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ABSTRACT

The relationships between the 200-hPa westerly jet stream anomalies over the East Asian coastal water-
western Pacific (WPJS), and the oceanic surface heating and synoptic-scale transient eddy (STE) activity
anomalies over the North Pacific in wintertime are examined by using ERA-40 and NCEP/NCAR reanalysis
data. The analysis demonstrates that the surface heating and the STE anomalies have different patterns,
corresponding to the three WPJS anomalous modes, respectively. In the first WPJS anomalous mode, the
WPJS main part shows no robust anomaly. The anomalous westerly wind, occurring over the mid-latitude
central-eastern Pacific past the date line is associated with the anomalous heating presenting both in the
tropical central-eastern Pacific past the date line and the center of the North Pacific basin. Meanwhile, the
STE anomaly appears around the region of the anomalous zonal wind. The fluctuation in jet strength shown
in the second WPJS mode is strongly related to the heating anomaly in the Kuroshio Current region and
the STE anomaly in the jet exit region. The third mode demonstrates a northward/southward shift of the
WPJS, which has a statistical connection with a south-north dipolar pattern of the heating anomaly in the
western North Pacific separated at 35◦N. Meanwhile, the STE spatial displacement is in conjunction with jet
shifts in the same direction. The heating anomaly has a close connection with the atmospheric circulation,
and thus changes the mid-latitude baroclinicity, leading to the STE anomaly, which then reinforces the
WPJS anomaly via internal atmospheric dynamics.
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1. Introduction

It is evident from the observation that, within the

wintertime westerly jet stream circumnavigating the

globe in the upper-troposphere, there exist three west-

erly jet cores: the jet core over the ocean to the south

of Japan Island, and two others over Saudi Arabia-

Egypt and the east coast of the United States, respec-

tively (Krishnamurti, 1961). The westerly jet stream

spanning over East Asia and the West Pacific, with its

jet core over the ocean to the south of Japan Island,

has been considered as an important atmospheric cir-

culation system connected with the weather and cli-

mate in the East Asian and Pacific regions (Ye et al.,

1958; Zhu et al., 1990; Yang et al., 2002). It is shown

that the largest interannual variability of the west-

erly jet stream over East Asia and the West Pacific is

concentrated on the Pacific Ocean, but not over the

Asian landmass (Yang et al., 2002). Therefore, the

present study of jet stream anomaly and related study

are focused over the East Asian coastal water-Pacific

regions. The name of the West Pacific jet stream

(WPJS; Cressman, 1981) is used to echo with the anal-

ysis domain.

The WPJS anomaly is also one of the key links

among climate variations over the mid-latitude North

Pacific. It is strongly related to the climate anomaly

in China (Sun and He, 2004; Jhun and Lee, 2004).

According to the climate dynamics, the mid-latitude

climate variations are closely related to two types of

forcing: the external atmospheric forcing such as sea

surface temperature (SST) anomalies and/or land sur-

face processes taking place in certain regions, and the

internal dynamic processes operating within the at-

mosphere itself such as synoptic-scale transient

eddy (STE) or blocking in the mid-high Pacific

∗Supported by the National Natural Science Foundation of China under Grant Nos. 40675041, 40333026, and 40425009.
†Corresponding author: renxuej@nju.edu.cn.



278 ACTA METEOROLOGICA SINICA VOL.21

and Atlantic Oceans (Hoskins and Pearce, 1983). The

investigation related with the external forcing is well

addressed. For example, in the tropical Pacific, the at-

mospheric circulation is influenced by the tropical SST

anomalies through a local, thermally direct change in

the circulation. Such anomalous signals in the trop-

ical atmospheric circulation can have a considerable

effect on the mid-high latitude circulation via “at-

mospheric bridge”, leading to the mid-latitude atmo-

spheric anomaly (Alexander et al., 2002; Zhou et al.,

2002). Meanwhile, the maintenance and variation of

the mid-latitude atmospheric circulation have a close

conjunction with the thermal condition in the mid-

latitude ocean (Zhao and McBean, 1996; Bo, 2002).

For example, the influence of the heating anomaly in

the Kuroshio region on the atmospheric circulation

proceeds by changing the gradients of the atmospheric

temperature and geopotential height between the mid

and high latitudes (Zhao and McBean, 1996).

Up to now, the dynamical mechanism related to

the wintertime climate anomaly in the mid-latitude

North Pacific is still half-baked knowledge, because of

the poor understanding of the internal transient eddy

forcing associated with STE to the mid-latitude at-

mospheric anomaly in wintertime, compared with a

much clearer image of the external forcing mentioned

above (Wu and Wang, 1997; Geng and Huang, 1996;

Kushnr et al., 2002; Ferreira and Frankignoul, 2005).

Different with that in the tropical and high latitudes,

the air-sea system in the mid-latitude demonstrates

its unique features of oceanfront such as the Kuroshio

current in the North Pacific and the Gulf Stream in the

North Atlantic. In addition, the robust mid-latitude

baroclinicity, characterized by the large meridional air-

temperature gradient and corresponding vertical wind

shear, leads to the occurrence of abundant STE ac-

tivities zonally spanning over the mid-latitude ocean

(Blackmon, 1976). Investigations have shown that

such synoptic-scale activities gain available potential

energy from large-scale time-mean flow and transform

it into supporting the eddy development. On the other

hand, the anomaly of the STE activities influences

the time-mean flow through anomalous fluxes of heat

and momentum, demonstrating a forcing effect on the

mean flow (Geng and Huang, 1996; Hoskins et al.,

1983; Lau, 1988; Lau and Nath, 1991). Recent stud-

ies suggest that transient eddy activities represented

by STE have a symbiotic relationship with the atmo-

spheric mean flow anomaly. They never appear inde-

pendently and show close linkage with the atmospheric

teleconnections (Zhu and Sun, 2000; Nakamura et al.,

2002; Carillo et al., 2000; Sheng et al., 1998). These

investigations depict a close correlation between tran-

sient eddy forcing anomaly and mid-latitude climate

variations.

As an important member among the mid-latitude

atmospheric circulations, the year-to-year variation of

the WPJS location and intensity is necessarily linked

with the oceanic heating anomaly. Meanwhile, the si-

multaneous STE anomaly also shows a crucial role in

the WPJS anomaly via transient eddy thermal and

dynamical forcing. Based on these considerations, our

aim is to investigate the thermal and dynamical con-

nections of WPJS anomalies with the oceanic ther-

mal condition represented by the ocean surface sensi-

ble and latent heat fluxes, and with the internal tran-

sient eddy represented by STE over the Pacific sector

in winter, in the hope of a much clearer view of the

contribution of the transient eddy forcing represented

by STE to the wintertime WPJS variations.

2. Dataset and methods

The atmospheric dataset for the analysis is

from ECMWF (European Centre for Medium-range

Weather Forecasts) reanalysis daily and monthly mean

datasets named ERA-40, with a spatial resolution of

2.5◦×2.5◦ in longitude and latitude and a period from

September 1957 to August 2002. The 97-yr (1903-

1999) SST data come from the Global Ice Sea Sur-

face Temperature Dataset (GISST) provided by the

British Meteorological Office with a spatial resolution

of 1◦×1◦. The paper takes the SST data of 43-yr from

1957 to 1999 for the calculation of the meridional SST

gradient (MSG) in Fig.1a. The SST cannot represent

well the heat transfer between air and ocean. There-

fore, the sensible and latent heat fluxes from ERA-40

and NCEP/NCAR (National Centers for Environ-

mental Prediction/National Center for Atmospheric
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Research) are both used to represent the oceanic ther-

mal condition in the Pacific. Some comparisons re-

lated with these two datasets are addressed in the

paper. The wintertime is defined as the mean of

December-January-February (DJF).

According to the band-pass-filtered technique

based on Murakami (1979), the transient fluctuations

associated with migratory synoptic-scale disturbances

with a 2.5-6-day period have been extracted from the

ERA-40 daily dataset. The STE activity in certain

regions for an individual wintertime is measured as

the DJF mean v′2 of 2.5-6-day band-pass-filtered data

at 200 hPa. It is noticed that the STE activities

are located zonally over the North Pacific and North

Atlantic Oceans, coinciding with the regions of the

cyclone/anticyclone activities. These regions are re-

ferred to as storm tracks (Blackmon, 1976).

The horizontal Eliassen-Palm vector (E), defined

as E = (v′2 − u′2,−u′v′), is also calculated at 200-hPa

level in this study. Hoskins et al. (1983) underlined

that the divergence (convergence) of E corresponds

to a forcing to the mean horizontal circulation via in-

creasing (decreasing) the westerly mean flow. There-

fore, it is a good indicator to measure the effectiveness

of the STE forcing to the mean flow. Another ap-

proach to describe the dynamical interaction between

STE and the time-mean flow is to investigate the sign

and magnitude of local barotropic energy conversions

between the time-mean flow and the perturbation field

(Simmons et al., 1983; Black and Dole, 2000). The

local barotropic energy conversion is directly propor-

tional to the dot product of E and the horizontal gra-

dient of the time-mean zonal wind: E ·∇u. A physical

interpretation is that positive (negative) energy con-

versions occur when E is directed up (down) the gra-

dient of u, thereby acting to reduce (increase) spatial

inhomogeneities in the field through barotropic mo-

mentum conversions from the zonal-mean flow (eddies)

into the eddies (zonal-mean flow).

The parameters u and v denote the zonal and

meridional wind. An overbar denotes a DJF time-

mean flow and a prime indicates a perturbation. The

EOF, linear regression and correlation technique are

also used in this study.

3. Results

3.1 The spatial match-pattern between the

North Pacific STE and mid-latitude air-

sea system

Figure 1 shows the spatial distributions of the cli-

matological mean wintertime STE represented by 200-

hPa v′2, the corresponding E, and E · ∇u over the

North Pacific, respectively. The climatological winter-

time MSG and the 200-hPa zonal wind (u200) are also

depicted in Fig.1. The MSG is defined as the SST

difference between two adjoining latitudes with the

same longitude. A clear image of the climatological

features of the North Pacific STE activities is exhib-

ited in Fig.1. It is shown in Fig.1a that the fan-like

STE activities span from the East Asian coastal water,

where the maximal MSG occurs, to the mid-latitude

Pacific past the date line, and gain the local maxi-

mal near the jet exit region. In Fig.1b, the maximal

E region scatters eastward from the westerly jet cen-

ter to the west coasts of North America. The vectors

mainly direct eastward or southeastward. The energy

conversion in Fig.1c is congruent with the distribution

of E in Fig.1b. It displays a positive process in the

jet entrance while a negative one in the jet exit re-

gion, which effectively increasing westerly wind near

the jet core. From above, it demonstrates that there

exists a close local match-pattern between STE and

the mid-latitude Pacific air-sea system in winter.

3.2 Analysis of the wintertime 200-hPa WPJS

variations

The EOF analysis is performed to the wintertime

u200 anomalies over 0◦-65◦N, 100◦-240◦E in 1957-2001.

The variances of the first three modes are 38%, 22%,

and 14%, respectively, contributing more than 70% of

the total variance. This suggests that the three modes

can describe the most variations of WPJS. The spatial

patterns of the first three EOF leading modes of the

WPJS, and their corresponding time coefficients
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Fig.1. The climatological distributions of (a) the meridional SST gradient (contour, unit: K latitude−1)
and the STE at 200 hPa (shaded, unit: m2 s−2), (b) the zonal wind (shaded, unit: m s−1) and E (units:
m2 s−2) at 200 hPa, and (c) the zonal wind and E · ∇u (contour, multiplied by 10−5, units: m2 s−3) at 200
hPa over the North Pacific in winter. The axis and center of westerly jet stream and v

′2 are indicated by
the dotted line, + and ×, respectively.

 

 

 

Fig.2. The spatial patterns (a, c, and e) and time coefficients (b, d, and f) of the first three EOF leading
modes of the zonal wind at 200 hPa. The value in (a, c, and e) is multiplied by 100. The time coefficients
are measured in units of their respective standard deviation.
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measured in units of their respective standard devia-

tion (denoted as PC1, PC2, and PC3, respectively),

are plotted in Fig.2.

The first spatial pattern of the zonal wind

anomaly (Fig.2a) shows a wave train of “−+−” pat-

tern spanning from the tropical to mid-high latitude

past the date line. The westerly wind anomaly in the

mid-latitude mainly occurs over the Pacific past the

date line. Meanwhile, a weak “−+−” dipolar anomaly

exists over East Asia and its coastal water regions.

However, the anomaly does not appear within the

major part of the WPJS. The second spatial pattern

(Fig.2c) shows the strengthened/weakened and flat-

tened/widened westerly wind belt within WPJS main

body. The third mode occupies more than 10% of the

total variance, suggesting the statistical meaning to

a certain extent. It shows the northward/southward-

shift pattern of the wintertime WPJS and its corre-

sponding time evolution (Figs.2e and f).

It is evident from Fig.2 that the anoma-

lous patterns demonstrating the variations of the

WPJS main body are the second and third EOF

modes, namely, the strengthened/weakened WPJS

and the northward/southward-shift WPJS. As dis-

cussed above, the first mode exhibits the strength-

ened/weakened westerly wind downstream of the

WPJS main body.

3.3 Associations of wintertime WPJS anoma-

lies with oceanic surface heating

In Figs.3-5 there are the patterns of regression of

the wintertime surface latent and sensible heat fluxes

against the normalized PC1, PC2, and PC3, respec-

tively. It suggests the variability of the latent and

sensible heat at the individual grid corresponding to a

standard deviation of the time coefficients. For conve-

nient comparison, the regression of u200 is also plotted

in Figs.3-5. Values with magnitude larger than 95%

confidence level are shaded. The regressed anomalies

in Figs.3a and b, corresponding to the latent and sensi-

ble heat, respectively, are concentrated in two oceanic

regions: the tropical center-eastern Pacific and the

center of the North Pacific basin. Meanwhile, the la-

tent heat anomaly dominates over the sensible heat

flux. Though the results from NCEP/NCAR are sim-

ilar to those from ERA-40, small discrepancy appears

in the regressed sensible heat field. For example, sig-

nificant region of sensible heat from ERA-40 is larger

than that from NCEP/NCAR. It is confirmed that

the strengthened/weakened wintertime westerly wind

downstream of the WPJS main body in the upper-

troposphere is strongly related to ENSO events (Yang

et al., 2002; Matthews and Kiladis, 1999), via the sig-

nificant changes of the convection over the tropical

region and consequently changed atmospheric circu-

lations over the mid-low latitudes (Matthews and Ki-

ladis, 1999). Therefore, Fig.3 demonstrates the win-

tertime anomalous patterns of oceanic surface heating

and WPJS associated with ENSO cycle. It depicts

that accompanied with anomalous heat fluxes from

oceans to the atmosphere in the tropical center-eastern

Pacific and the center of the North Pacific basin, the

upper-troposphere circulation anomalies present an

enhanced subtropical westerly wind downstream of the

WPJS main body and decreased zonal winds on its

south and north sides.

Figure 4 shows the patterns of regression against

PC2 that depicts the strengthened/weakened west-

erly wind belt within WPJS main body, especially in

the eastern part of the jet axis near the jet exit re-

gion (Fig.4e). It is noted that the enhanced/reduced

latent and sensible heat fluxes appear in the East

Asian coastal water and the Kuroshio Current re-

gion, indicating more/less heat fluxes from oceans

to the atmosphere in these regions, compared with

the climatology. Meanwhile, a narrow area with de-

creased/increased heat fluxes extends from the west

coasts of North America to the southeast side of the

Kuroshio Current. The regressed latent heat still dom-

inates sensible heat flux, compared Fig.4a with Fig.4b.

The similar close relationship between the surface heat

flux anomalies in the Kuroshio Current region and

the strengthened/weakened westerly wind belt within

WPJS main body is also shown in Figs. 4c and d

from NCEP/NCAR dataset. However, the anomalous

amplitude of the latent heat from NCEP/NCAR is

slightly larger than that from ERA-40.

Figures 5a and b show the patterns of regression



282 ACTA METEOROLOGICA SINICA VOL.21

 

 

 

 

 

Fig.3. Regressions of PC1 on (a, c) the surface latent heat, (b, d) sensible heat, and (e) the zonal wind at
200 hPa. (a) and (b) for ERA-40, (c) and (d) for NCEP/NCAR, respectively. Values with magnitude larger
than 95% and 99% confidence level are shaded with shallow and dark, respectively.

 

 

 

 

 

Fig.4. As in Fig.3, but for PC2.



NO.3 REN Xuejuan and ZHANG Yaocun 283

 

 

 

 

 

Fig.5. As in Fig.3, but for PC3.

of the wintertime surface heat fluxes against PC3. It is

evident that a south-north dipolar pattern of surface

heat fluxes, dominated between Kuroshio-to-its exten-

sion region and the poleward side of 35◦N, is related

with the northward/southward-shift pattern of WPJS.

In addition, an increased/decreased heat flux occurs

in the extratropical ocean past the date line. The

regressed fields in Figs.5c and d from NCEP/NCAR

dataset are still similar to those from ERA-40, how-

ever, a few anomalous regions from NCEP/NCAR also

scatter in the South China Sea.

Do the coupled patterns between the wintertime

WPJS variations and the surface heating anomalies in

the North Pacific depicted above exist in reality? How

about the coupled features of their time evolutions?

Therefore, the key regions for WPJS and surface heat-

ing anomalies are obtained according to Figs. 3-5. The

WPJS and surface heating indices are calculated based

on the area-averaged zonal wind and surface heating

over the key regions, to show the coupled features of

their time evolutions. The key regions of the WPJS

are chosen according to the significantly anomalous re-

gions of the first three EOF spatial patterns. For the

first and second modes, the key regions are 22.5◦-35◦N,

200◦-235◦E and 30◦-37.5◦N, 130◦-200◦E, respectively,

framed in Figs.3e and 4e. The normalized time se-

ries of the area-averaged u200 over these two regions

are used to represent the WPJS indices of PC1 and

PC2, respectively. The WPJS third mode is slightly

complicated due to the northward/southward-shift of

the WPJS. Therefore, the normalized time series of

the difference between the area-averaged zonal wind

over north area (40◦-47.5◦N, 150◦-200◦E) and south

area (22.5◦-30◦N, 150◦-200◦E) are used to represent

the WPJS index of the third mode. Similarly, the

key regions of the surface heating are also chosen ac-

cording to the significantly anomalous regions of the

regressed fields shown in Figs.3-5. For the first and

second modes, they are 0◦-10◦N, 190◦-250◦E and 20◦-

35◦N, 122.5◦-150◦E, respectively. For the third mode,

the north and south areas are 45◦-52.5◦N, 150◦-170◦E

and 22.5◦-32.5◦N, 150◦-180◦E, respectively. Due to

the similarity of the regressed latent and sensible heat

flux patterns, above surface heating indices indicate

the total of latent and sensible heat fluxes.

Figure 6 shows the time series of the WPJS and



284 ACTA METEOROLOGICA SINICA VOL.21

Fig.6. The time series of 200-hPa zonal wind index (circle line) and surface heating index (cross line). (a),
(b), and (c) are corresponding to the indices of the first, second, and third modes of the 200-hPa zonal wind
EOF, respectively. The areas for constructing the indices are shown as the frames in Figs.3-5.

surface heating indices of the three modes mentioned

above. The correlation coefficients are 0.77, 0.60, and

0.58 for the three groups, respectively, indicating a

congruent evolution on interannual time scales be-

tween wintertime WPJS variations and surface heat-

ing anomalies in the North Pacific key regions. In

addition, the evolutions of three surface heating in-

dices constructed from the NCEP/NCAR dataset are

largely consistent with those from ERA-40 above, as

can be inferred from the high correlation coefficients

of 0.84, 0.98, and 0.96 between the three heating in-

dices, and those from the NCEP/NCAR dataset for

the corresponding three EOF modes, respectively. The

discrepant surface heating anomalies between the two

datasets mainly exist in the central-eastern Pacific be-

fore 1966.

3.4 Associations of wintertime WPJS anoma-

lies with STE

Similarly, the patterns of regression of v′2, E,

and barotropic energy conversion E · ∇u related with

STE against PC1, PC2, and PC3 are displayed in

Figs.7-9, respectively. It is noted in Fig.7 that the

increased westerly wind over the mid-east Pacific past

the date line is accompanied by the significantly inten-

sified STE activities around the south-southeast of the

increased westerly wind area. The corresponding re-

gressed E directs eastward, northeastward, and south-

eastward scattering from the center of the anomalous

westerly wind, leading to the acceleration effect to the

local westerly wind. Meanwhile, Fig.7c exhibits en-

hanced barotropic energy conversion from STE to the

time-mean westerly wind exhibited by the large neg-

ative value, and thus to speed up the local westerly

wind. It is evident that the intensified STE activi-

ties over the mid-east Pacific past the date line show

direct dynamic forcing effect on the increased local

westerly wind, inferred from the view of the Eliassen-

Palm and barotropic energy conversion between the

STE and time-mean flow.

In Fig.8, the regressed STE against PC2 is dom-

inated by the intensified STE activities in the eastern

part of the jet stream, especially near the jet exit re-

gion, accompanied by the reduced STE activities pole-

ward side of the WPJS. The corresponding regressed

E directs eastward and northeastward scattering from

the center of the anomalous westerly wind. Mean-

while, the large negative barotropic energy conversion

anomaly appears in the same region. Both indicate

the dynamic forcing effect of the anomalous STE
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Fig.7. Regressions of PC1 on (a) the STE v
′2, (b) E, and (c) E ·∇u at 200-hPa level. Values with magnitude

larger than 95% and 99% confidence level are shaded with shallow and dark, respectively. Contour in (b) is
regression of PC1 on 200-hPa zonal wind.

  

 

Fig.8. As in Fig.7, but for PC2.

activities on the increased westerly wind in the eastern

part of jet stream. The regressed patterns of v′2, E,

and E ·∇u against PC3 in Fig.9 display the anomalous

distributions of the STE activities associated with the

northward/southward-shift of the jet stream. In Fig.9,

the STE spatial displacement is in conjunction with

jet stream shifts in the same direction. When the jet

stream shifts northward as shown in Fig.9b, the STE

is also more active poleward side of the jet stream, ac-

companied by the eastward and southeastward E scat-

tering from the positive center of the anomalous west-

erly wind north side of the climatological jet axis, and

more negative barotropic energy conversion located in

a narrow area spanning from the jet axis center to the

jet exit. Above distributions of the anomalous STE

reinforce the northward shift of the WPJS.

Similar to Fig.6, the STE indices, denoted as

STEI1, STEI2, and STEI3, are constructed by averag-

ing the 200-hPa v′2 in the regions boxed in Figs.7a, 8a,

and 9a, respectively. The time evolutions of the three

STE indices and the three WPJS indices defined in

Section 3.3 are depicted in Fig.10. The correlation co-

efficients are 0.68, 0.72, and 0.64 for the three groups,

indicating a strong linkage between the three leading
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Fig.9. As in Fig.7, but for PC3.

Fig.10. As in Fig.6, but for the time series of WPJS index (circle line) and STE index (cross line) at 200
hPa. The areas for constructing the STE indices are shown as the frames in Figs.7-9.

modes of the WPJS variations and STE anomalies over

the mid-latitude North Pacific in winter.

3.5 Discussion about the coupled relationship

among oceanic surface heating, STE, and

WPJS anomalies in winter

Above addressed the relationship between winter-

time WPJS, oceanic surface heating anomalies, and

STE anomalies. In fact, previous studies have sug-

gested that they are inseparable in the mid-latitude

Pacific region, and construct a triangular coupled re-

lationship (Ren et al., 2007). Namely, the changed

atmospheric circulation associated with the changes

of oceanic thermal condition induces the anomaly of

the mid-latitude baroclinicity, and thus leading to the

STE anomaly. The changed STE activities then have

a forcing effect on the atmospheric circulation through

the internal atmospheric dynamical and thermal pro-

cesses. Therefore, the wintertime anomalous pattern

of the mid-latitude atmospheric circulation is the fi-

nal equilibrium state generated by both the external

forcing and internal atmospheric forcing. Actually, the
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first EOF spatial mode of the WPJS is the anomalous

atmospheric circulation forced by ENSO (Yang et al.,

2002; Matthews and Kiladis, 1999). The present study

demonstrates further that the strengthened/weakened

STE activities, induced directly by the strength-

ened/weakened atmospheric baroclinicity in the extra-

tropical mid-east Pacific past the date line during the

ENSO years (figure omitted), can directly yield the

increased/decreased local westerly wind via the inter-

nal dynamics. Therefore, it can reinforce the westerly

wind anomaly forced by ENSO. For the second mode,

the increased/decreased oceanic surface heating in the

East Asian coastal water and Kuroshio Current region

is closely related to the increased/decreased merid-

ional air-temperature contrast overhead, and with con-

sequently inducing the strengthened/weakened WPJS

in the upper-level through thermal wind relationship.

Meanwhile, the strengthened/weakened atmospheric

baroclinicity on the south side of the WPJS (figure

omitted) causes the increased/decreased STE activ-

ities, which has a direct dynamic forcing to the in-

creased/decreased local westerly wind in the eastern

part of WPJS. For the third mode, the south-north

dipolar pattern of the oceanic surface heating anomaly

in the Northwest Pacific may shift the maximal re-

gion of the meridional air-temperature gradient north-

ward/southward, inducing the northward/southward

shift of the WPJS and STE simultaneously. The

northward/southward shift of the STE is in favor of

the WPJS northward/southward shift. Some of the

results are in agreement with Zhu and Sun’s (2000)

investigations.

In fact, STE anomaly also plays a role in the time-

mean air-temperature via thermal forcing, therefore,

indirectly generating wind field anomaly. This issue

will be discussed in another study.

4. Conclusions

Up to now, it is recognized that the dynamical

process, related with the wintertime mid-latitude cli-

mate anomaly in the Northern Hemisphere, is not so

easy to be understood as that suggested by linear the-

ory (Hoskins and Karoly, 1981). Besides considering

the direct forcing of diabatic heating, the active win-

tertime STE and its dynamic forcing to the climate

anomaly in the mid-latitude, which is the consider-

able difference with that in the low-latitude, should

be addressed necessarily. The latter belongs to the

internal atmospheric processes (Kushnr et al., 2002).

Therefore, it is essential to compare the effects of the

two forcings on the mid-latitude climate anomaly, in

order to assess the potential contribution of the STE

forcing to the development of the mid-latitude climate

anomaly. Based on these thoughts, the present study

addresses the connections of WPJS anomalies with the

oceanic surface sensible and latent heat fluxes, and

with STE over the Pacific sector in winter. The fol-

lowing conclusions are obtained:

(1) The regressed analysis displays that the

oceanic surface heating anomalies in the Pacific ac-

companied with WPJS three different anomalous

patterns are discrepant. The anomalous westerly

wind downstream of the WPJS main body is as-

sociated with the anomalous surface heating occur-

ring in the tropical central-eastern Pacific past the

date line and the center of the North Pacific basin.

The fluctuation of westerly wind intensity in the

WPJS region is strongly related with the surface

heating anomaly in the Kuroshio Current region.

The WPJS northward/southward-shift has a connec-

tion with south-north dipolar pattern of the heating

anomaly in the western North Pacific separated at

35◦N.

(2) The STE anomalous patterns, appearing over

the extratropical central-eastern Pacific, the winter-

time WPJS jet exit region and the north/south side of

the climatological jet axis, are corresponding to WPJS

three different anomalous patterns, respectively. The

STE anomaly can directly generate the westerly wind

anomaly through internal atmospheric process.

(3) There exists a triangular coupled relationship

among wintertime oceanic surface heating anomaly,

STE anomaly, and WPJS anomaly. The heating

anomaly has a linkage with the time-mean flow and

change the mid-latitude baroclinicity, leading to the

STE anomaly. The changed STE activities then rein-

force the WPJS anomaly through the internal dynam-

ical processes.

It should be pointed out that the wintertime

WPJS variation is not only related to the oceanic sur-

face heating anomaly, but also due to the direct land

thermal and dynamical processes such as Eurasian
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orography (Wu et al., 2005) and East Asian snow cover

(Martyn and Serreze, 2000). In the present study,

only the oceanic surface heating in the North Pacific is

demonstrated as the presentation of the external forc-

ing. Therefore, the relationship between these per-

sistent external forcings and WPJS should be investi-

gated comprehensively. Furthermore, the related nu-

merical simulation and dynamical analysis should be

carried out in the future study.
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