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Abstract
Based on the Final operational global analysis data from the Global Forecasting System of the National Centers for Envi-
ronment Prediction and the radiosonde data, the development and eastward movement mechanisms of 15 Tibetan Plateau 
vortices (TPVs) after they move off the plateau are investigated. The results show that the convergence to the east of the 
TPVs at 500 hPa, the divergence associated with the westerly jet stream at 200 hPa, as well as the corresponding ascending 
motion provide favorable conditions for the development and eastward movement of the TPVs. The spatial structures of the 
atmospheric apparent heat source (Q1) and the apparent moisture sink (Q2) are studied, showing that the heating centers 
of Q1 at 400 hPa mainly sourced from the condensation latent heat are beneficial to the eastward movement of the TPVs, 
while the horizontal distribution of Q1 at 500 hPa goes against that. The development and eastward movement mechanisms 
of the TPVs after they move off the plateau are further discussed through diagnosing the potential vorticity (PV) tendency 
equation. It is revealed that the horizontal PV flux convergence to the east of the TPVs related to the convergence at 500 hPa 
plays as the dominant role, exerting positive contribution to the PV tendency. Meanwhile, the heating fields induce feeble PV 
tendency, indicating more important effect of the dynamic factor. The development and eastward movement mechanisms of 
the TPVs after they move off the plateau are different from those before the TPVs move off, and the dynamic effect is vital 
in the former stage while the effect of Q1 is revealed as the dominant influencing factor in the latter.

Keywords Tibetan Plateau vortices · Development and eastward movement mechanisms · Dynamic effect · 
Thermodynamic effect · PV tendency equation

1 Introduction

Tibetan Plateau vortices (TPVs) are major mesoscale sys-
tems defined at 500 hPa triggering rainfall over the Tibetan 
Plateau (Ye and Gao 1979). Most of the TPVs form over the 
central-western plateau; the occurrence frequency of TPVs 
reaches the maximum in June. The typical spatial scale of 

TPVs is approximately 400–800 km horizontally and 2–3 km 
vertically (Ye and Gao 1979; Luo 1992; Lhasa Workgroup 
for Tibetan Plateau Meteorology Research 1981; Luo et al. 
1994; Li et al. 2018b). The cyclonic circulation of the TPVs 
is primarily in the lower-middle troposphere, with positive 
vorticity reaching the maximum at 500 hPa and disappear-
ing above 400 hPa (Ye and Gao 1979; Lhasa Workgroup for 
Tibetan Plateau Meteorology Research 1981). Usually, the 
TPVs die out in situ in 12–24 h, but some can maintain for a 
longer time and move eastward off the plateau under certain 
conditions (Wang et al. 2009). The TPVs moving off the 
plateau are closely related to the genesis of the southwest 
vortices in southwestern China (Li et al. 2017), and lots of 
heavy rainfall and disastrous weather events to the east of the 
Tibetan Plateau are triggered by the moving-off TPVs (Ye 
and Gao 1979; Li 2002; Qiao and Zhang 1994).

Previous studies on the moving-off TPVs mainly focused 
on their eastward movement over the Tibetan Plateau. The 
large scale circulations and the thermodynamic conditions 
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influencing the eastward movement of TPVs are revealed. 
At 200 hPa, the divergence associated with the eastward 
moving upper-level westerly jet stream and the eastward 
stretching South Asia high is an important factor (Liu and 
Fu 1985; Yu et al. 2007). At 500 hPa, the northward shifting 
monsoon trough over Bay of Bengal, westward extending 
western North Pacific subtropical high and shear lines over 
the eastern plateau accompanies the eastward movement 
of TPVs (Guo 1986; Gao and Yu 2007; Gu et al. 2010). 
Three types of TPVs moving off the Tibetan Plateau, lying 
behind a ridge, in front of a westerly trough, and on a shear 
line, are pointed out (Liu and Fu 1985). The convergence 
to the east of TPVs at 500 hPa between the northwesterly 
winds flowing to the north of the Tibetan Plateau and south-
westerly winds from the Bay of Bengal is a dominant factor 
influencing the eastward movement of TPVs (Li et al. 2011, 
2014b). The water vapor is another factor exerting important 
effect on the eastward movement of TPVs. The TPVs move 
eastward when the water vapor convergence center in the 
middle-upper troposphere is found over the east of TPVs (Yu 
2002). As for the thermodynamic fields, some studies dem-
onstrated that the condensational latent heat is the leading 
factor in the developing stage of the TPVs (Dell’Osso and 
Chen 1986; Wang 1987; Li et al. 2011, 2014b), while some 
highlighted the influence of surface sensible heat (Lhasa 
Workgroup for Tibetan Plateau Meteorology Research 1981; 
Shen et al. 1986; Luo et al. 1991; Li and Zhao 2002) and 
considered that the dynamic effect is less important (Luo 
and Yang 1992; Chen et al. 1996). Besides, the moving-off 
TPVs are significantly dominated by the 10–20-day quasi-
biweekly oscillation (QBWO), and the TPVs always move 
off the Tibetan Plateau in the positive QBWO phases (Li 
et al. 2018a).

The situations after the TPVs move off the Tibetan Pla-
teau become to be concerned these years, owing to their 
important influence on the precipitation over wide areas of 
China. The results show that the sustained moving-off TPVs 
always form around Qumalai (Yu et al. 2014). The moving 
directions of the TPVs after moving off the Tibetan Plateau 
are mainly modulated by the positive vorticity variability 
to the east of the TPVs (Xiao et al. 2016). The number of 
the eastward moving TPVs is positively related to the rain-
fall over the middle-upper reaches of Yangtze River, the 
upper reaches of Yellow River and Yangtze-Huaihe Rivers 
region (Huang et al. 2015). In addition, the moving-off TPVs 
between the West Pacific subtropical high and the high to the 
southeast of Lake Baikal exert the most remarkable effect on 
the rainfall of China (Yu et al. 2015).

As mentioned above, the moving-off TPVs have close 
relationship with the rainfall over the regions to the east 
of the plateau, even Korean Peninsula and Japan (Yu and 
Gao 2006). The previous studies investigated the evolution 
mechanism of the TPVs over the Tibetan Plateau. Especially, 

our previous work (Li et al. 2011, 2014b) revealed that the 
condensation latent heat is the leading factor contributing 
to the development and eastward movement of the TPVs 
before they move off the Tibetan Plateau. However, these 
studies merely revealed the evolution mechanism of the 
TPVs over the Tibetan Plateau, and that after moving off is 
not clear. In the present study, the stage after the TPVs move 
off the Tibetan Plateau is focused. The dynamic and ther-
modynamic conditions are analyzed, respectively, and then 
the development and eastward movement mechanisms are 
further investigated. The results are helpful for understand-
ing the evolution of the TPVs after they move off, benefit-
ing for the rainfall prediction over the regions to the east 
of the Tibetan Plateau. The data and method utilized in the 
present study is introduced in Sect. 2. The features of the 
atmospheric dynamic fields are shown in Sect. 3. In Sect. 4, 
the spatial distributions of the thermodynamic fields are dis-
cussed. In Sect. 5, the development and eastward movement 
mechanisms are investigated by diagnosing the PV tendency 
equation. Summary and discussion is shown in Sect. 6.

2  Data and method

2.1  Data

Final operational global analysis (FNL) data, obtained 
from the Global Forecasting System of the National Cent-
ers for Environment Prediction (NCEP) (http://rda.ucar.
edu/datas ets/ds083 .2) gridded 1° × 1° at a 6-h interval 
during the period of May–July of 2000–2013 is utilized to 
analyze the large scale circulations, calculate the atmos-
pheric apparent heat source (Q1), apparent moisture sink 
(Q2), as well as the potential vorticity (PV) tendency equa-
tion. The Yearbook of Tibetan Plateau Vortex and Shear 
Line accomplished by the Institute of Plateau Meteorol-
ogy, CMA, are referred to select the TPVs cases. The 
radiosonde data observed twice a day at 120 stations over 
China during the same period provided by the National 
Meteorological Information Center (NMIC) of the China 
Meteorological Administration (CMA) is utilized to make 
sure that the FNL data can well reflect the circulations 
associated with the TPVs. In addition, the daily precipi-
tation data observed by 2436 stations is used to investi-
gate the accumulated precipitation during the lifespans of 
the 15 TPVs, which is also derived from NMIC of CMA 
(http://data.cma.cn).

2.2  Definition and selection of TPVs

Lhasa Workgroup for Tibetan Plateau Meteorology Research 
(1981) defined a TPV as a low at 500 hPa forming over 
the Tibetan Plateau with closed contour lines or cyclonic 

http://rda.ucar.edu/datasets/ds083.2
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winds at three stations. An eastward moving TPV shifting 
out of the plateau scope where the elevation is over 3000 m 
is defined as a moving-off TPV. Previous study (Li et al. 
2014b) revealed that the TPVs are weakened when moving 
through the sloping terrain in eastern edge of the Tibetan 
Plateau (about 100°E–103°E). In this study, 15 moving-off 
TPVs which move to the east of 105°E and sustain over 
24 h detected by the observational data are selected (Fig. 1), 
accounting for 2/3 of the total number of TPVs satisfying 
the selection criterions. Specially, in order to avoid the sea-
sonal differences in atmospheric circulations, the selected 
TPVs include five cases in each month (May–July) equally. 
For each case, the locations of the vortex derived from the 
radiosonde data are compared with those in FNL data. In 
both zonal and meridional directions, the distance between 
the centers of TPV observed by these two datasets at each 
time is less than 2 degrees (figure not shown), implying that 
the FNL data is reliable in the evolution process of this case. 
In fact, the previous study (Li et al. 2014a) has demonstrated 
the good capability of FNL data in representing TPVs, by 
comparing the occurrence frequency of the TPVs in FNL 
data with that in radiosonde data.

2.3  Composite method

Considering the moving features of TPVs, following the 
analysis used in study on Typhoon (Frank 1977; Gray 1981; 
Li et al. 2004), dynamic composite method is utilized to 
investigate the common features of the dynamic and ther-
modynamic factors associated with the TPVs. The dynamic 
composite method is to take the center of the TPV as the 
origin of coordinates, which moves along with the TPV, then 
to make a composite for every case in a same scope at each 
time in the moving coordinate system. Thus, the composite 
center is the origin of the coordinates, and the coordinates 

indicate the distances to the composite center. The dynamic 
composite method has been used in the study of TPVs by Li 
et al. (2011, 2014b).

We define the time when the TPVs just move off the 
Tibetan Plateau as t = 0, and the times 12 h and 6 h before 
as t = − 12 and t = − 6, and after as t = + 6, t = + 12, t = + 18, 
and t = + 24, respectively. The intensity of a TPV is calcu-
lated as the vertical vorticity averaged in a square region 
(2° × 2°) around the center of the vortex. The composite of 
intensity of the 15 TPVs is shown in Fig. 2. It can be seen 
that the intensity is much greater at t = − 12, and be weak-
ened after t = − 6, with the valley appearing at t = 0. Then, 
the TPVs develop again after t = 0.

In the present study, the development and eastward 
movement mechanisms of the TPVs after they move off the 
Tibetan Plateau are investigated. We mainly focus on the 

Fig. 1  The moving-off TPVs 
and their tracks. The shading 
represents the region with alti-
tude over 3000 m. The crosses 
(+) in each track denote the 
positions of the vortex centers at 
6-h interval, and the solid dots 
represent the positions of the 
TPVs at t = 0

Fig. 2  Composite of 500 hPa vertical vorticity (unit:  10−5 s−1) aver-
aged in a 2° × 2° region around the centers of the 15 TPVs
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developing period (from t = 0 to t = + 24) of the TPVs after 
they move off the plateau, in which the TPVs also exhibit 
obvious eastward movement. Accordingly, the average 
dynamic and thermodynamic features during t = 0 to t = + 24 
are investigated. Thus, it should be clarified that the results 
in Figs. 4, 5, 6, 7, 8, 9 and 10 are based on the average of 
situations at t = 0, + 6, +12, + 18 and + 24.

2.4  Atmospheric apparent heat source 
and apparent moisture sink

To investigate the thermodynamic features, the atmospheric 
apparent heat source (Q1) and apparent moisture sink (Q2) 
(Yanai et al. 1973) are calculated.

The vertically integrated forms of Q1 and Q2 can be writ-
ten as follows:

where, P, S, and E represent the amount of precipitation, 
surface sensible heat flux, and eddy moisture flux, respec-
tively, and <QR> is radiative heating (cooling). Usually, in 
rainfall process, the condensational latent heat related to the 
precipitation is the major component of ⟨Q1⟩.

2.5  Potential vorticity (PV) tendency equation

The previous study (Li et al. 2011, 2014b) has shown that 
PV can well reflect the evolution of TPVs, and the dynamic 
and thermodynamic effects in the evolution processes of the 
TPVs can be discussed separately by analyzing the Ertel 
PV equation (Hoskins et al. 1983; Wu and Liu 1999). The 
PV tendency equation without frictional effects is given as:

where PE is the Ertel PV, � represents the specific volume. 
�� = (f k +∇3 × �3) is the absolute vorticity, in which k and 
V3 denotes the unit vector in the z-direction and the wind 
vector, respectively. The diabatic heating rate is marked 
using Q, and in this study Q1 is taken to be Q in the calcula-
tion. The PV in pressure coordinates is

in which f is the Coriolis parameter, θ denotes the potential 
temperature, u and v represent zonal and meridional winds, 
respectively. After removing the small terms and coordinate 
transformations (Li et al. 2011), Eq. (3) can be written as

(1)⟨Q1⟩ ≈ LP + S + ⟨QR⟩

(2)⟨Q2⟩ ≈ LP − LE

(3)
dPE

dt
= ��� ∙ ∇3Q

(4)PE = −g(f + �p)
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horizontal PV flux divergence, and − ��PE
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 is the vertical PV 

flux divergence. g �v
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 and −g �u

�p

�Q

�y
 is the redistribution of 

PV arises from the uneven distribution of Q in zonal and 
meridional directions, respectively, while the last term is 
induced by the vertically uneven distribution of Q. Equa-
tion (5) indicates that the local change of PV comes from the 
contributions of the horizontal and vertical PV flux diver-
gences, as well as the spatially uneven distribution of diaba-
tic heating (Pan et al. 2008).

3  Atmospheric dynamic features

The accumulated rainfall during the lifespans of the TPVs 
is shown in Fig. 3. It can be seen that the TPVs trigger 
rainfall both over the Tibetan Plateau and to it east, with 
the rainfall centers exhibiting a zonal distribution. The 
rainfall amount associated with the TPVs is much heavier 
to the east of the Tibetan Plateau compared with that over 
the plateau, which may have some relationship with the 
abundant water vapor in the former region.

Composites of 500 hPa winds and geopotential heights 
are shown in Fig. 4a. The westerlies to the west of the 
TPVs are split into two branches, which may be caused by 
the terrain of the Tibetan Plateau. A ridge in the northern 
branch is observed to the north of the TPVs. The north-
westerlies associated with the ridge invade to the east of 
the TPVs. The southwesterlies from the southern branch 
and to the southwest of the TPVs converge with the north-
westerlies from the ridge to the east of the TPVs, which 
is in favor of the eastward movement of the TPVs. Actu-
ally, the centers of the 15 TPVs during t = 0 to t = + 24 are 
located in 32°N–38°N, 103°E–115°E. The location where 
a trough is found in Fig. 4a is − 20° in zonal direction and 
− 15° in meridional direction (The coordinates indicate 
the distances from the composite center of the 15 TPVs), 
generally coinciding with the range of the Bay of Bangle. 
Thus, the southwesterlies from the Bay of Bangle transport 
abundant water vapor to the east of the TPVs. In addition, 
the Western Pacific subtropical high (WPSH) is located to 
the south of − 10°, which stretches to the southeast of the 
TPVs. The WPSH intensifies the southwesterlies to the 

(5)
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south of the TPVs, enhancing the cyclonic wind shear of 
the TPVs and also the convergence to the east of the TPVs.

Figure 4b presents the composites of the geopotential 
heights and wind speeds at 200 hPa. There is South Asia 
High (SAH) to the south of the TPVs, and the westerly 
jet stream lies to the northeast of the TPVs. The wester-
lies to the north of the SAH prevail over the TPVs. Usu-
ally, divergence field can be found on the right-hand side 
of the entrance of the jet core (Xuan et al. 2011; Jia and 
Yang 2013). The divergence at 200 hPa and convergence at 
500 hPa TPVs to the east of the TPVs are favorable for the 
ascending motion there, which is in favor of the develop-
ment and eastward movement of the TPVs. The compos-
ites of divergence and vertical velocity averaged between 

3° south to 3° north in Fig. 5a further exhibit the obvious 
convergence at 500 hPa and divergence at 200 hPa, as well 
as the corresponding ascending motion, which has close 
relationship with the intensity of the TPVs and their east-
ward movement. In order to present the distinct dynamic 
features influencing the evolution of the TPVs after they 
move off the Tibetan Plateau, the divergence and vertical 
motion associated with the 15 moving-off TPVs are com-
pared with those in the condition that no moving-off TPVs 
are involved, and the differences are shown in Fig. 5b. The 
distributions of the vertical velocity and the divergence 
are similar to those in Fig. 5a, implying that the upper-
level divergence and lower-level convergence, as well as 
the related ascending motion to the east of the TPVs, are 

Fig. 3  The observed accumu-
lated rainfall for all the 15 cases 
(unit: mm)

Fig. 4  Composites of a 500 hPa 
winds (vectors; unit: m  s−1) and 
geopotential heights (contours; 
unit: gpm), and b 200 hPa wind 
speeds (shadings; unit: m  s−1) 
and geopotential heights (con-
tours; unit: gpm). The x-axis 
and y-axis indicates the relative 
coordinates from the composite 
center of TPVs in zonal and 
meridional directions (unit: 
degree), respectively
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the distinct dynamic features significantly different from 
the condition that no TPVs move off the Tibetan Plateau.

4  Atmospheric thermodynamic features

To investigate the role of the thermodynamic factors play 
in the eastward movement of the TPVs after they move 
off the Tibetan Plateau, the spatial distributions of the 

atmospheric apparent heat source (Q1) and apparent mois-
ture sink (Q2) are discussed in this section.

4.1  Horizontal distributions

The composites of vertically integrated Q1 ( ⟨Q1⟩ ) and Q2 
( ⟨Q2⟩ ) are shown in Fig. 6a. In the eastward moving pro-
cesses of the TPVs, the distributions of ⟨Q1⟩ and ⟨Q2⟩ are 
similar, indicating that the atmospheric heat source mainly 
sources from the condensation latent heat related to the 

Fig. 5  Composites of height-zonal cross-sections of divergence 
(shadings; unit:  10−5 s−1) and vertical velocity (contours; unit: pa  s−1) 
averaged between 3° south to 3° north a based on the 15 moving-off 
TPVs and b the differences from the condition that no moving-off 
TPVs are involved. In b, the difference of vertical velocity with sta-
tistical significance exceeding 95% confidence level is red-colored, 
and only the difference of divergence exceeding 95% confidence level 
is plotted. The coordinates in x-axis are the relative coordinates from 
the composite center of TPVs in zonal direction (unit: degree)

Fig. 6  Composites of a the vertically integrated Q1 ( ⟨Q1
⟩ ) (shadings; 

unit: W  m−2) and Q2 ( ⟨Q2
⟩ ) (contours; unit: W  m−2), and b height-

zonal cross-sections of Q1 (shadings; unit: K  day−1) and Q2 (contours; 
unit: K  day−1) averaged between 3° south to 3° north. The coordi-
nates in a, b are the same as those in Figs. 4 and 5, respectively
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precipitation. The large scale circulations show that the 
southwesterlies from the southern branch of the westerlies 
and the Bay of Bangle converge with the northwesterlies 
from the ridge in the north to the east of the TPVs (Fig. 4a), 
and the TPVs are below the divergence region of the jet 
stream (Fig. 4b). The upper-level divergence and lower-
level convergence are favorable for the updraft to the east of 
the TPVs, contributing to the precipitation and the related 

condensation latent heat there. Thus, the centers of ⟨Q1⟩ and 
⟨Q2⟩ are both observed to the east of the TPVs. In fact, the 
distributions of the differences of the heating fields in Fig. 7a 
are similar to those in Fig. 6a, implying that the horizontal 
distributions of the thermodynamic features associated with 
the selected TPVs are significantly different from the condi-
tion that no moving-off TPV are involved.

Fig. 7  Differences between the situations based on the 15 moving-off 
TPVs and those in the condition that no moving-off TPV are involved 
for a the vertically integrated Q1 ( ⟨Q1

⟩ ) (shadings; unit: W  m−2) and 
Q2 ( ⟨Q2

⟩ ) (contours; unit: W  m−2), and b height-zonal cross-sections 
of Q1 (shadings; unit: K  day−1) and Q2 (contours; unit: K  day−1) aver-
aged between 3° south to 3° north. The grey shadings indicate where 
⟨Q

2
⟩ and Q2 with statistical significance exceeding 95% confidence 

level. The coordinates in a, b are the same as those in Figs. 4 and 5, 
respectively

Fig. 8  500  hPa PV (shadings; unit: PVU, 1PVU = 10−6  m2  s−1 K 
 kg−1) and PV budgets (contours; unit: PVU (6 h)−1). The contours in 
top, middle and bottom rows are the PV budgets induced by a hori-
zontal PV flux divergence, b the vertical PV flux divergence and c the 
effect of Q1, respectively. The coordinates in x-axis and y-axis are the 
same as those in Fig. 4
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4.2  Vertical distributions

Height-zonal cross-sections of Q1 and Q2 averaged from 
3° north to 3° south are shown in Fig. 6b. The center of 
Q1 is around 400 hPa, where the values of Q1 and Q2 are 
similar, verifying that the condensation latent heat is the 
major component of Q1. The heating of Q1 at 400 hPa can 
strengthen the cyclonic disturbances at 500 hPa by depress-
ing the isobaric surface, which is in favor of the develop-
ment and eastward movement of the TPVs. The height of 
the maximum of Q1 is higher than that of Q2, implying the 
importance of vertical eddy transport of heat induced by 

cumulus and turbulence; thus, Q1 mainly sources from the 
convective rainfall. The vertical distributions of Q1 and Q2 
based on the 15 moving-off TPVs (Fig. 6b) coincide well 
with those of the differences from the condition that no 
moving-off TPVs are involved (Fig. 7b), further verifying 
that the vertical heating structure mainly determined by the 
condensational latent heat shown in Fig. 6b is the distinct 
thermodynamic feature closely related to the development 
and eastward movement of the moving-off TPVs.

5  Development and eastward movement 
mechanisms of the moving‑off TPVs

In order to reveal the mechanisms of the development and 
eastward movement of the TPVs moving off the Tibetan 
Plateau, the Ertel PV equation is calculated to analyze the 
PV budgets of the TPVs.

The composites of PV budgets are presented in Fig. 8. 
As shown in Fig. 2, the intensity of TPVs reaches the mini-
mum when they just move off the Tibetan Plateau (t = 0), 
then develop again after t = 0. After the TPVs move off the 
Tibetan Plateau, there are northwesterly winds and south-
westerly winds converge to the east of the TPVs (Fig. 4a). 
Accordingly, positive PV tendency induced by the hori-
zontal PV flux convergence is observed to the east of the 
TPVs (Fig. 8a), contributing to the enhancement and east-
ward movement of the TPVs. Meanwhile, the divergence 
region associated with the 200 hPa jet stream is located over 
the east of the vortices, which is in favor of the ascend-
ing motion to the east of the TPVs (Fig. 5a). As shown in 
Fig. 5a, the maximum of the vertical velocity is at around 
300–400 hPa, thus, negative PV tendency caused by the 
vertical PV flux divergence is found to the east of the TPVs 
(Fig. 8b), which has little contribution to the development 
and eastward movement of the TPVs. The roles of the hori-
zontal and vertical PV flux divergence here are similar to 

Fig. 9  500 hPa PV (shadings; 
unit: PVU, 1PVU = 10−6  m2  s−1 
K  kg−1) and the PV tendency 
induced by a the horizontal and 
b vertical distributions of Q1 
(contours; unit: PVU (6 h)−1). 
The coordinates in x-axis and 
y-axis are the same as those in 
Fig. 4

Fig. 10  Net PV budgets (shadings; unit: PVU, 1PVU = 10−6  m2  s−1 
K  kg−1) from the horizontal PV flux divergence [contours; unit: PVU 
(6 h)−1] and vertical PV flux divergence, as well as the effect of Q1. 
The coordinates in x-axis and y-axis are the same as those in Fig. 4



4857Development and eastward movement mechanisms of the Tibetan Plateau vortices moving off the…

1 3

those in the stage before the TPVs move off the Tibetan 
Plateau (Li et al. 2011, 2014b).

However, although it has been revealed in Fig. 6b that the 
upper heating of Q1 above 500 hPa can strengthen the low-
level cyclonic disturbances by depressing the isobaric sur-
face in lower troposphere, contributing to development and 
eastward movement of the TPVs, little contribution to the 
PV tendency from Q1 is found over the center of the TPVs 
and to its east (Fig. 8c). To analyze this issue, the effect of 
Q1 is further discussed, and the PV tendency induced by the 
horizontal and vertical uneven distributions of Q1 is given 
in Fig. 9. It can be seen that although there are positive PV 
tendency induced by the heating centers at about 400 hPa 
around the vortices (Fig. 9b), the negative contribution from 
the horizontal distribution of Q1 is also significant (Fig. 9a). 
The negative PV tendency contributed from the horizontal 
distribution of Q1 is located to the east of the moving-off 
TPVs, hindering the development and eastward movement 
of the TPVs. This phenomenon can be explained as follows. 
The uneven distribution of Q1 at 500 hPa forces the horizon-
tal vortex tube around the vortex center to be slanted (figure 
not shown), leading to negative vertical vorticity component 
around the TPVs. Thus, there is little contribution from Q1 to 
the PV tendency (Fig. 8c). As revealed in the previous stud-
ies (Li et al. 2011, 2014b), Q1 has significant positive effect 
to the PV tendency in the development and eastward move-
ment processes of the TPVs before they move off, which is 
different from the situation after moving off.

According to the analyses above, the horizontal PV flux 
convergence related to the convergence between the north-
westeries and southwesterlies to the east of the TPVs exerts 
a positive effect on the eastward movement of the TPVs. 
To further clarify the role of the horizontal PV flux conver-
gence, the net PV budgets from the horizontal and vertical 
PV flux divergence, as well as the effect of Q1 is shown 
in Fig. 10. It can be seen that the distribution of the hori-
zontal PV flux divergence is similar to that of the total net 
PV budgets from these three terms, indicating the dominant 
effect of the horizontal PV flux convergence in the east-
ward moving processes of the TPVs after they move off the 
Tibetan Plateau. Therefore, the dynamic effect is more sig-
nificant compared with the thermodynamic effect. It should 
be noted that the heating fields play as the vital factor in the 
eastward moving processes of the TPVs when they are over 
the Tibetan Plateau (Li et al. 2011, 2014b), which is differ-
ent from the situation after the TPVs move off the plateau.

All in all, after the TPVs move off the Tibetan Plateau, 
their development and eastward movement mainly depends 
on the dynamic effect of the convergence between the 
northwesterlies and southwesterlies at 500 hPa to their east. 
Although upper heating of the condensation latent heat is in 
favor of the eastward movement of the TPVs, there is little 
total contribution of Q1 to the PV tendency, because of the 

significant negative effect induced by the uneven horizontal 
distribution of Q1 at 500 hPa. The eastward movement mech-
anism of the TPVs after they move off the plateau is different 
from that before the TPVs move off, and the dynamic effect 
is vital in the former stage while the effect of Q1 is revealed 
as the dominant influencing factor in the latter.

6  Summary and discussion

The TPVs moving off the Tibetan Plateau greatly influence 
the precipitation over southwestern and eastern China. How-
ever, the previous studies mainly focused on the develop-
ment and eastward movement mechanisms of the TPVs over 
the Tibetan Plateau, while the mechanisms after they move 
off are not clear. In this work, 15 TPVs are selected to inves-
tigate the development and eastward movement mechanisms 
of the TPVs after they move off the Tibetan Plateau through 
dynamic composite method. The large scale circulations and 
the distributions of the atmospheric apparent heat source 
and atmospheric moisture sink are explored respectively 
to discuss the dynamic and thermodynamic features in the 
eastward movement of the TPVs. The PV tendency equation 
is further analyzed to reveal the development and eastward 
movement mechanisms of the TPVs. The main results are 
shown as follows.

At 500 hPa, the convergence between the northwesterlies 
and southwesterlies benefits for the eastward movement and 
development of the TPVs. At 200 hPa, there is divergence 
on the right-hand side of the entrance of the jet core. The 
ascending motion associated with the divergence at 200 hPa 
and convergence at 500 hPa has important effect on the 
development and eastward movement of the TPVs.

The atmospheric heat source mainly sources from the 
condensation latent heat related to the precipitation, and the 
centers of ⟨Q1⟩ and ⟨Q2⟩ are both located to the southeast of 
the TPVs. Vertically, the heating center at around 400 hPa 
strengthens the low-level cyclonic disturbances by depress-
ing the isobaric surface in lower troposphere, contributing to 
development and eastward movement of the TPVs.

The diagnoses of the Ertel PV equation reveal that the 
horizontal PV flux convergence plays a dominant role in the 
development and eastward movement of the TPVs, which 
is induced by the convergence between the northwesterly 
winds and southwesterly winds to the east of the TPVs at 
500 hPa. Regarding the heating effect, although there is posi-
tive PV tendency induced by the heating centers at about 
400 hPa, the negative PV tendency contributed by the hori-
zontal distribution of Q1 is also significant. Thus, there is 
little net contribution from Q1 to the PV tendency, which is 
not in favor of the development and eastward movement of 
the TPVs. Therefore, the dynamic effect is more important 
compared with the thermodynamic effect.
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Significantly, the effect of the heating fields play as the 
vital factor in the eastward moving processes of the TPVs 
when they are located over the Tibetan Plateau (Li et al. 
2011, 2014b), which is different from the situation after the 
TPVs move off the plateau discussed above.

It should be noted that the number of selected TPVs 
accounts for 2/3 of the TPVs moving to the east of 105°E 
and sustaining over 24 h, thus, they can basically represent 
this type of moving-off TPVs. As to the ones which die out 
near the eastern edge of the Tibetan Plateau (to the west 
of 105°E) and have shorter lifespans, it should be further 
investigated in the future work. Besides, the selected TPVs 
have both of the developing and eastward moving character-
istics at the same time, thus, the development and eastward 
movement mechanisms are discussed together. Therefore, 
regarding the specific development mechanism and the east-
ward movement mechanism, the separate investigations on 
the moving-off TPVs developing locally and on the ones 
moving eastward but without development may work, which 
is worthy to be carried on in our future work.

Acknowledgements This study is funded by National Key 
Research and Development Program (nos. 2016YFA0601504 and 
2016YFA0600602), the National Natural Science Foundation of China 
(no. 41775059), the China National 973 Project (2015CB453203), the 
Basic Scientific Research and Operation Foundation of CAMS (no. 
2016Y001 and 2018Z006), the science and technology development 
fund of CAMS (no. 2018KJ029).

References

Chen BM, Qian ZA, Zhang LS (1996) Numerical simulation of forma-
tion and development of vortices over the Qinghai-Xizang Plateau 
in summer. Chin J Atmos Sci 20:491–502 (in Chinese)

Dell’Osso L, Chen SJ (1986) Numerical experiments on the genesis of 
vortices Over the Qinghai-Xizang Plateau. Tellus 38(A):235–250

Frank WM (1977) The structure and energetics of the tropical cyclone 
I: storm structure. Mon Weather Rev 105:1119–1135

Gao WL, Yu SH (2007) Analyses on mean circulation field of the 
plateau low vortex moving out of the Tibetan Plateau. Plateau 
Meteorol 26:206–212 (in Chinese)

Gray WM (1981) Recent advance in tropical cyclone research from 
rawinsonde composite analysis, WMO Program on Research 
in Tropical Meteorology. World Meteorological Organization, 
Geneva

Gu QY, Shi R, Xu HM (2010) Comparison analysis of the circulation 
characteristics of plateau vortex moving out of and not out of the 
plateau. Meteorol Mon 36:7–15 (in Chinese)

Guo MZ (1986) General investigation of the moving eastward Lows 
over Qinghai-Xizang Plateau (in Chinese). Plateau Meteorol 
5:184–188

Hoskins BJ, James IN, White GH (1983) The shape, propagation and 
mean-flow interaction of large scale weather system. J Atmos Sci 
40:1595–1612

Huang CH, Li GP, Niu JL, Zhao FH, Zhang H, He Y (2015) A 
30-year climatology of the moving-out tibetan plateau vortex in 

summer and its influence on the rainfall in china. J Trop Meteorol 
31:827–838

Jia XL, Yang S (2013) Impact of the quasi-biweekly oscillation over the 
western North Pacific on East Asian subtropical monsoon during 
early summer. J Geophys Res Atmos 118:4421–4434

Lhasa group for Tibetan Plateau meteorology research (1981) 
Research of 500 hPa vortices and shear lines over the Tibetan 
plateau in summer. China Science Press, Beijing (in Chinese)

Li GP (2002) The tibetan plateau dynamic meteorology. China Mete-
orological Press, Beijing (in Chinese)

Li GP, Zhao BJ (2002) A dynamical study of the role of surface sen-
sible heating in the structure and intensification of the Tibetan 
Plateau vortices. Chin J Atmos Sci 26:519–525 (in Chinese)

Li Y, Chen LS, Wang JZ (2004) The diagnostic analysis on the char-
acteristics of large scale circulation corresponding to the sus-
taining and decaying of tropical cyclone after it’s landfall. Acta 
Meteorol Sin 62:167–197 (in Chinese)

Li L, Zhang R, Wen M (2011) Diagnostic analysis of the evolution 
mechanism for a vortex over the Tibetan Plateau Plateau in June 
2008. Adv Atmos Sci 28:797–808

Li L, Zhang RH, Wen M (2014a) Diurnal variation in the occurrence 
frequency of the Tibetan Plateau vortices. Meteorol Atmos Phys 
125:135–144

Li L, Zhang RH, Wen M, Liu LK (2014b) Effect of the atmospheric 
heat source on the development and eastward movement of the 
Tibetan Plateau vortices. Tellus A66:24451

Li L, Zhang RH, Wen M (2017) Genesis of southwest vortices and 
its relation to Tibetan Plateau vortices. Q J R Meteorol Soc 
143:2556–2566

Li L, Zhang RH, Wen M, Lv JM (2018a) Effect of the atmospheric 
quasi-biweekly oscillation on the vortices moving off the 
Tibetan Plateau. Clim Dyn 50:1193–1207

Li L, Zhang RH, Wen M (2018b) Modulation of the atmospheric 
quasi-biweekly oscillation on the diurnal variation of the 
occurrence frequency of the Tibetan Plateau vortices. Clim 
Dyn 50:4507–4518

Liu FM, Fu MJ (1985) A study on the moving eastward Lows over 
Qinghai-Xizang Plateau. Plateau Meteorol 5:125–134 (in 
Chinese)

Luo SW (1992) Study on some kinds of weather systems over and 
around the Qinghai-Xizang Plateau. China Meteorological 
Press, Beijing, p 205 (in Chinese)

Luo SW, Yang Y (1992) A case study on numerical simulation of 
summer vortex over Qinghai-Xizang (Tibetan) Plateau. Plateau 
Meteorol 11:39–48

Luo SW, Yang Y, Lu SH (1991) Diagnostic analyses of a summer 
vortex over Qinghai-Xizang Plateau for 29–30 June 1979. Pla-
teau Meteorol 10:1–11 (in Chinese)

Luo SW, He ML, Liu XD (1994) Study on the vortex of the Qinghai-
Xizang (Tibet) Plateau in summer. Sci China Ser B 37:601–612

Pan Y, Yu RC, Li J, Xu YP (2008) A case study on the role of water 
vapor from southwest China in downstream heavy rainfall. Adv 
Atmos Sci 25:563–576

Qiao QM, Zhang YG (1994) Synoptic meteorology of the Tibetan 
Plateau and its effect on the near areas. China Meteorological 
Press, Beijing, p 251 (in Chinese)

Shen RJ, Reiter ER, Bresch JF (1986) Some aspects of the effects of 
sensible heating on the development of summer weather system 
over the Qinghai-Xizang Plateau. J Atmos Sci 43:2241–2260

Wang B (1987) The development mechanism for Tibetan Plateau 
warm vortices. J Atmos Sci 44:2978–2994

Wang X, Li YQ, Yu SH, Jiang XW (2009) Statistical study on the 
plateau low vortex activities. Plateau Meteorol 28:64–71 (in 
Chinese)



4859Development and eastward movement mechanisms of the Tibetan Plateau vortices moving off the…

1 3

Wu GX, Liu HZ (1999) Complete form of vertical vorticity tendency 
equation and slantwise vorticity development. Acta Meteorol 
Sin 57:1–15

Xiao DX, Yu SH, Tu NN (2016) Analysis of typical sustained plateau 
vortexes after departure. Plateau Meteorol 35:43–54

Xuan SL, Zhang QY, Sun SQ (2011) Anomalous midsummer rainfall 
in Yangtze River-Huaihe River Valleys and its association with 
the East Asia westerly jet. Adv Atmos Sci 28:387–397

Yanai M, Steven E, Chu JH (1973) Determination of bulk properties of 
tropical cloud clusters from large-scale heat and moisture budgets. 
J Atmos Sci 30:611–627

Ye DZ, Gao YX (1979) The Tibetan plateau meteorology. China Sci-
ence, Beijing (in Chinese)

Yu SH (2002) Water vapor imagery of vortex moving process over 
Qinghai-Xizang Plateau. Plateau Meteorol 21:199–204 (in 
Chinese)

Yu SH, Gao WL (2006) Observational analysis on the movement of 
vortices befor/after moving out the Tibetan Plateau. Acta Mete-
orol Sin 64:392–399. (in Chinese)

Yu SH, Gao WL, Gu QY (2007) The middle-upper circulation analyses 
of the Plateau low vortex moving out of Plateau and influencing 
flood in east China in recent years. Plateau Meteorol 26:466–475 
(in Chinese)

Yu SH, Gao WL, Peng J, Xiao YH (2014) Observational facts of sus-
tained departure plateau vortexes. J Meteorol Res 28:296–307

Yu SH, Gao WL, Peng J (2015) Circulation features of sustained depar-
ture plateau vortex at middle tropospheric level. Plateau Meteorol 
34:1540–1555 (in Chinese)


	Development and eastward movement mechanisms of the Tibetan Plateau vortices moving off the Tibetan Plateau
	Abstract
	1 Introduction
	2 Data and method
	2.1 Data
	2.2 Definition and selection of TPVs
	2.3 Composite method
	2.4 Atmospheric apparent heat source and apparent moisture sink
	2.5 Potential vorticity (PV) tendency equation

	3 Atmospheric dynamic features
	4 Atmospheric thermodynamic features
	4.1 Horizontal distributions
	4.2 Vertical distributions

	5 Development and eastward movement mechanisms of the moving-off TPVs
	6 Summary and discussion
	Acknowledgements 
	References


