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ABSTRACT

Cold surges were unusually active in subtropical East Asia during January - February 2005. These cold surges were
preceded by upstream wave trains, which originated in the Mediterranean-Sahara region and propagated eastward along the
subtropical jet stream over the Eurasian continent. The northerly of the upper-level cyclonic anomaly in East Asia coupled with
the low-level northerly upon the arrival of wave activity, and this was followed by a quick southward penetration of cold air
mass and surface anticyclone. Diagnostic and numerical results suggest that the anomalously active wave activity affecting the
East Asian cold surges may be attributed to an anomalously enhanced jet stream over the Middle East and an anomalously
westward extension of the East Asian Jet Stream. The configuration of these two subtropical jet streams established a strong
waveguide through which wave activity forced in the Mediterranean-Sahara region could efficiently propagate to East Asia,
resulting in above average cold surge events in subtropical East Asia. Wave-like perturbation tended to be amplified at the

entrance to the East Asian jet through barotropic energy conversion from the mean flow.
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1. INTRODUCTION

The East Asian cold surge is one of the most prominent
phenomena in the East Asian winter monsoon. The cold
surge, accompanied by strong northerly winds, causes not
only natural disasters in East Asia, but also brings monsoon
rainfall to Southeast Asia (Boyle and Chen 1987). There are
two types of cold surges over East Asia, namely the easterly
surge and the northerly surge (Wu and Chan 1995). Cold air
and surface anticyclone in a cold surge event often move
southward along the eastern periphery of the mountains east
of the Tibetan Plateau from Siberia to Southern China, Tai-
wan, and even the South China Sea in some strong events
(e.g., Lau and Lau 1984; Hsu 1987; Compo et al. 1999). Tai-
wan, an island off the southeastern coast of China, was
affected by this southward-penetrating cold surge 2.5 times
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per winter from 1981 - 2000 (Wu et al. 2007). However, in
the 2004/2005 winter, four cold surges reached Taiwan.
This unusually strong cold surge activity broke a 40-year
record and caused significant agriculture loss in Taiwan.

Previous studies have revealed that East Asian cold
surges are often preceded by upstream upper-level distur-
bances originating in the western Eurasian continent
(Joung and Hitchman 1982; Wu and Chan 1997; Chen et
al 2002). Similarly, the four cold surge events in the 2004/
05 winter were preceded by wave-like disturbances pro-
pagating eastward from Europe to East Asia along the sub-
tropical jet stream, which has been identified as a Rossby
waveguide in previous studies (e.g., Hsu and Lin 1992;
Hoskins and Ambrizzi 1993). Through this jet-stream
waveguide Asia weather can be affected by, forcing or
perturbation occurring as far upstream as Europe in just a
few days.
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Despite this knowledge of upstream wave-like distur-
bances, the mechanism guiding the wave train has not been
fully explored. In view of strong cold surges and upstream
wave activity in the 2004/2005 winter, this study aims to
explore the waveguide effect on wave-like disturbances in
the upper troposphere and the possible effect of upper-level
wave activity on the initiation of cold surges in the 2004/05
winter. In this study, we will demonstrate that upper-level
Rossby wave trains originating in the Mediterranean-Sa-
hara region and propagating through the jet-stream wave-
guide helped trigger the East Asian cold surge. It is also
suggested that the East Asian Jet Stream (EASJ) plays an
important role in amplifying the wave-like disturbances
through wave-mean flow interaction. Numerical simula-
tion will also demonstrate the sensitivity of the wave pro-
pagation to the detailed structure of the subtropical jet
stream.

2. DATA AND MODEL

Daily NCEP/NCAR reanalysis wind, geopotential height
(Kalnay et al. 1996) during the 2004/05 winter are used in this
study. Cold surges were identified based on criteria defined by
the Central Weather Bureau, the official meteorological
agency of Taiwan. The criteria are: (i) the daily maximum
temperature of Taipei (located in northern Taiwan)
drops at least 4°C within 24 - 48 hours; and (ii) the
daily minimum temperature is less than 10°C. To

make sure the cold surge is not station dependent, o
the data of Pengchiayu, an island to the northeast of 221
Taipei, is also used to identify cold surges. Four 201
cold surge events listed in Table 1 were identified. 181
The corresponding time series of daily minimum 161
temperature is also shown in Fig. 1. The abrupt o
temperature drop ranges from 4.8 to 9.9°C and the 121
minimum temperature fell to 7.3 - 9.6°C. It is also 101
interesting to note that the cold surges occurred reg- 81
ularly every 16 - 18 days after a warm December. 61

The model used to explore the waveguide 4

effect on Rossby wave-like disturbances is a
linearized perturbation barotropic vorticity equa-
tion. It is outlined as:

o Jot = -V -V +f) =V -V =k =iV + s
6]

where, prime represents the anomaly deviation from mon-
thly climatology, over bar denotes the climatological mean
variable, ¢ the 200-hPa relative vorticity, ¥ two dimen-
sional wind, fthe Coriolis parameter, k' Rayleigh (linear)
drag term, #V*¢' biharmonic diffusion, and s vorticity for-
cing. The coefficients for Rayleigh friction and biha-
monic diffusion are 3.935 x 107 5™ (equivalent to a 10-day
damping) and 2 x 10" m* s™', respectively. The model is a
nondivergent global spectrum model with a T42 horizontal
resolution (128 x 64). Previous tests show that this model
simulates well Rossby wave propagation either for the ini-
tial or forced problem (Hsu 1994). In the following experi-
ments, a prescribed elliptical forcing (s), the Rossby wave
source (RWS, Sardeshmukh and Hoskins 1988), calculated
from observation is added to Eq. (1). The RWS was multi-
plied by 10” to make the simulation essentially linear.
Three sets of mean flows at 200 hPa, i.e., the climatological
zonal mean flow (here after climz_exp), climatological
time mean flow (hereafter clim_exp) and the mean flow in
January - February 2005 (hereafter surge exp), were used
as basic flow in the numerical experiments to explore the
waveguide effect of the basic flow on the perturbation.

Taipei /Pengchiyu daily minimum temp

Taipei (25N,121.5E)
Pengchiyu (25.6N,122.1E)
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Fig. 1. Time series of the daily minimum temperature of Taipei (dark line) and
Pengchiayu (gray line) during the 2004/05 winter. Daily minimum temperature
below 10°C (dash line) is defined as a cold surge.

Table 1. Dates of the East Asian cold surges in the 2004/05 winter and the corresponding temperature drop within 24 - 48 hours (column 3) and

minimum temperature (column 4) in Taipei.

Cold surge Periods AT 2 (24 - 48 h) Tin (°C)
case 1 12/29, 2004 - 1/2, 2005 9.9 7.6
case 2 1/14, 2005 - 1/17, 2005 4.8 8
case 3 2/1, 2005 - 2/3, 2006 6.9 9.6
case 4 2/19, 2005 - 2/21, 2006 9.9 7.3
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3. COLD SURGE AND UPSTREAM WAVE
ACTIVITY

Figure 2 shows the 200-hPa wind and the 850-hPa tem-
perature anomalies on the first day of cold surge defined by

850hPa-T
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Table 1. An upper wave-like wind anomaly appearing in
the subtropical jet is observed for all four events. The dis-
tributions of negative temperature anomalies (shading)
seem to indicate that the southward penetration of cold air
mass along the lee side of Tibetan Plateau is accompanied
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Fig. 2. 200-hPa wind and 850-hPa temperature anomalies (contour) on the first day of four cold surge events defined in Table 1. Contour interval is

2°C and negative temperature anomaly is shaded.
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by the arrival of the northerly anomalies aloft. To further
demonstrate the relationship between the upper and low-
level wind anomalies, a longitude-height cross section of
meridional wind anomaly averaged over 20 - 30°N is
shown in Fig. 3. Zonal wind is also plotted to indicate the
existence of two jet streams: the EASJ and another one
over the Middle East. The figure reveals a wave-like struc-
ture with zonal scale equivalent to zonal wavenumber 6 in
all cold surge events (Fig. 3). The wave-like patterns ex-
hibit equivalent barotropic vertical structure with the larg-
est amplitude in the upper troposphere. Particularly inter-
esting is the region of northerly anomaly near the East
Asian coast. The northerly anomaly exists from the upper
troposphere to near the surface and coincides with the south-
ward penetration of cold air and the low-level northerly
embedded in the cold surges. An examination of the tempo-
ral evolution of each cold surge event indicates that the re-
gion of the near-surface northerly started moving south-
ward upon the arrival of the wave-like disturbance. This
seems to suggest that the northerly in the wave-like distur-
bance helped trigger the southward advance of cold surge.
This is consistent with the coupling of the upper trough
with low-level circulation reported by Chen et al. (2002).
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One example will be shown and discussed in Fig. 5.

The temporal evolution of these four wave-like distur-
bances is shown in Fig. 4, which presents the Hovmiiller dia-
gram of 200-hPa meridional wind anomaly averaged over
20 - 30°N. There are many wave-like patterns, which are
characterized by the intermittently positive and negative
meridional wind anomalies from 0 to 120°E and by the
sequential development of a new anomaly center in the
downstream. But only four events, indicated by the dashed
arrows, exhibit northerly anomaly at the most eastern end of
these wave-like structures. Also plotted in contours is the
meridional wind anomaly at 850 hPa between 80 and 120°E.
It is interesting that the northerly anomaly at 850 hPa is also
observed only during the four cold surge events. Note that
the northerly anomaly in early December is not accompa-
nied by a cold surge because of the warm December (Fig. 1)
and the weak Siberian High. The above features also suggest
that the cold surges occurred upon the arrival of wave
activity, which propagates eastward from northern Africa
(Sahara) to East Asia.

To understand how wave activity propagates, the wave
activity flux (WAF) defined by Takaya and Nakamura
(2001) was computed. Here only the WAF and the corre-

V(20N-30N) case2 2005/1/14
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Fig. 3. Same as in Fig. 2, but for the longitude-height cross section of anomalous meridional wind (averaged over 20 - 30°N). Dark bar and gray shad-
ing denote topography and total zonal wind, respectively. Contour represents meridional wind anomaly with 5 m s™ interval.



Impact of Subtropical Jet Stream on East Asian Cold Surges 337

200hPa-V (shading) & 850hPa-V

1DEC2004

6DEC2004
11DEC2004 -
16DEC2004 1
21DEC2004 1

26DEC2004 1

1JAN2005
6JAN2005 1
11JAN2005 1
16JAN2005 { ===
21JAN2005 {2

26JAN2005 1

1FEB2005
6FEB2005 -
11FEB2005
16FEBZOOS-‘\
21FEB2005

26FEB2005 S &
0 20 40E  60E  80E  100E  120E
N
0

Fig. 4. Hovmiiller diagrams of the 200-hPa (shading) and 850-hPa
(contour) meridional wind anomaly averaged over 20 - 30°N. Only the
850 hPa northerly anomaly in East Asia (80 - 120°E) less than -3 mss™ is
plotted. Contour interval is 3 m s”'. Dashed arrows denote the wave
trains linked with cold surges.

sponding stream function anomaly at 200 hPa for the first
cold surge are shown in Fig. 5. The other cases exhibit
similar characteristics. Figure 5a reveals significant wave
activity flux from the Mediterranean-Sahara to the Middle
East 5 days before the onset of cold surge in Taiwan. Con-
tinuous eastward propagation of wave activity and devel-
opment of new centers of action along the subtropical jet
are evident at Day -3 (Fig. 5b). By Day -1, a cyclonic
anomaly appeared over eastern China while the WAF had
further extended into the western North Pacific. This se-
ries indicates the eastward energy dispersion of the
Rossby wave-like disturbances through the subtropical
jet-stream waveguide from the Mediterrancan-Sahara to
East Asia in only four days. The right panels of Fig. 5 rep-
resent the corresponding sea level pressure and 850-hPa
temperature at Day -5, -3, and -1. The cold air mass and
the anticyclone did not move quickly southward toward Tai-
wan until Day -3 to -1 when the cyclonic anomaly over east-

ern China developed and the WAF arrived at East Asia. This
sequence demonstrates again that this cold surge was closely
related to the upper-tropospheric wave activity originating
in the Mediterranean-Sahara region.

A close examination of Fig. 5 reveals that the distur-
bances tend to amplify at the entrance of the EAJS, e.g.,
the amplitudes of the positive anomaly over northern In-
dia and the negative anomaly over eastern China increased
from Day -3 to -1. As noted above, the northerly over east-
ern China was enhanced in the whole troposphere and
cold air mass started moving southward upon the arrival
of'the wave-like disturbances. Amplification of the distur-
bances may provide the extra push to the occurrence of
cold surge.

4. BAROTROPIC KINETIC ENERGY
CONVERSION

Both barotropic and baroclinic instability could con-
tribute to the amplification of disturbances through wave-
mean flow interaction. Considering the barotropic nature of
the disturbances, the following discussion will focus on the
barotropic part, although the contribution of the baroclinic
component may not be negligible. Following Simmons et al.
(1983), we diagnose barotropic kinetic energy conversion of
disturbances to understand how the EAJS influences the
amplitude of disturbances.

The barotropic perturbation kinetic energy equation can
be written as:

OKE | ot = —u"'(0u [ oy) — u'v'(0v | dy)
+ (% - u?)ou [ ox)
-v?*@u/ox + ov/oy) )

where, KE = (u'* + v'*) / 2 represents the perturbation ki-
netic energy, (#', v') denotes horizontal wind perturbation,
the over bar indicates the climatological mean. As the cli-
matological-mean wind is nearly non-divergent and the
zonal wind shear (du / dy) is much larger than meridional
wind shear (v / dy), the perturbation kinetic energy equa-
tion can be approximated by:

OKE | ot = —uv'(0u [ ady) + (v* —u”)ou/ex) (3)

The first term (—u'v'du / dy) in the right hand side cor-
responds to the meridional shear instability of zonal mean
flow, and the second term (v'* —u'?)du / éx corresponds to
the zonally asymmetric instability of zonal mean wind,
which becomes important when the disturbance passes th-
rough jet stream.

Both terms were calculated and the values averaged
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Fig. 5. Temporal evolution of 200-hPa wave activity flux and stream function anomaly (left panel), and 850-hPa temperature and surface pressure
(right panel) at Day -5, -3, and -1 of cold surge case 1. The numbering of “Day” denotes the leading days relative to cold surge onset. Shading in the
left and right panels represents the 200-hPa jet stream and surface pressure, respectively. The rectangular box in Fig. 5a indicates the EAJS and the

entrance of EAJS is marked by the thick arrow.

over 20 - 30°N. They are shown in the Hovmiiller diagram of
Fig. 6. It shows that the four major events of energy conver-
sion occurred concurrently with the four cold surges after
late December and the kinetic energy conversion, mainly
contributed by the term —uvou / Oy, was positive over eastern
China (100 - 120°E) during the four cold surge events. Al-
though the relative contribution of the two energy con-
version terms varied from case to case due to the variance
of the subtropical jet, for example, the magnitude of the term
(v'* = u'?)ou / oxin case 4 was smaller than the other three
cases, the disturbances in all four cases grew at the expanse
of the kinetic energy of the mean flow, indicating the con-
tribution of barotropic instability to cold surges.

It is also interesting to note that energy conversion peaks
(~400 m” s* day™' on average) near 110°E. This suggests that
the disturbance can be significantly amplified near the en-
trance of EAJS, and it may explain why the magnitude of the
upper northerly anomaly has a local maximum in southern
China as shown in Figs. 2 and 3.

5. WAVEGUIDE EFFECT OF SUBTROPICAL JET
STREAM

The results shown above suggest that the Rossby wave-
like disturbances originating in the Mediterranean-Sahara
help trigger the East Asia cold surges during the 2004/05
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Fig. 6. Same as in Fig. 4, but for the barotropic kinetic energy conversion term, (a) (v'> — u'%) 9 / dx, and (b) —u’ v’ 8 / dy . Only energy conversion
larger than 100 m” s day' is plotted. Contour interval is 100 and 200 m® s> day™ for Figs. 6a and b respectively. Gray shading indicates the four cold

surge events.

winter, and the EAJS is linked to the cold surges by acting as
a waveguide and reinforcing the amplitude of the distur-
bances. This waveguide effect was simulated using the ba-
rotropic model described in section 2.

To show the waveguide effect of the basic flow on
wave propagation, numerical experiments with the same
forcing in three different basic flows, i.e., climz_exp,
clim_exp, and surge exp, were carried out. Note that De-
cember 2004 exhibited very different climatic character-
istics from January - February 2005. Therefore, this study
focuses on the latter period. The three basic flows are
shown in Fig. 7 for comparison. It shows that the EAJS is
significantly enhanced (zonal mean wind exceeds 55 ms™)
in the surge exp. The larger peak wind is accompanied by
a larger meridional gradient, implying larger wind shear
instability.

An examination of the upper-tropospheric divergence in
January - February 2004/05 revealed a strong divergence
anomaly over the Sahara (Fig. 8a); it was the strongest
divergence anomaly in the Northern Hemisphere. Intere-
stingly, the January - February meridional wind anomaly
exhibits a clear wave-like pattern (Fig. 4) similar to the one
shown in Fig. 5.

200hPa U(90E-120E) profile

40N
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—— +  surge_exp
20N -
10N

10 0 10 20 30 40 50 60

ms’
Fig. 7. Meridional profile of the 200-hPa zonal wind averaged over 90 -
120°E for the three basic flows: climatological zonal mean flow
(climz_exp), climatological time mean flow (clim_exp), and mean flow
in January - February 2005 (surge_exp).
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Fig. 8. (a) Distributions of the 200-hPa divergent wind anomaly and the RWS (shading) in January - February 2005; (b) An elliptical RWS prescribed
in the barotropic model. The RWS shown has been multiplied by 10'°, and the contour interval is 1 s%. Rectangular box in (a) marks the domain shown

in (b).

The RWS associated with the divergence over the
Mediterranean-Sahara region was calculated (Fig. 8a) and
a similar pattern was prescribed as forcing in the baro-
tropic model (Fig. 8b). The steady responses of stream
function to the prescribed RWS are shown in Figs. 9a - c.
In the experiment of climatological zonal-mean flow, ma-
jor disturbances forced near the Sahara propagate north-
eastward along a great-circle like path to Siberia and East
Asia (Fig. 9a). Although disturbances also appear in the
subtropical waveguide, their magnitude is very weak. In
the climatological mean flow experiment (clim_exp), the
northeastward propagation becomes much weaker, while
the major disturbances propagate mostly eastward along
the subtropical jet stream (Fig. 9b). Although the wave-
guide effect of the subtropical jet stream is much clearer in
this experiment, the disturbance is still weak to the north
of India, where the weak absolute vorticity gradient leads
to energy leakage to the north. In the experiment of the

January - February 2005 mean flow (surge exp), there is al-
most no northeastward propagation (Fig. 9c). Almost all dis-
turbances propagate castward along the subtropical wave-
guide. Note the great similarity in the simulated wave-like
pattern to the observed pattern shown in Fig. 5c. This con-
trast between surge exp and clim_exp can be attributed to
the westward extension of the EAJS during January - Febru-
ary 2005 to form a better defined waveguide. It is also inter-
esting to note the enhancement of the anticyclonic circula-
tion to the north of India, which results in a stronger north-
erly over eastern China. The distribution of barotropic ki-
netic energy conversion in the surge exp experiment is simi-
lar to that observed (Fig. 10a). The local maximum of energy
conversion located near 110°E reveals the amplification of
disturbance in East Asia (Figs. 2, 3) by extracting kinetic en-
ergy from the basic flow, which is consistent with the
Hovmiiller diagrams of the observed barotropic kinetic en-
ergy conversion (Fig. 6).
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6. CONCLUSION

This study explores the possible effect of upstream
wave activity on East Asian cold surges that affected Taiwan
in the 2004/2005 winter, and the waveguide effect of the

subtropical jet stream. The major findings are:

a. Four cold surges in the 2004/2005 winter were preceded
by upstream wave trains in the upper troposphere, which
originated in the Mediterranean and Sahara and pro-
pagated eastward along the subtropical jet stream over

(a) 200hPa wind & streamfunction
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Fig. 9. Steady response (representing 200-hPa stream function anomaly) to the RWS as shown in Fig. 8b. (a) - (¢) are simulated results of climz_exp,

clim_exp, and surge_exp. Contour interval is 100 m?s™,

and shading denotes 200-hPa zonal wind larger than 40 m s™.
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Fig. 10. (a) Observed and (b) simulated barotropic kinetic energy conversion. The shading indicates the 200-hPa zonal wind larger than 40 ms™. Con-
tour interval is 100 and 10 m* s? day™ for (a) and (b), respectively. Since the RWS is multiplied by 10, the simulated number is much smaller than

the observed.

the Eurasian continent. The northerly of the upper-level
cyclonic anomaly in East Asia coupled with the low-level
northerly upon the arrival of wave activity, followed by a
quick southward penetration of cold air mass and surface
anticyclone.

b. The results from the diagnosis and numerical experiments
suggest that the anomalously active wave activity affect-
ing the East Asian cold surges may be attributed to the
anomalously enhanced jet stream over the Middle East
and the anomalously westward extended EAJS. The con-
figuration of these two subtropical jet streams established
a strong waveguide through which the wave activity
forced in the Mediterranean-Sahara region efficiently
propagated to East Asia and resulted in more-than-
average cold surge events in subtropical East Asia.

Watanabe (2004) pointed out that the Mediterranean-

Sahara region is a key region for climatic fluctuation in the
Atlantic, influencing the East Asian winter climate through
the waveguide effect of the subtropical jet stream. This
study demonstrates similar phenomenon on a synoptic time
scale during a particular winter. Although it is not clear
what factors lead to the anomalous subtropical jet stream in
January - February 2005, the anomalously strong wave-
guide had apparently resulted in a shift of the preferred path
for the Rossby wave energy dispersion that led to the anom-
alous behavior of the synoptic disturbances in East Asia
during January - February 2005. How often and robust this
mechanism affects cold surge activity in East Asia is an
open question and is being investigated based on multi-
year datasets.
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