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Abstract: This study uses NCEP/NCAR daily reanalysis data, NOAA outgoing long-wave radiation (OLR) data, the re-
al-time multivariate MJO (RMM) index from the Australian Bureau of Meteorology and Tibetan Plateau vortex (TPV)
data from the Chengdu Institute of Plateau Meteorology to discuss modulation of thc Madden-Julian Oscillation (MJO)
on the Tibetan Plateau Vortex (TPV). Wavelet and composite analysis are used. Results show that the MJO plays an
important role in the occurrence of the TPV that the number of TPVs generated within an active period of the MJO is
three times as much as that during an inactive period. In addition, during the active period, the number of the TPVs
generated in phases [ and 2 is larger than that in phases 3 and 7. After compositing phases 1 and 7 separately, all mete-
orological elements in phase 1 are apparently conducive to the generation of the TPV, whereas those in phase 7 are
somewhat constrained. With its eastward propagation process, the MJO convection centre spreads eastward, and the ver-
tical circulation within the tropical atmosphere changes. Due to the interaction between the mid-latitude and low-latitude
atmosphere, changes occur in the baroclinic characteristics of the atmosphere, the available potential energy and eddy
available potential energy of the atmosphere, and the circulation structures of the atmosphere over the Tibetan Plateau
(TP) and surrounding areas. This results in significantly different water vapour transportation and latent heat distribu-
tion. Advantageous and disadvantageous conditions therefore alternate, leading to a significant difference among the
numbers of plateau vortex in different phases.
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1 INTRODUCTION

The Tibetan Plateau vortex (TPV) is a low vortex
system situated at 500 hPa that is generated and devel-
oped on the main area of the Tibetan Plateau (TP). It
usually disappears when it reaches the leeward eastern
side of the TP and rarely moves out of the main area of
the TP. However, under certain types of atmospheric
circulation, it moves eastwards out of the TP and causes
flooding in downstreamn areas (Yu and Gao').

Pioneering research on the TPV initially focused
on its formation mechanism %, and the Lhasa Group of
Tibetan Plateau Meteorology Research conducted sub-
stantial research in this respect’. Over the past 20 years,
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researchers have studied the TPV from different per-
spectives. For example, Yang and Luo™ determined that
vertical transportation of cumulus convection is consid-
erably important in relation to the occurrence and devel-
opment of the TPV and that the disturbance kinetic en-
ergy of the TPV is related to the convergence of distur-
bance kinetic energy and disturbance available potential
energy. In addition, Luo et al.”® concluded that the verti-
cal transportation of water vapour and surface sensible
heat causes a reduced depth of the western TPV under
the cumulus and convcction influence, which is benefi-
cial for the generation and eastward movement of the
warm TPV. Using numerical experiments, Ding et al.
revealed that the shear line and special underlying sur
face of the TP provide dynamic and thermodynamic con-
ditions for the TPV, respectively. Furthermore, Chen et
al.” found that the TPV is generated under a condition of
strong surface heating, strong unstable stratification and
condensation latent heat over the TP. Among them, sur-
face sensible heat plays an important role in the forma-
tion of the TPV, and latent heat rising in a column from
the ground has an important influence on the eastward
movement and development of the TPV.

Yu and He ® concluded that water vapour supply
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plays an important role in the generation and develop-
ment of the TPV and that the water vapour in the high-
er troposphere over the TP is mainly from the Arabian
Sea and the Indian Ocean. They also pointed out that
the enhancement of water vapour transportation in the
southern TP causes the 500-hPa geopotential height
contour line a cyclonic curve, which is therefore ex-
tremely relevant to the occurrence of the TPV.

Other studies, such as that of Li et al.®), used dy-
namic analysis to confirm that surface sensible heat,
heat force, and the action of dynamic pumping in the
boundary layer play an important role in the generation
and development of the TPV(Li and Xu'"%, Li and Liu!"),
Gao and Ping " found that the shedding vortex in the
leeward district of the eastern side of the TP, propagates
downstream in the form of wave propagation. Yu et al.
13-4 demonstrated that cold air flow has a strong influ-
ence on the occurrence of the TPV and that the conver-
gence of dry cold air and moist warm air enhances the
baroclinic instability of the atmosphere and contributes
to the development and eastward movement of ithe TPV,
Furthermore, He et al." then confirmed that the preva-
lent northern airflow near or north of the TPV area and
the leeward slope behind the large terrain are more like-
ly to lead to the development of TPV. They also con-
cluded that the southward movement of cold air trigger-
ing the release of atmospheric unstable energy is an im-
portant mechanism in the development of the TPV,
while the convergence of warm and cool air over the
TP grealty influences the maintenance and development
of the TPV. In addition, they proved that the TPV easily
occurs over high altitude terrain and steep slope regions
and that the TP heating and the dynamic and thermody-
namic functions of steep terrain cause its formation (He
et al.'" "y, Liu and Li'" solved the KdV equation to re-
veal that the TPV is similar to a tropical cyclone and
that it also has a warm core, which is not only the result
of the TP adiabatic heating but also the need for vortex
motion to maintain the gradient wind balance and static
balance. Chen and Li ™ demonstrated that the thermal
effect and the boundary layer effect of the TP play an
important role in the circulation structure of the TPV,
and Song et al ", used numerical experiments to deter-
mine that thermal conditions have a significant influ-
ence on the formation, development and structural
change of the TPV.

In the early 1970s, Madden and Julian discovered
the existence of an atmospheric low-frequency oscilla-
tion occurring in tropical regions, which was subse-
quently named the Madden-Julian oscillation (MJO)
{Madden and Julian™ ™), Krishnamurti then determined
the MJO to be a widespread phenomenon in the atmo-
sphere (Krishnamurti and Gadgil™). Recently, scientists
have conducted considerable research on the MJO, such
as its effect on the monsoon (Yasunari®™); Zhu®, Miao
and Liu®™; Jun and Sun™: Li and Wu®; Ju et al.®™; Ju
and Zhao ™), weather, climate (Chen et al.™; Lu and

Ding ®"; Huand and Zhu P Chen et al.®®; Xu et al.®¥,
Zhou et al.’; Lu et al.’%; He et al.*), ENSO and many
other aspects (Li and Zhou™; Li and Liao"™; Long and
Li*%; Qiu et al.l*"),

Although a number of studies have been conducted
on the MJO in relation to the TP (Sun and Chen'; Xie
et al™ Li ™ Gong et al.*); Peng et al.*"), research di-
rectly associated with the TPV is limited, and previous
studies have mainly focused on the relationship between
the clustering of the TPV and the MJO (Zhang et al.",
Sun and Chen ™), Zhang et al.™). It is acknowledged
that the TPV has a relatively similar structure to a ty-
phoon in some respects "', and the influence of the
MIJO on Western Pacific typhoons has been well studied
(Pan et al.P"; Li et al.™). However, studies on the rela-
tionship between the MJO and the TPV are rare, and
therefore, we focus on this relationship in our study.

2 DATA AND METHODS

The data used in this paper are as follows: reanaly-
sis data (zonal wind, meridional wind, geopotential
height, air temperature and atmospheric humidity) with
a spatial resolution of 2.5°x2.5°, obtained from the Na-
tional Center for Environmental Prediction/National
Center for Atmospheric Research (NCEP/NCAR); daily
satellite-observed outgoing long-wave radiation (OLR)
data with a spatial resolution of 2.5°x2.5° from the Na-
tional Oceanic and Atmospheric Administration
(NOAA); the real-time multivariate MJO (RMM) index
from the Australian Bureau of Meteorology and statisti-
cal TPV data from the Chengdu Institute of Plateau Me-
teorology of CMA. The RMM index was first created
and used by Wheeler and Hendon ' as well as Peng et
al¥, and was then used worldwide (for example, by the
Australian Bureau of Meteorology, the U.S. Climate
Prediction Center (CPC) and the Japan Meteorological
Agency). It is considered to be an effective tool for use
in short-term climate prediction as it is able to reveal
the amplitude (intensity) and the propagation process
(convection position) of the MJO.

Combination fields of near-equatorially averaged
850-hPa zonal wind, 200-hPa zonal wind and satel-
lite-observed OLR data (each averaged over the lati-
tudes at 15°S —15° N} are chosen for EOF analysis,
where daily observed data were projected on to the
multiple-variable EOFs. The resulting pairs of time se-
ries from the desired index are referred to as the re-
al-time multivariate MJO series 1 (RMM1) and 2
(RMM2). These vary mostly on the intraseasonal time
scale of the MJO only, with an amplitude of
VRMMI*-RMM2® .

The statistical method employed in the study of the
TPV uses the real-time multivariate MJO index (RMM)
to examine the strength of the MJO. Two different met-
rics are determined using amplitudes 1 and 0.8 (where a
value greater than 1 (0.8) corresponds with active MJO
periods, and a value of less than I (0.8) corresponds to
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suppressed MJO periods). In this paper, we count the
frequency of the TPV in active and suppressed periods
of the MJO respectively, in addition to the frequency
distribution in different phases of active MJO periods.

In this study, wavelet analysis is also used to deter-
mine the atmospheric oscillation cycle of the various
meteorological elements in the TP, and the Lanczos
band-pass filter is then used for oscillation cycle filter-
ing. The TP region is defined as being mainly in the
range of 27.5-40°N, 75-105°E.

3 ANALYSIS OF ATMOSPHERIC OSCILLA-
TION CYCLE OVER TP AND STATISTICAL
CHARACTERISTICS OF TPV

3.1 Analysis of atmospheric oscillation cycle over TP
Wavelet analysis was used to determine the

low-frequency oscillation cycles of meteorological ele-

ments recorded between 1998 and 2010 over the TP.

s Al Hv

g &‘&

1998 2000 2002 2004 2006 2008 20100 1 2 3 4 5 6

o]

" [
16 4 |

Period(day)

—

Results showed that each element had oscillation charac-
teristics of a 30- to 60-day cycle. Further investigations
showed an oscillation ¢ycle of 30- to 60-day to be partic-
ularly significant in the following fields: the 200-hPa
zonal wind field, 500-hPa wind zonal field, OLR field
and the 500-hPa geopotential height field (Fig.1).

As can be seen in the wavelet power spectrum
shown on the left of Fig.1a, the oscillation cycle of 30—
60 day is quite strong in winter and spring, but relative-
ly weak in autumn and summer. To verify that this phe-
nomenon is not only a unique characteristic of the
200-hPa zonal wind field, we examined the 500-hPa
zonal wind field, OLR field and 500-hPa geopotential
height field and found the existence of this phenomenon
in these fields (Fig.lb, lc and 1d). We then used a
Lanczos band-pass filter to extract the low-frequency
component of 30-60 day that could have an effect on
the TPV).
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Figure 1. Analysis of wavelet power spectrum (left) and variance (right) of daily standardized series of each regional average vari-
able over the TP from 1998 to 2010. (a) 200-hPa u wind field; (b) 500-hPa u wind field; (c) OLR field; (d) 500-hPa geopotential
height field (Morlet wavelet is used and shadings indicate the 95% confidence level).

3.2 Distribution of TPV in different MJO phases

Under both MJO measurement standards, Table 1
shows statistical results of the TPV frequency distribu-
tion in each phase of the active MJO periods during on-
set and duration, and the TPV frequency differences be-
tween the active and suppressed periods of the MJO. As
can be seen from the above statistics, there is a far

greater frequency of the TPV in the active phase of the
MIJO than in the suppressed phase, and this indicates
that the occurrence of the TPV is more likely during a
strong MJO process.

On examining the TPV frequency distribution in
each active MJO phase during the onset period, under
both MJO measurement standards, it can be seen that
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Table 1. Statistical results of TPV frequency in different phases of MJO.
TPV frequency in different phases of the MJO active active
MJO
. /suppressed /suppressed
amplitude phasel phase2 phase3 phase4 phase5 phase6 phase7 phase8 amplitude=1.0 amplitude=0.8
>0 99 82 48 54 61 57 41 67
Onset >1.0 71 49 25 32 34 31 27 46 314:193 381:126
_________ 08 84 63 31 40 40 40 33 s
>0 154 143 73 86 79 86 80 94
duration >1.0 104 89 43 51 46 55 44 60 491:301 588:204
>0.8 126 109 50 63 50 64 61 70

there is a significant increase (above normal) in TPV
frequency in phase 1 and 2, while there is a significant-
ly reduced frequency (below normal) in phase 3 and 7.
In addition, examination of the TPV frequency distribu-
tion in each active MJO phase throughout the duration
period shows that there is also a significantly increased
frequency (above normal) in phase 1 and 2. It should be
noted that different standard measurements used for the
MIJQ correspond to different lower frequency phases of
the MJO. The standard measurement of amplitude 1
corresponds to phase 3 and S, and amplitude 0.8 corre-
sponds to phase 3 and 7. The above differences are due
to differing statistical standards and unobvious distinc-
tions among the TPV frequency distribution in the low
frequency phase. However, these conclusions are signif-
icantly different from study of Li and Pan for the West-
ern Pacific typhoon; they found that the typhoon genera-
tion frequency in phase 2 and 3 is significantly less than
normal and that in phase 5 and 6 is more obvious.

As can be seen from the above analysis, the modu-
lation mechanism of the MJO on the TPV is significant-
ly different from that on the Western Pacific typhoon.
The modulation effect of the MJO on the TPV is signif-
icant, and the TPV frequencies in the onset and duration
periods change with the eastward movement of the
MIJO (strong convection centre and eastward movement
of the MJO.

To explore reasons for the high frequency and low
frequency phase-locked phenomenon of the TPV and to
investigate the role of the MJO modulation on the TPV,
we respectively synthesized phase 1 as its highest TPV
frequency and phase 7 with a relatively low TPV fre-
quency. We did not choose phase 3 with the lowest
TPV frequency, because the suppression factor of the
TPV in this phase is not obvious. The following synthe-
sis analysis is conducted in accordance with current
practice at home and abroad, taking amplitude 1 as a
measurement of MJO strength.

4 ANALYSIS OF DYNAMIC CONDITIONS IN-
VOLVED IN TPV GENERATION DURING
DIFFERENT PHASES

There are 394 days when the MJO is active in
phase 1 during the study period (from 1998 to 2010),
and the MJO convection centre is located in the tropical

regions of North Africa, corresponding to a high TPV
frequency. However, 320 days are represented by phase
7 of the active MJO period, and the MJO convection
centre is located in the tropical regions of the Western
Pacific, corresponding to a low TPV frequency. To de-
termine reasons for the TPV frequency distribution dif-
ferences between phase 1 and 7, we composited the
low-frequency atmospheric circulation of two phases
separately to examine the dynamic conditions of the
MJO’s effect on the generation of the TPV. Fig.2
shows a composite field of the low-frequency atmo-
spheric circulation in the first phase (Figs. 2a and 2¢)
and the seventh phase (Figs.2b and 2d), at 500 hPa
(Figs.2a and 2b) and 200 hPa (Figs.2¢ and 2d), respec-
tively.

In the low-frequency atmospheric circulation com-
posite field at 500 hPa in the first phase, the northeast
airflow controls most of the plateau region. A low-pres-
sure cyclone system with low-frequency lies over the
Southern Highlands; the existence of this system causes
the TPV frequency distribution in the first phase to be
significantly above normal. However, in the seventh
phase composite field, the TP is between two high-pres-
sure anticyclone systems with low frequency, which is
not conducive to the occurrence of the TPV. In the first
phase, the low-frequency Western Pacific subtropical
high extends westward to the east of the Indochina re-
gion. The Bay of Bengal, India and the Arabian Penin-
sula are controlled by a high-pressure anticyclone sys-
tem with low-frequency, and the centre is over the Indi-
an subcontinent. There are two southerly flows on the
east and west sides of the high-pressure; one moves
northward through the Indochina Peninsula and then a-
long the trailing edge of the subtropical high, and the
other moves northward through the east of the North
African waters regions. In contrast, in the seventh
phase, the Western Pacific and the Bay of Bengal are
controlled by a low-pressure cyclone system with
low-frequency, which hinders the transportation of water
vapour from the Indian Ocean to the east of the TP.

In the first phase, Southwest China is in the control
of a low-pressure cyclone system with low-frequency,
and Eastern China is in the control of a high-pressure
anticyclone system. The direction of water vapour trans-
portation along the edge of the subtropical high system
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Figure 2. Atmospheric circulation composite fields with 30-60 day filtering in the (a, ¢) first and (b, d) seventh phases. Low-fre-
quency wind field and low-frequency geopotential height field at (a, b) 500 hPa and (c, d) at 200 hPa. Unit: m/s, dagpm.

changes due to the existence of these two systems and
causes the water vapour to be continuously transferred
to the eastern plateau. The area in the north of Balkhash
Lake is controlled by a powerful low-frequency block-
ing high, and Northeast China is in the control of a
powerful low-pressure cyclone with low-frequency.
However, in the seventh phase, the eastern part of Chi-
na is situated at the front of a low frequency high-pres-
sure anticyclone system with northerly airflow, thus it is
difficult for water vapour to be transferred from the
West Pacific to the eastern part of China and the eastern
TP. The west of the Aral Sea is controlled by a low-fre-
quency low pressure cyclone system, and the northeast-
ern region of Balkhash Lake is controlled by a low-fre-
quency cyclone system.

When the atmospheric circulation system configu-
ration in the first phase is contrasted with that of the
seventh phase, it can be seen that the configuration of
'high-low-high' from the equator to the mid-latitude in
the first phase represents strong baroclinicity, high
available atmospheric and vortex potential energy, and
therefore it is evident that these conditions are required
for the TPV in the first phase. An atmospheric configu-
ration with a strong baroclinicity, high available atmo-
spheric vortex potential energy are advantageous to the
development of the TPV, and this conclusion is similar
to that made by Yu et al.'* ',

For the composited low-frequency atmospheric cir-
culation field of the first phase at 200 hPa (Fig.2¢), the
north of Balkhash Lake is in the control of a powerful
low-frequency high pressure anticyclone, and the south
of the TP is in the control of a strong low-frequency
low pressure cyclone system. TP is situated between the
two systems, and the main area of the TP is controlled
by a strong easterly airflow, which is beneficial to the
divergence of the upper troposphere and forms a
‘pumping’ effect that promotes the occurrence and de-
velopment of the TPV. This verifies the concept that
dynamic pumping has an important influence on the
generation and development of the TPV, as proposed by
Li and Liu "L The air over the southern plateau (from
bottom to top) is under the control of a deep low-pres-
sure cyclone system sloped to the south, which favors a
high frequency TPV in the first phase. However, in
phase 7, the air on the TP (from bottom to top) is under
the control of a deep low-frequency high pressure anti-
cyclonic system, which it is not conducive to the occur-
rence of the TPV.

A low-frequency vorticity difference can be seen
between the first and seventh phases at 500 hPa and
200 hPa separately (Fig.3). As can be seen from the
low-frequency vorticity difference field in Fig.3a at 500
hPa, there is a positive value over the TP, which re-
flects that convergence with an ascending motion in the
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Figure 3. Difference fields of the low-frequency vorticity anomaly with 30-60 day filtering at (a) 500 hPa and (b) at 200 hPa. Unit:

107*-s™, shadows pass test at 0.1 significance levels.

first phase is stronger than that in the seventh phase
over the TP; therefore, the first phase provides good dy-
namic conditions for the generation of the TPV. Fig.3b
shows the low-frequency vorticity difference field at
200 hPa, which has negative areas in the eastern TP and
positive areas in the western TP. This shows that high
atmospheric convergence in the eastern TP is more sig-
nificant in the first phase than in the seventh phase. The
vorticity field collocation from low-level to high-level in
the first phase is conductive to the occurrence of the
TPV, yet it is not favourable to the occurrence of the
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TPV in the seventh phase.

Figure 4 shows the composite fields of low-fre-
quency atmospheric vertical speed in the first phase
(Figs. 4a and 4c) and seventh phase (Figs. 4b and 4d) at
500 hPa (Figs. 4a and 4b) and 700 hPa (Figs. 4c and
4d), respectively. As can be seen from Fig4, in the first
phase, the atmosphere vertical velocity field at 500 hPa
in the eastern plateau presents a significant upward
movement, with rising velocity high value centre in its
southern part. Central Asia, together with central and
eastern China are both controlled by updrafts, and rising
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Figure 4. Vertical speed composite fields with 30-60 day filtering in (a, c) the first phase, (b, d) in the seventh phase at (a, b) 500
hPa and (c, d) at 200 hPa. Unit: Pa.s™, shadows pass test at 0.1 significance levels.



36 Journal of Tropical Meteorology

velocity high value centers arc located in the east of the
Iranian Plateau and the eastern part of China. The up-
ward movement in the equatorial region is also quite
obvious. In contrast, the high latitudes and the large
area from the Western Pacific to the Arabian Sea are
well controlled by sinking airflow, and over the In-
dochina Peninsula is the sinking speed extreme center.
In addition, the Western Pacific, the west of India and
the South China Sea also have high value centres of
sinking speed respectively, but these are not as strong as
that over the Indochina Peninsula. At 200 hPa, the east-
emn plateau is still controlled by rising airflow, yet the
western plateau is controlled by sinking airflow. The
distribution situations of other parts are similar to those
at 500 hPa, but the distribution of the centre is slightly
different.

In the composite field of the seventh phase at 500
hPa, most areas of the TP are controlled by sinking air-
flow, and only the northern plateau is controlled by ris-
ing airflow. In addition, the northern and eastern parts
of China and the tropic regions from the Western Pacif-
ic to the Indian Ocean are controlled by sinking airflow,
while central Asia and subtropical regions of the West-
em Pacific are controlled by rising airflow. At 200 hPa,
there is a sinking airflow area over the TP, with sinking
speed high value centre over the southwestern plateau,
but the distribution over other parts is similar to that at
500 hPa.

In summary, in the first phase the convection cen-
tre of the MJO is located in tropical regions in North
Africa, and the TP is mainly controlled by updraft,
which provides good conditions for the generation of
the TPV. However, in the seventh phase, the convection
centre of the MJO is located in the tropical regions of
the Western Pacific, and the TP is mainly controlled by
downdraft, which is not conducive to the formation of
the TPV.

With the eastward propagation process of the MJO,
the convection centre moves to the east and the tropical
atmospheric vertical circulation structure changes. Due
to the interaction between the atmospheric circulation at
lower and middle latitudes, the distribution of atmo-
spheric baroclinicity, the atmospheric available potential
energy and the eddy available potential energy change,
making an alteration in the atmospheric circulation
structure over the TP and surrounding areas. A discrep-
ancy thus exists in the moisture transfer, which results
in a different latent heat distribution over the plateau. In
this respect there are alternating favourable and un-
favourable factors for the generation of the TPV, result-
ing in significant differences of the TPV frequency in
different phases.

We use the zonal wind difference between 100 hPa
and 500 hPa to represent the vertical wind shear, and
then compasite the vertical wind shear in the first and
seventh phases, respectively (Figs.5a and 5b). The dis-
tributions of both phases are similar, and both show a
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Figure 5. Vertical wind shear (ujump-tswms) composite fields
in (a) the first phase; (b) the seventh phase and (c) differ-
ence fields of vertical wind shear between the first and sev-
enth phases. Unit: m.s"', shadows pass test at 0.1 signifi-
cance levels.

positive distribution in the north and a negative distribu-
tion in the south. There are closed positive centres over
the TP in the first and seventh phases, which shows that
the west wind is greater at high-level and smaller at
low-level over the TP. Negative regions exist from the
Western Pacific to the north of the Indian Ocean, and
this shows that there is a stronger easterly wind at
high-level and weaker easterly wind at low layers. The
vertical wind shear between the upper and lower levels
is strong over the TP, and it is therefore difficult for
water vapour and heat to gather and a convection col-
umn to form; therefore it is not conducive for the for-
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mation of the TPV.

In order to verify the above results, we analysed
the difference between the first and seventh phases. Fig.
5c shows that there are negative values over the plateau
regions, indicating that the vertical wind shear in the
high-frequency phase is weaker than that in low-fre-
quency phase. This indicates that the weaker vertical
wind shear is advantageous to the generation of the
TPV, while the stronger vertical shear is not. This result
matches the result of Qian et al.!™,

5 ENERGY FIELD ANALYSIS FOR THE TPV
IN DIFFERENT MJO PHASES

To compare the difference between convective ac-
tivities in the first and seventh phases, we conducted an
OLR difference between them (Fig.6). The values are
negative in the southeastern TP, central and eastern Chi-
na and northern Indian Ocean, which suggests in phase
1, that these regions have stronger convective activities
and that the stronger convective activities over the
southeastern TP are extremely conducive to the devel-
opment of convective systems over the TP and the gen-
eration of the TPV. There is a positive banding zone
from the Western Pacific to the Arabian Sea, with posi-
tive value centers in the east of the Philippines, South
China Sea, the Bay of Bengal and the north of Arabian
Sea respectively, and positive value exists in the middle
and high latitudes as well. This indicates that convective
activities over these regions are relatively weaker in the
first phase compared to that in the seventh phase.
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Figure 6. Difference field of OLR anomaly (with 30-60 day
filtering) between the first and seventh phases. Unit: W.m™,
shadows pass test at 0.1 significance levels.

Figure 7 shows the difference in low-frequency at-
mospheric kinetic energy between the first and seventh
phases. This figure shows that within the scope of the
TP the low-frequency kinetic energy in the first phase is
lower than that in the seventh phase. Due to the energy
conversion between kinetic and available potential ener-
gy, the atmospheric available potential energy is higher
in the first phase, corresponding to a higher eddy avail-

able potential energy which is then conducive to the
generation of a vortex system. Therefore, the lower the
low-frequency energy distribution over the TP, the more
conducive it is to the formation of the TPV.
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Figure 7. Difference field of kinetic energy anomaly (with
30-60 day filtering) between the first and seventh phases. U-
nit: m?. s, shadows pass test at 0.1 significance levels.

Figure 8 shows the temperature anomaly difference
in TPV between the high frequency and the low fre-
quency phases at different levels. In comparison with
the seventh phase (Fig.8a), the temperature in the first
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Figure 8. Difference field of temperature anomaly (with 30-60
day filtering) between the first and seventh phases at (a) 200
hPa and (b) 600 hPa (b). Unit: m?-s~, shadows pass test at 0.1
significance levels.



38 Journal of Tropical Meteorology

Vol.22

phase at 200 hPa in the western TP is higher, while that
in the eastern TP is lower, which shows there are more
significant differences in the high-level temperature ad-
vection between the eastern and western TP. It also
shows that cold advection at high-level is stronger in the
eastern TP and warm advection at high-level is stronger
in the western TP. Again, in comparison with the sev-
enth phase, at 600 hPa (Fig.8b), temperatures are lower
throughout the TP. This corresponds to stronger cold
advection at low levels, and the distribution of atmo-
spheric temperature is slightly different from the west-
ern side to the eastern side of the TP. It is considered
therefore that temperature advection at low levels may
be affected by the large terrain.

The quasi-barotropic state, generated by stronger
cold advection at both high and low levels on the east-
ern side of the TP, is conducive for stimulating the for-
mation of the TPV and to promoting the development
of the TPV in the first phase.

6 DIFFERENCES IN MOISTURE CONDI-
TIONS FOR THE GENERATION OF TPV IN
DIFFERENT MJO PHASES

At the Lanzhou Institute of Plateau Atmospheric
Physics, Chinese Academy of Sciences *# it was pointed
out that the prevailing southerly airflow on the eastern
side of the TP makes the warm and moist air gathering
there, with a large amount of latent heat, thereby creat-
ing conditions for the formation and development of the
TPV. The moisture condition has an important role in
the formation and development of the TPV, and there-
fore, we. investigated the differences in the water vapour
between the first and seventh phases.

The water vapour flux vector and water vapour
flux divergence (Fig.9) in both phases suggest that the
water vapour is transported continuously to the TP from
the Arabian Sea and the Indian Ocean, with divergence
of the water vapour in the western highlands over TP
and convergence in the eastern highlands. To compare
the difference between the TPV high frequency phase
and the TPV low frequency phase, we show the differ-
ence between the first and seventh phases in Fig.7. The
results show that water vapour transportation is stronger
from the Arabian Sea and the Indian Ocean to the east-
ern TP in the first phase, and moisture convergence is
more significant in the eastern TP. This was also clari-
fied in the difference fields of atmospheric specific hu-
midity in Fig.10; the first phase shows an evident ‘dry
in the east and wet in the west’ distribution over the
TP. This means that there is a more intense moisture di-
vergence in the western highland region, and a more in-
tense moisture convergence in the eastern region in the
first phase; this distribution of water vapour is
favourable for the formation of the eastern TPV.

Water vapour provides latent heat for the TPV and
is an important source of energy for its development.
Differences in the moisture condition in various phases

results in a significantly different TPV frequency distri-
bution; therefore, water vapour is very important factor
in the generation of the TPV.
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Figure 9. Difference field of water vapour anomaly (with
30-60 day filtering) between the first and seventh phases at

- 600 hPa; (a) water vapour flux (unit: kg.m~".s™"); (b) water

vapour flux divergence (unit: kg.m™.s™"). Shadows pass test
at 0.1 significance levels.

60N -
a ~
")ON = \ . ~
U oii) ¥ £
"4 >
40N it i o |
| I 7Y 7
. ‘ /\\/*j i L~ A
30N (s—ZA ///// ¢
A N T o s
N L & N —
20N 4\ e ——r
| /’ ; & -
10N»4LxJ/\\9s>Zf BT
5 &3 = N O |
0 — i, B \
. T T ey SR e S|
60E 80E 100E 120E 140E

Figure 10. Difference field of atmospheric specific humidity
(with 30-60 day filtering) between first and seventh phases at
600 hPa. Unit: g.kg"', shadows pass test at 0.1 significance
levels.

7 CONCLUSIONS AND DISCUSSION

(1) The TPV is mainly generated in the active
phase of the MJO; the TPV occurred 381 times in the
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active phase and 126 times in the suppressed MJO
phase between 1998 and 2010 (ratio of frequency of
about 3:1). In the active phase of the MJO, the number
of TPVs generated in the first and second phases is
greater than that in the third and seventh phases, which
shows that the MJO has a significant role in modulating
the generation of the TPV.

(2) Within the scope of the TP, the cycle oscilla-
tion of 30 to 60 day is significant, and a strong feature
is apparent in winter and spring and a weak feature in
summer and autumn.

(3) The first phase (the high frequency phase of the
TPV) presents a variety of beneficial conditions for
TPV formation, such as the presence of a low-frequency
low-pressure cyclonic circulation over the TP, larger
low-frequency positive vorticity, faster low-frequency
velocity, stronger moisture convergence, more intense
convective activity, higher atmospheric available poten-
tial energy and eddy available potential energy. Howev-
er, there are few beneficial factors in the seventh phase
(low frequency phase of the TPV).

(4) A dynamic effect, good energy conditions and
moisture transfers are the three main factors involved in
the generation of the TPV.

(5) In the process of its eastward propagation, the
convection centre of the MJO moves east. This corre-
sponds to a change in the vertical structure of the atmo-
spheric circulation in the tropics. Due to the interaction
between the atmospheric circulation of the low and
middle latitude regions, the distribution of atmospheric
baroclinicity, atmospheric available potential energy and
eddy available potential energy over these regions also
changes, thereby changing the structure of atmospheric
circulation over the TP and the surroundings. This
makes a significant differentt water vapour transporta-
tion, which corresponds to the change in latent heat dis-
tribution, and provides advantageous and disadvanta-
geous conditions for the TPV generation to appear alter-
nately. This results in significant differences in the TPV
frequency between different phases.

Statistical analysis preliminarily revealed the im-
pact of the MJO on the TPV from different angles.
However, for questions such as, ‘Why are there differ-
ences in TPV frequency in strong and weak MJO phas-
es?” and ‘How do the physical mechanisms and path-
ways of the MJO influencing the TPV? °, it is also nec-
essary to conduct further study based on numerical sim-
ulation and dynamic analysis. In addition, we need to
know whether the MJO affects the TPV on its moving
out of the TP, and how if there were effects? Such
questions will be explored and answered in future work.
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