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ABSTRACT: The mesoscale vortex (MV) is an important rain-producing system. In this study, the reanalysis data and
satellite precipitation products are used to classify MVs into three categories: mesoscale convective vortex (MCV), mesoscale stratiform vortex (MSV), and mesoscale dry vortex (MDV). Then, these three categories of midlevel MVs in China
from 2007 to 2016 are investigated. A total of 21 053 MVs are obtained. Most MVs form in the northwest of parent convection, and 45% of MVs generate secondary convection. The Tibetan Plateau is the main MV source region. Steered by the
westerlies, MVs mainly move eastward. MCV is active in summer, MDV in winter, and MSV in spring and autumn. MCV
diurnal variations are closely related to local topography, and MDVs mainly form around midnight. Composite analyses
show that MCVs form near the high-value center of convective available potential energy at the development stage of parent convection. The composite MCV forms near the low pressure trough and the thermal ridge at 500 hPa, and a low-level
jet exists to the south of the MCV center. At the initiation and maturity stages of MCV, strong convergence and divergence
respectively exist at low levels and 400 hPa. The vortex circulation mainly locates near 500 hPa. Above the vortex is a
warm core associated with the latent heat release, and below is a cold anomaly related to the cold pool. In the downshear
region, there is strong low-level convergence and ascending motion, higher humidity, and greater latent heat release, which
favor the formation of secondary convection.
KEYWORDS: Convection; Mesoscale systems; Climatology

1. Introduction
The mesoscale vortices (MVs) are cyclonic circulations that
often appear in the mid–low troposphere during rainstorms
(Davis and Trier 2007; Shu et al. 2017). MVs are important
rain-producing systems in summer (May–September) in
China (Zhang and Tan 2009; Xu et al. 2011). Some studies
have suggested that during the mei-yu season in eastern
China, a series of MV activities are often seen on the mei-yu
front (Fu et al. 2012; Liu et al. 2012; Zhang et al. 2018; Fu et al.
2019). Zhang et al. (2018) pointed out that the long-lived MV
on the mei-yu front propagating eastward is a crucial weather
system that causes rainstorms in eastern China. Fu et al.
(2019) showed that the MVs over the Tibetan Plateau can
affect the precipitation in downstream areas. The formation
and development mechanisms of MVs on the mei-yu front are
analyzed by Lu et al. (2002), and they pointed out that the
dramatic development of MVs is related to the ascending
motion and the mesoscale transportation of physical quantities, such as vorticity.
In addition to the close relationship with rainstorms, the
MV is also directly related to typhoons. Bister and Emanuel
(1997) found that the downward propagation of the midlevel
MV can induce the development of low-level vortices, and
probably could result in the formation of typhoons. The
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interaction between typhoons and MVs can often enhance the
intensity of typhoons (Chen and Luo 2004). Montgomery et al.
(2006) discussed how an isolated midlevel mesoscale convective vortex (MCV) transfers into a surface-concentrated tropical depression vortex. The inﬂuence of the MV on the typhoon
path was investigated by Luo et al. (2011), and they indicated
that the bias of the typhoon track caused by MVs is not negligible. Rogers et al. (2020) found that the Hurricane Hermine
(2016) intensiﬁed after a low-level vortex appeared in the
deep-convection region.
The MVs associated with rainstorms and typhoons are generally wet vortices. Bartels and Maddox (1991) pointed out
that the MCV is a type of wet vortices that occurs in the
mesoscale convective system (MCS). An important feature of
MCV is that it can stimulate secondary convection (SC), and
the new convection can induce new MCVs. Consequently, the
consecutive convective activity can cause long-lasting rainstorms (Fritsch et al. 1994). Due to its important inﬂuence,
the MCV has become a hot spot in mesoscale meteorological
research in recent years, and lots of MCV studies have been
conducted, including the basic features, the forming mechanisms, and the triggering effects on SC.
MCVs form within the stratiform-cloud area of parent
MCSs, and often occur in the maturity or dissipation stage
of parent convection (Bartels and Maddox 1991). MCV is
often in a quasi-circular or oval shape, and its long axis is
approximately 100 to 300 km (Fritsch et al. 1994; Davis and
Galarneau 2009). MCV is often in the mid- and low levels,
and its vertical extension is about several kilometers (Davis
and Trier 2007). In some cases, MCVs can extend to the
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surface (Davis et al. 2002; Rogers and Fritsch 2001). Using
the MCV automatic identiﬁcation method developed by
Davis et al. (2002), James and Johnson (2010a, hereinafter JJ)
took a survey of MCVs in the summers of 2002–05 in the vicinity of Oklahoma. They also analyzed the spatiotemporal distribution characteristics of MCVs over this region. Based on
surface pressure types and precipitation patterns, James and
Johnson (2010b) further classiﬁed MCVs into ﬁve categories:
real-inﬂow-jet MCVs, collapsing-stratiform-region MCVs, vertically coherent MCVs, remnant-circulation MCVs, and coldpool-dominated MCVs.
The latent heat release is an important cause of MCV initiation (Raymond and Jiang 1990; Bartels and Maddox 1991).
Chen and Frank (1993) explored the causes of MCV formation using the ideal numerical simulations. Their results are
basically similar to Raymond and Jiang (1990), and a conceptual model for the MCV formation is also proposed. Moore
et al. (2013) further veriﬁed that the airﬂow convergence associated with latent heat release is an important vorticity source
in the vortex formation. Meanwhile, their study also proposed
the usage of a threshold when determining whether a vortex
can develop. The surface diabatic heating during daytime is
crucial for the genesis of nighttime vortices over the Tibetan
Plateau (Zhang et al. 2019). In addition to the latent heat, the
tilt of the horizontal vortex contributes signiﬁcantly to the
MCV formation (Verlinde and Cotton 1990). Davis et al.
(2004) suggested that the formation of MCV is the combined
result of convergence and horizontal vortex tilt. Overall, the
causes of MCVs are diverse and complex.
With regard to the triggering effect of MCVs on SC, Raymond
and Jiang (1990) ﬁrst explained how MCVs induce secondary
convection and proposed two conceptual models. They believed
MCV is an important self-sustaining mechanism of MCS. The
airﬂow upward motion along the isentropic surface in the downshear direction is the direct cause of vertical motion (Davis et al.
2002). Trier and Davis (2007) showed that on the right-hand side
of the downshear direction, that is, to the southeast of the MCV,
it is most prone to generate SC. In addition, Lai et al. (2011)
manifested that the MCV-related southern airﬂow is beneﬁcial
to the creation of local potential instability in the downshear
direction.
In addition to MCVs, the MV has other forms of vortices.
Based on the precipitation characteristics in the formation of
MVs, they can be divided into three categories. One category
is the vortex generated during the convective precipitation
processes, that is, the MCV. The second category is formed
during the stratiform rain processes and there is no convective
precipitation in the vicinity of the vortex, called the mesoscale
stratiform vortex (MSV). The last category is referred to as
mesoscale dry vortex (MDV), whose formation is not related
to the precipitation. In China, as the latter two categories
cause less disastrous weather than MCVs, the research on
them is less. Dry vortices often form on the leeward side of
large-scale topography because the descending airﬂow caused
by the topography plays a key role in the vortex initiation
(Kuo et al. 2001). In China part of the southwest vortices
are dry vortices at their initiation stage (Zhong et al. 2014).
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Shu et al. (2017) compared and analyzed the basic characteristics of these three-category MVs in China during 2015.
Recently, there have been many statistical studies on MVs
in China. However, they tend to focus on vortices in a certain
local area, such as the southwest vortices, the plateau vortices,
the Dabie vortices (Zhong et al. 2014; Feng et al. 2014; Fu
et al. 2016; Zhang et al. 2015; Feng et al. 2016). Besides, few
studies analyzed the different categories of vortices over a
long term across China. Moreover, although the Tibetan Plateau is an important source region of MVs in China (Shu et al.
2017), the three-dimensional thermal–dynamical characteristics of vortices in this region are still not clear. To this end,
this study intends to conduct a 10-yr survey of the midlevel
MVs in China. Based on this survey, the climatic characteristics of the three-category MVs are analyzed and the composite analysis of MCVs over the Tibetan Plateau is performed.
We hope this study could give a robust statistical reference for
the validation of MV numerical simulations. The remainder of
this paper is organized as follows. The data and methods are
presented in section 2. Section 3 gives the MV climatology.
Section 4 analyzes the characteristics of the composite MCV
in detail. Section 5 is the summary and conclusions.

2. Data and method
a. Data and MV detection method
In this study, the ERA-Interim reanalysis data are used to
detect the MV (Berrisford et al. 2011). Its temporal resolution
is 6 h, and its horizontal resolution is 0.1258 3 0.1258.
The data are from 0000 UTC 1 January 2007 to 1800 UTC
31 December 2016 (4 times per day, and 14 612 times in total).
The range of the data is (208–458N, 908–1308E), covering most
parts of China. To identify the vortex property, we need to
determine the relationships between precipitation and the
vortex at its initiation (which will be discussed in the next subsection). The precipitation data are from the satellite-derived
precipitation product, that is, the Climate Prediction Center
Morphing Technique (CMORPH) developed by the National
Oceanic and Atmospheric Administration Climate Prediction
Center (Zeweldi and Gebremichael 2009). The CMORPH
data have a spatial resolution of 8 km and a temporal resolution of 0.5 h, and their temporal and spatial ranges are consistent with the ERA-Interim data.
The MV detection method in this paper follows Shu et al.
(2017), which ﬁrst identiﬁes the vortex at a single time step
(Davis et al. 2002), and then tracks the vortex. Speciﬁcally,
four steps are taken to identify an MV, which includes the
vorticity-maximum determination, the vortex radius determination, the selection of qualiﬁed vortex, and the vortex tracking. See more details about this method in Shu et al. (2017).
To make the results more representative, the averaged relative vorticity between 500 and 600 hPa is used. There are two
key parameters about the MVs we obtained. The minimum
intensity of MVs is set as 4.5 3 1025 s21 to remove the very
weak cases. As MVs are usually in a radius between 30 and
300 km (Shu et al. 2017), the maximum radius of MVs is set as
300 km, and thus it makes the identiﬁed MVs be mesoscale.
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After an MV is obtained, the MV data (at each 6 h) and
CMORPH precipitation data (at each 0.5 h) are then processed into hourly resolution. The hourly precipitation data
are obtained by adding the data in two consecutive time steps.
The hourly MV data are obtained by the linear interpolation
and extrapolation.
In this study, the MV formation time denotes the time
when the MV is ﬁrst identiﬁed. Similarly, the dissipation time
is when the MV is last identiﬁed. The MV maturity time is
the moment when the MV is with the maximum intensity
(largest vorticity). The deﬁnition of the MV duration is based
on the number of time steps it lasts. Since the ERA-Interim
reanalysis data have a temporal resolution of 6 h, if the MV is
only recognized at one time step, its duration is regarded as
6 h; accordingly, if it is recognized at two time steps, its duration is 12 h, and so on. Because the precipitation rate of
5 mm h21 is close to the corresponding radar reﬂectivity of
35 dBZ (Calheiros and Zawadzki 1987), 5 mm h21 is used as
the standard of convective precipitation. Hence, the precipitation rate greater than or equal to 5 mm h21 is deﬁned as the
convective precipitation; otherwise, it is considered to be the
stratiform precipitation or no precipitation.

b. MV classification
Because of the different causes, MVs often have different
life cycles. Based on the relationships between precipitation
and MVs at the formation time, MVs are classiﬁed into three
categories: MCV, MSV and MDV. When searching for precipitation, the MV center is taken as the search center and the
search radius is 1.5 times the MV radius. The search time is
the 3 h before MV formation. The search radius and search
time are chosen by comprehensively considering the distance
and lag time between the vortex and its parent precipitation
(Bartels and Maddox 1991; Davis and Trier 2007; Davis and
Galarneau 2009). These thresholds are all the same as Shu
et al. (2017). If an MV is caused by the convective precipitation, that is, the convective precipitation exists within the
search time and search range, we deem the MV as an MCV.
Then, the convective precipitation is considered as the parent
convection (PC) of this MCV. Such a MCV deﬁnition is in
agreement with the traditional MCV deﬁnition (Bartels and
Maddox 1991). Accordingly, if an MV generates during the
stratiform precipitation process, that is, there is stratiform
precipitation (no convective precipitation) within the search
time and search range, the MV is deﬁned as an MSV. Otherwise, an MV is considered to be an MDV because it forms in
the dry process and there is no precipitation within the search
time and search range.
MVs that can generate SC are particularly important
weather systems in the operational weather forecast. In this
study, to judge whether an MV has stimulated a SC, we search
the possible-existing convective precipitation within the
search time and search range. The search time is from the formation time to the dissipation time of the MV, and the search
center and search radius are respectively the MV center and
MV radius. Actually, the search range is a circle moving along
with the MV movement. If there is convective precipitation
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FIG. 1. Output of MV detection algorithm at 0000 UTC 1 Jul
2007. Hourly precipitation (mm h21) is shaded, with the scale at
bottom. The averaged relative vorticity of 500–600 hPa is contoured [1025 s21; contour interval (CI) 3 3 1025 s21], and blue
circles are the MVs that were detected.

within the search time and search range and meanwhile this
convective precipitation is heavier than that of the PC, or this
convective precipitation weakens at ﬁrst and then strengthens
later, we then determine that this MV has stimulated a SC. In
this paper, the MV that can generate SC is abbreviated as
MV-S, and the MV that cannot generate SC is abbreviated as
MV-NS.
Figure 1 illustrates the usage of the MV detection method
mentioned in section 2a. A total of four MVs are obtained,
namely, “a,” “b,” “c,” and “d” represented by blue circles. As
the MV b forms in the process of convective precipitation, it
is an MCV. MVs a, c, and d form in stratiform precipitation,
so they are MSVs. The two vortices “e” and “f” are not identiﬁed as MVs because of their weak intensities that do not meet
the minimum intensity requirement of the detection method.
The vortex “g” has a relatively large scale, and its radius is
larger than 300 km; thus it is not the MV we intend to study.
In addition, there is a special case that the MCV b has two
adjacent vortices. In our detection method, only the stronger
one is included for this bivortex case. Such cases seldom occur
and do not affect our statistical results.

3. MV climatology
a. Basic statistics
Table 1 shows the statistical results of MVs in the middle
troposphere (500–600 hPa) from 2007 to 2016. There are
21 053 MVs during the 10 years, of which MCVs, MSVs, and
MDVs account for approximately 48%, 45%, and 7%, respectively. In the following parts of this article, all statistics are
based on this sample database.
The MCVs and MSVs are roughly equal in number,
while MDVs are relatively few. It means that most of MVs
cannot form without precipitation, and the latent heat
release may play a very important role in the formation of
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TABLE 1. Basic statistics of different MV categories from 2007 to 2016. Numbers in parentheses indicate the number of vortices
with secondary convection. Numbers in brackets indicate the case percentages of that MV category to total MV. The numbers for
intensity, radius, duration, and maximum precipitation are all mean values.
Category

MV

MCV

MSV

MDV

MV-S

MV-NS

Number
21 053 10 148 [48.2%] (7177) 9421 [44.7%] (2178) 1484 [7.1%] (155) 9510 [45.2%] 11 543 [54.8%]
Intensity (1025 s21)
9.2
9.8
8.8
7.7
10.1
8.5
Radius (km)
189.5
198.4
174.3
182.3
199.8
181.0
Duration (h)
11.0
11.5
10.7
9.2
13.9
8.6
Max precipitation (mm h21)
7.3
11.4
3.7
1.7
13.9
1.8

MVs (Bartels and Maddox 1991). Moreover, 9510 (about 45%)
MVs have stimulated SC during their life cycle. MCV (about
70%) is more likely to generate SC than MSV (about 23%) and
MDV (about 10%). In contrast, the corresponding probability
for MCVs over the United States is only 40%–50% (Trier et al.
2000; Davis et al. 2002; JJ). Such a difference may be related to
the deﬁnition of the SC. In this study, the threshold for the
selection of SC is 35 dBZ instead of 40 dBZ. Besides, if the PC
develops and strengthens again after its weakening, it is also
deemed that the MV has stimulated a SC. However, these cases
are not included in their studies (Trier et al. 2000; Davis et al.
2002; JJ). Furthermore, for MSVs and MDVs, the probabilities
of generating SC are relatively low with only about 23% and
10%, respectively. Therefore, MCVs can cause more severe
disastrous events than MSVs and MDVs.
In the following text, the intensity and radius of the MV all
refer to those at the maturity stage. The average radius of the
MV is approximately 190 km. MCV has the largest radius,
MDV the second and MSV the third. However, the difference
is not signiﬁcant, and even MSV can reach about 174 km. The
radius of MV-S is larger than MV-NS. With respect to both
intensity and duration, MCV ranks ﬁrst, followed by MSV
and MDV. The MV-S tends to have greater intensity (10.1 3
1025 s21) and longer duration (13.9 h) than MV-NS. This
result is reasonable and is consistent with Shu et al. (2017).
MVs generate SC that could breed new MVs later in their
vicinity, and the new MVs can cause new convection, resulting
in a series of MV events and long-lived MV activities. As for
the maximum hourly precipitation, the average maximum
rainfall intensity caused by MVs is 7.3 mm h21. Speciﬁcally,
MCV causes the strongest (11.4 mm h21) precipitation, followed by MSV (3.7 mm h21) and MDV (1.7 mm h21). It is
thus clear that MCV not only lasts for a long time, but also
causes heavy precipitation, while MDV has a short duration
and weak precipitation. The average rainfall intensity caused
by MV-S can reach as high as 13.9 mm h21. Also noteworthy
is that the radii and intensities of MCVs over China and the
United States are relatively close. The average radius of
MCV over China is 198.4 km and the average intensity is
9.8 3 1025 s21, while the corresponding values in the vicinity
of Oklahoma in the United States given by JJ are 200 km and
12 3 1025 s21, respectively. This possibly is because China
and the United States are in the same latitudinal belt and
have similar climate background.
Figure 2 shows the percentage distributions of intensity,
radius, duration, and maximum precipitation of each MV

category. In comparing Fig. 2a and Fig. 2c, we can see that
the distributions of duration and intensity are similar. As
the intensity and duration increase, the number of MVs
decreases. Because there is no upper limit of MV intensity,
the number of MVs with intensity greater than 18 3 1025 s21
increases slightly in Fig. 2a. MCV (blue solid line) and MV-S
(light blue dotted line) tend to be more intense and live longer, whereas MDV (red dash–dotted line) and MV-NS (pink
dashed line) tend to have weaker intensity and shorter duration. The duration of most MVs is less than 36 h, and the percentage of long-lived MVs is very small. Yet, because of the
large sample number, there are indeed some long-lived MV
cases, which often lead to severe disastrous weather (Zhang
et al. 2018). In this study, the case with the longest duration is
an MSV (138 h) that formed over the eastern part of the
Tibetan Plateau at 0600 UTC 24 October 2007. After the formation, this MV moved to the east slowly, initiated a SC and
eventually dissipated over the eastern downhill slope of the
plateau. Note that in this study the MV durations are all the
multiple of 6. Considering the very short-lived MV (e.g., 1 h),
there will be temporal bias about the duration of the MV.
But, for the statistical analysis in this study, we have a large
MV sample. So, from the statistics perspective, the bias will
be averaged into zero, if the sample base is large enough.
For example, assuming that there are six 1-h-lived MVs,
which live at the time of 0100, 0200, 0300, 0400, 0500, and
0600 UTC, only the 0600 UTC MV will be counted in this
study, because our ERA-Interim data are available at 0000,
0600, 1200, and 1800 UTC. In this study the total duration of
these six MVs is 6 h, and the average duration is 1 h that is
equal to the fact.
The MV radius is denoted by the radius bin in which the
azimuthal mean 500–600 hPa relative vorticity decreases to
smaller than 10% of the MV’s maximum relative vorticity.
Figure 2b shows that almost all the MVs have a radius larger
than 50 km. The minimum radius of the MV is 27.3 km and
the maximum is 285.6 km. The MV with a smaller radius is
few, and these MVs tend to have weak intensity because of
the limited radius. In the MV detection method of this
paper, the MV intensity investigated is required to surpass
4.5 3 1025 s21 (section 2a), and the MV radius is required to
be less than 300 km. Overall, the distribution of MV radius
has two peaks, with the ﬁrst peak of 100–200 km and the second peak of 285.6 km. The MCV and the MV-S are more frequently observed at the second peak, indicating that the radii
of these two-type MVs are often very large. If the 300-km
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FIG. 2. Distributions of the MV’s (a) intensity, (b) radius, (c) duration, and (d) maximum precipitation. The different
line types correspond to different MV categories, with the legends in (a).

limitation is cancelled, some MVs with a radius larger than
300 km may be found for these two MV categories. In addition, the radius distribution curves of MCV and MV-S are
similar because most of the MV-S cases are MCVs. In terms
of the precipitation caused by MVs (Fig. 2d), about 30% of
MCVs can cause the precipitation above 13 mm h21, whereas
most of the maximum rain intensity caused by MSVs is below
5 mm h21. The maximum rain intensity caused by MDVs is
generally below 3 mm h21. About one-half of MDVs bring no
signiﬁcant precipitation during their life cycles, and about
10% of MSVs cannot cause precipitation. However, the probability of such cases is very low for MCVs.
After comparing the average intensity and duration in
Table 1, we ﬁnd that there are some internal connections
between the intensity and duration of MVs. MVs with the
greater intensity usually last longer, and vice versa. Figure 3
shows the relationship between the intensity and the duration
of MVs (Fig. 3a), as well as the relationship between the
intensity and the precipitation (Fig. 3b). The solid black lines
in Figs. 3a and 3b respectively represent the average duration
and precipitation for different MV intensities. Note that the
duration (longevity) is divided by three, and the axes are in
the natural logarithm. This is for the clear comparison with
previous works (Davis et al. 2002; JJ), and meanwhile the
curves in the graphs could be more Gaussian. Seen from
Fig. 3a, as the intensity and the duration increase, the MVs
become fewer. No vortex is weaker than 4.5 3 1025 s21 due
to the threshold setting in section 2a. A detailed analysis of
the solid black line in Fig. 3a reveals an interesting result.

When the MV intensity is smaller than 30 3 1025 s21, the MV
duration increases with the intensity. But, when the intensity
is larger than 30 3 1025 s21, as the MV intensity increases the
duration ﬂuctuates. The possible reason is that the sample
number of intense MVs over 30 3 1025 s21 is too limited.
According to the solid black line in Fig. 3a, in the operational
weather forecast, when the MV intensity is provided, the
duration of the MV could be roughly estimated. However, JJ
shows that there is no apparent link between the MCV intensity and duration. The reason for this may be the insufﬁcient
number of samples in their statistics (only 45 cases). In this
study, the relationship between the MCV intensity and duration (ﬁgure omitted) is similar to that of the MV in Fig. 3a.
The MV samples used in this study are up to 21 053. Apparently, the results of this paper should be more representative.
Figure 3b shows the relationship between MV intensity and
its associated maximum precipitation. In the blank areas in
Fig. 3b, the number of cases is zero or one. The precipitation
caused by most MVs is between 3 and 20 mm h21, and the
intensity of most MVs is between 4.5 3 1025 and 20 3 1025 s21.
The solid black line shows that the MV associated precipitation
increases with the MV intensity, which is quite reasonable and
consistent with common sense.

b. Spatial relationships between MV and convection
The past study has shown that MCVs often initiate in the
stratiform precipitation region of the PC (Bartels and Maddox
1991). Yet the systematic research on the spatial relationships
between MVs and their PCs are still few. As for the initiation
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FIG. 3. (a) Relationship between ln(MV intensity) and ln(MV
duration). (b) Relationship between ln(MV intensity) and ln(MV
precipitation). The longevity is divided by 3, and the intensity is
scaled by 105, before the natural log operation. The corresponding
values for longevity (precipitation) and intensity are given according to the top and right axes, respectively. The number of MV
cases is shaded, with the scale at bottom. The black solid lines are
the averaged natural log of duration/3 in (a) and natural log of precipitation in (b) at each natural log of intensity.

location of the SC, Trier and Davis (2007) indicated that the
SC tends to form on the right-hand side of the downshear
direction of the environmental vertical shear, that is, the
southeast of the MCV.
Figure 4a shows the MV’s initiation position relative to the
center of the parent precipitation (the original point). The
center of the parent precipitation is deﬁned as the position
with the heaviest precipitation within the search range at the
MV formation time. The parent precipitation here does not
necessarily have to meet the convective-precipitation standard of 5 mm h21 as described in section 2a. That is, in Fig. 4a
both MCVs and MSVs are included. Most MVs form to the
north of the parent precipitation, and they initiate most frequently in the northwest quadrant while least frequently in
the southeast quadrant. Previous studies have shown that the
latent heat feedback is an important mechanism in the MV
initiation (Raymond and Jiang 1990; Bartels and Maddox
1991). MVs tend to form where the latent heating is more
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prominent, that is, the region where the ascending airﬂows
are located. In a classic slantwise convective storm under the
environment of signiﬁcant wind shears, the stratiform-cloud
region corresponds to the slantwise updrafts. Thus, MVs are
mostly initiated in the stratiform-cloud region (Bartels and
Maddox 1991). Meanwhile, the location of surface heavy precipitation usually corresponds to the location of downdrafts.
In a mesoscale or small-scale convective system in the midlatitude westerlies, the stratiform-cloud region often appears to
the northwest or north of the convective precipitation area.
Therefore, it is theoretically reasonable that MVs form mostly
to the northwest or north of the parent precipitation, as
shown in Fig. 4a. Considering the distance, the locations of
MV initiation are mostly within the range of 1.5 latitudes/longitudes from the maximum parent precipitation.
Figure 4b displays the position of SC relative to the MV at
the SC initiation. Here the location of the SC is represented
by its maximum-precipitation position. As can be seen,
most of SC form to the south of the MV, especially to the
southeast. This result is in agreement with previous studies
(Trier and Davis 2007; Lai et al. 2011). In the midlatitude
westerlies of the middle troposphere, the vertical wind shear
is the westerly airﬂow. So the southeast side of the MV is the
right-hand side of the downshear, where there is intensive
mesoscale ascending motion, strong vertical shear, the lowlevel air with high potential temperature, and signiﬁcant
potential instability (JJ). Moreover, the distance between the
SC and the MV center is generally about one latitude/longitude when the SC initiates (Fig. 4b). In short, the SC often
occurs to the south or the southeast of the parent MV with a
distance of around one latitude/longitude interval.

c. Source region and movement of MVs
Figure 5 shows the geographical distribution of each MV
category at the midlevels over China during 2007–16. MVs
are counted at their initiation. As can be seen, the distributions of MCV, MSV and MDV are similar, so we take all the
MVs as an example (Fig. 5a) to illustrate the geographical distribution. The numbers 1–6 in the ﬁgure indicate the concentration areas of MVs. In China, MVs are mainly initiated over
the Tibetan Plateau (the big black box in Fig. 5), including
concentration areas of number 1 to number 4. The two green
ellipses represent the northern and the southern plateau concentration areas, respectively. In the northern plateau concentration area (area 1), MVs are mainly caused by the thermal
effect of the plateau (Feng et al. 2014). Heated by the plateau
in summer, the convective activities in this area are quite
active. The sufﬁcient release of the condensational latent
heating contributes to MCV and MSV activities in this area
(Figs. 5b and 5c). At the two ends of area 1, there are many
MDVs (Fig. 5d), which are mainly caused by topographic
forcing. Both areas are the transition regions from high altitudes to low altitudes, where the dynamical descending airﬂow could increase the vorticity and lead to the formation of
vortices (Feng et al. 2014). The southern plateau concentration area (area 2) is located on the southern edge of the
Tibetan Plateau. There are frequent MCVs and MSVs in this
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FIG. 4. (a) Spatial relative positions of MVs and parent precipitation at the formation time of MV. (b) Spatial relative positions of MVs and secondary convection at the formation time of secondary convection. The number of cases
is shaded, with the scale at bottom. The axes are the latitude and longitude intervals. The origin of (a) is the position
of the parent precipitation (PP), and the origin of (b) is the MV position.

area. In summer, the southwesterly warm and wet ﬂow
encounters the plateau in this area and starts to ascend. During the climbing, moisture condensation and latent heat
release occur. As a result, MCVs and MSVs are induced
(Bartels and Maddox 1991). Area 3 and the Sichuan Basin
(the small black box in Fig. 5) are on the leeward side of the
Tibetan Plateau, where the westerlies sink after crossing the
plateau. The dynamical effect of the strong downward
motions can lead to the increase of vorticity. Besides, the
detouring ﬂows of the westerlies also converge in this area,
which is also a trigger of vortices (Feng et al. 2016). The
southwest monsoon brings sufﬁcient moisture to this area,
which favors the initiation of MCVs and MSVs. The MV in
this area is known as the southwest vortex.
Area 4 is situated in the Qaidam Basin and on the leeward
side of the high-altitude terrain. The southwest monsoon
could not reach this area. The downward motion of airﬂows is
the main reason for the formation of vortices (Kuo et al.
2001). Thus, most MVs in this area are MSVs and MDVs,
whereas MCVs are relatively few. Area 5 is at the junction of
the Taihang Mountains and the North China Plain. When the
prevailing wind is westerly, the MDV is prone to form when
the airﬂow goes downhill. When the southeasterly wind is prevailing, the warm and wet airﬂow climbs along the terrain and
precipitation is easy to occur. Thus, the latent heat release is
likely to trigger MCVs and MSVs in this region (Shu et al.
2017). Area 6 is located over the Yellow Sea and the East
China Sea in the eastern China. The moisture in this area is
abundant, and convective activities occur frequently in the
afternoon and at midnight (Shu et al. 2013). Accordingly,
MCVs and MSVs are easily produced in this region. Moreover, it is worth noting that in the hinterland of the Tibetan
Plateau, there exists a zonal band-shaped area (29.58–328N,

938–1008E) with the low frequency of MV activities. Two factors may be responsible for this phenomenon. One is that the
terrain of this plateau hinterland is relatively ﬂat, and the
other is the moisture is difﬁcult to be transported to this area.
In other words, in this region the stretching effect of vortex
tubes by topography is weak, and the latent heat release is not
signiﬁcant.
Figure 6 presents the moving tracks of the long-lived MCVs
(above 30 h) during three different periods. The track is
drawn by connecting the locations of the vortex at continuous
time steps in its life cycle. The moving tracks of MSVs and
MDVs are similar to those of MCVs, and their ﬁgures are not
shown here for brevity. The three periods, 15 May–14 June,
15 June–14 July, and 15 July–14 August respectively correspond to the three rainy seasons in China, namely, the ﬁrst
rainy season in South China, the Jianghuai mei-yu season,
and the rainy season in North China. It can be seen from
Fig. 6 that the northern and southern concentration areas in
the Tibetan Plateau have long been the two main source
regions of long-lived MCVs. When MCVs initiate, steered by
the midlevel westerlies, MCVs mainly move toward the east,
whereas a number of MCVs in area 1 move along the
northern branch of the westerly detouring ﬂows toward the
southeast. The Sichuan Basin and the leeward side of the plateau are the main MCV dissipation areas. The downward airﬂow in the two areas weakens the convective activities and
the associated latent heat release, and then results in the
MCV dissipation. Only a few MCVs can move out the basin
and affect the middle and lower reaches of the Yangtze River.
During the ﬁrst rainy season in South China (Fig. 6a), the
southerly warm and wet summer monsoon climbs the Nanling
Mountains, causing more convective activities and MCVs
in this area (Lai et al. 2011). These new MCVs gradually
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FIG. 5. Geographical distribution of (a) MV, (b) MCV, (c) MSV, and (d) MDV, counted at the formation time. The
outer black box is the Tibetan Plateau, and the small dashed box is the Sichuan Basin. The number of cases counted
within a 28 3 28 rectangular box with the grid point as the center is shaded. The numbers and two green ellipses in (a)
represent vortex concentration areas.

propagate eastward and interact with the mesoscale convective systems, which ﬁnally results in long-duration rainstorms. In contrast, during the mei-yu season (Fig. 6b),
fewer long-lived MCVs are observed in the midlevels over
the Jianghuai area. This result agrees well with the past
studies (Sun et al. 2010; Zhang et al. 2018). In fact, the vortices on the mei-yu front over the Jianghuai area are mainly
in the low levels below 700 hPa (Sun et al. 2010). During the
North China rainy season (Fig. 6c) there are some long-lived
MCVs in North China. These MCVs mainly form in the
transition area from the North China Plain to the Taihang
Mountains. The southeasterly summer monsoon is lifted
there and causes more convective activities. The latent heat
release beneﬁts the formation of MCVs in this area.

d. Monthly variation
Figure 7a depicts the monthly variations of three MV categories. As can be seen, summer (May–September) is the
active period of MCV, and the most active month is June.
By contrast, the active period of MDV is mainly in winter
(December–February). While for the MSV, the active
period is mainly in spring and autumn (March–April and
October–November). According to the deﬁnitions of different MV categories in section 2, MCV is a vortex formed in

the convective activity. In summer, most of China is under
the inﬂuence of summer monsoons and frequent convection
(Shu et al. 2013), and thus the MCV activities are frequent.
On the contrary, in winter, the convective activities are
reduced, and the northerly wind mostly brings dry air. Thus,
MDVs tend to form in winter. While in spring and autumn,
convective activities are signiﬁcantly reduced when compared with in summer (Shu et al. 2013), but the water vapor
condition is better than in winter. As a result, the stratiform
precipitation dominates and MSV activities are frequent
during these two seasons.
To study the inﬂuences of underlying surfaces on monthly
and daily variations of MVs, four regions with different
underlying surfaces are selected, namely, the Tibetan Plateau
(the northern plateau concentration area), the Sichuan Basin,
the Dabie Mountains, and the North China Plain (Fig. 7b).
Through analysis, it is found that the monthly variations of
MVs over the four regions are basically the same (ﬁgure omitted), which means that the underlying surface has a weak
impact on the monthly variations of MVs, and the main
inﬂuencing factor may be the seasonal variation of the largescale circulations. However, the underlying surface has a great
impact on the daily variation of MVs, and it will be discussed
in detail in the next section.
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FIG. 6. Tracks (solid black lines) of MCVs longer than 30 h during (a) 15 May–14 Jun, (b) 15 Jun–14 Jul, and (c) 15
Jul–14 Aug. The blue point denotes the dissipation place, and the beginning of the track is the initiation place. Altitude
(m) is shaded, with the scale at bottom.

e. Initiation time
Figure 8 shows the probability distribution of MCVs’ initiation time at four different moments. The four black boxes in
the ﬁgures represent the same areas as in Fig. 7b. As can be
seen, except for the southern plateau concentration area

(area 2 in Fig. 5), MCVs over the entire Tibetan Plateau
mainly form from nightfall to midnight with most MCVs born
at 1200 UTC (i.e., 1800 local standard time), followed by 1800
UTC. It is known that MCVs often initiate in the maturity
stage of parent convection (Bartels and Maddox 1991). Most
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FIG. 7. (a) Monthly variation of different-category MVs counted at the initiation time, and (b) the altitude (m) in
the study area, with the scale at bottom. The four dot–dashed red boxes in (b) denote the areas with typical underlying
surfaces to be analyzed in the following sections.
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FIG. 8. Percentages of MCV initiation at (a) 0000, (b) 0600, (c) 1200, and (d) 1800 UTC. The percentage is shaded,
with the scale at bottom. The percentage of each grid is derived from dividing the number of cases at each time by the
total number at four times. The number of cases is counted within a 58 3 58 rectangular box with the grid point as the
center. The four black dashed boxes are the same four regions as in Fig. 7b.

of the convective activities in this area are caused by the plateau heat-source effect (Shu et al. 2013), and the convective
activities form in the afternoon and mature at night when
more MCVs are induced. However, in the southern plateau
concentration area, MCVs mostly form at 0000 UTC. As
described in section 3c, MCVs in this area are mainly caused
by the southwesterly low-level jet (LLJ), which is relatively
strong at night, so the convective activities in this area mainly
occur at night and mature in the early morning, which is the
peak time of MCV formation in this area. In Sichuan Basin,
MCS mainly occurs at night, while the peak of MCV formation in this area is at 1800 UTC, which corresponds to the
maturity time of MCS (Yu et al. 2014). In the whole of central-eastern China, including the North China Plain, the
Dabie Mountains, and the oceans in the east of China, the
peak of MCV formation is at 0600 UTC, followed by 1800
UTC. MCSs in this region have two formation peaks, that is,
afternoon and midnight (Shu et al. 2013), which correspond
to the two peaks of MCV.
Figure 9 shows the probability distribution of formation
time for each MV category in the northern plateau concentration area (area 1 in Fig. 5), the Sichuan Basin, the Dabie
Mountains, and the North China Plain. Seen from Fig. 9, the

probability distribution of MCVs’ formation time is in agreement with the results in Fig. 8. MCVs over the northern
Tibetan Plateau mainly form at 1200 and 1800 UTC (from
nightfall to midnight). MCVs over the Sichuan Basin mainly
form at midnight. While for MCVs over the Dabie Mountains,
the formation probability at each moment is about the same,
and the value in the afternoon (0600 UTC) is slightly higher.
MCVs over the North China Plain mainly form at 0600 and
1800 UTC, consistent with the results in Fig. 8. Also, it is
worth noting that the formation time of MSV and MDV is signiﬁcantly different from MCV. In the Tibetan Plateau
(Fig. 9a), MDVs mainly form at 1800 and 0000 UTC (midnight and early morning), and for other times few MDVs initiate. This is due to the prevailing downdraft ﬂow over the
plateau at night, which facilitates the formation of MDVs. As
for MSVs over the plateau, the formation probability is similar at each time. In the Sichuan Basin (Fig. 9b), the formation
probability distribution of MDV is similar to MCV, and the
main peak is at 1800 UTC, whereas for MSVs the peak is at
0600 UTC (afternoon). During the night in this area, convective activities often occur, leading to frequent MCVs. When
in the nights with no convective activities, the westerlies move
downward from the plateau to the basin and could trigger
MDVs. In the daytime the precipitation in this area is mainly
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FIG. 9. Percentages of MV formation time in (a) the Tibetan Plateau, (b) the Sichuan Basin, (c) the Dabie Mountains,
and (d) the North China Plain. The red, purple, and black lines denote MCV, MSV, and MDV, respectively.

the stratiform precipitation, and thus MSVs are more frequent
in the daytime. In the Dabie Mountains (Fig. 9c), the MDV
formation has two peaks, 1800 and 0600 UTC, while the MSV
mainly forms at 1800 UTC. In this area, precipitation mainly
occurs in the afternoon and at midnight (Yu et al. 2014). The
precipitation is more convective in the afternoon and less convective at night, and thus it is prone to generate MSVs at night.
Besides, the local downdraft airﬂow at night is beneﬁcial to
the MDV formation. In the North China Plain (Fig. 9d), the
formation time distributions of MCV, MSV, and MDV are
similar, with two peaks in the afternoon (0600 UTC) and at
midnight (1800 UTC). This result agrees well with the diurnal
variation of precipitation in this area (Yu et al. 2014), and the
two formation peaks correspond to two precipitation peaks at
0600 and 1800 UTC, respectively. If there is no precipitation,
the triggered vortices are MDVs.

4. Composite MCV over the Tibetan Plateau
In this section, the 30 long-lived MCVs (with the duration
longer than 30 h) forming in the northern plateau concentration area (328–368N, 938–988E) are selected. Then, the ERAInterim reanalysis data is used to conduct a composite analysis based on these 30 MCVs. During the composite analysis,
the center of the MCV is taken as the reference point. The

composite MCV moves to the east before maturity and to the
east-southeast after maturity. The average moving speed is
7.36 m s21 before maturity and 5.12 m s21 after maturity. In
following sections, the three-dimensional dynamic and thermodynamic structures of the composite MCV at its formation,
maturity, and dissipation stages (as deﬁned in section 2b) are
analyzed in detail to reveal its evolution characteristics.

a. Surface features
The distributions of surface-based CAPE and surface pressure in the surrounding areas at each stage of the composite
MCV are shown in Fig. 10. The red triangle in the ﬁgure indicates the center of the composite MCV. The CAPE values
near the vortex are very high at various stages, which indicate
the heat source effect of the plateau. The formation position
of the MCV is at the high-value center of CAPE, and the
maximum reaches 1000 J kg21. From the MCV center to the
outside, the CAPE gradually decreases. This indicates that
when the MCV forms, the convective activity is still at the initiation or development stage, and the energy is not fully
released yet. Note that this feature of the plateau MCV is different from the MCV over the plain areas. Bartels and
Maddox (1991) showed that MCVs over plain areas mostly
form during the maturity to dissipation stage of the parent
MCS. This is because the formation of the plain MCV relies
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FIG. 10. Distribution of surface-based CAPE (shaded; J kg21) and the surface pressure (hPa; CI 5 20 hPa) at the
(a) initiation, (b) maturity, and (c) dissipation of the composite MCV. The red open triangle denotes the center of the
vortex.

on the sufﬁcient latent heat release, which strengthens the
midlevel cyclonic vorticity and eventually induces MCVs.
Heavy precipitation and sufﬁcient latent heat release often
occur at the maturity stage of the MCS. For this reason, the
plain MCV mostly forms during the maturity to dissipation
stage of the PC. However, for the plateau MCV, owing to the
thermal instability over the plateau in summer, the thermal
disturbance at low levels often causes strong ascending airﬂows and convergences at the mid–low levels (Feng et al.
2014), as a result, the midlevel cyclonic vortex, that is, the plateau MCV can be generated at the development stage of the
MCS. As shown in Figs. 10b and 10c, after entering the maturity stage, the CAPE in the surrounding areas of MCV
reduces signiﬁcantly and the range of the high-value area is
also narrowed. At the dissipation stage, the CAPE at the vortex center is further weakened, indicating that its PC is also at
the dissipation stage. Besides, the surface pressure is high in
the east and low in the west, which is mainly caused by the
terrain.
Figure 11 shows the distribution of hourly precipitation and
2 m temperature at various stages of the composite MCV.
The distribution of 2 m temperature is mainly the reﬂection of
topography. Based on the MCV deﬁnition in section 2b,
MCV forms in the convective precipitation with rainfall intensity above 5 mm h21. But the composite precipitation in
Fig. 11 is all below 1 mm h21, which is mainly due to the different spatiotemporal distribution of the precipitation in

different MCVs. Hence, the average precipitation in Fig. 11
could represent the spatial distribution of precipitation, but
could not represent the magnitude of precipitation. At the initial stage of the MCV, the precipitation around it is not very
heavy, and convective activities are still in the early development stage. The MCV initiates on the east of the heavy precipitation area, and this is in agreement with the result in
Fig. 4a. At the maturity stage (Fig. 11b), the convective precipitation also reaches its peak. At this moment, the MCV
center is on the west of the heavy precipitation area. At the
dissipation stage (Fig. 11c), the MCV is still accompanied by
heavy precipitation, and their locations are more coincident
than in the maturity stage. This is because most of these longlived MCVs have generated SC after their maturity, leading
to the continuous heavy rainfall. The heavy precipitation area
is located near the MCV and to its south. Figure 4b has shown
that the SC mainly lies to the southeast side of the MV, so
these two results are basically consistent.

b. Midlevel features
The distributions of 500-hPa relative vorticity and geopotential height at each stage of the composite MCV are shown
in Fig. 12. Seen from a large-scale perspective, the 500-hPa
geopotential height is high in the south and low in the north,
reﬂecting the local climate background. From a local perspective, at the initiation and maturity stages the MCV lies near
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FIG. 11. As in Fig. 10, but for the surface hourly precipitation (mm; shaded) and 2-m temperature (K; contour, with
CI of 2 K). The red open triangle denotes the center of the vortex.

the low pressure trough, and a closed contour exists at the initiation stage. However, at the dissipation stage, the trough
weakens and the contours are relatively straight. It is noteworthy that such characteristics on the geopotential height
ﬁeld of the plateau MCV are quite different from the plain
MCV, which often locates behind the trough and in front of
the ridge at 500 hPa (Bartels and Maddox 1991; JJ). Seen
from the vorticity distribution, at any stage of the MCV, the
MCV center and the high-value center of relative vorticity are
nearly overlapped. This is in accordance with the vortex identiﬁcation algorithm in section 2a. Also, this conﬁrms the
validity of the vortex identiﬁcation algorithm from another
side. At the initiation stage, the maximum intensity reaches
13.5 3 1025s21. At the maturity stage, the relative vorticity
near the MCV center increases and is up to 15 3 1025s21,
which is much higher than the average intensity of the MCV
in China (9.2 3 1025s21) in Table 1. It is mainly because the
MCV samples selected for the composite analysis are longlived MCVs with the duration longer than 30 h, and their
intensities are strong accordingly. At the dissipation stage, the
intensity of the composite MCV is greatly reduced along with
the weakening of the trough.
Figure 13 depicts the distribution of 500-hPa temperature
and horizontal wind speed at each stage of the composite
MCV. Note that the MCV samples are located over the plateau, and their average altitude is within 600–650 hPa. Thus,
500 hPa is actually at the mid- and lower levels of the MCV.

From the large-scale perspective, the temperature is high in
the south and low in the north, reﬂecting the large-scale temperature gradient in this region. From the local perspective,
there is a weak temperature ridge near the MCV center at the
initiation stage. Afterward, the temperature ridge obviously
strengthens at the maturity stage. It is attributed to the local
heating caused by the continuous latent heat release during
the formation and development of MCVs. At the dissipation
stage, as the convective precipitation weakens, the local latent
heating also weakens, and the isothermal lines turn straight
accordingly.
Considering the wind speed, at the initiation stage the highvalue area of wind speed and the LLJ locate to the south of
the MCV center. It should be noted that the speed of the LLJ
is relatively low (about 11 m s21), which is caused by the averaging over many cases. At the maturity stage, both the intensity and range of LLJ are increased. The LLJ area corresponds
well to the dense geopotential contour lines to the south of the
MCV in Figs. 12a and 12b. Then at the dissipation stage, the
LLJ disappears. The LLJ is also seen in the composite MCV
from JJ (see their Fig. 10). Actually, the LLJ corresponds to
the region where strong convection occurs (JJ), and the composite MCV is induced to the north of strong convection. This
result is in good agreement with the result of Fig. 4a. Davis
and Trier (2002) showed that the LLJ plays a key role in the
MCV-related rainstorms. The LLJ rapidly transports the
warm and moist airﬂow to the surrounding areas of the vortex,
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FIG. 12. As in Fig. 10, but for the 500-hPa geopotential height (m; CI 5 5 m) and the 500-hPa relative vorticity
(1026 s21; shaded). The black open triangle denotes the center of the vortex.

which increases the instability of the environment and then
induces the local convection.

c. Vertical structure
The proﬁles of pressure vertical velocity and divergence
cross the MCV center at the three life stages are shown in
Fig. 14. Note that the pressure vertical velocity is not derived
from the divergence proﬁle, and it is directly given by the
ERA-Interim. The divergence proﬁles present certain pronounced variation characteristics during the three MCV life
stages (Fig. 14a). At the initiation stage, the PC is developing,
and there is pronounced convergence below 450 hPa and
divergence between 200 and 400 hPa. At later stages, as the
MCV and the PC mature, the height of the low-level convergence layer decreases, and the divergence at 400 hPa is
enhanced remarkably. Indicated by the mass conservation
equation, such a divergence proﬁle means strong ascending
motion in the mid- and upper levels (Fig. 14b). Below 400 hPa,
at the initiation and maturity stages, the ascent is very strong,
especially at the maturity stage when the PC also enters its
maturity stage. At the dissipation stage, the convergence at
the low–midlevel and the divergence at the upper level are
reduced substantially, and the ascending motion also greatly
weakens. However, no sinking motion is observed during the
whole life of the MCV. Also note that, as mentioned above,
the plateau MCV in section 4 is different from the plain MCV
in previous studies (Bartels and Maddox 1991; JJ). In this

study, when the MCV is at its initiation stage, its PC is still
at the development stage. Hence, the ascending motion is
still not the strongest at that time. But, in JJ’s composite
MCV in plain areas, the midlevel convergence, the highlevel divergence and ascending motion are all most active
at the initiation stage of their composite MCV (see their
Fig. 14), because this moment corresponds to the maturity
stage of the parent MCS when the convective activities are
most active.
Several previous studies (Conzemius et al. 2007; JJ) have
studied the evolution of potential vorticity (PVU; 1 PVU 5
1026 K kg21 m2 s21) in the MCV life cycle. To compare with
the past studies, the PV structure of our composite MCV is
analyzed in detail. Figure 15 shows the north–south cross sections cross the vortex center at three life stages. The isentropes with the interval of 5 K denote the static stability. The
black contour line is the potential temperature anomaly, that
is, the anomaly from the zonal average in ﬁve longitudes. We
should be clear that this MCV thermal structure is superposed
on a large-scale temperature gradient background, and the
isentropes slope upward toward the north. In the whole life
cycle the positive PV anomaly exists, which denotes the existence of MCV. The maximum of the PV anomaly locates near
520 hPa and is larger than 2 PVU at the maturity stage.
At the initiation stage (Fig. 15a), this PV anomaly is located
between the remarkable upper-level warm anomaly and the
low-level cold anomaly. This structure proves the earliest-
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FIG. 13. As in Fig. 10, but for the temperature (K; CI 5 1 K) and horizontal wind speed (m s21; shaded) at 500 hPa.
The black open triangle denotes the center of the vortex.

postulated MCV structure by Raymond and Jiang (1990; see
their Fig. 1). This upper-level warm anomaly is related to the
condensational heating released from the parent MCS, while
the low-level cold anomaly is related to the cold pool. This
sandwich structure is also found at the maturity stage
(Fig. 15b). Besides, seen from Fig. 15a, it is notable that a
long and narrow PV maximum exists at about 600 hPa, which
might relate to the low-level cold pool caused by the parent
convection. Besides, this PV maximum also might be induced

by the increased low-level stability in the night, which is the
peak time of MCV initiation over the Tibetan Plateau
(Figs. 8 and 9a). The similar structure was also discovered by
Fritsch et al. (1994; see their Fig. 24) and JJ (see their
Fig. 15a). This feature weakens in the following maturity and
dissipation stages.
At the maturity stage, MCV and the PV anomaly intensify
and expand vertically between 600 and 400 hPa (Fig. 15b),
and the PV maximum reaches larger than 2 PVU at about
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FIG. 14. Proﬁles of the (a) divergence (1026 s21) and (b) pressure vertical velocity (Pa s21) across the vortex center at
the initiation (red), maturity (black), and dissipation (green) of the composite MCV.
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FIG. 15. Distributions of the potential temperature (K; red solid line, with CI of 5 K), potential vorticity (shaded;
1026 K m2 kg21 s21), and potential temperature anomaly from the zonal average (K; black dashed line, with CI of
0.2 K) along the north–south cross section at the (a) initiation, (b) maturity, and (c) dissipation of the composite
vortex.

520 hPa. Both the positive PV anomaly and the cold anomaly
extend downward somewhat toward the surface. The positioning of the PV anomaly is consistent to that given by
Fritsch et al. (1994) and JJ, but the magnitude of PV anomaly
in our plateau MCV is larger than their plain MCV. At the
dissipation stage the MCV weakens, but the midlevel PV
maximum and the associated low-level temperature perturbation still exist (Fig. 15c).

d. The vertical wind shear
Trier and Davis (2002) have shown that the location of SC
is closely related to the environmental vertical wind shear. JJ
investigated the characteristics of vertical wind shear within
plain MCVs in the United States. Therefore, following JJ, we
study the characteristics of vertical windshear within the composite plateau MCV. Wind proﬁle data are derived from the
ERA-Interim data. To isolate the wind ﬁeld of the MCV, the
wind proﬁle data are averaged over a circle that has a radius
of 28 and takes the vortex center as its center. Then, the wind
proﬁles are calculated at the three life cycle stages for each
MCV case. Considering the vertical extension of our composite MCV, the vertical wind shear between 550 and 400 hPa is
calculated. Finally, in our composite MCV the wind shear is

12.5 and 7.6 m s21 at the initiation stage and dissipation stage,
respectively, and the direction change is about 2908. After
the conversion with pressure–height equation of standard
atmosphere, the two shear values are respectively 6.3 and
3.8 3 1023 s21.
Figure 16 presents the vertical proﬁles of four variables in
our composite MCV at the maturity stage, and the proﬁles
are averaged over the regions upshear and downshear of the
MCV center. The upshear and downshear directions of
each case are determined according to the direction of the
550–400-hPa vertical wind shear. Following JJ, the downshear
and upshear proﬁles of each variable are averaged over two
18-radius circles that are respectively centered on 28 downshear and upshear of the vortex center in each case.
Figure 16a shows the average divergence proﬁles at the maturity stage. It is notable that the characteristics of the upshear
and downshear proﬁles are nearly opposite. In the downshear
region there is signiﬁcant convergence in the low levels and
divergence in the upper levels, while the upshear region shows
an opposite proﬁle. These features could favor the ascending
motion and descending motion in the downshear region and
upshear region, respectively. It is also shown by Fig. 16b, which
presents the proﬁles of pressure vertical velocity. In comparison
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FIG. 16. Proﬁles of the (a) divergence (1026 s21), (b) pressure vertical velocity (Pa s21), (c) potential temperature
anomaly from zonal mean (K), and (d) relative humidity (%) in the upshear (red) and downshear (black) regions of
the composite vortex at its maturity. This ﬁgure is used to compare with Fig. 16 of JJ.

with JJ, our proﬁles are a little different, and it is partly due to
the different vortex source regions. Our composite is a plateau
MCV, rather than a plain MCV. In the upshear region, there is
weak subsidence in low levels and weak ascent in upper levels,
while JJ’s composite MCV shows more signiﬁcant subsidence in
low levels. In the downshear region, the strong ascent exists
between 600 and 300 hPa with the maximum at 500 hPa,
whereas it is at 300 hPa in JJ’s study. However, the results in
this study are qualitatively consistent with JJ’s results, and both
of them indicate that the downshear region of MCV is favorable
for the initiation of secondary convection.
The potential temperature perturbation proﬁles are shown
in Fig. 16c, and we compare it with the corresponding ﬁgure
in JJ’s study. We should keep in mind that because of the plateau topography, the lower limit of our ﬁgure is 600 hPa. The
potential temperature perturbations are the anomalies from
the average over a 28-radius circle with the vortex as the center. In both our Fig. 16c and JJ’s Fig. 16c, in the downshear
and upshear regions the potential temperature perturbations
present opposite distributions. In the downshear region, the
signiﬁcant warm anomaly exists between 550 and 300 hPa,
accompanying with a weak warm anomaly at 600 hPa (near
the surface). This kind of proﬁle reﬂects the precipitationrelated latent heat release in the downshear region of the

MCV. It suggests that at the MCV maturity stage, the SC
might already occur in downshear regions.
Figure 16d shows the proﬁles of relative humidity. Noticeably, the upshear and downshear proﬁles both display a
monotonic decrease with height. At all levels, the downshear
proﬁle shows higher humidity than the upshear proﬁle.
Besides, in the low levels (below 500 hPa), the humidity in the
downshear region could reach almost 90%. Such a humidity
proﬁle also suggests a favorable environment for convection
in the downshear region.

5. Conclusions and discussion
The climatic characteristics of midlevel MVs are investigated based on a large number of cases (21 053) observed in
China during 2007–16. According to the relationships with
precipitation, MVs are divided into three categories, that is,
MCVs, MSVs, and MDVs. The probabilities of triggering SC
by MCVs, MSVs, and MDVs are 70%, 23%, and 10%,
respectively. The average intensities of MCVs, MSVs, and
MDVs are 9.8, 8.8, and 7.7 (1025 s21), respectively. The average durations are respectively 11.5, 10.7, and 9.2 h, and the
average radii are respectively 198.4, 174.3, and 182.3 km.
The intensity and radius of MCV in this study are close to the

Unauthenticated | Downloaded 01/09/23 07:55 PM UTC

326

JOURNAL OF APPLIED METEOROLOGY AND CLIMATOLOGY

statistics of the U.S. MCV. The stronger the MV is, the
heavier the precipitation is, and the longer the duration will
be. However, when the MV is particularly strong, the relationship between intensity and duration becomes ambiguous.
Moreover, the relative positions between MVs and associated
convection are analyzed. MVs mainly form within a range of
1.5 latitudes/longitudes to the northwest or the north of the
PC. The SC are often triggered to the south or southeast of
the parent MV at the distance of about one latitude/
longitude.
Many of the midlevel MVs in China originate from the
Tibetan Plateau. The heat source effect and the topography
all facilitate the formation of vortices. After formation, MCVs
mainly move to the east. The leeward slope of the plateau
and the Sichuan Basin are the main areas where MCVs dissipate. MCV activities peak in summer (May–September),
MDV in winter (December–February), and MSV in spring
(March–April) and autumn (October–November). The initiation time of MCV is closely related to the local topography.
MCVs in the Tibetan Plateau mainly form from evening to
the ﬁrst half of the night, and MCVs in the Sichuan Basin
mostly form at midnight. There are two peaks (afternoon and
midnight) of the MCV activities in central-eastern China.
MDVs primarily form around midnight.
The high-resolution composite analysis of the long-lived
MCVs in the northern plateau concentration area is conducted. The results indicate that the MCV forms to the east of
the heavy precipitation area in the development stage of the
PC. When the MCV dissipates, there still exists heavy precipitation due to SC. At 500 hPa, the composite MCV forms near
the low pressure trough and the temperature ridge, and there
is an LLJ to the south of the MCV center. When the MCV
matures, the relative vorticity near the vortex center exceeds
15 3 1025s21 and the LLJ is also strong. During the initiation
and maturity stages, there is intensive convergence in the low
levels and intensive divergence around 400 hPa, and there is
strong ascent between 400 and 500 hPa. The cross sections of
PV, potential temperature, and potential temperature anomaly through the MCV center reveal that the vortex circulation
is mainly located near 500 hPa, although the vortex extends a
little to the lower levels at the development and maturity
stages. Above the vortex is the warm core that is related to
the condensational latent heating of the PC, and below is the
cold anomaly related with the cold pool. The vertical proﬁles
of several physical quantities along the downshear and
upshear of the composite MCV show that, in the downshear
area it is more conducive to the formation of SC.
This study systematically investigates the characteristics of
midlevel MVs in China for the ﬁrst time. Besides MCV, this
study also presents some basic characteristics of MSV and
MDV. The composite analysis of MCVs in the Tibetan Plateau reveals the environment characteristics and thermal–
dynamical structures of the MCV, which is undoubtedly
valuable in the weather forecasting operation. In short, it is
hoped that this climatology study can deepen the forecasters’
understanding on MVs in China and improve the forecasting
skills on such disastrous weather systems and the associated
extreme precipitation. The climatological statistics of MVs in
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this study could provide a reference for the veriﬁcation of MV
numerical simulations. The relationships between SC and parent MVs, and the differences of environmental and structural
characteristics between long-lived MVs and short-lived MVs,
are both topics of our interest and need further research in
the future.
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