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ABSTRACT

There is a zonally oriented teleconnection pattern over the high-latitude Eurasian continent, which is
maintained through baroclinic energy conversion. In this study, we investigate the unique features of the
maintenance mechanism of this teleconnection. It is found that the baroclinic energy conversion is most
efficient in both the midtroposphere and the lower troposphere, and that the baroclinic energy conversion in
the lower troposphere is comparable to that in the midtroposphere. Further results indicate that the basic
state plays a crucial role in the baroclinic energy conversion. For both the middle and lower troposphere, the
atmospheric stability is low and the Coriolis parameter is large over high-latitude Eurasia, favoring strong
baroclinic energy conversion. Particularly, in the lower troposphere, the atmospheric stability exhibits a clear
land-sea contrast, favoring baroclinic energy conversion over the continents rather than the oceans. Fur-
thermore, in the lower troposphere, the in-phase configuration of the meridional wind and temperature
anomalies, which results from the strong meridional gradient of mean temperature around the north edge of
the Eurasian continent, also significantly contributes to baroclinic energy conversion. This study highlights the
role of the basic state of temperature rather than zonal wind in maintaining the high-latitude teleconnection
through baroclinic energy conversion.

1. Introduction Ding and Wang 2005; Folland et al. 2009; Bladé et al.
2012; Ding et al. 2011; Hong et al. 2018; Li and Ruan
2018; P. Xu et al. 2019). Various teleconnection patterns
have been used to explain regional anomalous rainfall
(Wang 1992; Iwao and Takahashi 2006, 2008; Chen and
Huang 2012; Sun and Wang 2012; Lin 2014; Li and Lu
Corresponding author: Dr. Xinyu Li, lixinyu@hhu.edu.cn 2017; Lin et al. 2017a; Li and Lu 2018; Wang et al. 2018),

Summer climate variability over the Eurasian conti-
nent is greatly affected by atmospheric teleconnection
patterns or Rossby waves (e.g., Lu et al. 2002; Wu 2002;

DOI: 10.1175/JCLI-D-19-0362.1

© 2020 American Meteorological Society. For information regarding reuse of this content and general copyright information, consult the AMS Copyright
Policy (www.ametsoc.org/PUBSReuseLicenses).


mailto:lixinyu@hhu.edu.cn
http://www.ametsoc.org/PUBSReuseLicenses
http://www.ametsoc.org/PUBSReuseLicenses
http://www.ametsoc.org/PUBSReuseLicenses

1018

temperature (Greatbatch and Rong 2006; Hong et al.
2017), and extreme events (Cassou et al. 2005; Wulff
et al. 2017; K. Xu et al. 2019). Therefore, understanding
the mechanisms responsible for these teleconnections is
of scientific significance and has important implications
for the prediction of weather and climate over Eurasia.

Many teleconnection patterns or Rossby waves in
summer appear over a wide range of latitudes over the
Eurasian continent, and thus can act as a dynamical link
between the tropics and extratropics. Some of these
teleconnections can be excited by tropical forcing and
propagate poleward (e.g., Hoskins and Karoly 1981;
Nitta 1987; Huang and Sun 1992; Wulff et al. 2017).
Some examples are 1) the well-known Pacific-Japan
pattern (Nitta 1987) or East Asian—Pacific pattern
(Huang and Sun 1992), which is associated with the
anomalous convection over the tropical western North
Pacific (Nitta 1986, 1987; Lu and Dong 2001; Lu 2004;
Kosaka et al. 2011), and 2) the summer east Atlantic
mode introduced by Wulff et al. (2017), which can be
forced by diabatic heating anomalies of opposing signs
in the tropical Pacific and Caribbean. On the other hand,
some circulation modes exist without clear tropical
forcing, such as the summer North Atlantic Oscillation
(Feldstein 2007; Folland et al. 2009) and the Eurasian
pattern during summer (Yang 1992; Yang and Huang
1992; Lee et al. 2005; Yoon and Yeh 2010).

Another kind of teleconnection pattern is confined
to a limited range of latitudes over the Eurasian conti-
nent during summer. The so-called Silk Road pattern
(SRP) is such a kind of teleconnection (Lu et al. 2002;
Enomoto et al. 2003; Yasui and Watanabe 2010; Chen
and Huang 2012; Hong and Lu 2016; Zhou et al. 2019).
The SRP propagates zonally in the midlatitudes across
the Eurasian continent along the upper-tropospheric
Asian westerly jet, which acts as a waveguide and con-
fines the waves within it (Hoskins and Ambrizzi 1993;
Ambrizzi et al. 1995; Branstator and Teng 2017). The
maintenance mechanism of the SRP can be explained by
the interaction between stationary waves and the basic
flow (Sato and Takahashi 2006; Kosaka et al. 2009; Yasui
and Watanabe 2010; Song et al. 2013). The perturbations
associated with the SRP can efficiently extract kinetic
energy from the basic flow through barotropic energy
conversion and available potential energy through bar-
oclinic energy conversion. Another important, but sec-
ondary, factor affecting the SRP is tropical heating
anomalies, for instance, rainfall anomalies associated
with the Indian summer monsoon (Ding and Wang 2005;
Sato and Takahashi 2006; Ding et al. 2011; Chen and
Huang 2012; Greatbatch et al. 2013).

Teleconnections or Rossby waves also appear at high
latitudes over the Eurasian continent in summer, as
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shown in previous studies, which focused on climate
anomalies over various regions and investigated the cir-
culation anomalies responsible for the climate anomalies
(Wakabayashi and Kawamura 2004; Fukutomi et al. 2004;
Iwao and Takahashi 2006, 2008; Lin 2014; Lin et al.
2017b). For example, Fukutomi et al. (2004) identified an
out-of-phase relationship in precipitation between east-
ern and western Siberia, and indicated that this out-of-
phase relationship is the result of stationary waves over
northern Eurasia. Nakamura and Fukamachi (2004)
found that abnormal coolness over eastern Japan is
greatly affected by the Okhotsk high, and the Okhotsk
high can be attributed to a stationary Rossby wave that
originates from northern Europe and extends to the Far
East. Among the four relevant teleconnection patterns
responsible for anomalous summer climate in Japan
extracted by Wakabayashi and Kawamura (2004), two
appear over northern Eurasia. Iwao and Takahashi
(2006) identified a north-south seesaw pattern in July
precipitation between northeast Asia and Siberia, and
found that this seesaw pattern is associated with circula-
tion anomalies over northern Eurasia as well as those
along the upper-tropospheric midlatitude westerly jet.
These studies demonstrated that the teleconnections exist
in the high latitudes over the Eurasian continent and play
an important role in affecting regional climate in summer.

Recent studies presented more evidence of telecon-
nection patterns in the high latitudes of the Eurasian
continent. The summer east Atlantic mode identified by
Wulff et al. (2017) is a teleconnection pattern that ap-
pears over the North Pacific, North America, North
Atlantic, and the high-latitude western Eurasian conti-
nent. Wulff et al. (2017) suggested that this mode can be
forced by diabatic heating anomalies in the tropics. Li
and Ruan (2018) introduced a teleconnection pattern
over the North Atlantic and the high latitudes of the
Eurasian continent, and explained this teleconnection
pattern in terms of stationary Rossby waves originating
over the subtropical North Atlantic. These teleconnections
include significant circulation anomalies over the high-
latitude Eurasian continent, but they appear over a
wide range of latitudes, and are attributed to tropical
or subtropical forcings. By contrast, P. Xu et al. (2019)
reported a zonally oriented teleconnection pattern
propagating from the British Isles over the high-latitude
Eurasian continent, and indicated that this teleconnec-
tion pattern shows only a loose relationship to external
forcing. They suggested that this teleconnection pattern
can be maintained through baroclinic energy conversion
from the basic flow, while the barotropic energy con-
version is much less efficient.

The present study aims to dig further into the physical
mechanism for the occurrence and maintenance of the
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high-latitude teleconnection pattern over the Eurasian
continent. We focus on the role of the basic state, rather
than tropical and subtropical forcings. Actually, as a
kind of basic state, the basic flow is very weak over the
high-latitude Eurasian continent, and thus exhibits only
weak shear both horizontally and vertically. This is in a
sharp contrast to the midlatitude Eurasian continent,
where the basic flow exhibits a strong shear both hori-
zontally and vertically, corresponding to the strong
Asian westerly jet in the upper troposphere. One can
attribute the weak barotropic energy conversion sug-
gested by P. Xu et al. (2019) to the weak horizontal shear
of basic flows in the high-latitude Eurasian continent.
However, how does the weak vertical shear of the basic
flow induce the baroclinic energy conversion, which ef-
ficiently maintains the high-latitude teleconnection over
the Eurasian continent? What are the unique features of
the basic state favoring the occurrence and maintenance
of the teleconnection over the high latitudes of the Eur-
asian continent? In this study, we explore these issues.

The rest of this paper is arranged as follows. Section 2
describes the data and methods. Section 3 presents the
features of high-latitude Eurasian teleconnection pat-
tern and the associated baroclinic energy conversion.
The results in this section indicate that the teleconnec-
tion pattern can effectively extract available potential
energy from the basic flow in both the middle and lower
troposphere. Therefore, section 4 further illustrates
the baroclinic energy conversion in the middle and
lower troposphere, respectively. Section 5 is devoted
to a summary and discussion.

2. Dataset and methods

The primary dataset used in this study is the monthly
ERA-Interim dataset (Dee et al. 2011), on a horizon-
tal resolution of 1.5° X 1.5°. The analyzed time span
is selected from 1979 to 2017. We also employed
the National Centers for Environmental Prediction
(NCEP)-National Center for Atmospheric Research
(NCAR) reanalysis dataset (Kalnay et al. 1996) and the
Japanese 55-Year Reanalysis (JRA-55) dataset (Kobayashi
et al. 2015) to repeat the main analyses and obtained
similar results. In this study, we focus on the summer
mean, which refers to the averages over June—August
(JJA).

The main statistical methods used in the present study
are empirical orthogonal function (EOF) analysis,
regression analysis, and correlation analysis. The
method proposed by North et al. (1982) is used to test
the statistical significance in the EOF analysis, and the
Student’s ¢ test is used to determine the statistical
significance in the analyzed results.
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F1G. 1. (a) Climatological mean of 250-hPa zonal wind and

(b) meridional wind in JJA. Contour intervals are 3.0ms™ ' in

(a)and 1.0m s~ Lin (b). Zero contours are omitted. Gray shading in
(a) indicates zonal wind is greater than 15.0ms™'. Color shadings
in (b) denote the standard deviation of 250-hPa meridional wind.
The bold black lines represent the climatological jet axis during
summer. The domain marked by the green rectangle in (b) is used
for the latter EOF analyses.

3. The high-latitude Eurasian teleconnection
pattern and the associated baroclinic energy
conversion

Figure 1 shows the climatological JJA-mean hori-
zontal winds at 250 hPa. Here, we use 250 hPa to rep-
resent the upper troposphere rather than 200hPa,
considering that the thickness of troposphere in the high
latitudes is thinner than that in the midlatitudes. The
basic flow in the high latitudes shows distinctly dif-
ferent features from that in the midlatitudes. For the
zonal winds (Fig. 1a), the westerly jet stream spans
across the North Atlantic and the midlatitude Eur-
asian continent, with strong meridional shear to the
north and south of the jet axis. Here, the jet axis is
determined as the first derivative of zonal winds
being zero. Over the high-latitude Eurasian continent,
however, the zonal wind shows much more uniform
features, with very weak zonal and meridional gradi-
ents. For the meridional winds (Fig. 1b), the mid-
latitudes are characterized by alternatively southerly
and northerly flows, with maximum amplitudes along
the Asian westerly jet. Over the high-latitude Eur-
asian continent, by contrast, the meridional winds
are weak. However, the meridional winds show strong
standard deviations, indicating that the upper-tropospheric
meridional winds over the region exhibit large inter-
annual variability. The standard deviations are much
stronger in the high latitudes than the midlatitudes.
It is notable that the cells of large interannual vari-
ability at the high latitudes do not correspond to
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the cells of the climatological strong northerlies or
southerlies.

Figure 2 shows the leading mode of 250-hPa JJA-
mean meridional winds obtained by EOF analysis within
the domain 55°-70°N, 35°-110°E, where the standard
deviations of meridional winds are basically larger than
3.50ms” ' (Fig. 1b). Prior to EOF analysis, the raw data
are weighted by the square root of the cosine of latitude
to obtain equal weight to equal areas. The leading mode
explains nearly half of the total interannual variance of
meridional winds (49.3%) and is significantly distin-
guished from the higher modes according to North et al.
(1982). The analysis domain is deliberately separated
from those used for the SRP analyses over midlati-
tudes conducted by previous authors (e.g., Yasui and
Watanabe 2010; Hong and Lu 2016). The domain is also
smaller than those used specially for high-latitude wave
trains by previous authors (Xie and Kosaka 2016; P. Xu
et al. 2019), since we attempt to highlight the main body
of the wave train. In fact, the present results are not
sensitive to the precise choice of EOF domain. As dis-
cussed in later analyses, the wave train can most effec-
tively extract available potential energy from the basic
flow for its growth and maintenance within the chosen
analysis domain. In addition, we also conducted EOF
analyses on the meridional wind and geopotential
height at other levels, such as the geopotential height
at 500hPa or the meridional wind at 925hPa, and
obtained very similar wave trains and principal com-
ponents (not shown). This is associated with the
equivalent barotropic structure of the teleconnection
pattern (P. Xu et al. 2019).

The leading mode is associated with a west—east see-
saw pattern. In the positive phase, positive anomalies
appear to the west of 67.5°E and negative ones to the
east of this longitude, with the positive and negative
centers near 63°N, 46.5°E and 60°N, 90°E, respectively.
The correlation coefficient of JJA-mean 250-hPa me-
ridional wind between these two centers is —0.63,
consistent with the seesaw pattern of EOF1. These
anomalies correspond well to the cells of strong stan-
dard deviations shown in Fig. 1b, suggesting that the
leading mode significantly contributes to the total vari-
ance of interannual variability in the upper-tropospheric
meridional winds.

In this study, we define a high-latitude Eurasian tele-
connection (HET) index (HETI) as the standardized
difference in JJA-mean 250-hPa meridional winds be-
tween the two centers of EOF1 (i.e., 63°N, 46.5°E minus
60°N, 90°E) to quantitatively estimate the interannual
variation of the HET. Therefore, the spatial pattern
shown in Fig. 2a is considered to be the positive phase of
the HET. The HETI is shown as the red line in Fig. 2b.
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FIG. 2. (a) EOF1, the leading mode of the 250-hPa meridional
wind (ms~") within the domain 55°~70°N, 35°~110°E. Zero con-
tours are omitted. This mode explains 49.3% of the total variance.
(b) Time series of the leading mode (PC1; black line) and the HET
index (HETT; red line; see text for details).

1990

1980

The HETT is highly correlated with PC1, with the cor-
relation coefficient being 0.98. Despite the high corre-
lation, we prefer to use the HETI considering its
simplicity. The HETI, as well as PC1, exhibits clear in-
terannual variation, but no distinct decadal variation.

Figure 3 shows the 250-hPa meridional wind anoma-
lies regressed against the normalized HETI. A clear
teleconnection pattern appears over the high-latitude
Eurasian continent along 63°N, with alternatively
southerly and northerly anomalies. The horizontal wave
activity flux (Takaya and Nakamura 2001) indicates that
the HET is a stationary Rossby wave train that origi-
nates from the North Atlantic and Europe and extends
eastward across the Eurasian continent. The telecon-
nection pattern is in good agreement with those shown
by previous studies (Xie and Kosaka 2016; P. Xu et al.
2019) and resembles the pattern of 500-hPa geopotential
height identified by Li and Ruan (2018), particularly
over the northwest part of the Eurasian continent. The
correlation coefficients between the HETI and the wave
train indexes defined by Li and Ruan (2018) and P. Xu
et al. (2019) are —0.60 and 0.96, respectively. On the
other hand, to test the connection between the HET and
the midlatitude SRP, the SRP index (SRPI) defined by
Yasui and Watanabe (2010) is employed, which is given
by the standardized PC1 of EOF analysis on 200-hPa
meridional winds over 20°-60°N, 0°-150°E. The corre-
lation coefficient between the HETI and SRPI is only
0.10, suggesting that these two teleconnection patterns
are largely independent of each other.

In the following, we make a detailed inspection of the
maintenance mechanism of the HET using the analysis
procedure adopted by Kosaka et al. (2009). We focus on
the baroclinic energy conversion (CP) associated with
the HET. The barotropic energy conversion (CK) is not
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FI1G. 3. The 250-hPa meridional wind anomalies (contours) regressed onto the standardized

HETI and associated horizontal wave activity flux (vectors). The contour interval is 0.5ms ™,
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and the zero contours are not shown. The shading denotes the 95% confidence level based on
the Student’s ¢ test. Vectors less than 1.5m?s ™2 are omitted.

discussed here, as it is much less efficient in energy
conversion (not shown), consistent with P. Xu et al.
(2019). The evaluation of CP is based on the following
formula (e.g., Kosaka and Nakamura 2006; Kosaka et al.
2009; Hu et al. 2018; P. Xu et al. 2019):

CP=- (L/T'a_” - L/T/a_“) . (1)
o p o ap

Here, u, v, and T denote the zonal wind, meridional
wind, and temperature, respectively. Overbars indicate
the climatological JJA mean, and primes denote the
perturbations regressed onto the normalized HETI.
Also, fis the Coriolis parameter, p is pressure, and o is
the stability parameter o = (RT/C,p) — (dT/dp), with
R being the gas constant and C, the specific heat at
constant pressure. Positive CP means the conversion of
available potential energy from the mean flow to the
teleconnection pattern.

To measure the net contribution of CP to the main-
tenance of the monthly anomalies associated with the
HET, we evaluate the time scales:

__(APE)

e =P @
where the angle brackets ({)) represent either the area
average over the Northern Hemisphere 5°-85°N or the
wave train domain 45°-75°N, 30°W-150°E and the square
brackets ([]) indicate vertical integration. APE = RT"/2ap
is available potential energy associated with the HET;
Tcp denotes how long it takes the observed available
potential energy anomalies to be fully replenished
through CP.

Figure 4 shows the CP and its two terms, that is,
—(flo)W/' T'(9uldp) (term 1) and (f/o)u' T'(dv/9p) (term 2),
integrated from the surface to 100 hPa, associated with
the HET. CP is characterized by alternatively positive
and negative values over the high-latitude Eurasian

continent (Fig. 4a). However, positive CP is obviously
larger than negative CP, indicating that the wave train
can extract available potential energy from the mean
flow to maintain or reinforce itself through baroclinic
energy conversion. The available potential energy of
the perturbations can be replenished within one week
over the Northern Hemisphere (4.04 days), and the
baroclinic energy conversion is more efficient when
focused on the wave train domain (only 3.11 days).
Since the conversion time scale is much shorter than
one month, the HET can be easily maintained against
dissipative processes.
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FIG. 4. (a) The vertically integrated (from surface to 100 hPa)
baroclinic energy conversion (CP) associated with the HET.
(b) The vertical integration of the first term [—(f/o)v'T'(0u/dp)]
and (c) the second term [(f/o)u/ T'(6v/dp)] of CP. The contour in-
terval is 0.02 W m 2. Zero contours are not shown. The red box in
(a) indicates the wave train domain (45°-75°N, 30°W-150°E).
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FIG. 5. The vertical section of baroclinic energy conversion CP
(shadings) and its first term [—(f/o)v'T'(du/dp); contours] along
63°N. The contour interval is 2.0 X 107> m?s ™3, and zero contours
are omitted.

The predominant term in CP is —(f/o)v'T'(ou/dp)
(Fig. 4b vs Fig. 4c), and its distribution well resembles
that for CP (Fig. 4a). The area-averaged value of this
term is 0.0045Wm ™2 over the Northern Hemisphere
and 0.0207Wm™? over the wave train domain, larger
than those of the total CP (0.0043Wm ? over the
Northern Hemisphere and 0.0186 W m ™2 over the wave
train domain). The other term, (f/o)u’'T'(dv/dp), on the
other hand, is very weak (Fig. 4c). Therefore, we focus
on the first term [—(f/o)v'T'(du/dp)] of CP in the
following.

Figure 5 shows the vertical section of CP and
—(flo)'T'(9ul/op) along 63°N, which is approximately
the latitude of strongest positive and negative vertically
integrated values (Figs. 4a,b). For each pressure level,
CP is almost same as —(f/o)v' T'(du/dp), consistent with
the integrated results (Fig. 4). Most of the baroclinic
energy conversion occurs below 250 hPa, with the max-
imum amplitudes appearing at midtroposphere (400 hPa).
Positive CP also extends downward to the lower tropo-
sphere and shows an amplitude maximum at 925hPa.
Negative CP, on the other hand, only appears over the
midtroposphere. In addition, there are also some cells
above 250 hPa but the values are very weak.

Figure 6 shows —(f/o)v'T'(9u/dp) integrated from 700
to 300 hPa and from 1000 to 700 hPa, to investigate baro-
clinic energy conversion in the midtroposphere and lower
troposphere. The distributions of —(f/o)v'T'(du/dp) at
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FIG. 6. Baroclinic energy conversion CP associated with the
HET integrated over the (a) midtroposphere (700-300 hPa) and
(b) lower troposphere (1000-700 hPa). The contour interval is
0.02 Wm ™2 Zero contours are not shown.

the middle and lower troposphere both resemble
the wavelike distribution for the whole troposphere
(Fig. 4b), although both the positive and negative values
in the midtroposphere appear to be larger than those in
the lower troposphere. The values of —(f/o)v' T (9u/dp)
averaged over the Northern Hemisphere and the wave
train domain for the middle and lower troposphere are
listed in Table 1. The value of —(f/o)v'T'(du/dp) aver-
aged over the wave train domain is 0.0106 W m 2 for the
midtroposphere and 0.0100 W m 2 for the lower tropo-
sphere. Therefore, we can conclude that this term or
baroclinic energy conversion in the midtroposphere and
lower troposphere equivalently maintains or reinforces
the HET.

Note that —(f/o)v' T’ (9u/dp) is determined by both the
disturbance structure and the basic state, that is, v/ T" and
—(flo)(9u/ap). Figure 7 shows the vertical cross section
of these two components along 63°N. The wavelike
distribution of v/ T’ resembles that of CP (Figs. 7a and 5),
but with opposite-signed cells below and above 250 hPa.
For those below 250 hPa, positive values are obviously
greater than the negative ones, contributing to the pos-
itive CP. Positive values also extend downward to the
surface, while negative values in the low levels are very
weak. On the other hand, the basic state component
shows two large bands in the lower troposphere and
midtroposphere, respectively (Fig. 7b), consistent with
the most efficient energy conversion there. In addition,
—(f/o)(om/ap) is very weak above 250 hPa, leaving weak
values of CP there, although v/ T" is strong (Figs. 7 and 5).

Figure 8 further looks into the vertical cross section
of the disturbance term. The vertical cross section of me-
ridional wind anomalies v/ clearly exhibits an equivalent-
barotropic teleconnection pattern, with maxima of
anomalies at 250 hPa. These anomalies extend downward
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TABLE 1. The —(fl/o)/ T'(9%/dp) (W m™?) averaged over the
Northern Hemisphere (NH; 5°-85°N) and the wave train domain
(WTD; 45°-75°N, 30°W-150°E). The values have been integrated
in the midtroposphere (700-300hPa) and lower troposphere
(1000-700 hPa), respectively.

NH WTD
700-300 hPa 0.0023 0.0106
1000-700 hPa 0.0021 0.0100

to the surface, except over Northeast Asia, where the
anomalies are weak at the low level possibly due to
the topography. Similar to the results for 250 hPa, the
strongest positive and negative meridional wind
anomalies for each level appear at about 45° and 90°E,
respectively. However, these positive anomalies tilt
westward with height, while the negative ones tilt
slightly eastward in the troposphere. The temperature
anomalies 7’ also exhibit equivalent-barotropic fea-
tures, showing anomalous centers in the upper and
lower troposphere, respectively. Note that T’ exhibits
opposite-signed anomalies below and above 250hPa,
resulting in opposite-signed v'T" below and above this
level (Fig. 7a). In the troposphere, the positive 7" be-
tween 45° and 90°E is strongest and extends clearly to
the surface. This temperature anomaly is well associated
with the anticyclonic anomaly indicated by the positive
and negative meridional wind anomalies. However, a
closer inspection indicates that v/ leads T’ not exactly by
1/4 phase in the troposphere, especially in the lower
levels, leading to nonzero values for v T, an issue dis-
cussed further in the next section.

Figure 9 shows the vertical cross section of the com-
ponents associated with the basic state [—(f/o)(0u/dp)]

(a) Disturbance component (v'T’)
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along 63°N. The term f/o shows its largest values in the
lower troposphere (Fig. 9a), which results from smallest
values of o, suggesting that the atmospheric stratifica-
tion is more unstable in the lower troposphere. The
distribution of f/o- corresponds well to the distribution of
land and sea in the lower troposphere. There are larger
values over the Eurasian continent (0°-150°E) and
North America (165°-95°W), but smaller values over
the North Pacific (150°E-165°W) and North Atlantic
(95°W=0°). This is because land warms up faster than the
ocean during summer and the temperature in the lower
troposphere is easily affected by the surface sensible
heat flux. Therefore, the atmospheric stratification over
land is more unstable than that over the ocean. Also,
flo is relatively large and uniform in the midtroposphere
around 400 hPa, consistent with large CP there. The two
large bands of flo- correspond well to those of the basic
state (Fig. 7b), indicating that flo plays an important role in
the basic state component. In addition, flo becomes very
weak above 250hPa, due to the strong stability of atmo-
sphere in the stratosphere. As a result, —(f/o)v' T’ (9u/dp)
and CP are very weak there (Fig. 5).

The term o is determined by two components:
RT/C,p and 9T/dp. As the air density decreases with
height, the term RT/C,p expectedly increases, and ex-
hibits nearly uniform values at each level (Fig. 9b).
Even for the lower troposphere, where the tempera-
ture and pressure may depend appreciably on the
distribution of land and sea, this term is almost con-
stant in the zonal direction. For instance, the RT/C,p
values are very similar over the Eurasian continent
and North Pacific at 925 hPa, being 8.80 X 10~* and
8.70 X 10"*K Pa ! averaged over 63°N, 0°~150°E and
63°N, 150°E-165°W, respectively. Therefore, this term
can contribute to smallest values of ¢ in the lower

(b) Basic state component (-f/o*0U/dp)

100

150

200
250
300
400
500

700

850
1000

90E

120E  150E

FIG. 7. The vertical section of (a) the disturbance component (v/7"; m Ks ') and (b) the basic state
component [—(f/o)(9T/dp);1.0 X 10 m K 's™?] associated with —(f/o )/ T'(9@/dp) along 63°N. The contour
intervals in (a) and (b) are 0.5 and 1.0, respectively. Zero contours are omitted in (a).
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FIG. 8. The vertical section of meridional wind anomalies v’
(shading; ms™!) and temperature anomalies 7’ (black contours)
regressed onto the normalized HETI along 63°N. The contour in-
terval is 0.2 K, and zero contours are in bold.

troposphere, but cannot explain the distinct land-sea
distribution of o.

The term 97/dp basically increases with height in the
troposphere and shows its largest values in the middle to
upper levels (Fig. 9c). These large values, together with
RT/C,p, which increases with height (Fig. 9b), lead to
relatively weaker o and resultant greater f/o around
400 hPa (Fig. 9a). In the lower troposphere, on the other
hand, the term a7/dp shows a distinct land-sea distri-
bution, being larger over the continents than the oceans.
For example, the difference in climatological mean
temperature between 1000 and 850 hPa averaged over
the Eurasian continent at 63°N, 0°~150°E is 8.95 K, 76%
larger than that over the North Atlantic at 63°N,
95°W-0° (5.09 K). This term is associated with the basic
state of temperature, which decreases with height, as
expected (Fig. 9d). The basic state of temperature in
the lower troposphere also exhibits a distinct land—sea
contrast, with higher temperature over the continents
than the oceans. These features favor lower stability of
the atmospheric stratification over the continents.

On the other hand, the climatological zonal winds
increase uniformly with height below 250 hPa and de-
crease above this level (Fig. 9f), and thus the term
—ouldp is almost a constant below 250hPa (Fig. 9e),
with a value of around 1.0 X 10" *mPa~'s™'. This result
indicates that the basic flow in the high latitudes shows
not only weak zonal and meridional shear (Fig. 1a), but
also weak vertical shear (Fig. 9¢). This is distinctly differ-
ent from the basic flow in the midlatitudes, where —du/dp
shows very strong values below and above the westerly jet.
Therefore, compared to —du/dp, the atmospheric stability
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o plays a more important role in the basic state com-
ponent of CP (Figs. 9a and 9e vs Fig. 7b).

The results in this section indicate that the HET can
be maintained by extracting available potential energy
from the basic flow (i.e., the baroclinic energy conver-
sion, CP). CP is efficient not only in the midtroposphere,
but also in the lower troposphere. The perturbations
associated with the HET and the basic state both sig-
nificantly contribute to positive CP. Especially, the at-
mospheric stability associated with the basic state of
temperature in the lower troposphere is important. This
is distinctly different from the midlatitude teleconnec-
tion, which greatly relies on the basic state of the zonal
wind in the middle to upper levels. The results in this
section are obtained by the vertical cross section of these
components. The horizontal distribution of these com-
ponents in the midtroposphere and lower troposphere is
investigated further in the subsequent section.

4. Baroclinic energy conversion CP associated with
the HET in the midtroposphere and lower
troposphere

The results in the preceding section indicate that the
CP associated with the HET features two maxima in
amplitude at 400 and 925 hPa, respectively. In this sec-
tion, we further explore the horizontal distribution of
baroclinic energy conversion at these two levels.

Figure 10 shows the distributions of —(f/o")v' T’ (du/dp)
and each component associated with this term at
400 hPa. The term —(f/o)v'T'(ou/dp) exhibits alternat-
ing positive and negative values (Fig. 10a). The positive
values are obviously larger than the negative ones. The
maximum positive value (at 63°N, 52.5°E) is 1.07 X
10" *Wm 2 70% higher than the maximum negative
value (at 64.5°N, 78°E; —6.13 X 10°Wm 2). The
higher positive values are dominated by the larger pos-
itive values of the disturbance term v'7T" (Fig. 10c), the
distribution of which resembles —(f/o)v'T'(9u/dp). The
term v'T at 63°N, 52.5°E is 2.00mKs ™', 50% higher
than that at 64.5°N, 78°E (—1.33m K s~ !). The pattern of
v'T is associated with the configuration of v and 7T'. It
is found that v/ leads 7" roughly by 1/4 phase (Figs. 10e
and 12a), which can be explained by the association
between the anticyclonic (cyclonic) anomaly and warmer
(cooler) temperatures. However, a careful scrutiny
shows that the center of positive v’ appears over positive
T, rather than at the zero contour (Fig. 12a). The con-
figuration of v/ and 7" is important for the sign of v'T":
The total sum of v'T" is positive (negative) if v/ leads or
lags T by less (more) than 1/4 phase, and it is zero if v/
leads or lags 7" exactly by 1/4 phase. Therefore, although
v'T shows alternative positive and negative values, the
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dashed lines in (a)-(d) are 165°W, 95°W, 0°, and 150°E, respectively.

positive ones are stronger than the negative ones
(Fig. 10c).

On the other hand, the term associated with the
basic state [—(f/o)(0u/dp)] is strongest over midlatitude
Eurasia and the North Atlantic, and shows another
relatively high-amplitude belt over high-latitude Eura-
sia (Fig. 10b). For the midlatitude Eurasia and North
Atlantic, the basic state of zonal wind (—du/dp) plays a
dominant role due to the existence of the westerly jet
(Figs. 10b,d). However, over high-latitude Eurasia
—du/dp is much smaller. By contrast, the stability pa-
rameter o is smaller over high-latitude Eurasia (Fig. 10f)
than in the midlatitudes. Besides, the Coriolis parameter

f over the high latitudes is larger than that in the mid-
latitudes, which is 12.99 x 107> s ! for 63°N and 9.37 X
107>s™! for 40°N. As a result, f/o in the high latitudes is
larger than that in the midlatitudes. Therefore, f/o is
important for the energy conversion in the high lati-
tudes, while for the midlatitudes the energy conversion
is more favored by the basic state of zonal wind.
Figure 11 shows the distributions of — (f/o")v' T'(0u/dp)
and each component associated with this term at
925 hPa. Positive —(f/o")v' T'(du/dp) mainly appears over
50°-72.5°N, 40°-70°E, indicating that baroclinic energy
conversion is most efficient there (Fig. 11a). Notably,
—(flo)'T'(dul/dp) over the other regions is very weak.
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and negative (at 64.5°N, 78°E) value, respectively.

The distribution of v'T’ resembles —(f/o )/ T'(du/op)
(Fig. 11c), confirming its important role in in determin-
ing the pattern of CP. Positive v'T" results from the
strong positive v/ and positive T there (Fig. 1le).
Compared to 400hPa, v' and 7" are more in phase at
925hPa (Figs. 11e and 12b); that is, the anomalous
southerly flow basically corresponds to positive tem-
perature anomalies and the anomalous northerly flow
corresponds to the negative temperature anomalies.
This is because the meridional gradient of mean tem-
perature in the lower troposphere is larger than that in
the midtroposphere: the value averaged over the wave
train domain is —2.02 X 10" ®K m ™' at 925 hPa, stronger
than that at 400 hPa (—1.31 X 10 °Km '), and thus the
temperature anomalies in the lower troposphere are
greatly affected by the anomalous meridional advection
of mean temperature.

The basic state term [—(f/o)(du/dp)] at this level
shows a distinct land-sea distribution, with greater
values over the continents than the oceans (Fig. 11b).
This is mainly induced by the distinct land-sea contrast

of o (Figs. 11b,f). For the Eurasian continent, the dis-
tribution of —(f/o)(0u/dp) resembles o (Fig. 11f), sug-
gesting that o significantly contributes to —(f/o)(du/dp).
Also, —du/dp is stronger over the high latitudes than
the midlatitudes in the Eurasian continent (Fig. 11d),
possibly due to the thermal contrast between the
Eurasian continent and Arctic Sea through thermal
wind relationship. In addition, compared to that at
400 hPa (Fig. 10f), o at 925hPa is much weaker, sug-
gesting that it plays a more important role in
—(flo)(du/op) (Fig. 11f). This is because the atmo-
sphere in the low levels is more easily affected by
surface sensible heating, resulting in lower atmo-
spheric stability. Therefore, we can confirm that the
lower-tropospheric atmospheric stability plays an
important role in energy conversion, which was shown
in the preceding section.

Itis notable that the reanalysis data are artificial under
the surface. Fortunately, positive —(f/o)v' T’ (9u/dp) at
925hPa appears over the plains (Fig. 11a) and the re-
analysis data there should be reliable. We also used the
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0.3, 0.5, 0.2 and 0.1, respectively. Zero contours are not shown. The black shading represents mountains higher than 800 m.

NCEP-NCAR reanalysis data and the JRA-55 data to
repeat these analyses and obtained similar results.

In summary, the results in this section confirm that
the configuration of v/ and 7" plays an important role
in energy conversion associated with the high-latitude
teleconnection pattern. Particularly, in the lower
troposphere, v and 7’ are more in phase due to the
larger meridional gradient of mean temperature. In
addition, the basic state plays a key role in the baro-
clinic energy conversion for both the midtroposphere
and lower troposphere. On the one hand, the stability
parameter is small and the Coriolis parameter is large
in the high latitudes, favoring strong baroclinic en-
ergy conversion. Especially, in the lower troposphere,
the stability parameter exhibits a clear land-sea
contrast, with smaller values over the continents than
the oceans. On the other hand, although the vertical
shear of the mean zonal wind is weak in both the
middle and lower troposphere over high-latitude
Eurasia, in the low levels it is relatively larger in the
high latitudes than the midlatitudes. All these fea-
tures determine that the lower-tropospheric energy

conversion occurs in the high latitudes of the Eurasian
continent.

5. Conclusions and discussion

In this study, we confirmed the existence of a telecon-
nection pattern over the high-latitude Eurasian continent
in summer, and confirmed, using the same analysis pro-
cedure as Kosaka et al. (2009), that this teleconnection
pattern can be maintained through baroclinic energy
conversion, as has been suggested in previous studies (Xie
and Kosaka 2016; P. Xu et al. 2019). We called this tele-
connection pattern the high-latitude Eurasian telecon-
nection (HET) to emphasize the unique role of the basic
state over the high latitudes of the Eurasian continent in
maintaining the teleconnection, which is also the main
focus of this study.

Itis found that the baroclinic energy conversion is most
efficient in the middle and lower troposphere. The bar-
oclinic energy conversion in these two layers contributes
equivalently to the maintenance of the HET. Further
analysis indicates that baroclinic energy conversion is
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malized HETI along 63°N at (a) 400 and (b) 925 hPa. The vertically dashed line in (a) indicates the longitude where
v peaks, and the red stars indicate the corresponding values of v' and 7T’, respectively.

dominated by the stability parameter and vertical gra-
dient of zonal winds. The stability parameter is small in
both the middle and lower troposphere over the high
latitudes of the Eurasian continent, favoring baroclinic
energy conversion. On the other hand, the vertical gra-
dient of zonal winds is uniform in the entire troposphere
over the high latitudes of the Eurasian continent.
However, the vertical gradient of zonal winds is rela-
tively larger around the northern edge of the Eurasian
continent in the lower troposphere, resulting in the
strong baroclinic energy conversion, together with the
stability parameter. Furthermore, the disturbances as-
sociated with the HET also favor baroclinic energy
conversion, by showing positive values of v'T" larger
than the negative ones. In the lower troposphere, par-
ticularly, positive values of v/ 7" are much larger than the
negative ones, and this is very important for baroclinic
energy conversion. Finally, the Coriolis parameter,
which is larger in the high latitudes, also contributes to
the strong baroclinic energy conversion in the high lat-
itudes of the Eurasian continent, as expected.

The present results indicate that the basic state plays a
key role in maintaining the HET. The role of the basic
state can be summarized as follows. First, the low sta-
bility in the midtroposphere over high-latitude Eurasia
makes the baroclinic energy conversion there compa-
rable to, albeit weaker than, the conversion in the mid-
latitudes, despite the very strong gradient of zonal winds
in the latter region (Fig. 10). Second, in the lower tro-
posphere, the stability is also low over the Eurasian
continent due to surface sensible heating, and the vertical
gradient of zonal winds is relatively larger over high-
latitude Eurasia possibly due to the thermal contrast

between the Eurasian continent and Arctic Sea during
summer, both favoring strong baroclinic energy con-
version (Fig. 11). Finally, the strong contrast between
warm lands and cool seas around the northern edge of
the Eurasian continent during summer provides a good
condition for inducing the structure of disturbances that
favors strong positive baroclinic energy conversion, that
is, southerly (northerly) anomalies resulting in warmer
(cooler) air temperatures (Fig. 11).

Considering the important role of the basic state, we
speculate that the high latitudes of the Eurasian conti-
nent could be a unique region for pure high-latitude
teleconnections. On the one hand, although the basic
state can also favor baroclinic energy conversion over
the high latitudes of North America (Fig. 11b), the
longitudinal scope is much smaller and thus it prevents
the appearance of teleconnections there. On the other
hand, in the Southern Hemisphere during the boreal
summer, we found that teleconnection patterns exist
over the high latitudes (not shown), possibly fa-
vored by baroclinic energy conversion roughly around
60°S. However, these high-latitude teleconnections are
closely related to those along the upper-tropospheric
westerly jet in the Southern Hemisphere, unlike the in-
dependence of mid- and high-latitude teleconnections
shown in the present results. We attribute this difference
between the Northern and Southern Hemisphere to the
relatively poleward location of the Southern Hemi-
sphere jet. For instance, for the austral summer, Lin
(2019) identified a stationary teleconnection in the
South Atlantic and south Indian Ocean (roughly around
50°S) and attributed it to the strong Southern Hemi-
sphere westerly jet there. Therefore, the mechanism for
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the teleconnection patterns in the Southern Hemisphere
might be more complicated and require further investiga-
tion. In addition, this study indicates that the HET is rel-
atively independent of the midlatitude SRP. Therefore, it
could be expected that different configurations of the HET
and SRP would result in different climate effects over
Eurasia, which is another interesting topic for future study.
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