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Abstract Based on observational and reanalysis data-
sets, this study investigates the structure and dynamics of
a wave-like atmospheric teleconnection pattern along the
wintertime Asian jet and its influence on East Asian cli-
mate. Along the jet, the leading empirical orthogonal func-
tion (EOF) mode of monthly meridional winds at 250-hPa
in winter (December, January, and February) is organized
as a wave train with maximum anomalies at upper tropo-
sphere. The wave train propagates northeastward from
the North Atlantic to Europe, turns southeastward to the
Middle East with amplifying amplitude, propagates along
the jet to South China, and reaches Japan, which is partly
induced by sea surface temperature (SST) anomalies in the
equatorial eastern Pacific and the North Atlantic Oscilla-
tion. Over the sector from Europe to the Middle East, the
anomalous vortices in the wave train tilt northwestward
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with height and tilt northeast/southwest in horizontal at
250 hPa, favoring for extracting available potential energy
and kinetic energy from mean flows effectively. In addition,
there exists a positive feedback between transient eddies
and the wave train-related anomalous circulation over the
North Atlantic and Europe. These processes help to main-
tain and amplify the wave train. Moreover, the wave train
can exert significant influences on the wintertime climate
in East Asia. When it is in the phase with a cyclone (anticy-
clone) over South China (Japan), rainfall tends to be above
normal in South and East China and surface air tempera-
ture tends to be above normal around Japan and the Korea
peninsula.

Keywords Wave train - Wintertime Asian Jet - East
Asian climate

1 Introduction

The stationary Rossby wave can propagate along strong
westerly jets (Hoskins and Ambrizzi 1993). This is because
that the jet regions exhibit strong maxima in the wavenum-
ber of stationary Rossby wave, with minima to the north
and south of the jets. Since Rossby wave rays are always
refracted toward latitudes with larger stationary wave-
number, the stationary Rossby wave tends to be refracted
toward the core of the jet, indicating that the jet acts as an
efficient waveguide.

There are strong westerly jets over Asia in both boreal
winter and summer. In summer, the Asian jet is located
around 40°N. Lu et al. (2002) reported that stationary wave
activities in summer Asian jet have a favored longitudi-
nal phase. This wave train, which was subsequent named
as a silk road teleconnection by Enomoto et al. (2003),
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could lead to anomalous rainfall and temperature over
North China (Huang et al. 2011; Chen and Huang 2012)
and Japan (Sato and Takahashi 2006). The geographical
fixing of silk road teleconnection is possibly because it is
triggered by geographically-fixed convective activities to
the north of the Arabian Sea (Ding and Wang 2005), and
because the pattern of teleconnection has the most effi-
ciency to extract kinetic and available potential energy
from mean flow (Kosaka et al. 2009).

In boreal winter, the Asian jet shifts southward to the
latitudes around 25°N, extending from the Middle Asia to
the North Pacific. Branstator (2002) proved that the winter
Asian jet could provide a waveguide for stationary Rossby
waves. Using model simulations, he suggested that the sta-
tionary Rossby waves in the jet have no favored longitudi-
nal phase as the fist two leading empirical orthogonal func-
tion (EOF) modes cannot be distinguished with each other.
But in his observational analyses, stationary Rossby waves
in the jet appear to have a favored phase, which he thought
is possibly caused by sample deficient in the observations.
In the later studies, researchers mainly focus on the role
of the jet to extend upstream perturbation to downstream
regions via wave propagation (Watanabe 2004; Song et al.
2013; Li and Zhou 2016; Li and Sun 2015), while whether
the wave activities along the jet have a preferable longitudi-
nal phase is still unresolved.

Following the observational analyses in Branstator
(2002), we have detected a wave train in the jet with pref-
erable longitudinal phase. To establish confidence in the
existence of the wave train, we have investigated the mech-
anism for how the wave train develops. To do that, we first
examined whether the wave train is an optimal atmospheric
internal model that easily gains energy from mean flows
and transient eddies. Then, we examined whether the wave
train is anchored by geographically-fixed external forcing.
We mainly focused on two kinds of external forcing in this
study: the North Atlantic Oscillation (NAO) and tropical
sea surface temperature, because evidences (Branstator
2002; Watanabe 2004; Song et al. 2013) show that wave
activities in the jet are partly linked to the North Atlantic
Oscillation (NAO), which in turn is likely affected by tropi-
cal perturbations (Lin et al. 2005; Li and Lau 2012; Yu and
Lin 2016). Moreover, we have investigated the impact of
the wave train on East Asian climate.

The paper is organized as follows. Section 2 provides a
brief description of datasets and methods. Sections 3 and
4 show spatial pattern and vorticity budget of the leading
wave train in the jet. In Sect. 5, we analyze the conversions
of kinetic energy and available potential energy from mean
flow to the leading wave train. In Sect. 6, we investigate the
feedback between transient eddies and the leading wave
train. In Sect. 7, we examine the possible external forcing
for the leading wave train. Section 8 shows the impact of

@ Springer

the wave train on wintertime temperature and precipitation
in East Asia. Finally, we give a summary in Sect. 9.

2 Data and methods

The monthly and daily mean winds, geopotential height,
air temperature are derived from the National Centers for
Environmental Prediction-Department of Energy (NCEP-
DOE) atmospheric reanalysis dataset with a resolution of
2.5° x 2.5°, which is available from 1979 to present (Kan-
amitsu et al. 2002). The global precipitation dataset used in
this study is the Global Precipitation Climatology Project
(GPCP) monthly precipitation dataset available from 1979,
which combines observations and satellite precipitation
data into 2.5° X 2.5° global grids (Adler et al. 2003). The
China monthly mean precipitation dataset used in this study
includes 160 stations in China for the period 1979-2013,
which was provided by the National Climate Center, China
Meteorological Administration.

The stationary Rossby waves trapped by the winter-
time Asian jet waveguide can persist longer than 10 days
and can be easily identified in monthly mean data (Wata-
nabe 2004). Thus, we analyze the structure and dynamics
of stationary waves in winter months (December, January,
and February, DJF) during 1979/80-2013/14, constituting
105 months. Before analyses, we remove annual cycle from
raw data to obtain monthly anomalies. Given autocorrela-
tions of monthly time series could reduce effective sample
sizes when testing statistical significance, following Metz
(1991), we calculate effective sample sizes N, for correla-
tions and regressions of time series X and Y as

Tmax

N,y = N/max l 1142 <1 - %J)rx(f)ry(r)] .
=1
where N denotes the sample sizes, and ry(7) and ry(7) are
the autocorrelations of time series X and Y with a lag of
7 months. The maximum lag 7,,,, is set as the maximum
number that does not exceed N/2. In this study, all the sta-
tistical significances are evaluated with a two-sided Stu-
dent’s ¢ test, taking into consideration of the effective sam-

ple sizes.

3 Structure of the leading wave train

Climatological mean winds at 250- and 850-hPa are shown
in Fig. la, b. At the lower troposphere, there are strong
northwesterlies from the Siberia to Japan and strong north-
easterlies from the subtropical Northwest Pacific to the
Maritime Continent. At upper troposphere, there are strong
westerlies from North Africa to the subtropical Northwest
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Pacific, known as wintertime Asian jet, with the maxi-
mum wind speed exceeding 45 m s~!. The jet can provide
a favorable waveguide for stationary Rossby wave propa-
gation (Hoskins and Ambrizzi 1993; Branstator 2002).
Figure 1c shows the standard deviations of monthly (DJF)
meridional winds (v) at 250-hPa. The standard deviations
are larger in the jet than its adjacent regions, indicating
that wave activities are strong along the jet. Moreover, the
standard deviations of v along the jet are not uniform but
have multiple centers of great value over Egypt, the Per-
sian Gulf, North Indian and the sea to the south of Japan.
Outside the jet, the variability of monthly mean v is large at
high latitudes especially in the sector from the North Atlan-
tic to Europe, suggesting strong wave activities there.

In order to investigate the spatial pattern of wave activi-
ties along the jet, we perform an empirical orthogonal func-
tion (EOF) analysis based on monthly (DJF) v at 250-hPa
in the domain of 0—45°N, 0-120°E from 1979 to 2013, fol-
lowing Branstator (2002). The first and second EOF modes
account for 33 and 22% of the total variance, respectively,

which can be distinguished with each other based on cri-
terion of North et al. (1982), consistent with Branstator
(2002). The results, together with that the standard devia-
tions of v along the jet are not uniform but have multiple
centers, indicate that the two EOF modes are two discrete
modes but not the components of a continuous Rossby
wave family. Figure 2a, b show the regressions of winds
at 250-hPa onto the first and second principal component
(PC1 and PC2), respectively. For simplicity, we use the
regressions of winds onto PC1 and PC2 to represent the
first and second leading EOF (EOF1 and EOF2) modes
here (Fig. 2). The EOF1 mode features a wave-like struc-
ture with an anticyclone over the subtropical Northwest
Atlantic, a cyclone over the North Atlantic, an anticyclone
over Europe, a cyclone over Egypt, an anticyclone over the
Arabian Gulf, a cyclone over South China, and an anticy-
clone over Japan. It is noted that the EOF1 mode is not a
local atmospheric mode only confined in the jet but has
a substantial part in the sector from the North Atlantic to
Europe. Compared with EOF1 mode, the zonal phase of
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Fig. 2 The regression of (a) EOF1 5m/s 339,
—

monthly 250-hP winds (vectors;

above 99% confidence level)
onto the PC1 (a) and PC2 (b)
of the EOF modes of 250-hPa
monthly v (December, January,
and February) in the domain
(0—45°N, 0-120°E) from 1979
to 2013. The contours in a (b)
represent the correlations of

monthly precipitation with PC1
(PC2), with shades above 99%
confidence level. The first and
second leading EOF modes

explain 33 and 22% of total
variance, respectively

EOF2 mode is shifted westward about a quarter wavelength
from EOF1 mode. We note that the great value centers of
monthly v variability over the North Africa, the Middle
East and the South Asia are corresponding to EOF1 mode,
indicating that the wind anomalies in the jet are most likely
to be developed into EOF1 mode.

The contours in Fig. 2a, b represent the correlations of
precipitation with PC1 and PC2, respectively. In the North-
ern Hemisphere, the most significant correlation of pre-
cipitation with PC1 is located in South and East China,
with correlation coefficients exceeding the 99% confidence
level. When EOF1 mode is in its positive (negative) phase,
the rainfall in South and East China is significantly above
(below) normal (Fig. 2a). Compared with PC1, the corre-
lations of precipitation with PC2 are weak especially over
East Asia (Fig. 2b). Since the EOF1 mode is the leading
mode of wave activities and since the EOF1 mode exerts
a strong influence on East Asian wintertime precipitation,
we will only investigate EOF1 mode and its impact in the
following sections.

Figure 3 shows the wave-activity fluxes and height
anomalies associated with the EOF1 mode, where the defi-
nition of the wave-activity fluxes follows Takaya and Naka-
mura (2001) as:

(v = ') + v = y'vl)

= ﬁ b‘t(v/;u/y’ - u/’w;y) + 9y, = y'y))
Vi I BV N N ) N A R A
Ra/p{u<t//xwp 174 l//x,,> +ww, - l//_\,,,)}

2
Here, w denotes the stream function, f the Coriolis
parameter, R the gas constant, U = (&, v) the horizontal
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wind velocity, and o = (RT/C,p) —dT/dp, with tem-
perature 7, and the specific heat at constant pressure C,,.
Overbars and primes denote the DJF mean and the monthly
disturbances regressed on normalized PCI, respectively.
The fluxes are parallel to the local group velocity of sta-
tionary Rossby wave. At 250-hPa, the wave activity fluxes
start from the North Atlantic intensifying over Europe, pass
through the Mediterranean, turn southeastward to the Ara-
bian Sea, cross South Asia and turn northeastward to Japan,
in consistent with wave-like geopotential height anoma-
lies. At 500-hPa, the patterns of wave activity fluxes and
the geopotential height anomalies are similar with those at
250-hPa. At 850-hPa, the wave activity fluxes are weak in
the jet regions, so are the geopotential height anomalies.
Outside the jet, there are strong wave activity fluxes over
the Siberia, which seems to be corresponding to strong
westerlies there (Fig. 1b). Thus, there likely exist two paths
of wave propagation from Europe to East Asia. One path is
the Asian jet at upper troposphere, and the other is at high-
latitudes around 60°N. The wave activities along the jet are
mainly confined at the mid and upper troposphere, while
the wave activities at high-latitudes are strong in lower
troposphere corresponding to the strong westerlies there.
Figure 4 shows a longitude-height section of vorticity,
temperature and vertical velocity anomalies associated with
the wave train at the latitude of 25°N. The selection of 25°N
is because it is the central latitude of climatological Asian
jet. It is important to note that the wave pattern in the North
Atlantic and Europe is away from 25°N, so Fig. 4 only dis-
plays the vertical structure of waves that locate within the
jet. To the east of 10°E, there are three obvious anomalous
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Fig. 3 The regressions of
geopotential height (contours;

(a) 250hPa

unit: m) at 250-hPa (a), 500-hPa %é o < .
(b) and 850-hPa (c) on the PCI. BON "3 \;\;;&f;ﬂ;? 2.2
Vectors are the wave fluxes Pra s oa LH
computed by the Eq. (2). The 3 fff\\zc/,c-ﬂ - HESNN
dark (light) grays represent N4 T St > LT R
" X . 30N G - romr - - - - - S = 4 .
positive (negative) regression T [ Mgy v v v s N OO o -ha“ st SN
above 99% confidence level o T TR0 IR ANt o A s Ve e
. RN , .......
RPN S MG N4 - DI
0 T t t t T — ’J/?I = T
90w 60W 30W 0 30E 60E 90E 120E 150E 180

90E 120E 150E 180

vorticity cells (Fig. 4a), corresponding to the anticyclonic
anomalies over the Arabian Gulf and the cyclonic anoma-
lies over Egypt and South China. The vorticity anomalies
increase with height and peak at around 250-hPa. In detail,
the vorticity anomalies tilt westward with height to the west
of 60°E and tilt eastward slightly to the east of 60°E, corre-
sponding to the upward (downward) wave fluxes to the west
(east) of 60°E. According to the thermal wind relation, the
vertical change of vorticity must be associated with air tem-
perature anomalies, with warmer (cooler) air under upper
positive (negative) vorticity anomalies (Fig. 4b).

4 Vorticity budget of the leading wave train
In this section, we conduct an analysis of the vorticity

budget based on the linearized vorticity equation (Kosaka
and Nakamura 2006):

90E

120E 150E 180

o o of of +9) .
—ft, ===V, 5 - ,/,, F V:,, a—y —(residuals) =0,
N e’ \ J\C ~ —/
ZA MA B

3)
where S represents the linearized barotropic Rossby wave
source (Sardeshmukh and Hoskins 1988):

==y {0, (F+8)} - V- (8,0). 4)

In Egs. 3 and 4, u, = (uw, vw) and u, = (ul, V;() are
the rotational and divergent wind components, respec-
tively, and ¢ denotes relative velocity. The terms ZA and
MA represent the advections of anomalous vorticity by cli-
matological zonal and meridional winds, respectively, and
the f term represents the horizontal advection of the mean
absolute vorticity by anomalous winds. Vertical advection,
tilting and nonlinear effects are included in the residuals. A
positive value of a specific term corresponds to an increas-
ing tendency of cyclonic vorticity.
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Fig. 4 The longitude-
height section of vorticity
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Figure 5a-d show the contribution of each term at
250-hPa based on the regression of wind anomalies on
normalized PC1. There are alternate positive and nega-
tive wave sources along the jet (Fig. 5a), with cyclonic
vorticity sources over the east of Mediterranean regions,
South Asia and the sea to the east of Japan and anticy-
clonic vorticity sources over the Middle East and East
Asia. We note that the strongest wave source is over the
Mediterranean, which may in turn partly link with the
North Atlantic Oscillation (Watanabe 2004). The terms
of ZA (Fig. 5b) and g (Fig. 5d) are much stronger than
the others in the jet, and their signs are opposite to each
other. This suggests that the advection of perturbation
vorticity by mean flow tends to be compensated by f
effect, indicating the wave along the jet is indeed a sta-
tionary Rossby wave. We also examine the value of
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—u' % and —v' 29 in the B term, and find that the 8
¥ ox [

term is mainly contributed by —vl’V %;O (not shown). The

MA term (Fig. 5¢) is too weak to contribute much to the
teleconnection. The values of residuals are small and
scattered (Fig. 5e), indicating it does not play an impor-
tant role in the vorticity budget.

5 Energy conversions between the perturbations
of leading wave train and mean flows

In this section, we estimate the conversion of local kinetic
energy (CK) and the conversion of available potential energy
(CP) associated with EOF1 mode. Our evaluation is based on
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Fig. S The Rossby wave source
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the following equations, the same as those used by Kosaka
and Nakamura (2006):

2 _ 2 A 5 = 5
Ck = LU (9 _ 0V (O, OV (5)
2 ox dy dy ox

CP = —J—cv'T’%J—cu’T'Q. (6)
o oP o oP

Here, positive CK and CP mean the conversion of kinetic
energy and available potential energy from mean flow to
the wave train, respectively.

30E 60E 90E 120E 150E 180

As the vorticity anomalies of the wave train extend to
100-hPa (Fig. 4), we calculate the vertical integral of CK
and CP from the surface to 100-hPa to denote conversion
of local kinetic energy and available potential energy
between the wave train and mean flow (Fig. 6). The most
prominent CK and CP are located from 10°W to 150°E.
To the east of 50°E, both CK and CP are alternatively
positive and negative along the jet, and the total CK and
CP in this region is close to zero. To the west of 50°E,

where dominant term in Eq. (5) is u/V/ g—i, positive CK is
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Fig. 6 a Vertically inte-
grated (from surface to

100-hPa) conversion of
kinetic energy with interval
1(x0.5, +£1.5, =+25, ..)
x 107! Wm~2. b Verti-

cally integrated (from
surface to 100-hPa) conver-
sion of available potential
energy with interval 0.5

(£0.25, +0.75, +1.25, ..)
x 107" Wm~2. The vectors
denote wave fluxes at 250-hPa,
and the grays represent DJIF

mean zonal wind speeds above
35 m/s. The rectangle to the
west (east) of 50°E represents
the upstream (downstream) of
the wave train

I .
oA e

Table 1 Area mean of vertically integrated (from surface to 100 hPa)
CK and CP (Wm~™2) in the North Hemisphere after the wave pattern is
shifted longitudinally relative to the original location

20° west- 10° west-  Original 10° east- 20° eastward
ward ward ward

CK 0.0018 0.0017 0.0022  0.0013 —-0.0016

CP 0.0017 0.0018 0.0020  0.0019 0.0016

mainly distributed to the north side of mean jet while
negative CK is mainly distributed to the south side of
mean jet, and positive CP is mainly located in Northwest
Europe and the regions around the east part of Mediterra-
nean while negative CP is mainly located to the north of
Mediterranean. We note that positive CP and CK are
obviously larger than negative CP and CK in the sector
from Europe to the Middle East, indicating that the wave
train can get kinetic energy and available potential energy
from the mean flow in this region.

Thus, we divide the regions of the wave train into two
parts: the upstream region (10°N-65°N, 10°W-50°E)
and the downstream region (10°N—40°N, 50°E-150°E).
The area mean of vertically integrated CK and CP are
2.35% 1072 and 1.62 x 1072 Wm~2 in the upstream region,
and —2.7x 107 and —-3.56 x 107> Wm~2 in the down-
stream region, respectively. Here, we divided the upstream
and the downstream by 50°E, where is the turning point
from southeastward wave propagation to eastward propa-
gation. We also test different dividing longitudes, and
find that the area-mean values of vertically integrated
CK and CP in the upstream and downstream are not very
sensitive to the selection of dividing longitudes. Both of
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CK and CP are acting to strengthen the wave train in the
upstream region but to damp the wave train in the down-
stream region. The area-mean values of the vertically inte-
grated CK and CP over the entire North Hemisphere are
2.15% 1073, and 1.98 x 1073 Wm™2, respectively. Thus,
the net effects of both of CK and CP are favorable for the
maintenance of the wave train. In order to investigate a pos-
sible role of energy conversions in the geographic fixing of
the longitudinal phase of the wave train, we calculated area
mean of vertically integrated CK and CP in the North Hem-
isphere (Table 1) after the wave pattern are shifted longi-
tudinally relative to the original location following Kosaka
et al. (2009). Both the values of area-mean CK and CP are
largest when the pattern is in its original location, suggest-
ing energy conversions help to anchor the wave train in its
favored phase.

To measure the net contribution of CK and CP to the
maintenance of the teleconnection, we evaluate the time
scales: Tox = % and 7op = 228 where the bracket
() represents area mean, [APE] = [RT’2 / 20p] is verti-
cally integrated available potential energy (from sur-
face to 100-hPa) associated with the teleconnection, and
[KE] = [(W? + V) /2] is vertically integrated kinetic
energy. The values of 7.; and 7 denote how long it takes
that the available potential energy and kinetic energy asso-
ciated with the teleconnection could be fully replenished
through CK and CP, respectively. The 74 is 8.58 days in
the upstream region, —36.5 days in the downstream region,
and 25.3 days in the North Hemisphere. The 7p is 1.1 days
in the upstream region, —1.5 days in the downstream region
and 2.4 days in the North Hemisphere. Both 7, and 7-p are
shorter than a month in the North Hemisphere, indicating
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that energy conversion, especially in the upstream region, is
vita to the maintenance of the wave train.

Why can the wave train extract kinetic energy and availa-
ble potential energy effectively from mean flows in the
upstream region? First, we examine the conversion of local
kinetic energy in this region. To the west of 50°E, the anoma-
lous anticyclone and cyclone in the wave train tilt northeast/
southwest in horizontal (Fig. 2a), leading to northward fluxes
of zonal momentum (u'v' > 0), resulting in negative values
of u’v/ Z_l: in the north flank of mean jet and positive values of
/. 0il

wv's in the south flank of mean jet. According to the Eq. (5),

the perturbations could gain kinetic energy from mean flow
in the north flank of mean jet and release energy in the south
flank. As the perturbations are mainly distributed in the north
flank of jet to the west of 50°E, the total value of CK there is
positive. Thus, the positive CK is caused by the special spa-
tial structure of perturbations, which is in turn related to
southward wave propagation. Second, we check CP in this
region. Figure 7 shows the vertical section of vorticity and
temperature anomalies from the point (65°N, 10°W) to the
point (10°N, 50°E) along the direction of wave train propaga-
tion. The vorticity anomalies are not totally barotropic but
slightly tilt northwestward with the increase of height, accom-
panied with positive (negative) air temperature anomalies to
the northwest of negative (positive) anomalous vorticity

center. Such vertical structure of vorticity and temperature
anomalies is favorable for positive CP in the regions from the
Europe to the Middle East, where exists prominent zonal
temperature gradient, as v'T’ tends to weaken the mean tem-
perature gradient. The results suggest that energy conversion
in the region from Europe to the Middle East is vital for the
development and the geographic fixing of the wave train.

6 Interaction between transient eddies
and the leading wave train

To investigate the interaction between synoptic-scale tran-
sient eddies and the wave train, several diagnostic tools are
utilized. The first is the local Eliassen-Palm vectors (FE), for-
mulated by Hoskins et al. (1983), with horizontal components
given by (V2 — 2, —v'u’), where u’ and v/ are the synoptic-
scale daily 250-hPa winds subject to 2.5-6 days band filter-
ing, the overbar represents time average of a month. The
direction of E is linked to the direction of group propagation
vector of the synoptic-scale eddies relative to the mean flow.
Here, divergence (convergence) of E indicates a tendency for
the high-frequency perturbation to accelerate (decelerate) the
monthly mean flow. The second is the eddy-induced geo-
potential height tendency defined in Lau and Nath (2014) and
shown in Eq. 7:

Fig. 7 a The vertical sec- (a) Vr
tion of vorticity anomalies 100 — 100
regressed onto PC1 (dash [
lines <0, thick solid line =0, 150 150
thin solid line > 0) with interval 200 200
20, =2, x4, =6, ..0X
1076 s~'from the point (65°N 250 1 250
- pomn ’ 300 300
10°W) to the point (10°N,
50°E). b Same as a, but for air 400 ~ 400
temperature anomalies at inter- 500 500
val of 0.2 k. The lzght (dar{c)‘ 700 - 700
grays denote negative (positive) 850 | ) 850
regressions above 99% confi- 1000 ~ o 1000
dence level 65.0N 50.3N 30.8N 10.0N 65.0N 50.3N 30.8N 10.0N
10.0W 23.9E 39.8E 50.0E 10.0W 23.9E 39.8E 50.0E

Fig. 8 The regressions of
geopotential height at 250 hPa

(contours; m),

E vectors (\7 — ;, v )
and transient eddy-induce
height tendencies (colors; m/

day) on the normalized PC1 30N

180
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0Z _ S )
(at )eddy_gv [=v- (el 7)
where Z is the monthly mean geopotential height, g is the
gravitational acceleration, and V' and ¢’ are the synoptic-
scale daily winds and relative vorticity at 250-hPa subject
to 2.5-6 days band filtering. The meaning of the overbar
is the same as in the definition of E. This diagnostic tool
was also used in our previous studies (Liu et al. 2014; Song
et al. 2016).

Figure 8 shows the regression of geopotential height, E
vectors, and eddy-induced geopotential height tendency on
normalized PC1. The geopotential height anomalies show
a clear wave-like structure in accordance with EOF1 mode.
In the sector of the North Atlantic and Europe, the direction
E vectors is clockwise around the positive height centers,
and anticlockwise around the negative centers, suggesting
that the slowly varying circulation of the wave train can
change the trajectory of the storm track. Over Europe, the
anomalous anticyclone lets the axes of storm track shift

Fig. 9 The correlations of

northward, leading to divergence of E vectors to the north
of the anticyclone but convergence of E vectors in the cen-
tral and the southern anticyclone (shown in Fig. 8). The
divergence (convergence) of E vectors accelerates (decel-
erates) the westerlies in the north (south) part of the anti-
cyclone, which can enhance the anomalous anticyclone.
Hence the regions of positive height anomalies in Europe
are mainly occupied by positive eddy-induced height ten-
dencies. Ruled by the same process, the regions of negative
height anomalies in the North Atlantic are mainly occupied
by negative eddy-induced height tendencies. Outside the
sectors of the North Atlantic and Europe, the interaction
between the transient eddies and the wave train is not obvi-
ous, possibly because transient eddies are weak in these
regions. These results suggest that there exists a positive
feedback between transient eddies and the wave train in
the North Atlantic and Europe. The stationary circulation
anomalies associated with the wave train modulate the tra-
jectory of transient eddies, which in turn reinforce the wave

DIF monthly SST (a; black 90N
contours), geopotential height
(a; red contours) at 250 hPa
and OLR (b; black contours)
with the PC1. Solid (dash)
contours denote positive 30N
(negative) values at interval 0.1

(0.1, 0.2, +03,...). The

dark (light) gray shades denote 0
positive (negative) correlations

above 90% confidence level
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train through eddy vorticity transports. The positive feed-
back may help to maintain the wave train.

7 External forcing for the wave train

Figure 9 shows the correlations of monthly SST, geo-
potential height, and outgoing long wave radiation
(OLR) in DJF with the PC1. The most prominent SST
correlations in the tropics feature an El Nino-like pat-
tern, with correlations partly above 90% confidence
level. Corresponding to positive SST correlations in
the eastern equatorial Pacific, OLR correlations are
negative, suggesting SST anomalies play a positive
role. As a response to warm SST anomalies and posi-
tive rainfall anomalies in the equatorial eastern Pacific,
the geopotential height anomalies display as a Matsuno
(1966)—Gill (1980) pattern over the eastern Pacific and
a wave-like pattern from the Northeast Pacific across the
North Atlantic through Europe to East Asia. This result
suggests that the SST anomalies in the equatorial eastern
Pacific likely trigger the wave train.

Beside affected by tropical SST anomalies, the wave
train is also affected by the NAO. Figure 10a, b show the
relationship of the PC1 with Nino3.4 SST index and NAO
index. Here, the NAO index is the PC1 of DJF monthly
850 hPa streamfunction departures from annual cycle in the
North Atlantic sector (0-90°N, 90°W-30°E), same as the
computing in Branstator (2002). The correlation between
PC1 and Nino3.4 SST index is 0.22 for 63 effective sam-
ples, which is above 90% confidence level, and the correla-
tion between PC1 and NAO index is 0.19 for 100 effective
samples, which is also above 90% confidence level. The
NAO and SST anomalies in the equatorial eastern Pacific
may have a combined effect on the wave train. To quantify
this combined effect, we construct a multi-variant regres-
sion: 0.26 X Nino3.4 + 0.22 X NAO, where Nino3.4 is the
monthly (DJF) Nino3.4 SST index and NAO is the monthly
(DJF) NAO index. The coefficients 0.26 and 0.22 are the
multiple linear regression coefficients of the PC1 regressed
onto the Nino3.4 and the NAO indices, respectively. The

multi-variant regression (Fig. 10c) is more significantly
correlated with the PCI1 than Nino3.4 index and the NAO
index alone, with the correlation coefficient rising to 0.32
for 68 effective samples, which is above 99% confidence
level. Since the SST anomalies in the equatorial eastern
Pacific and the NAO are geographically fixed, they together
may contribute to the locking phase of the wave train.

8 Impact of the leading wave train on East Asia
precipitation and temperature

As shown by Fig. 2a, there are significant positive cor-
relations of rainfall with PC1 over South and East China,
with correlations passing the 99% confidence level. To
confirm the relation between the wave train and China rain-
fall anomalies, we compute the regression of circulation
onto area-mean monthly rainfalls in South and East China
(20-35°N, 105-122°E) based on observed station data
(Fig. 11). It reveals that the pattern of the rainfall index-
related circulation anomalies at 250-hPa is similar to the
EOF1 mode, confirming the tight relationship between the
wintertime rainfall anomalies in South and East China and
the wave train. At 850-hPa, there exist significant anoma-
lous southerly winds from the Marine Continent to East
Asia (Fig. 11b) and exist significant anomalous winds
directed from the rainfall region in South and East China
through Siberia to Europe, which differs from the low-
tropospheric wind anomalies associated with the wave train
(figure not shown). This result suggests that the wave train
is an important but not the only factor for rainfall anoma-
lies in South and East China. The rainfall could be affected
not only by the wave train-induced upward motions but also
by low-tropospheric moisture vapor convergence induced
by anomalous wind from the tropics (Zhou and Wu 2010;
Wang and Feng 2011) and by high-latitude wave activities.

In order to analyze the processes of wave train impact on
precipitation, a diagnosis with the linearized omega equa-
tion has been performed followed Kosaka and Nakamura
(2006):

Fig. 10 Scatter plots of the (a) Corr.=0.22 (b) Corr.=0.19 (C) Corr.=0.32
PC1 index of DJF monthly v 8.0 3.0 3.0
at 250-hPa in the domain of 20 4 ., * 4 20 e e i 20 4 . .. q
0—45°N, 0-120°E from 1979 . 0’ o ° e % e Y

. 1.0 4 Se° 1.0 4 %, 1.0 4 g 58
to 2013 with DJF monthly : €5 eseo sty e : e A ' Jeoll, O3,
Nino3.4 SST index (a), DIF Good $emPht v | 5ol Jiena¥el Soode T PRy

. a o o * o a 0% %2 o o a e o
monthly NAO index, and . e o ° e 8 :o" as 3ol e® .
the multi-variant regression: 109 oile ':' © 1.0 7 s Sty A -1.0 1 . ".,"o'."
0.26 X Nino3.4 + 0.22 x NAO 2.0 - o 2.0 e o 2.0 4 o oo
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Fig. 11 The regression of
precipitation (contours) and

(a) UV250 Reg. PRE_index

winds (vectors; above 95%
confidence level) at 250-hPa (a)
and 850-hPa (b) on area mean
of monthly rainfalls in South
and East China (20-35°N,
105-122°E). The gray shades

denote regressions above 99%
confidence level
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Fig. 12 The DYN term (a), the THE term (b) and their sum (c) at
500 hPa in linearized omega Eq. (8), and the regressions of 500-
hPa omega (d) onto normalized PC1. The contours interval in a—d
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where overbars and primes indicate climatological mean
quantities for DJF mean and the monthly regressed anoma-

lies, respectively. A = (R/P) (R_T/ C,P— d_T/ dP) denotes

the static stability. The first term in the right-hand-side of
Eq. (8) represents contribution of the vertical difference of
vorticity horizontal advection. The second term on the
right-hand-side represents the contribution of horizontal
temperature advection. For simplicity, we use abbrevia-
tions, Omega_vortadv and Omega_tadv, to represent the
fist and second terms, respectively. Figure 12a—c show the
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dots in d denote regressions above 99% confidence level

distribution of the value of Omega_vortadv, Omega_tadv
and their sum at 500-hPa. Along the jet, the sum of
Omega_vortadv and Omega_tadv (Fig. 12c) agrees well
with the 500-hPa vertical velocity anomalies regressed on
PC1 (Fig. 12d), indicating that vertical motion anomalies
mainly result from the effect of vorticity advection and
temperature advection. The small difference between the
two patterns of omega in Fig. 12c, d is possibly because the
effect of adiabatic heating is not included in Eq. 8. Over
South and East China, Omega_vortadv and Omega_tadv
are comparable. Note that the wave train-induced vertical
motion anomalies are not in accordance with precipitation
anomalies every well except for in South and East China,
possibly because water vapor is ample in South and East
China but insufficient in other regions in winter.
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Fig. 13 The regression of

(b) V_adv

monthly low-level (vertical
average from 1000-hPa to
850-hPa) air temperature (a),
vertical temperature advection
(b), horizontal temperature
advection (c) and atmospheric
apparent heat source (d) with
the normalized PC1. The unit
in (a) is k, and the units in b—d
are k/day. The dark (light) gray
shades denote positive (nega-
tive) regressions above 99%
confidence level

The wave train also has a prominent impact on East
Asian temperature anomalies. Figure 13a shows the regres-
sions of low-tropospheric (vertical average from 1000 to
850-hPa with the data below topography setting to miss-
ing values) temperature onto PC1. Significant positive
temperature anomalies are found in the Northeast Asia
including Northeast China, Korean Peninsula, and the
southern Japan, indicating a weakened East Asian win-
ter monsoon (Wang and Chen 2010, 2014). Figure 13b—d
show the regressions of vertical temperature advection,
horizontal temperature advection and atmospheric apparent
heat source onto PC1. Following the study of Yanai et al.
(1973), we used the atmospheric apparent heat source (Q,)
to represent the total diabatic heating, including radiation,
latent heating, and surface heat fluxes. Comparing the dis-
tribution of each term, it reveals that the pattern of hori-
zontal temperature advection agrees well with the pattern
of temperature anomalies. Thus, the temperature anoma-
lies around the Northeast Asia are mainly due to horizon-
tal temperature advection, in response to the lower-tropo-
sphere height anomalies around the Japan Sea (Fig. 3c).

9 Summary

In this study, the structure and dynamics of the wave train
along wintertime Asian jet are discussed. The first lead-
ing EOF mode of the 250-hPa monthly v in boreal winter
displays a wave-like pattern along the Asian jet, and is
prominent at mid- and upper-troposphere. Consistent with
the wave-like pattern, there are eastward wave fluxes from
the North Atlantic to Europe, southeastward wave fluxes
from Europe to the Arabian Sea with amplifying ampli-
tude, eastward wave fluxes from the Arabian Sea to South
China and northeastward wave fluxes from South China to
Japan. Along the jet, the advection of perturbation vorticity
by the zonal flow tends to be compensated by the g effect,
indicating that the essence of teleconnection pattern is basi-
cally a stationary Rossby wave. Analyses suggest that the
perturbations of the wave train can extract kinetic energy
and available potential energy from climatological mean
flow effectively, especially in the region from Europe to
the Middle East. Moreover, we found that the efficiency of
energy conversions drops quickly when the pattern of wave
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train is shifted eastward or westward from its original loca-
tion. In addition, there exists a positive feedback between
transient eddies and the perturbations of the wave train
over the North Atlantic and Europe: the stationary circula-
tion associated with the wave train modulates the strength
and trajectory of transient eddies, which in turn reinforce
the background flow through eddy vorticity transports. The
results indicate that the wave train is likely an atmospheric
internal mode, which can be developed without external
forcing. We also found that El Nino-like SST anomalies in
the eastern Pacific and the NAO can exert influences in the
wave train, which may help to predict the wave train several
months in advance. Both the internal energy conversions
and external forcing contribute to the geographic fixing of
the phase of the wave train.

The wave train can exert prominent influences in East
Asian winter climate. When the wave train is in the phase
with a cyclone over South China and an anticyclone over
Japan, the rainfall is significant above normal in South and
East China, and the temperature is significant above normal
over the Northeast Asia, and vice versa. The wave train-
induced horizontal temperature advections and vorticity
advections together lead to anomalous vertical motions,
which in turn lead to rainfall anomalies in wet South and
East China. And the wave train-related lower-tropospheric
anticyclonic (cyclonic) anomalies over the Northeast Asia
lead to warm (cold) temperature advections, resulting in
warm (cold) winters in Northeast Asia.
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