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ABSTRACT

The propagation of wave packets and its relationship with the subtropical jet was investigated for the
period 26–29 January 2008 over southern China using ECMWF Interim re-analysis data. Wave packets
propagated from the north to the south side of an upper front with eastward development along the upper
front during this period. Due to the eastward development of propagation, the acceleration of geostrophic
westerly winds shifted eastward along the front. There were two primary sources of the propagation of
wave packets at around 30◦N. The first was the temperature inversion layer below 500 hPa, and the second
was baroclinic zones located along the polarward flank of the subtropical jet in the middle and upper
troposphere. Most wave packets propagated horizontally from the baroclinic zones and then converged on
the zero meridional gradients of zonal winds.
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Citation: Zuo, Q. J., S. T. Gao, and D. R. Lü, 2013: The propagation of wave packets and its relationship
with the subtropical jet over southern China in January 2008. Adv. Atmos. Sci., 30(1), 67–76, doi:
10.1007/s00376-012-1197-6.

1. Introduction

In winter, the climate over China is characterized
by low temperatures, snowstorms, and freezing rain
resulting from the influence of a cold surge that is one
of the most prominent features of the Asian winter
monsoon (Ding and Krishnamurti, 1987; Dong et al.,
1994; Wu and Chan, 1995; Zhang et al., 1996; Wu and
Chan, 1997; Zhang et al., 1999; Zhang and Sumi, 2002;
Huang et al., 2007).

In January and early February 2008, an unprece-
dented storm affected China, leading to extreme and
long-lasting low temperatures, blizzard conditions and
freezing rain over southern China. According to statis-

tics released by the Ministry of Civil Affairs of China,
the direct socioeconomic loss was estimated to be more
than $22.3 billion, and indirect losses even greater
(Peng and Peng, 2008; Zhao et al., 2008).

There were two critical airflows involved in this ex-
treme event: cold air, which affected southern China
because of the persistence of a blocking pattern over
the northern Asian continent in the middle latitudes;
and a warm and moist flow of air provided by a strong
trough that existed over the Bay of Bengal. Several
physical processes are thought to have played crucial
roles in intensifying these two special flows:

(1) The maintenance of the western Pacific sub-
tropical high may have promoted the transport of
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warm-moist air into southeast China.
(2) The variation (southeastward shift and inten-

sification) of the Middle East jet stream and the posi-
tive phase of the Arctic Oscillation could have favored
intrusions of cold air into East Asia, enhancing wa-
ter vapor transport from western Asia and the Bay of
Bengal to China (Wen et al., 2009).

(3) An anomalous subtropical western Pacific high
over the East Asian coast may have decelerated the
eastward propagation of weather systems to the Pacific
and enhanced water vapor transport from the north-
ern South China Sea to the snowstorm regions (Wen
et al., 2009).

(4) When the cold air encountered the warm air
over southern China along a quasi-stationary front,
the water moisture would have condensed and became
snow or freezing rain (Wen et al., 2009; Zhou et al.,
2009; Shi et al., 2010).

(5) A deep inversion layer in the lower troposphere
may also have been important, in terms of its associa-
tion with the extended snow cover over most of central
and southern China (Zhou et al., 2009).

Among the factors mentioned above, the Siberia
blocking may have been the most important because
it would have established and maintained the cold
conditions over southern China (Zhou et al., 2009).
Furthermore, another significant and distinct synoptic
characteristic of this severe freezing rain and snow-
storm event was an east–west or northeast–southwest
orientation and rare (hardly ever observed over China
during winters prior to 2008) quasi-stationary front
located over southern China (Sun and Zhao, 2010).
There were different precipitation types occurring dur-
ing the period 25–30 January 2008 in the western
and eastern parts of the quasi-stationary front (Sun
and Zhao, 2010), detailed observational and theoret-
ical studies of which can be found in Sun and Zhao
(2010).

The role of tropospheric jet streaks in the devel-
opment of severe convective systems has been summa-
rized by, for example, Pettersen (1956) and Newton
(1963, 1967). Their primary role is to transport cool
and dry air that enhances upper level divergence and
transports sensible heat downstream from the convec-
tion region. The interaction between upper and lower
tropospheric jets can create a region of convective in-
stability within which severe weather ultimately oc-
curs (Uccellini and Johnson, 1979). Furthermore, the
interaction of transverse vertical circulations associ-
ated with two separate upper level jet streaks can also
produce severe weather (Uccellini and Kocin, 1987).

In most diagnostic studies, the conventional
Eliassen-Palm (E-P) flux has proven to be a power-
ful tool for diagnosing the interaction between wave

packets and zonal-mean flow on the meridional plane
(Andrews and Mcintyre, 1976; Edmon et al., 1980;
McIntyre, 1982; Andrews et al., 1987). However, it
cannot represent the propagation in the zonal direc-
tion. The extended E-P flux, as formulated by Hoskins
et al. (1983) and Trenberth (1986), has been widely
used, since it can represent the zonal propagation of
small-amplitude wave packets. Plumb (1985) derived
a wave-activity flux to represent 3-D wave propaga-
tion. Based on Plumb’s work, Takaya and Nakamura
(2001) derived a new 3-D wave-activity flux containing
the group velocity.

In this paper, we report upon work in which the
planetary wave activity flux introduced by Plumb
(1985) was adopted to study the interaction between
wave packets and the subtropical jet during the ex-
treme event of January/February 2008 over southern
China. Following this introduction, the data and anal-
ysis are described in section 2. Some details about the
daily mean subtropical jet over southern China from
26 to 29 January 2008 are given in section 3. The prop-
agation of wave packets and its relationship with the
subtropical jet are presented in section 4. And finally,
a short discussion is presented in section 5.

2. Data and analysis

The study was based on six-hourly ECMWF (Eu-
ropean Centre for Medium-Range Weather Forecasts)
Interim Re-analysis (ERA-Interim, Simmons et al.,
2007) data for the year 2008. The ERA-Interim data
have a horizontal 1.5◦×1.5◦ resolution on 37 pressure
levels from 1000 to 1 hPa, with 60 vertical hybrid levels
for the spectral model. A 4-D Variational (4D Var.)
data assimilation system with 12-hour cycling is used
with output every six hours. A new humidity analy-
sis has recently been added into the assimilation, and
variational bias correction of satellite radiance data
and other improvements were made before assimila-
tion took place.

The snowstorm, which was a once-in-50-years event
(or once in 100 years for some regions) (Shi et al., 2010)
was organized into four stages from January to Febru-
ary 2008: 10–16 January (stage I); 18–22 January
(stage II); 25–30 January (stage III); and 31 January
to 2 February (stage IV). The most severe and persis-
tent freezing rain occurred between 25◦ and 30◦N, in
the areas of Hunan, Guizhou, and Jiangxi Provinces
(Sun and Zhao, 2010). Only the data recorded during
the period 26–29 January (stage III) were selected for
the study because the most severe freezing rain and
snowstorm took place during this stage.

The wave activity flux Fs, introduced by Plumb
(1985), was calculated to depict a propagating packet
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of planetary waves in 3-D space. It is quite useful to
analyze the source region from which planetary waves
propagate in 3-D space, and the definition of Fs on a
sphere is derived in log-pressure coordinates as follows:

Fs=p cos ϕ
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(1)
Here, p is a ratio between pressure (hPa) and 1000 hPa,
(u, v) represents zonal and meridional geostrophic
winds, Φ is geopotential, and T is temperature. The
prime denotes small perturbations to a steady zonal
flow. Ω is the Earth’s rotation rate, a is the Earth’s
radius, and (ϕ, λ) is the latitude and longitude. S is

the static stability, which is defined as

S = (∂T̂ /∂z) + κT̂/H . (2)

T̂ is global areal average temperature, and H is the
constant-scale height.

3. Jet stream over southern China

The daily mean local geostrophic westerly winds
(referred to simply as westerly winds hereafter) at 300
hPa from 26–29 January 2008 are shown in Fig. 1. In
the mid- and upper-troposphere, the subtropical jet
was located around 25◦N and there were obvious ac-
celerations of local subtropical jet over China. A local
westerly winds maximum over the south of the Tibetan
Plateau at around (25◦N, 90◦E) was in excess of 70
m s−1, and local westerly winds travelling at about
50–60 m s−1 were located over Guizhou Province on
26 January (Fig. 1a). On 27 January, the speed of
local westerly winds maximum over the south of the

Fig. 1. The daily mean distributions of geostrophic zonal wind (thick solid lines) and temperature
(thin solid lines) at 300 hPa over southern China on (a)–(d) 26–29 Jan 2008. Guizhou Province is
labeled by the bold-black square (25◦–30◦N, 105◦–110◦E). The contour intervals are 10 m s−1 for
the zonal wind and 2 K for the temperature.
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Tibetan Plateau increased from about 70 m s−1 to
more than 90 m s−1 compared to 26 January, whilst
over Guizhou Province they remained at 50–60 m s−1

(Fig. 1b). From 27–28 January, the local westerly
winds maximum shifted eastward and finally located
at around (25◦N, 95◦E) on 28 January; and thus, over
Guizhou Province, these winds increased from 50–60
m s−1 to 70–80 m s−1 (Figs. 1b and c). From 28–29
January, the local westerly winds maximum over the
southeast of the Tibetan Plateau at around (25◦N,
95◦E) decreased down to about 80 m s−1, but over
Guizhou Province the local westerly winds increased
to more than 80 m s−1 (Figs. 1c and d). Over the
east of Guizhou Province, an increase in local westerly
wind speed also occurred, but less intensely than over
the west of the province, and the province as a whole.
For instance, at 114◦E, local westerly winds increased
from less than 50 m s−1 on 26 and 27 January (Figs. 1a
and b) to about 60 m s−1 on 28 January (Fig. 1c), and
then to 70–80 m s−1 on 29 January (Fig. 1d).

An upper troposphere quasi-stationary front can
be seen to have occurred over the south of the Ti-
betan Plateau at around 30◦N in Fig. 1a. The varia-
tion of this front with time is related to the accelera-
tion of local westerly winds, and the maximum of local
westerly winds in this case was located on the warm
side of the front. From 26 to 28 January (Figs. 1a–c)
the front extended eastward and strengthened as the
local westerly winds maximum shifted eastward and
increased. From 28–29 January (Figs. 1c and d), the

front extended continually eastward but weakened as
the local westerly winds maximum shifted continually
eastward but decreased.

The occurrence of this upper quasi-stationary front
over southern China is linked to the simultaneous oc-
currence of a quasi-stationary front in the lower tro-
posphere, which, when either east–west- or northeast–
southwest-oriented, is itself formed during severe pre-
cipitation stages over southern China, and some-
times along the Yangtze River basin. However, such
quasi-stationary fronts rarely appear during winters in
southern China (Sun and Zhao, 2010).

4. Wave propagation and wave-flow interac-
tion in the jet

As described in section 3, the local westerly winds
over southern China accelerated, and there was an
eastward development of this acceleration. But how,
within this acceleration process, did the geopotential
change in the westerly jet? To address this ques-
tion, we first focus on the development of geopotential
anomalies over South China. These anomalies were
calculated by subtracting the 23-yr January average
of daily values from the zonal-mean geopotential data
recorded during 26–29 January 2008.

The development of geopotential anomalies at 500
hPa, 300 hPa and 200 hPa, which were averaged be-
tween 24◦N and 30◦N, are shown in Fig. 2. The east-
ward progression of negative geopotential anomalies

Fig. 2. Temporal evolutions of geopotential (Φ) anomalies averaged between 24◦N and 30◦N from 0000
UTC 26 to 1800 UTC 29 Jan 2008 at 500 hPa (a), 300 hPa (b) and 200 hPa (c). The anomalies are the
deviation from the zonal climatology of January, 1989–2011. The solid thin and thick lines denote the
negative and positive values, respectively. The contour interval is 0.2×103 m2 s−2.
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at these three pressure levels can be clearly seen for
the period 27–29 Jan 2008. Moreover, these progres-
sions were different at different times during these
three days. From 0000 UTC 26 to 0000 UTC 27,
the anomalies were almost stable in the latitude belt.
Then, from 0000 UTC 27 to 0000 UTC 28, rapid east-
ward propagation of the anomalies took place at the
three pressure levels between 90◦ to 100◦E. Following
the geostrophic wind relationship, there was a local
development of westerly winds, which can be seen in
Figs. 1a and b. From 0000 UTC 28 to 0000 UTC 29,
the center of the anomalies appeared at around 100◦E,
and the anomalies continued to migrate eastward. Be-
cause of the development of these anomalies, the west-
erly winds strengthened at around 100◦E and the jet
streak moved eastward (Figs. 1b and c). From 0000
UTC 29 to 1800 UTC 29, the anomalies propagated to
around 120◦E, with an increase of the westerly winds
in the same area.

Previously, Sun and Zhao (2010) used infrared
data for cloud-top temperatures from the Chinese
Fengyun (FY-2C) satellite to analyze the activities of
mesoscale systems propagating eastward from the Ti-
betan Plateau toward eastern China. Their results
showed that cloud clusters were limited over the Ti-
betan Plateau during 26–27 January 2008, and then
moved eastward to affect the middle and lower reaches
of the Yangtze River from 27–29 January, leading to
the heavy precipitation from 27–28 January. After 29
January, their data showed that the systems over the
Tibetan Plateau became weaker, but were still rela-
tively active and moved eastward (Fig. 9a in Sun and
Zhao, 2010). These results relating to the variation of
cloud clusters from 26–29 January 2008 agrees reason-
ably well with our results on the variation of negative
geopotential anomalies over southern China.

Some authors have studied the relationship of wave
propagation with rainfall and indicated that quasi-
stationary waves play important roles in the rainfall
over South America by affecting blocking episodes in
the southeast Pacific near the west coast of South
America during El Niño events (Rutllant and Fuen-
zalida, 1991; Renwick and Revell, 1999; Marques and
Rao, 1999, 2000; Rao et al., 2000, 2002). In the context
of our results, a quasi-stationary blocking high over
Siberia led to advection of dry and cold Siberian air
down to central and southern China. This persistent
system remained in place for three weeks and might
have been due to strong nonlinear interactions among
waves and mean flow (Zhou et al., 2009). However,
quasi-stationary waves not only affected the blocking,
but also the subtropical jet. Accordingly, the wave
activity flux introduced by Plumb (1985) was calcu-
lated to study the propagation of waves in 3-D space

in order to provide a deeper understanding of the east-
ward progression of geopotential anomalies and the jet.
The longitude–latitude cross sections (10◦–40◦N, 90◦–
130◦E) of daily temperature and horizontal compo-
nents of daily wave activity flux from Eq. (1) at 300
hPa are plotted in Fig. 3.

On 26 January (Fig. 3a), wave packets propagated
southeastward from the cold area over the south of
the Tibetan Plateau at around (30◦N, 95◦E) and con-
verged over the west of Guizhou Province. By 27 Jan-
uary (Fig. 3b), the propagation of wave packets be-
came stronger compared to 26 January, the source re-
gion was still the cold area over the south of the Ti-
betan Plateau, and wave packets still converged over
the west of Guizhou Province. This strengthening of
the propagation of wave packets only appeared over
the west of Guizhou Province from 26–27 January, and
was consistent with the decrease of the negative geopo-
tential anomalies during the same period over the same
area shown in Fig. 2b. This process was also consis-
tent with the acceleration of local westerly winds over
the west of Guizhou Province shown in Figs. 1a and
b. From 27–28 January (Figs. 3b and c), the propa-
gation of wave packets strengthened continually over
the west of Guizhou Province and had remarkably ap-
peared over the northeast of Guizhou Province. The
increase and northeastward development of the prop-
agation during this period was associated with the
decrease and eastward development of the negative
geopotential anomalies shown in Fig. 2b. This process
was also associated with the acceleration of local west-
erly winds in the corresponding area shown in Figs. 1b
and c. From 28–29 January (Figs. 3c and d), the prop-
agation of wave packets weakened over the west of
Guizhou Province, but strengthened over the east of
Guizhou Province. The development of the propaga-
tion of wave packets during this period was related
with the increase of the negative geopotential anoma-
lies over the west of Guizhou Province and the decrease
from positive to negative geopotential anomalies over
the east of Guizhou Province shown in Fig. 2b. This
process was also related to the deceleration of local
westerly winds over the west of Guizhou Province and
their acceleration over the east of Guizhou Province
shown in Figs. 1c and d. Note, the behavior of the
propagation of the wave packets was also consistent
with the behavior of cloud clusters, mentioned above.

Clear evidence was observed for the propagation of
wave packets, the variation of westerly winds, and the
development of geopotential anomalies. The eastward
propagation of wave packets developed along the upper
front (Figs. 3a and b) and reached a trough over the
west of Guizhou Province, strengthening it (Fig. 2b).
The development of this trough tended to accelerate
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Fig. 3. Horizontal propagation of wave packets at 300 hPa on (a)–(d) 26–29 Jan 2008. The tem-
perature contour interval is 2 K. Vectors show Plumb’s wave activity flux in units of m2 s−2. Scales
of vectors are shown in the middle lower region of the panels. Guizhou Province is labeled by a
bold-black square (25◦–30◦N,105◦–110◦E).

the westerly winds and increase the vertical velocity
over the exit of the jet. Because of the vigorous convec-
tion, a low cloud-top temperature appeared over the
west of Guizhou Province. When the development of
the propagation of wave packets was eastward (Figs. 3b
and c), the trough developed eastward (Fig. 2b). Con-
sequently, the westerly winds accelerated (Figs. 1b and
c) and the cloud-top temperature decreased over the
east of Guizhou Province. These factors provided fa-
vorable environmental conditions for the appearance
of the extreme weather event over southern China.

Insight into the relationships between the propa-
gation of wave packets and local westerly winds was
gained by looking at the latitude–height cross sections
of temperature, westerly winds and Plumb’s wave ac-
tivity flux at 106.5◦E, 114◦E and 120◦E (Fig. 4). As
Fig. 4 shows, in the lower troposphere, under 500 hPa,
the westerly maximum was located at around 25◦N.
The westerly maximum intensified and shifted polar-
ward with altitude so that at about 200 hPa the max-

imum was located at about 30◦N and in excess of 80
m s−1. This wind structure was associated with three
regions of strong meridional temperature gradients at
about 30◦N. One of these was located in the lower tro-
posphere under 500 hPa, which was an obvious tem-
perature inversion layer. The second appeared in the
middle troposphere between about 500 hPa and 250
hPa. The third was in the upper troposphere above
250 hPa. The last two strong meridional tempera-
ture gradients were opposite and can be referred to as
baroclinic zones, which were located along the polar-
ward flank of the subtropical jet (Fig. 4). These baro-
clinic zones corresponded to the front in the latitude–
longitude plane (Fig. 3).

On 26 January at 106.5◦E, there was only a small
amount of propagation of wave packets upward and
then equatorward from the lower troposphere tem-
perature inversion layer under 500 hPa, converging
around the zero meridional gradients of westerly winds
(Fig. 4a). From 27–28 January, the propagation of
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Fig. 4. Latitude–height cross sections of temperature (thin solid lines), zonal winds
(thick solid lines), and Plumb’s wave activity flux (vectors) at 106.5◦E (a–d), 114◦E
(e–h) and 120◦E (i–l). The thick dashed lines are zero meridional gradients of zonal
winds. Contour intervals in temperature and zonal winds are 10 K and 10 m s−2,
respectively. Plumb’s wave activity flux vectors are in units of m2 s−2. Scales of vec-
tors are shown in the middle regions of the lower panels. The vertical component of
Plumb’s wave activity flux is multiplied by 104. Dates are 26, 27, 28 and 29 January,
respectively.
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Fig. 4. (Continued).

wave packets gradually strengthened, and there were
three obvious source regions of the propagation during
this period. One was the lower troposphere temper-
ature inversion layer. Wave packets propagated up-
ward from this area and then equatorward, and fi-
nally converged around the zero meridional gradients
of westerly winds. This behavior of wave packets only
affected lower tropospheric circulation. The second
was the middle troposphere baroclinic zone. From this
area, most of the wave packets propagated upward, as
well as equatorward, at around 30◦N, and then con-
verged around the zero meridional gradients of west-
erly winds. The third was the upper troposphere baro-
clinic zone above 250 hPa. Wave packets propagated
weakly from this region, downward and equatorward.
On 29 January, the propagation became weaker than
that on 28 January, and the direction of it in the mid-
dle troposphere baroclinic zone was rather horizontal
and equatorward at around 30◦N. Over the east of
Guizhou Province (Figs. 4e–l), the propagation behav-
ior of the wave packets was the same as those over the
west of Guizhou Province, but weaker in intensity.

5. Discussion and conclusions

The propagation of wave packets and its relation-
ship with the acceleration of local westerly winds in
the middle-upper troposphere was investigated during
the period 26–29 January 2008 over southern China.

Horizontally, wave packets propagated from the
north to the south side of the upper front. Propa-
gation developed eastward along the upper front dur-
ing 27–29 January, and this development corresponded
to the eastward shift of acceleration of local westerly
winds. The propagation of wave packets intensified the
negative geopotential anomalies, and hence the merid-
ional gradient of geopotential strengthened. Following
the geostrophic wind relationship, geostrophic winds
would increase in this situation. With the eastward
development of the propagation of wave packets along
the upper front, the geopotential anomalies and the
acceleration of local westerly winds shifted eastward.

Vertically, there were two primary sources of prop-
agation at around 30◦N. The first was the temperature
inversion layer below 500 hPa, from which wave pack-
ets propagated upward, as well as equatorward, and
only affected the lower troposphere under 500 hPa.
We do not discuss this case in any depth because the
propagation of wave packets there may be affected by
complicated terrain. The second source was baroclinic
zones in the middle and upper troposphere, which were
located along the polarward flank of the subtropical
jet. Most of the wave packets propagated from the
baroclinic zones horizontally and then converged on
the zero meridional gradients of local westerly winds.
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