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ABSTRACT

With the aid of the Penn State-NCAR MMS5 model, the initiation mechanism of meso—fi scale
convective systems (MCS) is investigated on the basis of simulation of the temporal and spatial
thermodynamic structure of the MCS that occurred in Wuhan, Hubei, China and its surrounding area on 21
July 1998, Using Lhe PV inversion method, comparisons among the upper—, middk-, and low—level
tropospheric potential vorticity (PV) perturbations, as well as their effects on the initiation of MCS, indicale
thal the low—level tropospheric PV perturbations play an important role in the triggering of MCS, Further
analysis reveals that the inleraciion beiween the southwesl low~level jet and the gravity—inertia wave indeed
initiztes MCS in the conditionally unstable ambient aimosphere,
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1. Introduction

The initiation of meso—scale convective systems (MCS) has been intensively studied by
many researchers, among others, Chen et al. (1998) and Chen (2000) dealt with a series of
convective rainstorms developed successively along the Mei—yu front on 12-13 June 1991 by
using the Penn State—NCAR Meso—scale Model Version 5, It turned out that the initiation of
MCS along the Mei—yu front may be a barotropic process with respect to the character of a
weak temperature gradient and strong wind shear across the front. Particularly, Chen et al.
(1998) demonsirated that the initial development of the mid—level cloud at Z=5 km results
from the interaction of the upper—level ageostrophic circulation with the mid—level moist lay-
er. The analysis of Cheng and Feng (2001) also identified that the abrupt, extraordinarily
heavy rainfall in 1998 was in close relationship with the short—wave trough at 500 hPa and
the low vortex with shear line at 700 hPa, as well as with the successive generation and intense
development of MCS along the shear line, In another study, the characteristics of the synoptic
background and meso—scale evolution process of the extremely heavy rain that successively
took place along the Yangtze River valley in China’s eastern Province of Hubei during 21-22
July 1998 were analyzed by Hu et al. (2001). Their results suggested that the gravity—inertia
wave energy dispersion in the upper—ievel troposphere was the possible mechanism of the se-
vere storm, On the other hand, Sun and Zhai (1980) and Sun (1985) illustrated that some
short—period waves which are closely related to the non—geostrophic wind of the axis often
occur on the jet, The waves corresponding to the temperature and pressure disturbances
propagate along the axis and cause the sharp development of convection and the formation of
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heavy rain clusters.

From the above discussion, it is clear that many factors exist that initiate MCS, In fact,
the southwest low—level jet (LLJ) plays an important role in the transport of vapour and mo-
mentum, and so it should be the key factor in the initiation of the MCS that happened in the
southwest part of Hubei in 1998 Thal is the beginning point of this paper. Mainly through
the numerical replication of the real MCS case that occurred in Hubei on 21 July 1998, the
crucial factor in the triggering mechanism will be identified. Furthermore, by virtue of PV in-
version (Davis 1992; Davis and Emanuel 1991), the comparisons among the upper—, middle—,
and low—level tropospheric potential vorticity (PV) perturbations in the formation of MCS
are implemented so that the interaction of the LLJ and gravity—inertia wave associated with
the initiation of MCS will be made clear.

2. Overview of the synoptic situation

From 2000 BST (Beijing Standard Time) 20 July 1998 (o 2000 BST 22 July 1998, san
extraordinarily heavy rainfall occurred over Hubei Two meteorological observatories,
Huangshi and Wuhan, recorded severe rainfall of 499 mm and 457 mm respectively in 48
hours, Observed 24~hour rainfall ending at 2000 BST 21 July over Wuhan city was up to
286 mm (see Fig. 3a), with a recorded 1—hour rainfall 88,4 mm breaking the historical record
(Nationa! Meteorological Center and National Satellite Meteorological Center 1999),

By viriue of the three—time—mean (0200, 0800, and 1400 BST) National Centers for
Environmental Prediction (NCEP) data on 21 July 1998, the geopotential height and wind
distribution at 850 hPa, 500 hPa, and 200 hPa are displayed in Fig, 1. In the 500 hPa chart, a
' Single Blocking Pattern’ is located (o the north of Baikal Lake (53°N, 107°E) with two lows
{the Balkash Lake Low and Northeast Low) to the south of it. The cold current moves
southward from the rears of the two lows. The southwest low vortex at 850 hPa lies in the
western flank of the shear line; south of which, it is the southwest LLJ that enhances the
convergence of the cold / warm current. At 200 hPa, a strong divergence area lies on the east-
ern side of the South—Asia High, Because the southeastern part of Hubei is just situated on
the shear line and in the lefi—front quadrant of the jet axis, it was vulnerable to the eruption
of a severe storm.

3. Mesoscale model and experimenta) design

The Penn State—NCAR MM35 model was used to carry out a numerical simulation of the
meso—f} scale convective system that appeared in the Wuhan area. The MM35 model is a
non—hydrostatic, primitive equation model with a terrain—following vertical coordinate, The
model physics used in this experiment includes the Reisner Graupel for resolvable—scale mo-
tion and the subgrid—scale convection of Grell's cumulus parameterization scheme,
Blackadar’s high—resolution planetary boundary layer (PBL} scheme was implemented to cal-
culate the vertical fluxes of sensible heat, latent heat, and momentum and turbulent mixing in
the PBL. A detailed description of MM5 can be found in Dudhia (1993) and Grell et al
(1994).

The design of the two—way nesting model domains is shown in Fig,2a, They consist of a
20-km grid (D02, mesh size of 61 * 61)and a 60—km grid (D01, mesh size of 80 x 92). Both
grids have 23 vertical levels, Figure 2b displays the terrain height for domain 2, with line AB
used for Fig, 8 and Fig, 10, and point C (112,7°E, 28,1°N) for Fig. 11.
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Fig. |. The three—time mean (0200, 0800, und 1400 BST 21 July 1998) geopotential height (solid
lines, 10 gpm) and wind (arrows, ms™ ') fields ai (a) 500 hPa, (b) 850 hPa, and (c) 200 hPa. Shading

indicates the jet stream,

The dataset from the NCEP global analysis archives with 2.5° x 2.5° lalitude—longitude
resolution (which are interpolated to the model grid point locations} has been employed in the
model initialization as the first guess fields, which are then enhanced by blending in
observational data using an objective analysis technique lo introduce meso—scale fealures.
The temporal lateral boundary condition is provided by repeating the above procedure at
6—hour intervals. The time period of interest is from 0800 BST 20 to 0800 BST 23 July 1998,
This paper will focus on the results of the 20—km grid (Domain 02).

4. Model verification

In this section, we verify the 24~hour simulation of the meso~f scale convective system,
mainly from Domain 02 with 20—km resolution, against various observations (e g,, surface
rainfall analysis and satellite imagery). The next section will be devoted to the initiation
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Fig. 2. (a) The two—wuy nesting maodel domuins. (b} The terrain heights of Domain 02. The line
AB shows the position of the vertical cross sections shown in Figs, 8 and 10, and C indicales the
position (112.7°E, 28.1°M) in Fig. 11.

of MCS,

The comparison between the simulated and the observed 24—hour accumulated rainfall
over Hubei is shown in Fig.3. The simulted heavy rainfall center is situated slightly to the
southeast of the observed, with the rainfall intensity (150 mm) under—predicted. Generally,
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Fig. 3. {a) Observed 24—h raiafull from 2000 BST 20 July to 2000 BST 21 July 1998, (b) Simulated

24—h rainfall. Rainfall contours are in mm.

the simulation depicts the main features of the observed heavy rainfall in terms of location
and intensity. To judge the simulation of the severe slorm, further verification is taken by
comparing the structure of MCS (Fig.4) and the Geostationary Meteorological Satellite
(GMS) infrared (IR) images (Fig. 5). At 0400 BST 21 July, shallow convection emerged to the
north of Muohu Mountain (30°N), similar to features of the observed IR imagery, Three
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Fig. 4. The latitude—height cross section along 115°E of the mean meridional and vertical wind
veclor {arraws) and Lhe total cloud water (solid lines und shaded areas) at (a) 0400 BST, (b} 0700
BST, (c) 1000 BST, (d) 1300 BST, (¢) 1600 BST, and (f) 1900 BST, 21 July 1998. The abscissa indi-
cates latitude ("N) and the ordinale height (hPa),

hours later, the convection moved northward, and the extraordinarily strong convection does
abruptly erupt, accompanied by the formation of the MCS, which is in agreement with the
strong convection displayed in the IR imagery at 0700 BST. The MCS continue to be intensi-
fied up to 1000BST. After that, the MCS begin to decay with time, dying away at 1900 BST.
Comparison between Fig.4 and Fig.5 shows that the temporal evolution of the simulated
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Fig. 5. GMS infrared satellite images for (a) 0400 BST, (b) 0700 BST, (c) 1000 BST, (d) 1304} BST,
(e} 1600 BST, and (f) 1900 BST, 21 July 199%. The box indicates the southeastern purt of Hubei

Province.
MCS is in harmony with the variation of IR satellite images.
5. Initiation mechanism of MCS

The previous section has demonstrated that we have simulated the temporal variation of
MCS with the aid of MMS5 model, In this section we will focus on the initiation of MCS.
From the latitude—height cross section of equivalent potential temperature ¢, along 115°E at
0400 BST 21 July 1998 (for the sake of simplicity, figure omitted), conditionally unstable
lapse rates are observed, which produce the suitable condition most favorable for the forma-
tion of strong convection, Nevertheless, one question remains to be answered, namely what is
the key factor in the initiation of MCS. Here we seek the answer through employing the PV
inversion method in order to compare the effects of the upper—, middle—, and low—level
tropospheric potential vorticily (PV) perturbations on the initiation of MCS.

5.1 Patentiul vorticity inversion

To assess the effects of different physical process in the evolution of the eruption of
MCS, we use Davis el al. (1991, 1992) piecewise Ertel’s potential vorticity perturbations
(EPVP) inversion technique by partitioning the EPVP in the concerned domain into several
anomaly components in order to find the contribution of each component to the wind




No_ 5 Peng Jinvi, Wu Rongsheng and Wang Y uan 877

2

! luﬁ

;yﬁﬁ'-‘.
e

T

Latitude

S % ST S Y
W2 \»I-J ANTNNR AN o
) = Sl g T AN
S

Latitude

27N} h
111E {12 113E 114E 115E 11qﬁ_E.117E 118E111E112E 113F 114t 115E 1]&117E 118E
Longitude ° Longitude °

Fig. 6. The contributions of (a) ", . (b) ¢’y . () ¢ it - a0d (d) 4 upp to the 850 hPa wind unomaly
at 04400 BST 21 July 1998. The solid lines indicate the streamlines und the dashed lines the wind
speed conlours.

anomaly (i.e., the departure from period mean),
First of all, we compute the Ertel’s potential vorticity (EPV) by

1
=~y W0,
4=

in which # is the absolute vorticity vector, {f the potential temperature, and p the density. The
perturbations of EPV (4') are specified as the departure from the mean of the period 2100
BST 20 July to 2000 BST 21 July. The effects of the total EPVP (¢',,, ) are divided into three
parts: (a) the low—level tropospheric effect, which is represented by the large EPVP
(4’2 0) tropospheric (1000~800 hPa) air, denoted by ¢, : (b) the middle—level tropospheric
effect, where EPVP is denoted by ¢*, ,, . which represents the 700-500 hPa tropospheric EPVP
{g"2 0); and (c) the upper—level tropospheric effect, where EPVP is the same as (b) but for
400-200 hPa, EPVP represented by ¢’

The contributions of ¢",, 9., §'ma. and 4'ypp 10 the 850 hPa wind anomaly at
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Fig. 7. The contribution of g/, 1o the 850 hPa wind anomaly at (a) 0500 BST, (b) 0600 BST. and
(<) 0700 BST 21 July 1998, The solid lines indicate Lhe sireamlines and the dashed lines the wind

speed conlours,

0400 BST 21 July 1998 have been illustrated in Fig. 6. Comparison between Fig. 6a and Fig,
6b indicates that a cyclonic shear is located around the given point of (30°N, 114.5°E), and in
this area the ¢’ and/ or ¢',, contributions to wind speed anomaly (0.25 m s™') are similar
to each other. The wind speed anomaly of ¢',.; (0.02 ms™ see Fig. 6¢) is less than one—tenth
of the value of ¢*,,, , and the wind speed anomaly for ¢*,,, (0.0015 m s~ see Fig. 6d} is smal-
ler than that of ¢, . From PV inversion analysis at other times, for instance, 0500 BST, 0600
BST, and 0700 BST, the same results can be obtained (figure omitted).

From the contribution of ¢’y , to the 850 hPa wind anomaly at 0500 BST, 0600 BST,
and 0700 BST 21 July 1998, we can see the cyclonic shear emerping in the location (30°N,
114.5°E) at 0500 BST, with the formation of cyclonic circulation at 0600 BST, and a
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Fig. 8. The vertical cross section of (a) equivalent poiential temperature  (K)}and {b}
ageostrophic wind (m 57') along the line A8 (cf. Fig. 2b) at 0300 BST 21 July 1998. A positive
ageostrophic wind indicales a southwest wind und negutive values i northeist wind.

strengthened cyclone at 0700 BST. At this time, the strong convection erupts, accompanied by
two large wind anomaly centers (1.5 m 57!} which are located 1o the north and the southeast
sides of the cyclone, The foregoing discussion demonstrates that the low—level PV
perturbation plays an important role in the initiation of MCS,
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Fig. 9. The 850 hPa horizontai wind vector and geopolential height at (1) 0300 BST, (b) 0500 BST,
and (c) 0700 BST, 21 July 1998, “ T" denotes the axis of a height trough and " R” the uxis of u
height ridge.

5.2 The interaction between the southwest low—level jet und the gravity—inertia wave

It is well known that the southwest low—level jet plays an important role in the transport
of vapour and momentum, The ageostrophic wind in the low—level jet under some conditions
cannot adjust itself to the geostrophic balance, and therefore instability of the gravity—inertia
wave must occur, Consequently, the interaction between southwest low—level jet and the grav-
ity—inertia wave might be the crucial factor in the triggering of MCS,

Figure 8 displays the vertical cross section of equivalent potential temperature 0, and
ageostrophic wind along the line A8 (see Fig, 2b) at 0300 BST 21 July 1998, The warm center
(0, > 360 K) at 900 hPa indicates an inversion layer in the lower troposphere, The corre-
sponding ageostrophic wind component demonstrates strong ageostrophic features in the vi-
cinity of the low—level jet at 850—900 hPa (see Fig. 10}, with a maximum ageostrophic wind
speed of 12 m 57", The ageostrophic wind was also separated by positive centers (southwest
wind) and negative centers (northeast wind) in the interval, accompanied by obvious
convergence / divergence and the corresponding vertical motion; this is favorable for the gen-
eration and propagation of the gravity—inertia wave through the geostrophic adjustment
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Fig. 10. Vertical cross seetion of verticul mation (al, a2, and a3) and the horizonial wind speed (b1,
b2, and b3) along line AR (see Fig. 2b) at 0300 BST, 0500 BST, and 0760 BST 21 July 1994,

respectively, The vertical molion is contoured al 4—cm s™ intervals, with soid lines for updrafl and

dashed lines for downdraft. The solid arrow indicates the vertical motion in the southeast part of
Hubei Province. The open arrow in panels b1, b2, and b3 denotes the low—level jei.

processes under the condition of an inversion layer. Blumen (1972} showed that the Rossby
radius of deformation (hence, the gravily—inertia wavelength) in 2 stratified atmosphere is
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Fig. 12, Schematic dingram of the initiation of o meso—ff scule convective system with respect (o
the interaction of the southwest low—level jet and the gravity—inertia wave, The contour lines indi-
cule lerruin height. The shaded area displays severe convection, lo the north of which is Dabe
mountain and the south onc for Muohu mountain, The heavy urrow indicates the southwest

low=level jet and the wave—like curve the gravily—inertia wave.

given by

~ NH

Ay = TR

where the Brunt—Viiisili frequency is A= 1.0% 107%™, H is the atmosphere scale height
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(H=8 km), and f the Coriolis parameter (/= 0.7511x 10~ *s '), so that the gravity-inertia
wavelength is around 2=170 km.

The horizontal structure of the gravily—inertia waves can be seen from the distribution of
the 850 hPa geopotential height and wind (Fig, 9). The gravity—inertia waves propagale along
the southwest LLI, and at 0700 BST, arrive at the southeast part of Hubei and imnitiate the
meso—fi scule low—pressure system. Also, we can indicate the vertical structure of the
gravity—inertia waves from the southwesi—northeast vertical cross section of the vertical mo-
tion (i) and the horizontal wind speed along line A8 (Fig. 10). The propagation of the gravi-
ty—inertia waves is evident through the low—level troposphere. The adjucent updraft (or
downdraft) centers suggest a 150 km wavelength for the gravily—inertia wave, which is
coordinated with the wavelength based on geostrophic adjustment theory (in the previous
paragraph). From the vertical motion over the southeast part of Hubei, we can see u
downdrafl emerges in the low—level troposphere at 0300 BST, with a weak updraft {16 cm sh
at 0500 BST and a strong updralt (96 cm s™") at 0700 BST, corresponding with the eruption of
the severe convective system,

The horizontal wind speed of up 1o 20 m s ' indicales a southwest low=level jet at
850—900 hPa, The low—level jet presents a few large wind cores, indicating ils interaction with
the gravity—inertia wave, Comparison with the distributions at 0500 BST and 0700 BST re-
veals that the enhanced low—level jet cores move northeastward, initiating the severe storm.
The temporal variation of vertical motion at point C (112.7°E, 28.1°N) suggests an
approximale 3—hour period for the gravity—inertia wave (see Fig.11), from which we can cal-
culate its propagation speed {14 m s™'). This figure coincides with the results of Uccellini and
Koch (1987), The foregoing analysis indicates the southwest low—level jel / gravily—inertia
wave inleraction initiates the meso—scale convective system.

6. Conclusion

The temporal and spatial thermodynamic structure of the meso—f scale convective sys-
tem situated in the area of Wuhan on 21 July 1998 is successfully replicated by the
implementation of the Penn State—-NCAR MM35 model, and its initiation mechanism is inves-
tigated in detail by PV inversion. Comparison with the effect of upper—-, middle—, and
low—level tropospheric potential vorticity (PV) perturbations on the initiation of MCS in the
context of PV inversion indicates that the low~level tropospheric PV perturbation is the es-
sential factor in the eruption of MCS. Further analysis reveals that the southwest low—level
jel/ gravily—inertia wave interaction initiates MCS in the conditionally unstable atmosphere
(Fig. 12), It is evident that there exists a non—linear interaction between the topographic grav-
ity wave and the gravity—inertia wave induced by the shear instability of the southwest
low—level jet, Further dynamical research will be implemented in the future to obtain insight
into the non—linear interaction processes. In the meantime, more observational data are need-
ed Lo verify the features of the gravily—inertia wave.
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