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ABSTRACT

Using ERA-40 reanalysis daily data for the period 1958-2002, this study investigated the effect of tran-
sient eddy (TE) on the interannual meridional displacement of summer East Asian subtropical jet (EASJ)
by conducting a detailed dynamical diagnosis. The summer EASJ axis features a significant interannual
coherent meridional displacement. Associated with such a meridional displacement, the TE vorticity forcing
anomalies are characterized by a meridional dipole pattern asymmetric about the climatological EASJ axis.
The TE vorticity forcing anomalies yield barotropic zonal wind tendencies with a phase meridionally lead-
ing the zonal wind anomalies, suggesting that they act to reinforce further meridional displacement of the
EASJ and favor a positive feedback in the TE and time-mean flow interaction. However, The TE thermal
forcing anomalies induce baroclinic zonal wind tendencies that reduce the vertical shear of zonal wind and
atmospheric baroclinicity and eventually suppress the TE activity, favoring a negative feedback in the TE
and time-mean flow interaction. Although the two types of TE forcing tend to have opposite feedback roles,
the TE vorticity forcing appears to be dominant in the TE effect on the time-mean flow.
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1. Introduction

The East Asian subtropical jet (EASJ) is one of
the important atmospheric circulation systems over
East Asia (Ren et al., 2010, 2011). The seasonal shift
of the EASJ is an indicator of the abrupt seasonal
transition of the atmospheric circulation regimes in
Asia (Yeh et al., 1959), and such a shift can be as-
sociated with the establishment of East Asian sum-
mer monsoon as well as the meridional migration of
Meiyu/Baiu/Changma (a major rain belt) in East
Asia (Tao and Chen, 1987; Yang and Webster, 1990;
Ding, 1992; Liang and Wang, 1998; Lau et al., 2000).
During the past several decades, many investigators
have devoted substantial effort to investigating the lo-
cation, intensity, structure, and variations of the EASJ
as well as its connection to the weather and climate
(e.g., Krishnamurti, 1961; Blackmon et al., 1977; Mu-
rakami and Unninayar, 1977; Kung and Chan, 1981;
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Cressman, 1984; Dole and Black, 1990; Kang, 1990;
Gao and Tao, 1991; Bell et al., 2000; Lu et al., 2002,
2004; Fyfe and Lorenz, 2005). However, the EASJ
variations and their impact on the weather and cli-
mate of East Asia have been explored extensively in
boreal winter; only several studies so far have involved
the change of intensity and shift of the EASJ in bo-
real summer. The meridional displacement of summer
EASJ other than its intensity could be related more
intimately to the summer rain belt (Lau et al., 2000;
Lu, 2004).

The mechanism responsible for the upper-level jet
variability is still under dispute. Atmospheric inter-
nal dynamical process associated with transient eddy
(TE) activity is believed to play a major role. Some
studies have proposed that the interaction of the eddy
with the mean flow can reinforce zonal wind anomaly
(e.g., Shutts, 1983; Illari, 1984; Robertson and Metz,
1989, 1990; Branstator, 1992, 1995; Yu and Hartmann,
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1993; Cai and Van den Dool, 1994; Feldstein and Lee,
1996; Lorenz and Hartmann, 2001, 2003). However,
other studies argued that the eddy feedback may not
be important for the evolution of the zonal wind (Feld-
stein and Lee, 1996; Lee and Feldstein, 1996) and that
the eddy feedback is significant only if the bottom drag
is sufficiently strong (Robinson, 1996, 2000; Kravtsov
and Robertson, 2002). Notably, most of the previous
studies have focused on the interaction between the
eddy and zonally-averaged zonal wind, less attention,
however, has been paid to the interaction of TE with
time-mean flow, while the latter is in favor of examin-
ing the local wave-flow interaction.

This study investigated the feature of interannual
variations of summer EAJS and the effect of TE feed-
back. The data and diagnostic method used to depict
the meridional displacement of summer EASJ are de-
scribed in section 2. The major results especially the
effects of the TE vorticity and thermal forcing anoma-
lies on the summer EASJ variations are presented in
section 3. The final section is devoted to a summary
of conclusions.

2. Data and method

The dataset used in this study was obtained
from the 40-yr European Centre for Medium-Range
Weather Forecasts (ECMWFE) reanalysis (ERA-40).
The daily data for wind, temperature, geopotential
height, and surface pressure fields with a horizontal
resolution of 2.5° x 2.5° for 44 summer seasons (June,
July and August, JJA) for the period 1958-2002 were
extracted from ERA-40.

The conventional method of examining the jet
stream variation is to perform empirical orthagonal
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functions (EOF) with respect to the 200 hPa zonal
wind (Lu, 2004; Lin and Lu, 2005; Fyfe and Lorenz,
2005). However, the leading EOFs identified from
those analyses may exhibit fluctuations of the jet both
in location and in strength and width. In view of this
argument, in this study, we defined the jet axis with a
line passing through the maximal 200 hPa zonal wind,
and then performed EOF analysis with respect to the
jet axis anomaly to exclusively identify the EASJ’s
meridional displacement. Such a displacement is more
relevant to rain belt in East Asia (Lau et al., 2000; Lu,
2004).

To examine the TE effect, the TE statistics were
computed with daily ERA-40 data. The TE is conven-
tionally defined as the synoptic eddy (Blackmon, 1976;
Lau and Holopainen, 1984). However, the TE on vari-
ous time_scales shorter than one season would dynami-
cally contribute to the seasonal-mean climate anomaly.
Therefore, in this study the TE is simply defined as the
daily deviation from summer average. This definition
allows us to include the TE not only on the synoptic
timescale but on the subseasonal timescale.

3. Results

3.1 Interannual variations of the EASJ

Figure 1 shows the climatological distribution of
zonal wind component at 200 hPa in boreal summer.
An elongated belt of stronger westerly runs roughly
along 40°N; it contains four maximal cores over the
Caspian Sea region, Northwestern China, the midlati-
tudes of the Northwestern Pacific, and the midlatitude
Northwestern Atlantic. The former two cores are rel-
atively larger than the latter two, indicating that the
EASJ (denoted by the red line in Fig. 1) is consider-
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Fig. 1. Climatological 200 hPa zonal wind component in boreal summer (JJA, 1958
2002). The shaded denotes the magnitude of the wind in meters per second (m s™*),
and the solid line denotes the axis of the jet stream. The red solid line indicates the
axis of the East Asian subtropical jet (EASJ).
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Fig. 2. The leading EOF (upper panel) and the cor-
responding normalized principal component (bottom
panel) of the interannual variations of the summer EASJ
axis in latitude at 200 hPa for the domain of (a) 20°E—
150°W and (b) 100°E-150°W.

ably stronger than the jet over the mid-latitudes of the
Northwestern Atlantic.

The meridional displacement of the EASJ was de-
fined as anomalous deviation from its climatological
axis in latitude. A 2-8-year band-pass filter was ap-
plied to extract its interannual variations. An EOF
analysis on the filtered anomalies of axes in latitude
was performed to identify the spatial and temporal
distribution of the variation of the EASJ. Figure 2 il-
lustrates the leading EOF of interannual variations of
the EASJ axis in boreal summer for different domains.
The upper panel of Fig. 2a shows that the EASJ axis
is characterized by a significant coherent meridional
displacement with up to 2° in latitude, and such a
displacement is strikingly larger over the coastal-to-
oceanic sector (110°E-160°W) than over the inland
sector (20°~110°E). The bottom panel of Fig. 2a dis-
plays the corresponding normalized principal compo-
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nent (PC1), indicating that the EASJ axis has a pro-
nounced variation on interannual time_scales. The
leading EOF and associated PC1 for the coastal-to-
oceanic domain (100°E-150°W) shown in Fig. 2b ex-
hibit spatio-temporal features similar to those shown
in Fig. 2a, but they capture more variance.

The atmospheric circulation anomaly pattern asso-
ciated with the leading EOF of the summer EASJ’s in-
terannual variations can be identified by regressing the
geopotential height and zonal wind anomalies against
the normalized PC1 illustrated in Fig. 2a. Figure
3 shows the latitude-altitude distribution of regressed
summer geopotential height and zonal wind anomalies
averaged over 110°E-160°W where the EASJ axis has
the largest interannual variability. Accompanying the
meridional wandering of the EASJ, the geopotential
height anomalies with equivalent barotropic structure
are located in the vicinity of the climatological EASJ
axis. The zonal wind, however, exhibits a meridional
dipole pattern asymmetric around the axis. These
patterns suggest that a positive geopotential height
anomaly near the climatological EASJ axis can result
in a westerly acceleration on the poleward side of the
climatological EASJ axis and a westerly deceleration
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Fig. 3. Latitude-altitude distribution of the summer
geopotential height and zonal wind anomalies averaged
over 110°E-160°W regressed against the normalized PC1
shown in Fig. 2a. The shaded denotes the geopotential
height anomalies in gpm and the contours denote the
zonal wind anomalies (units: m s™!). The black circle
indicates the climatological location of the summer EASJ
axis at 200 hPa.
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on the equatorward side, thus leading to a poleward
shift of the EASJ and vice versa. Certainly, the geopo-
tential height and zonal wind anomalies satisfy the
quasi-geostrophic relation.

3.2 Associated TE forcing anomalies

The feedback of TE on time-mean flow is one of
fundamental reasons for the time-mean flow anoma-
lies. The TE affects time-mean flow through its vortic-
ity and heat fluxes, which tend to redistribute vorticity
and heat in a systematic fashion. The contributions of
TE to time-mean flow can be theoretically expressed
in terms of the convergences of TE fluxes. Follow-
ing Pfeffer (1981), Holopainen et al. (1982), and Lau
and Holopainen (1984), time-mean quasi-geostrophic
potential vorticity (QGPV) equation can be written

as
1, a9 (10)\] o0
[fv * ap(oap)]t

0 (R
o (cpr> + Ry, (1)

=-V. (W) _
where the overbar denotes the time average (the sum-
mer average here), and the prime the deviation from
the time average, ® is the geopotential, V' the horizon-
tal wind vector, and ¢ the relative vorticity. R; indi-
cates all the remained terms such as horizontal advec-
tion, diabatic heating and friction. The left-hand side
of Eq. (1) indicates the tendency of time-mean state.
The first term of the right-hand side of Eq. (1) is
convergence of TE vorticity flux, i.e., the TE vorticity
forcing; and the second term is primarily proportional
to the vertical gradient of the TE thermal forcing (Q)
or the TE heating term, i.e., the convergence of TE
heat flux, which is expressed as

1 RT’
EUJ,T/ + . R
Op Cp P

Q=-V-(V'T') - W (2)
where w is the vertical velocity, and T is the temper-
ature.

To estimate the contribution of different timescale
TE to the TE forcing, the daily ERA-40 data is band-
pass filtered to retain the synoptic (2.5-6 days) and
subseasonal (~ 7-90 days) components, respectively.
Thus, the total TE forcing can be separated into two
parts: synoptic versus subseasonal components. Fig-
ures 4 and 5 show latitude-altitude distributions of
the synoptic, subseasonal and total TE vorticity forc-
ing [~V - (V’(’)] and TE thermal forcing (Q) anoma-
lies, respectively, regressed against the PC1 illustrated
in Fig. 2a. It can be seen that both the synoptic
TE forcing anomalies and the subseasonal TE forcing
anomalies roughly possess structure similar to that of
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the total TE forcing anomalies. Moreover, the sub-
seasonal TE forcing is comparable to and even larger
than the synoptic TE forcing. This suggests that the
TE forcing only based on the synoptic time scale is ob-
viously underestimated for the seasonal mean climate
anomaly. Therefore, the TE defined in this study as
the deviation from summer average can consider not
only the synoptic but subseasonal eddy. Dynamically,
the TE forcing for either timescale is important and
must be considered for determining the seasonal mean
climate anomaly, although the synoptic eddy was only
addressed in previous studies.

The total TE vorticity forcing anomalies (the TE
vorticity forcing anomalies, hereinafter) shown in Fig.
4c are characterized by a meridional dipole pattern
asymmetric about the climatological EASJ axis, simi-
lar to that of the zonal wind anomalies shown in Fig.
3. As the EASJ displaces northward, the convergent
TE vorticity fluxes (i.e., positive TE vorticity forcing)
locate to the southern flank of the EASJ, while the
divergent TE vorticity fluxes (i.e., negative TE vor-
ticity forcing) locate to its northern flank, and vice
versa. However, unlike the distribution of the TE vor-
ticity forcing anomalies, regressed total TE thermal
forcing anomalies (the TE thermal forcing anomalies,
hereinafter) exhibit a sandwich-like pattern (Fig. 5¢).
Corresponding to the northward displacement of the
EASJ, a considerably large TE cooling (i.e., a diver-
gence of the TE heat fluxes) locates around the cli-
matological EASJ axis and a TE heating (i.e., a con-
vergence of the TE heat fluxes) locates at either side,
especially northern side, of the axis.

Notably, there is a difference in vertical structure
between the TE vorticity forcing anomalies in Fig. 4c
and the zonal wind anomalies in Fig. 3. In Fig. 3,
there is a clear vertical tilt for the zonal wind anoma-
lies. Such a tilt is an important feature associated
with EASJ meridional displacement. Previous stud-
ies suggested that the vertically sheared climatologi-
cal meridional flow over the western north Pacific may
induce the tilt (Kosaka and Nakamura, 2006), or that
subtropical precipitation anomalies are responsible for
tilt (Lu and Lin, 2009). The present study indicates
that the TE may not be responsible for the tilt.

3.3 The effect of TE forcing anomalies

The effect of TE on time-mean flow may be ap-
proached by treating the convergences of TE fluxes as
virtual sources or sinks of heat and vorticity, and solv-
ing for the response to these sources or sinks. In this
study, we examine initial atmospheric response to the
TE forcing anomalies by solving a quasi-geostrophic
potential vorticity (QGPV) equation together with ap-
propriate boundary conditions. In terms of Eq. (1),
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Fig. 4. Same as Fig. 3, but for the (a) synoptic, (b)
subseasonal, and (c) total TE vorticity forcing anomalies
(107'2 s71). The red circle indicates the climatological
location of the summer EASJ axis at 200 hPa.
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the initial PV tendency, which is determined by ei-
ther TE vorticity or thermal forcing anomaly, may be
written as

1 o (10 0P 7
775 G| (5),, =7 7
(3a)

1y, ,0 (10 0P L0 (R
[?V o (aa—p)] <%)hw = (a—p@’
(3b)

where (O®/0t)yore and (0®/0t)peat Tepresent the ini-
tial tendencies of geopotential due to TE vorticity
and thermal forcing, respectively. The solutions to
the Eq. (3) were obtained using a method similar to
that used by Lau and Holopainen (1984), except that
the finite-difference scheme other than spectral trun-
cation scheme was adopted here. The equation was
solved for the domain vertically from 1000 hPa to 100
hPa, and meridionally from 0 to 80°N. The vertical
and horizontal resolutions used were 50 hPa and 2.5°
by 2.5°, respectively. The lateral boundary conditions
for the tendency were assumed to be zero. The verti-
cal boundary conditions adopted here were essentially
similar to that used in Bretherton (1966) and Lau and
Holopainen (1984).

Three-dimensional TE vorticity and thermal forc-
ing anomalies regressed against the PC1 in Fig. 2a,
as shown in Figs. 4c and 5c¢ for two dimensions, were
applied to the right-hand sides of Egs. (3a) and (3b),
respectively, and then the geopotential tendency to-
gether with the geostrophic wind tendency were ob-
tained by solving Eq. (3). Figure 6 shows the latitude—
altitude distribution of tendencies of geopotential and
zonal wind anomalies induced by regressed TE vor-
ticity forcing anomalies, TE thermal forcing anoma-
lies, and combined TE vorticity and thermal forcing
anomalies, respectively. The geopential tendencies in-
duced by TE vorticity forcing anomalies shown in Fig.
6a are characterized by a dipole pattern with distinct
equivalent barotropic structure. Consequently, under
the geostrophic balance, the zonal wind tendencies ex-
hibit a sandwich-like pattern. These patterns indicate
that, in accordance with a positive PC1 illustrated in
Fig. 2a (i.e., a northward displacement of the EASJ),
there is a significant positive geopotential tendency
north of the climatological EASJ axis that produces a
negative zonal wind tendency (i.e., decelerating zonal
wind) near the climatological axis and a positive zonal
wind tendency (i.e., accelerating zonal wind) far north
of the axis. A comparison of Fig. 6a and Fig. 3 re-
veals that the geopotential and zonal wind tendencies
induced by the TE vorticity forcing possess a phase
that meridionally leads the geopotential height and



NO. 3

100

150

200

2580
300

400

pressure (hPal

500

700

850
1000

10°N  20°N  30°N  40°N 50°N  60°N

|
—
]

-8 -4 0 4 8 12

100

150

<00

250
300

400

pressure (wa)

3500

700

850
1000

10°N  20°N  30°N  40°N  50°N  60°N

-12 -8 -4 0 4 8 12
100

150

200

250
300

pressure ()

400

500

700

850
1000

10°N  20°N 30°N  40°N  BO°N  60°N

-12 -8 —4 0 4 8 1=

Fig. 5. Same as Fig. 3, but for the (a) synoptic, (b)
subseasonal, and (c) total TE thermal forcing anomalies
(1077 s71). The red circle indicates the climatological
location of the summer EASJ axis at 200 hPa.
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the summer EASJ axis at 200 hPa.
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zonal wind anomalies themselves by roughly 7/2. This
phase shift suggests that the TE vorticity forcing
anomalies act to reinforce further northward progres-
sion of the EASJ as it moves northward, and vice versa.
Thus, the TE vorticity forcing tends to play a positive
feedback role in the interaction between the TE and
the time-mean flow.

The TE thermal forcing tends to give rise to a baro-
clinic response (Fig. 6b). Negative geopotential ten-
dencies occur on the poleward side under the axis of
the EASJ, and smaller positive geopotential tenden-
cies occur on the equatorward side beneath the axis
of the EASJ. As a result, the zonal geostrophic wind
tendencies are characterized by westerly acceleration
beneath the axis but deceleration above the axis, es-
pecially north of the climatological EASJ axis. This
suggests that the TE thermal forcing anomalies act to
reduce the vertical shear of zonal wind and thus re-
duce the atmospheric baroclinicity, which eventually
suppresses the TE activity, as the EASJ moves north-
ward. Thus, the TE thermal forcing tends to play a
negative feedback role in the interaction between the
TE and the time-mean flow.

However, by looking at the Fig. 6¢, it can be clearly
seen that the combined TE vorticity and thermal
forcing anomalies lead to the geopotential and zonal
geostrophic wind tendencies similar to those induced
by the TE vorticity forcing anomalies only. This in-
dicates that the TE vorticity forcing play a dominant
role in the TE effect on the time-mean flow.

4. Summary

Using ERA-40 reanalysis daily data from the pe-
riod 1958-2002, this study investigated the effect of the
TE forcing anomalies on the summer EASJ through a
detailed dynamical diagnosis. The TE forcing anoma-
lies were separated into two parts: synoptic versus
subseasonal components. The latter may even make a
larger contribution to the total TE forcing anomalies.
The results demonstrate that the summer EASJ axis
features a significant interannual coherent meridional
displacement up to 2° in latitude. Associated with
this meridional displacement, the TE vorticity forc-
ing anomalies are characterized by a meridional dipole
pattern. As the EASJ displaces northward, the con-
vergent TE vorticity fluxes (i.e., positive TE vorticity
forcing) occur on the southern flank of the climato-
logical EASJ axis, whereas the divergent TE vorticity
fluxes (i.e., negative TE vorticity forcing) occur on its
northern flank; as the EASJ displaces southward, the
divergent TE vorticity fluxes occur on the southern
flank of the climatological EASJ axis, whereas the con-
vergent TE vorticity fluxes occur on its northern flank.
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However, unlike the distribution of the TE vorticity
forcing anomalies, the TE thermal forcing anomalies
exhibit a sandwich-like pattern. Corresponding to a
northward displacement of the EASJ, a considerably
large TE cooling (i.e., a divergence of the TE heat
fluxes) occurs around the climatological EASJ axis and
a TE heating (i.e., a convergence of the TE heat fluxes)
occurs at either side, especially the northern side, of
the axis.

The TE vorticity forcing anomalies with a merid-
ional dipole pattern yield barotropic zonal wind ten-
dencies with a phase meridionally leading the zonal
wind anomalies by roughly 7/2, suggesting that the
TE vorticity forcing anomalies act to reinforce further
northward progression of the EASJ as it moves north-
ward. Thus, the TE vorticity forcing tends to play
a positive feedback role in the interaction of the TE
with the time-mean flow. However, the TE thermal
forcing anomalies give rise to baroclinic zonal wind
tendencies, which are characterized by westerly accel-
eration below the axis but deceleration above the axis,
especially north of the climatological EASJ axis, as
the EASJ moves northward. These tendencies suggest
that the TE thermal forcing anomalies act to reduce
the vertical shear of zonal wind and thus the atmo-
spheric baroclinicity, which eventually suppresses the
TE activity, as the EASJ moves northward. Thus, the
TE thermal forcing tends to play a negative feedback
role in the interaction of the TE with the time-mean
flow. Although the two types of TE forcing tend to
have opposite feedback roles, the TE vorticity forcing
appears to be dominant in the TE effect on the time-
mean flow.

There are some drawbacks that may limit the
knowledge gained from this study. For example, we
only considered the initial tendency of the time-mean
flow as the TE forcing was applied to the QGPV equa-
tion. Notably, such a tendency would eventually result
in a response with sufficiently large amplitude so that
diabatic heating, advection, and friction have to be
considered. Moreover, this study aimed to resolve the
EASJ variations only from a perspective of internal dy-
namics, without considering any external forcing. In
fact, various external forcing anomalies, such as those
in sea surface temperature, thermal condition over
Tibetan Plateau, and Euro-Asian snow cover, would
greatly affect the EASJ variations. However, these ex-
ternal forcings may exert more influence on the EASJ
variations through the TE feedback. A future study is
needed to address these combined effects.
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