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Abstract In the present study, the relationship between
the atmospheric quasi-biweekly oscillation (QBWO) and
Tibetan Plateau vortices (TPVs) moving off the Tibetan
Plateau was investigated based on the radiosonde and rea-
nalysis data. It is found that the number of TPVs moving
off the Tibetan Plateau (moving-off TPVs) has the distinct
feature of the 10-20-day QBWO. 77% of the moving-off
TPVs occur in the positive phases of the 10-20-day filtered
500 hPa vorticity over eastern Tibetan Plateau. Besides,
distributions of the zonal and meridional components of
E-vectors coincide well with the trajectories of TPVs, indi-
cating the moving-off TPVs are well related with the prop-
agation of the QBWO energy. The atmospheric circulations
and related thermodynamic fields are discussed to reveal
the mechanism of the effect of 10-20-day QBWO on the
moving-off TPVs. It is found that the atmospheric circula-
tions and heating fields of 10-20-day QBWO have major
impact on the moving-off TPVs. In positive QBWO phases,
at 500 hPa over eastern Tibetan Plateau, there appear nega-
tive geopotential height anomalies and anomalous cyclonic
wind shear; the anomalous jet stream and positive geo-
potential heights at 200 hPa lying over the northeast of the
Tibetan Plateau stretch eastward gradually, benefiting for
the upper level divergence and ascending motion. The con-
densation latent heat is released and shifts eastward with
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the heating centers located at 400 hPa, which depresses
the isobaric surface at 500 hPa. All these conditions are in
favor of the maintenance and eastward movement of TPVs
in the positive QBWO phases.
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1 Introduction

In boreal summer, the low-level cyclonic vortices forming
over the Tibetan Plateau (hereafter referred to as TPVs)
are the major mesoscale rain-producing system over the
Tibetan Plateau (Ye and Gao 1979; Lhasa Workgroup for
Tibetan Plateau Meteorology Research 1981). Most of
TPVs originate over the central-western plateau, and decay
over eastern Tibetan Plateau, especially over the sloping
terrain at the eastern edge of the Tibetan Plateau. Some of
them can maintain for a long time and move eastward out
of the plateau (Ye and Gao 1979; Qiao and Zhang 1994
Li 2002; Wang et al. 2009; Li et al. 2014a; Yu et al. 2016).
The TPVs moving off the plateau often trigger heavy rain-
fall to the east of the Tibetan Plateau, and even give rise
to disastrous weather events over eastern China (Ye and
Gao 1979; Qiao and Zhang 1994; Li 2002). The typical
spatial scale of TPVs is about 400-800 km in horizontal
and 2-3 km in vertical. The cyclonic circulation associ-
ated with TPVs is primarily confined to the lower-middle
troposphere, with positive vorticity reaching maximum
at 500 hPa and disappearing above 400 hPa (Ye and Gao
1979; Lhasa Workgroup for Tibetan Plateau Meteorology
Research 1981; Luo 1992; Luo et al. 1994).
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The circulations benefiting the eastward movement
of TPVs have been revealed in the previous studies. It is
pointed out that the divergence on the upper-level is a dom-
inant factor in the eastward movement of TPVs (Liu and Fu
1985), and the eastward movement is associated with the
eastward moving of upper-level westerly jet stream and the
eastward stretching of South Asia high (Yu et al. 2007). At
500 hPa, the eastward movement of TPVs is accompanied
by the northward shifting of the monsoon trough over Bay
of Bengal, westward extending of western North Pacific
subtropical high, and active shear lines over eastern Tibetan
Plateau (Guo 1986; Gao and Yu 2007; Gu et al. 2010).
Liu and Fu (1985) pointed out that three types of TPVs,
lying behind a ridge, in front of a westerly trough, and on a
shear line, could move out of the plateau. The convergence
to the east of TPVs at 500 hPa between the northwesterly
winds invading from the north of the Tibetan Plateau and
southwesterly winds from the Bay of Bengal is a prominent
factor controlling the eastward moving of TPVs (Li et al.
2011, 2014a). The water vapor is another important factor
affecting the eastward movement of TPVs. The TPVs move
eastward when the water vapor vortex at the middle-upper
troposphere is located over the east of TPVs (Yu 2002).

A lot of studies have found that the initiation, develop-
ment and eastward movement of TPVs are affected by the
thermodynamic factors, among which the diabatic heating
would be the leading factor. It is pointed out that the sen-
sible heating exerts a major effect on the formation of the
vortices, while the condensation latent heat is most impor-
tant during their developing phase (Lhasa workgroup for
Tibetan Plateau meteorology research 1981; Dell’Osso and
Chen 1986; Shen et al. 1986a, b; Wang 1987; Li and Zhao
2002). The diurnal variation of TPVs was investigated
by Li et al. (2014b), and the condensation latent heat is
emphasized as the dominant factor in the initiation process.
Ding and Lu (1990) used a five-layer primitive equation
model to simulate the eastward movement of a vortex over
the Tibetan Plateau. They suggested that the diabatic fac-
tors, such as radiation and large-scale condensation latent
heat, might only affect the intensity of the vortex. Luo et al.
(1991) found that the genesis, development and decay of
the plateau vortices are closely interrelated with variations
of the atmospheric heat field. The numerical simulation of
three vortices by Chen et al. (1996) showed that their dis-
appearances in the sloping terrain of the eastern Tibetan
Plateau might be owe to the weakening of the surface heat-
ing. Li et al. (2011, 2014a) pointed out that the atmospheric
heat source not only affects the intensity of the vortex, but
also influences its eastward movement. Some studies indi-
cated that the generation of TPVs has obviously active and
suppressed periods (Luo et al. 1994), and the intraseasonal
oscillation (ISO) has close relationship with the occurrence
of TPVs. Sun and Chen (1994) revealed that the active
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center of the 30-50-day filtered low frequency system over
the Tibetan Plateau matches the generation center of TPVs.
Zhang et al. (2014) pointed out that the occurrence of TPVs
is mainly modulated by the 10-30-day ISO.

As mentioned above, previous studies mainly inves-
tigated the effect of circulation and diabatic heating on
the initiation and eastward movement of TPVs, and dem-
onstrated the close relationship between the ISO and the
occurrence of TPVs. However, it is unclear if the eastward
movement of TPVs is associated with ISO and what is the
effect of ISO on the eastward-moving TPVs. Considering
the important effect of the TPVs moving off the Tibetan
Plateau (hereafter referred to as moving-off TPVs) on the
rainfall to the east of the Tibetan Plateau, the research on
the effect of ISO on the eastward movement of TPVs is
urgently needed for understanding not only the moving-off
TPVs themselves, but also the rainfall variability in eastern
China. Therefore, the effect of ISO on the moving-off TPVs
is investigated in the present study. The data and method
utilized in this work is introduced in Sect. 2. The relation-
ship between ISO and the moving-off TPVs are discussed
in Sect. 3. In Sect. 4, we analyze the large-scale circula-
tion and the related physical fields associated with ISO to
illustrate the physical processes by which ISO affects the
moving-off TPVs. Summary and discussion are given in
Sect. 5.

2 Data and method
2.1 Data and definition of TPVs

The data used in the present study include the daily reanal-
ysis data during May—August of 1998-2012 derived from
the National Centers for Environmental Prediction/National
Center for Atmospheric Research (NCEP/NCAR), with
global coverage and 2.5° X 2.5° resolution (Kalnay et al.
1996), and 500 hPa winds from radiosonde data observed
twice a day over the Tibetan Plateau, derived from the
National Meteorological Information Center (NMIC) of the
China Meteorological Administration (CMA) in the same
period. A band-pass filter method of Lanczos (Duchon
1979) is applied to the daily data to extract the intrasea-
sonal signals. Zhou and Zhang (2009) compared the NCEP/
NCAR reanalysis with observations over the Tibetan Pla-
teau. They found that the NCEP/NCAR reanalysis data are
reasonable in reflecting the observed atmosphere over the
Tibetan Plateau.

A Tibetan Plateau vortex (TPV) is defined as a low which
forms over the Tibetan Plateau with closed contour lines
or cyclonic winds at three observation stations at 500 hPa
(Lhasa Workgroup for Tibetan Plateau Meteorology Research
1981). In choosing the TPVs we referred to the Yearbook of
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Tibetan Plateau Vortex and Shear Line accomplished by the
Institute of Plateau Meteorology, CMA, which started from
1998 and ended in 2012. In the present study, a moving-off
TPV is defined as a TPV moving eastward and shift out of
the plateau region where the elevation is over 3000 m. In
addition, a moving-off TPV should generate over the main
body of the Tibetan Plateau and span over 24 h.

2.2 E vector

E vector (E) was defined by Hoskins et al. (1983), which can
be used to diagnose the horizontal structure and propagation
feature of the low frequency wave energy (Xu and He 1993).
The calculation formula of E vector is

E —_ <v12 — u/2,_ulv/> (1)

where v2 — w2 and —u/V' represent the components in x
and y directions, respectively. #’ and v' are the bandpass fil-
tered zonal and meridional winds, respectively. Bars signify
a time average.

2.3 Atmospheric apparent heat source and apparent
moisture sink

To investigate the effect of the diabatic heating in the east-
ward moving process of TPVs, the atmospheric apparent heat
source (Q;) and the apparent moisture sink (Q,) are calcu-
lated based on the atmospheric thermodynamic equation and
the moisture equation, respectively. The equations used are as
follows (Yanai et al. 1973):

oT P \* 00

l=cp(Z +V.-VT <—) 2,

Q Cp<0z+ T\ %o ap) 2)
dq dq

=L Z4+V.-Vg+w0l),

¢ <0t+ q+w0p> ©)

where T is the temperature, V and w denote the horizontal
wind vector and the vertical wind component in pressure
coordinates, respectively. P, is the pressure of 1000 hPa.
¢, represents the specific heat at constant pressure, and
k~0.286. 0 is the potential temperature. L=2.5x10° J
kg~!, denoting the latent heat of condensation, and g is the

specific humidity.
2.4 Water vapor flux

The water vapor condition has close relationship with the
condensation latent heat, thus the vertically integrated water
vapor flux is calculated using the following equation (Ras-
musson 1968).

1 Ps
A=- / qVdp )
8 Jp

u

A and V denote the water vapor flux and the horizontal
wind vector, respectively. P, is the pressure at the ground,
and P, is the pressure of upper-level where the water vapor
flux divergence is negligibly small, usually P,=300 hPa. ¢
represents the specific humidity.

3 Relationship between QBWO
and the moving-off TPVs

In order to investigate the moving-off TPVs, an area
95°~105°E, 30°—40°N in eastern Tibetan Plateau (here-
after referred to as ETP) is chosen and the power spec-
trum of 500 hPa vorticity averaged over ETP is calculated
because of the close relationship between 500 hPa vorticity
and TPVs. The ratio of the power spectrum and the red
noise spectrum at a =0.05 significance level is shown in
Fig. 1, in which values greater than 1.0 indicate the periods
exceeding 95% confidence level. It can be seen that before
2003, both the intraseasonal oscillations in the time scales
around 20 and 10 days were statistically significant, and,
afterwards the significant intraseasonal oscillation mainly
concentrated within 10-20 days. Therefore, in the intrasea-
sonal timescale, the quasi-biweekly oscillation (QBWO) in
about 10-20-day is statistically significant spanning from
1998 to 2012. It is obvious that the variation of 500 hPa
vorticity in ETP has the clear feature of QBWO.

By applying the Lanczos bandpass filter, thel0-20-
day QBWO of 500 hPa vorticity averaged over ETP is
extracted. Based on the standardized QBWO, 65 life cycles
with amplitude greater than 1.0 are selected to compose 8
QBWO phases. As shown in Fig. 2, the composite for the
life cycle of the 10-20-day QBWO is separated into eight
phases, in which phases 1-4 are positive phases, and 5-8
negative phases. To show the evolution of thel0-20-day
QBWO of 500 hPa vorticity averaged over the Tibetan
Plateau, in Fig. 3 we depict the phase-longitudinal cross-
section for the QBWO of vorticity averaged in the latitudes
30°N-37.5°N where the Tibetan Plateau is located. It can
be seen that to the east of 90°E, as the phase increases, the
vorticity has a clear feature of moving eastward. Over the
ETP area (95°-105°E, 30°—40°N), the strongest and weak-
est phases of the QBWO are in phases 3 and 7, respectively.

To check the relations of the moving-off TPVs with the
QBWO, for the 91 moving-off TPVs during May—August
of 1998-2012, there are 70 occurred in positive phases
and 21 in negative phases. The ratio for the numbers of the
moving-off TPVs in positive phases to the total reaches
77%, indicating the moving-off TPVs mainly exist in the
positive phases of QBWO. In Fig. 4 the trajectories of the
moving-off TPVs and composites of the 10-20-day QBWO
of 500 hPa vorticity in positive and negative phases are
shown. It can be seen the moving-off TPVs are mainly
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Fig. 1 Ratios of the power
spectrum of 500 hPa vorticity
averaged over 95°-105°E,
30°-40°N in eastern Tibetan
Plateau and the red noise spec-
trum at a =0.05 significance
level. Values greater than 1
indicate the periods exceeding
95% confidence level (shad-
ings). Y-axis and x-axis denote
the period (unit: day) and time
(unit: year), respectively
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Fig. 2 Phases for the filtered 10-20-day QBWO of 500 hPa vorticity
averaged over 95°-105°E, 30°—40°N in eastern Tibetan Plateau (unit:
1073 s7h

associated with the positive phase of the vorticity QBWO,
while much fewer with the negative phase. To exhibit this
relationship more explicitly, Fig. 5 is given to present the
locations of the moving-off TPVs in the eight phases of
500 hPa vorticity QBWO separately. It can be seen that,
along with the eastward propagation of 500 hPa vorti-
city QBWO (Fig. 3), the locations of TPVs stretch east-
ward from phase 1-8, indicating the eastward movement
of TPVs. It is clear that the frequencies of the locations
appearing in the positive phases are much higher than those
in negative phases. The total numbers of locations are 323
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Fig. 3 Phase-longitudinal cross-section of 10-20-day filtered vorti-
city at 500 hPa averaged between 30°N—37.5°N (unit: 107 s~1). The
shadings represent the area with statistical significance exceeding
95% confidence level

in positive phases (from phase 1-4) but only 163 in nega-
tive phases (from phase 5-8), implying a favorable situa-
tion in positive phases for the maintenance of the moving-
off TPVs.
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Fig. 4 Composites of the 10-20-day filtered 500 hPa vorticity (shad-
ings; unit: 107> s™1) and trajectories of the moving-off TPVs in (a)
positive and (b) negative phases, respectively. The gray solid line is
the topographic contour of 3000 m

The above analyses indicate that the frequency of
moving-off TPVs is modulated by the QBWO. However,
although the positive phases are conducive to the occur-
rence of moving-off TPVs, the largest frequency obviously
appears in the strongest positive phase of QBWO (phase 3).
The frequency of locations in phase 3 (171) is 4.07, 2.76,
and 3.56 times as high as those in phases 1 (42), 2 (62),
and 4 (48), respectively. Meanwhile, although the contrast
of the frequencies between the strongest positive phase
(phase 3) and the strongest negative phase (phase 7) is larg-
est, with a ratio as large as 4.07, the contrasts of other posi-
tive phases to their corresponding negative phases, never-
theless, are not so large, with the ratios of 1.20, 1.32, 1.23
between phases 1 and 5, 2 and 6, 4 and 8, respectively. Here
we can see that the modulation of QBWO on the frequency
of the moving-off TPVs mainly occurs in the strongest pos-
itive phase of QBWO.

In order to investigate the relationship between the
propagation of the low frequency energy and the move-
ment of TPVs, we calculated the E vector of the filtered
10-20-day QBWO at 500 hPa around the Tibetan Plateau
region. The zonal and meridional components of E vec-
tors are displayed in Fig. 6. Positive zonal component of E
vectors appears around the east part of the Tibetan Plateau.
The eastward propagation of the low frequency energy over

the east part of the Tibetan Plateau is well related with the
moving-off TPVs which move eastward (Fig. 6a). Mean-
while, as shown in Fig. 6b, the positive meridional compo-
nent of E vectors to the north of about 34°N indicates that
the low frequency energy propagates northward over there,
while the negative one to the south of about 34°N means a
southward propagation of the low frequency energy. This
distribution of the meridional component of E vectors coin-
cides well with the trajectories of the moving-off TPVs.
The stronger positive meridional component of E vectors to
the northeast of the Tibetan Plateau corresponds to a domi-
nant northward movement of the moving-off TPVs to the
north of about 34°N in their eastward-moving processes,
but much less TPVs shift southward to the south of about
34°N because of the weaker negative meridional compo-
nent to the southwest of the Tibetan Plateau. Thus, it is
obvious that not only the moving-off TPVs has the feature
of QBWO, but the propagation of the low frequency energy
is well related with the movement of TPVs. To reveal the
physical mechanisms of the 10-20-day QBWO of the mov-
ing-off TPVs, we will explore the roles played by the large-
scale circulations and related physical factors in the QBWO
of the moving-off TPVs in the next section.

4 Effect of QBWO on the moving-off TPVs
4.1 Large scale circulations

Figure 7 shows the composites of 10-20-day filtered
500 hPa winds and geopotential heights for eight QBWO
phases. In phases 1-4, negative geopotential height anoma-
lies occupy the Tibetan Plateau and extend eastward, which
are in favor of the maintenance and eastward movement of
TPVs. Meanwhile, the positive geopotential height anoma-
lies located to the northeast of the Tibetan Plateau propa-
gate southeastward. These two systems get stronger and
reach the peaks in phase 3, benefiting for the enhancement
of cyclonic wind shear over ETP. In fact, the cyclonic shear
shifts eastward from phase 1 to 4, and becomes the strong-
est in phase 3 when the maximum numbers of the moving-
off TPVs occur. In phases 5-8, positive geopotential height
anomalies dominate the Tibetan Plateau, in conjunction
with the negative anomalies to the northeast of the plateau,
forming anticyclonic wind shear over ETP. Thus, the cir-
culations at 500 hPa in the positive phases are in favor of
the occurrence and eastward movement of TPVs. In addi-
tion, as shown in Fig. 7, in phase 1 a weak anomalous high
first appears over central Asia with its center at about 55°N,
85°E. This anomalous high then strengthens and stretches
southeastward in the following positive phases, enhanc-
ing the circulation over ETP. During the negative QBWO
phases, same situation for an anomalous low can also be
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Fig. 5 Locations of the mov- phase 1 phase 5
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observed. These results suggest that the anomalous circula-
tions associated with the QBWO may be traced back to the
anomalous signals from higher latitudes originated around
central Asia.

At 200 hPa (Fig. 8), in phases 1-4, the anomalous jet
stream is located over the northeast of the Tibetan Pla-
teau, and stretches eastward gradually. The intensity of
wind speed reaches the peak in phase 3. Usually there is
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divergence on the right-hand side of the entrance of the jet
core (Xuan et al. 2011; Jia and Yang 2013). Besides, the
geopotential height anomalies increase from phase 1 to 4
over the eastern plateau and strong positive anomalies
can be found over ETP in phases 3 and 4. Such situations
are in favor of the upper-level divergence over ETP and
strengthen the ascending motion there. In fact, the geo-
potential height anomalies reflect the changes of the South
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Fig. 6 Trajectories of the moving-off TPVs (black solid lines) and
a zonal and b meridional components of E vectors of the 10-20-day
QBWO at 500 hPa (shadings; unit: m?> s~2). The gray solid line is the
topographic contour of 3000 m

Asian High located over the Tibetan Plateau, which is
closely related with the westerly jet (Wei et al. 2017). The
study by Jia and Yang (2013) also demonstrated the QBWO
of the South Asian High may affect that of the upper level
divergence. In negative phases (phases 5-8), the intensity
of the anomalous jet stream to the northeast of the Tibetan
Plateau is much weaker compared with that in positive
phases (phases 1-4), and a decrease of geopotential height
anomalies is found to the east of the plateau in phases 5-8
and obvious negative anomalies form over ETP in phases 7
and 8. Therefore, the circulation anomalies at upper-level in
phases 14 are in favor of the TPVs moving off the Tibetan
Plateau, but not in phases 5-8.

4.2 Atmospheric thermodynamic features

To discuss the atmospheric stratification features over
the Tibetan Plateau, we calculate the potential pseudo-
equivalent temperature (6,,). The height-longitude sec-
tions of the composites of 10-20-day filtered 0,, averaged
between 30°N—40°N for eight QBWO phases are given
in Fig. 9. Owing to the negligibly small specific humidity
above 300 hPa and the 6, above 300 hPa is nearly zero,

in Fig. 9 the vertical distribution of anomalous 6, is given
from 1000to300 hPa. In positive phases, there are posi-
tive centers of #,, anomalies located below 400 hPa which
propagate eastward over the Tibetan Plateau, indicating
eastward propagation of the unstable condition. In phase 3
the anomalous positive 8,, moves to ETP and its intensity
reaches the maximum, implying that the strongest unsta-
ble stratification appears in this phase. At phase 5, a nega-
tive center of anomalous 6,, is found near 600 hPa at about
80°E, and then gets stronger and moves eastward onto the
Tibetan Plateau gradually and then to ETP from phase 6 to
8, implying an unfavorable condition for the maintenance
of TPVs. The positive anomalies of 8,, over ETP indicate
a warm and humid air over there and negative anomalies
a cold and dry one. In order to prove this, the water vapor
transport is discussed below.

The composites of 10-20-day filtered vertical inte-
grated water vapor flux and water vapor flux divergence
are shown in Fig. 10. In positive phases, there are two
water vapor convergence centers. One is along the south
edge of the Tibetan Plateau, and the other stretches from
the eastern plateau to about 120°E. It can be clearly seen
that the water vapor transported to eastern Tibetan Plateau
is mainly from the Arabian Sea (phases 1-3), suggesting
that the water vapor originated from the tropical ocean may
affect the QBWO around the Tibetan Plateau. The vec-
tors of water vapor flux over the eastern plateau coincide
with the cyclonic wind shear at 500 hPa in positive phases
(Fig. 7), indicating the important effect of 500 hPa winds
on the water vapor transportation. Therefore, the 500 hPa
southerly winds transport warm and humid air from the
south and the warm and humid air converges over ETP,
leading to strong thermal instability in positive phases over
there. On the contrary, in negative phases the northerly
winds transport cold and dry air from the north to ETP and
the water vapor diverges over ETP, suppressing the thermal
instability over the east of the Tibetan Plateau. Meanwhile,
a weakened water vapor transport from the Arabian Sea in
phases 57 also can be observed.

Previous studies have revealed that the condensation
latent heat has important effect on the evolution of TPVs
(Li et al. 2011, 2014a, 2014b). Figure 11 shows the com-
posites of 10-20-day filtered vertically integrated atmos-
pheric apparent moisture sink (<Q,>) for eight QBWO
phases. Obvious eastward propagation of the heating center
over the Tibetan Plateau is exhibited in phases 1-4, and the
intensity of heating is much stronger in phases 2—4 than
that in phase 1. The values of the <Q,> are similar to those
of the atmospheric heat source (<Q,>) (figure not shown),
implying the condensation latent heat is the major compo-
nent of the atmospheric heat source. In fact, the cyclonic
shear at 500 hPa and divergence at 200 hPa in positive
phases can trigger the updraft of warm and humid air over
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Fig. 7 Composites of 10-20-
day filtered 500 hPa winds
(vectors; unit: m s~1) and geo-
potential heights (red contours;
unit: gpm) for eight phases. The
geopotential heights and winds
with statistical significance
exceeding 95% confidence level
are shaded and black-colored,
respectively. The blue solid line
is the topographic contour of
3000 m

the eastern downstream region of the plateau, and the water
vapor converges there, which are favorable for more pre-
cipitation and thus the release of condensation latent heat,
resulting in positive anomalies of <Q,>over there. The
eastward propagation of condensation latent heat facilitates
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the strengthening and moving eastward of TPVs through
increasing potential vorticity (PV) tendency (Li et al. 2011,
2014a). In phases 5-8, the cold and dry air transported to
ETP leads to the deficiency of moisture, and thus weakens
the condensation latent heat.
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Fig. 8 Same as Fig. 7, but for

geopotential heights (contours;
unit: gpm) and wind speeds
(shadings; unit: m s™Hat

200 hPa. Only the wind speeds
exceeding 95% confidence level
are plotted
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Figure 12 exhibits the vertical cross-sections of com-
posites of 10-20-day filtered atmospheric heat source Q,
averaged between 30°N—40°N for eight QBWO phases. It
can be seen that the heating centers of the atmospheric heat
source (, are located at about 400 hPa in phases 1-4. The
heating can strengthen the low-level cyclonic disturbances
at 500 hPa through depressing the isobaric surface in lower
troposphere, benefiting for the maintenance and develop-
ment of TPVs. However, the cooling anomalies in phases

120E  135E 75E Q0B 105 120 135E

5-8 can exert opposed effect on circulations, which ham-
pers the maintenance and development of TPVs.

From the analyses above, in positive phases the east-
ward-moving cyclonic wind shear at 500 hPa as well as
200 hPa divergence are in favor of the ascending motion.
Meanwhile, the water vapor converges over ETP, thus
stronger precipitation can be induced. The condensation
latent heat related to the precipitation is released and shifts
eastward, with the heating centers being located at 400 hPa.

@ Springer
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Fig. 9 Height-longitudinal phase 1 phase 5
cross-sections of composites 300 TR | i T N — T/
of 10-20-day filtered potential : ‘-‘ I I‘ v .," A al =
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The heating depresses the isobaric surface at 500 hPa,
benefiting for the maintenance and eastward movement of
TPVs. Thus, the anomalous circulations and the heating
fields in positive phases cause a favorable situation for the
TPVs to move off the Tibetan Plateau. As a result, most of
the moving-off TPVs are found in positive phases.

5 Summary and discussion

In this study we investigated the relationship between the
10-20-day QBWO and the TPVs moving off the Tibetan

@ Springer
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Plateau during May—-August of 1998-2012, and fur-
ther revealed the mechanisms of the effect of 10-20-day
QBWO on the moving-off TPVs. The main results are as
follows:

1. Significant 10-20-day QBWO is revealed by the power
spectrum of 500 hPa vorticity averaged over ETP. 77%
of the moving-off TPVs are found in positive QBWO
phases. The frequency for the locations of TPVs
appearing in the positive phases are much higher than
those in negative phases, with the maximum frequency
in phase 3 when strongest QBWO occurs, and the loca-
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Fig. 10 Same as Fig. 7, but for
vertically integrated water vapor
flux (vectors; unit: kg m~"' s71)
and water vapor flux divergence
(contours; unit: 107 kg m™2
s™1). Water vapor flux and water
vapor flux divergence with
statistical significance exceed-
ing 95% confidence level are
expressed by black-colored vec-
tors and shadings, respectively

tions of TPVs stretch eastward, indicating the eastward

movement of TPVs.

2. E vector at 500 hPa is calculated to investigate the
relationship between the propagation of the low fre-
quency energy of 10-20-day QBWO and the eastward
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movement of TPVs. The positive zonal component of

E vectors is located over eastern Tibetan Plateau, and

the positive and negative meridional components are
located to the north and south of about 34°N over east-
ern Tibetan Plateau, respectively. This distribution of

@ Springer



1204 L. Lietal
Fig. 11 Same as Fig. 7, but for phase 5
vertically integrated atmos- N G6ON =
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E vectors coincides well with the trajectories of the 3.
moving-off TPVs, which shift eastward in line with the
positive zonal component of E vectors, northward to

the north of 34°N and southward to the south of 34°N

in line with the positive and negative meridional com-
ponents, respectively.

@ Springer

The moving-off TPVs are modulated by the circula-
tions and thermodynamic fields of the 10-20-day
QBWO. In the positive QBWO phases, at 500 hPa,
negative geopotential height anomalies occupy the
Tibetan Plateau, and anomalous cyclonic wind shear is
found over ETP, which is in favor of the maintenance



Effect of the atmospheric quasi-biweekly oscillation on the vortices moving off the Tibetan... 1205

Fig. 12 Same as Fig. 9, but for phase 1 phase 5
atmospheric heat source (Q,) 0 - -
(unit: K day™)
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and eastward movement of TPVs. At 200 hPa the
anomalous jet stream over the northeast of the Tibetan
Plateau and positive geopotential heights benefit for
the upper-level divergence and ascending motion over
ETP. In thermodynamic fields, the water vapor of
QBWO converges over ETP in positive phases. The
condensation latent heat related to the precipitation
plays a major role in atmospheric heat source, which
shifts eastward with the heating centers located at
400 hPa. The heating depresses the isobaric surface at
500 hPa, benefiting for the maintenance and eastward
movement of TPVs.
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It should be pointed out that, because the topography can
affect the dynamic and thermodynamic processes on the
atmosphere over the Tibetan Plateau, the topography is an
important factor affecting the eastward movement of TPVs
(Shen et al. 1986a; Dell’osso and; Chen 1986; Wang 1987).
Compared to the QBWO modulation, the role played by the
topography in the moving-off TPVs need to be investigated
through numerical experiments in the future. In addition,
the results in the present study show that the QBWO of cir-
culation may be related with anomalous circulations from
higher latitudes originated from central Asia, whereas the
water vapor transport associated with the QBWO seems to

@ Springer
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be from the Arabian Sea. Which one is dominant or if there
is a phase-lock between circulations originated from higher
latitudes and water vapor coming from the tropical ocean
are not dealt with in the present study. Anyway, the origi-
nation of the QBWO around the Tibetan Plateau and the
effects of the systems from lower and higher latitudes on
the QBWO are needed for further investigation.
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