited by a real-time EISO-PJW
metric (Figs. 9¢,f). The last example shows a double-wave case
in which the SJ-trapped and PJ-trapped waves coincide during
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5-23 July 1989. Correspondingly, the metrics can simultaneously
capture their features, as shown in Figs. 9g and %h.

b. Relation with the extreme events and blockings

It has been reported that the regional air temperature vari-
ability and heat extremes are evidently influenced by the atmo-
spheric ISO (Gao et al. 2018; Kueh and Lin 2020). Figure S7
shows the composite 75, anomaly overlaid with the 8-25-day
(10-30-day/10-40-day) 500 hPa GHT (GHT500) based on the
strong events in each phase of real-time EISO-SJE (EISO-PJE/
EISO-PJW) metric. Note that the 75, anomaly here is the origi-
nal variable representing the unfiltered anomaly of the real
surface air temperature. And the results confirm significant foot-
prints of the three EISOs on the subseasonal variation of the real
surface air temperature along their propagating tracks. The posi-
tive/negative intraseasonal GHTS500 nearly coincides with the
unfiltered warm/cold 7>, anomaly (Fig. S7). And the in-phase re-
lationship between EISOs and temperature change indicates that
the variations of the adiabatic processes associated with EISOs
contribute to the surface air temperature variation on the subsea-
sonal time scale, which is consistent with several previous local
studies (Qi et al. 2019; Kueh and Lin 2020).

To further examine the impacts of the EISOs on heat ex-
tremes, four mid- to high-latitude regions are chosen (south-
western Europe and northwestern China for EISO-SJE, east

of the Ural Mountains for EISO-PJE, and East European
Plain for EISO-PJW; black frames in Fig. S7), which corre-
spond to the most significant footprints of EISOs. Meanwhile,
these regions are more frequently hit by summer heatwaves
(e.g., Robine et al. 2008; Barriopedro et al. 2011; Tomczyk
et al. 2017, Wang et al. 2017). The results exhibit that the oc-
currence of heatwaves is closely related to certain specific
phases of EISOs (Fig. 10). For southwestern Europe, 62.1%
of all 63 heatwaves appear in phases 1-3 of EISO-SJE, with
phase 2 having the most, at 27.1% (Fig. 10a). For northwest-
ern China, heatwaves appear most frequently in phases 5 and
6 of EISO-SJE (50.8%), and secondarily in phases 4 and 7
(28.8%), among 56 heatwave cases (Fig. 10b). For the east of
the Ural Mountains area, 53.6% of all 56 regional heatwaves
appear in phases 4 and 5 of EISO-PJE (Fig. 10c), and for the
East European Plain, 58.9% of all 68 heatwave events appear
in phases 8 and 1 of EISO-PJW (Fig. 10d). To further under-
stand why the heatwave occurrences in these four regions are
linked to certain specific EISOs’ phases, the temperature bud-
get equation in the lower troposphere over these four study
regions was diagnosed in these preferred phases, respectively
(Fig. S8). As a result, the adiabatic process plays the dominant
role in warming all four target regions in these preferred phases.
Accordingly, the high-pressure anomalies, respectively embed-
ded in three EISO waves, are located over the heatwave areas
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FIG. 9. Spatiotemporal evolutions of the intraseasonal (a) V200 (shading; unit: m s~ ') during 12-23 Jul 2017, (c) V250 (shading; unit: m s~ ")
during 12-25 Jun 1982, (¢) GHT250 (shading; unit: gpm) during 10-31 Aug 1990, and (g) V200 (shading; unit: m s') during
5-23 Jul 1989. V200 and V250 (GHT250) greater than —5 (—50) and less than 5 (50) are ignored. Day-by-day curves for real-time
(b) EISO-SJE during 12-23 Jul 2017, (d) EISO-PJE during 12-25 Jun 1982, (f) EISO-PJW during 10-31 Aug 1990, and (h) EISO-SJE

and EISO-PJE during 5-23 Jul 1989.

(Fig. S7), which provides favorable conditions for the occur-
rence of heatwaves via increased adiabatic heating. The above-
mentioned close relationship indicates that EISOs can provide
potential precursory signals for subseasonal prediction over the
regions along their paths.

Ural Mountains blocking (UB) and Lake Baikal blocking
(LB) frequently occur over Eurasia in boreal summer (Diao
et al. 2006; Tyrlis and Hoskins 2008; Liu et al. 2018; He et al.
2019), and are located along the pathways of high-latitude EI-
SOs. Besides, they often contribute to extreme meteorological
events (Kautz et al. 2022), including the hydrological ex-
tremes (Lenggenhager et al. 2019), heatwaves (Rodrigues et al.
2019), and droughts (Beniston and Diaz 2004; Schneidereit et al.
2012). Hence, we attempt to examine whether the occurrences

of these two important blockings are linked to EISO-PJE and
EISO-PJW. As a result, UB dominantly occurs in phases 8 and
1 of EISO-PJW, with 44.2% of all UB cases in the summers of
1982-2018 (Fig. 11a). LB, meanwhile, favors phases 7 and 8 of
EISO-PJE, with 44.5% of all LB cases (Fig. 11b), and phases 5
and 6 of EISO-PJW, with 47.3% of all LB cases (Fig. 11c).
Their remarkable linkages can be simply interpreted as follow:
In the favorite phases for UB (i.e., phases 8 and 1 of EISO-PJW),
EISO-PJW-associated high-pressure anomaly propagates across
the Ural Mountains, strengthening the local meridional-type
background flow in middle troposphere (Fig. S9a), which facil-
itates the formation of UB. Similarly, in the preferred phases
for LB (i.e., phases 7 and 8 of EISO-PJE or phases 5 and 6 of
EISO-PJW), the 500 hPa anomalous high pressure embedded

Unauthenticated | Downloaded 05/17/23 03:07 PM UTC



15 JUNE 2023

(a) Heat waves over southwestern Europe

ZHU ET

AL. 3983
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FIG. 10. The frequency of heatwaves in each phase based on (a) the EISO-SJE metric over southwestern Europe,
(b) the EISO-SJE metric over northwestern China, (c) the EISO-PJE metric over the east of the Ural Mountains
region, and (d) the EISO-PJW metric over the East European Plain.

in EISO-PJE or EISO-PJW promotes the meridional extension
of the mean flow over the Lake Baikal region (Figs. S9b,c),
which provides favorable conditions for the LB occurrences.
These results suggest that EISOs can provide useful informa-
tion for monitoring and predicting two important blockings, re-
spectively, over the Ural Mountains and Lake Baikal.

5. Discussion

As the motivation of this study has been introduced in
section 1, this study aims to objectively sort out and compre-
hensively clarify the dominant boreal summer EISOs over the
Eurasian continent, and build up the real-time metrics for
monitoring, subseasonal prediction, and model evaluation. In

terms of the dynamical essence for EISOs, we would give a
brief discussion about their genesis in this section. From the
perspective of the wave evolution associated with EISOs
shown in Figs. 3, 5, and 7, EISO-SJE and EISO-PJE originate
over the inlet of the Eurasian SJ and PJ regions, respectively.
According to the previous work (e.g., Cai 1992; Cai et al.
2007, Zhu and Yang 2021), the entrance/exit region of the jet
stream is characterized by the deformation flow caused by the
strong zonal wind gradients. The deformation flow provides
favorable conditions for converting energy from the mean
flow to low-frequency intraseasonal eddies by barotropic in-
stability (Lorenz 1972; Simmons et al. 1983; Frederiksen and
Frederiksen 1997; Ding and Wang 2007). Recently, Dai et al.
(2021) reported that the jet inlet/exit region tends to gain the
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FIG. 11. (a) The frequency of UB in each phase based on the EISO-PJW metric. (b),(c) As in (a), but for LB based
on the (b) EISO-PJE and (c) EISO-PJW metric.

low-frequency effective kinetic energy from the low-frequency
available potential energy in lower troposphere by baroclinic
instability, becoming a major source of low-frequency eddies.
Therefore, the SJ and PJ inlet/exit regions facilitate the gener-
ation and intensification of intraseasonal perturbation, which
propagates eastward along a waveguide of the westerly jet
streams. Unlike EISO-SJE and EISO-PJE, EISO-PJW could
be associated with the subpolar atmospheric internal variabil-
ity, which could be a Rossby-Haurwitz wave reported by
Branstator (1987). The westward propagation of EISO-PJW
may be associated with the background weak upper-level
westerly and even easterly in the subpolar region, as well as its
longer wavelength. A deeper understanding about the dynami-
cal mechanism of these three EISOs is worthwhile and will be
given in another full study.

One concern is whether the EISOs portrayed in this study
are independent of tropical ISOs because many previous stud-
ies have found that the tropical ISOs (including MJO and
BSISO) modulate intraseasonal variation in extratropic (e.g.,
Lau and Phillips 1986; Mo and Kousky 1993; Kawamura et al.
1996; Cassou 2008; Wang et al. 2013; Lee et al. 2019; and
many more). Purposely, we examine the concurrent evolution
of tropical convection accompanied with the EISO strong
events, and we cannot find any MJO/BSISO-like signals along
with the evolution of these three EISOs (Fig. S10), which
implies that tropical ISOs are not the forcing source of the
jet-trapped intraseasonal waves. The above results further
suggest that the boreal summer EISOs trapped in SJ and PJ
may be primarily associated with mid- to high-latitude inter-
nal atmospheric dynamics.
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FI1G. 12. (a) The spatial correlation between the EISO-SJE eight-phase composite 8-25-day GHT200 and 8-25-day
NAO pattern. Hatched bars indicate the results are significant at the 95% confidence level. (b) As in (a), but for the
spatial correlation between the EISO-PJE and 10-30-day NAO pattern. (c) As in (a), but for the spatial correlation

between the EISO-PJW and 10-40-day AO pattern.

Another concern is whether the EISOs are connected with
some well-known extratropical intraseasonal atmospheric
circulation patterns. For example, North Atlantic Oscillation
(NAO) and Arctic Oscillation (AO) are important atmo-
spheric circulation patterns in the extratropical region (Hurrell
1995; Hurrell et al. 2003; Thompson and Wallace 1998, 2000;
Wallace 2000), and both have evident subseasonal variations
(Zhou and Miller 2005; Yadav and Straus 2017; Barnes et al.
2019). The relationships between the three EISOs and NAO
or AO are examined. Following Li and Wang (2003a,b), the
NAO domain is defined as (30°-80°N, 80°W-30°E), and the
AO domain as (30°-90°N, 180°W-180°E). Figure 12a shows
the spatial correlation between the NAO pattern and the
eight-phase EISO-SJE pattern calculated over the NAO do-
main. Note that the NAO pattern is obtained by projecting
the 8-25-day GHT200 onto the 8-25-day NAO index, and the
EISO-SJE pattern is the eight-phase composite 8-25-day
GHT200. As a result, the NAO has a significant relationship
with EISO-SJE in phase 4 (with a correlation coefficient of
0.28) and phase 8 (with a correlation coefficient of —0.29).
Similarly, EISO-PJE also has a close relationship with the
NAO, in which the spatial correlation coefficient is signifi-
cantly negative in phases 8 and 1, as well as significantly posi-
tive in phases 4 and 5 (Fig. 12b). Considering that NAO
domain is located upstream of the EISO-SJE/EISO-PJE, the
significant correlation between the NAO and EISO-SJE/

EISO-PIJE in certain specific phases implies that the initiation
of EISO-SJE/EISO-PJE may be related to the NAO subseaso-
nal variation. According to Huang et al. (2020), NAO could
excite the Rossby wave source via vortex stretching by abnor-
mal divergence, which subsequently build the intraseasonal
wave train over the Eurasian continent. Different from the re-
lationship between the NAO and EISO-SJE/EISO-PJE, signifi-
cant spatial correlations occur in most of the EISO-PJW phases
(exclusion of phases 1 and 5) (Fig. 12c), which implies that the
AO may impact the EISO-PJW’s evolution. The above results
suggest that NAO/AO may be the crucial factor in the initiation
and evolution of the jet-trapped EISOs, and the relevant mech-
anisms are worthy of deep investigation in the future.

6. Summary and outlook

Using the historical data record (1982-2018), this study em-
phasizes the following two novelties. First, we objectively sort
out and comprehensively clarify three dominant intraseasonal
waves, respectively, along the SJ and PJ over the Eurasian
continent during boreal summer. The behaviors of the three
dominant intraseasonal waves are summarized schematically
in Fig. 13. The first one, EISO-SJE, is retrieved by the first
two EOF modes of the intraseasonal V200 over the SJ region
(25°-55°N, 15°W-150°E). EISO-SJE features an 8-25-day pe-
riodicity and a zonal wavelength of about 4400 km between
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FI1G. 13. Schematic diagram of (a) EISO-SJE, (b) EISO-PJE, and (c) EISO-PJW. The arrow
shows the propagating direction, and the circles are the anomalous waves along the three types
of EISOs based on Figs. 3, 5, and 7. Solid and dashed circles are positive and negative anomalies,
respectively. The red shading in (a) represents the region of strengthening of EISO-SJE and the
yellow shading in (b) and (c) represents the region of strengthening of the EISO-PJE and EISO-
PJW. The blue and green contours denote the location of the boreal summer SJ and PJ,

respectively.

25° and 55°N. It has a quasi-barotropic structure, initiates at
the exit of the North America-North Atlantic jet core, and
moves eastward with a phase speed of about 3.1 m s !,
trapped along the subtropical jet stream over the Eurasian
continent and with amplification over the Black Sea—Caspian
Sea-arid central Asia area. The second one, EISO-PJE, is ob-
tained by the first two EOF modes of the intraseasonal V250
over the PJ region (55°-85°N, 25°-150°E). EISO-PJE de-
scribes a high-latitude 10-30-day eastward-propagating wave
with a quasi-barotropic structure and a zonal wavelength of
about 4200 km. It initiates near Scandinavia, where the

bifurcation of the North America-North Atlantic jet and the
PJ is situated, migrates eastward with a speed of 3.8 m s,
and enhances from the East European Plain, through the
Ural Mountains, to the West Siberian Plain, before finally de-
cays over the Okhotsk region. The third one, EISO-PJW, is
represented by the first two EOF modes of the intraseasonal
GHT250 over the same PJ region. EISO-PJW depicts a westward-
migrating quasi-barotropic wave with a dominant periodicity of
1040 days, wavelength of 5600 km, and speed of 4.0 m s~ !
that enhances near the Ural Mountains and weakens over
Scandinavia. It should be noted that the GHT anomalies

Unauthenticated | Downloaded 05/17/23 03:07 PM UTC



15 JUNE 2023

shown in phase 3 of EISO-SJE and phase 4 of EISO-PJE are
partly similar to the Silk Road pattern (SRP; Lu et al. 2002)
and British-Baikal Corridor pattern (BBC; Xu et al. 2019), re-
spectively. Meanwhile, a recent work found that there is an
eastward-propagating intraseasonal wave along the subtropi-
cal westerly jet affecting the East Asian rainfall pattern which
is named as the intraseasonal SRP in consideration of geo-
graphical locations (Muetzelfeldt et al. 2023). Therefore, the
EISO-SJE/EISO-PJE can be also called the intraseasonal
SRP/BBC if emphasizing their geographical locations.

Second, the real-time EISO-SJE, EISO-PJE, and EISO-
PJW metrics are also constructed by projecting the real-time
running-mean processed V200*, V250*, and GHT250* onto
the first two EOFs of EISO-SJE, EISO-PJE, and EISO-PJW
patterns, respectively. The real-time EISO metrics do not use
any future information and can be applied to operational
real-time monitoring. The real-time EISO metrics cannot
only capture the spatiotemporal features of three EISOs in
application, but also clearly demonstrate the relationship be-
tween EISOs and heatwaves/blocking occurrence. The heat-
waves over the southwestern Europe and northwestern China
prefer phases 1-3 and phases 5 and 6 of EISO-SJE, respectively.
The heatwaves over the east of the Ural Mountains area and
East European Plain favor phases 4 and 5 of EISO-PJE and
phases 8 and 1 of EISO-PJW, respectively. The UB preferably
occurs in phases 8 and 1 of EISO-PJE, while LB favors phases
7 and 8 of EISO-PJE and phases 5 and 6 of EISO-PJW. Consid-
ering that the strong EISOs have long durations and at least
one-third of EISO cases persist at least four phases, one can es-
timate the EISOs prior to 820 days based on the real-time
EISO metrics and subsequently predict the probability of heat-
waves and blockings in some hot regions at the S2S time scales.

Since this study focuses on the above two novelties, the dy-
namics of EISOs (e.g., energy analysis for EISOs’ evolution and
possible source) and their relations with some well-known tropi-
cal (MJO/BSISO) and extratropical signals (AO/NAO) are
only briefly discussed in this study. Obviously, more deep physi-
cal mechanism is worthwhile to be investigated in the future,
including how these intraseasonal waves are triggered, how EISOs
interact with different components of the climate system, how the
climate models replicate these intraseasonal modes, and how these
modes affect the local subseasonal predictability.
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