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Abstract

The Tibetan Plateau vortex (TPV) is a mesoscale weather system active in the near-surface layer, which is one of the major
systems for the generation of precipitation in the Tibetan Plateau (TP). However, no long-term observations of the TPVs are
available due to the scarcity of observations in the TP. Thereby, long-term, high-accuracy reanalysis products are a reliable
source for the analysis of characteristic TPV activities and possible mechanisms behind. In the present study, an objective
analysis method is implemented to obtain a complete dataset of TPV based on several reanalysis products, including the
ERA-Interim, ERA40, JRASS, NCEP CFSR, and NASA MERRA2. The TPVs are detected and tracked by the minima in
geopotential height at 500 hPa. Results indicate that the TPVs derived from multiple reanalysis products have quite similar
spatial patterns and temporal variability. The characteristic parameters of the TPVs derived from a given reanalysis data are
related to the resolution of this reanalysis product. Higher-resolution reanalysis products can yield more low-pressure systems,
which explains why the TPVs derived from high-resolution reanalysis datasets generally have longer lifetime, stronger and
larger vortex scale than those from low-resolution reanalysis products, although the total number of TPVs are similar. The
annual average number of TPVs generated in the TP is 63.5, and these TPVs largely originate in the mountainous area of
the central western TP around (34° N, 78-95° E) and a belt zone (30° N, 80-84° E) in the southern TP, where the elevation
is around 5500 m. The TPVs often dissipate in low valleys and the lee side of mountains. They mainly occur in the warm
season during May—September, most active in the summer and least active in the winter. More TPVs form in the daytime
than in the nighttime. Those TPVs that move out of the TP account for less than 10-14% of all TPVs, and they usually follow
three moving paths: eastward (6.9-7.8%), northeastward (2.3-3.4%) and southward (2.3-3.5%).

Keywords Tibetan Plateau - Tibetan Plateau Vortex - Objective analysis - Reanalysis products - Spatial-temporal
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Electronic supplementary material The online version of this 1 Introduction
article (https://doi.org/10.1007/s00382-020-05380-6) contains
supplementary material, which is available to authorized users. The Tibetan Plateau (TP) is surrounded by the Kunlun
Mountains in the north, the Himalayas in the south, the
Pamir in the west, and the Hengduan Mountains in the east.

The average elevation of the TP is above 4000 m, covering
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The Tibetan Plateau vortex (TPV) is one of the major
systems for the generation of precipitation in the TP (Ye
and Gao 1979; Ye 1981; Zhang et al. 2014; Yu et al. 2014)
and an important weather pattern for strong convection (Tao
and Ding 1981; Hu et al. 2017; You et al. 2015). It should
be mentioned that the abbreviation “TPV” is also used for
“tropopause polar vortices” (e.g. Cavallo and Hakim 2013).
As the upstream region of the atmospheric circulation in
China, the eastward moving vortex system formed in the
TP has pronounced influences in precipitation over most of
China, especially the Yangtze River basin (Tao and Ding
1981; Zhang et al. 2001; Yu et al. 2014; Lin et al. 2016). The
moving off TPV and the Southwest Vortex are active in the
lee side of the TP, and once coupled, they can bring heavy
precipitation and disastrous strong convective weather (Li
et al. 2017; Yu et al. 2016). The flooding that occurred in
the Yangtze River Basin in 1998, which caused huge eco-
nomic losses and casualties, is closely related to the large
convective cloud system induced by the eastward moving
TPV (National Meteorological Center and National Satellite
Meteorological Center 1998). Thereby, the study of the TPV
has been highly valued in the meteorological community of
China.

The TPV is a shallow weather system active in the near-
surface layer of the TP, mostly identified at 500 hPa (Ye
and Gao 1979). The formation and development of the TPV
are highly correlated with the thermodynamic forcing of the
TP and the latent heat release caused by active convection
(Lhasa Research Group on Qinghai-Xizang Plateau Mete-
orology 1981; Wang 1987; Dell’osso and Chen 1986; Shen
et al. 1986a, b; Li et al. 2014b). Due to the harsh natural
environment and sparse observation network (Xu et al.
2008b), there still exist many ambiguities in the study of
the TPV. For example, the occurrence frequency of the
TPV is much higher in 1979 than in other years, which is
probably attributed to the increased observations obtained
in the Atmospheric Science Experiment in the Tibetan Pla-
teau conducted in 1979 (Qian et al. 1984). Traditionally, the
investigation of the TPV heavily relies on manual examina-
tion of weather maps. A TPV is subjectively identified if
there is a closed low pressure system at 500 hPa or cyclonic
circulation appears at least at three weather stations in the
TP. Forecasters often have different opinions regarding
whether the TPV exists even if they are examining the same
weather map. This subjective method to identify the TPV
leads to large uncertainties in the TPV study, and makes it
hard to accurately describe the TPV climatology.

At present, high spatiotemporal resolution data like
various reanalysis products have become major sources
for analysis of weather systems such as the extratropical
cyclones, etc. (Neu et al. 2013). A number of the TPV stud-
ies including both single cases studies and climatic studies
are based on reanalysis datasets, for example the works of Li

@ Springer

et al. (2014a, b, ¢), Feng et al. (2014), Lin (2015), Li et al.
(2011, 2018a, b), Curio et al. (2018, 2019) and references
therein. However, a dataset of the TPV derived from multi-
ple reanalyses is still absent so far. In particular, what are the
common features of the TPVs shown in various reanalysis
products that are widely used, and what are the differences
between them? These questions still remain unanswered.
The study based on multiple reanalysis products can help
people to understand the TPV characteristics from multiple
perspectives and reduce uncertainties in a given dataset.

In the present study, a TPV dataset based on several most
advanced reanalysis products is obtained using an objective
identification method for the purpose of the TPV climatol-
ogy study. Section 2 introduces the reanalysis datasets used
in the present study and the TPV identification method. The
spatiotemporal variation characteristics of the TPV includ-
ing its spatial pattern and seasonal and inter-annual variabili-
ties are described in Sect. 3. Section 4 analyzes the relative
frequency distributions of TPV attributes in their character-
istic ranges. The moving paths of the TPV derived from vari-
ous reanalysis products are compared in Sect. 5. Sections 6
and 7 presents the discussions and summary, respectively.

2 Data and method
2.1 Reanalysis datasets

Five reanalysis products: the European Centre for Medium-
Range Weather Forecasts (ECMWF) Re-Analysis Interim
(ERA-Interim, hereafter ERAI) (Dee et al. 2011), the
40-years ECMWF Re-Analysis (ERA40) (Uppala et al.
2005), the Japanese 55-year Reanalysis (JRASS5) (Kobayashi
et al. 2015), the National Centers for Environmental Predic-
tion (NCEP) Climate Forecast System Reanalysis (CFSR)
(Saha et al. 2010) and the National Aeronautics and Space
Administration (NASA) Modern-Era Retrospective Analysis
for Research and Applications version 2 (MERRA2) (Gelaro
etal. 2017), are used in the present study. Table 1 lists brief
information of all the five reanalysis products. All the data
have the temporal resolution of 6-hourly, despite the fact that
CFSR and MERRA?2 can provide higher temporal resolu-
tion outputs via numerical models. Bao and Zhang (2013)
used the 6-hourly radiosondes collected during the Tibetan
Plateau Experiment (TIPEX) to evaluate the reanalysis data-
sets. They found that the reanalysis data can produce con-
sistent circulations (horizontal winds in their study) with
independent sounding observations that are not assimilated
into the reanalysis. They also found that the newer genera-
tion reanalysis products (ERAI and CFSR) are better than
their previous versions. This provides a solid basis for the
TPV climatology study using reanalysis products. ERAI and
CFSR are used to obtain TPVs in the studies of Feng et al.
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Table 1 Details of the

L S . Dataset Spatial resolution Period Minimum radius/average relative vorticity
reanal}.ms da.tasets ‘?Sed 111. this (latitude X longitude) should be satisfied for at least 3 time steps
study, including their spatial
resolutions and periods ERA-Interim  1° X 1° Jan 1979-Dec 2017 145km/1x 1075 57!

ERA40 1°x1° Jan 1958-Dec 2001 140 km/1 x 107> 57!
JRASS 1.25°%1.25° Jan 1958-Dec 2017 60 km/1 x 107 7!

CFSR 0.5°x 0.5° Jan 1979-Dec 2017 170 km/1 x 107 57!
MERRA2 1/2°x2/3° Jan 1980-Dec 2017 155 km/1x 107 s~

(2014), Lin (2015) and Curio et al. (2019), and the ERA40,
JRASS5 and MERRAZ? are first used to produce TPVs. In the
present study, we compare our results with those from the
previous studies in Sect. 6.

2.2 The method to identify the TPV

The TPVs are identified and tracked based on geopotential
height at 500 hPa using the scheme of Lin (2015), which is
derived from the method for extratropical cyclones identifi-
cation proposed by Wernli and Schwierz (2006, hereinafter
referred to as WS06). Though WS06 was developed for the
extratropical cyclones, it could be adopted to the identifica-
tion and analyses of different kind of synoptic systems by
using some specific threshold. The algorithm is applied to
the domain of 40-160° E and 15-65° N. Detailed steps are
described as follows.

(1) The local minimum and maximum of geopotential
height at 500 hPa is identified and labeled based on
comparison with that in the surrounding eight cell
grids, as shown in Fig. Sla.

(2) Tracing the contours of geopotential height at 500 hPa
using an interval of 1 gpm. The contours unclosed or
embedded within local maximum are removed, and the
closed contours with a radius of larger than 10° km are
also removed since the horizontal size of TPVs is far
smaller than that, as shown in Fig. S1b. The average
position of the innermost closed contour is taken as the
candidate low center, as shown in Fig. Slc.

(3) When two or more candidate lows are embedded within
the same outer closed contour, three procedures will
be operated: (a) if the lows are too close to each other
(within 5° latitude/longitude), the weaker one (with
higher geopotential height) will be removed, as shown
in Fig. S2a; (b) if the adjacent lows described in con-
dition (a) are with equal intensity, the lows and their
innermost contours will be removed and a new low will
be created, as shown in Fig. S2b; (c) if the lows are
more than 5° latitude/longitude apart from each other,
the outer closed contour will be removed and the lows
are taken as single ones, as shown in Fig. S2c.

(4) All low-pressure systems are obtained using a track
determination method that considers the persistence
of the weather system (Wernli and Schwierz 2006). In
order to exclude the heat lows, the low-pressure sys-
tems with a short lifetime of less than three time-steps
(18-h) are removed.

(5) The area enclosed by the outermost closed contour
(OCC) is taken as the TPV domain, and the average
distance between OCC and the TPV center is the radius
of the TPV.

(6) If a low-pressure system is generated outside the TP
(the boundary is shown in Fig. 1a), it has to travel
inside the TP more than three time steps during its
lifetime.

(7) There are a lot of low pressure systems produced due
to the high resolution and fine contour-tracing (com-
pared with Lin 2015), some of them are too weak to
be defined as TPVs. However, most of them are not
associated with precipitation. In addition, the differ-
ence in TPVs between various reanalysis datasets may
be caused by the difference in TPVs between various
reanalysis datasets may be caused by the difference of
horizontal resolution, the dynamics and the parameteri-
zations implemented in the numeric weather prediction
model used and the assimilated observation to produce
the reanalysis, instead of by the nature of TPVs. Hence,
to provide a robust database for TPVs, the TPVs should
be similar in the total number between different rea-
nalysis datasets. The tuning of thresholds is based on
the associated precipitation and comparison with the
TPV yearbook (Li et al. 2001-2009; Institute of Plateau
Meteorology, 2010-2018). The details are described in
the support information (see Text.S1 and Fig. S3-S7).
A TPV should satisfy the criterion that its radii during
its lifespan are larger than the specified threshold for at
least three time steps (Table 1). This criterion is kind of
subjective and is set to exclude too small and too weak
systems. A similar approach was used by Murakami
(2014) to analyze tropical cyclones (TCs) based on
reanalysis datasets. In his study, different parameters
are specified for different reanalysis products for the
purpose to obtain a similar number of TCs.
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Fig. 1 The TPV case in June 1998. The square indicates the genesis position of the TPV. The thick line shows the 3000 m isohypse, representing

the outline of the TP

The tracking of TPV is based on an inertial displacement
algorithm proposed by WS06: (1) the displacement of a
TPV should be less than 1000 km in 6 h; and its latitudinal
component should be less than 400 km because the TPVs
mainly move along the westerlies; (2) a TPV is supposed
to move along its last movement which is defined as first
guess position (FGP), and the initial position is taken as FGP
when it’s firstly detected, the nearest candidate low to FGP
is chosen (WS06; Lin 2015). The detection and tracing of
TPVs has some similar features as the cut-off lows, which
is the low pressure systems embedded in the westerlies (e.g.
Nieto et al. 2008 and references therein). The database of
TPVs produced by this study has been posted on Science
Data Bank (https://www.sciencedb.cn/dataSet/handle/556),
which is a data source available freely to the public.

2.3 Typical cases

The tracks of two typical TPVs from different reanalysis
products are shown in Figs. 1 and 2.

Averaged precipitation over the Yangtze River basin dur-
ing June—August of 1998 was 670 mm, much higher than the
multi-year mean during the same period. The cloud systems
associated with the rainstorms in the Yangtze River basin in
1998 were triggered by perturbations originating in the TP and
then moving eastward (Tao and Ding 1981; National Meteoro-
logical Center and National Satellite Meteorological Center
1998). Figure 1 shows a typical TPV observed in June 1998,
which later triggered the heavy rainstorm and skyrocketing
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water levels in the middle reaches of the Yangtze River and
lakes along the river. This TPV originated in the northeastern
Tibetan Plateau, and dissipated near the Korean Peninsula after
moving eastward out of the plateau. The TPV lasted the long-
est in the ERA40 and dissipated until it reached north of the
Sea of Japan. All the five reanalysis products can well describe
the complete process of the TPV activity, although there exist
slight differences in its genesis position and life span.

Figure 2 presents an eastward moving TPV in June 2008. In
all the reanalysis products, the TPVs originate in the western
TP, and then move eastward along the shear line. These TPVs
moved out of the TP in western Sichuan. Similar to the previ-
ous case, this TPV moved eastward along the Yangtze River
and dissipated in eastern China. It triggered heavy rainstorms
and floods in Sichuan, Hubei, and Anhui (Li et al. 2011). The
complete lifespan of the TPV and associated circulations are
similar in all the reanalysis products, and the TPV positions
in the reanalysis products are close at individual analysis time.

The above two typical TPV cases demonstrate that the
TPVs derived from different reanalysis products have similar
tracks. More statistics of TPVs from various reanalysis prod-
ucts will be given later.
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Fig.2 Same as Fig. 1 but for the TPV in June 2008

3 Spatiotemporal variations of the TPV
3.1 Spatial distribution
The generation and dissipation positions of a TPV refer

to the starting position and the last position it can be
detected, respectively. The geographic distributions of the

TPV generation and dissipation positions are important
features of the TPV climatology.

Figure 3 denotes that TPVs are generated in two zonal
genesis regions, i.e., over 78-95°E along 34° N (northern
part) and over 84-90° E along 30° N (southern part) in
the central TP (30—35° N, 75-98° E). The northern part
extends eastward from Bango to northern Naqu, roughly
located along the Karakoram—Qiangtang Plateau with

(a) ERAInterim (b) ERA4O0O (c) JRAS5
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Fig. 3 Annual mean amount of TPVs generated within a box of 1° lonx 1° lat
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the average elevation above 5500 m. The southern belt
roughly coincides with the Gangdese Mountains—Nyain-
gentanglha Mountains. The northern belt is consistent
with the TPV origin proposed in previous studies. Wang
et al. (2009) named it a northeastern Naqu-Gaize-Shenzha
belt. In the present study, the southern belt is detected
due to higher resolution data and finer contour intervals
implemented. The southern belt is part of the Naqu belt
of high TPV genesis in previous studies. The relatively
low-elevation area between the Gangdise Mountains and
the Qiangtang Plateau corresponds to the low frequency
of TPV genesis region. The close relationship between
the distribution of TPV genesis and topography indicates
that the TPVs are highly correlated with the topography-
induced convergence and strong local heating (Feng et al.
2014). Compared to the manually identified TPVs in year-
books (Li et al. 2002-2009; Institute of Plateau Meteorol-
ogy, 2010-2018), the genesis position of TPVs based on
reanalysis products and objective identification method
is located further west. The genesis difference has been
revealed by previous studies (Feng et al. 2014; Lin 2015;
Curio et al. 2019). Curio et al. (2018) compared TPVs
identified via manual and objective tracking, and found
that there are two main reasons for the difference:

(1) it may be because the manual identification used the
radiosonde network data with no observations to the
west of 90 °E. The statistics of manually identified
TPVs (Qian et al. 1984) shows that the number of TPV's
in the western TP in 1979 is much larger than that in
previous statistical results, which is attributed to the
fact that more soundings were obtained in 1979 during
the Atmospheric Science Experiment in the Tibetan

(2) the other reason is that some TPVs are identified at
the right beginning of their formation in the western
TP, whereas they are manually identified as TPVs only
when they deepened and moved to the east.

In the present study, the TPV genesis areas derived from
high-resolution reanalysis datasets like MERRA?2 (Fig. 3d)
and CFSR (Fig. 3e) are more concentrated in the western
TP compared to that derived from coarse-resolution datasets
like JRASS (Fig. 3c). More TPVs generated at the west-
ern TP in the present study compared to that of Lin (2015),
despite the fact that ERAI is used in both studies. This is
because the tracing contour intervals of geopotential height
filed [in step (2) described in Sect. 2.3] in the present study
are finer than that in Lin (2015), which makes it possible
to detect TPVs when they are still weak and located in the
western TP.

Most of the TPVs follow the westerlies to propagate east-
ward and dissipate in the central and eastern TP (Fig. 4) over
(90-100° E, 32-36° N), which is a valley enclosed by Nyain-
gentanglha Mountain to the south side, Bayankala Mountain
to the north and Tanggula Mountain to the west. The area
near (80° E, 35° N) is another region where most stationary
TPVs dissipate.

Some TPVs can move out of the TP and most of these
TPVs reach the Sichuan Basin and the middle and lower
reaches of the Yangtze River, as shown in the two cases
described in the present study (described in Sect. 2.3, Figs. 1
and 2). Several previous studies also described the similar
situation (Luo 1992; Feng et al. 2014; Yu et al. 2014; Lin
2015; Lietal. 2017, 2018a, b; Curio et al. 2019). Compared
with the broad region where the eastward moving TPVs
dissipate, those TPVs that move southward or northward

Plateau; usually dissipate in a small area adjacent to the TP. The
(a) ERAInterim (b) ERA40 (¢) JRASS
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Fig.4 Same as Fig. 3, but for the dissipation of TPVs
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TPV tracks will be discussed in Sect. 4 of the present paper.
In summary, most of the TPVs dissipate near their genesis
area in the western TP, or over the low-elevation area in the
downstream and lee sides of high mountains.

3.2 Diurnal variation

All the five reanalysis products indicate that the highest
frequency of TPV formation occurs in the late afternoon
(12:00 GMT, about 20:00 local time) and the smallest fre-
quency occurs in the early morning (00:00 GMT), as shown
in Fig. 5. More TPVs generate in the nighttime (12:00 and
08:00 GMT) than in the daytime (00:00 GMT and 06:00
GMT). The highest frequency of TPV dissipation occurs
in 00:00 GMT. The diurnal variation of the frequency of
TPV dissipation is less obvious than that of TPV genesis
in all the reanalysis products. The diurnal variations of the
TPV genesis and dissipation are consistent with the diurnal
variations of precipitation and latent heat flux over the TP
(Guo et al. 2014), but they are not consistent with the diurnal
variation of sensible heat flux which is stronger in daytime,
as revealed by Li et al. (2014a, b) and Feng et al. (2014).
This fact implies that the atmospheric heating by latent heat
release associated with precipitation is probably the primary
factor that controls the TPV formation and development (Li
et al. 2014b). Numerical experiments of Dell’osso and Chen
(1986) and Shen et al. (19864, b) yielded the same results.

3.3 Monthly variation

Figure 6 shows that the monthly variation of the occurrence
frequency of TPV exhibits a unimodal feature. The peak
appears in June and July, accounting for 20% of the annual
total TPVs. The lowest frequency occurs in December and
January with the TPVs less than 1% of the annual total.

The second highest frequency occurs in May and August. In
ERAA40 and JRASS, the frequency in May is slightly higher
than that in August (the difference is less than 2%); in CFSR
and MERRAZ2, the frequency in August is higher than that
in May (the difference is larger than 3%). When considering
the distribution of standard deviation, it is obvious that the
distributions in May and August are quite similar. Several
previous studies also showed similar monthly variation fea-
tures (Lin 2015; Feng et al. 2014; Wang et al. 2009), includ-
ing the relatively high and low values in May and August.
For example, based on ERALI the frequency in May is higher
than that in August (Lin 2015); in CFSR, however, the oppo-
site is true (Feng et al. 2014). The feature that the frequency
decreases rapidly after August (Feng et al. 2014) can also
be found in the present study, which is obvious in JRASS
and MERRA?2, while the decrease in ERAI and ERA40 is
less dramatic. The TPV occurrence frequency is the highest
in the summer, followed by that in the spring, and it is the
smallest in the winter. This is a common feature reflected
in all the reanalysis products. The warm season in the TP
(May—September) is also the active period of the TPV, when
about 80% of the TPVs appear during this period. The differ-
ence of active season for TPVs between reanalysis datasets
ERALI and CFSR is also reported by Feng et al. (2014) and
Curio et al. (2019).

3.4 Interannual variation

As shown in Fig. 7, the annual mean number of TPVs aver-
aged over the five reanalysis products is approximately 63.5,
with low numbers ranging within 37-50 and large numbers
ranging within 74—87 among the reanalysis data. The stand-
ard deviations (STDs) are between 7.2 and 11.1. The small-
est STD is from ERAI, indicating the ERAI yields the small-
est interannual variability. The largest STD is from CFSR,

50 50 50
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10 10 104
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Fig. 5 Diurnal variation of the relative frequency (%) of TPVs; the X-axis is shown in UTC, it is 8 h ahead of the local time, thus 00:00 and

06:00 are daytimes, and 12:00 and 18:00 are nighttimes
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Fig. 7 Interannual variability of the annual number of TPVs derived
from each reanalysis dataset. The solid lines show the annual num-
bers in the left graphic. The dots in the boxes plot denote the average

which shows the largest interannual variability. The annual
mean number of TPVs is slightly lower than that manually
identified by Wang et al. (2009) (68/year), but higher than
that (53/year) identified from ERAI by Lin (2015). The TPV
number of 32 in the summer is similar to that found by Li
et al. (2014a, b, ¢). The annual number of TPVs identified is
dependent on the threshold like the TPV intensity, lifespan
and genesis position, etc. Although the interannual vari-
ability of TPV is consistent in all the datasets (as shown in
Fig. 7), the changing trend is different during different peri-
ods and between different datasets. This is why the changing
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numbers, the boxes denote the standard deviations, and the lines show
the maximum and minimum values in the right graphic

trend of the TPV occurrence frequency is different in some
previous studies (like Lin 2015 and Li et al. 2014a, b, c).
High correlations are found between the annual num-
bers of TPVs derived from various datasets (shown in the
upper right corner of Table 2). The correlation coefficients
between annual numbers of TPVs derived from the datasets
used in the present study all are significant at the 0.01 level
except that between the numbers from CFSR and ERA40,
which is 0.453 and significant at the 0.05 level (23a in total,
1979-2001). Note that only those periods when data are
available in both datasets are considered. The correlations
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Table 2 Correlation coefficients between the number of TPVs and
TPV frequencies derived from various datasets

ERAI ERA40 JRAS5 CFSR MERRA?2
ERAI - 0.787 0.44 0.53 0.572
ERA40 0.848 0.367 0.453 0.645
JRASS5 0.621 0.459 - 0.466 0.498
CFSR 0.71 0.551 0.644 - 0.58
MERRA2 0.682 0.646 0.655 0.736 -

Bold indicates significance at 0.01 level. The number of TPVs and
TPV frequency are calculated as: while a TPV maintained for N time
steps, it would be counted as 1 single TPV, but the TPV frequency is
counted as N

between TPV occurrence frequencies (total time steps of
TPVs) derived from these individual datasets all are sig-
nificant at 0.01 level (shown in the bottom left corner of
Table 2). The high correlations between multiple datasets
indicate that it is practical to investigate the climatological
feature of TPV based on reanalysis products. The compari-
son of the TPV activities and tracks between multiple data-
sets are given in Sect. 5.

4 Characteristic parameters of the TPV
4.1 Lifespan

The lifespan of a TPV refers to the period from its genesis to
its disappearance. Although a TPV in each specific time step
is conducted at an instantaneous time, here it is considered
to be lasting for 6-h. In other words, a single time analysis
reveals the vortex condition during a 6-h period. Thereby,
the lifespan is regarded as H=6 XN, where N is the num-
ber of times of a TPV appearing in analysis products. The
lifespan of the TPV ranges from the shortest (the minimum
threshold) of 18 h to the longest of almost 15 days. The
lifespan of most TPVs in the reanalysis products is within
30-36 h except that in the JRASS, in which most of TPVs
have a life span of one day (shown in Fig. 8a). Among all the
reanalysis products, the TPVs with a lifespan shorter than
two days occur most frequently and account for more than
60% of all TPVs, while those with a lifespan longer than
5 days only occur occasionally and account for less than 5%
of all TPVs. Further analysis indicates that most of the TPVs
(about 95%) with a lifespan longer than five days are also
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Fig.8 Frequency distributions of TPV parameters: a lifespan; b maximum vorticity; ¢ mean vorticity; d spatial scale
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the TPVs that can move out of the TP. The average lifespan
of TPVs in JRASS is the shortest, which is probably attrib-
uted to the fact that the resolution of JRASS is the coarsest
among all the five datasets. The life span of TPVs in the five
datasets follows the order of MERRA2 > CFSR >ERAI>E
RA40>JRASS, which implies that the lifespan of TPVs in
a given reanalysis product might be related to the resolution
of the reanalysis: the TPVs with longer lifespan are detected
from datasets with higher resolution.

4.2 Intensity

The probability distribution function (PDF) of TPV inten-
sity, which is measured by the maximum vorticity within
the area of the TPV, is displayed in Fig. 8b. The PDFs from
the five datasets all exhibit a unimodal pattern. The larg-
est probability of intensity is 4~6x 107 s~! in JRASS, and
6~8x107 s~! in ERAI and ERA40. However, the peak of
PDFs in ERAL is larger than that in ERA40, indicating that
the TPV intensity in ERAI is stronger than that in ERA40
with a small account of TPVs whose intensity is above
20x 107> s~!. The probability of TPVs with the intensity
larger than 20X 107 s™! is most frequent in CFSR (about
10%), followed by that in MERRA2 (5%) and ERAI (3%),
and is the least in JRAS55 and ERA40 (less than 1%).

Figure 8c presents the PDF of the TPV intensity meas-
ured by the mean vorticity averaged over the area of the
TPV. The pattern is similar to that in Fig. 8b. It displays
a skewed distribution with the mean vorticity values con-
centrated around 2 ~4 x 107 s~1. Less than 2% of the TPVs
from ERA40, ERAI and JRASS can reach the intensity of
10x107° s~!. However, the TPV intensity is relatively high
in CFSR and MERRA2, with about 5% of the TPVs than can
reach the intensity of 10x 107> s7.

4.3 Spatial scale

The radii of TPVs from these datasets all show a unimodal
distribution pattern with the peak values ranging within
100 ~250 km (shown in Fig. 8d). More than 75% of the
TPVs from the five datasets have a radius ranging within
100~ 500 km, which is consistent with previous studies of
the TPV scale, i.e., the TPV is a mesoscale synoptic sys-
tem (Lhasa Research Group on Qinghai-Xizang Plateau

Meteorology 1981; Luo 1992; Lin 2015; Hunt et al. 2018).
Furthermore, ERAI and ERA40 have fewer small-scale
TPVs but more large-scale TPVs (larger than 225 km).
Small and large TPVs both are fewer in JRASS. The situa-
tions in CFSR and MERRA?2 are between the ERAI/ERA40
and JRASS.

4.4 Tracks of TPVs moving out of the plateau

TPVs moving out of the TP tend to induce more precipita-
tion downstream than over the TP. However, only a limited
number of TPVs can move out of the TP. Depending on
reanalysis products, the TPVs moving out of the TP account
for about 11.5~14.3% of all TPVs (as shown in Table3).
This ratio is similar to that revealed by Wang et al. (2009),
Yu et al. (2007) and Lin (2015). The TPVs are classified
into three types based on their disappearing positions, i.e.,
eastward moving, northeastward moving, and southward
moving.

(1) The eastward moving TPVs are the most common type,
which account for 7.1 ~7.9% of all TPVs and 60% of
those moving out of the TP. As shown in Fig. 9a, these
TPVs may originate anywhere over the TP and dis-
sipate over a broad region from Sichuan Basin to the
middle and lower reaches of the Yangtze River valley
after moving out of the TP. This eastward moving path
actually includes the southeastward path proposed by
Yu et al. (2014). Only a few parts of TPVs move out
of the TP following the southeastward path and these
TPVs usually dissipate in Yunnan-Guizhou Plateau.

(2) The northeastward moving TPVs accounts for 2.1-3.9%
of all TPVs and 19-30% of those moving out of the TP.
Most of the TPVs originate to the north of 30° N and
dissipate over the Loess Plateau and southern Xinjiang
after moving out of the TP, as shown in Fig. 9b.

(3) The TPVs moving southward are the least, which
account for 1.3~2.8% of all TPVs and 10~19% of
those moving out of the TP. This path has never been
found before, and it might be due to the fact that the
analyzed radiosonde network is mainly located in
China. To inspect the reliability of this moving path,
we have examined each individual TPV that is identi-
fied as moving out of the TP following this path. As

Table 3 Annual mean numbers

. All moving off Eastward path Northeastward path Southward path

of TPVs moving out of the TP

fO}IO}Ning various ll;ilt"ll?\/ ar(lfi the ERAI 8.4 (12.9%) 4.9 (7.6%) 2.4 (3.8%) 1.1 (1.5%)

relative ratios to a s (in

brackets) for the five reanalysis ERA40 7.3 (11.5%) 4.5 (7.1%) 1.4 (2.2%) 1.4 (2.3%)

datasets JRASS 8 (12.6%) 5(7.8%) 2.2 (3.5%) 0.8 (1.3%)
CFSR 8.8 (13.9%) 4.4 (6.9%) 2.8 (4.4%) 1.6 (2.5%)
MERRA2 9.1 (14.3%) 4.8 (7.6%) 2.5(3.9%) 1.8 (2.8%)
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Fig.9 Paths of TPVs moving out of the TP. The number on the upper
right corner of each panel is the percentage of TPVs following the
specific path, the blue dots denote the genesis positions of TPVs, the
red dots indicate the positions where TPVs disappear, the thin black
lines show the TPV paths, the thick yellow line indicates elevation

shown in Fig. 9c, it is found that these TPVs mostly
originate in the southwestern TP and dissipate in the
northern India Peninsula and Bay of Bengal. Fig. S10
shows the composited large-scale circulation, which
has a pattern different to that corresponding to the other
two paths (shown in Figs. S8 and S9). It indicates that
TPVs move southward out of the TP when the Iranian
high-pressure system at 500 hPa intensifies and extends
eastward to the western TP. These TPVs moved out of
the TP under the steering flow of northwesterly over
western TP. This special path may imply that the TPVs
can affect the northern Indian Peninsula, an aspect that
has not been revealed in earlier studies which may be
due to that only the eastward TPVs are identified as the

above 3000 m. From top to bottoms are results from ERAI, ERA40,
JRAS5, CFSR, MERRA2, respectively; from left to right shows
the westward path, the northeastward path, and the southward path,
respectively

moving-off cases, e.g. Curio et al. (2019) and Li et al.
(2020).

5 Differences between various reanalysis
products

In order to further analyze the consistency of TPVs in vari-
ous reanalysis datasets, the TPVs from each dataset are com-
pared with those from other datasets. If the distance between
a given TPV in one dataset and the TPV at the same time in
another dataset is less than 500 km, then the TPV position
is regarded as matching with the reanalysis dataset. If more
than 50% positions or four time steps of a given TPV in one
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dataset match with that in another dataset, then the TPV path
is regarded as matching with the dataset.

5.1 Difference in the TPV paths

Table 4 lists the matching rates of TPVs between various
reanalysis products. Each number in Table 4 represents the
matching rate between TPV paths for the dataset shown in
the corresponding row and column. For example, in total
there are 2466 TPVs in ERAI and 1501 out of 2466 TPVs
can match with those from ERA40, and thus the matching
rate is 1501/2466 X 100% = 60.9%.

Table 4 shows that the matching rates between various
datasets all are above 50% except that with JRASS5. Higher

Table 4 Matching rates (%) of TPV track between various datasets

ERAI ERA40 JRAS5 CFSR MERRA?2
ERAI - 60.9 47.7 59.7 62.4
ERA40 579 - 38.7 50.6 52.1
JRAS5 63.1 55.2 - 57.6 60.2
CFSR 59.9 53.7 423 N 60.6
MERRA2 59.3 50.7 42.1 55.9 -

Each number is the matching rate between datasets in its correspond-
ing row and column. The maximum (second largest) value in each
row is in bold (italic)

matching rates indicate that the reanalysis products are con-
sistent with each other with respect to the TPVs. Therefore,
it is practical to study TPVs based on reanalysis products as
proposed by Lin et al. (2013), Feng et al. (2014), Lin (2015)
and Curio et al. (2019). The matches between multiple rea-
nalysis products suggest that ERAI may be the best dataset
for TPV study, followed by the MERRA2.

The critical factor that affects the matching rate is the
lifespan of the TPV. Figure 10 shows that TPVs with longer
lifespan often correspond to a larger matching rate. Those
TPVs that last longer than 4 days show 60-80% of consist-
ency between various datasets, while those last less than
2 days show only 25-50% of consistency. This is partly
because TPVs with longer lifespan are also TPVs with
stronger intensity (Feng et al. 2014), and stronger TPVs may
have higher possibility to be matched in various datasets.
TPVs that move out of the TP have a much longer lifespan
(Li et al. 2014b, 2018a, b; Yu et al. 2014, 2016; Feng et al.
2014).

5.2 Differences in the position of TPV

Table 5 lists the matching rates of TPV positions derived
from multiple reanalysis datasets. Compared with the match-
ing rates of TPV paths, the matching rates of TPV positions
are relatively low. Further examination reveals that the posi-
tion matching rates for TPVs that match in their paths are
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Fig. 10 Distributions of the matching rate (%) between various reanalysis datasets for TPVs of various lifespans derived from: a ERA-Interim; b
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Table 5 Matching rates (%) of TPV positions

ERAI ERA40 JRAS5 CFSR MERRA2
ERAI - 57.3 48.6 57.2 60.8
ERA40 53.6 - 39.8 46.1 50.1
JRAS5 61.6 54.4 - 56.2 60.4
CFSR 55.2 49.5 42.9 - 56.7
MERRA2 53.5 47 41.8 51.1 -

Each number is the matching rate between the datasets in the corre-
sponding row and column. The maximum (second largest) value in
each row is in bold (italic)

much higher than that unmatched. It is not unexpected that
the ERAI is the best with respect to the matching rate. The
MERRA? ranks the second.

Following the increase in the TPV intensity, the TPVs
become more consistent in different datasets (as shown in
Fig. 11). Generally, stronger TPVs are often accompanied
with longer lifespan, more precipitation and higher possibil-
ity to move out of the TP, and thus can have more significant
impact. The high consistency of TPVs in various datasets
suggests that the results of the present study can be a help-
ful reference for the study of TPV activities. Based on the
matching rates of TPV detection and TPV paths, the usabil-
ity of the five reanalysis datasets for tracking TPVs can be
ranked as ERAI>MERRA2 > CFSR > ERA40 > JRAS5S.

6 Discussions

Table 6 lists the results of previous studies on the activ-
ity of TPVs. It presents a wide variance between results
of the manual tracking and the objective tracking, which
is largely attributed to difference for the identification of
weak and small-size TPVs. The four major causes for the
difference can be summarized as follows: the sparse obser-
vatory network over the TP, the subjectivity of manual
identification or the parameters used in objective tracking,
the difference in tracking method and variables used, and
the performance of the reanalysis datasets (Curio et al.
2018). The common features of TPVs found in all results
are: (1) the TPVs active months is the warm season, i.e.,
May-September; (2) more TPVs over the western TP can
be detected from the reanalysis datasets than from the
weather charts, and this is true no matter whether objec-
tive or manual detection method is used; (3) the moving
off TPVs only account for a small part of total TPVs.

It seems that the identification based on relative vorti-
city tends to get more TPVs than that based on geopoten-
tial height. It might be attributed to two reasons: one is
that a TPV can be detected in its earlier genesis stage via
relative vorticity when it appears without a low pressure
center; the other is that some cyclonic systems such as
troughs and fronts might be mistakenly identified as TPVs.

100 100 100
(a) ERAI (b) ERA40 (c) JRASS
80 7 | 801 80 .
. T n n . °
) + u | : v
601 0 N 601 " oot g |, v
404 © ' 40 + 40
+ g
201 201 ¥ 201
0 T T T T T 0 T T 1 T T 0 T T T T T
1-5 5-10 10-1515-20 >20 1-5 5-10 10-1515-20 >20 1-5 5-10 10-1515-20 >20
100 100
0. (d) CFSR o) (e) MERRA2 . ERA
. ° ERA40
| . 5 | - B = + JRASS
0 o v o+ H|® - CFSR
401 9 : ! 401 i : MERRA2
0] 204 *
WLS 5—IWO WOL15 15L20 >]20 WLS 5—I1O WOL15 WSLZO >|20

Vorticity /107 s~

Fig. 11 Distribution of the matching rate (%) between various reanalysis datasets for TPVs with various maximum vorticity derived from: a
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Table 6 Annual mean TPVs numbers in previous studies
Main reference Method Data source Variable used Mini- Mini- Minimum size Yearly mean Mean amount  Period
mum mum (Seasons) (ratio) of mov-
lifespan  Intensity ing off
Wang et al. Manual Weather charts Z & W - - - 68 (May-Sep) 6.8 (10%) 1980-2004
(2009)
Liet al. Manual NCEP/NCAR Z - - - 32 (Jun-Aug) 1.3 (4%) 1980-2010
(2014a)
Feng et al. Auto CFSR ¢ 6-h >0 L>2° 103 (Apr-Oct) 8.7 (8.5%) 2000-2009
(2014)
Lin (2015) Auto  ERA-Interim Z 18-h ¢>0 A>10*km> 53 6.7 (13%) 19792013
TPV yearbook Manual Weather charts Z & W - - - 45 9.7 (21%) 2001-2016
Curio et al. Auto ERA-Interim ¢ 24-h >2 L>400 km 154 31 (20%) 1979-2015
(2019)
- Auto CFSR ¢ 24-h L >400 km 269 53 (20%) 1979-2015
Present study Auto ERA-Interim Z 18-h > R>145 km 63.5 8.4 (12.9%) 19792017
- Auto ERA-40 z 18-h >1 R > 140 km 63.5 7.3 (11.5%) 1958-2001
- Auto JRASS z 18-h c>1 R>60 km 63.5 8 (12.6%) 1958-2017
- Auto CFSR z 18-h c>1 R>170 km 63.5 8.8 (13.9%) 1979-2017
- Auto MERRA2 VA 18-h t>1 R>155km 63.5 9.1 (14.3%) 1980-2017

¢ is relative vorticity at 500 hPa, with a unit of 10° s Zis geopotential height at 500 hPa; W is horizontal wind at 500 hPa; L is the horizontal
dimension of TPV; A is the area of TPV; R is radius of TPV. In last 5 rows, the "minimum size" and the "minimum intensity" column means the
TPVs should satisfy the both conditions for at least 3 time steps in lifetime span. The “minimum size” of Curio et al (2019) is operated by the
spectral filtering to remove total wave-numbers larger than 100 (smaller than 400 km)

In general, objective identification and tracking of TPVs
based on reanalysis and other model-based datasets can
be the direction of future TPV studies. It is automatic and
reproducible compared to manual tracking, especially when
huge amounts of data need to be processed. As pointed out
by Curio et al. (2019), the high-resolution global climate
model can represent the TPV climatology. Therefore, iden-
tification of TPVs can be used to reveal its development
mechanism in the long-term modeling instead of modeling
a single case, and can be used to assess the future of TPVs
with the models’ projection (e.g. CMIP6).

7 Summary

Five widely used reanalysis datasets, i.e., ERAI, ERA40,
JRASS, CFSR and MERRAZ2, are used in the present study
to investigate the climatological features of the TPVs. The
TPVs and related parameters are posted on the website to
provide helpful information for the studies of the TPVs. The
main conclusions are as follows.

(1) High spatiotemporal consistency is found between mul-
tiple reanalysis datasets, including the spatial distribu-
tion of the TPV genesis and dissipation, the diurnal
cycle of the TPV activity, the seasonal and interannual
variability of the TPV. The matching rates of the TPV
paths and positions are high between different datasets.

@ Springer

The highest matching rates are found for ERAI, fol-
lowed by those for MERRAZ2. The matching rates are
the lowest for JRAS5S due to its coarse resolution.

The annual mean number of TPV genesis is about 63.5,
which mainly form at the high-elevation area above
5500 m and dissipate in valleys and the lee side of the
eastern TP slope, where the elevation is relatively low.
Most of the TPVs occur in the warm season (May—Sep-
tember). More TPVs form in the nighttime than in the
daytime, while the opposite is true for their dissipation.
Probability distribution functions of the TPV lifespan,
intensity and spatial scale are obtained, which indicate
that TPVs from high-resolution datasets usually have
longer lifespan, stronger relative vorticity, and larger
spatial scale.

Less than 15% of the TPVs can move out of the TP, and
they follow the eastward, northeastward, and southward
paths. The eastward path is the primary path for TPVs
to move out of the TP, and the southward path is first
revealed in the present study.
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The climatology of TPVs had been investigated through
variant data source, i.e. the weather charts and reanalysis
datasets. The comparable difference between reanalysis
datasets brings some different performance of TPVs due to
the data sources (Curio et al. 2018, 2019; Li et al. 2020).
However, even the yearbooks of the TPVs are not fully reli-
able, due to the lack of observation data and the subjectivity
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of artificial identification. This study provides the basic
climatological characteristics of the TPVs through multi-
ple reanalysis datasets, and provides a database for other
studies. The high consistency of the TPV’s characteristics
produced by variant reanalysis datasets shows the robust-
ness of the present studies to avoid the uncertainties of indi-
vidual data source. Therefore, the objective identification
method has potentiality to assess the future changes of TPVs
from model-based datasets (Curio et al. 2019), the results
obtained in this study can afford a baseline for the perfor-
mance assessment and the parameter adjustment. A feasible
way to obtain the best dataset of the TPVs is to synthesize
the results derived from various methods and different data
sources, just like the efforts on the tropical cyclone (Knapp
et al. 2010). Our work might be an imperfect but important
step to achieve that goal.
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