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ABSTRACT

The Tibetan Plateau (TP) and surrounding high mountains constitute an important forcing of the atmo-

spheric circulation due to their height and extent, and thereby impact weather and climate in downstream

regions of EastAsia.Mesoscale Tibetan Plateau vortices (TPVs) are one of themajor precipitation-producing

systems on the TP. A fraction of TPVs move off the TP to the east and can trigger extreme precipitation in

parts of China, such as the Sichuan province and the Yangtze River valley, which can result in severe flooding.

In this study, the climatology of TPVoccurrence is examined in two reanalyses and, for the first time, in a high-

resolution global climate model using an objective feature tracking algorithm. Most TPVs are generated in

the northwestern part of the TP; the center of this main genesis region is small and stable throughout the year.

The strength and position of the subtropical westerly jet is correlated to the distance TPVs can travel eastward

and therefore could have an effect on whether or not a TPV is moving off the TP. TPV-associated pre-

cipitation can account for up to 40% of the total precipitation in parts of China in selected months, often due

to individual TPVs. The results show that the global climatemodel is able to simulate TPVs at N512 (;25 km)

horizontal resolution and in general agrees with the reanalyses. The fact that the global climate model can

represent the TPV climatology opens a wide range of options for future model-based research on TPVs.

1. Introduction

The Tibetan Plateau (TP) is the highest and largest

plateau in the world and often called ‘‘the world water

tower’’ (Xu et al. 2008). TheTP is the origin ofmany large

Asian rivers, including theGanges, Brahmaputhra, Indus,

Yangtze, Yellow River, and Mekong, which provide wa-

ter for billions of people downstream. The Asian mon-

soon andmidlatitude westerlies are themain atmospheric

circulation features influencing weather and climate of

the TP.Due to its average height ofmore than 4500m and

its large extent, the TP in turn shapes the large-scale at-

mospheric circulation, through dynamic and thermal ef-

fects, and therefore the weather and climate of large parts

of Asia (both surrounding and downstream regions).

Tibetan Plateau vortices (TPVs) are known to be one

of the major precipitation-producing systems on the Ti-

betanPlateau (Wang1987).They arepresent at the 500-hPa

level, with a vertical extent of 2–3km and a horizontal

scale of 400–800 km (Lin 2015), making them mesoscale

features. TPVs originate on the TP and the majority of

TPVs remain on the TP throughout their lifetime, while a

smaller number move off the plateau to the east. These

‘‘moving-off’’ TPVs can trigger extreme precipitation and

severe flooding over large parts of eastern and southern

China (e.g., in Sichuan province and the Yangtze valley)

(Tao and Ding 1981; Feng et al. 2014). Feng et al. (2014)

describe a TPV event that lasted from 19 to 24 July 2008

in which a TPV moved off the TP and traveled northeast-

ward all the way to the coast of the Yellow Sea within five

days. They report that this TPV caused heavy pre-

cipitation along its path, especially in Sichuan province,

where the maximum 24-h accumulated precipitation at

one station reached 288.4mm (roughly a quarter of the

average annual precipitation at that location).
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The climatology of TPVs has so far been examined

using objective tracking approaches applied to reanalysis

datasets, such as ERA-Interim (Lin 2015) and NCEP-

CFSR (Feng et al. 2014). Feng et al. (2014) identified

TPVs in the 500-hPa streamline and relative vorticity

fields of the NCEP-CFSR reanalysis for 10 summer sea-

sons (April–October, 2000–09). Their results for the

geographical distribution of TPV genesis show that the

region within 318–368N, 848–948E produces two-thirds of

all TPVs, and that 338–368N, 848–908E is the most active

region. Lin (2015) identified and tracked TPVs using the

500-hPa geopotential height field of ERA-Interim. Their

method results in a dataset of TPV activity, which shows

on average 60 TPVs per year, with a moving-off rate of

around 10%. They find the highest number of TPVs in

summer and show that themost intense TPVs occur in the

rainy season from May to September.

Previous studies using model simulations and sensi-

tivity experiments have been performed for case studies

to examine the development and maintenance of spe-

cific observed TPVs (Dell’Osso and Chen 1986; Wang

1987; Zhu et al. 2003; Zhao 2015). These studies have

focused on events causing extreme precipitation down-

stream of the TP. So far no studies have been conducted

using model simulations for longer periods, in order to

test the ability of models to simulate the long-term sta-

tistics of seasonality, genesis, and propagation of TPVs.

Therefore one open question is how well global climate

models can represent the TPV climatology. The answer

to this question will have implications for future nu-

merical experiments investigating the mechanisms

leading to TPV generation and the predictive skill of

TPV activity.

The primary aim of this study is to assess how well a

high-resolution global climate model represents the

climatology of TPVs, including their spatial distribution

and annual cycle. To answer this question we first

identify and track TPVs in two reanalysis datasets,

ERA-Interim and NCEP-CFSR. We also do the same

in a set of present-climate, high-resolution, atmosphere-

only global climate model simulations performed in the

UPSCALE project [UK on PRACE (Partnership for

Advanced Computing in Europe): Weather-Resolving

Simulations of Climate for Global Environmental Risk;

Mizielinski et al. 2014]. The obtained model TPV cli-

matology is then compared to the reanalysis climatol-

ogies for all tracked TPVs and for different selected

subsamples (e.g., moving-off TPVs).

Secondary aims of this study are to connect TPV oc-

currence and behavior to the large-scale circulation, in

particular the subtropical westerly jet, and to analyze the

importance of TPV-associated precipitation down-

stream of the TP.

The manuscript is organized as follows. Section 2 de-

scribes the data used and introduces the methodology

for identifying and tracking the TPVs. The results of the

tracking for the different datasets are described, com-

pared, and discussed in sections 3–7. To assess how well

the GA3 simulations (defined in section 2b) represent

the TPV climatology we examine the model perfor-

mance using different metrics. First we establish the

climatology in the reanalyses and then compare with

results from the model. We start with the description of

the annual cycle of TPV occurrence in all three datasets

and for three different groups of TPVs in section 3. In a

second step we examine the spatial statistics for differ-

ent groups of TPVs and the connection to the large-scale

circulation in section 4. We analyze and compare the

lifetime and the distance TPVs travel in section 5 and

examine the precipitation associated with TPVs in sec-

tion 6. In section 7 we discuss the interannual variability

of TPV occurrence. Finally, we summarize the results

and draw conclusions with respect to the aims of the

study in section 8.

2. Data and methodology

ERA-Interim (Dee et al. 2011) and NCEP-CFSR

(Saha et al. 2010) reanalysis data, and the UPSCALE

(Mizielinski et al. 2014) simulations at 6-hourly tempo-

ral resolution are used to identify and track TPVs.

a. Reanalysis data

ERA-Interim spans the period 1979–2015 and has a

spatial resolution of;80km (T255) on 60 vertical levels.

For this study, the NCEP-CFSR reanalysis dataset,

covering 1979–2010, has been expanded to 2015 using

the operational analysis NCEP-CFS version 2 (Saha

et al. 2014) for the years 2011–15. NCEP-CFSR has a

spatial resolution of;38km (T382) on 64 vertical levels.

Both reanalysis datasets have been successfully em-

ployed before to obtain TPV climatologies, using dif-

ferent identification and tracking approaches (e.g., Feng

et al. 2014; Lin 2015), and are therefore suitable for the

use in the current study.

b. Model data

Since we hypothesize that the interaction of the jet

stream with steep orography may be implicated in the

genesis of TPVs, we choose a high-resolution GCM for

this study. The effects of resolution on the simulation

and structure of TPVs will be reported in a future pub-

lication. For the UPSCALE project an ensemble of

HadGEM3 (Hadley Centre Global Environment

Model 3) Global Atmosphere 3.0 (GA3; Walters et al.

2011) present-climate atmosphere-only simulations
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were performed for different horizontal resolutions

[N512 (;25km), N216 (;60km), and N96 (;130 km)].

Here we use the simulations with the highest horizontal

resolution of ;25km (N512). Apart from the daily sea

surface temperature (SST) and sea ice forcings, derived

from the Operational Sea Surface Temperature and Sea

Ice Analysis (OSTIA) product (Donlon et al. 2012), the

ensemble is configured mainly following the Atmo-

spheric Model Intercomparison Project II (AMIP-II)

standard. Each of the five ensemble members was per-

turbed by randomly changing the lowest-order bit in the

potential temperature field of the initial conditions

(Mizielinski et al. 2014). The GA3 simulations cover the

period 1985–2011, providing data for 27 years. Here we

only use the complete years 1986–2011. The results from

the free-running global climate model can only be

compared with the reanalysis results from a climato-

logical point of view and not for specific TPV cases.

c. TRACK

In this study, TPVs are identified and tracked using

an objective feature-tracking algorithm (TRACK) de-

veloped by Hodges (1994, 1995, 1999). TRACK has

previously been used in the analysis of extratropical

cyclones (Hodges et al. 2011; Hoskins and Hodges 2002;

Zappa et al. 2013), tropical cyclones (Bengtsson et al.

2007), Mediterranean hurricanes or Medicanes (Tous

et al. 2016), and polar lows (Zappa et al. 2014). The

TRACK settings used in this study are similar to

the ones used for polar lows (Zappa et al. 2014) due to

the similar horizontal scale of polar lows and TPVs. The

tracking parameters have also been adjusted to account

for the reduced sampling frequency (6-hourly compared

to 3-hourly for polar lows).

TPVs are identified and tracked as maxima in the

6-hourly 500-hPa spatially spectrally filtered relative vor-

ticity field. The spectral filtering removes total wave-

numbers smaller than 40 (large spatial scale, .1000km)

and larger than 100 (small spatial scale, ,400km), hence

focusing on the TPV spatial scale. The spectral co-

efficients are also tapered using the method of

Sardeshmukh and Hoskins (1984) to further reduce

noise in the data such as Gibbs oscillations. During the

spectral filtering the data for all three datasets are

output onto the same T255 Gaussian grid (512 3 256)

as used for ERA-Interim. The cyclones are identified

as the off-grid maxima greater than 2 3 1025 s21 using

B-spline interpolation and a steepest-ascent method

(Hodges 1995).

The tracking proceeds by first initializing tracks by

connecting themaxima using a nearest-neighbormethod.

These tracks are then refined by minimizing a cost func-

tion for track smoothness subject to adaptive constraints

on the track smoothness and displacement distance in a

time step (Hodges 1999). At this stage all vorticity max-

ima are tracked before other criteria are applied to

identify the TPVs, as this approach maximizes the pro-

portion of the TPV life cycle identified.

Cyclones are retained that originate on the TP, using

the 3000-m altitude line as the TP’s perimeter, and that

persist for at least four time steps (one day). The altitude

threshold serves to exclude western disturbances (Dimri

et al. 2015), which also occur at the 500-hPa level and

travel eastward along the southern slopes of the Hima-

layas embedded in the subtropical westerly jet (SWJ).

In a second step we apply a geopotential minimum filter,

which means that at least for one time step per TPV

track an associated 500-hPa geopotential height mini-

mum has to occur within a search radius of 2.58 (geodesic
radius) around the track point. Figure 1 shows an ex-

ample of the outputted tracks for July 2008 for ERA-

Interim.

Moving-off TPVs are defined as those TPVs that

travel farther east than 1058E, roughly coincident with

the eastern boundary of the TP as defined by the 3000-m

contour.

As is common in other tracking studies, spatial sta-

tistics (i.e., genesis, lysis, and track densities) are com-

puted from the TPV tracks for each dataset using the

spherical kernel approach (Hodges 1996). The genesis

(lysis) is defined as the first (last) time step a TPV is

identified, while the track refers to all time steps of an

identified TPV. The densities for genesis, track, and lysis

are compared between the two reanalysis data and the

GA3 simulations.

In a companion study (Curio et al. 2018) results from

the TPV database derived from ERA-Interim using

TRACK were compared to TPVs manually identified

using radiosonde data (data from yearbooks of TPVs

published by the Institute of Plateau Meteorology,

Chengdu). The comparison for 20 cases showed that the

two methods agree for cases where the underlying data

(ERA-Interim and observations from sounding sta-

tions) are in good agreement. This demonstrates the

suitability of using TRACK to study TPVs.

d. TPV-associated precipitation

In a further step, the area-averaged precipitation

amount within a search area of 38 geodesic radius around
each tracked point of a TPV is associated with that

tracked point. This search area is larger than for the

geopotential height minima (2.58 geodesic radius) be-

cause precipitation produced by the TPVs stretches

farther away from the TPV center whereas the geo-

potential minimum should be close to the vorticity

center.
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For ERA-Interim, the 6-h accumulation precipitation

forecast field with a lead time of 12 h is used to avoid

errors arising during spinup. For NCEP-CFSR we use

the 6-h average precipitation rate from the flux files

(forecast for the first 6 h). The GA3 precipitation was

resampled from the original 3-hourly resolution to

6-hourly resolution to match the temporal resolution of

the tracking results. ERA-Interim is known to re-

produce well the climatology and interannual variability

of precipitation, such as global monsoon precipitation

(Lin et al. 2014) and East Asian summer monsoon pre-

cipitation (Huang et al. 2016), which might be due to the

advanced 12-h 4DVAR data assimilation method (Lin

et al. 2014).

We calculate the value corresponding to the 95th per-

centile of the maximum attained precipitation along TPV

tracks for ERA-Interim (1.11mmh21), NCEP-CFSR

(0.71mmh21), and the five GA3 ensemble members

(0.74, 0.78, 0.79, 0.74, and 0.76mmh21). The 95th per-

centile threshold is used in order to subsample TPVs that

exhibit an associated precipitation amount above this

threshold at least once during their lifetime. Here, TPVs

that meet this condition are termed heavy-rain TPVs.

To examine the importance of TPVs for the pre-

cipitation over the TP and the downstream regions,

spatial masks of the area within a geodesic radius of 38
around all track points at each time step are used to

mask the precipitation field; this allows us to retain only

the precipitation within these regions and subsequently

generate maps of TPV-associated precipitation. We can

then calculate the ratio between TPV-associated pre-

cipitation and the total precipitation for each month and

for the climatological average.

3. Annual cycle of TPV occurrence

In total 5697 TPVs (;154 per year) were identified

and tracked in ERA-Interim, of which 1155 TPVs move

farther east than 1058E and are therefore classified as

moving-off TPVs (;31 per year) (see Table 1). For

NCEP-CFSR both numbers are higher, 9949 TPVs in

total (;269 per year), and 1957 moving-off TPVs (;53

per year). The moving-off cases account for;20% of all

TPVs in ERA-Interim and NCEP-CFSR.

The GA3 simulations produce on average 6310 TPVs

(;242 per year), and 1663 moving-off TPVs (;64 per

year), resulting in a slightly higher moving-off ratio

(;26%) than for the reanalysis datasets.

We start to establish a TPV climatology by first ex-

amining the annual cycle of TPV occurrence (number

of generated TPVs) for the different datasets (ERA-

Interim, NCEP-CFSR, GA3) as well as the three different

subsamples (all, moving-off, heavy-rain TPVs).

Figure 2 shows the annual cycle of all TPVs, as well as

the moving-off cases and heavy-rain TPVs (see section

2d). In ERA-Interim the highest number of TPVs occurs

in the extended summer season (April to September),

whereas the lowest number occurs in winter (November–

February), making a clear annual cycle.

FIG. 1. Example TPV tracks (black lines) of July 2008 in ERA-Interim at each time step

during the track (black dots). The boundary of the TP is indicated using the 3000-m contour.

TABLE 1. Number of TPVs identified in each of the three data-

sets in total and for the two subsamples: moving-off and heavy-

rain TPVs.

No. of TPVs ERA-Interim NCEP-CFSR GA3

Total 154 269 242

Moving-off 31 (20%) 53 (20%) 64 (26%)

Heavy-rain 7.7 (5%) 13.5 (5%) 12.1 (5%)
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The annual cycles for ERA-Interim and NCEP-

CFSR are very similar, the only difference being the

number of TPVs, with ERA-Interim having on average

around 10 fewer TPVs per month than NCEP-CFSR,

and a shift of the maximum from July for ERA-Interim

towardMay for NCEP-CFSR. Similar distributions are

found by Lin (2015) and Feng et al. (2014) using in-

dependent identification and tracking methods. The

number of TPVs found in each month by Feng et al.

(2014) is very close to our results, while Lin (2015)

identified around 50% fewer TPVs in ERA-Interim

(1979–2013). The use of a different tracking algorithm

and a different variable (500-hPa geopotential height)

are possible reasons for the different number of TPVs

identified by Lin (2015).

The GA3 ensemble mean shows a different (bi-

modal) annual cycle, with maxima in spring and au-

tumn and minima in summer and winter. In GA3 the

peak in TPVs occurs inMay, twomonths earlier than in

ERA-Interim but at the same time as in NCEP-CFSR.

In winter, spring, and autumn the number of TPVs is very

close to the number of TPVs found in NCEP-CFSR. In

general the spread of the UPSCALE ensemble members

is relatively small, showing that differences between

the three datasets are not simply due to internal

variability.

For the subsample of moving-off TPVs the two re-

analysis datasets show very similar annual cycles, with

only a small offset of less than two tracks per month. The

number of moving-off TPVs is highest in spring and

autumn and lowest in winter and summer. However, the

annual cycle for the GA3 ensemble is more pronounced

compared to the reanalysis data.

Lin (2015) also find the highest number of moving-off

TPVs in spring, but it is difficult to compare the results

since they allow TPVs to move off the TP in any di-

rection, whereas in this study TPVs have to move east of

1058E to be considered as moving-off TPVs.

The higher number of moving-off TPVs in spring and

autumn may be caused by the position and strength of

the SWJ at these times, which is located over the Tibetan

Plateau during the transition from its winter position

(south of the TP) to the summer location (north of the

TP) (Schiemann et al. 2009). The connection of TPV

occurrence to the SWJ is discussed further in section 4a.

Heavy-rain TPVs occur predominantly in summer,

when there are about two such TPVs per month. In

winter, TPVs associated with heavy precipitation do

not occur at all, due to the dry conditions over the

Tibetan Plateau and the generally negligible amounts of

precipitation (Maussion et al. 2014; Bookhagen and

Burbank 2010), except for the westernmost high moun-

tain parts of the TP. For the heavy-rain TPVs all datasets

show almost the same annual cycle and similar numbers

of TPVs. Our motivation to study heavy-rain TPVs de-

rives from the potentially hazardous nature of individual

systems, irrespective of the contribution of these events

to total precipitation.

4. Spatial statistics

In the following sections we will show the spatial

statistics for three different metrics (genesis, track, and

lysis density) for each of the three subsamples sepa-

rately. We start with a detailed description for the group

of all TPVs, including the connection to the SWJ, before

discussing the moving-off and heavy-rain TPVs.

a. All TPVs

Since TPVsmainly occur during the extended summer

season (April–September), the analysis focuses on three

FIG. 2. Number of all identified TPVs, the moving-off cases, and

the top 5% of precipitating TPVs per month, averaged over all

available years, respectively for ERA-Interim (blue), NCEP-

CFSR (purple), and the HadGEM3-GA3 ensemble mean (red).

The red shading covers the spread between the five GA3 ensemble

members, its upper and lower boundary is defined as62s from the

mean over the five ensemble members, respectively.
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months, April, July, and September, which covers most

key features of the annual cycle.

GENESIS

In this section, we analyze where TPVs are generated

on the TP and compare the location and strength of the

genesis region in different months and for all three

datasets.

Figure 3 shows the genesis densities of the TPVs for

the three datasets for the three selected months (April,

July, September), covering the active period andmost of

the key features of the seasonal cycle (see Fig. 2). For the

GA3 simulations the ensemble mean is shown. While

TPVs can form anywhere on the TP, the main genesis

region in ERA-Interim (Figs. 3a–c) is located in the

northwestern part of the central TP, and is relatively

small and stable throughout the year. The highest gen-

esis densities occur in the region between 338 to 348N
and 838 to 858E in spring and summer, and are slightly

lower and slightly shifted eastward in autumn. The

higher number of TPVs generated in summer compared

to other seasons in ERA-Interim (Fig. 2) does not result

in higher maximum genesis densities in summer, since

the main genesis region is larger, so the higher number

of TPVs is generated in a larger area.

In general, NCEP-CFSR and ERA-Interim agree on

the strength and spatial distribution of the genesis den-

sities. Compared to ERA-Interim, TPVs are generated

over a larger area on the TP in NCEP-CFSR (Figs. 3d–f)

and the area of higher genesis densities spreads farther

east from the main genesis region, resulting in slightly

higher genesis densities in the eastern part of the TP. In

July and September the local maximum in the main

genesis region is not as pronounced as in ERA-Interim.

NCEP-CFSR generates TPVs also in the westernmost

part of the TP, where no TPVs are generated in ERA-

Interim.

The reanalysis data and the GA3 simulations show

similar results; the spatial patterns and magnitudes are

generally in close agreement. In April the GA3 (Fig. 3g)

ensemble shows slightly higher genesis densities than

ERA-Interim in the main genesis region and in the

eastern part of the TP. Compared to NCEP-CFSR the

GA3 ensemble mean shows nearly the same values for

the genesis density and its spatial distribution. In July,

GA3 (Fig. 3h) exhibits lower maximum densities com-

pared to ERA-Interim, which matches the generally

lower number of identified TPVs in summer in the GA3

ensemble compared to ERA-Interim and NCEP-CFSR

as shown in the annual cycle of TPV occurrence (Fig. 2).

This difference in July could be caused by differences in

the atmospheric circulation (e.g., the strength of the

Tibetan high and the magnitude of the northward shift

of the SWJ). In September the GA3 ensemble exhibits

higher maximum genesis densities than the two re-

analysis datasets. The west–east and north–south ex-

tensions of the genesis region in the GA3 ensemble are

between those of ERA-Interim and NCEP-CFSR.

These results for the TPV genesis are in agreement

with previous studies highlighting the region between

FIG. 3. Genesis density of all TPVs for (a)–(c) ERA-Interim, (d)–(f) NCEP-CFSR, and (g)–(i) the HadGEM3-GA3 ensemblemean for

(left) April, (center) July, and (right) September. The color shading shows the genesis density in number per month per unit area (using a

58 spherical cap). The boundary of the TP is indicated using the 3000-m contour.
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338 and 368N and 848 and 908E (Feng et al. 2014) as the

main region of TPV genesis. Lin (2015) identify the

main genesis region only a few degrees farther east. As

discussed above, direct quantitative comparisons be-

tween these datasets are difficult.

(i) Track

The spatial distribution of TPV tracks, the track

density, for both reanalyses and the GA3 ensemble

mean is shown in Fig. 4.

Figure 4 shows that TPVs mainly move eastward from

their genesis region in a band of high track densities

along 348N. In April and September the main track path

is elongated along a west–east axis and reaches into

central China, while it only covers a few degrees of

latitude.

The two reanalysis datasets show very similar results

regarding the spatial distribution of TPV occurrence,

with NCEP showing slightly higher densities over the TP

for all three months, especially in April.

In April (Figs. 4a,d,g) the track densities in GA3 are

only slightly higher compared to NCEP-CFSR but

substantially higher compared to ERA-Interim. In July

the values for GA3 (Fig. 4h) are lower than for ERA-

Interim (Fig. 4b) and NCEP-CFSR (Fig. 4e), and the

local track density maximum, near 908E and 358N, is less

pronounced. An interesting feature is that in July all

three datasets show a less elongated (west–east) main

track path (Figs. 4b,e,h) than in April and September.

This is most clearly seen in the GA3 track densities

(Figs. 4g–i). In September, GA3 again shows higher

track densities over the central TP than in April.

Themain track path of the TPVs is further explored in

connection to the upper-level atmospheric circulation.

Figure 5 shows the track densities for ERA-Interim

(Figs. 5a,c,e) for January, April, and July together with

the wind field at 200 hPa, the level where the core of

the SWJ is located. The differences of the track path in

summer compared to the other seasons appear to be

caused by the strength and position of the SWJ,

moving from south of the TP in winter to north of the

TP in summer, passing the TP in spring and autumn

(Schiemann et al. 2009). The wind speeds are highest

over and south of the TP in January (Fig. 5a), while

they are generally low in summer (Fig. 5e), when the

jet stream is positioned north of the TP and the Ti-

betan anticyclone is visible in the 200-hPa wind field.

Consequently, the TPVs do not travel as far eastward

in summer as they do in spring and autumn. As soon as

the SWJmoves back south in autumn the track density

becomes more elongated, similar to winter and spring

(not shown). Hence the strength and position of the jet

stream appears to control the distance TPVs can

travel eastward.

For January and April the wind field at 200 hPa in

GA3 (Figs. 5b,d) is very similar to the wind field in

ERA-Interim. However, in summer the Tibetan anti-

cyclone appears to be stronger in GA3 and the jet is

moved northward in the model compared to ERA-

Interim (Fig. 5f). The summer jet bias in the GA3

FIG. 4. Track density of all TPVs for (a)–(c) ERA-Interim, (d)–(f) NCEP-CFSR, and (g)–(i) the HadGEM3-GA3 ensemble mean for

(left) April, (center) July, and (right) September. The color shading shows the track density in number per month per unit area (using a

58 spherical cap). The boundary of the TP is indicated using the 3000-m contour.
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model is consistent with the drop in the number of

generated TPVs in July andAugust as seen in the annual

cycle of TPV occurrence (section 3; Fig. 2).

The scatterplot in Fig. 6 clearly shows the strong re-

lationship between the distance TPVs travel and the

wind speed at 200 hPa (averaged over the main track

density region) for ERA-Interim and GA3. This re-

lationship is statistically significant at the 99% level with

correlation coefficients of 0.803 for ERA-Interim and

0.846 for GA3, leading to high values of explained var-

iance (R2) of 64% and 72%, respectively. This re-

lationship exhibits a strong annual cycle with very

similar characteristics in both datasets; in winter higher

wind speeds at 200 hPa are related to longer distances

traveled, whereas in summer the wind speed is lower and

consequently the traveled distances are shorter. The

higher number of moving-off TPVs in spring and au-

tumn, visible in all datasets (Fig. 2), also agrees with this

interpretation.

(ii) Lysis

Figure 7 shows the lysis densities. Most of the TPVs

die out over the TP. The highest lysis densities are found

in an area around 908–1008E all year round. Compared

to ERA-Interim (Figs. 7a–c), the local maximum in the

central TP is more pronounced in NCEP-CFSR

(Figs. 7d–f) in spring and autumn, whereas it is less

strong in summer but covers a larger area. NCEP-CFSR

also shows more TPVs dying out to the east of the TP

FIG. 5. Track density of all TPVs and the 200-hPa wind field for (a),(c),(e) ERA-Interim and (b),(d),(f) the

HadGEM3-GA3 ensemble mean (regridded to the ERA-Interim grid) for (top) January, (middle) April, and

(bottom) July. The color shading shows the track density in number per month per unit area (using a 58 spherical
cap), while the black arrows show the mean 200-hPa wind field (every third grid point displayed for clarity). The

boundary of the TP is indicated using the 3000-m contour.

FIG. 6. Scatterplot of u (zonal) wind speed at 200 hPa, averaged

over the main track region (338–358N, 858–958E), against TPV

displacement (calculated as distance between start and end point of

tracks), for ERA-Interim (dots) and the HadGEM3-GA3 ensem-

ble mean (triangles) for each month.
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than in ERA-Interim, mainly in April and September.

In general the lysis densities derived from NCEP-CFSR

cover a larger area east of the TP and with a larger

north–south extent than in ERA-Interim. The eastward

extent of the lysis region is similar for both reanalysis

datasets: TPVs can travel as far as 1188E in spring, nearly

reaching the coast of the East China Sea and the Yellow

Sea. One has to bear in mind that these densities are

only climatological values; individual TPVs can travel

farther east than 1188E. The region where TPVs die out

reaches farther west in NCEP-CFSR (up to 748E) than
inERA-Interim, where it reaches only to;808E inApril

and September and toward ;778E in July.

GA3 (Figs. 7g–i) shows generally similar results for

the lysis densities compared to the reanalysis datasets

but is slightly closer to NCEP-CFSR than ERA-Interim.

In July the local maximum is less pronounced or weaker

inGA3 than in ERA-Interim andNCEP-CFSR, whereas

it is stronger in September, confirming the results from

track densities. The lowerGA3 track and lysis densities in

July are consistent with the fewer TPVs identified inGA3

in July compared to the two reanalysis datasets (Fig. 2).

The north–south and west–east extents of the lysis region

in theGA3 ensemble lie in between the extents of the two

reanalysis datasets.

b. Moving-off TPVs

Since the moving-off TPVs are the ones that poten-

tially can impact the downstream areas of China, we

computed the spatial statistics for the subsample of all

TPVs that travel farther east than 1058E. Figure 8

shows a bipolar structure for the genesis densities in

the reanalysis datasets for all three months, with a local

maximum in the northwestern part of the TP, where the

main genesis region for all TPVs is located, and a second

local maximum in the eastern part of the TP, close to the

eastern edge of the TP. In April, ERA-Interim exhibits

the maximum genesis density at the western local max-

imum while NCEP-CFSR shows the highest number of

generated TPVs at the eastern genesis maximum. In July

(Figs. 8b,e,h) the number of moving-off TPVs is gener-

ally lower than in spring and autumn for both reanalysis

datasets and therefore the densities show only weak

maxima, but the bipole structure is still visible. In Sep-

tember the genesis density again looks similar to the

April pattern but with lower maximum values.

The differences between the reanalysis data and the

GA3 ensemble mean are bigger for the genesis densities

of moving-off TPVs (Fig. 8) than for all TPVs (Fig. 3). In

April, GA3 shows a bipolar structure similar to ERA-

Interim and NCEP-CFSR but exhibits similarly high

values at both local maxima, whereas there is a distinct

primary maximum over the western (eastern) TP in

ERA-Interim (NCEP-CFSR). In July, the genesis density

pattern seen in GA3 is different from that in ERA-

Interim and NCEP-CFSR, with two weak maxima in the

northeastern and southeastern parts of the TP, re-

spectively. The maximum in the western part of the TP is

missing. The bipole pattern between west and east is then

re-established in autumn with the primary maximum in

FIG. 7. Lysis density of all TPVs for (a)–(c) ERA-Interim, (d)–(f) NCEP-CFSR, and (g)–(i) the HadGEM3-GA3 ensemble mean for

(left) April, (center) July, and (right) September. The color shading shows the lysis density in number per month per unit area (using a

58 spherical cap). The boundary of the TP is indicated using the 3000-m contour.
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the eastern part of the TP, showing higher genesis den-

sities than ERA-Interim and similar values to NCEP-

CFSR.The large differences in the density values inApril

and September between GA3 (Figs. 3g,i) and ERA-

Interim (Figs. 3a,c) are consistent with the higher num-

ber of identified moving-off TPVs in GA3, as visible in

the annual cycle (Fig. 2).

The track densities for the moving-off TPVs show

generally similar results for the reanalysis data and the

model (not shown). The band of high track densities for

moving-off TPVs is shifted eastward compared to that

for all TPVs, as is expected given the definition of

moving-off TPVs.

Moving-off TPVs mainly die out between 1038 and
1158–1208E (not shown), with the highest lysis densities

occurring in April between 1058 and 1108E and the

lowest lysis densities occurring in summer. In April and

September, GA3 and NCEP-CFSR are in closer agree-

ment than the two reanalysis datasets.

c. Heavy-rain TPVs

Since TPVs are known to be able to trigger heavy

precipitation and also severe flooding downstream of

the TP (e.g., in the Yangtze River valley), we examine

the spatial statistics of heavy-rain TPVs to see whether

they are generated in the same regions and show similar

paths as the majority of TPVs.

The annual cycle in section 3 shows that most of the

TPVs associated with high precipitation amounts

(heavy-rain TPVs) occur in the extended summer season

(April–September). Therefore we show the spatial den-

sities only for July (Fig. 9) as the results are similar in

other summer months.

ERA-Interim (Figs. 9a–c) and NCEP-CFSR (Figs.

9d–f) are in good agreement for all densities (genesis,

track, lysis). The genesis densities for ERA-Interim

(Fig. 9a) and NCEP-CFSR (Fig. 9b) both show a maxi-

mum in the southeastern TP extending westward to the

area of the main genesis region for all TPVs.

The GA3 ensemble mean shows a more pronounced

genesis density maximum (Fig. 9g) at the southeastern

edge of the TP compared to the reanalysis datasets, but

a similar westward extension to the central TP with

slightly lower density values.

In ERA-Interim and NCEP-CFSR, the heavy-rain

TPVs travel mainly eastward along the same latitude as

found for the track density for all TPVs (Figs. 9b,e).

GA3 again shows a different picture for the TPV paths

(Fig. 9h): it seems that they are mainly stationary sys-

tems or only travel short distances northeastward or

southeastward from their main genesis region.

The lysis density for GA3 (Fig. 9i) reveals nearly the

same spatial pattern as the track density, while the

heavy-rain TPVs in ERA-Interim and NCEP-CFSR die

out either in the region close to the Brahmaputra

channel at the southeastern border of the TP or directly

after moving off the TP to the east. These results show

that heavy-rain TPVs do not travel far away from the TP

and can therefore only directly affect regions on the

TP or its immediate vicinity.

FIG. 8. Genesis density of moving-off TPVs for (a)–(c) ERA-Interim, (d)–(f) NCEP-CFSR, and (g)–(i) the HadGEM3-GA3 ensemble

mean for (left) April, (center) July, and (right) September. The color shading shows the genesis density in number per month per unit area

(using a 58 spherical cap). The boundary of the TP is indicated using the 3000-m contour.
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It is not surprising that GA3 shows differences re-

garding the position and intensity of the genesis, track,

and lysis densities for heavy-rain TPVs, since the model

not only has to capture the TPVs but also has to simulate

the correct amount of associated precipitation. It is

possible that the differences in the location of heavy-

rain TPVs in GA3 compared to the reanalyses are re-

lated to a precipitation bias in GA3. Bush et al. (2015)

showed [albeit in a low resolution (N96) version of

GA3] a strong positive precipitation bias in the same re-

gion where most of the heavy-rain TPVs are identified.

5. Lifetime and displacement

In this section we will analyze the distributions of

lifetime and the distance TPVs can travel for the three

datasets and the three subsets of TPVs (all, moving-off,

heavy-rain). Since the majority of TPVs occur in the

extended summer season (April–September), we limit

the analysis to this period.

Figure 10 shows the average distribution of TPV

lifetime. The distribution of lifetimes for all TPVs

shows a clear maximum at the shortest lifetimes; 17% of

the TPVs have a lifetime of 24 h and around 60% of

TPVs have lifetimes between 24 and 42h. The per-

centage of TPVs decreases exponentially with longer

lifetimes; TPVs with lifetimes over 84 h account for only

5% of the TPVs. The different datasets show similar

lifetime distributions. Previous studies generally state

that TPVs are mainly short-lived systems with lifetimes

below 24h, with an average lifetime varying between 15

and 18h. Since we are only interested in and track TPVs

that are persistent for at least 24 h, a quantitative com-

parison with previous studies is difficult, but the general

distribution with a maximum toward shorter lifetimes is

captured.

The lifetime distribution for the moving-off TPVs

differs from that for all TPVs. Here, the distribution is

slightly shifted toward longer lifetimes compared to the

average over all TPVs, leading to a broader distribution.

In ERA-Interim and NCEP-CFSR the maximum of the

distribution occurs at lifetimes between 36 and 42h.

From 42h onward the distributions for both reanalyses

show a decrease of TPV number with increasing life-

time. In GA3 the lifetime distribution of the moving-off

TPVs has its peaks at lifetimes between 42 and 48 h.

In the GA3 ensemble mean there are relatively more

long-lived heavy-rain TPVs than in the reanalyses. Only

10% of the heavy-rain TPVs in GA3 have lifetimes of

24 h compared to 15% in both reanalyses. While the

lifetime distribution of heavy-rain TPVs in both rean-

alyses have their maximum at lifetimes between 24 and

30 h (15%), the percentage of heavy-rain TPVs with this

lifetime is lower in GA3 (10%) but the distribution ex-

hibits another maximum at lifetimes between 36 and

42 h. For lifetimes greater than 66h the curve for the

lifetime distribution of heavy-rain TPVs in GA3 is ba-

sically the same as for moving-off TPVs.

For the moving-off TPVs and especially the heavy-

rain TPVs the spread between the three datasets is

larger than for all TPVs, which is very likely due to the

much smaller sample size for heavy-rain TPVs.

Figure 11 shows the distances TPVs travel during their

lifetime, the displacement is calculated as the ‘‘crow

(a) (b) (c)

(d) (e) (f )

(g) (h) (i)

Genesis density Track density Lysis density

FIG. 9. (left) Genesis, (middle) track, and (right) lysis density of heavy-rain TPVs for (a)–(c) ERA-Interim, (d)–(f) NCEP-CFSR, and

(g)–(i) the HadGEM3-GA3 ensemble mean for July. The color shading shows the genesis density in number per month per unit area

(using a 58 spherical cap). The boundary of the TP is indicated using the 3000-m contour.
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flies’’ (shortest) distance between the start and end

points of the tracks. Most of the TPVs travel between 0

and 1250km, with a maximum at distances between 500

and 750 km for ERA-Interim and between 250 and

500 km for NCEP-CFSR and GA3. For distances larger

than the modal distance, the number of TPVs decreases

rapidly with increasing distance traveled. The distribu-

tion is shifted toward longer distances when the distance

traveled is accumulated over all points of the tracks (not

shown). This suggests that some of the TPVs with short

as-the-crow-flies distances are quasi stationary and

move around in a small area on the TP. The reanalysis

FIG. 11. Displacement (traveled distance calculated as distance between start and end point of the TPV tracks) of all TPVs (solid),

moving-off TPVs (dotted), and heavy-rain TPVs (dashed) for ERA-Interim (blue), NCEP-CFSR (purple), and the HadGEM3-GA3

ensemble mean (red; shading shows the standard deviation within the ensemble) for the extended summer season (April–September).

FIG. 10. Lifetime distribution for all TPVs (solid), moving-off TPVs (dotted), and heavy-rain TPVs (dashed) for ERA-Interim (blue),

NCEP-CFSR (purple), and the HadGem3-GA3 ensemble mean (red; shading shows the standard deviation within the ensemble) for the

extended summer season (April–September).
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data and model simulations show very similar results for

the displacement distribution of all detected TPVs.

The moving-off TPVs generally travel larger dis-

tances. The distribution shows a rapid increase of TPV

numbers from a very low percentage of TPVs traveling

distances of 0–250km (1%) toward a maximum at dis-

tances between 750–1000 (1000–1250) km for ERA-

Interim and GA3 (NCEP-CFSR). The distribution

shows wider maxima in NCEP-CFSR and GA3, while

ERA-Interim exhibits a second maximum of similar

magnitude at distances between 2250 and 2500km. This

secondary maximum is also visible in GA3 but has a

lower magnitude than the primary maximum in GA3.

The two maxima in ERA-Interim are about 1200km

apart, which reflects the distance between the two main

genesis regions for moving-off TPVs in ERA-Interim

(section 4b). One of the main genesis regions for

moving-off TPVs is located in the northwestern part of

the TP (Fig. 8). TPVs originating there have to travel

longer distances to reach regions east of 1058E, which is

the condition we have imposed for them to be classed as

moving-off TPVs, than the ones originating in the east-

ern part of the TP. This might account for the shift to-

ward longer distances traveled. The slightly higher

variations among the datasets are caused by the smaller

sample size as discussed earlier.

Heavy-rain TPVs show displacement distributions

similar to one another in all three datasets, with a

maximum at distances between 250 and 500 km in

ERA-Interim and GA3 and a maximum at 500–

750 km in NCEP-CFSR.

For all three datasets the percentage of TPVs travel-

ing longer distances (.1500km) is higher for moving-off

and heavy-rain TPVs compared to all TPVs.

6. Precipitation associated with TPVs

Figure 12 shows the precipitation intensity distribu-

tion for the maximum-attained precipitation along the

tracks for all TPVs (Fig. 12a) and the moving-off TPVs

(Fig. 12b) with a zoom-in to the tail of the distributions.

The heavy-rain TPVs are included in these. The distri-

butions show that most TPVs are associated with low

amounts of precipitation for both groups of TPVs.

The 95th percentile maximum precipitation thresholds

(vertical dotted lines in Fig. 12a) are not located in the

tail of the distributions, which emphasizes that even

TPVs with relatively low hourly precipitation rates

(above 1mmh21; i.e., 24mmday21) fall within the group

of heavy-rain TPVs; thus, the vast majority of TPVs are

associated with lower maximum precipitation rates.

To examine how much of the monthly precipitation

over the Tibetan Plateau and its surroundings is asso-

ciated with TPVs, we calculate the total TPV-associated

precipitation and the ratio between the total pre-

cipitation and TPV-associated precipitation for ERA-

Interim and the GA3 ensemble (Fig. 13; see also

Figs. S1–S3 in the online supplemental material).

(a) (b)

FIG. 12. Distribution of maximum-attained precipitation along TPV tracks for (a) all TPVs and (b) moving-off

TPVs for ERA-Interim (blue), NCEP-CFSR (purple), and the HadGEM3-GA3 ensemble mean (red). The red

shading covers the spread between the five HadGEM3-GA3 ensemble members, its upper and lower boundary is

defined as62s from the mean over the five ensemble members. The dashed lines in (a) denote the 95th percentile

thresholds; ensemble mean value plotted for HadGEM3-GA3 since the thresholds for the five ensemble members

are very close together and the lines would be on top of each other.
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Figure 13 shows the average total of TPV-associated

precipitation and the average contribution of TPV-

associated precipitation to the total precipitation in

July for ERA-Interim (Figs. 13a,c) and for the GA3

ensemble mean (Figs. 13b,d). Here we focus on July

since this is the month where the number of TPVs is

highest and extreme precipitation events affecting the

regions downstream of the TP were reported (see in-

troduction). Precipitation associated with TPVs occurs

in all areas where TPVs are active. In July, the TPV-

associated precipitation reaches 80–100mm over the

central TP for both datasets, with a slightly higher

maximum (around 120mm) in ERA-Interim. The ratio

in Fig. 13c shows that TPVs account for 40%–70%of the

total precipitation over the central TP and for 10%–40%

in most other parts of the TP (except regions west of the

main genesis region, since the TPVs mainly travel

eastward), confirming the statement by Wang (1987)

that TPVs are one of the main precipitation-producing

systems on the TP. For NCEP-CFSR the same analysis

shows a similar pattern but lower values (not shown).

The area affected by precipitation associated with

TPVs extends to the east into the downstream regions of

the TP (Sichuan province) and to the southeast, still

accounting for 10%–20% of the total precipitation. The

Sichuan province is known to be affected by TPVs

causing extreme precipitation and flooding. The south-

eastward extension of the contribution of TPVs to the

total precipitation in the eastern part of the TP might be

caused by higher moisture availability in this region in

summer due to the high moisture transport through the

Brahmaputra channel located at the southeastern border

FIG. 13. (a),(b) Climatological total TPV-associated precipitation and (c),(d) climatological ratio (%) of TPV-

associated precipitation to total precipitation for July for (a),(c) ERA-Interim (1980–2015) and (b),(d) the

HadGEM3-GA3 ensemble mean (1986–2011). (e),(f) Total TPV-associated precipitation and (g),(h) ratio of TPV-

associated precipitation to total precipitation and TPV tracks (gray lines) for (e),(g) ERA-Interim for July 2008 and

(f),(h) the HadGEM3-GA3 ensemble member xgxqe for July 2006. The boundary of the TP is indicated using the

3000-m contour.
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of the TP. The Brahmaputra channel is one of the major

moisture pathways connecting the TP with the Indian

subcontinent and therefore with the moisture-laden

monsoon air masses (Curio et al. 2015).

The GA3 ensemble (Figs. 13b,d) shows very similar

results regarding the climatological total TPV-associated

precipitation and contribution of TPV-associated pre-

cipitation to the total precipitation and its spatial distri-

bution. This result means that the model is not only able

to capture TPV occurrence, but also largely captures the

amount of TPV-associated precipitation and therefore

the correct meteorology leading to precipitation. The

southeast extension is somewhat larger in the GA3 en-

semble mean than in ERA-Interim, consistent with re-

sults shown for heavy-rain TPVs (Fig. 9).

For single months (Figs. 13e–h) the total TPV-

associated precipitation and the contribution of TPVs

to the total monthly precipitation can be much higher.

Figure 13g shows the TPV contribution to the total

precipitation for ERA-Interim in July 2008, where TPVs

account for up to 90% of the total monthly precipitation

over the central TP, with values of more than 120mm of

total TPV-associated precipitation (Fig. 13e). This se-

lected month also shows that TPVs can have a big im-

pact on the total precipitation downstream of the TP, up

to 40% in the Sichuan region, directly east of the TP, and

up to 30% at the coast just north of 358N. This high

contribution to the total monthly precipitation was, in

this case, caused by a single TPV moving all the way

from the TP to the coast of the Yellow Sea (see Fig. 1).

This TPV corresponds to the observed TPV described in

the introduction (Feng et al. 2014).

For individual GA3 ensemble members the contri-

bution of TPVs to the total monthly precipitation can

also be higher downstream of the TP in single years. For

example, in the GA3 ensemble member xgxqe in July

2006 (Fig. 13h) a single TPV accounted for up to 70% of

the total monthly precipitation over eastern China, due

to a total TPV-associated precipitation of more than

120mm in some regions.

Additionally, the supplemental material shows the to-

tal TPV-associated precipitation and the contribution of

TPVs to the total precipitation for all (Fig. S1), moving-

off (Fig. S2), and heavy-rain (Fig. S3) TPVs for selected

months (April, July, September) for ERA-Interim and

the GA3 ensemble mean. Moving-off TPVs (Fig. S2)

producemore precipitation inApril and September at the

eastern edge of the TP and directly east of the TP com-

pared to July, which coincides with the higher number of

moving-offTPVsduring thesemonths as shown in section 3.

The contribution of heavy-rain TPVs to the total pre-

cipitation is low (up to 10%) for all months and regions,

even in July when the average total TPV-associated

precipitation reaches more than 50mm in some parts of

southwest China and the southeastern edge of the TP

(Fig. S3). This confirms that the importance of TPV-

associated precipitation arises from individual events

and cannot be assessed by considering climatological

values only.

7. Interannual variability

The analysis so far suggests that the position and

strength of the SWJ has an influence on the TPV occur-

rence and affects how far they can travel eastward since the

jet acts as the dominant steering flow. To examinewhether

there is also a connection between the interannual vari-

ability of TPV frequency and the SWJ position, we se-

lected years featuring the highest and lowest TPV counts

in ERA-Interim for May, June, July, and August, re-

spectively. Table 2 shows the years considered for each

month. The number of selected years varies because for

some months, multiple years exhibit the same TPV count.

Using the selected years we calculate the probability

that a point is in a westerly jet, and in a further step

calculate the difference in this probability between years

with high and low TPV frequencies, following the

methodology used by Hunt et al. (2018a). To do so a

point is defined as being in the SWJ, if the following

conditions are met at the 200-hPa level using 6-hourly

ERA-Interim data: the wind is westerly (u . 0) and the

magnitude of its speed is greater than 30ms21 (e.g.,

Schiemann et al. 2009). Since the position of the jet has a

pronounced annual cycle this calculation is done for

each month separately.

Figure 14 shows the difference in jet position between

years with high and low TPV frequency for May, June,

July, and August in ERA-Interim.

In May (Fig. 14a) the jet is more likely to be in a po-

sition south of 358N (blue shading) for years with a high

TABLE 2. Selected years of high and low TPV frequency.

Month High TPV count years Low TPV count years

May 1984, 1992, 2003, 2005, 2013 1990, 1995, 2001, 1994, 2000, 2002

June 1979, 2002, 2009, 2010 1981, 1991, 1997, 2013

July 1984, 1993, 1998, 2004 1989, 1997, 2002, 2015

August 1980, 1998, 2003, 2005, 2006 1983, 1984, 1986, 1990, 2002
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TPV frequency, whereas in years with a low TPV fre-

quency the jet is more likely to occur north of 358N (red

shading). This signal is strongest upstream of the TP.

This could mean that the jet is stronger in this more

southerly position and also probably more constrained

to certain latitudes. In years with low TPV frequency the

jet appears to be less zonal. In spring the jet is undergoing a

transition fromwinter to summer positions, south to north

of the TP respectively, and the springtime transition is less

gradual than in autumn; this results in split jets being likely

to occur (Schiemann et al. 2009). In May the signal is

stronger than in June and July, when the jet is already

located at the northern edge of the TP. This reflects the

fact that in spring the position of the jet is more variable

and the interannual variability is higher.

In summer (June, July, and August; Figs. 14b–d) more

TPVs occur when the jet is positioned closer to the TP,

south of its climatological mean position, which means

higher wind speeds over the TP and in general a larger

influence of the jet on the TP. Li et al. (2014) state that

the right-hand side of the jet core provides favorable

conditions for TPV generation and eastward movement

due to associated low-level (500 hPa) convergence and

upper-level (200 hPa) divergence.

8. Summary and conclusions

In this study we compared the climatologies of TPVs

that we identified and tracked in two reanalysis datasets

(ERA-Interim and NCEP-CFSR) and a high-resolution

global climate model (HadGEM3-GA3), using the

objective feature-tracking algorithm TRACK (Hodges

1995). We assessed how well the model represents the

TPV climatology and discussed how TPV occurrence is

linked to the subtropical westerly jet (SWJ) and there-

fore the large-scale atmospheric circulation. The main

results and conclusions are summarized below:

d The HadGEM3-GA3model is able to simulate TPVs at

N512 horizontal resolution (about 25km grid spacing).
d The reanalysis data and themodel show similar results

for the spatial statistics of TPVs. Most TPVs are

generated in the northwestern part of the TP. The

center of this main genesis region is small and stable

throughout the year. TPVs move mainly eastward in a

band of high track density along 348N.
d The SWJ acts as the main steering flow for the TPVs.

The strength and position of the subtropical westerly

jet is correlated with the distance TPVs can travel

eastward and therefore could have an effect on

whether or not a TPV is moving-off the TP. The

interannual variability of the jet position is correlated

to the interannual variability of the number of gener-

ated TPVs, especially in months when the interannual

variability of the jet location is high. Based on these

statistical relationships we hypothesize a role of the

SWJ in the interannual variability and the annual cycle

of TPV occurrence frequency, but the dynamical

connection is unclear and will be the subject of a

future study.
d TPVs that move off the TP to the east are generated in

twomain genesis regions, the northwestern TP and the

FIG. 14. Difference in westerly jet location between years of high and low TPV frequency for ERA-Interim in

(a) May, (b) June, (c) July, and (d) August. The thick black contours show the climatological mean of uwind speed

at 200 hPa in m s21. The boundary of the TP is indicated using the 3000-m contour.
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eastern TP. For moving-off TPVs, the differences

between the reanalysis data and the GA3 simulations

are larger than for all TPVs. The average lifetime is

slightly longer for moving-off TPVs and the traveled

distance is also larger compared to the average over

all TPVs.
d Precipitation associated with TPVs accounts for up to

70% of the total precipitation over the central TP in

July. For individual years this ratio can reach up to

90% in some regions of the TP.
d While their climatological impact on the total pre-

cipitation over the mainland of China is low (up to

10%), TPVs can account for up to 40% (70%) of the

total precipitation in selected months in ERA-Interim

(GA3). Therefore TPVs have a high impact on the

mainland of China due to individual events, which

makes it important to understand the conditions under

which these events can occur.

We have presented what is, to our knowledge, the first

TPV climatology from a global climate model. The fact

that our global climate model can represent the TPV

climatology opens a wide range of options for future

model-based research on TPVs.

Future work will include analyses of the variability of

TPV activity and its remote and local drivers, e.g., the

examination of possible connections with large-scale

features such as the Madden–Julian oscillation, ENSO,

and a more detailed analysis of the connection to the

subtropical westerly jet stream. Establishing a robust

relationship with any of these features would sug-

gest some degree of predictability in TPV numbers in a

given season. An analysis of the connection between

the interannual variability of TPVs and western distur-

bances (a type of storm system that propagates on the

jet and tends to occur farther south, yielding heavy

precipitation in the Hindu Kush/Himalaya region of

northern India and Pakistan) by Hunt et al. (2018b)

showed that the occurrence frequencies of both systems

are strongly influenced by the location and interannual

variability of the SWJ.

Composite analyses could be used, in combination

with other variables (wind, moisture), to examine the

vertical and horizontal structure of TPVs and the dif-

ferences between different synoptic conditions. This

could help to understand under which conditions TPVs

are able to trigger extreme precipitation.

A ground validation of the TPVs identified in ERA-

Interim using the observations from the Yearbook of

TPVs published by the Institute of Plateau Meteorology

in Chengdu (Sichuan Province) showed that using the

observations TPVs are only detected after reaching the

eastern TP, due to the absence of observations (sounding

stations) in the western TP (Curio et al. 2018). The ap-

plication of an automated tracking approach in a nu-

merical weather prediction context could increase the

lead time for real-time TPV detection, similar to that

done for tropical and extratropical cyclones (Hodges and

Emerton 2015; Froude 2010).
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