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Abstract

Based on hourly geostationary satellite temperature-of-black-body data, 9,754
mesoscale convective systems (MCSs) are found to form over the Tibetan Pla-
teau (TP) during 16 warm seasons. In the whole study period, neither the
occurrence numbers of these MCSs nor their other key characteristics are
found to have a significant trend of increasing/decreasing. The MCSs can form
anywhere over the TP, and ~6.6% of them can move eastward and vacate the
TP (defined as the eastward-moving type [EMT]). The EMTs' mean occurrence
frequency and lifespan are ~0.3 per day and ~12.0 hr, respectively. Compared
to the MCSs that do not vacate the TP, the EMTs usually have stronger inten-
sity, longer lifespan, and develop more rapidly but generate in a drier environ-
ment. The vacating stage of an EMT usually begins in the latter half of its
lifespan, and an EMT tends to reach its maximum cloud area when it is about
to vacate the TP. After vacating the TP, an EMT usually weakens at first and
then enhances again. Vorticity budget indicates that the convergence-related
horizontal shrinking and the convection-related vertical vorticity transport
govern the cyclonic-vorticity increase/maintenance associated with the longer-
lived EMTs. Of all the EMTs, only ~8% are associated with southwest vortices
(SWVs), and the precipitation related to these EMTs contributes ~20% to the
local hourly heavy precipitation. Compared to the EMTs that are not related to
SWVs, those that are generally vacate the TP sooner, last longer having
vacated the TP, and have longer whole lifespans.
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1 | INTRODUCTION

Often referred to as the “third pole” of the world, the
Tibetan Plateau (TP) is known for its high altitude, large
area, and complicated terrain. The dynamical and ther-
mos-dynamical effects associated with these geographical
features are remarkable and impact hugely the atmo-
spheric circulation around the TP and even worldwide
(Ye and Gao, 1979; Zhao et al., 2018). In warm seasons
(May-September), the TP acts as a heating source and
contributes to the highly frequent occurrences of meso-
scale convective systems (MCSs) on the TP (Ye and
Gao, 1979; Yang et al., 1992; Wang et al., 1993). These
MCSs play an important role in precipitation over the TP
and its downstream regions (Fu et al., 2010; Hu et
al., 2016).

Due to the importance of the MCSs over the TP,
much efforts have been made in this field for decades.
For instance, the formation and development processes
of MCSs over the TP were investigated by Jiang et
al. (1996) and Chen et al. (1999) Their results showed
that MCSs' formation was mainly due to the local ther-
mal effect over the TP. Zhu and Chen (1999) suggested
that there were two high-frequency centers of MCSs over
the TP, one was situated in the southwest TP and the
other was located at the northwest TP. Jiang and
Fan (2002) found that MCSs over TP could be roughly
categorized into three groups: quasi-stationary (account-
ing for a majority); eastward propagating but not vacating
the TP; eastward propagating and vacating the TP (low
proportion). Sugimoto and Ueno (2010) pointed out that
the southeast-northwest gradation of the soil moisture
distribution over the TP could induce MCSs in the east-
ern TP. Hu et al. (2016; 2017) conducted a statistical anal-
ysis on the origin, spread, lifespan, precipitation,
thermal, and dynamical features of the MCSs over the
TP, and compared the similarities and differences
between MCSs over the eastern TP and middle TP.

As mentioned above, statistical studies on the MCSs
over the TP are an effective way to enhance the under-
standing of this type of system. All such statistical studies
require a dataset that are sufficiently long and reliable.
However, compared to many other regions, station obser-
vational data are scarce over the TP (Zhao et al., 2018)
because of its harsh natural conditions. Therefore, satel-
lite observational data may represent the only reliable
choice for statistical studies of MCSs over the TP. As a
mesoscale process, fine temporal resolution is necessary
to identify MCSs accurately. Based on the temporal reso-
lutions of satellite data used to detect MCSs over the TP,
previous studies can be classified roughly into three
groups: (a) greater than three-hourly, for example, early
studies that used data from the Television Infrared

Observation Satellite and Nimbus satellites (Flohn and
Reiter, 1968; Qian et al., 1984); (b) three-hourly (or
approximately so), for example, studies that used (1) deep
convection data from the International Satellite Cloud
Climatology Project (ISCCP) (Li et al., 2008), (2) precipi-
tation-features data from the Tropical Rainfall Measuring
Mission (TRMM) (Qie et al., 2014; Xu and Zipser, 2015),
and (3) an improved ISCCP convection tracking database
(Hu et al., 2016; 2017); (c) hourly, for example, studies
that used (1) Japanese Geostationary Meteorological Sat-
ellite data (Jiang et al., 1996; Jiang and Fan, 2002), (2)
Meteosat-5 data (Sugimoto and Ueno, 2010), and (3) Chi-
nese Fengyun-2C data (Fu et al., 2011).

Compared to the satellite data used in groups (a) and
(b), the hourly data in group (c) are more reliable for
tracking MCSs generated over the TP. However, related
studies to date have focused mainly on relatively short
study periods (i.e., no more than 9 years) (Sugimoto and
Ueno, 2010) and rarely include analyses of satellite data
later than 2006. Even for studies in groups (a) and (b),
satellite data later than 2011 are rarely used. Therefore,
to understand MCSs over the TP more comprehensively,
it is necessary to focus on a longer study period and
include new satellite observations in the analysis.

As documented in previous studies (Jiang and
Fan, 2002; Fu et al., 2011; Hu et al., 2016), the MCSs gen-
erated over the TP can be classified roughly into two
types: (a) those that move eastward and vacate the TP
(referred to hereinafter as the eastward-moving type
[EMT]) and (b) those that either do not move eastward or
do so but dissipate over the TP (referred to hereinafter as
the non-eastward-moving/dissipating type [NDT]). The
differences between EMTs and NDTs have been
addressed in related studies (Chen et al., 1999; Zhuo et
al., 2002; Dai et al., 2007; Fu et al., 2011; Zhao et
al., 2018). Nevertheless, some key features of these two
types remain rarely discussed. The EMTs show distinct
features related to whether they are over the TP or have
vacated it. Having vacated the TP, some EMTs last for
relatively shorter times whereas others can last longer
and exert more influence on downstream regions. The
outstanding questions are (a) How do the key features of
an MCS change upon vacating the TP? (b) What are the
main differences between longer- and shorter-lived
EMTs? (c) Which factors govern the evolution of longer-
lived EMTs? In addition, some EMTs can induce south-
west vortices (SWVs) upon vacating the TP (Zhao et
al., 2004; Fu et al., 2010; Fu et al., 2019). However, the
statistical relationship between SWVs and EMTs remains
to be determined.

As mentioned above, the main aims of the present
study are (a) to supplement the statistical understanding
of MCSs over the TP by analysing hourly satellite data
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from a longer period that contains more-recent observa-
tions, (b) to determine key differences among different
types of MCSs and verify the main changes that occur
when EMTs vacate the TP, (c) to show the main factors
governing the evolution of longer-lived EMTs, and (d) to
illustrate the statistical relationship between EMTs and
SWVs. Because MCSs over the TP occur most frequently
and have strongest intensity in the warm season (May-
September) (Hu et al., 2016), and their associated torren-
tial precipitation also mainly appears in this period (Zhao
et al., 2004; Zhao et al., 2018), in the present study we
focus only on those MCSs generated in warm seasons.

The remainder of this paper is structured as follows.
In Section 2 we present our data and methods, and in
Section 3 we discuss the key statistical characteristics of
MCSs generated over the TP. In Section 4 we analyse the
composite features of different types of MCSs, in Section 5
we calculate the contribution of MCS-related precipita-
tion, and in Section 6 we establish the relationship
between EMTs and SWVs. Finally, in Section 7 we show
the conclusion and discussion.

2 | DATA AND METHODS

2.1 | Data

In the present study, the hourly 0.05° X 0.05° tempera-
ture of black body (TBB) data observed by five geostation-
ary satellites (GMS-5, GOES-9, MTSAT-1R, MTSAT-2,
Himawari-8) in the infrared range (Table 1) are used to
detect and track MCSs generated over the TP during the
warm seasons of 2000-2016. This TBB product were pro-
vided by Japan Meteorological Agency (JMA) through
Kochi University website (http://weather.is.kochi-u.ac.jp/
archive-e.html). Table 1 shows the periods and

TABLE 1
each of the satellites

Periods and specifications used in this study for

Infrared

Satellite Period wavelength (pm)
GMS-5 May 1, 2000, 00UTC-May 11.0

21, 2003 23UTC
GOES-9 May 22, 2003, 00UTC-Sep  10.7

30, 2004 23UTC
MTSAT-IR  May 1, 2006, 00UTC-Sep ~ 10.8

30, 2010 23UTC
MTSAT-2 May 1, 2011, 00UTC-Jul 10.8

1, 2015 23UTC

Himawari-8  Jul 7, 2015, 00UTC-Sep 10.4
30, 2016 23UTC

of Climatology

specifications of the satellites used in this study. It should
be noted that, although the TBB data are from multiple
satellites that used different sensors and/or data
processing procedures, the intercalibrations among these
satellites in terms of the thermal infrared band (IR1) indi-
cate that the differences of the brightness temperature
among these satellites are less than 1 K (Tahara
et al., 2004; Tahara and Ohkawara, 2005; Murata
et al., 2015). This means that the errors due to using dif-
ferent sensors and/or data processing procedures can be
ignored in this study.

To analyse the MCSs' circulations, we use the six-
hourly 0.5° X 0.5° Climate Forecast System version 1
(2000-2010) (Saha et al., 2006) and version 2 (2011-2016)
(Saha et al., 2014) Re-analysis data (CFSR) from the
National Centers for Environmental Prediction (NCEP).
To analyse the local precipitation related to the MCSs, we
use the half-hourly 0.0727° x 0.0727° National Oceanic
and Atmospheric Administration CPC Morphing Tech-
nique (CMORPH) high-resolution precipitation data
(Joyce et al., 2004) and rain-gauge-based hourly accumu-
lated precipitation data from the China Meteorological
Administration (CMA). CMORPH uses precipitation esti-
mates that have been derived from low orbiter satellite
microwave observations exclusively. Their features are
transported via spatial propagation information that is
obtained entirely from the geostationary satellite IR data.

Because the JMA satellite TBB data could be missing
or incomplete, we begin by checking the data integrity
rate, which is simply calculated by the times of data
available to the whole times in each year/month, to
ensure reliable statistics. It is found that, except for 2005,
during which the data integrity rate is only ~66.1% (not
shown), the data integrity rates for the other periods (by
year/month) are mostly above 90% (Figure 1). Therefore,
the present focus period comprises the 16 warm seasons
from 2000 to 2016 excluding 2005.

2.2 | Tracking methods and key
parameters

To identify an MCS, one must first specify standards for
its area, intensity, and lifespan (Maddox, 1980; Augustine
and Howard, 1991). Based on previous studies and the
characteristics of MCSs over TP, the following standards
are used herein to identify MCSs: (a) the MCSs must
form within the region 26-40°N, 75-103°E, where the
altitude exceeds 3,000 m (Figure 2); this guarantees that
they are generated over the TP. (b) their cloud area with
TBB < —52°C must exceed 5,000 km?. The TBB standard
of <—52°C is determined following those documented in
Zheng et al. (2008) and Yang et al. (2018), both of which
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(a) (b)
100% -
100% ]
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85% T T T T T 85%
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FIGURE 1 Data integrity (units: %): (a) yearly; and (b) monthly

40°N

20°N

0 800 1,600 2,400 3,200 4,000 4,800 5,600 6,400 7,200 8,000

FIGURE 2 Terrain height of the TP (shading, units: m). MCSs
generated within the red box (26-40°N, 75-103°E) with a height
above 3,000 m are considered to be generated over the TP

point out that this standard is appropriate for identifying
MCSs that are generated over the TP and TP's surround-
ing regions. Moreover, Laing and Fritsch (1997), and
Yang et al. (2015) also used —52°C as the criterion in
their studies. The area standard is determined following
Mathon and Laurent (2001), who find that if the lower
limit of MCS area is set <5,000 km? the number of
detected MCSs will increase greatly and thus regenera-
tions of these systems might be missed. In addition, Yang
et al. (2018) has confirmed the validation of the area stan-
dard (>5,000 km?) in regions surrounding the TP. (c) cri-
terion 2 must be satisfied for at least three consecutive
hours, since Parker and Johnson (2000) has suggested
that an MCS's time scale is ' (where f is the Coriolis
parameter). It is around 3 hr at mid-latitudes.

2000 2001 2002 2003 2004 2006 2007 2008 2009 2010 2011 2012

T T T T T

2013 2014 2015 2016

The time at which an MCS meets condition 2 for the
first time is defined as when it forms, and the time at
which an MCS either no longer meets condition 2 or
merges with a larger MCS is defined as when it dissi-
pates. The period between the formation and dissipation
of an MCS is defined as its lifespan. At any given hour,
the location of the centroid of an MCS is taken as its posi-
tion. We define 103°E as the eastern boundary of the TP;
if an MCS moves farther east than 103°E then it is
deemed to have vacated the TP. Therefore, in the present
study, an MCS vacating the TP means simply that it
moves farther east than 103°E. Based on the position of
an EMT relative to 103°E, its lifespan can be divided into
two stages, namely (a) when it is over the TP (before it
vacates) and (b) when it is off the TP (after it vacates).

Accurate tracking of MCSs is vital for a statistical study
on MCSs such as this work. This will effectively differ the
locally generated MCSs from those moving in. To ensure
the accuracy of MCS tracking, all the MCSs studied herein
were first detected by an automatic tracking algorithm that
has been confirmed to be effective (Li, 2010), and then ver-
ified manually. For computational efficiency, the tracking
range was restricted to 20-45°N, 70-113°E; tracking was
stopped if an MCS exited this range. Nevertheless, we
found from manual verifications that very few MCSs
(~0.1%) exited this range, making it appropriate for the
present study. The automatic tracking algorithm was
developed by Li (2010) and involves five main steps:

1. read TBB data at time ¢, and use the nine-point
smoothing method to remove noise interferences;

2. identify MCSs according to the area and intensity
standards discussed above and obtain key features of
the MCSs at time ¢;
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3. read data at time ¢ + 1 and repeat steps (1) and (2);
4. match MCSs detected at times t and ¢t + 1;

The following three standards are used to match
MCSs: (a) the distance standard—from time ¢ to ¢ + 1,
the displacement of an MCS's center should be less than
165 km; (b) the R-descriptor standard (Lu et al., 1987),
which is approximately invariant during translation, rota-
tion, and scaling of an MCS; (c) the Hu-moment standard
(Hu, 1962), which is effective for shape recognition.

5. loop steps (1)—(4) until the end of the study period.

Note that although the tracking algorithm performs
well in identifying and tracking MCSs, it generates obvi-
ous errors when MCSs split or merge, as do many other
algorithms. Therefore, it is necessary to verify and correct
(where necessary) the detected MCSs manually. Based on
the correction methods documented in Mathon and
Laurent (2001) and Feng et al. (2012), our correction
method includes three key points: (a) when two or more
MCSs merge together, the merged MCS is assumed to be
the continuation of the largest MCS, while the smaller
MCSs are terminated; (b) when an MCS splits into sev-
eral smaller parts, the largest part is assumed to continue
tracking as the original system and the smaller parts are
assumed as formation of new MCSs if they can satisfy the
MCS criterion; (c) the corrected MCSs must satisfy the
criterions used in the automatic tracking algorithm. In
the present study, all the MCSs detected by the tracking
algorithm underwent three rounds of manual verifica-
tion, thereby ensuring reliability.

2.3 | Standardized time and area
growth rate

Because MCSs can have different lifespans, we define the

following standardized time (ST) to represent certain
stages during MCSs' lifespans by using a percentage and

(@)

93.4%, 5.5hr

FIGURE 3 Panel (a) shows
respective contributions of EMTs and \

NDTs to the total MCS numbers, as 6.6%,

well as their mean lifespans. Panel
(b) illustrates contributions of
different lifespans to the total EMT
and NDT numbers, respectively

of Climatology

to compare typical stages in the lifespans of differ-
ent MCSs:

tr
ST=—, 1

where fr is a typical time (e.g., halfway through the
lifespan) of an MCS and WL is its lifespan.

In this study, the area growth rate (AGR) of an MCS
is defined as

S(t)-S(t-1)

AGR= ,
S(t—1)

(2)

where S is the cloud area of the MCS as determined by
the tracking algorithm, ¢ is the current time, and ¢ — 1 is
the previous time.

2.4 | Vorticity budget

As the evolution of an MCS can be effectively reflected by
vorticity (Fu et al., 2010; 2011), a vorticity budget is used to
understand its variation. The equation (Fu et al., 2017) is as
follow:

%:—VWVP,Z:— a)% +k- %xvhw - P —(+f)Vr' Vi, +RES, (1).
N—— &p ap ~N ——
HAV —_ ——

VAV TIL

STR

where ¢ stands for the relative vorticity, V,, = ui+vj is
the horizontal wind vector, Vh=aixi+aiyj , vectors (i,j,k)
are the unit vectors pointing to the east, north, and
zenith, respectively, the subscript h represents the hori-
zontal component, p is pressure, f is the Coriolis parame-
ter, = dp/dt, and p = Jdf/dy. Terms HAV and VAV
denote the horizontal and vertical advection of vorticity,
respectively; TIL is tilting; APV represents the advection
of planetary vorticity, because this term is much smaller
than the other four terms, it is only used in calculating
the total effect (TOT); STR is stretching; and RES is the

(b) 40%

W EMTs 35% =his

< 70% —NDTs
30%
25%
20%
15%

11.9 hr 10% 3.6%

5% Ll

0%
3 6 9 12 15 18 21 24 27 30
Lifespan (hr)
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residual effect. TOT = HAV + VAV +TIL + APV + STR,
which represents the total effect.

3 | STATISTICAL
CHARACTERISTICS OF DIFFERENT
TYPES OF MCS

3.1 | Occurrence frequency and lifespan
During the 16 warm seasons, 9,754 MCSs were generated
over the TP, equivalent to around four MCSs per day.
Therefore, MCSs are active over the TP during the warm
season. Of these 9,754 MCSs, only around 640 were
EMTs (Figure 3a), equivalent to around two EMTs per
week; the remaining MCSs (9,114) were all NDTs. There-
fore, EMTs do not occur frequently. The mean EMT
lifespan is ~12.0 hr, more than twice the NDT one
(~6.0 hr), meaning that EMTs generally last much longer
than do NDTs.

The distributions of EMT and NDT lifespans are
shown in Figure 3b. For both EMTs and NDTs, shorter-
lived MCSs are in the majority. Compared to that of
NDTs, longer-lived EMTs account for a larger contribu-
tion in their total numbers. Only around 25% of all NDTs
last longer than 6 hr, whereas around 70% of all EMTs do

(@)

800
700
600
S

o
o

4

o
o

3

(=]
o

2

[=3
o

1

o
o

(b)
2500
00
1500
1000
)
0 0
May Jun Jul Aug Sep

so. In addition, ~8.4% (resp. ~0.3%) of all EMTs (resp.
NDTs) persist for more than 24 hr, while only EMTs
(~3.6%) persist for more than 30 hr. Overall, EMTs tend
to account for a larger percentage of the total number of
MCSs than that of NDTs, as the MCS lifespan increases.

3.2 | Temporal variation features

3.21 | Warm-season variations
In each warm season, the MCSs generated over the TP
show different features. The maximum number of MCSs
formed in a warm season was 798 in 2016 and the mini-
mum was 445 in 2015. During the study period, the mean
percentage contribution of EMTs to the total number of
MCSs was ~6.6%. However, the annual contribution var-
ies considerably, with a maximum of around 9.8% in
2003 and a minimum of around 4.9% in 2012 (Figure 4c).
The warm-season mean lifespan of the MCSs gener-
ated over the TP also exhibits obvious changes during the
study period (not shown). For EMTs and NDTs, the max-
imum warm-season mean lifespans are ~14.0 hr in 2012
and ~6.0 hr in 2014, respectively, and the corresponding
minima are ~9.0 hr in 2000 and ~5.0 hr in 2002,
respectively.

3000
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FIGURE 4 Warm-season (a, ¢) and monthly (b, d) variations of different types of MCSs, where (a-b) are the numbers, and (c-d) are
the respective contributions (units: %) of EMTs and NDTSs to the total MCS numbers
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3.2.2 | Monthly variations

The MCSs generated over the TP feature significant
monthly variations (Figure 4b,d). On average, the MCSs
generated over the TP in July and August account for
more than 60% of the total number of MCSs (Figure 4b),
whereas, those that form in May only account for a con-
tribution of ~10.7%. The percentage of EMTs each month
shows a trend that is approximately opposite to that of
the total number of MCSs each month (see Figure 4b,d).
The respective proportions of EMTs in July and August,
namely ~3.6 and ~3.8%, are much less than those in the
other months, whereas the largest EMT contribution
appears in May, namely ~15.6% (Figure 4d). This
remarkable monthly variation in EMT contribution is
closely related to the enhancement of the West Pacific
subtropical high from Spring to Summer, and the varia-
tion in latitude of the westerly jet over the TP (Hu et
al., 2016), which undergoes two northward shifts during
the transition season from winter to summer (Li et
al., 2004). The EMTs and NDTs show consistent features
in their respective mean lifespans: they both experience
maximum monthly mean lifespans in July (~15.0 hr for
EMTs and ~6.0 hr for NDTs), followed by August
(~13.0 hr for EMTs and ~6.0 hr for NDTs), and they both

May Jun

‘g

May Jun

FIGURE 5 Panel (a) shows the
monthly mean maximum TBB
gradients (units: K km™") of EMTs
(blue) and NDTs (orange). Panel (b)
is the same as (a), but for EMTs
before (blue) and after (orange) they
vacate the TP. Panel (c) illustrates the
monthly mean minimum TBB (units:
K) of EMTs (blue) and NDTs
(orange). Panel (d) is the same as (c),
but for EMTs before (blue) and after
(orange) they vacate the TP. AEMT,
after an EMT move off the TP;
BEMT, before an EMT move off

the TP May Jun

May Jun

of Climatology

experience minimum values in May (~9.0 hr for EMTs
and ~5.0 hr for NDTSs).

According to Kondo et al. (2006), heavy precipitation
tends to occur when TBB has a large spatial gradient, and
the MCSs with larger TBB spatial gradients usually intensify
more rapidly. The minimum TBB and the maximum TBB
spatial gradient are important characterizations for both
convection and precipitation. Therefore, the TBB spatial gra-
dient is calculated as a key factor for the MCS's evolution.
Overall, EMTs and NDTs feature similar variation trends in
monthly average maximum TBB spatial gradient and
monthly average minimum TBB: (a) their monthly average
maximum TBB spatial gradients are both minimum in May,
grow in June, are maximum in July and August, and
decrease in September (Figure 5a); (b) their monthly aver-
age minimum TBBs (the MCSs with lower TBB usually
have higher height and greater intensity) show opposite
trends to those in (a), that is, they are maximum in May,
decrease in June, are minimum in July and August, and
increase in September (Figure 5c). Thus, it can be concluded
that the EMTs and NDTs in July and August usually have
the strongest intensities and development the fastest.

Each month, the EMT mean maximum TBB spatial
gradient exceeds the NDT one and the EMT mean mini-
mum TBB is lower than the NDT one; these two features
mean that EMTs have stronger intensities and develop

’ 9
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faster. Regardless of whether EMTs are over the TP or
have vacated it, the variation trends in their monthly
mean maximum TBB spatial gradients and minimum
TBBs remain largely unchanged (Figure 5b,d). These var-
iation trends are similar to those of EMTs and NDTs as
shown in Figure 5a,c.

3.2.3 | Diurnal variations

As the TP spans more than two time zones, to compare
MCSs' generation time in different time zones, we convert
UTC to local standard time at a temporal resolution of
0.5 hr, and use the resulting local generation time of each
MCS for analysis. Figure 6 shows that the occurrence num-
ber of MCSs increases rapidly from 1200 and peaks at 1400-
1600 when the maximum surface temperature appears; then
the occurrence number decreases until the next day. This is
consistent with that reported by Zheng et al. (2008).

The EMTs and NDTs have similar diurnal variation
trends (Figure 6) but with two obvious differences. First,
the maximum number of EMTs occurring happens
around 1430, whereas the equivalent time for NDTs is
roughly an hour later, meaning that their environmental
circulations may show significant differences, as the diur-
nal variations of solar radiation are similar for EMTs and
NDTs. Second, the EMTs generated during the day
(0600-2000) account for ~77.5% of all EMTs, with
~56.9% appearing in the afternoon (1200-1700). The
equivalent percentages for NDTs are ~66.3 and ~43.2%,
respectively, meaning that the formation of EMTs
depends more on solar radiation than does that of NDTs.

3.3 | Spatial distribution and tracks

During the warm season, MCSs can form anywhere over
the TP, with most of them (~84.4%) dissipating over the

80

70 ==EMTs ==NDTs

EMTs

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
Local generation time

TP (Figure 7a-c). By interpolating the hourly-resolution
MCS locations (i.e., all positions on their tracks) and their
formation locations onto grids of 0.5° X 0.5° spatial reso-
lution, we obtain the spatial frequency distributions of
MCS activity (Figure 7d-f) and formation (Figure 8).
From Figure 7d, the southern TP clearly features far
more MCS activity than does the northern TP. Two maxi-
mum centers appear over the southern TP, one located in
the southeastern TP and the other in the southwestern
TP. These two centers are mainly due to NDTs (Fig-
ure 7d,f). The latter center, which has two cores, is
slightly stronger than the former center. This is consis-
tent with the findings reported by Jiang and Fan (2002),
Hu et al. (2017) and other previous works (Sugimoto and
Ueno, 2010).

The EMTs and NDTs have significantly different spa-
tial distribution features. EMTs are generated in the mid-
dle and eastern sections of the TP (Figure 8a),
particularly over the eastern flank of the TP, with a maxi-
mum frequency center located around 33°N and 102°E.
Correspondingly, EMTs mainly influence regions east of
90°E (Figure 7e), whereas those MCSs that form west of
90°E usually do not vacate the TP. NDTs can form any-
where over the TP and affect everywhere therein (Fig-
ures 7f and 8b). Generally, there is more NDT formation
and activity over the southern TP than over the northern
TP, confirming the results obtained by Hu et al. (2016).

The MCSs that dissipate having vacated the TP can
vacate the plateau in almost any direction (Figure 7a).
Most of those MCSs dissipate soon after vacating the TP,
but some continue moving. During the tracking process,
we found that very few MCSs (~0.1%) vacated the region
20-45°N, 70-113°E; those that did usually developed
again after merging with local MCSs, thereby extending
their lifespans. In this study, the direction in which an
EMT moves can be classed as one of three according to
the position of its start point (i.e., the average location of
the MCS during its first 2 hr) relative to its end point (i.e.,

700

600

0 FIGURE 6 Generation times
(local standard time) and numbers of
EMTs and NDTs
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FIGURE 7 Tracks of MCSs generated over the TP (a-c), and the spatial distribution of their frequency (d-f), where shading in (a-c)
stands for the terrain, and thick black line in (d—f) outlines the altitude of 3,000 m. Panels (a) and (d) are total MCSs, panels (b) and (e) are

EMTs, and panels (c) and (f) are NDTs

the average location of the MCS during its last 2 hr). If
the angle between the line linking the start and end
points and the latitude line is between +30°, then the
MCS is defined as eastward moving; if the angle is

greater than +30°, it is defined as northeastward mov-
ing; and if the angle is less than —30°, it is defined as
southeastward moving. As Figure 7a-c illustrate, after
vacating the TP, EMTs usually move off to the
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d) NDTs. Black solid line shows the topography height of 3,000 m

Spatial distribution of MCSs' generation locations (red dots) and MCSs' generation numbers (grey shading): (a, ¢c) EMTs; (b,
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FIGURE 9 Tracks of different types of EMTs: Panels (a—c) show L-EMTSs, and panels (d-f) show S-EMTSs. The left column is eastward-
moving EMTs, the middle column is southeastward-moving EMTs, and the right column is northeastward-moving EMTs. Shading shows the

terrain

northeast, east, or southeast. Because the lifespan of
an MCS and the time that it survives having vacated
the TP may differ remarkably from one MCS to
another and because longer-lived MCSs tend to have
more significant influences on downstream regions,
we classify EMTs further as follows. Those EMTs that
last for at least 6 hr and persist for at least 3 hr after
vacating the TP are regarded as longer-lived EMTs (L-
EMTs). Meanwhile, those EMTs that do not last for
6 hr or that dissipate within 3 hr of vacating the TP are
defined as shorter-lived EMTs (S-EMT).

During the study period, the numbers of L-EMTs
(314; ~49.1%) and S-EMTs (326; ~50.9%) are very close

to each other. Overall, of all the EMTSs, ~78.3% move
eastward, ~15.1% move southeastward, and only
~6.6% move northeastward (Figure 9). The respective
proportions of eastward-moving events in both L- and
S-EMTs are almost the same (~78%) (Figure 9a,d). By
contrast, events moving in the other two directions
account for remarkably different percentages for the L-
and S-EMTs. The proportion of southeastward-moving
events of L-EMTs is ~19.1%, which is higher than that
of the S-EMTs (~11.3%). By contrast, there are more
northeastward-moving events (~10.4%) for S-EMTs
than for L-EMTs (~2.5%). From the above discussion,
we conclude that those EMTs moving southeastward
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have the largest probability (~61.9%) of persisting for a
longer time after vacating the TP, while EMTs moving
northeastward have the largest probability (~81.0%) of
dissipating rapidly when they vacate the TP.
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FIGURE 10 Box-and-whisker plots of standardized times of
moving-out for (a) EMTs, (b) L-EMTs, and (c) S-EMTs, where

MEAN indicates the mean value

of Climatology

3.4 | Typical stages and TBB features

As Figure 10 shows, for all EMTs the average ST when
they begin to vacate the TP is 0.71, with a median of 0.75;
this means that EMTs generally spend longer over the TP
than off it. For L-EMTs, the corresponding average ST is
0.57 and the median is 0.59, both of which mean that L-
EMTs generally begin to vacate the TP roughly halfway
through their lifespans. By contrast, the average ST for S-
EMTs is 0.85 and the median is 0.93; this means that S-
EMTs spend much longer over the TP and usually dissi-
pate rapidly after vacating it.

Monthly features of the maximum cloud areas of
EMTs and NDTs are shown in Figure 11a. Clearly, EMTs
usually have a larger area than do NDTs. Regarding the
ratio of MCSs larger than 200,000 km?2, EMTs also have
larger proportions, particularly in July and August. The
respective maximum cloud areas of an EMT before and
after it vacates the TP are shown in Figure 1lc, from
which it can be seen that in May the respective maxi-
mum areas before and after an EMT vacates the TP show
no obvious difference. By contrast, from June to Septem-
ber the EMTs usually have larger maximum cloud areas
over the TP than those after they vacate it. This indicates
that EMTs generally tend to shrink in cloud area after
they vacate the TP.
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Figure 11b shows the STs when the EMTs and NDTs
have their maximum cloud areas in each month. In May,
the medians STs of the EMTs and NDTs are both around
0.65; this means that their maximum cloud areas gener-
ally appear in similar stages, namely the latter half of
their lifespans. By contrast, during the other months, the
EMT maximum cloud area generally appears earlier than
the NDT one. Because the EMT maximum cloud area
generally exceeds the NDT one (Figure 11a), the differ-
ence in ST at maximum cloud area means that EMTs
develop more rapidly than do NDTs.

Similar to Equation (1), we define the time at
which an EMT attains maximum area over the TP
(resp. off the TP) divided by the time that is persists
over the TP (resp. off the TP) as the ST for the EMT's
maximum cloud area over the TP (resp. off the TP). As
Figure 11d shows, in each month, the STs of the EMTs'
maximum cloud areas over the TP generally exceed
those when the EMTs are off the TP. The median of
the former is 0.6-0.9, which means that the EMTs tend
to attain their maximum cloud areas when they are
about to vacate the TP. The median of the latter is
around 0.5, which means that after the EMTs vacate
the TP, they can generally develop again, with their
maximum cloud areas appearing around halfway
through the time that they persist off the TP.

0.257(a) may 1(b)sun

0.25 -(d) AUG

98 99 100 101 102 103 104 105 106 107 108 (°E)

98 99 100 101 102 103 104 105 106 107 108 °E)

After an EMT vacates the TP, one of four scenarios
ensue: (a) it dissipates rapidly; (b) it dissipates gradually
with increasing TBB but increasing area; (c) it develops
initially and then dissipates; (d) it merges with local
MCSs, causing its area to grow appreciably. As Figure 12
shows, the maximum cloud areas of EMTs tend to appear
around the eastern flank of the TP (i.e., 101-104°E).
Overall, during the warm season, more than 60% of
EMTs maximize their cloud areas over the TP (Fig-
ure 12f), although the monthly proportions differ consid-
erably. In July and August, around 70% of EMTs reach
their maximum cloud areas over the TP, whereas in May
more than half (~52%) of the EMTs attain their maxi-
mum cloud areas after they vacate the TP.

From Figure 13a,b, the maximum AGRs of EMTs
generally exceed those of NDTs and also appear earlier;
this means that compared to NDTs, EMTs develop more
rapidly and reach maturity earlier. When EMTSs are over
the TP, their maximum AGRs generally exceed those
after they vacate the TP (Figure 13c); this means that
after an EMT vacates the TP it develops less rapidly.
From Figure 5b,d, EMTs generally have lower mean min-
imum TBBs and larger mean maximum TBB gradients
when they are over the TP than once they have vacated
the TP; this also means that EMTs tend to weaken after
they vacate the TP.

1(c) L

1(f) MAY-SEP

98 99 100 101 102 103 104 105 106 107 108 (°E)

FIGURE 12 The ratio of numbers of EMTs that reach maximum cloud area at each longitude to the total EMT numbers during each
month and the warm season, where the red rectangle marks the accumulated ratio in regions east of 103°E
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Comparing the ST medians in Figures 11d and 13d, it
can be seen that, over the TP, the average median ST for
maximum cloud area during the study period exceeds that
for maximum AGR, which indicates that EMTs generally
first attain their maximum AGRs and then attain their max-
imum cloud areas over the TP. By contrast, after EMTs
vacate the TP, the average median ST for maximum cloud
area is smaller than that for maximum AGR, so they gener-
ally first attain their maximum cloud areas and then attain
their maximum AGR. This means that after vacating the
TP, EMTs tend to weaken initially and then develop again.
Generally, the maximum AGRs appear halfway through the
time of persistence off the TP (Figure 13d).

4 | COMPOSITE FEATURES

In this study, we investigate the composite of EMTs and
NDTs to show their respective key features and main dif-
ferences. We begin by interpolating the six-hourly CFSR
data linearly into three-hourly resolution. Based on this
3-hourly dataset, we composite the EMTs/NDTs during

their lifespans in the Euler coordinate to focus on their
environmental circulations. In addition, we composite
the L-EMTs during their typical stages in the Lagrange
coordinate (i.e., the coordinate centered in the MCS' cen-
ters) to focus on their evolution.

4.1 | Overall environmental features of
the EMTs and NDTs

For the EMTSs, in the upper troposphere, their highly fre-
quent occurrence regions (Figure 7e) are mainly located
northeast of a weak South Asian high (where divergence
appears) and south of an upper-level jet core (Figure 14a).
The upper-level divergence contributes to EMTs' forma-
tion/development, and the westerly wind around the
eastern TP favours their eastward displacement. In the
middle troposphere, the active regions of EMTs (Fig-
ure 7e) are under the influences of a shallow shortwave
trough over the eastern TP (Figure 14b). Around this
active region, the air is moist. This favours the condensa-
tion-related latent heating that is conducive to convection
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intensification. A comparison between Figures 7e and
14b indicates that, the active regions for EMTs have a dif-
ferent distribution from that of the moisture. In the lower

200hPa
I L

troposphere, a stronger cyclonic circulation (compared to
that of NDTs; cf., Figure 14c,f) with abundant moisture
appears around the Sichuan Basin (Figure 14c). This

JJA-EMTs

JJA-NDTs

219 220 221 222 223 224 225 226 227
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80 90 100
CL T T

0 1 2 3 45 6 7 8 9 10 1112

FIGURE 14 Composite (in Euler coordinate) geopotential height (black lines, units: gpm) and wind filed (vector, units: m s™) at

200 hPa (left column), 500 hPa (middle column), and 700 hPa (right column) of EMTs (a-c), NDTs (d-f), EMTs in May and September (MS)
(g-1), NDTs in MS (j-1), EMTs in June July and August (JJA) (m-o0), and NDTs in JJA (p-r), respectively, where shading in the left column is
temperature (units: K), and in other columns it is specific humidity (units: g kg™"). Grey lines and the white shading outline the topography

of 3,000 m, and the yellow dashed lines are trough lines
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contributes to the maintenance of EMTs after they vacate
the TP.

For the NDTs, their highly frequent occurrence
regions (Figure 7f) are mainly located within the north-
eastern section of a strong South Asian high in the upper
troposphere (Figure 14d), and ahead of a shortwave
trough around 85°E in the middle troposphere (Fig-
ure 14e). This configuration provides upper-level diver-
gence and favourable middle-level quasi-geostrophic
forcings (associated with the warm temperature advec-
tion and cyclonic vorticity advection), both of which pro-
mote ascending motions (Holton, 2004). The active

regions for NDTs are consistent with the distribution of
moisture (cf., Figures 7f and 14e). Within these active
regions, the westerly wind component is weak. This is a
possible reason for why NDTs do not vacate the TP from
its eastern boundary.

4.2 | Contrasts of EMTs and NDTs in the
environmental features

The EMTs and NDTs differ remarkably from each other
in their environmental circulations (Figure 14a—f). These
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FIGURE 16 Panel (a)is the
schematic illustration of how

EMTs

calculate the precipitation related to
an MCS, where a is the semi-major
axis of the MCS, the ellipse outlines
main body of the MCS, the big red
circle marks the range within which
the precipitation is related to this
MCS, and r is the radius of this red
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contribution of EMT-related
precipitation to the local total
accumulated precipitation during the
< warm season (shading, units: %).
Panel (c) is the same as (b), but for
NDT-related precipitation
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differences are closely related to the seasonal variations
of the weather systems around the TP (Hu et al., 2016).
In order to remove the seasonal variations, the EMTs/
NDTs are composited in May and September (MS) (i.e.,
the drier seasons), and June, July and August (JJA) (the
moister seasons), respectively. In the upper troposphere,
the most notable difference during MS is that the zonal
temperature gradient is larger for the EMTs (cf., Fig-
ure 14g,j). This results in stronger warm temperature
advection for the EMTs, which contributes to convec-
tion through inducing pressure lowering (Markowski
and Richardson, 2010). During JJA, the South Asian
high is stronger for the NDTs (cf., Figure 14m,p), but
the westerly wind over the eastern TP is stronger for the
EMTs, which is conducive to their eastward displace-
ment. In the middle troposphere, for both MS and JJA,
or even the whole warm season, the main differences
between EMTs and NDTs include: (a) a shallow trough
appears over the eastern TP for the EMTs (the middle
column of Figure 14), which means the dynamical con-
ditions (Holton, 2004) are better for EMTs; and (b)
moisture is more abundant for NDTs. The active regions
for NDTs have similar distributions to that of the mois-
ture (cf., Figures 7f and 14e,k,q). This contrasts to the
situation of the EMTs (cf., Figures 7e and 14b,h,n). Dur-
ing JJA, the westerly wind over the eastern TP is stron-
ger for the EMTs (cf., Figure 14n,q), which favours its
eastward movement. In the lower troposphere, around
the Sichuan Basin, geopotential height is lower for the
EMTs during both MS (cf., Figure 14i,]) and JJA (cf.,
Figure 140,r), and the moisture is more abundant for

T

100°E 110°E 120°E

30 40 50 60 70

EMTs. These contribute to maintenance of EMTs after
they vacate the TP.

4.3 | Composite of L-EMTs

As the L-EMTs have longest life spans and largest
impacts on the downstream regions, we composite them
in the Lagrange coordinate (i.e., use the coordinate cen-
tered in the center of each L-EMT) to investigate their
evolution. Two typical stages are used in the composite:
(a) from 3-hr before the formation of each L-EMT to 3-hr
after its formation, which is used to mainly focus on its
formation and development; and (b) the lifespans after
the L-EMT has vacated the TP, which is used to mainly
focus on its maintenance off the TP. As Figure 15a,b
show, during the formation and development stage, L-
EMTs are associated with a convergent line over the TP,
whereas during the maintenance stage, L-EMTs are asso-
ciated with a shallow trough east of the TP. Both of the
aforementioned convergent line and trough feature nota-
ble cyclonic vorticity, which can reflect the variation of
the L-EMTs effectively (Markowski and Richardson, 2010;
Fu et al., 2011). The vorticity budget (section 2d) is used
to understand the mechanisms underlying the L-EMTSs'
variation. From Figure 15c,d, dynamical conditions are
mainly conducive to the L-EMTSs' formation, develop-
ment, and maintenance, particularly in the regions south
of the convergent line and east of the shallow trough,
because the total effect of the vorticity budget (i.e., TOT)
is positive.
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FIGURE 17 Panel (a) shows
the distribution and total number of
hourly heavy precipitation events

that are related to EMTs. Panel (b) 35°N

shows the contribution of EMT-
related hourly heavy precipitation to
the total numbers of hourly heavy
precipitation during the study period
(units: %). Panel (c) is the same as
(b), but for the contribution of
accumulated precipitation
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For the formation and development stage, the conver-
gence-related horizontal shrinking (i.e., STR) (Figure 15f)
and convection-related vertical transport of vorticity (i.e.,
VAV) (Figure 15h) act as the most and second most
favourable factors for the L-EMTs' formation and devel-
opment. In contrast, the horizontal transport (i.e., HAV)
(Figure 15e) and tilting (i.e., TIL) (Figure 15g) serve as
the most and second most detrimental factors. For the
maintenance stage off the TP, the convergence-related
horizontal shrinking (Figure 15j) and convection-related
vertical transport of vorticity (Figure 151) still act as the
favourable factors, whereas, the relative importance of
STR reduces, as the convergence associated with the L-
EMTs weakens after they vacate the TP. There are three
main reasons for the weakening of convergence and its
associated STR: (a) intrinsic difference appears in the
cyclonic circulations associated with L-EMTs before and
after they vacating the TP; (b) the direct sensible heating
from the TP surface on the bottom of the L-EMTs

110°E 115°E 100°E 105°E 110°E 115°E

0 5 10 15 20 30 40 50 60

disappears; and (c) convective ascending motions associ-
ated with the L-EMTs weakens (according to fluid conti-
nuity, convergence will decrease) as the increasing of
TBB shows (Figure 5d). The horizontal transport (Fig-
ure 15i) and tilting (Figure 15k) show similar contribu-
tions in decelerating the cyclonic-vorticity maintenance
associated with the L-EMTs. This is different from the sit-
uation during the formation and development stage.

5 | CONTRIBUTION OF MCS-
RELATED PRECIPITATION

In this study, we calculate the contributions of MCS-
related precipitation to the total accumulated precipita-
tion during the warm season. Rather than using the
three-hourly 0.25° x 0.25° TRMM_3B42 precipitation
data (Turk and Miller, 2005; Turk et al., 2010), we use the
CMORPH data (30-min temporal resolution and 8-km
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TABLE 2 Key characteristics of EMTs that are related to SWVs
AFL AMTT AMTO ALSE ASTM
EMTs related to SWVs 100.1 8.7 17.6 26.3 0.41
EMTs related to SWV formation 100.2 8.7 18.5 27.2 0.40
MCSs related to SWVs (excluding SWV formation) 99.9 9.2 10.7 19.8 0.51

Abbreviations: AFL, averaged formation longitude; ALSE, averaged lifespans of EMTs (units: hours); AMTO, averaged maintaining time off
the TP (units: hours); AMTT, averaged maintaining time over the TP (units: hours); ASTM, averaged standardized time when EMTs vacate

the TP.

spatial resolution) (Joyce et al., 2004) to evaluate the contri-
bution of MCSs to precipitation, for the CMORPH data are
easily to interpolate into 1-hr temporal resolution, which is
consistent to the temporal resolution of TBB. Results docu-
mented in Shen et al. (2010; 2014) show the CMORPH data
can provide credible precipitation estimate in China.
Although Huang et al. (2016) suggest that CMORPH precip-
itation may underestimate the precipitation over the TP,
Blamey and Reason (2013) point out that this possible
underestimate is not important for a study focused on evalu-
ating the precipitation contribution.

Using the method documented by Ai et al. (2016), we
estimate the hourly precipitation of each MCS based on the
parameters obtained by the tracking algorithm. We deter-
mine the precipitation related to an MCS as follows. The
tracking algorithm identifies the outline of an MCS as a
closed curve (Figure 16a), based on which an ellipse and its
long/short axis can be determined. Using the long and short
axes, a rectangle tangent to the ellipse can be drawn. Using
the diagonal of this rectangle (using the radius r), a large cir-
cle can be determined. The hourly precipitation within this
large circle during the focus period is considered to be
related to this MCS. By calculating the precipitation of all
MCSs at a same hour and eliminating the repeated calcula-
tion of precipitation among adjacent MCSs, we estimate the
hourly precipitation related to MCSs. After that, we accu-
mulate the hourly MCS-related precipitation at all grids
within the tracking range during all the warm seasons. The
resulted value is then divided by the total accumulated pre-
cipitation within the same range and during the same
period. This produces a ratio, which can be regarded as the
contribution of MCS-related precipitation to the total local
precipitation.

As Figure 16¢ shows, precipitation related to NDTs
accounts for a significant proportion of the total precipi-
tation over the TP. For the two active centers of NDTs
shown in Figure 6f, the NDT-related precipitation
accounts for contributions up to 70% (Figure 16c). In
addition, some regions over the northern and central TP
are also affected significantly by the NDT-related precipi-
tation, with a contribution of around 60%. Compared to
NDTs, EMTs generally make a much smaller

contribution to local precipitation because there are far
fewer EMTs than NDTs. However, for some regions such
as the TP's eastern flank and the Sichuan Basin, the
EMT-related precipitation can also make a notable con-
tribution (~50% to that due to NDTs) to the local total
precipitation. Considering in these regions NDTs' num-
ber is much larger than that of EMTs (~3 times), it can
be concluded that around the eastern flank of the TP and
the Sichuan Basin, the EMT-related precipitation is more
intense than that related to NDTs.

The EMT-related precipitation is important to down-
stream regions east of the TP (but west of 110°E), particu-
larly for the regions around the Sichuan Basin (Figure 16b),
where heavy rainfall (according to CMA, if the hourly accu-
mulated precipitation of an event is above 20 mm, it is an
hourly heavy rainfall) and associated disasters occurs fre-
quently. This study uses the hourly precipitation observa-
tional data from CMA and the method shown in Figure 16a
to determine the EMT-related hourly heavy precipitation.
After EMTs vacate the TP, they show close relationship to
hourly heavy precipitation events in the downstream
regions (Figure 17a), particularly around the Sichuan Basin
and Guizhou Province. Since Sichuan Basin and Guizhou
Province are mainly affected by eastward and southeastward
moving EMTs, the distribution in Figure 17a also means
that the eastward- and southeastward-moving EMTs are
more closely related to hourly heavy precipitation events
(than are northeastward-moving EMTs). As Figure 17b,c
show, the EMT-related hourly heavy precipitation makes a
contribution of 10-20% to the total number and total accu-
mulated precipitation of hourly heavy precipitation events
around the Sichuan Basin and southern Gansu Province. In
contrast, for the other regions, the contribution from EMT-
related hourly heavy precipitation is generally below 10%.

6 | RELATIONSHIP BETWEEN
EMTS AND SWVS

Previous studies (Lu, 1986; Fu et al., 2011) find that for some
MCSs, after they moving out from the TP, they can induce
SWVs around Sichuan Basin. The SWVs frequently induce
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heavy rainfall east of the TP. In the present study, we con-
duct a statistical analysis on the SWVs related to the EMTs.
The analysis is conducted using the three-hourly 0.5° X 0.5°
CFSR data (we interpolate linearly the original six-hourly
temporal resolution to 3-hourly), during the whole study
period. This standard for detecting an SWV is the same as
that documented by Fu et al. (2015): a meso-a scale
(Orlanski, 1975) cyclonic closed-stream center coupled with
a remarkable positive vorticity center appearing at 700 hPa,
the central level of SWVs (Fu et al., 2015). Depending on
the time that elapses between an EMT and an SWV, there
are two main scenarios: (a) if no SWV exists when the EMT
begins to vacate the TP but one forms in the subsequent
hours and the overlapping area between the EMT and SWV
exceeds 20% of the EMT's area, then the EMT is considered
to be related to the SWV formation; (b) if an SWV already
exists when the EMT begins to vacate the TP and the over-
lapping area exceeds 20%, then the EMT is considered only
to be associated with the SWV rather than with its forma-
tion. In the present study, events that do not satisfy a or b
are deemed EMTs that are not related to SWVs.

The statistical results indicate that SWVs are closely
related to EMTs, with the L-EMTs accounting for an
overwhelming proportion, while a large majority of S-
EMTs are not related to SWVs due to their rapid dissipa-
tion after vacating the TP. In total, 50 L-EMTs are associ-
ated with SWVs (i.e., satisfy I or II above), accounting for
~15.9% of all L-EMTs. Among them, 44 L-EMTs are
related to SWV formation, accounting for ~14% of all L-
EMTs and ~88% of the EMTs that are associated with
SWVs. For the EMTs that are related to SWVs but not to
SWYV formation, ~83.3% of the SWVs enhance after the
EMTs move out from the TP. For the EMTs that are
related to SWV formation, ~65.9% of the SWVs form
within 9 hr after the EMTSs have vacated the TP, whereas,
only ~13.6% of the SWVs form after 12 hr after the EMTs
have moved off the TP. From Table 2, EMTs that are
related to SWVs have much longer lifespans than the
mean EMT lifespan. These EMTs spend more time off
the TP than over it. Compared to the EMTs that are
related to SWVs but not to SWV formation, the average
formation location of EMTs that are related to SWV for-
mation is at a larger longitude and their lifespans tend to
be longer. They also tend to stay over the TP for less time,
vacate it earlier, and persist for longer thereafter.

7 | DISCUSSION AND
CONCLUSIONS

Based on the hourly satellite TBB data, MCSs that were
generated over the TP during 16 warm seasons were
investigated statistically in this study. By including more-

of Climatology

recent satellite observational data in the analyses and
focusing on a longer study period, the present study com-
plements previous related research well. Moreover, by
analysing additional key features of the MCSs, some new
findings were obtained.

During the 16 warm seasons, 9,754 MCSs formed over
the TP. These MCSs could appear anywhere over the TP,
with two maximum frequency centers appearing in the
southwestern and southeastern TP, respectively,
corresponding to the moist regions ahead of a middle-tro-
pospheric shortwave trough. Within these two centers,
MCS-related precipitation contributed as much as
approximately 70% of the total local precipitation, consis-
tent with Li et al. (2008). The numbers of MCSs that
were generated over the TP varied every warm season,
from 445 in 2015 to 798 in 2016. However, in the whole
study period, neither the occurrence numbers of these
MCSs nor their other key characteristics (e.g., life spans,
proportion of EMTs) were found to have a significant
trend of increasing/decreasing. This contrasts to the sig-
nificant warming trend (~0.25°C/decade) of the surface
temperature of the TP from 1998 to 2013 (Duan and
Xiao, 2015).

The MCSs generated over the TP were classified as
either EMTs or NDTs, which showed significantly differ-
ent characteristics. On average, 572 NDTs formed over
the TP per warm season; they could appear anywhere
over the TP but their maximum frequency centers were
located mainly over the southern TP. By contrast, only
around 40 EMTs formed over the TP every warm season
and were located mainly over the eastern flank of the TP.
The MCSs that formed west of 90°E usually did not
vacate the TP. The EMTs did not occur frequently in
warm seasons, but their mean lifespan was more than
twice that of all MCSs. Eastward-moving EMTs
accounted for the largest proportion of all EMTs
(~78.3%). The influences of EMTs on precipitation were
limited mainly to the range of 22-37°N, 100-115°E, with
the regions around Sichuan Basin being affected most
significantly. The EMTs contributed 10-20% of the hourly
heavy precipitation events both in frequency and amount
within this region.

In this study, the proportion of EMTs to all the MCSs
over TP is much smaller, which is only ~6.6%, compared
to ~47% in Li et al. (2008) and ~49% in Hu et al. (2016).
The average lifespan of MCSs in this study is also much
smaller. In Li et al. (2008), the average convective system
life cycle is about 36 hr; in Hu et al. (2016), most Tibetan
convective systems' periods (>91%) in the TP are shorter
than 24 hr and reach its peak at 12 hr, while in our study,
the mean lifespan is about 6 hr. There are three main rea-
sons for these differences: (a) compared to the 3-hourly
(or coarser temporal resolution) dataset used in the
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earlier studies, hourly TBB data are used in this study.
This can effectively remove wrongly prolonged MCSs' life
spans due to a coarse temporal resolution (many convec-
tions' lifespans are less than 3 hr); (b) according to
Bluestein (1992), MCSs with larger horizontal scale tend
to have longer time scale. For instance, in Hu et
al. (2016), a convective system is defined as adjacent
cloud clusters with an area >25x 10° km? while the
corresponding standard in this study is >5 x 10* km?. (c)
due to (a) and (b), MCSs' mean life spans are shortened.
It is found that, around 75% of all NDTs lasted for less
than 6 hr (Figure 3). It is hard for these MCSs (£6 hr) to
vacate the TP during such a short time. Therefore, the
proportion of EMTs to all MCSs that generated over the
TP is much less than those documented in previous
studies.

Some entirely new findings of this study are also
showed as follows:

1. Based on the hourly TBB data, through defining vari-
ous parameters of the MCSs, key evolutionary charac-
teristics of different types of MCSs are shown.
Particularly, the key features before and after the
MCSs vacating the TP, and the main changes during
the vacating stage are illustrated. Overall, the EMTs
had larger cloud areas, stronger intensities, more-
rapid development, and longer lifespans, but made
lower contributions to the local total precipitation.
Usually, the EMTs began to vacate the TP in the latter
half of their lifespans, tending to attain their maxi-
mum cloud areas when they were about to vacate the
TP. After vacating the TP, the EMT trend was to
weaken initially and then develop again. Generally,
their most-rapid development off the TP tended to
appear around halfway through the time for which
they persisted off the TP.

2. The environmental circulations associated with EMTs
and NDTs differed from each other remarkably. Over-
all, the upper-level divergence and middle-level mois-
ture were more favourable for the NDTs, whereas, the
middle-to-upper-level steering flow, the dynamical
conditions related to the 500-hPa shallow trough over
the eastern TP, as well as the 700-hPa cyclonic wind
field, lower geopotential height, and more abundant
moisture around the Sichuan Basin were more condu-
cive for the EMTSs. Vorticity budget showed that the
convergence-related horizontal shrinking and the con-
vection-related vertical vorticity transport dominated
the cyclonic-vorticity increase/maintenance associated
with the longer-lived EMTs.

3. the relationship between EMTs and SWVs are quanti-
tatively estimated. During the study period, only ~8%
of all EMTs were associated with SWVs, of which

~88% were related to SWV formation. It is found that,
~65.9% of the SWVs formed within 9 hr after the
EMTs had vacated the TP. Compared to the mean for
all EMTs, those EMTs that were related to SWVs usu-
ally remained over the TP for less time, vacated it ear-
lier, persisted for longer thereafter, and had longer
total lifespans.
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