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Abstract The vorticity, eddy kinetic energy, and helicity
budgets were calculated to study the variations of a long-
lived tropical mesoscale vortex that occurred over Hainan
during the period 05-09 October 2010. The main results
are as follows: the vortex was mainly located at middle to
lower levels of the troposphere, and among different levels,
the dominant factors responsible for the variations of the
vortex were different. Intense convergence at the lower
troposphere dominated the formation and longevity of the
vortex. The vertical transport of positive vorticity which
was closely related to the convective activities was con-
ducive to the formation and maintenance of the vortex. The
barotropic energy conversion was favorable for the for-
mation of the vortex, while the baroclinic energy conver-
sion accelerated its attenuation. Background circulations
were favorable for the longevity of the vortex, and
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interactions with other synoptic systems were important to
its variations. The variation of helicity was closely related
to the vortex, and the maintenance of positive helicity was
another favorable factor for the longevity of the vortex.

1 Introduction

Mesoscale vortices are often associated with heavy rainfall
and other severe weather phenomena (Tao 1980; Johnston
1982; Akiyama 1984; Bartels and Maddox 1991; Ninomiya
2000; Zhang and Ban 1996; Simpson et al. 1997; Tirer and
Davis 2002; Knievel and Johnson 2002; Hendricks et al.
2004; Zhao et al. 2004; Shen et al. 2005; Zhou and Wang
2005; Montgomery et al. 2006; Ni and Zhou 2006; Fu et al.
2009; Fu et al. 2011b). Thus, mesoscale vortices have
attracted research interests for years. Chen and Lorenzo
(1984) simulated a mesoscale vortex over the East Asian
monsoon region and found that under the coupling condi-
tion of the lower-level jet (LLJ) and upper-level jet (ULJ),
the vortex could cause heavy rainfalls. Knievel and John-
son (2002) used the spatial bandpass filter to study a
mesoscale vortex and found that the deepening of the
vortex appeared to be reflected in the vertical wind shear at
the vortex center. Using the high-resolution model simu-
lations, Lu et al. (2002) analyzed the meso-f scale vortex
in the mei-yu front and found that the development of
mesoscale vortex system was closely related to the meso-
scale transport and intense vertical motion in regional area
under the moist neutral stratification condition. Zhao et al.
(2004) studied the mechanism of heavy rainfalls over the
mei-yu front in the Yangtze River basin and found that
mesoscale vortices were the main influencing systems.
Hendricks et al. (2004) found that at near-cloud-resolving
scales, vortical hot towers were the preferred mode of
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convection, and that the mesoscale vortex was favorable for
the formation of tropical cyclone. Kirk (2007) used a phase-
plot method to analyze the effects of different factors such
as advections and latent heat release on the development of
mesoscale vortex and found that latent heat release was very
important for some vortices. Davis and Galarneau (2009)
investigated the vertical structure of two cases of develop-
ing mesoscale vortices and found that the lateral transport of
vorticity from the convective region back beneath the mid-
tropospheric vorticity center was very important for the
development of a deep column of cyclonic vorticity. Fu
et al. (2009) calculated the budget of the eddy kinetic
energy (EKE) of a mesoscale vortex and found that the
background circulations could influence the formation and
development of the vortex remarkably through transports.
During the early October 2010, Hainan experienced several
heavy rainfall events, which caused floods affecting 16 cities
and counties. The duration of the heavy rainfall episodes is
longest since 1961. During the period of 0600 UTC 05
October—1800 UTC 09 October, a mesoscale vortex main-
tained over Hainan (HNV) and caused several heavy rainfall
episodes with the maximum 3-h precipitation of up to 70 mm.
The HNV lasted for approximately 108 h which is rare for
mesoscale vortices, and the longevity of HNV was very
favorable for the persistence of the heavy rainfall episodes.
In this paper, we focus on the HNV and try to answer the
following three scientific questions: (a) which factors
dominated the formation and dissipation of the HNV?
(b) Why did the HNV last so long? (c) During the lifetime
of HNV, what is the relationship between the HNV and
background circulations? Data and methodology are dis-
cussed in Sect. 2. The evolution of the HNV and its asso-
ciated heavy rainfall events are analyzed in Sect. 3, and the
budget analyses of vorticity, EKE, and helicity are shown
in Sect. 4. Summary and conclusions are given in Sect. 5.

2 Data and method

Final analysis data (four times daily) with horizontal res-
olution of 1° x 1° from the National Centers for Envi-
ronmental Prediction (NCEP) are used for calculation and
analysis in this paper.' Conventional surface observations
from the Korea Meteorological Administration (KMA),
3-h-precipitation from CMORPH with the resolution of
0.25°, eight times daily (Joyce et al. 2004), as well as
hourly TBB (temperature of black body) data from the
Satellite Fengyun (FY)-2E with a horizontal resolution of

! Compared with the horizontal range and time span of the vortex in
our case, the NCEP data is enough to resolve the vortex. Moreover,
our calculation also indicate that the NCEP data can capture the main
characteristics of the vortex and guarantee the accuracy for a
qualitative analysis.
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0.1° x 0.1° are used to investigate the evolution of HNV,
and the associated convective activities.

To explore answers to the three scientific questions
raised in the introduction, three diagnostic tools are used,
namely, the vertical vorticity budget equation, the EKE
budget equation, and the vertical helicity budget equation.

2.1 The vertical vorticity budget equation

Since the vertical vorticity is an effective measurement of
vortices, in this paper, we use the vertical vorticity budget
equation from Kirk (2007) as Eq. 1 shown, to analyze the
evolution of HNV:

£=—Vh'vh§ —m£+/?~ %xvhm —Bv=EC+ NV, T
ot op dp
Vi V2 V3 V4 V5

(1)

where ( is the vertical component of vorticity; Vi =

ui + v;' is the horizontal velocity vector, and f, j k stand
for the unit vector points to the east, north as well as zenith,
respectively; Vi =2i+2j is the horizontal gradient
operator; f = 2Q sing is the Coriolis parameter, Q is the
rotational angular velocity of the earth, ¢ is the latitude; p
is the pressure; w = %; and f = %fv

Term V1 stands for the horizontal advection of vertical
vorticity; term V2 is the vertical advection of vertical
vorticity; term V3 reflects the influences of titling, namely
the conversion between the horizontal and vertical vorticity
(Davis and Galarneau 2009); term V4 represents the “f
effect” which is related to the geographical position; and
term V5 reflects influences associated with the divergence.

2.2 The EKE budget equation

The HNV is not an isolated system; background circula-
tions are important to its longevity. In order to investigate
the interactions between the HNV and background circu-
lations, the budget equation of EKE is employed (Ding and
Liu 1985; Fu et al. 2009) as shown in Eq. 2:

5

K,
ot

=I1(K,,K;)+I(P,,K;)+F,;(K;)+F,(K;)+F,(P;)+F,(P)

K1 K2 K3 K4 K5 K6
(2)

The left-hand side of Eq. 2 is the local variation of the
area-averaged EKE, and the right-hand side terms are
defined as K1-K6. Terms are discussed as follows:
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V'] %i] + [w'u'][v] 52 is defined as K1, which represents
the transition between zonal mean kinetic energy and EKE,

namely the barotropic energy conversion. I(Pg,Kg) =

- f—; [@'T"] is defined as K2, which represents the transition

between available potential energy and EKE, i.e. the

. . A(uk
baroclinic energy conversion. Fy(Kg) = —[—L ; %)E)] -

s wkgi;ow)} is defined as K3, which is the horizontal

transport of EKE by background circulations. Fy(Kg) =

_ [8((:}1{5)

% ] is defined as K4, which represents the vertical

transport of EKE by background circulations. Fy(Pg) =

o / Alv ' < . .
e o) [ucéwC(" ‘7)6;0“/’ ] is defined as K5, which

represents the horizontal transport of eddy geopotential

energy by horizontal wind perturbations. Fy(Pg) =

_[a(%)_:a/)} is defined as K6, which represents the vertical

eddy flux of eddy geopotential energy by the vertical wind
perturbation. It should be noted that terms K5 and K6 could
reflect the effects from other synoptic systems. In the
aforementioned definitions, [ ] stands for zonal mean (in
this paper, it is calculated from 70°E to 150°E); thus
variables can be written as p = [p] + p, where p’ repre-

sents eddy. [p] stands for area-averaged variable. A is lon-
gitude; a the radius of the earth; R the gas constant; ¢ the
geopotential; K = 1 (u? + v?2) the EKE per the unit mass,

and Kz :%([u]2 +[v)?) the area-averaged zonal mean
kinetic energy.

2.3 The vertical helicity budget equation

Lilly (1986) indicates that, besides the use for illustrating
structures of rotating storms, helicity also suggests the
existence of fundamental differences of behavior between
storms with and without strong rotation. Furthermore, he
found that helicity effects seemed to be dominant in long-
lived storms, since helicity could reduce the energy loss
due to dissipation. In this paper, the vertical helicity budget
equation shown as Eq. 3 (Fu et al. 2011a) is employed to
calculate the budgets of helicity which is closely related to
the longevity of HNV.
dh
t

& _ —c_.(%g—’}g)—waz B+ NNV, ) +E, VK.

Z1 72 73 z4 CON

where h, = w(, % is the vertical helicity, w = dz/dz, p is the
density, g is the acceleration due to gravity, ¢, is the ver-
tical solenoid, and Zh is the horizontal component of vor-
ticity vector { = V x V, where V = %; "’a%j + a%k, and
K, = %w is the vertical kinetic energy.

Term Z1 is caused by vertical acceleration which is
closely associated with the buoyancy; Z2 is caused by the
vertical solenoid which is closely related to the baroclinity
of the atmosphere; Z3 is related to the “f effect” which
reflects the influences of geographical position; Z4 indi-
cates the effects from divergence; and CON reflects

the conversion between vertical and horizontal helicity
(Fu et al. 2011a).

3 Weather discussions

At 0000 UTC 05 October 2010, the mainland of China was
dominated by a high-pressure system (Fig. 1a). At the same
time, there was a low stretching from the Bay of Bengal to
Hainan, with a low-pressure center of 1,005 hPa formed
near Hainan. Twelve hours later, the high-pressure system
weakened, while the wind associated with the low-pressure
center enhanced up to 15 ms~' approximately (not
shown). Thus, the low-pressure center intensified into a
tropical depression (TD). Then the TD lasted for nearly
120 h as Fig. 1b—d shown, and dissipated at 1200 UTC 10
October 2010. It is worth noting that, from 0000 UTC 07
October 2010, the low-pressure system stretching from the
Bay of Bengal enlarged eastward with time (Fig. lc, d).
However, during this period, the high-pressure system
shrank and moved east.

The stream field of 850 hPa at 0000 UTC 05 October
show a vortex over the Indo-China Peninsula (Fig. 2a). To
the northeast of the vortex, there was a strong shear zone
with intense positive vorticity, ascending motions
(Fig. 2a), and convective instability (not shown). Below
650 hPa, there were intense cold and warm advections
associated with the north and south wind, respectively (not
shown), within the shear zone, which were favorable for
enhancement of convective activities. Six hours later, the
HNV which was associated with the low-pressure center at
the surface (Fig. 1) formed over Hainan. As a result, the
positive vorticity, ascending motion, cold and warm
advections all enhanced (not shown) within the dashed
rectangles (16°-22°N, 106°-113°E), which is specified as
the key area (KA) of the HNV.

2 The vertical helicity reflects the flow point moves along the
direction of the vertical vorticity vector. Therefore, it is an efficient
measurement of both the vertical motion and rotation of the vortex.
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Fig. 1 Surface observation charts from the Korea Meteorological Administration (KMA), where a is 0000 UTC 05 October 2010, b is 0000
UTC 06 October 2010, ¢ is 0000 UTC 07 October 2010, and d is 0000 UTC 08 October 2010

The HNV remained quasi-stationary within the dashed
rectangles (Fig. 2) for 108 h approximately, and it dissi-
pated at 0000 UTC 10 October. From the vertical stretch-
ing (Fig. 2g) of HNV, during its lifetime, HNV was mainly
located at middle to lower levels of the troposphere
(500 hPa and below). The intense warm and cold advection
centers as well as convective instable areas were also
mainly located below 500 hPa (not shown). For the dura-
tion of the HNV, intense ascending motions mainly
occurred in warm advection areas, and positive temperature
deviation centers (the maximum temperature deviation is
above 2°C) closely associated with latent heat release
appeared among levels of 700-300 hPa (not shown). As
Fig. 2d depicted, from 0000 UTC 08 October, the HNV
weakened significantly. Meanwhile, the ascending motion,
meridional wind, and temperature advections associated
with the HNV also weakened (not shown). Therefore, the
period of 0600 UTC 05 October—0000 UTC 08 October is
defined as the maintaining stage (MS) of HNV, and the
period of 0000 UTC 08 October—1800 UTC 09 October as
the decaying stage (DS).

@ Springer

As depicted in Fig. 3a, 6-h before the formation of
HNV, there was a low zone stretching from the Bay of
Bengal to Hainan at 500 hPa, corresponding to the low-
pressure zones at the surface (Fig. 1a). The ULJ at 200 hPa
was located around 30°N, and the LLJ at 700 hPa appeared
around the low center over the Indo-China Peninsula. Six
hours later, when the HNV formed, a low center of
5,850 gpm appeared over Hainan, while the ULJ and LLJ
both weakened (not shown). During the MS, the low center
and LLJ over Hainan weakened and then disappeared
(Fig. 3b). The ULJ moved southward to 27°N approxi-
mately, and the subtropical high remained quasi-stationary
with its west boundary around 113°E (Fig. 3b), which was
possibly favorable for the stability of the HNV. During the
DS, the ULJ weakened and moved northward (Fig. 3c),
while the LLJ enhanced significantly near 27°N corre-
sponding to the intense horizontal shear there. The sub-
tropical high weakened significantly at 0000 UTC 09
October (Fig. 3c) and when the HNV dissipated (Fig. 3d;
0000 UTC 10 October), the subtropical high re-enhanced
with high-pressure zones appearing over Hainan.
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As shown in Fig. 4, heavy rainfall events occurred
before the formation of the HNV. When the HNV formed,
rains remained intense, with two maximum centers of
50 mm around Hainan (not shown). At 0000 UTC 06
October, the rainfall weakened (Fig. 4), and it re-enhanced
from 0900 UTC 06 October. The heavy rainfall mainly
occurred in the central, south, and east parts of the HNV
(Fig. 4), where there were very intense ascending motions

(Fig. 2), and the precipitation rate during the MS was more
than that of the DS.

Figure 5 shows the convective activities during the
lifetime of HNV. Intense convective activities occurred
mainly at the center, south, and east of the HNV, where
there were intense ascending motions (Fig. 2) and enough
moisture supply (not shown). The minimum of TBB was
below —72°C (Fig. 5), which indicates that the convection
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was very intense (up to 100 hPa). During the period of MS,
TBB varied significantly, and at 0600 UTC 06 October,
convection was weakest (not shown), which maybe caused
by the reduction of moisture supply (not shown). During
the period of DS, convective activities remained intense
and were mainly located in the southeast of the HNV. It
should be noted that the spatial pattern of the rainfall is
consistent with the convective activities well (Figs. 4, 5),
and they both moved east. Thus, during the lifetime of
HNV, the activities of the easterly wave> was not obvious
(Arnault and Roux 2010), and therefore, the HNV is dif-
ferent from the vortices associated with the easterly wave.

4 Diagnosis of the HNV

Three diagnostic tools were employed to solve the scientific
questions listed in the introduction: (a) the budget of vorticity
was used to analyze factors associated with the evolution of
the HNV; (b) the budget of EKE was employed to investigate

3 The convective activities associated with the easterly wave always
move westward, and the inverted “V” cloud systems can often be
found in the easterly wave.
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the energy characteristics of the HNV as well as the inter-
actions between the HNV and background circulations; and
(c) the budget of helicity was used to analyze the variation of
helicity, which could resist the loss of energy, and thereby is
very favorable for the longevity of the HNV.

4.1 Budgets of vorticity

Figure 6 depicts the vertical cross sections of key-area-
averaged budgets of the vorticity equation. Within the KA,
ascending motions dominated the whole life cycle of
the HNV (Fig. 6a). Intense ascending motions mainly
remained during the MS, especially the initiation period of
HNV, which may be related to the intense divergence at
high levels of the troposphere (HT). During the MS,
descending motions were weak and only appeared at HT,
while during the DS, descending motions enhanced sig-
nificantly and mainly located at the middle to lower levels
of the troposphere (MLT). Positive vorticity was mainly
located at the MLT with negative vorticity aloft, and the
depth of positive vorticity layers reduced with time, which
was consistent with the variations of vertical stretching of
the HNV approximately (Fig. 2g). Convergence mainly
remained at lower levels of the troposphere (LT), with
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Fig. 4 Three-hour-precipitation from CMORPH (mm) with the resolution of 0.25°, eight times a day

weak divergence located at middle levels of the tropo-
sphere (MT). Thus the configuration of convergence and
divergence was favorable for the maintenance of ascending
motions, while the depth of convergence layer also reduced
with time. It should be noted that convergence weakened
significantly at 0000 UTC 08 October, and the vorticity
also weakened remarkably, both of which indicated that the
HNYV began decaying. During the DS, positive vorticity
and convergence weakened with time; at 0000 10 October,
when the HNV dissipated, convergence weakened
remarkably at the LT while remaining intense at the middle
to high levels of the troposphere, which was conducive to
the enhancement of descending motions.

As Fig. 6b depicts, during the lifetime of HNV, the zero-
isoline of horizontal advection of vorticity (term V1)
divided the diagram into three parts: the negative advec-
tions dominated the LT, which transported positive vor-
ticity out of the KA; the positive areas approximately forms

the shape of a triangle, with maximum centers appearing at
the initiation period of the HNV, which were very favor-
able for the development of HNV, while the depth of the
positive layer reduced with time; and above the positive
areas, there were large negative areas, with intense nega-
tive centers remaining at the HT. Before the formation of
HNV, the positive vertical advection of vorticity (term V2)
associated with convective activities (Fig. 5a) was very
intense among levels of 850-550 hPa, which was favorable
for the formation of HNV. Then the vertical advection
weakened and only remained weak positive throughout the
levels of the HNV which was favorable for the mainte-
nance of HNV. It should be noted that, around 0000 UTC
06 October, the negative vertical advection enhanced at the
LT. After 0000 UTC 09 October, the negative vertical
advection intensified at the high levels of the HNV
(HLHNYV), thereby accelerating the attenuation of the
HNV. As shown in Fig. 6c, the tilting term (V3) mainly
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Fig. 5 TBB from Satellite FY-2E (°C)

converted the vertical vorticity into horizontal one which
reduced the positive vorticity of HNV. However, during the
initiation period of HNV, the tilting term was conducive to
the enhancement of vorticity at the LT. It is worth noting
that, around 0000 UTC 07 October, the tilting term also
remained positive at the HLHNV, which was favorable for
the maintenance of HNV. As Fig. 6d depicts, convergence
(term V5) was favorable for the formation and maintenance
of HNV at lower levels of the HNV (LLHNYV), while
divergence was conducive to the decaying of HNV at the
HLHNV. Term V4 (f effect) only had slight effects on the
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HNYV, with negative effects dominating the MS and posi-
tive effects dominating the DS (Fig. 6e).

In order to identify the factors directly responsible for
the formation and dissipation of the HNV, budgets of
vorticity and EKE at 0000 UTC 05 October (6 h before
the formation) and 1800 UTC 09 October (6 h before the
dissipation) were scrutinized in detail. Six hours before the
formation of HNV, there was a positive vorticity column
stretching from 950-250 hPa (Fig. 7a). At the LT, con-
vergence (term V5) was very favorable for the enhance-
ment of vorticity, and below 850 hPa, tilting term (V3) was
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also beneficial to the formation of HNV. From 850 to
500 hPa, the vertical advection of vorticity (V2) associated
with the convective activity (Figs. 5a, 6a) was positive
which contributed to the increase of vorticity. Weak posi-
tive horizontal advections (term V1) appeared around
700 hPa, and the f§ term (V4) remained slightly negative at
the MLT. As a result, the convergence at the LLHNV and
the vertical advections of vorticity at the HLHNV were
dominant factors to the formation of HNV. From Fig. 7b,
6 h before the dissipation of HNV, the horizontal advection
dominated the dissipation of HNV. It should be noted that
the tilting term was also a very important factor which
accelerated the dissipation of HNV at the LLHNV.

In order to identify the dominant factors during the MS
and DS, the time average of the vorticity budgets were
calculated as shown in Fig. 8. During the MS, the total
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effect of V1-V5 remained positive (Fig. 8a) at all the
levels of the HNV, which was favorable for the mainte-
nance of HNV. At the LLHNV, convergence dominated the
maintenance of HNV, and the tilting term was also
favorable for maintaining the HNV, while at the HLHNV,
horizontal and vertical advections were the most favorable
factors for HNV. During the DS, the intensity of vorticity
budgets weakened significantly (Fig. 8b), and the total
effects of V1-V5 mainly became negative (except for
levels below 850 hPa), which was corresponding to the
attenuation of the HNV. The vertical advection and con-
vergence were the most important factors which resisted
the decaying of the HNV at the HLHNV and LLHNV,
respectively, while the divergence and tilting terms domi-
nated the decaying processes of the HNV at the HLHNV
and LLHNYV, respectively.
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4.2 Budgets of EKE

There were two large EKE zones (Fig. 9a): one was at the
HT, and the other was located at the MLT which was
corresponding to the HNV. Comparing Fig. 9a with Fig. 6a
reveals that the variation of the vorticity was approximately
consistent with EKE, indicating that the wave shape was
consistent with the wave energy well. Thus, there was no

remarkable frequency dispersion during the lifetime of
HNV, and this was very conductive to the longevity of the
HNV. During the MS, EKE remained very intense which
was consistent with the maintenance of HNV. During the
DS, the EKE decreased significantly, which was corre-
sponding to the decaying process of the HNV. From
Fig. 9b and c, during the lifetime of the HNV, the intensity
of barotropic and baroclinic conversions differed from each
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other slightly, and this indicates that the HNV is signifi-
cantly different from the extratropical vortices, whose
baroclinic conversions are more intense than the baro-
tropical one (Fu et al. 2009). During the MS, especially the
initiation stage of HNV, barotropic energy conversion
(term K1) was mainly favorable for the development of
HNV (Fig. 9b). Then in the DS, the barotropic energy
conversion weakened significantly, with positive areas only
remaining at the LLHNV. In the MS, the baroclinic con-
version (term K2) mainly served as a sink for the HNV
(Fig. 9¢), whereas during the DS, it was favorable for the
maintenance of HNV at the LLHNV. It should be noted
that, around 1800 UTC 06 October, there was an intense
positive center of baroclinic conversion which was mainly
located between 700 and 400 hPa. Supported by the
favorable baroclinic conversion, the HNV stretched to
500 hPa during this period (Fig. 2g). However, after 0000
UTC 07 October, the baroclinic conversion became
intensely negative, and the top level of HNV lowered.
During the MS, especially the initiation stage of the HNV,
the horizontal advection of EKE by background circula-
tions (term K3) was very favorable for the development of
HNV at the LT. The vertical advection of EKE by the
background circulations (term K4) was also very favorable
for the vertical stretching of HNV at the MT. During the
DS, both advection terms weakened significantly with
nearly the same influences on HNV: before 0000 UTC 09
October, terms K3 and K4 were mainly favorable for the
maintenance of HNV; after that, they mainly served as
sinks of the EKE, thereby accelerating the attenuation of
the HNV. During the MS, especially the initiation of HNV,
the horizontal and vertical eddy fluxes of eddy geopotential
energy (terms K5 and K6) remained positive at the
LLHNYV, which indicates the interactions between HNV
and other synoptic systems were favorable for the forma-
tion and maintenance of HNV, while at the HLHNV, terms
K5 and K6 mainly transported eddy geopotential energy
out of the KA, which reduced the EKE of the HNV. During
the DS, before the dissipation, term K5 mainly enhanced
EKE while term K6 mainly reduced the EKE; however,
around the dissipation, their effects reversed.

Six hours before the formation of HNV, the barotropic
energy conversion and vertical advection by background
circulations (term K4) dominated the formation of HNV at
the HLHNYV (Fig. 7¢), while the positive vertical eddy flux
of eddy geopotential energy (term K6) which was associ-
ated with convective activities dominated the formation at
the LLHNV. Six hours before the dissipation of HNV, the
horizontal and vertical eddy fluxes of eddy potential energy
(terms K5 and K6) were main sinks of EKE at the HLHNV
(Fig. 7d), while the horizontal and vertical fluxes of EKE
by back ground circulations dominated the dissipation of
EKE at the LLHNV.

@ Springer

During the MS, the vertical advection by background
circulations was the most favorable factor for the mainte-
nance of EKE at the HLHNV (Fig. 8c), while the hori-
zontal advection by background circulations and vertical
eddy flux of eddy geopotential energy were the dominant
factors for the maintenance of the HNV at the LLHNV.
During the DS, the intensity of all the EKE budget terms
decreased remarkably (Fig. 8d); the horizontal eddy flux of
eddy potential energy and vertical advection by back-
ground circulations dominated the maintenance of EKE.
The baroclinic energy conversion and vertical eddy flux of
eddy potential energy dominated the decreasing processes
of EKE at the HLHNV and LLHNV, respectively.

4.3 Budgets of vertical helicity

Lilly (1986) found that the effects of helicity seemed to be
dominant in long-lived storms, because the helicity may
reduce the energy loss and resist dissipation. Thus the
vertical helicity budget was calculated with Eq. 3 to
investigate the variation of helicity which was essential to
the maintaining of HNV. As shown in Fig. 10a, during the
lifetime of the HNV, there was an intense positive helicity
zone below 5,500 m which was associated with the HNV.
The helicity reached maximum around 2,000 m when the
HNYV formed and then weakened with time as the positive
vorticity decreased (Fig. 6a). Helicity during the MS was
more intense than that of DS and so did all the budget
terms of the vertical helicity equations. In the DS, helicity
mainly remained positive which was favorable for the
maintenance of HNV; however, around the dissipation of
HNV the helicity decreased significantly.

During the MS, horizontal helicity mainly converted to
vertical helicity (Fig. 10b) and therefore enhanced the
vertical helicity, whereas during the DS, term CON
remained mainly negative, indicating that the vertical he-
licity converted to horizontal one. From Fig. 10c, d, the
horizontal and vertical advections of helicity both trans-
ported helicity out of the KA at the LLHNV, which con-
tributed to the decrease of helicity there. However, at the
HLHNYV, both advection terms mainly remained positive,
which were favorable for the increase of helicity. At the
LLHNYV, term Z1 mainly remained positive (Fig. 10e),
which indicates that buoyancy was very important for the
increase of helicity, whereas at the HLHNV, term Z1
mainly remained negative, which decreased the helicity.
Term 74 mainly remained positive at the LLHNV
(Fig. 10f), corresponding to the intense convergence there
(Fig. 6a), and this was favorable for the maintenance of
positive helicity. However, at the HLHNV, term Z4 mainly
acted as a sink of helicity, corresponding to the divergence
there. The vertical solenoid (term Z2) only had slightly
negative effects on the helicity, since it was two orders
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smaller than the main terms of the helicity budget equation.
Term Z3 mainly decreased the helicity; however, since f is
very small, this term is one order smaller than other main
terms. From the above, at the LLHNV, the maintenance of
helicity mainly relied on the buoyancy and convergence
(terms Z1 and Z4), while at higher levels of the HNV, the
horizontal and vertical advections were the dominant
factors.
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5 Summary and conclusions

During the period of 0600 UTC, 05 October 2010-1800
UTC 09 October, a mesoscale vortex occurred over Hainan
and caused several heavy rainfall episodes, with the max-
imum 3-h precipitation of up to 70 mm (Fig. 4). The HNV
was mainly located below 500 hPa, with a tropical
depression over Hainan.
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During the lifetime of the HNV, activities of easterly
wave was not obvious; thus the HNV was different from
the typical vortices associated with the easterly wave which
were mainly dominated by tilting and convergence (Ar-
nault and Roux 2010). The budgets of vorticity, EKE, and
vertical helicity were calculated to study the formation,
maintenance, dissipation of the HNV, as well as the
interactions between the HNV, and background circula-
tions. The main results are as follows:

(a) The HNV varied in different way among different
levels; thus the vertical stretching of HNV was divided into
two parts, namely the HLHNV and LLHNV. Intense con-
vergence dominated the formation at the LLHNV, while
the vertical transport of positive vorticity which is associ-
ated with the intense convective activities dominated the
formation at the HLHNV. Based on the variations of the
HNV (stream field, vorticity and ascending motions), the
lifetime of HNV was divided into the MS and DS. During
the MS, the HNV remained intense. The positive horizontal
and vertical vorticity advections were the most important
factors for the maintenance of HNV at the HLHNYV, while
intense convergence was the most favorable factor for the
maintenance of the HNV at the LLHNV. During the period
of DS, the HNV significantly weakened gradually. The
convergence and positive vertical vorticity advection
associated with convective activities were the most
important factors which resisted the decaying of the HNV.
In addition, the divergence and the conversion from ver-
tical vorticity to horizontal one dominated the attenuation
of the HNV at the HLHNV and LLHNV, respectively. The
horizontal transport of positive vorticity out of the KA and
the conversion from vertical vorticity to horizontal one
caused the dissipation of HNV directly.

(b) During the lifetime of HNV, there were obvious
interactions between the HNV and background circulations,
as well as interactions between the HNV and other synoptic
systems, both of which were very important to the variations
of the HNV. Barotropic energy conversion was very
important for the formation of HNV, while baroclinic energy
conversion dominated the decaying process at the HLHNV
during the DS. The above results are different from Ding and
Liu (1985), since in their case, the baroclinic energy con-
version was conducive to the maintenance of a typhoon,
while the barotropic energy conversion was detrimental to
the typhoon. In addition, for our case, the baroclinic energy
conversion may be closely related to the variation of the
vertical stretching of the vortex. Transports by the back-
ground circulations were very important for the formation
and maintenance of HNV, while around its dissipation, they
became the main sinks of EKE at the LLHNV. Interactions
between the HNV and other synoptic systems were mainly
favorable for the formation and maintenance of HNV at the
LLHNYV. However, at the HLHNV, the interactions mainly
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Table 1 The dominant factors favorable for the formation and lon-
gevity of the HNV

High levels of Low levels of

the HNV the HNV
(HLHNYV) (LLHNV)
Formation Term V2 Term V5
Terms K1 and K4 Term K6
Maintaining stage (MS)  Terms V1 and V2 Term V5

Term K4
Term V2
Terms K4 and K5

Terms K3 and K6
Terms V2 and V5
Term K5

Decaying stage (DS)

Table 2 The factors dominating the decaying process and dissipation
of HNV

High levels of Low levels of

the HNV the HNV

(HLHNV) (LLHNV)
Decaying stage (DS) Term V5 Term V3

Term K2 Term K6
Dissipation Term V1 Terms V1 and V3

Terms K5 and K6 Terms K3 and K4

served as sinks of the EKE. The dominant factors in different
stages of the HNV among different levels are summarized
and listed in Tables 1 and 2.

(c) For the duration of the HNV, there was no remarkable
frequency dispersion, which was very favorable for the long-
time maintenance of HNV. Among the levels of HNV, he-
licity remained positive, which could reduce the energy loss
and resist dissipation, and thus this was another favorable
condition for the longevity of HNV. The variations of he-
licity which is closely related to the HNV, was determined by
factors as follows: during the MS, horizontal helicity mainly
converted to vertical helicity which enhanced the vertical
helicity, whereas in the DS, term CON acted conversely. At
the LLHNYV, the buoyancy and convergence were the most
favorable factors for the maintenance of positive helicity,
while at the HLHNYV, horizontal and vertical advections of
helicity were the dominant effects.
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