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ABSTRACT

Reflection of stratospheric planetary waves and its impact on tropospheric cold weather over Asia during January 2008
were investigated by applying two dimensional Eliassen–Palm (EP) flux and three-dimensional Plumb wave activity fluxes.
The planetary wave propagation can clearly be seen in the longitude–height and latitude–height sections of the Plumb wave
activity flux and EP flux, respectively, when the stratospheric basic state is partially reflective. Primarily, a wave packet
emanating from Baffin Island/coast of Labrador propagated eastward, equatorward and was reflected over Central Eurasia
and parts of China, which in turn triggered the advection of cold wind from the northern part of the boreal forest regions
and Siberia to the subtropics. The wide region of Central Eurasia and China experienced extreme cold weather during the
second ten days of January 2008, whereas the extraordinary persistence of the event might have occurred due to an anomalous
blocking high in the Urals–Siberia region.
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1. Introduction

In the Northern Hemisphere winter, the stratospheric and
tropospheric circulations are dynamically coupled through
the upward propagation of planetary waves (Chen and Huang,
2002, Lan et al., 2012). In the last few decades, many studies
have revealed the impact of stratospheric dynamic processes
on tropospheric climate variability through the downward
coupling between the stratosphere and troposphere. Hines
(1974) and Geller and Alpert (1980) proposed the possibil-
ity of planetary wave reflection in the light of stratosphere–
troposphere coupling (STC). In the recent era, the subject of
reflection and its impact on the tropospheric field has become
more and more interesting. Several studies have demon-
strated the downward propagation of anomalous zonal mean
zonal winds (Kodera et al., 1990; Kuroda and Kodera, 1999;
Christiansen, 2000; Chen and Li, 2007), STC processes in
relation to the Northern Annular modes (NAM; Baldwin and
Dunkerton, 1999; Baldwin and Dunkerton, 2001; Deng et
al., 2008; Li et al., 2012; Chen et al., 2013), and downward
propagation of stratospheric signature due to strong wave–
mean-flow interaction (Baldwin and Dunkerton, 2001; Chris-
tiansen, 2001; Chen and Wei, 2009; Nath et al., 2013).

Holton and Mass (1976) and Kodera et al. (2000) dis-
cussed the shifts in the region of strongest interaction be-
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tween the upward propagating Rossby waves and strato-
spheric zonal flow, which may result in a poleward and down-
ward progression of the mean flow perturbations (Perlwitz
and Harnik, 2004) (hereafter PH04). Due to the gradual in-
crease in the air density downward, the impact of the reflected
component of planetary waves on the troposphere is consid-
ered to be small; however, the recent statistical works by
Perlwitz and Graf (2001), Perlwitz and Harnik (2003) (here-
after PH03) and PH04 discussed the downward coupling pro-
cesses of zonal wavenumber 1 (WN1) and zonal wavenum-
ber 2 (WN2) in the light of stratospheric dynamical states.
They statistically categorized the stratospheric winter states
into reflective and nonreflective states, using lagged corre-
lation analysis. In general the reflective and nonreflective
states correspond to stronger and weaker polar vortices, re-
spectively, e.g., there exists downward propagation of strato-
spheric anomalies after sudden stratospheric warming events,
the definition in PH03 is different from the conventional con-
cept of downward propagation of upper stratospheric anoma-
lies to the middle and lower stratosphere. During the reflec-
tive background state, they found the dominance of WN1 and
the zonal mean component in the shorter (∼ 12 days) and
longer time scales, respectively. They also observed a west-
ward and eastward phase tilt of the WN1 regression patterns
(leading mode) with increasing altitude for negative and pos-
itive time lags, respectively, and the features were consistent
with the downward reflection of the planetary waves.

In recent years, several studies have emphasized the STC
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processes in the light of annular modes and the strength
of the polar vortex (Baldwin and Dunkerton, 1999; Kuroda
and Kodera, 1999; Baldwin and Dunkerton, 2001; Chris-
tiansen, 2001; Chen et al., 2002). Large geopotential anoma-
lies propagate down to the troposphere and are followed by an
anomalous change in weather and circulation patterns, bear-
ing a close resemblance to the features of the NAM. Dur-
ing nonreflective years, the signature of NAM anomalies is
quite prominent on the surface, whereas during the reflective
winters the signal gets attenuated well above the tropopause
(PH04). Statistically, the coupling between the stratospheric
and tropospheric NAM-like anomalies are stronger during
weak polar vortex years (Baldwin and Dunkerton, 1999;
Baldwin and Dunkerton, 2001); whereas, the signature of
WN1 reflection is more prominent during strong polar vor-
tex years (Perlwitz and Graf, 2001). However, Kodera et al.
(2000) discussed the intraseasonal variability in the coupling
processes with maximum and minimum occurrences during
late-winter–spring and fall–early-winter, respectively.

Coughlin and Tung (2005) and Kodera et al. (2008) ob-
served the reflection of planetary waves in conjunction with
major stratospheric warming (SSW) and discussed the im-
pact on tropospheric weather regimes. Coughlin and Tung
(2005) reported the change in the WN1 field in the tropo-
sphere due to the reflection of planetary waves in the strato-
sphere, whereas Kodera et al. (2008) considered the total
wavenumber field to demonstrate the reflection of planetary
waves during the sudden stratospheric warming of March
2007, in which the upward propagating waves from continen-
tal Eurasia were reflected back to the North American sector,
resulting in very cold weather over the northeast coast of the
North American continent. Kodera and Chiba (1995) investi-
gated the impact of the stratosphere on the tropospheric circu-
lation patterns during an SSW event in 1984–85 through the
meridional propagation of planetary waves. Although several
mechanisms were proposed, the transmission of zonal mean
perturbations to the troposphere during the winter months are
still not well understood.

In the present study, we found a special case prior to the
major stratospheric warming of January 2008, in which the
waves propagated upward and eastward from Baffin Island
and the coast of Labrador and reflected back to continental
western Eurasia and South-central Russia and China. As re-
ported earlier, there was an anomalously strong East Asian
winter monsoon in January 2008, with record-breaking and
persistent cold events, snowfall and freezing rain over West
Asia and South-central China (Zhou et al., 2009). This ex-
treme event caused excessive damage and disruption over
South China, and led to a huge number of broken power trans-
mission lines and chaotic traffic conditions. The disaster in-
curred a loss of 53.8 billion RMB (Zhou et al., 2009). The
event was closely related to anomalous northerlies from the
Arabian Peninsula and was induced by a preceding cold surge
from West Asia around 16 January 2008 (Wang et al., 2012).
The 2008 event was the coldest event for at least the period
1979–2008. Most studies have concentrated on explaining
the abnormal cold weather over China. Zhou et al. (2009)

and Hui (2009) identified the key factors as the blocking high
over Siberia, strong persistent southwesterly flow, a deep in-
version layer in the lower troposphere, and abnormal circula-
tions at high latitudes. Hui (2009) showed that, during Jan-
uary 2008, the northern polar vortex index from 850 to 100
hPa was negative and hence the polar vortex was stronger,
which was favorable for the reflection of planetary waves.
Wen et al. (2009) reported strong precursory signals of the
variability of January temperature in the light of Arctic Os-
cillation (AO) and the Middle East Jet Stream. They showed
that the AO value was 0.82 in January 2008, and linked the
positive AO index to the increase in temperature over China.
Some studies have also discussed the roles of stratospheric
circulation (Wang et al., 2009; Chen et al., 2009). In a sep-
arate study, Wang et al. (2012) demonstrated the triggering
of Madden–Julian Oscillation in late January 2008 by a cold
surge over West Asia. However, none of the studies men-
tioned above clearly demonstrate the exact mechanism of the
extreme event.

The present study attempts to demonstrate a clear connec-
tion between planetary wave reflection and the occurrence of
cold events in January 2008. Section 2 deals with the data and
methodology of the analysis. The main results are reported
and discussed in section 3. Concluding remarks are given in
section 4.

2. Data and methodology

2.1. Data

This study is mainly based on the daily reanalysis data
from the European Centre for Medium-Range Weather Fore-
casts (ECMWF) Re-Analysis Interim dataset (ERA-Interim;
Uppala et al., 2008; Dee et al., 2011). We used the ERA-
Interim products for geopotential height (H), zonal wind (U),
meridional wind (V ), temperature (T ) and potential vorticity
(PV) data. We also used the National Centers for Envi-
ronmental Prediction–National Center for Atmospheric Re-
search (NCEP–NCAR) CDAS-1 daily streamfunction (psi)
data from the International Research institute for Climate
and Society, Columbia (http://iridl.ldeo.columbia.edu/expert/
SOURCES/.NOAA/. NCEP-NCAR/.CDAS-1/. MONTHLY/.
Intrinsic/.PressureLevel/.psi). We used these daily mean data
for the period from December 2007 to April 2008. The data
are available for 37 and 17 pressure levels from 1000 to 1 hPa
and 1000 to 10 hPa, with horizontal resolutions of 1.5◦×1.5◦
and 2.5◦×2.5◦ for ECMWF and NCEP–NCAR, respectively.

2.2. Methodology

2.2.1. The reflective index

PH04 categorized the reflective and nonreflective basic
states for planetary wave reflection based on the zonal mean
zonal wind difference between 2 and 10 hPa, averaged over
58◦–74◦N and over time. They defined the reflective index as

Uri = Ū2 −Ū10. (1)
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Positive and negative index values correspond to nonreflec-
tive and reflective basic states, respectively. Although PH04
defined the reflective index for the temporal and zonal mean
zonal wind field, in the present study we are more interested
in qualitatively understanding the longitudinal and daily vari-
ability of the reflecting structure in the midstratosphere.

2.2.2. The Eliassen–Palm flux

In the meridional plane, the Eliassen–Palm (EP) flux in-
dicates the quasigeostropic eddy forcing of the zonal mean
planetary wave propagation (Andrews et al., 1987; Holton,
2004). Usually, EP fluxes are displayed in the form of vec-
tors for representing the direction of wave propagation, which
have the components along the meridional (Fy) and vertical
(Fz) planes

Fy = −ρr cosθu′v′ (Momentum flux) , (2)

Fz = ρ f Rr cosθv′T ′/(N2Hs) (Heat flux) , (3)

where ρ,R,u′,v′, and T ′ are the air density, gas constant,
zonal, meridional and temperature perturbations, respec-
tively, and the overbars indicate zonal average. N2 and Hs
represent the squared Brunt Vaisala frequency and the scale
height. For better representation, the EP fluxes are scaled
by the inverse of air density. The eddies exert a zonal force
by accelerating and decelerating the westerly zonal flow and
can be measured from the divergence and convergence of EP
fluxes, respectively (e.g., Harada et al., 2010; Li et al., 2011).
In the present study, we calculated the EP flux for the eddy
field, i.e., the deviation from the zonal mean field.

2.2.3. The Plumb three dimensional wave activity flux
(Plumb flux)

Although the EP flux gives an impression of meridional
propagation, planetary waves can also propagate zonally
(Hayashi, 1981). Hence, Plumb (1985) introduced the con-
cept of wave propagation from the troposphere to the strato-
sphere in three-dimensional space. In the log-pressure coor-
dinates the wave activity flux Fs can be represented as fol-
lows:

Fs = pcosθ
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where ψ,λ ,Ω,z are the streamfunction, longitude, Earth’s ro-
tation rate, altitude, respectively, and p = pressure/1000 hPa.
The primes in the equation represent the perturbation fields.
Kodera et al. (2008) and Harada et al. (2010) considered daily
and three-day mean snapshots of the stationary wave activity
fluxes to address the upward propagation of the wave pack-
ets from Eurasia and Alaska during 2007 and 2009 sudden
stratospheric warming events, respectively. We calculated the
Plumb flux for the eddy field, i.e., the deviation from the
zonal mean field.

2.2.4. Blocking index

Atmospheric blocking is associated with the blocking of
the midlatitude westerly jet and the formation of anoma-
lous local easterly flow and is characterized by an apprecia-
ble mass difference between high- and midlatitudes (Namias
and Clapp, 1951; Treidl et al., 1981; Barriopedro et al.,
2006). Usually, the blocking patterns are quasi-stationary
and can persist for a week (Ural blocking) to 2–3 weeks, or
even longer (North Atlantic blocking), leading to a signifi-
cant redistribution of rainfall and the occurrence of an ex-
treme drought season. The blocking also produces a strong
southward advection of the polar air, inducing extremely cold
weather in winter months. Zhou et al. (2009) reported the oc-
currences of an extraordinary persistent blocking high over
the Urals–Siberia region during January 2008. The blocking
frequency exceeded the climatological high in the longitudi-
nal band of 55◦–70◦E. We have computed the blocking index
from Tibaldi and Molteni (1990), with the additional criteria
proposed by Barriopedro et al. (2006). The 500-hPa geopo-
tential height gradients (GHGN and GHGS) were simultane-
ously computed using the following expressions:

GHGN =
H(λ ,θN)−H(λ ,θ0)

θN −θ0
, (5a)

GHGN =
H(λ ,θ0)−H(λ ,θS)

θ0 −θN
, (5b)

where H(λ ,θ) is the 500-hPa geopotential height, GHGS
is the measure of zonal geostrophic wind component, and
GHGN is imposed to exclude the nonblocked flows (Bar-
riopedro et al., 2006). θN,θS and θ0 are the latitudes,
where, θN = 78.0 + δ ,θ0 = 60.0 + δ ,θS = 39.5 + δ ,δ =
−4.5,−3.0,−1.5,0.0,1.5,3.0,4.5. An arbitrary longitude is
considered to be blocked if the following conditions are satis-
fied: GHGN <−10,GHGS > 0, Z(λ ,θ0)−Z(λ ,θ0) > 0. To
identify the potential blocks, a three-day running mean filter
was applied at each longitude.

2.2.5. Thermal advection

We calculated the thermal advection using the following
equation: (

∂T
∂ t

)
adv

= −
(

U
∂T
∂x

+V
∂T
∂y

)
, (6)

where U,V,T,∂T/∂ t,∂T/∂x and ∂T/∂y are the zonal wind,
meridional wind, temperature, time derivative of temperature,
and thermal gradient along zonal and meridional directions,
respectively.

3. Results and discussion

3.1. Stratospheric reflective state and two dimensional
wave propagation

PH04 categorized the reflecting and nonreflecting basic
states based on the index shown in Eq. (1). Unlike the zonal
and time averages, we have plotted the time–longitude sec-
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tion of the reflective index in Fig. 1, to obtain the zonal distri-
bution of the reflective index pattern as a function of time. In
addition to PH04, we calculated the index based on the zonal
mean zonal wind difference between 10 and 50 hPa (here-
after Uri2), averaged over 58◦–74◦N (lower panel), as well
using the conventional approach (hereafter Uri1) as in Eq. (1)
(upper panel). The index is not always zonally-symmetric;
rather, it is negative over the North Atlantic Ocean and east of
Eurasia, i.e., the polar night jet peaks in the midstratosphere
and is positive over West Eurasia for Uri1 (upper panel). The
pattern propagates farther eastward as a function of time and
height (Uri2) until 21 January, and thereafter a high nega-
tive index persists throughout the longitude until the end of

the month. This prompts us to conclude that the basic state
is partially reflective during the event, and in such cases the
zonal mean may not be a true diagnostic to characterize the
reflective and nonreflective stratospheric states. The eastward
tilt in the reflective index pattern is more favorable to guide
the waves downward and eastward of the source region.

Figure 2 shows the daily march of EP flux vectors, over-
plotted with zonal mean zonal wind during 10–21 January
2008. The EP flux vectors are parallel to the local group
velocity and its convergence indicated the retardation of the
zonal flow due to wave forcing (Kodera et al., 2008). How-
ever, to address the issue of wave reflection, EP flux vectors
alone may not be sufficient; hence, we have also plotted the

Fig. 1. Longitude–time section of reflective index. The differences between zonal wind at 2
hPa and 10 hPa, averaged over 58◦–74◦N (upper panel) and between 10 hPa and 50 hPa, aver-
aged over the same grid (bottom panel), are shown. Negative and positive index values indicate
reflective and nonreflective basic states, respectively.

Fig. 2. Latitude-height section of zonal mean EP flux vectors (blue arrows), zonal mean zonal wind (black lines for
westerly and red for easterly) during 10–21 January 2008 ((a)–(l)). The color shading interval is 5 m s−1. Arrows are
scaled with an order of 10 (meridional) and 1 (vertical).
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heat flux (Fig. 3) to understand the evolution of the event
with better clarity. As is clear from Figs. 2a and 3a, i.e., for
10 January, two planetary waveguides exist: the high-latitude
waveguide between 40◦ and 60◦N points from the lower tro-
posphere toward the high-latitude stratosphere; whereas, an-
other one points toward the upper troposphere at low lati-
tudes. The features are consistent with those of Huang and
Gambo (1982). On the other hand, the westerly wind over the
midlatitudes provides a favorable background for the plane-
tary waves to propagate upward (Dickinson, 1968) and the
occurrence of the wave evanescent region above the subtrop-
ical tropopause (Hu and Tung, 2002) becomes more and more
prominent due to the gradual descent of the zero wind contour
from 40 km to 27 km as a function of time. Hence, our analy-
sis is able to cover all the individual findings that were made
by previous authors. From 11 January onwards, a gradual
weakening and strengthening in the upward and downward
component, respectively, of the high-latitude waveguide until
16 January can be noticed from Figs. 2b (3b)–2g (3g). Al-
though the overturning in the high latitudes waveguide con-
tinues until 19 January, from 16 January onward the upward
propagation of the planetary waves is restored again in re-
sponse to the topographic forcing around 40◦–45◦N. The re-
flection ceases completely by 19 January and the entire high
latitudes is dominated by the upward flux, which may be a
precursor for the major sudden stratospheric warming event
in the late January. The low-latitude waveguide behaves in a
more or less similar fashion during the entire period of anal-
ysis.

3.2. Wave propagation in the three-dimensional plane
The above is the usual view of the two-dimensional prop-

agation of planetary waves, but the planetary waves can also

propagate zonally (Hayashi, 1981). Hence, the zonal mean
may not provide a true impression of planetary wave propa-
gation, especially when the basic state is partially reflective.
To investigate the planetary wave activity, three-dimensional
Plumb flux was calculated from Eq. (4) (Plumb, 1985). As
is clear from the above discussion, the reflection phenomena
are more likely to have occurred from 10 to 19 January, and
hence we have plotted the vertical component of the Plumb
flux at 200 hPa, averaged over the period (Fig. 4) mentioned
above. It can be seen from Fig. 4 that the upward and down-
ward propagation occurs in different geographic locations. A
strong upward propagation of Plumb flux occurs over Baf-
fin Island and the coast of Labrador and is reflected back
to Central Eurasia (West Siberia) and parts of China. The
zonal variation of Uri as a function of time is overplotted
on Fig. 4. The upward and downward wave fluxes are con-
fined to the west and east of the reflecting sectors (i.e., nega-
tive/zero index), respectively, indicating the role of the strato-
spheric polar jet to guide the tropospheric planetary wave
pattern preferentially downward, eastward and slightly equa-
torward of the source region. Apart from this, the descend-
ing branch stretches meridionally until 25◦N and hence the
Plumb flux averaged over 30◦–80◦N are depicted in Figs. 5–
8 together with the eddy geopotential height field, tempera-
ture and meridional wind anomaly from 10–21 January. The
temperature and the meridional wind anomalies were calcu-
lated as the deviation from the datewise climatological mean
values.

Figures 5, 6, 7 and 8 correspond to 10, 13, 16 and 19 Jan-
uary, respectively, and each one includes four panels, i.e., (a),
(b), (c) and (d). Panel (a) depicts the eddy geopotential height
(contours) overplotted with a longitude–height section of
Plumb fluxes (arrows), averaged over 30◦–80◦N to illustrate

Fig. 3. Latitude–height section of zonal mean EP flux vectors (black arrows), zonal mean heat flux/vertical component
of EP flux (×105 m2 s−2, color shading) during 10-21 January 2008 [(a)-(l)]. The positive and negative fluxes indicate
the upward and downward wave propagation. Arrows are scaled with an order of 10 (meridional) and 1 (vertical).
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Fig. 4. Longitude–latitude section (bottom–left axis) of the vertical component of Plumb wave
activity flux (×106 m2 s−2, color shading) at 200 hPa, averaged during 10–19 January 2008.
The longitude–time section of reflective index (U2hpa−U10hpa) during 10–19 January is over-
plotted in the bottom-right axis (color-shaded with intervals of 5 m s−1).

Fig. 5. (a) Longitude–height section of Plumb wave activity eddy flux (arrows), overplotted with
eddy geopotential height (gpm, color shading), averaged over 30◦–80◦N; arrows are scaled with
an order of 10−1 (zonal) and 10−7 (vertical). (b) Longitude–latitude section of Plumb vertical
wave activity flux at 200 hPa (×105 m2 s−2, color shading). (c) Longitude–latitude section of
Plumb wave activity flux (arrows) at 400 hPa and negative temperature anomalies (red color
shading) at 850 hPa; arrows are scaled with an order of 1; color-shaded interval is 2◦K. (d)
Longitude–latitude section of meridional wind anomaly (m s−1, color shading) at 850 hPa,
overplotted with wind vectors at 850 hPa; arrows are scaled with 1 m s−1. All the plots corre-
spond to 10 January 2008.
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the tropospheric aspect of the variation. Panel (b) represents
the vertical component of Plumb wave activity flux (contours)
at 200 hPa. Panel (c) includes the longitude–latitude section
of Plumb flux (arrows) at 400 hPa and temperature anomaly
at 850 hPa (negative temperature only; red contour lines),
while the map of the meridional wind anomaly at 850 hPa
(contours) overplotted with wind vectors (arrows) are shown
in panel (d) to inspect the advection of cold northerly wind
in response to the enhanced wave activity near the surface.
Although we analyzed and discussed the daily variation (10–
21 January) of all the parameters mentioned above, only the
plots corresponding to 10, 13, 16 and 19 January are included
in the paper for brevity.

In the mid troposphere, a ridge is located at around 60◦W
(hereafter R1) on 10 January 2008 (Fig. 5a). The R1 has
shifted westward with increasing altitude, and at 10 hPa it is
found at around 140◦W. The westward tilt can be interpreted
as an upward propagation of the Rossby waves (Kodera et
al., 2008) over Baffin Island and the coast of Labrador (here-
after U1; Fig. 5b). U1 propagates upward and eastward in
the upper troposphere and lower stratosphere (UTLS) and
downward over Greenland (hereafter D1), Europe (hereafter
D2), albeit weakly, central Russia (hereafter D3), and (again
weakly) the Sea of Okhotsk (hereafter D4). In Fig. 5c the
corresponding horizontal propagation patterns are consistent
with the wave packets emanating from the Labrador coast and
propagating from the North Atlantic to Eurasia. The increase

of the wave activity in the lower troposphere due to reflec-
tion triggers thermal advection near the surface, and the facts
are consistent with the southwestward excursion of cold polar
air from Siberia (Fig. 5d), which might have contributed to
the cold temperature anomaly over a wide region of Central
Russia to the Sea of Okhotsk and northeastern parts of the
Arabian Desert (Fig. 5c). On 11 and 12 January, R1 becomes
more prominent and most of the wave fluxes propagate far-
ther eastward, which in turn intensify the downward fluxes
over the west coast of Europe and D2. On the other hand, D3
shifts a little westward and finally vanishes on 12 January,
whereas wave packets (although weak) from the Canadian
Tundra region and east coast of Greenland start to propagate
upward, then intensify on 12 January, and finally merge with
U1 on 13 January (hereafter MU1) (Fig. 6b). On 12 January
the bridge between U1 and D2 develops clearly and R1 prop-
agates rather horizontally eastward to ∼ 10◦E on 13 January
(Fig. 6a), to ∼ 30◦E on 14 January, then attains its maxi-
mum when it reaches ∼ 50◦E on 16 January (Fig. 7a), and
finally 120◦E on 19 January (Fig. 8a) before disappearing by
the end of the event. As a consequence, D2 and the sinks over
Europe and the Mediterranean Sea develop extraordinarily on
13 January (Fig. 6b), culminating in a single dominant sink
over the West Eurasian continent (hereafter MD1) on 14 Jan-
uary; whereas the sink over the east coast of Eurasia seems
to freshly develop (hereafter D5). On 15 January, MD1 and
D5 intensify further as R1 reaches ∼ 40◦E and wave pack-

Fig. 6. The same as Fig. 5, but for 13 January 2008.
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Fig. 7. The same as Fig. 5, but for 16 January 2008.

ets begin to propagate eastward from the Siberian Tundra re-
gion on 16 January (hereafter U2) (Fig. 7b). On 15 January
MU1 stretches over the North Atlantic Ocean to the north-
western part of the Sahara Desert and finally separates out
of MU1 (hereafter U3) until it fades away on 21 January.
Whereas, the ridge at around ∼ 150◦W (hereafter R2) de-
velops in response to the upward propagating fluxes over the
Gulf of Alaska (hereafter U4) (Fig. 7b), and propagates far-
ther eastward to 0◦ on 18 January and to ∼ 50◦E on 19 Jan-
uary (Fig. 8a). As a consequence, by 20 January, U4, U3 and
U2 seem to extend over the Canadian Tundra to Hudson Bay,
northern parts of the Sahara Desert and the Sea of Okhotsk,
respectively, whereas MD1 and D5 shift a little eastward and
westward to Central Eurasia (West Siberia) and Northwest
China, respectively, on 17 January, until they disappear on 19
January (Fig. 8b). Hence, we can summarize from the above
discussion that the ridge over 60◦W (R1) propagated east-
ward to around 50◦E, and finally to 120◦E, in response to the
waves propagating upward from the coast of Labrador/Baffin
Island, and reflected back to Central Eurasia and central parts
of China forming bridges between the two hemispheres due
to the reflective stratospheric background state.

3.3. Cold weather in relation with thermal advection, and
blocking phenomena

As mentioned, on 10 January the descending branch of
the planetary waves over central Russia, i.e., D3 and D4

might have triggered the advection of cold polar air from
Siberia (hereafter W1) (Fig. 5d) and contributed to the cold
anomaly (as low as −12◦C) over Central Russia to the Sea
of Okhotsk (hereafter C1) and northeastern parts of the Ara-
bian Desert (hereafter C2) (Fig. 5c). The eastward and equa-
torward propagation of C2 (Fig. 6c) is induced by anoma-
lous development of northwesterly wind over the Caspian
Sea (hereafter W2) (Fig. 6d), which is consistent with the
gradual intensification of the descending branch of planetary
waves over Europe (D2) on 13 January (Fig. 6b). As MD1
gradually develops, wind anomalies from the northern part of
the boreal forest regions boost W2 on 14 January to advect
C2 rather meridionally over the central part of the Arabian
Desert; whereas the combined effect of D3, D4 and D5 initi-
ate a branch of W1 to extend C1 over the eastern part of China
on 16 January (Fig. 7c). Both C1 and C2 then propagate zon-
ally eastward and C2 persists extraordinarily until 21 January
over a wide area stretching from the Thar Desert to the South-
central China (Fig. 8c), and seems to be responsible for the
extreme cold weather in January 2008. However, the branch
of anomalous northeasterly wind from Siberia (Fig. 5d) over
the Arabian Desert induces a branch of C2 (hereafter C3) to
propagate farther westward toward the Sahara Desert on 13
January (Fig. 6c), which finally intensifies to spread over the
central part of the desert by 21 January. We further discuss
the possible mechanisms in the following section.

It is well known that the possible mechanisms for the ad-
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Fig. 8. The same as Fig. 5, but for 19 January 2008.

vection of cold polar air to low latitudes are the reflection of
planetary waves, which may trigger thermal advection near
the surface and bring an extreme cold anomaly to the sub-
tropics/tropics, and the horizontal propagation of planetary
waves or the development of an anomalous blocking high at
500 hPa, which might bring cold air in the downstream of the
wave. In the present case study, it appears that planetary wave
reflection might have played some role in triggering the ad-
vection during January 2008, but we cannot exclude the role
from other factors such as a strong persistent southwesterly
flow, a deep inversion layer in the lower troposphere, or per-
sistent snow processes by a positive feedback process (Zhou
et al., 2009). Since a blocking high occurred for extraordi-
nary persistence of the cold temperature anomaly during that
period, we calculated the blocking index using Eqs. 5 (a)–(b).
To understand the time evolution of wave reflection in rela-
tion to the occurrence of cold temperature, we plotted (Fig.
9) the longitude–time section of the vertical component of
Plumb wave activity flux and vectors at 200 hPa, averaged
over 30◦–80◦N. Besides, we also plotted the longitude–time
section of thermal advection, which we calculated using Eq.
(6) and the temperature anomaly at 850 hPa, averaged over
20◦–40◦N (Figs. 10a and b, respectively). Figures 9 and 10
are overplotted with the longitude–time section of the block-
ing index at 500 hPa, and the bold contour lines indicate the
blocked longitudes.

It can be seen that the ascending and descending branches

are active around 30◦–60◦ W and 30◦–50◦E, and 90◦–120◦E
and 150◦E, respectively, which is consistent with the source
over the Baffin Island/Labrador coast and sinks over Europe,
China/Central Russia and the Sea of Okhotsk, as discussed
in section 3.2. We can clearly identify the strong reflection
events in Fig. 9 during the first week of January and from 10–
19 January. During the first event, the descending branches
over 30◦–50◦E and 90◦–120◦E are strong enough and are
accompanied by the simultaneous occurrence of a blocking
high over the Euro-Atlantic region, stretching from 1–9 Jan-
uary. The geographical location and the temporal evolution of
the cold advection (Fig. 10a) and hence the occurrence of the
cold temperature anomaly (0◦–80◦E) coincides nicely with
the former case (first week of January), but in the upstream
position of the blocked longitudes. Hence, we can conclude
that, for this particular event, thermal advection played the
key role to drive the cold polar air to the subtropics. How-
ever, the occurrence of another cold event further east of the
downstream of the blocked longitudes might have occurred
due to the combined influence of thermal advection and an
anomalous blocking high, but this needs further investigation
and is out of scope for the present paper because it primarily
deals with the extreme event that occurred in the late sec-
ond and third week of January, which incurred a huge loss of
property in China and some other Asian countries.

During the second event, i.e., 10 January onwards, reflec-
tion occurs at 30◦–50◦E; and finally, by 13 January, it ex-
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Fig. 9. Longitude–time section of the vertical component of Plumb wave activity flux (color
shading) at 200 hPa, the zonal and vertical component of Plumb wave activity flux (arrows)
at 200 hPa, averaged over 30◦–80◦N, and the 3-day running mean blocking index (bold color
shading) at 500 hPa for January 2008. The arrows are scaled with an order of 1 (zonal) and
10−6 (vertical).

Fig. 10. Longitude–time section of thermal advection in K h−1 (a) and temperature anomaly in
K (b) at 850 hPa, averaged over 20◦–40◦N, overplotted with the 3-day running mean blocking
index at 500 hPa.

tends to 90◦–120◦E and 150◦E (Fig. 9). As a consequence,
advection of cold air from polar latitudes (Fig. 10a) substan-
tially decreases the temperature to a minimum of −12◦C
over a wide region of Eurasia and parts of China. It can
be seen that the blocks in the Euro-Atlantic region disap-
pear by 10 January, reappear again on 16 January over the
Urals–Siberia region, and persist until 26 January, but a grad-
ual eastward tilt in the blocking pattern can be observed as
a function of time. Zhou et al. (2009) reported the occur-
rence of snowstorm events, extreme low temperatures and
freezing rain over southern China during 10–15 January, 18–
22 January, 25–28 January, and 31 January to 2 February.
Among these four events, the first two were more disastrous,
not only in terms of intensity but also due to their extraor-
dinary persistence. The snow cover over China increased
significantly on 12 January and gradually attained its maxi-
mum by 21 January, which is consistent with our analysis,

and the combined influence of wave reflection and the block-
ing high seem to have played the key role in at least the first
two events. In the absence of blocking, planetary wave reflec-
tion is solely responsible for initiating the cold event over the
Arabian Plateau (C1) and parts of China (C2) during 10–15
January (Fig. 9), whereas the extraordinary persistence of the
event might have a close relationship with the occurrence of a
strong blocking high from 16 January, as well as with the re-
flection phenomena. To further confirm our arguments, let us
refer back to Fig. 5c where the wave vectors are preferentially
horizontal from the North Atlantic to Central Eurasia during
10–15 January (e.g., Fig. 6c, 13 January) in response to the
reflection phenomena, and the cold anomalies seem to prop-
agate rather equatorward over the Arabian Plateau and parts
of China. From 16 January onwards, R1 and U3 propagate
farther eastward (Figs. 7a and 7b) and the horizontal wave
fluxes over Siberia start to propagate eastward and equator-
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ward (Fig. 7c). This triggers the anomalous northerly wind,
which appears as a narrow tail from the Siberian Tundra re-
gion to the South China Sea (Figure 7 (d)), bringing cold
anomalies from that region to the downstream of the wave
(Figure 7c) and ultimately merges with C1. It then intensifies
and propagates farther eastward over the North Pacific Ocean,
whereas C2 extends over a wide area stretching from the Thar
Desert to southern and central parts of China by 21 January.
This eastward shift in the cold advection (Fig. 10a) and hence
the cold temperature anomaly (Fig. 10 b) pattern for C1 and
C2 are consistent with the eastward shift in the blocking pat-
tern and R1, respectively; whereas by the end of January, C3
intensifies further and the wide region of the Sahara Desert
experiences extreme cold weather. Thus, the cold anomalies
over Asia during January 2008 were brought by the cumula-
tive effects of planetary wave reflection and the occurrence
of a strong blocking high over the Urals–Siberia region. In
this context, it is worth mentioning that wave reflection and
blocking contributed independently to this cold event, but in
a separate study preliminary analysis indicates that wave re-
flection had a significant effect on the blocking around the
Urals–Siberia region. More work is needed to clarify the con-
ditions under which wave reflection contributed to the occur-
rence of the blocking high.

4. Summary and discussions

In the present paper, we have mainly discussed the oc-
currence of extreme cold events over the Asian subcontinent
during 10–21 January 2008 with respect to planetary wave
reflection from the stratosphere. As is clear from the daily
march of EP flux vectors and heat flux, from 11 January on-
wards, a gradual weakening and strengthening in the upward
and downward component, respectively, of the high-latitude
waveguide took place. This can be seen until 16 January,
and the overturning/reflection in the high-latitude waveguide
continued until 19 January. However, zonal mean propaga-
tion may not be a true diagnostic for planetary wave propa-
gation, especially when the basic state is partially reflective.
Hence, we also plotted the Plumb three-dimensional wave ac-
tivity fluxes and found that wave vectors propagated upward
and downward from the Labrador/Baffin Island coast, Cen-
tral Eurasia, and parts of China. These features are consis-
tent with the eastward propagation of the ridge from 60◦W
to 40◦E on 15, and finally to 120◦E on 19 January, as well
as with the southeastward propagation of the trough from
Greenland stretching over a wide area from the Sahara Desert
to the Tibetan Plateau on 15 January. The trough propagated
farther eastward in response to the upward propagating fluxes
from the Gulf of Alaska on 16 January.

We have also shown that, during the second 10 days
of January 2008, along with other factors the combined in-
fluence of planetary wave reflection and the occurrence of
a blocking high over the Urals–Siberia region might have
played some role in the persistent cold weather over the Ara-
bian Plateau and South-central China. Reflection of the WN1

pattern might have triggered thermal advection near the sur-
face and brought extreme cold anomalies from the northern
part of the boreal forest regions and Siberia, which seems to
have played some role in the occurrence of the extreme snow
event during 10–15 January. Whereas, the extraordinary per-
sistence of the event might have occurred due to the anoma-
lous blocking high over the Urals–Siberia region from 16 Jan-
uary, which would have brought more cold air from Siberia
to the subtropics/tropics. Hence, we can conclude that plan-
etary WN1 reflection during January 2008 played some role
in influencing the tropospheric weather over parts of Asia.
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