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ABSTRACT

A plateau vortex refers to a shallow meso-a-scale cyclonic vortex that is usually confined to near-surface

levels (500 hPa) over the Tibetan Plateau during warm seasons. It is the major precipitation-producing

weather system over the plateau, but the knowledge of its climatology and understanding of generation

mechanisms are limited because of the lack of adequate observations in this harshmountainous region. In this

study, the high-resolution NCEP Climate Forecast System Reanalysis data have been used to perform

a statistical survey of these vortices over 10 warm seasons (April–October of 2000–09). The purpose is to

document their climatological features, including genesis, size, life cycle, propagation, and diurnal variation.

Results show that ;103 plateau vortices occur on average every year. Most are detected from May through

August, with themaximummonthly count in July. The primary area of origin exhibits a west–east orientation in

correspondence with a large-scale confluence zone, and the most concentrated source lies in the area of 338–
368N, 848–908E in the high elevated central and western plateau. Significant diurnal variations are observed,

characteristic of a preferential genesis during late afternoon to evening hours and a late night dissipation peak.

The vortex events have an average life span of;15h and an average horizontal dimension (effective diameter)

of ;280km. In accordance with the steering environmental flow, an overwhelming majority travel eastward

with a mean translation speed of ;10ms21. A small fraction of systems (approximately nine cases annually)

move off the plateau, predominantly from the eastern edge.

1. Introduction

The Tibetan (Qinghai-Xizang) Plateau, with an av-

erage altitude of over 4000m and a total area of 2.5

million km2, is the highest complex-terrain plateau in

the world (Fig. 1). It is the headwaters of most of the

large rivers in eastern and southern Asia and provides

critical water supply to hundreds of millions of people.

The plateau, because of its high intrusion into the middle

of the troposphere and huge horizontal extent, exerts

a considerable influence on the weather and climate of

China and the global circulation by its thermal and

dynamic forcing (Ye andGao 1979). Because the 500-hPa

isobaric surface is close to the ground of the high elevated

plateau, the plateau strongly exchanges heat and mois-

ture with the middle troposphere, giving rise to many

unique weather systems over this geographical region.

One of the most important and frequent weather

phenomena specific to the Tibetan Plateau is the low-

level meso-a-scale (i.e., 102–103 km) cyclonic depression

(low) system (usually most notable at 500 hPa), com-

monly referred to as the plateau vortex by the Chinese
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meteorology community. The plateau vortex is usually

generated in the middle troposphere (low levels relative

to the plateau terrain) during the warm season and

possesses a typical horizontal scale of several hundred

kilometers and a vertical scale of only 2–3 km (Lhasa

Research Group on Qinghai-Xizang Plateau Meteorology

1981; Tao and Ding 1981; Luo 1992). Previous studies have

suggested that its genesis and development are closely as-

sociated with surface thermal and dynamic forcing and

convectively produced latent heating (Wang 1987; Luo

1992). A survey of the plateau vortex activity during the

intensive observational period in the Qinghai-Xizang

(Tibet) Plateau Meteorological Experiment (QXPMEX)

showed a primary source near 878E in the western plateau

(Qian et al. 1984).However, other censuses afterQXPMEX

reported an active genesis east of 908E in the central and

eastern plateau, with the high-frequency center near 948E;
meanwhile, these surveys very likely underestimated vortex

occurrence because of a poor observational network, espe-

cially in the western plateau (Wang et al. 2009).

The plateau vortex can occasionally trigger and in-

teract with another unique meso-a-scale system, the

southwest vortex, a name given by Chinese meteorolo-

gists to the shallow low-level cyclonic vortices (usually

FIG. 1. (a) Terrain of the Tibetan Plateau and (b) geographical distribution of rawinsonde

stations (triangles) in the plateau and surroundings. The shaded area in (b) represents the

extent of the plateau, and the progressively darker shadings correspond to elevations higher

than 3000, 4000, and 5000m, respectively.
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most notable at 700 hPa) originating over the eastern

and southeastern flanks of theTibetanPlateau in southwest

China (Luo 1992; Chen et al. 2007). For instance, the

initiation of the southwest vortex has been observed in

association with a plateau vortex moving along the

eastern flank of the plateau (Zhao and Wang 2010). In

addition, when a plateau vortex is close to or east of

1008E, the positive vorticity advection in the east (most

notable at 500 hPa) overlays an underlying southwest

vortex (at 850 hPa), and their vertical coupling often

induces fast amplification of a southwest vortex and

heavy rainfall (Chen et al. 2004).

The plateau vortex is a high-impact weather system,

frequently associated with flood-producing heavy rain-

falls in the warm season. Moreover, plateau vortices

could directly or indirectly induce torrential rain and

disastrous weather in the widespread downstream re-

gion when they move out of the plateau under certain

suitable large-scaleweather conditions.When an eastward-

traveling vortex moves toward the lee side, for in-

stance, it can trigger low-level cyclogenesis and cause

severe weather in the Sichuan Basin and nearby areas in

the presence of a low-level cold-air intrusion from the

northwest and a southwest vortex (Wang 1987; Zhou

et al. 2009; He et al. 2009; Zhao and Wang 2010). If it

continues to move eastward, the vortex can have an

important influence far downstream in southern and

eastern China, potentially resulting in strong rainstorms

over a widespread area and even floods in the Yangtze,

Yellow, and Huaihe Rivers (Huang and Li 2007). Such

an example occurred during June–August of 1998, the

most severe flooding since 1955, in the whole valley of

the Yangtze River. All of the 13 heavy rainfall episodes

during this period, which resulted in eight peaks in the

flooding of the Yangtze River, were found to be closely

related to shear lines generated by interactions of pla-

teau vortices and westerly trough systems (National

Climate Center of CMA 1998; National Meteorological

Center and National Satellite Meteorological Center of

CMA 1998; Yang et al. 2001). In addition, it is not un-

usual that the plateau vortex may affect the Korean

Peninsula and Japan (Yu and Gao 2006; Yu et al. 2007).

Although the plateau vortex is of considerable im-

portance for both the plateau and surrounding areas, its

climatology and physical processes associated with its

generation and development are still poorly understood,

largely because of the scarcity of observations in the

harsh mountainous region. In previous climatological

studies (Lhasa Research Group on Qinghai-Xizang

PlateauMeteorology 1981; Qian et al. 1984; Yu andGao

2006; Wang et al. 2009), plateau vortices were de-

tected based on traditional weather maps made from

conventional rawinsonde observations (twice daily).

Customarily, a disturbance is defined as a plateau vortex

if the following two criteria are met: (i) it originates in

the interior region of the plateau and (ii) it is a low-

pressure system with closed isohypes or there exist three

rawinsonde stations whose wind directions display a cy-

clonic circulation on the 500-hPa synoptic chart. Ac-

cordingly, the number and the location of available

rawinsonde stations have a critical influence on the sta-

tistics. Figure 1 shows the geographical distribution of

the rawinsonde stations in the plateau and neighboring

areas and the terrain of the plateau. The rawinsonde

stations are quite scarce and mostly located in the

eastern part; in the western part (west of 908E), where
the ground altitude is higher than in the east, there is

only one station. The temporal resolution, twice daily, is

also not enough to detect diurnal features. Additionally,

the plateau vortex is a mesoscale system with a typical

horizontal scale of just a few hundred kilometers, as

demonstrated later. Therefore, the rawinsonde data are

insufficient for vortex detection. The results from the

QXPMEX during the period of May–August 1979 also

pointed out the limited utility of the sparse conventional

observations. For example, the occurrence of the vortex

disturbance in QXPMEX, with a count of 54 during

May–August in 1979, was significantly higher than in

other years of 1970s, with a total number of just 71 during

May–September in the eight years of 1969–76. This dif-

ference is very likely attributed to the supplementary data

provided from four added sites during the field campaign

(Lhasa Research Group on Qinghai-Xizang Plateau

Meteorology 1981; Qian et al. 1984; Wang et al. 2009).

In this study, a newly available high-resolution re-

analysis dataset is used to carry out a systematic statistical

investigation of the plateau vortices. Our principal ob-

jective is to document their climatological properties, with

emphasis on the geographical distribution of their origins,

characteristics of their dimensions, life span, propagation

track and speed, and diurnal and subseasonal variability.

The results will provide a background for our future re-

search on the generation and development mechanisms.

2. Data and method

a. Reanalysis data

The data source for the present paper is the National

Centers for Environmental Prediction (NCEP) Climate

Forecast System Reanalysis (CFSR) dataset. The CFSR

atmosphere resolution is ;38 km (T382) with 64 levels,

and the corresponding output products are available at

horizontal resolution of 0.58 in latitude and longitude

and at hourly temporal resolution by combining daily

analysis at four different times and 1–5-h forecasts for
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each initialization time. The usage of various satellite

data in CFSR is an advantage in radiosonde void re-

gions, such as the Tibetan Plateau, in addition to the

improvedmodel, finer resolution, advanced assimilation

techniques, and ingestion of a variety of data from con-

ventional observations, aircraft observations, and special

observation programs. In particular, CFSR is the first

NCEP global reanalysis to directly assimilate satellite

radiances from different instruments, along with the as-

similation of atmospheric motion vectors retrieved from

geostationary satellite imagery, Special Sensor Micro-

wave Imager (SSM/I) ocean surface wind speed, scat-

terometer winds, and other satellite products (Saha et al.

2010). A preliminary analysis (Saha et al. 2010) indicates

that the CFSR product is substantially superior in many

aspects to the previous global reanalysis made at NCEP

in the 1990s, the latter beingwidely used in research over

and around the Tibetan Plateau in the past. This high

spatial and temporal resolution dataset is suitable to sur-

vey and statistically analyze the plateau vortex systems.

TheCFSR covers the 31-yr period of 1979–2009 andwas

completed in 2010. The present analysis examines 10warm

seasons, April–October 2000–09, and uses 6-hourly anal-

ysis (0000, 0600, 1200, and 1800 UTC) plus 3-h forecasts

for each analysis time (0300, 0900, 1500, and 2100 UTC).

b. Detection

By referring to the aforementioned traditional iden-

tification criteria used by Chinese meteorologists and

our current knowledge of plateau vortices, the following

multistep methodology as illustrated in Fig. 2 based on

500-hPa physical fields at eight times daily (i.e., from

0000 to 2100 UTC, every 3 h) is adopted in the current

analysis. First, we examine the 500-hPa streamline and

relative vorticity fields to identify all mesoscale cyclonic

vortices over the main body of the plateau. Once a vor-

tex system is detected, we then check the 500-hPa geo-

potential height field to verify if it is characterized with

a local height minimum with closed contours. The pur-

pose of this step is to determine whether the cyclonic

vortex is a low-pressure disturbance. If so, we continue

to check if the horizontal dimension spans at least 28
(i.e., five grid points) along the long-axis direction ac-

cording to the outmost closed isohypse. This size criteria

testing is necessary to ensure that there are enough grid

points to represent the system and to exclude poorly

resolved smaller vortices. Last, we check if the system

still exists at the next analysis time; cases identifiable at

two or more consecutive analysis times and thus persis-

tent for at least 3 h are retained. Only after passing all of

the above tests is the system counted as a plateau vortex.

3. Case studies

A typical plateau vortex is shown in Fig. 3. This vortex

was observed on 19–24 July 2008 and originated near

908E in the central plateau and subsequently traveled

eastward and away from the plateau. After a short

southward excursion, the disturbance traveled mostly

northeastward all the way to the sea near 1208E (Fig. 3c).

The event lasted 5 days and caused heavy rain over

a large area of southern and eastern China. The maxi-

mum 24-h accumulated precipitation reached 288.4mm

in Jiangyou of the Sichuan province, approximately ac-

counting for a quarter of the average annual precipitation.

The 500-hPa wind, relative vorticity, and geopotential

height fields in Figs. 3a and 3b illustrate the horizontal

structure of the mature stage when the vortex moved to

the eastern plateau. It is readily seen that the systemwas

a low-pressure disturbance with cyclonic circulation and

had a zonal dimension of ;500 km on the basis of the

outmost closed isohypse.

Figure 4 shows the 500-hPa fields for another case

observed on 11–14 July 2003, indicating an asymmetric,

cyclonic mesoscale depression similar to the preceding

case. This vortex, with a horizontal dimension of;300km,

formed in front of a westerly trough and moved out of the

plateau along with the upper-level trough, triggering

strong precipitation in Shanxi and Shandong provinces

and floods in the Yellow River and Huaihe River basin.

4. Results

The identification procedure described in the pre-

ceding section is applied to the CFSR 3-hourly, 500-hPa

FIG. 2. A flowchart of the multistep methodology for the

plateau vortices.
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FIG. 3. (a)Wind vectors and relative vorticity (shading; 1025 s21)

and (b) geopotential height (solid line) and topography (shading;

m) at 500hPa at 0600 UTC 20 Jul 2008, and (c) track of the plateau

vortex during 19–24 Jul 2008. The star in (c) represents the genesis

location of the vortex, and the dots denote the successive positions

of the vortex every 3 h. The gray shaded area in (c) outlines the

Tibetan Plateau.

FIG. 4. As in Fig. 3, but at 0000 UTC 12 Jul 2003, and the track of

the plateau vortex during 11–14 Jul 2003.
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fields to survey plateau vortices duringApril–October of

2000–09. In the following, the genesis or initiation (dis-

sipation) time is defined as the 3-h period at which

a plateau vortex is first (last) detected in the interior of

the plateau, and the lifetime is the time period between

the initiation and dissipation or between the initiation

and the off-plateau time for the system thatmoves out of

the vortex. Additionally, the maturity time refers to the

hour at which the system attains its maximum relative

vorticity.

As shown in Table 1, 89–118 cases are identified an-

nually. The annual average number of occurrence over

the 10 warm seasons is ;103, higher than the previous

census, which reported a total count of 54 during the

most prolific four months (May–August) based on con-

ventional radiosonde data (Qian et al. 1984). Overall,

our statistics indicate that the plateau vortex is quite

common and thus an important weather system in the

warm season.

a. Genesis

1) SOURCE DISTRIBUTION

The genesis (source) location here refers to the loca-

tion where a plateau vortex is first detected based on the

aforementioned identification criteria. The geographical

distribution of genesis is considered a key aspect of the

climatology, and knowledge of it would provide some

insight into the possible relationship of the development

of plateau vortices with the underlying terrain features

and large-scale circulation. As shown in Fig. 5, the

genesis occurs nearly over the entire plateau, but most

frequently in the west–east-oriented zonal region along

;348N. The area of 318–368N, 848–948E appears to be

more productive, as the count of genesis accounts for

TABLE 1. Statistics of the plateau vortices during April–October

from 2000 to 2009, including total occurrences, life span, horizontal

scale, translation speed, and maximum relative vorticity over each

season.

Year

No. of

occurrences

Duration

(h)

Size

(km)

Translation

speed

(m s21)

Relative

vorticity

(1024 s21)

2000 95 16.2 275 11.1 2.7

2001 89 17.9 273 11.2 3.0

2002 108 17.0 277 9.4 2.9

2003 99 15.1 258 11.5 2.9

2004 114 14.7 277 10.4 3.1

2005 118 12.1 275 9.0 3.1

2006 98 12.7 284 9.4 3.0

2007 102 15.0 285 10.0 3.1

2008 118 13.5 308 10.8 3.1

2009 92 13.4 280 8.6 2.9

Avg 103.3 14.7 280 10.1 3.0

FIG. 5. Spatial distribution of genesis of plateau vortices and average streamline field over April–October of 2000–09. The dots with

varied sizes and colors represent the total number of genesis at each grid point over the 10 warm seasons, and the dashed line denotes the

periphery of the Tibetan Plateau.
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two-thirds (66.9%) of the total. The highest occurrence

lies between 338 and 368N and 848 and 908E, accounting
for 37.4% of the total.

2) RELATION WITH LARGE-SCALE CONFLUENCE

The superimposed streamline field in Fig. 5 illustrates

that plateau vortices form predominately within the

large-scale confluence zone, a regional airflow boundary

between northwesterly and southwesterly flows. This

association of vortex genesis with the large-scale circu-

lation is further demonstrated by examining themonthly

occurrence and the corresponding streamline field (Fig. 6).

During April–June, the convergence region is situ-

ated in the northern and central plateau, and consis-

tently, genesis mainly occurs north of 338N. Along with

the preexisting convergence zone along 318–368N, a

moderate confluence appears in the strengthened south-

southwesterly monsoon flow in the southern plateau,

attendant with the enhanced vortex activity south of

338Nduring July andAugust. The southern convergence

zone gradually disappears with the weakening monsoon

wind from September to October, corresponding to

FIG. 6. As in Fig. 5, but for (a) April, (b) May, (c) June,

(d) July, (e) August, (f) September, and (g) October.
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a reduction in vortex generation at this location. Also of

note is the positive correlation between the genesis

frequency and the strength of convergence at both large

and regional scales. Additionally, the maximum genesis

region coincides with a cyclonic circulation center in the

summer season.

3) FURTHER DISCUSSION

Even though the western interior plateau (west of

908E) is the major genesis region, there are almost no

rawinsonde stations there (Fig. 1b). Accordingly, the

census based on conventional weathermaps would often

miss the vortex detection, leading to a considerable

underestimation of vortex genesis in that region. Inter-

estingly, when an additional four stations were set up to

relieve the scarcity of observations in the western pla-

teau in QXPMEX, the vortex survey (Qian et al. 1984)

also showed the existence of a primary source in the

western plateau. But the location is somewhat farther

south compared to the present statistics, probably at-

tributable to the fact that all supplementary stations

were south of 328N, although this disparity could be

a manifestation of interannual variations. It is not sur-

prising that after the supplementary stations were re-

movedwith the ending ofQXPMEX, the western source

was no longer observable in the subsequent surveys

(Wang et al. 2009).

Comparing the spatial distribution of vortex genera-

tion (Fig. 5) with the plateau topography (Fig. 1) reveals

a correspondence of the favored genesis area (338–368N,

848–908E) with underlying higher elevations. This ob-

served genesis–terrain correlation is likely related to

stronger localized surface heating at higher altitudes. As

indicated by Wang (1987) and Chen et al. (1996), the

enormous surface sensible and latent heat transports on

the plateau increase the conditional instability of the

environment to cumulus convection and, more impor-

tantly, reduce the background static stability, favoring

the vortex formation via conditional instability of the

second kind (CISK) development on meso-a scales.

Hence, the inhomogeneous mesoscale elevated terrain

in the western plateau should be a preferred place for in

situ vortex genesis considering the locally enhanced

surface heating associated with the more intense solar

radiation.

b. Dissipation

Most vortices propagate toward the east, as shown

later, and dissipate in the central and eastern plateau,

with a primary dissipation region between 328 and 368N
and 898 and 988E and a secondary dissipation region

east of 1028E (not shown). In other words, the major

vortex sinks are located in the downward-sloping, lower-

elevated downstream side and the lee side.

c. Monthly and diurnal variability

1) MONTHLY VARIATION

The temporal variation of the monthly occurrence of

plateau vortices shows a unimodal distribution (Fig. 7),

characteristic of a general increase from spring to sum-

mer, a peak in July–August, and a sharp decline after

summer. On the whole, the vortex system is more pro-

lific in the late spring and summer season (e.g., May–

August), with the number of occurrences accounting for

more than three-fourths (76.8%) of the annual total.

The maximum in July and the minimum in October

correspond to an average monthly count of 22.2 and 3.7,

respectively.

2) DIURNAL VARIATION

In contrast to the twice-daily conventional observa-

tions used in the previous census, the high-temporal-

resolution CFSR data enable us to investigate the diurnal

behaviors of plateau vortices for the first time. Figure 8

presents the diurnal evolutions of the vortex genesis,

maturity, and dissipation. Unless otherwise specified,

the time used in this paper is local time (LT) at 908E in

the central plateau. A striking diurnal cycle can be seen

in the genesis, with an active period from late afternoon

to early night and a suppressed period from late night to

noontime; the peak (226 cases) and minimum (50 cases)

occur at 2100 and 0900 LT, respectively. This diurnal

generation cycle is roughly in phase with the documented

diurnal variation of summertime precipitation over the

FIG. 7. Number of plateau vortices as a function of month from

April to October. The number represents the monthly average over

2000–09. The error bars represent the monthly standard deviation.
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plateau, characteristic of an overall late afternoon to

evening maximum and a morning minimum in both

precipitation intensity and frequency (Liu et al. 2009).

Note that the topographically forced, diurnally driven

convective pattern in the plateau is essentially similar to

those observed in other elevated geographical locations

(e.g., Carbone et al. 2002; Laing et al. 2008).

Similarly, the timing for vortex systems to acquire

their maturity (maximum intensity) also displays salient

diurnal variations with a preferential time between 2100

and 0300 LT and an unfavorable time between 0900 and

1500LT. The diurnal amplitude in terms of themaximum–

minimum difference is comparable to the genesis, but

interestingly, the diurnal phase is a few hours behind

that for the genesis. This timing difference is intimately

associated with the prevalence of short-lived systems,

which attain maturity after 3–6 h of their initiation (see

later).

The systems are more likely to dissipate from the

middle of the night through early morning. Overall, the

diurnal signal is much weaker than the counterpart for

either the genesis or maturity, and a phase delay of 3–6 h

is discernible in comparison with the maturity.

3) DISCUSSION

The diurnal features of plateau vortices presented

above can be interpreted primarily on the basis of the

daily alteration of atmospheric circulation and thermo-

dynamics in the planetary boundary layer as well as the

resultant diurnal variation of convection in response to

the radiative heating cycle on the elevated plateau sur-

face. As indicated in a reanalysis-based diagnosis of

diurnal variations of specific humidity and near-surface

air temperature by Liu et al. (2009), daytime solar

heating promotes strong surface energy exchanges with

the middle troposphere, leading to an increase in the

boundary layer temperature and moisture, thereby

creating the thermal instability favorable for convective

development. The diurnal underlying heating difference

also results in a relatively stronger confluent circulation

during daytime than during nighttime. Moreover, the

daytime low-level warming associated with the enor-

mous sensible heat flux decreases the environmental

stratification. Because both the latent heating and weak

static stability are critical to the plateau vortex forma-

tion (Wang 1987), the vortex disturbances should pref-

erentially generate in the late afternoon to evening time

periodwhen the accumulative thermodynamic impact of

solar radiation peaks. By comparison, nocturnal cooling

through infrared radiation increases the environmental

stability and thus discourages convection, leading to the

inactive vortex occurrence and enhanced dissipation at

night or early morning when background stratification is

most stable and convection is least active.

It should be mentioned that even though convective

heating plays an important role in many instances, the

generation process for surface-based plateau vortices

may be quite different from the midlevel warm core

vortices in the stratiform region of mesoscale convective

systems (MCSs) observed in NorthAmerica. As pointed

out by Fritsch et al. (1994), the genesis and amplification

of MCS-produced vortices does not require heat and

moisture input from the surface, and ambient CAPE is

sufficient for their formation and growth, distinct to the

importance of underlying surface energy transport in

plateau vortices (Luo 1992).

d. Longevity

The life cycle statistics are limited to the time period

when the vortex disturbance is located within the main

body of the plateau (roughly enclosed by the 3000-m

terrain contour), excluding the time period when the

vortex spends outside the plateau if it moves off. As

shown in Fig. 9a, the lifetime spans a wide spectrum

from 3 h (the cutoff duration) to 81 h, with an average

value of 14.7 h (Table 1) and a median value of 12 h. A

majority of the systems do not survive longer than a day,

and approximately half of them (53.7%) last for 6–12 h.

Even though the longer-lived systems (24 h or over) only

constitute a small portion of the total samples (18.5%), it

is these comparatively long-lived disturbances that have

much high probability to trigger disastrous severeweather.

Month-by-month variations exist with the longest du-

ration (15.7 h) in May and the shortest duration (11.3 h)

in October. The proportion of long-lasting cases relative

FIG. 8. Diurnal distribution of the genesis, dissipation, and ma-

turity time of plateau vortices. The number represents the total

occurrence at each 3-hourly time interval over 2000–09.
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to the monthly population is highest in the spring and

lowest in the fall; for instance, the vortices with a dura-

tion of 24h or longer inApril andMay account for 20.5%

and 23.1% of the corresponding monthly total samplings,

respectively, higher than in September (12.2%) and

October (10.8%). The scatterplot of duration versus the

intensity, which refers to the maximum relative vorticity

at maturity, illustrates that the more persistent vortices

tend to be more intense, but a stronger vortex does not

necessarily possess a longer lifetime (Fig. 9b). The cor-

relation coefficient between these two variables is 0.43.

e. Horizontal dimension

The spatial scale of the vortices at maturity is exam-

ined based on 500-hPa geopotential fields. Specially, the

area enclosed by the outmost closed isohypse of a mature

vortex is calculated, and the system size is determined as

the virtual (effective) diameter of a circle with the same

area. As shown in Fig. 10, the horizontal dimension

varies widely, with an average value of approximately

280 km. A great number of vortices span 200–320 km,

accounting for 62.1% of the total population. It should

be pointed out that the computed size herein may be

smaller than the conventional estimate; customarily,

the spatial scale is measured along the zonal direction

(usually the long axis) of a vortex system. The statistics

show that larger systems tend to be stronger in terms of

the relative vorticity at the mature stage, with a corre-

lation coefficient of 0.22.

f. Track and speed

Figure 11 displays the trajectories of all plateau vor-

tices observed during the 10 warm seasons, starting at

genesis and ending at dissipation. Based on their trans-

lation behaviors, the vortex systems are divided into

three groups: eastward-moving, westward-moving, and

quasi-stationary cases, corresponding to a count of 623,

5, and 405, respectively. In this classification, a vortex is

defined as a quasi-stationary system if the zonal dis-

placement during its lifetime is no more than 28 longi-
tude; otherwise, the vortex is classified into either a

westward- or eastward-moving system according to its

translation direction. Amajority of vortices (60.3%) have

significantly eastward or downstream displacement ow-

ing to the steering impact of prevailing westerly compo-

nent winds over the plateau, as demonstrated in the

background streamline field in Figs. 5 and 6. The large

portion (39.2%) of quasi-stationary cases is often short

lived (with an average duration of 8.7 h) and also

FIG. 9. (a) Percentage distribution of plateau vortices as a func-

tion of duration (h) and (b) frequency scatterplot of duration vs

intensity (maximum relative vorticity). The curve in (b) is the least

squares fit.

FIG. 10. Percentage distribution of plateau vortices as a function of

spatial size (km).
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relatively weak. In contrast, very few westward-moving

vortices are observed in the southern plateau.

Different geographical preference exists between the

two dominant categories. Similar to the total population

(Fig. 5), the eastward-moving systems mainly originate

within a zonally orientated stripe around 348N, with

a highly concentrated origin between 338 and 368N and

848 and 908E, while the quasi-stationary systems are

widely scattered (not shown). Most of vortices south of

328N are slowly moving (quasi stationary), consistent

with the overall weak westerly wind component in that

area.

The monthly statistics (not shown) indicate that in

terms of the absolute number, the quasi-stationary cat-

egory has the largest number of occurrences in July (105

out of the total 405 cases) and August (92), whereas the

eastward-moving category peaks in June (127 out of

623) and August (124). In terms of the percentage rel-

ative to the monthly total, however, the eastward-moving

category ismost frequent in September (70.4%) and June

(67.9%) and rarest in July (52.3%).

Also evinced in Fig. 11, a small number of plateau

vortices move off the plateau, predominately from the

eastern edge. These systems often produce significant

downstream weather as aforementioned and have

been the focus of previous case studies (Huang and Li

2007; Yu et al. 2007;He et al. 2009; Zhao andWang 2010).

In total, 87 cases are observed during the study period,

corresponding to an annual average of 8.7. Unlike the

monthly total occurrence (Table 1), the vortices moving

off the plateau exhibit pronounced interannual vari-

ability, with as many as 14 cases in 2008 and as few as

three cases in 2005 (Table 2). On average, there are

more vortex systems that travel away from the plateau in

May and June (2.6 and 2.1 yr21, respectively) than in

other months. The average horizontal dimension,

propagation speed, and relative vorticity for vortices off

the plateau are 327 km, 11.8m s21, and 3.5 3 1024 s21,

respectively, whereas the corresponding values for

all cases are 280 km, 10.1m s21, and 3 3 1024 s21, re-

spectively (see Table 1). Therefore, on average, vortices

that move away from the plateau have a larger size,

a greater intensity, and a faster translation than those

that stay on the plateau during their entire life cycle.

As indicated in Fig. 12, the translation speed spans

a wide range, but most systems travel at speeds of 4–

14ms21, roughly constituting three-fourths (75.5%) of the

total cases. The average of the entire population is

10.1ms21 (Table 1). By and large, vortex systems in the

spring and fall propagate somewhat faster than those in

the summer. The mean speed of the eastward-moving and

FIG. 11. Tracks of (a) eastward-moving, (b) westward-moving,

and (c) quasi-stationary systems. The black dots correspond to

genesis locations.

TABLE 2. Statistics of the plateau vortices that move out of the

plateau during April–October from 2000 to 2009, including count

of cases, horizontal scale, translation speed, and maximum relative

vorticity over each season.

Year

Count of

cases Size (km)

Translation

speed (m s21)

Relative

vorticity

(1024 s21)

2000 9 316 12.7 2.9

2001 9 248 10.7 3.5

2002 12 336 9.5 3.4

2003 10 261 10.6 3.5

2004 10 364 13.0 3.2

2005 3 325 7.3 3.9

2006 5 364 11.9 3.5

2007 9 323 13.0 4.2

2008 14 359 14.5 3.8

2009 6 348 11.6 3.3

Avg 8.7 327 11.8 3.5
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quasi-stationary category reaches 12.3 and 6.7ms21, re-

spectively. The zonal component of translation is also cal-

culated, showing an average of 8.1, 10.2, and 4.9ms21 for

all cases, eastward-moving category, and quasi-stationary

category, respectively.

5. Conclusions

The high-spatial-and-temporal-resolution NCEP CFSR

data were used to survey the plateau vortices during 10

warm seasons, April–October 2000–09. The goal of this

study is to examine the climatological characteristics of

the vortex systems. Our major findings are summarized as

follows.

d The Tibetan Plateau vortex is a common weather

feature with an annual frequency of occurrence of

;103 withmodest interannual variability. Its genesis is

most frequent in late spring and summertime and

peaks in July.Annually, about nine vortex systemsmove

off the plateau, primarily from the eastern periphery, but

significant interannual differences exist.
d The source region features a zonally oriented pattern

and is collocated with the large-scale convergence

zone. The highest initiation is situated in the central-

western area of 338–368N, 848–908E.
d Prominent diurnal variations are present with a fa-

vored time period from late afternoon to evening,

evening to midnight, and late night to early morning

for thegenesis, maturity, and dissipation, respectively.

These features are well correlated with the daily

variations in low-level thermodynamics and associ-

ated convective activity.

d The horizontal dimension (effective diameter) aver-

ages ;280 km with a large proportion of systems

ranging from 200 to 320 km.
d A majority of vortices survive for less than 1 day,

and the mean life span is ;15 h. The systems

observed in May persist relatively longer than any

other time.
d Plateau vortices travel dominantly toward the east,

with much smaller displacement in the meridional

direction, presumably ascribable to the presence of

westerly steering winds over the plateau. Addition-

ally, a large fraction of the vortices travel a rather

limited distance because of their very short lifetime.

The mean speed for all samples is ;10m s21 with

a zonal component of ;8m s21.

Admittedly, the detection procedure and criteria

are inherently subjective as in previous studies, conse-

quently causing some ambiguity in the statistics. The

uncertainty in the CFSR product is another source of

ambiguity. In particular, the reanalysis data might be

less reliable in radiosonde-void or data-sparse regions,

such as the Tibetan Plateau. Therefore, the results

presented in this study need to be substantiated by

intensive in situ observations in future field campaigns

and by comparing with the results using other reanalysis

products. Nevertheless, the present work provides many

insights into the climatological attributes of the plateau

vortex activity and lays a foundation for the ongoing re-

search of physically based classification and composite

structure analysis as well as numerical modeling studies

of genesis and development mechanisms of this high-

impact weather system.
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