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In January 2008, extreme freezing rain struck South China. At the same time, the Tibetan Plateau (TP) was experiencing
pronounced surface heating. The characteristics of this extreme weather and its linkage to the TP surface heating anomaly were
analyzed in this paper. The results show that (1) anomalous heating of the TP helps to form and sustain the Siberian blocking high,
which is important for persistent southward flow of dry and cold Siberian air; (2) TP heating helps the moisture flux move more
north and strengthens the southerly wind above 850 hPa; (3) there are two Rossby wave trains at 500 hPa and the layers above it
(at about 20∘N–40∘N). Correlation analysis reveals that TP heating anomalies are closely associated with these Rossby wave trains;
(4) the Rossby wave propagates downstream from the TP to South China in the mid and high layers of the atmosphere when the
TP changes swiftly from a heat sink to a heat source. This implies that anomalous heating of the TP may stimulate the Rossby wave
train to propagate downward in midlatitudes.

1. Introduction

The Tibetan Plateau (TP) is the highest terrain in the world,
with an average elevation of more than 4000m. At such high
altitude, the planetary boundary layer of the TP can extend to
the middle atmosphere. Its topography and thermodynamic
effects can influence the surrounding atmospheric circulation
and weather [1], the propagation of Rossby waves, and
sometimes even the transmission of stationary planetary
waves [2–4].

The acceleration of downstream flow at midlatitude
depends mainly on the interaction of Rossby waves and the
westerly wind, which act as both a source and a response
[5]. In subtropical climates, the dynamic and thermal effects
of the terrain play a vital role in the interaction between a
transient vortex and a stationary wave [6, 7].

Studies have shown that the TP has undergone significant
warming in the past 50 years [8, 9], which means that
atmospheric circulationmay have impacted the region.Many
previous studies have shown that the TP warming has had
a significant impact on precipitation in China ([10–12]; etc.)

as well as on the Asian monsoon ([13, 14], etc.). Under most
circumstances, anomalous heating of the TP during summer
contributes to more rainfall along the Yangtze River valley,
whereas during winter, warmer conditions over the TP influ-
ence the East Asian winter monsoon [15]. Wang et al. [8]
explored the impact of a TP surface temperature anomaly on
the East Asian subtropical frontal rainfall and further pro-
posed that the mechanism of linkage is two Rossby wave
trains. However, most previous studies have concentrated on
the possiblemechanismof TPwarmingwith regard to precip-
itation or monsoons in summer; few studies have focused on
the impact of TP warming in winter.

The weather phenomena of snow and ice have some of
the largest impacts on southern China and dependmainly on
three factors: (1) stable weather conditions that are helpful for
continuous southward intrusion of cold, such as long periods
of blocking high; (2) warm and humid air originating from
the sea mixing with cold and dry air originating from the
north; and (3) stable stratified inversion layer.

In January 2008, an extremely hazardous period of snow
and ice struck South China. It began on January 10 and lasted
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for more than 22 days, resulting in huge economic losses
and serious social ramifications. A total of 21 provinces were
affected, about 107 people are estimated to have died (4
people remain missing), more than 7,270,800 ha of crops was
destroyed, 223,000 houseswere destroyed, and approximately
862,000 houses were damaged. Total economic losses are
estimated at 111.1 billion yuan (RMB) (more detailed infor-
mation can be seen on the following websites: http://www
.chinadaily.com.cn/china/2008-02/18/content 6464154.htm,
http://en.wikipedia.org/wiki/2008 Chinese winter storms).

Many scholars have analyzed the processes and possible
contributory factors that brought about this prolonged period
of heavy snowfall and low temperature (see, e.g., [16, 17]).
However, few studies have focused on synoptic waves and
energy transformationwith additional exploration of the pos-
sible connection with the TP heating anomaly. In this paper,
we focus on the transfer of Rossby waves and their energy
and analyze the role of anomalous TP heating in the 2008
ice/snow disaster in China.

2. Data and Method

2.1. Data. Surface heat flux data differ depending on the
method of calculation, but different reanalysis data are in
good agreement with regard to time series trends [18, 19].The
terrain of the TP is complicated, but some reports (see, e.g.,
[19, 20]) have shown that the prevailing analysis of TP surface
heat flux data (e.g., NCEP/NCAR, NCEP/DOE, and ERA40)
is reliable, especially in winter and autumn. With regard to
magnitude, theNCEP analysis data are closer to themeasured
data. Furthermore, compared with the data from NCEP/
NCAR, the NCEP/DOE has much better data on winter pre-
cipitation, surface and ground temperature, ground snow
thickness, and shortwave radiation [21], and these improved
data enable more accurate modeling of surface heat flux.
Kanamitsu et al. [22] pointed out that the heat flux and
temperature of the TP basically reflect the actual seasonal
disturbances. Finally, using the same set of data ensures good
dynamic consistency and coordination with other physical
quantities; this is more advantageous for mechanism analysis
because they use the same numerical prediction system.

This paper is based on NCEP/DOE data, which include
daily latent heat flux and sensible heat flux data as well as
data for wind (including zonal wind and meridional wind),
temperature, and geopotential height.

2.2. Method. The surface heat-balance equation is as follows:

𝑅
𝐵
− 𝐹
𝑆
= 𝐹
𝐻
+ 𝐹
𝐿
+ 𝐹
𝑃
+ 𝐹
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, (1)

where 𝑅
𝐵
denotes radiation balance, 𝐹

𝑆
is surface soil heat

exchange flux, 𝐹
𝐻

is ground (turbulent) sensible heat flux,
𝐹
𝐿
is soil latent heat (evaporation), 𝐹

𝑃
represents ground

vegetation photosynthesis and various other heat conversion
fluxes, and 𝐹

𝐴
is the internal heat exchange of animal and

plants metabolisms, and the heat exchange of the heat stored
in plant tissues and the terrestrial vegetation canopy.

Since 𝐹
𝑃
and 𝐹

𝐴
are very small compared with the other

components, they can generally be ignored, and the sim-
plified heat-balance equation can be presented as follows:

𝑅
𝐵
− 𝐹
𝑆
= 𝐹
𝐻
+ 𝐹
𝐿
. (2)

To study changes in ground surface heat (𝐹
𝐻
+ 𝐹
𝐿
) in the TP,

we choose an average of 190 lattice points within the region
(27–45∘N, 70–105∘E) to represent thermal intensity on the TP.

Takaya and Nakamura [23, 24] proposed a three-
dimensional wave activity flux to study the energy dispersion
characteristics of the quasi-steady Rossby waves. Under the
assumptions of the WKB approximation, flux is independent
of the wave phase and moves in the same direction as the
stationaryRossbywave train.Using spherical coordinates, the
phase-independent wave action (W) can be expressed as
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(3)

where 𝜓 denotes the quasi-geostrophic disturbance func-
tion, the quasi-geostrophic stream function can be defined
as 𝜓 = 𝜙/𝑓, 𝜙 is a geopotential function, 𝑓 = 2Ω sin𝜑, and
𝑈 = (𝑢, V) represents the basic flow field.

Moisture flux vector (→𝑊
𝑄
) can be expressed as

→
𝑊
𝑄
=
1

𝑔
⋅ 𝑞 ⋅ �⃗�, (4)

where 𝑞 denotes specific humidity and �⃗� denotes wind vector.

3. Time Evolution of TP Surface
Heating in January 2008

Figure 1 shows that the TP surface heat is much higher than
the average climatic record (1979–2008), and there was also
an increase in volatility (with a short cycle of 3 days and a
longer cycle of 7–10 days). In particular, from January 7 to
11, surface heat flux showed a significant increase of nearly
30W/m2 in 4 days. Around January 19 to 20, a second,
more intense peakwas reached. Subsequently, surface heating
remained high with only small fluctuations.

The ice/snow disaster that struck South China in January
2008 can be divided into four stages [16]: January 10–15,
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Figure 1: Time evolution of TP surface heat flux in January 2008.
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Figure 2: Time series of pentad accumulation of surface heat flux in
TP (December 2, 2007–January 30, 2008).

January 18–22, January 25–28, and January 31–February 2.
These four stages correspond to the unusual increase in the
TP surface heating source.

To filter out the instability of the diurnal difference, we
calculated each five-day (pentad) accumulation of surface
heat flux from December 2, 2007, and compared it with
climatic records (see Figure 2).

Figure 2 shows that surface heat flux on the TP remains
lower than the typical level during the first eight pentads but
is higher during the ninth and tenth pentads (the second
ten-day period of January). In December 2007, thermal
conditions on the TP underwent large fluctuations with
continuous cooling in the first four pentads followed by
subsequent warming. The increasing trend was maintained
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Figure 3: Composite 500 hPa geopotential height field departure
and 𝑡-test for January 11–30, 2008 (a), and correlation coefficient
analysis of plateau surface heating anomaly and 500 hPa geopo-
tential height anomaly (b) (the shaded gray area is significant
at 95% confidence level (𝑡-test); the solid/dotted line indicates
positive/negative anomaly or connection).

frommid-December 2007 to the end of January. In particular,
in pentads 9–11 (corresponding to January 11–25, 2008),
surface heat on the TP was much higher than normal.

4. Possible Impact of TP Heating on Icy
Weather in South China in Early 2008

The TP is conventionally considered as a heat sink in winter.
However, when diabatic heating is extremely strong from top
to bottom, the plateau is dominated by a consistent cyclonic
circulation anomaly and a positive pressure anomaly [25].
This cyclone strengthens the southwesterly flow, which can
affect the south branch flow as well as the West Pacific sub-
tropical high. All of these factors may have played important
roles in the occurrence and persistence of freezing weather in
South China in 2008.

4.1. Analysis of 500 hPa Geopotential Height Field. A com-
parison of Figures 3(a) and 3(b) shows that the spatial
arrangement of correlation analysis (Figure 3(b)) is similar
to the snow disaster peak time geopotential height anomaly
(January 11–30, 2008, Figure 3(a)). At high latitude (about
60∘N), at around 60–120∘E, there is an unusually high geopo-
tential height anomaly (Figure 3(a)), which corresponds with
the positive connection center on the correlation analysis
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Figure 4: Profile of time and longitude with meridional-averaged
geopotential height at 20–40∘N from January 1 to February 10, 2008,
at 500 hPa.

figure (Figure 3(b)). This indicates that anomalous heating
of the TP helps to bring about high pressure in Siberia and
facilitates the flow of cold, dry air to South China through
the eastern edge of the TP. According to Wang and Ding
[26], the stronger the Siberia high is the more cold will
outburst in China. In the upstream area of Siberia, there is
a negative correlation center that also corresponds with the
abnormal low pressure center observed in the geopotential
height anomaly (Figure 3(a)); thus the geopotential height
over Europe will be low. This configuration is beneficial
in developing and sustaining the Siberian blocking high in
downstream areas.

Compared with climatic records, there was much lower
geopotential height over the TP in January 2008, and the
correlation analysis shows a negative correlation center there.
Therefore, when surface heating of the TP increases, the
warm air rises and the local pressure drops.

Contrary to the characteristics over the TP, the geopo-
tential height anomaly at (130∘E, 30∘N) is a positive center
(Figure 3(a)), and the correlation analysis shows similar fea-
ture. However, the positive correlation center (Figure 3(b)) is
further north than the anomaly (Figure 3(a)). In SouthChina,
such as the Bay of Bengal and the South China Sea, there is a
negative correlation center that is statistically significant at the
95% confidence level based on Student’s 𝑡-test, which implies
that anomalous heating over the TP promotes the develop-
ment of a southern trough and provides plentiful water vapor
to South China.

It is worth noting that there are two Rossby wave
trains characterized by the alternatively positive and negative
variations from west to east at latitudes 20–40∘N.

Moreover, from Figure 4, we can identify two Rossby
waves (indicated by arrows) starting from January 6, 2008,
which are at the same latitude as that in Figure 3. According
to the theory of long-wave energy dispersion, the upstream
Rossby wave train can influence energy for weather systems
in downstream areas, which provides energy for those sys-
tems that generated the snowdisaster; the details are analyzed
in Section 5.

4.2. Stream Field Analysis. To further investigate the exis-
tence of the Rossby wave train identified in Figure 3(b), we
analyzed the stream field at 300 and 500 hPa. Because both
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Figure 5: 500 hPa stream field departure from January 11 to 30,
2008 (a), and correlation analysis between plateau surface heating
anomaly and 500 hPa stream anomaly (b).

situations were found to be very similar, we only report on
the 500 hPa stream field here.

From Figure 5(a), it is seen that the east of China is
dominated by an anticyclonic anomaly, which leads to ample
mild, wet air flowing to South China. However, the plateau
and its surrounding areas are dominated by a strong cyclonic
anomaly, which supports the theory that abnormal TP surface
heating causes the warm air near the surface to rise and
converge with the surrounding air. At the same time, two
series of cyclonic circulation and anticyclonic circulation
appeared alternatively, from west to east (as shown by the
arrows in Figure 5(a)), which is consistent with the findings
at 500 hPa geopotential height (Figure 3(b)).

To discuss the possible impact of the TP thermal anomaly
on the stream field, the vector compositionmethod is used to
synthesize the stream figure shown in Figure 5(b). Compari-
son shows that Figures 5(b) and 5(a) are similar, especially
in midlatitudes, but the vectorial resultant is shifted slightly
towards the north and east.

The vectorial resultant shows that the main body of the
TP is cyclonic while that of the West Pacific is anticyclonic.
Under the coactions of these two circulations, ample humid
air will flow to South China for the strong southerly wind.
At the same time, the Rossby wave train shown previously
(Figures 3(b) and 5(a)) can also be seen here (Figure 5(b)).
Therefore, it may be concluded that the TP surface heating
anomaly has a significant impact on the mid and high layers
of the atmosphere, especially in midlatitudes. The Rossby
wave train provides energy and water vapor for South China,
which significantly influences the occurrence of freezing rain.
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Figure 6: Time-longitude cross section of the 300 hPa meridional
wind, averaged over 20–40∘N, from January 1 to February 10, 2008.

5. Influence of Rossby Wave Activity on
Freezing Precipitation

In Section 4, the results suggested a series of Rossbywave-like
trains at 20–40∘N, related to the TP thermal anomaly. Under
the influence of the downstream effect of Rossby wave energy
dispersion, the Rossby wave provides energy for freezing
precipitation in South China. Tao et al. [27] pointed out that
there were three Rossby wave trains in midlatitudes from
January 1 to February 10, 2008. To further understand the
features of downstream energy dispersion in January 2008,
we examined the meridional wind, averaged over 20–40∘N,
at 300 hPa (Figure 6).

According to Section 3, thermal conditions over the TP
were abnormally low in December 2007 but then they were
unusually high in January 2008. To further study the possible
impacts of TP thermal anomalies on Rossby wave energy
propagation, we use Rossby wave activity to contrast the
dispersion of Rossby wave energy.

Figure 7(a) shows a high geopotential height anomaly
center in Eastern Europe, and the Rossby wave transmits
from the east of this center to the low center around East Asia
(about 60∘N).Thewave energy is very weak at this low center,
which means the wave encounters a barrier there and the
energy is dissipated. However, toward the east of this center,
the wave is stimulated again and propagates downstream.
At midlatitudes, in the upstream areas of the plateau, wave
activity propagates along the negative and positive alternate
center of the geopotential height anomaly, but in the down-
stream areas of the plateau there is no more wave activity.

Figure 7(b) illustrates that Eastern Europe is occupied
by a positive geopotential height anomaly. The Rossby wave
transmits from the east of this center to thewest of the Iranian
Plateau, and the wave is dispersed over the Iranian Plateau.
However, to the east, the wave flux strengthens again and
propagates to the west of the TP. The wave is blocked by the
terrain and the wave energy is dispersed; the wave activity
strength is less than 5m/s2. However, wave activity increased
east of the plateau and propagated to South China, providing
energy for the freezing precipitation there.

Comparing Figure 7(b) with Figure 7(a) shows that the
TP was a wave activity divergent center in January 2008
(Figure 7(b)), which means that the TP is a wave source.
It is likely that several factors influenced the stimulation of
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Figure 7: Composite of geopotential height anomaly (unit: gpm)
and wave activity flux (unit: m/s2) at 300 hPa: monthly averages of
December 2007 (a) and January 2008 (b) (wave activity flux less than
5m/s2 is omitted).

the wave there.However, inDecember 2007 (Figure 7(a)), the
wave activity did not propagate further when it reached the
TP. Therefore, it can be inferred that abnormal TP surface
heating may affect the stimulation and propagation of the
Rossby wave.

Many studies [1, 2] have proposed that the thermal and
dynamicmechanism of the TP is a primary factor in the stim-
ulation and propagation of Rossby waves. The characteris-
tics of Rossby wave activity at 500 hPa are similar but much
weaker than those at 300 hPa.

6. Impact of the TP Thermal Anomaly on
the Low-Level Wind Field

Figure 8 depicts the moisture flux anomaly during the snow/
ice disaster. At 700 hPa (Figure 8(a)), the moisture flux is
much higher than normal in South China. The moisture
tunnel that flows to South China can be divided into three
components: (1) the westerly moisture flux at about 25∘N.
This kind of moisture flux is very small, especially at levels
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Figure 8:Moisture flux departure from January 11 to 30, 2008, at 700 hPa (a), 850 hPa (b), and 925 hPa (c) (the shaded area representsmoisture
flux anomaly, the wind vector made by latitude moisture flux anomaly, and zonal moisture flux anomaly; unit: g⋅cm−1⋅s−1).

lower than 700 hPa, due to obstruction by the plateau; (2) the
southwesterly moisture flux from the Bay of Bengal. This is
a very important vapor source for the January 2008 disaster;
(3) the southeasterly moisture flux from the South China Sea,
the moisture flow along the southeast wind anomaly of the
West Pacific subtropical high. This is the most important
vapor supply for South China, especially at levels lower than
700 hPa.

At 850 hPa (Figure 8(b)), due to obstruction by the
terrain, the moisture flux anomaly in South China is very
small, with only a slightly positive moisture flux anomaly
on the southeast coast of China. Meanwhile, at 925 hPa
(Figure 8(c)), the moisture flux anomaly mainly happens on
the areas southern to 20∘N.

All in all, the moisture flux can transport to higher
latitude at higher height level. So, it is more likely to see the
positivemoisture flux anomaly center in northern latitudes in
China.

Comparison of the wind anomaly at different pres-
sure levels shows that, South China is dominated by
southerlywind anomaly at 850 hPa (Figure 9(a)) and 700 hPa,
and dominated by northerly wind anomaly at 925 hPa

(Figure 9(b)). At 925 hPa (Figure 9(b)), the northerly wind
comes from the land, and is dry and cold, so themoisture flux
is very low. However, at 850 hPa (Figure 9(a)), the southerly
wind originates from the South China Sea or the Bay of
Bengal, which is wet and warm, so themoisture flux is greater
than 925 hPa (Figure 9(b)). As the plateau and other topo-
graphic features block the air flow, the 850 hPa (Figure 9(a))
moisture flux anomaly is much less than 700 hPa.

To further discuss the influence of the TP thermal
anomaly on wind field and moisture flux, correlation anal-
yses were performed with the plateau surface heat source
anomalies and 700-, 850-, and 925-hPa wind fields of 𝑢, V,
respectively; subsequently, the vector composition method
was used to synthesize the wind field (Figure 10).

The correlation between the TP heating anomaly and the
moisture flux anomaly displays a large, significantly positive
area in SouthChina at and lower than 700 hPa (Figures 10(a)–
10(c)).This demonstrates that TP heating is closely associated
with moisture flux increase in South China. Of these, the
positive correlation areas at 925 hPa and 850 hPa are bigger
than 700 hPa, in which the significant area is centralized over
a more northern area.



Advances in Meteorology 7

90N

60N

30N

EQ
30E 60E 90E 120E

20

(a)

90N

60N

30N

EQ
40E 60E 80E 100E 120E 140E

20

(b)

Figure 9: Wind field departure from January 11 to 30, 2008, at 850 hPa (a) and 925 hPa (b) (unit: m/s).
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Figure 10: Correlations between the plateau surface heating anomaly andmoisture flux anomaly and composited wind derived via correlation
analysis between the plateau surface heating anomaly and the 𝑢, V wind anomaly in January 2008 (the shaded area denotes correlation at the
95% confidence level, with the orange/blue colors indicating positive/negative correlation).
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When the TP surface heat source is extremely high,
South China is preceded by a southerly wind at 700 hPa and
850 hPa (Figures 10(a) and 10(b)), and wet and warm air
originates from the Bay of Bengal and the South China Sea.
However, near the ground (Figure 10(c)), the southerly winds
are decreased but the northerly winds are strengthened,
especially on the lower reaches of the Yangtze River (such
as Hunan, Guizhou, Jiangxi, and Zhejiang provinces). This
vertical wind allocation is helpful for the inversion, which is
very important for the sustaining of snowy/icy weather.

According to a numerical study by Wang et al. [28],
plateau terrain is necessary for the formation and persistence
of the quasi-stationary Kunming front. The thermodynamic
effect of the terrain is a very important part of plateau and
can sometimes even be regarded as a terrain equivalent.
In Figures 10(b) and 10(c), a shear line can be seen at
about 105∘N, which coincides with the location of the quasi-
stationary Kunming front, and it appears that the thermal
condition of the TP can influence the quasi-stationary front.
However, further evidence is needed to establish whether this
idea is reliable.

7. Summary and Discussion

Based on the NCEP/DOE data, this paper analyzes the
features of TP surface heating in January 2008 and its possible
impact on atmospheric circulation and the severe ice/snow
weather event that occurred in South China.
(1) It is found that the TP surface heat source shows

extreme fluctuations and a pronounced heating effect in
January 2008 compared to average climatic data, and the
three peak heating periods coincidewith the peak times of the
snow disaster. The Siberian high is much more pronounced
in January 2008 compared with climatic records, which is
very important for the cold event in South China. The vapor
supply for the freezing rain in South China can be divided
into three components: (1) the westerly wind at about 25∘N;
(2) the southwesterly wind from the Bay of Bengal; and (3)
the southeasterly wind from the South China Sea.
(2) TP heating is conducive to the formation and sustain-

ing of the Siberian high, which facilitates the flow of cold, dry
Siberian air from the edge of the TP down to Central and
South China. At 850 hPa and the layers higher than it, TP
heating strengthens the southerly wind and suppliesmoisture
to South China. However, at near-surface levels (925 hPa), TP
heating is more likely to strengthen the northerly wind and
to introduce cold, dry air to more southern regions. This up
warm/down cold configuration is conducive to the creation
of a thermal inversion in South China.
(3) Two Rossby wave trains can be seen at 500 hPa and

300 hPa at midlatitudes (approximately 20–40∘N; Figures
3(a) and 5(a)). Correlation analysis (Figures 3(b) and 5(b))
reveals that these wave trains may be influenced by abnormal
TP surface heating. A comparison of the features of Rossby
wave activity in December 2007 and January 2008 showed
that when the TP changed swiftly from a heat sink (in
December 2007) to a heat source (in January 2008), the
Rossby wave propagated downstream from the TP to South

China at middle and upper layers of the atmosphere and
provided energy for the snow and ice disaster that occurred in
South China.Therefore, it can be inferred that the TP heating
anomaly may influence the motivation and spreading of the
Rossby wave train in midlatitudes.
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