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ABSTRACT

A 14-yr climatology is presented of the mesoscale vortices generated in the vicinity of the Dabie Mountains [Dabie
vortices (DBVs)] in the Yangtze River valley. Analyzing these vortices using the Climate Forecast System Reanalysis
(CFSR), DBVs were found to be a frequent type of summer mesoscale weather system, with a mean monthly fre-
quency of 12.2. DBVs were mainly located in the middle and lower troposphere, and ~92% of them triggered
precipitation. Most DBVs were short lived, and only 19.5% persisted for more than 12 h. Latent heat release associated
with precipitation is a dominant factor for the DBV’s three-dimensional geometry features, life span, and intensity.

The long-lived DBV, all of which triggered torrential rainfall, were analyzed using a composite analysis under
the normalized polar coordinates. Results indicate that these vortices generally moved eastward and northeast-
ward, which corresponded to the vortices’ orientation, divergence, vorticity budget, and kinetic energy budget.
The evolution of long-lived DBVs featured significant unevenness: those octants located at the front and on the
right side of the vortices’ moving tracks were more favorable for their development and maintenance, while those
octants located at the back and on the left side acted conversely. Convergence-related shrinking was the most
favorable factor for the vortices’ development and persistence, while the tilting effect was a dominant factor
accounting for their attenuation. Long-lived DBVs featured strong baroclinity, and the baroclinic energy con-
version acted as the main energy source for the vortices’ evolution. In contrast, the barotropic energy conversion

favored the vortices’ development and maintenance at first, and later triggered their dissipation.

1. Introduction

For China, heavy rainfall events are the most severe
type of weather and have resulted in a large number of
disasters (Tao 1980; Zhao et al. 2004). There are three
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distinct macroregional rainfall characteristics in the areas
of northern China, the Yangtze River valley (YRV), and
southern China (Tao 1980). Of these three regions, the
YRYV experiences the most severe precipitation in sum-
mer (Zhao et al. 2004; Ding et al. 2007). It has been
demonstrated that mesoscale vortices frequently trigger
torrential rainfall over the YRV (Tao 1980; Lu 1986;
Chen et al. 2003; Zhao et al. 2004; Zhao and Fu 2007; Sun
et al. 2010; Fu et al. 2011). In some cases, heavy rainfall
associated with the mesoscale vortices can last for
several days, causing flash floods, flowing debris, and
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FIG. 1. (a) Terrain characteristics (shading, units: m) and the region used for detecting the
DBVs. (b) Annual frequency of the DBVs, where red and blue highlight the maximum and

minimum annual values respectively.

urban waterlogging that result in substantial casualties
and considerable economic loss (Kuo et al. 1988; Fu
et al. 2013).

Most of the mesoscale vortices that occur over the YRV
mainly originate from two sources (Zhao et al. 2004; Yang
et al. 2010; Fu et al. 2013): the Sichuan basin and regions
around the Dabie Mountains (Fig. 1a). The mesoscale
vortices that initiate from the Sichuan basin are referred
to as southwest vortices (Lu 1986; Kuo et al. 1988), and
those generating around the Dabie Mountains (Fig. 1a)
are defined as Dabie vortices (DBVs) in the present study.
Compared to the southwest vortices, which are mainly
quasi-stationary within the Sichuan basin (Lu 1986; Fu
et al. 2014, 2015), most of the DBVs move rapidly away
from their source region (Yang et al. 2010). Extreme DBV
cases can persist and cause a series of torrential rainfall
events along their tracks that pose a serious flooding
threat to the middle and lower reaches of the YRV (Zhao
et al. 2004; Fu et al. 2013), where there is dense population
and heavy economic development.

As an important torrential rainfall trigger, the DBV
has been a topic of considerable research for decades.
Typical DBV cases were analyzed in detail, and related
studies largely concentrated on DBV synoptic environ-
mental conditions (Gao and Xu 2001; Yang et al. 2010),
dynamic/thermodynamic structures (Chen and Dell’Osso
1984; Sun et al. 2010; Zhou and Li 2010), precipitation-
related features (Ninomiya 2000; Zhao et al. 2004; Shen
et al. 2013), energy conversion characteristics (Fu et al.
2013), and mechanisms accounting for their evolution
(Hu and Pan 1996; Dong and Zhao 2004). In contrast,
thus far, very few climatological and statistical analyses
of DBVs have been conducted. These existing statisti-
cal studies (Gu 2008; Yang et al. 2010) have used
low-resolution reanalysis data and/or sparse station
soundings concentrated on a very short period, and the
criteria used for vortex classification were mainly based on
large-scale environmental conditions (Yang et al. 2010).
Furthermore, so far no efforts have been made to de-
termine the universal or common features of the DBVs’
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dynamic and thermodynamic structures, energy conversion
processes, and mechanisms that underpin their evolution.

The purpose of this paper is to apply climatological and
statistical studies to the DBVs, classify the DBVs based
on a new criterion that has significant physical meaning,
and conduct composite analyses of the DBVs, thereby
determining the universal structural, evolutionary, and
energy conversion characteristics of the DBVs.

Data and methods used in this study are described in
section 2, statistical and climatological features of the
DBVs are presented in section 3, composite analysis re-
sults are presented in section 4, and section 5 presents a
summary and discussion.

2. Data and methods
a. Data

In this study, we used the National Centers for Envi-
ronmental Prediction (NCEP) Climate Forecast System
Reanalysis (CFSR; Saha et al. 2010) for the summer
(June—August) of 2000-13 to detect the DBV, to cal-
culate the dynamic budgets, and to conduct vortex
composites. This dataset has a horizontal resolution of
0.5° X 0.5° and a temporal resolution of 6h. Surface
observations every 3h and soundings every 12h (0000
and 1200 UTC) from the Chinese Meteorological
Administration were used to validate and classify the
DBVs detected using the reanalysis. In addition, the
precipitation associated with DBVs was investigated
by using surface-observed precipitation every 6 h and
CMORPH (Climate Prediction Center morphing
technique) precipitation data' every 3h (Joyce et al.
2004) from the National Oceanic and Atmospheric
Administration (NOAA).

The detection of DBVs was conducted manually using
these procedures: 1) at the levels of 950-500 hPa, within
the region (27°-34°N, 112°-118°E) (Fig. 1a), when a
closed vortex center in the stream field coupled with a
significant positive vorticity center was detected for the
first time, the initiation of a DBV was defined (Yang
et al. 2010); 2) the DBV was considered valid if the
observed wind field around the vortex center at three
continuous vertical levels also featured significant cy-
clonic shear; 3) the vertical extent of a DBV was de-
termined by checking all continuous vertical levels for
the occurrence of notable vortex circulations at a step of
50hPa, and the distance between vortex centers in

! The precipitation of the vortex was first evaluated by using
surface-observed precipitation, and when the vortex moved to the
sea or other regions without sufficient precipitation observations,
CMORPH precipitation data were used in the evaluation.

FU ET AL.

763

neighboring vertical levels had to be less than 50km; 4)
at two successive time steps (6 h), the DBV centers at the
typical level had to be less than 450 km; and 5) the life-
span of a DBV was defined by the period between the
first and last detection of a same vortex.

b. Estimation of DBV size features

To estimate the variation of a DBV’s horizontal ge-
ometry during different stages and conduct a more ef-
fective composite study of the vortices, the size
characteristics of a DBV were determined using the
method reported by Rudeva and Gulev (2007,2011) and
Fu et al. (2015). Following Fu et al. (2015), the Ertel
potential vorticity (PV) (Ertel 1942) was used to esti-
mate the DBV’s size; the angular step and the radial
spatial step were 10° and 10 km, respectively. The vortex
effective radius was defined as re = /Sy/ar, where Sy,
represents the area surrounded by the critical PV value
outline M (Fu et al. 2015). This outline M was also used
to represent the DBV’s horizontal geometry. The maxi-
mum and minimum diameters of the outline M were de-
fined as dax and dp;,, respectively, and the asymmetry of
the vortex was defined as dyax/dmin. At €ach typical stage,
the DBV was normalized to the polar coordinates, and
then composite analyses were conducted under this ref-
erence frame (Rudeva and Gulev 2007, 2011; Fu et al.
2015). The average of the geometric parameters (¥eof, dimaxs
and dy,;,) of the DBVs used in the composite analysis was
used to denote the general size features of the corre-
sponding type of DBV. For more detailed information
about this method, readers are referred to Rudeva and
Gulev (2007, 2011) and Fu et al. (2015).

c¢. Vorticity and energy conversion budget equations

Because vertical vorticity is an effective measurement
of the vortex, a vorticity budget equation was used in this
study (Kirk 2003):

oV,
w_ h-th—wa—§+k~ —hXVhw
ot ap op
—— ——
HAV VAV TIL
- BU - (§+f)vhvh ’ (1)
~— —_———
AP STR

where ¢ is the vertical vorticity; V, =ui+vj is the
horizontal velocity vector and i, j, and k stand for the
unit vector points to the east, north, and zenith, respec-
tively; V,, = (8/dx)i + (9/dy)j is the horizontal gradient
operator; f is the Coriolis parameter; p is the pressure; and
® = dpldt and B = 9f/dy. In this study, since the term AP
(advection of planetary vorticity) was much smaller than
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TABLE 1. Statistical results for the DBVs that lasted more than 12 h: the number and percentage of each type of DBV (NAP), the
average life span (ALS), the average maximum 6-h precipitation (AMP), the probability of triggering rainfall (PTR), the mean uppermost
stretching level (MUS), the mean lowermost stretching level (MLS), and the mean vertical stretching (MVS).

NN PN NL PL Total
NAP (%) 11 (11%) 39 (39%) 7(7%) 43 (43%) 100 (100%)
ALS (h) 19.6 36.3 18 41.7 35.8
AMP (mm) 16.7 62.5 295 69.5 58.8
PTR (%) 54.5% 95% 100% 100% 92%
MUS (hPa) 631 634 665 616 633
MLS (hPa) 905 924 885 940 926
MVS (hPa) 274 290 220 324 293

other terms, only the horizontal advection of vorticity
(HAV), vertical advection of vorticity (VAYV), titling
(TIL), and stretching effects (STR) were analyzed in de-
tail. However, the total effect term (TOT) is defined as
TOT = HAV + VAV + TIL + AP + STR.

Since the rotational wind kinetic energy (KE) can
represent the intensity of a vortex effectively, budget
equations of the rotational wind KE and divergent wind
KE (Chen and Wiin-Nielsen 1976; Buechler and
Fuelberg, 1986; Fu et al. 2011) were utilized in this study:

K
v
—L=B,+H(KK,)+F,, @)
oK
X — _
—X=B +H(P.K)~H(K .K)*F, 3)
o(P+ 1)
T:BPH_H(P’Kx)+QP+I+Fp+I’ )

where K, and K, are the rotational wind KE and di-
vergent wind KE; P is the potential energy and 7 is the
internal energy; and ¢ and y denote the stream and
potential function, respectively; By, B,, and Bpis
stand for the boundary fluxes; Fy, F,, and F,,; repre-
sent the residual terms; and Qp.; denotes the diabatic
production/extinction. The term H(K,, K,) is the
barotropic energy conversion (BTC), that is, the con-
version between the rotational wind KE and the di-
vergent wind KE. The term H(P, K,) is the baroclinic
energy conversion (BCC), that is, the transition between
the available potential energy (APE) and the divergent
wind KE. In this study, the rotational and divergent
wind were calculated using the method reported by
Cao and Xu (2011) that is effective and accurate in
computing the streamfunction and velocity potential
of a limited domain.

3. Overview of the statistical and climatological
results of the DBVs

During the summers of 2000-13, 513 DBVs were de-
tected (Fig. 1b), with a mean frequency of 12.2 per

month, implying that DBVs are very frequent in sum-
mer over the YRV. DBVs generally occur most fre-
quently in June (239) and least in August (126). There
were three peaks in the annual frequency of DBVs:
2002, 2008, and 2011 (Fig. 1b). The maximum was 53
in 2002 and the minimum was 18 in 2013. In addition,
the annual frequency of DBVs had no significant in-
creasing or decreasing trend.

Most DBVs were short-lived, and only 100 (19.5%)
lasted for more than 12h. We classified these 100
DBVs based on the observed surface pressure and pre-
cipitation. Following James and Johnson (2010) and Fu
et al. (2015), both thermodynamic and dynamic standards
were used in the vortex classification, with the respective
criteria of whether obvious precipitation occurred (6-h
accumulated precipitation = 5 mm) and whether a closed
surface low center appeared within 6 h before the initia-
tion of a DBV. As a result, four types of DBVs could be
determined: precipitation and surface low (PL), pre-
cipitation only (PN), surface low only (NL), and no pre-
cipitation and no surface low (NN).

Table 1 shows the statistical characteristics of all four
types of DBVs; PL-DBVs account for the maximum
fraction (43%) while NL-DBVs were the least common
type of event (7%). The PN- and PL-DBVs were much
longer lived than the other two types, implying that the
latent heat release associated with precipitation may
be a necessary condition for the longevity of a DBV.
Of the 100 DBVs that persisted for more than 12 h, 92%
triggered rainfall during their lifetimes, and the maximum
6-h precipitation amounts of the PL- and PN-DBVs were
much larger than for the other two types. All PL- and
NL-DBVs triggered rainfall, whereas only about one-half
of the NN-DBVs caused precipitation within their life-
times (Table 1). DBVs were mainly located in the middle
and lower troposphere. The greatest vertical extent of
these vortices was found to be associated with the PL-
DBYV category, with a thickness of 324 hPa. In contrast, the
NL-DBV was associated with the most limited vertical
extent (220 hPa). Only 21 DBV cases lasted for more than
42h (21%), including 11 PL-DBVs and 10 PN-DBVs,
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detecting the DBVs.

whereas all NL- and NN-DBVs were generally short
lived (Table 1). As previous studies have shown (Hu
and Pan 1996; Zhao et al. 2004; Yang et al. 2010; Fu
et al. 2013), a DBV with a life span of no less than 42h
can be regarded as long lived; therefore, 42 h was used
as the threshold value for longevity in the present
study. Importantly, all of the 21 long-lived DBVs trig-
gered heavy rainfall, and some caused flash floods and
urban waterlogging over the YRV that caused consid-
erable economic loss. Therefore, special attention
should be paid to these long-lived DBVs.

The individual tracks of the long-lived DBVs are
shown in Fig. 2, which reveals that despite long life cy-
cles these events were generally fast-moving. These
vortices can move to northeastern China, the Korean
Peninsula, and even Japan, thereby influencing an ex-
tremely wide region. The PL-DBVs generally moved
northeastward, whereas the PN-DBVs mainly moved
eastward (except for one specific case, which, unusually,
moved northward).

To facilitate a simple but representative analysis of
the DBVs, three typical stages were defined following
Fu et al. (2015): the developing stage (DVS), which was
the time average of the DBV’s formation and 6 h later;
the maintaining stage (MTS), which was the time mean
of the consecutive 12h during the midlifetime of the
vortex (this is the maximum period during the vortex’s
maintenance that can be used for all long-lived DBV
cases); and the decaying stage (DCS), which was the
time average of the DBV’s dissipation and 6 h before.

This stage classification ensured that the data of each
vortex used in the composition have the same weight,
and their effectiveness has been confirmed in analyzing
the southwest vortices (Fu et al. 2015).

The mean vertical extent of long-lived DBVs is
shown in Table 2. The long-lived DBVs were mainly
located in the middle and lower troposphere, with
mean thickness maximized in the MTS (325 hPa). The
mean central level of long-lived DBVs stretched up-
ward and reached the greatest vertical extent during
the MTS, and then the central level moved downward
and reached the lowest level of 837.5 hPa in the DCS. In
this study, 850 hPa was selected as the typical level for
the composite analyses of the long-lived DBVs. This
was because 1) 812.5hPa is the mean central level for
these vortices (Table 2), which is the closest commonly
analyzed synoptic level of 850hPa for these events;
2) 850 hPa was very close to the mean maximum vor-
ticity level of the long-lived DBVs (not shown); and
3) 850hPa has been widely used in case studies of
DBVs (Hu and Pan 1996; Fu et al. 2013).

TABLE 2. Mean vertical extent and thickness of the long-lived
DBVs during typical stages.

Long-lived DBVs DVS MTS DCS Entire lifetime

Mean upper level (hPa) 725 625 750 700
Mean lower level (hPa) 900 950 925 925
Mean central level (hPa) 812.5 787.5 837.5 812.5
Mean thickness (hPa) 175 325 175 225
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F1G. 3 (a)—(c) The outlines (red solid lines) of the precipitation and surface low (PL) type of DBV during the developing stage (DVS),
maintaining stage (MTS), and decaying stage (DCS), respectively, where the blue lines in (a) mark the eight octants (O1-O8) for analysis.
(d)—(f) As in (a)—(c), but for the precipitation only (PN) type of DBV.

4. Composite results of long-lived DBVs
a. Mean geometric characteristics of long-lived DBVs

An outline curve (i.e., the closed curve M) of a DBV
can be determined using the method reported by Fu
et al. (2015). The mean outlines of the long-lived PL-
and PN-DBVs are illustrated in Fig. 3. This suggests
that the PL-DBVs were mainly oriented southwest—
northeast (Figs. 3a—c), which was consistent with the
PL-DBVs’ main tracks (Fig. 2); however, the PN-DBVs
were mainly oriented west—east (Figs. 3d—f), and this was
also consistent with their primary track (Fig. 2).

Mean geometric parameters of the long-lived DBVs
are shown in Table 3. As illustrated, the DBVs belonged
to a type of meso-a weather system (Orlanski 1975;
Yang et al. 2010); their mean effective radius minimized
during the DVS, maximized in the MTS, and then de-
creased during the DCS. Generally, the PL-DBVs were
larger than the PN-DBVs because both the dynamic
and thermodynamic conditions were more favorable dur-
ing the development of PL-DBVs. The asymmetry of
PL-DBVs changed greatly during their lifetimes, with a
maximum value of 2.86 appearing in the DVS and a

minimum value of 1.67 appearing during the MTS. In
contrast, the asymmetry of the PN-DBVs increased mod-
erately and reached its maximum in the DCS. Overall, the
PN-DBVs featured larger asymmetry, except for the DVS.

b. Horizontal structural features of the long-lived
DBVs

1) VORTICITY AND DIVERGENCE

Figures 4a—f show the characteristics of vorticity and
divergence of the composite PL- and PN-DBYV, from
which it is clear that the distribution of vorticity showed a
pattern of concentric circles, and the vorticity became

TABLE 3. The mean effective radius (units: km) and mean
asymmetry of the long-lived DBVs during typical stages.

Entire
DVS MTS DCS lifetime

PL-DBV  Effective radius 320 430 428 398
Asymmetry 2.86 1.67 1.96 2.09

PN-DBV  Effective radius 282 423 351 362
Asymmetry 2.05 2.11 2.63 224
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stronger toward the vortex center. This indicates that the
composite results successfully reproduced the main fea-
tures of the DBVs. Generally, the vorticity of the com-
posite PL-DBV was stronger than that of the PN-DBV

(Table 4), implying that the PL-DBV was of greater in-
tensity. For both types of DBVs, the vortex-mean vor-
ticity maximized during the DVS and minimized in the
DCS (Table 4). To investigate detailed features of the
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TABLE 4. The vortex-averaged features and budget terms of the composite DBVs during different typical stages, where values not
contained within parentheses are the results for the PL-DBVs and the values that are within parentheses are the results for the PN-DBVs.

DVS MTS DCS

Vorticity (107°s™1) 6.9 (5.5) 6.2 (5.2) 4.8 (4.8)
Divergence (10 s 1) —0.78 (—0.92) —0.33 (—0.25) 0.04 (—0.06)
Potential temperature (K) 304.1 (302.7) 303.1 (302.3) 301.2 (302.1)
Temperature advection (10 °Ks™1) —0.33 (1.54) 0.68 (0.46) —0.87 (0.64)
Rotational wind KE (Jkg™) 20.1 (13.7) 26.8 (21.5) 12.9 (12.4)
Divergent wind KE (J kg™ 1) 0.18 (0.63) 0.29 (0.15) 0.19 (0.09)
Vertical velocity (cms™ ') 1.6 (1.4) 1.2 (0.8) 0.6 (0.4)
Specific humidity (gkg™") 12.9 (11.9) 11.9 (11.5) 10.6 (11.3)
TOT (107 19572) 3.6 (6.8) 3.9 (0.3) —2.9(-3.9)
HAV (107 19572) 7.1 (-6.1) -1.6 (-3.2) 1.5 (-0.3)
VAV (1071957%) 0.4 (4.5) 2.9 (1.8) 0.7 (1.6)
TIL (107 10572) —62(—11.1) —4.6 (—3.4) -1.8(-5.8)
STR (10719572) 16.4 (19.8) 72 (5.2) —3.3(0.8)
BCC (10™*Wkg ™) 13.8 (14.2) 9.1 (4.4) 0.8 (2.5)
BTC (10 *Wkg™!) 7.9 (10.9) 2.8 (3.4) -1.5(-0.3)

vortex, eight octants (O1-O8) were defined, with an angle
step of 45° (Fig. 3a).

For the PL-DBYV, during the DVS except for O5 and
06, all other octants featured strong positive vorticity
(Fig. 4h), indicating that the vortex was of strong in-
tensity. In the MTS, positive vorticity generally weak-
ened (Table 4), whereas vorticity within O1-O5
remained strong. During the DCS, the positive vortic-
ity of the vortex decreased, particularly within O1-O2
and O7-08, which corresponded to rapid attenuation
of the vortex. For the PN-DBYV, in the DVS O1 and
O7-08 were characterized by stronger positive vor-
ticity than the other octants (Fig. 4j). During the MTS,
the positive vorticity within O6—O8 remained strong,
whereas in the DCS, the vorticity within O4-O8 weak-
ened remarkably, corresponding with the dissipation of
the vortex.

Divergence associated with both types of DBV was
characterized by significant asymmetry (Figs. 4a—f), with
strong divergence mainly around the circumference of
the vortex. Overall, convergence dominated the DBVs
during the DVS and MTS (Table 4), whereas in the
DCS, convergence associated with the vortex weakened
significantly and divergence dominated some octants of
the DBVs (Figs. 4g,i). The PL- and PN-DBV have very
different divergence features (Figs. 4a—f): for the PL-
DBV, O1-02 and O8 generally featured convergence
throughout the vortex’s lifetime (Fig. 4g); however, for
the PN-DBV, more octants (O1-O2 and 06-08)
maintained convergence during the whole of the vor-
tex’s lifetime (Fig. 4i). Moreover, for both types of DBV,
the distribution of divergence was generally consistent
with its main moving track (Figs. 2 and 4a-f): strong
convergence occurred toward the front of the vortex’s
moving track and divergence in the wake of the system.

2) KE FEATURES

Rotational wind KE and divergent wind KE of the
long-lived DBVs are shown in Fig. 5. This reveals
similarities between the PL and PN types of DBVs: 1)
the vortex central region generally featured weak ro-
tational wind KE (Figs. 5a—f), whereas the circum-
ference of the vortex mainly featured strong
rotational wind KE; 2) O7 and O8 were the advanta-
geous octants, characterized by relatively stronger ro-
tational wind KE throughout the vortices’ lifetimes
(Figs. 5g,i); and 3) the rotational wind KE maximized
during the MTS, but minimized in the DCS (Table 4). On
the other hand, the differences between the PL- and PN-
DBVs were also significant: 1) for the PN-DBVs, O4 and
OS5 featured minimum rotational wind KE throughout
the vortices’ lifetimes, whereas for the PL-DBVs, mini-
mum rotational wind KE appeared within O5-O6 during
the DVS and MTS, but in the DCS the minimum ap-
peared within O1-O2 and 2) the rotational wind KE of
the PL-DBVs was generally stronger than that of the PN-
DBVs (Table 4), indicating that the PL-DBVs were of
stronger intensity.

Divergent wind KE was much smaller than the rota-
tional wind KE (Fig. 5, Table 4), and this is consistent
with the results of Chen and Wiin-Nielsen (1976). In the
DVS, the divergent wind KE of PL-DBYV was generally
smaller than that of the PN-DBV (Table 4), with the
same feature also appearing in the divergence field,
whereas the opposite was true during the MTS and DCS.
Overall, during the entire lifetime of the vortex, for the
PL-DBVs, O2 and O3 featured relatively stronger di-
vergent wind KE (Figs. Sa—c and 5h). For the PN-DBVs,
however, O1 and O8 were the relatively stronger octants
for the divergent wind KE (Figs. 5d-f and 5j).
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3) THERMODYNAMIC STRUCTURES northern part generally featured sparse isentropic lines
(Figs. 6a—f). This implies that the two types of vortices are

For both types of DBV, the isentropic lines were dense  characterized by uneven baroclinicity, with the southern
in the southern part of the vortex (O5-08), whereas the  part of the vortex stronger than the north. Generally, the
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potential temperature decreased to the north (Figs.
6a—f), with O5-O8 warmer than O1-O4 during the
entire lifetime of the vortex (Figs. 6h,j). The vortex-
averaged potential temperature (Table 4) shows that
both types of DBVs became colder during their lifetimes.
The PL-DBVs became colder much more rapidly than
the PN-DBVs because they were mainly moving north-
eastward into a colder ambient environment, whereas
the PN-DBVs mainly moved eastward (Fig. 2). In addi-
tion, the PL-DBVs were generally warmer than the
PN-DBVs, except during the DCS.

For both types of DBVs, temperature advection was
strong, which favored the production of APE (Figs. 6a—f).
Corresponding with the wind field and the temperature
field (not shown), the cold temperature advection mainly
appeared in the western octants of the vortex (Figs. 6a—f),
whereas the warm advection mainly occurred in the east-
ern octants. For both the PL- and PN-DBVs, O1 and O8
mainly featured warm temperature advection through-
out the vortices’ lifetimes (Figs. 6g,i), whereas O4 and
OS5 were generally dominated by the cold temperature
advection.

4) PRECIPITATION-RELATED FEATURES

For both the PL- and PN-DBVs, vortex-averaged
specific humidity generally decreased during their life-
time (Table 4), as did the vortex-mean ascending mo-
tion, both of which may account for why the maximum
6-h precipitation generally appeared in the DVS and
MTS (not shown). Overall, in the DVS and MTS, the
vortex-averaged specific humidity and ascending motion
were stronger for the PL-DBYV (Table 4), which explains
why the mean maximum 6-h precipitation associated
with the PL-DBV was stronger than that of the PN-
DBV (Table 1).

The specific humidity of PL-DBVs mainly decreased
northwestward (Figs. 7a—c), whereas the PN-DBVs’
specific humidity generally decreased northward
(Figs. 7d-f). During the DVS, O1 and O5-08 of the
PL-DBV were characterized by high specific humidity
(Fig. 7g), and O5-08 of the PN-DBYV also featured
strong specific humidity (Fig. 7i). In the MTS, specific
humidity decreased, and strong regions mainly main-
tained within O1 and O6-0O8 of the PL-DBYV, as well as
05-08 of the PN-DBV (Figs. 7g,i). During the DCS,
specific humidity of the PL-DBV decreased signifi-
cantly among all the octants (Fig. 7g), and only O7-O8
featured specific humidity above 11 gkg ™!, whereas for
the PN-DBYV, although the specific humidity within
0O5-08 decreased (Fig. 7i), they were still higher than
11gkg ' In addition, the specific humidity within O1-
O3 of the PN-DBV increased. This suggests that,
during the DCS, the PN-DBVs were more capable of
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producing precipitation, as confirmed by observations
(Fig. 8c).

The vertical motions associated with both types of
DBVs were generally characterized by remarkable un-
evenness (Figs. 7a-f), and descending motions mainly
occurred around the circumference of the vortex. Dur-
ing the DVS, O1 and O6-08 of the PL-DBV, as well as
06-08 of the PN-DBYV, featured relatively stronger
ascending motion (Figs. 7h,j), and these octants were
also characterized by high specific humidity (Figs. 7g,i).
This suggests that the conditions within these octants
were advantageous to precipitation, which is consistent
with observations (Fig. 8a). In the MTS, persistent as-
cending motion occurs within O1-O2 and O8 of the
PL-DBV, as well as O1 and O7-O8 of the PN-DBV, also
supporting precipitation (Figs. 7h,j). During the DCS,
for both types of DBV, only O1 and OS featured rela-
tively stronger ascending motion (Figs. 7h,j), and rela-
tively heavier precipitation mainly appeared within O1
and O8 of the PL- and PN-DBYV (Fig. 8c).

c¢. Evolution mechanisms and energy features
common among long-lived DBVs

1) VORTICITY BUDGET RESULTS

The distribution of TOT featured remarkable un-
evenness, which implies that the evolution of DBVs did
not take place in a uniform way (Figs. 9a—f). During the
DVS, the vortex-mean TOT of both types of DBV
was positive (Table 4), indicating that the vortices were
in their intensification stage, but the advantageous oc-
tants are different for the PL- and PN-DBVs. For the
PL-DBVs, positive vorticity within O1-O2 and O7 en-
hanced rapidly (Figs. 9a,g). The strong positive STR
(Figs. 10a,h), which was caused by the intense conver-
gence in these octants (Fig. 4g), dominated the in-
tensification. Overall, STR was the most favorable
factor for development of the vortex (Table 4), and
VAV only favored intensification slightly; however, TIL
and HAV were mainly detrimental for development of
the vortex (Figs. 10a,d,g,j; Table 4). In contrast, the ad-
vantageous octants (which have larger TOT) for the
PN-DBYV were O1 and O5-0O8 (Fig. 9h). Similarly, the
positive STR (Fig. 11h), which was closely related to
the significant convergence (Fig. 4i), was the main rea-
son for the PN-DBV’s development. In addition, TIL
within O7 and VAV within O5-O7 were also favorable
(Figs. 11g,i). Overall, STR dominated the PN-DBV’s
intensification (Table 4; Fig. 11a), and VAV was mainly
favorable (Table 4); however, TIL and HAV generally
acted in an opposite manner (Table 4; Figs. 11a,d).

In the MTS, TOT of the PL-DBYV increased slightly
(Table 4), implying that conditions were highly favorable
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to maintain the vortex. Octants O1-O3 and O8 were In addition, VAV of O1-02 and O8, as well as HAV
characterized by relatively stronger TOT (Fig. 9g), within O2-O3 (Figs. 10i,j), also favored maintenance of
mainly due to the positive STR (Fig. 10h) corresponding  the vortex. Generally O5-06 featured rapid attenua-
to the significant convergence in these octants (Fig. 4g). tion (Fig. 9g). The negative STR (Fig. 10h) associated
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with divergence (Fig. 4g) and the negative HAV (Fig. 10)
were main mechanisms accounting for the weakening.
The configuration of the rapid weakening octants (O5-
06) and the favorable octants (O1-O3 and O8) was
generally southwest-northeast (Fig. 9b), which was
consistent with the northeastward movement of the PL-
DBVs (Fig. 2). Overall, STR and VAV favored the
maintenance of PL-DBVs (Table 4), whereas the op-
posite was true for TIL and HAV. For the PN-DBVs,
the vortex-mean TOT was slightly positive (Table 4),
implying that the conditions were marginally favorable.
Octants O1 and O8 were the most favorable for vortex
maintenance (Fig. 9h), mainly due to the positive STR
within O1 and O8 (Fig. 11h), as well as the positive VAV of
O8 (Fig. 11i). However, O4-O6 were the most detrimental

octants (Fig. 9h). The most detrimental (O4-06) and the
most favorable (O1 and O8) octants were roughly ori-
ented west—east (Fig. 9¢), which was in good accordance
with the propagation direction of PN-DBVs (Fig. 2).
Overall, STR dominated the persistence of PN-DBVs
(Table 4) and VAV was also favorable, but HAV and
TIL mainly had a negative effect (Figs. 11b,e,g,j; Table 4),
which weakened the vortices.

During the DCS, for both types of DBV, TOT became
negative (Table 4), which was indicative that the vortices
had entered their weakening stage. Overall, TIL and
STR dominated the attenuation of PL-DBVs (Table 4),
whereas HAV and VAV slowed their dissipation. In
contrast, the PN-DBVs weakened in a different way: TIL
was the dominant factor for their attenuation (Table 4)
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and HAYV also accelerated their dissipation, but VAV and
STR slowed the decaying process. From Figs. 9c and 9g,
04-06 of PL-DBVs dissipated much more rapidly than
the other octants mainly due to the negative STR
(Fig. 10h) associated with divergence (Fig. 4g). For the PN-
DBVs, O1, 04-05, and O7-0O8 weakened more rapidly
than other octants (Fig. 9h), but the factors accounting for
attenuation of these octants were different: TIL dominated
the dissipation of O1 (Fig. 11g), TIL and STR dominated
the decaying within O4-O5 (Figs. 11gh), and HAV
dominated the attenuation of O7-O8 (Fig. 11j).

2) KE BUDGET RESULTS

The energy conversion processes were closely related
to the evolution of the DBVs. As Table 4 shows for both
types of DBV, overall BCC maximized in the DVS,
which provided sufficient KE for the vortices’ develop-
ment through the release of APE. Then, during the
MTS, BCC decreased, implying that the vortices entered a
relatively stable stage of maintenance. Finally, during the
DCS, BCC reached its minimum, which means that
the energy conditions were no longer favorable for the
vortices’ persistence. Correspondingly, BTC also maxi-
mized in the DVS (Table 4), which provided highly fa-
vorable energy conditions to enhance the rotational
wind KE, and thus the vortices intensified rapidly. Then,
during the MTS, BTC weakened significantly, indicating
that the vortices had entered a stage of slow variation.
Finally, during the DCS, the vortex-mean BTC became
negative (Table 4), indicating that the rotational wind
KE had converted into divergent wind KE; thus, the
vortices dissipated rapidly.

As Fig. 12 illustrates, the energy conversion processes
of DBVs were also characterized by asymmetry. Over-
all, the energy conversion around the circumference of
the vortices was stronger than that near their center
(Figs. 12a—f), which was generally consistent with dis-
tribution of the rotational wind KE (Figs. Sa—f). During
the DVS, BCC was strong within O1-O2 and O7-O8 of
the PL-DBVs (Figs. 12a,g), whereas strong BTC mainly
appeared in O1-O4 (Figs. 12a,h). Therefore, O1 and
O2 were highly favorable for the enhancement of
PL-DBVs, and TOT also showed the same trend
(Fig. 9g). During the MTS, O1-0O3 and O8 of PL-DBVs
featured strong BCC (Figs. 12b,g), whereas only O2-O3
presented strong BTC (Figs. 12b,h). Therefore, O2-O3
significantly favored PL-DBVs’ maintenance, and TOT
within O2-O3 was also highly favorable (Fig. 9g). Im-
portantly, the strong negative BCC/BTC region and the
intense positive BCC/BTC area (Fig. 12b) were gener-
ally oriented southwest—-northeast, which was consistent
with the main moving tracks of the PL-DBVs (Fig. 2). In
the DCS, BCC became negative within O4-06 of the
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PL-DBVs (Figs. 12¢,g), and O3-0O7 featured relatively
stronger negative BTC (Fig. 12h). Thus, the energy con-
ditions of O4-0O6 acted to weaken the PL-DBVs rapidly.
From Fig. 9¢g, TOT also indicated that O4-O6 dissipated
much more rapidly than the other octants.

For the PN-DBYV, there were distinct differences in
energy features during its lifetime (Figs. 12a—f). During
the DVS, BCC within O1-O2 and O6-0O8 featured
stronger APE release (Figs. 12d,i), and the BTC of O1-
03 and O7-08 (Figs. 12d,j) featured stronger energy
conversion from the divergent wind KE to the rotational
wind KE. Thus, energy conditions within O1-O2 and
O7-08 were highly favorable for rapid intensification
of the PN-DBYV, and TOT also indicated that O1 and
0O7-08 enhanced rapidly (Fig. 9h). During the MTS, O1
and O7-0O8 maintained relatively stronger positive BCC
and BTC (Figs. 12i,j), implying that energy conversion
processes within these octants were generally conducive
to the persistence of the vortex. From Fig. 9h, TOT
within O1 and O8 also favored the PN-DBV’s mainte-
nance. In addition, the relatively stronger negative BCC/
BTC octants and the relatively stronger positive BCC/
BTC octants (Fig. 12¢) were almost oriented west—east,
which was in accordance with the predominant tracks
of the PN-DBVs (Fig. 2). In the DCS, negative BTC
appeared within O2-06 of the PN-DBV (Figs. 12f})),
which indicates that the rotational wind KE weakened
through its conversion to the divergent wind KE. BCC
within O3-O7 was very weak (Fig. 12i), implying that
the release of APE decreased significantly. Thus, energy
conditions within O3-O6 were generally detrimental
for maintenance of the vortex, and TOT also indicated
that O3-0O6 presented a significant weakening trend
(Fig. 9h).

5. Summary and discussion

Based on the CFSR reanalysis, climatological and
statistical features of the DBVs that generated over the
YRV during the summers of 2000-13 were documented.
A total of 513 DBVs were detected, with a mean monthly
frequency of 12.2, which indicates that DBVs occur very
frequently in summer. The monthly frequency of DBVs
maximized in June and minimized in August.

The DBVs are mainly located in the middle and lower
troposphere. Most of the DBVs were short lived, with only
19.5% persisting for more than 12h. Of these, 92% trig-
gered rainfall events during their lifetimes. The DBVs that
lasted for more than 12 h were classified according to both
thermodynamic and dynamic standards (PL, PN, NL, and
NN; see section 3 for their definitions). The PL- and PN-
DBVs were characterized by much longer life spans,
heavier precipitation, and thicker vertical extents than the
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other types, implying that latent heat release is vital in
determining the characteristics of DBVs.

Based on the statistical results, 21 long-lived DBVs
were determined, including 11 PL-DBVs and 10 PN-
DBVs, all of which caused torrential precipitation.
Generally, the PL-DBVs mainly moved northeastward,

whereas the PN-DBVs mainly moved eastward. Consis-
tent with their preferential tracks, the PL-DBVs generally
stretched southwest-northeast, whereas the PN-DBVs
were mainly oriented west—east. The PL-DBVs were
more intense than the PN-DBVs, with larger effective
radii, thicker vertical extents, stronger vorticity and
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rotational wind KE, more substantial ascending mo-
tion, and heavier maximum precipitation. Both the
PL- and PN-DBVs were characterized by significant
unevenness, and the baroclinicity within the southern
part of the vortex was much stronger than in the
northern part. Structural features differed remarkably
for the PL- and PN-DBVs, and their main favorable
and detrimental octants are summarized in Fig. 8.
During the DVS and MTS (Figs. 8a,b), those octants
located at the front and on the right side of the vorti-
ces’ moving tracks (O1-O2 and O7-08) generally
featured many advantageous factors, and thus heavy
rainfall was more likely to occur within these octants.
In the DCS, the octants located at the back and on the
left side of the vortices’ tracks (O3-05) generally
featured many unfavorable factors, and thus no heavy
rainfall was detected.

The vorticity budget results indicated that octants at
the front of the vortices’ direction of movement mainly
featured favorable conditions for the enhancement of
positive vorticity, whereas the opposite was true for
the octants at the back. The PL- and PN-DBVs gen-
erally developed and persisted in similar ways: during
the DVS and MTS, STR associated with convergence
was the most favorable factor, and VAV that was
closely related to convective activities was also favor-
able. The opposite was true for TIL and HAV. However,
the PL- and PN-DBVs dissipated in very different ways.
For the PL-DBVs, the negative STR associated with di-
vergence dominated the attenuation of vortices, and
HAY was the main factor acting to resist dissipation, but
for the PN-DBVs negative TIL dominated the decaying
process, and VAV was the main factor slowing the
dissipation.

The energy conversion processes of long-lived DBVs
were highly consistent with the vorticity budget results.
For both the PL- and PN-DBVs, the release of APE
maximized during the DVS, as was the conversion from
divergent wind KE to rotational wind KE. Thus, en-
ergy conditions were highly favorable for rapid in-
tensification of the vortices. In the MVS, baroclinic
energy conversion weakened, particularly for the
PN-DBVs. Moreover, the barotropic energy conver-
sion of both types of DBV decreased significantly,
implying that the vortices had entered their relatively
stable stage of maintenance. During the DCS, the
conversion from APE to divergent wind KE decreased
significantly and the barotropic energy transition be-
came negative, implying that the rotational wind KE
decreased through its conversion to divergent wind
KE. Therefore, the energy conditions were no longer
favorable for the vortices’ persistence, and thus they
dissipated rapidly.
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The favorable and unfavorable octants in terms of
vorticity and KE budgets were summarized in Fig. 13.
During the DVS and MTS, those octants located at the
front and on the right side of the vortices’ moving
tracks (O1-0O2 and O7-0O8) were generally more fa-
vorable for their development/maintenance, but for the
DCS those octants located at the back and on the left
side of the moving tracks (O3-05) generally dissipated
more rapidly. This distribution was highly consistent
with the distribution of the basic features shown in
Fig. 8.

Fu et al. (2014, 2015) recently conducted statistical
and composite studies on the southwest vortices, which
is another important type of mesoscale vortices over
the YRV. Comparing their results with this study, the
mean monthly occurrence (12.2 and 13.8 per month for
the DBV and southwest vortex, respectively) and annual
occurrence of the DBVs are comparable with those of
the southwest vortices. However, the annual frequency
differs quite substantially from the southwest vortex
climatology. Annual frequency of the DBV had three
peaks in 2002, 2008, and 2011. The maximum occurrence
of 53 appeared in 2002. In contrast, the southwest vortex
only had two peaks in 2001 and 2007, and the maximum
occurrence of 55 appeared in 2001. Generally, the DBV
is located at lower levels than the southwest vortex,
but it covers a much larger horizontal region. DBVs are
of greater intensity than southwest vortices, have longer
life cycles than southwest vortices, and the DBV can
cause heavier rainfall than the southwest vortex. Dy-
namically, the southwest vortex and DBV develop
through similar mechanisms (i.e., positive STR associ-
ated convergence), whereas the mechanisms accounting
for their persistence and attenuation are very different.
The baroclinic energy conversion associated with the
DBV is also stronger than that associated with the
southwest vortex, and correspondingly, the DBV is also
of stronger baroclinity. This result is similar to the
mei-yu-front-related studies reported by Kato (1985)
and Akiyama (1990).

This paper documents for the first time the universal
features of long-lived DBVs, which are vital to un-
derstand this type of vortex and the associated heavy
rainfall common over the YRV. However, those DBVs
that caused torrential rainfall but were short lived
should also be investigated in detail, as they were not
considered in the present work. Moreover, why the re-
gions around the Dabie Mountains form the source re-
gion for the DBVs and what the role is of the Dabie
Mountains during the formation stage of the DBVs
still remain unclear. We plan to address these knowl-
edge gaps in future work, and thereby contribute to a
more holistic understanding of DBVs.



780

DVS

06

JOURNAL OF CLIMATE

VOLUME 29

MTS
03
(b) m

BE-A-

o~
o

BE
.
g
3

08

. =

PN

78

(0]

% B TOT
< Il HAV
B vav
= TIL
= STR
B BCC
= BTC

ADVANTAGEOUS QUADRANT
DISADVANTAGEOUS Q

Il Precipitation

FIG. 13. The favorable and unfavorable octants of the composite PL- and PN-DBVs with respect to the vorticity
and KE budgets. The octants with significant observed precipitation are also shown. “Favorable” refers to rela-
tively stronger positive vorticity and KE budget terms, whereas ‘“‘unfavorable” means relatively stronger negative

vorticity and KE budget terms.
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