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ABSTRACT

On the basis of the MM5 simulation data of the severe storm that occurred over the southeastern part
of Hubei province on 21 July 1998, the interaction of mesoscale convection and frontogenesis is dealt with
using the thermodynamical equation and frontogenetical function. The results show that the outbreak of
the severe storm is closely related to the local frontogenesis. In fact, the interaction between the shearing
instability of the low-level jet (LLJ) and the topographic forcing generates an gravity-inertia wave as well
as local frontogenesis (the first front), which consequently induce the onset of the severe storm. From then
on, owing to the horizontal and vertical advection of the potential temperature, the new frontogenesis (the
second front) is formed to the northeast side of the severe storm, which initiates the second rain belt.
Meanwhile, a two-front structure emerges over the southeastern part of Hubei province. Accompanied
with the further intensification of the convection, the rain droplets evaporation cooling strengthens the
first front and weakens the second front, resulting in single front structure over the southeastern part of
Hubei province in the period of the strong convection.
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1. Introduction

The relationship between frontogenesis and convec-
tion has been studied intensively by many researchers
(Orlanski and Ross, 1977¶Ross and Orlanski,
1978¶Carbone, 1982¶Parsons et al., 1987¶Rotunno
et al., 1988¶Parsons, 1992¶Tao et al., 1979¶Gao
and Tao, 1991¶Blumen and Wu, 1995¶Wu and Blu-
men, 1995¶Sun and Du, 1996). Among others, Car-
bone (1982) and Parsons et al. (1987) presented ob-
servational evidence that the strong vertical motions
in the cold front rainband resembled to some extent
the forced ascent at the leading edge of a density cur-
rent. From then on, the density current theory has
been used in many studies on this kind of precipita-
tion. Rotunno et al. (1988) proposed, and later Par-
sons (1992) demonstrated, that the interaction of the
density current with the vertical shear in the ambi-
ent flow might account for the stronger updraft at the
leading edge of the front. Moreover, Tao et al. (1979)
revealed the vertical structure of the cold front and its
accompanying severe storm. An obvious characteris-
tic of this pattern is the cold downdraft flow from the

mid-upper level in the rear of the frontal zone, and this
flow could extend to the prefrontal area to meet the
warm-moist air, and therefore maintain and enhance
the updraft in the convection system.

In addition, the evolution of the warm front cir-
culation and occurrence of condensation in the upper-
level westerly jet and low-level southerly jet were sim-
ulated by using a primitive equation model includ-
ing a moisture condensation process (Lu and Jiang,
1999). In the moist atmospheric model with a mois-
ture condensation process, the effects of the low-level
southerly jet on the warm front circulation are much
larger than the upper-level westerly jet and are more
important factors for exciting strong mesoscale precip-
itation in the warm frontal zone. Equally important,
a case of the mei-yu front with heavy rainfall in the
Changjiang and Huaihe River valleys was studied by
Sun and Du (1996). The deformation term of the fron-
togenesis function plays an important role in the devel-
opment and maintenance of the mei-yu front, and the
development of frontal turbulence is intimately corre-
spondent with the unstable low-level jet. Furthermore,
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Gao and Tao (1991) revealed the relation between the
lower layer frontogenesis function and mean flow ac-
celeration in the region of the upper jet stream, and
they indicated that the lower layer frontogenesis is in-
duced by the acceleration of the upper jet stream. It
is very important to note that the mei-yu front can be
considered as a transitional zone of the cold and warm
surges embedded respectively in the cold and warm air
mass (Wu, 2002). In the zone, once the flow and tem-
perature are not in thermal balance, then geostrophic
adjustment will happen. Finally, frontogenesis or the
collapse of the isopycnal surface will follow under the
appropriate conditions. In the meantime, the moisture
process will provide the energy to maintain and to en-
hance the process as well as the precipitation along the
front (Blumen and Wu, 1995; Wu and Blumen, 1995;
Fang and Wu, 1998, 2001; Wang et al., 2000; Pan and
Wu, 2001; Wang et al., 2002).

The aforementioned studies focused on the influ-
ence of the large scale weather system upon the fron-
togenesis process, such as the upper-, low-level jet.
Nevertheless, the interaction of the local frontogene-
sis and the meso-β/γ scale convective system were in-
vestigated in few cases in the above. From 2000 LST
20 July to 2000 LST 22 July 1998, an extraordinar-
ily heavy rainfall appeared over the southeastern part
of Hubei province. Two meteorological observatories
including Huangshi and Wuhan recorded severe rain-
fall of 499 mm and 457 mm respectively in 48 hours.
The observed 24-h rainfall ending at 2000 LST 21 July
over Wuhan city was up to 286 mm, with a 1-h rain-
fall of 88.4 mm breaking the historical record. Was
the outbreak of the severe storm related to the fron-
togenesis forcing? Peng et al. (1999) demonstrated
that the frontogenesis energy front at 700 hPa caused
the extremely heavy rain. Besides, the diagnosis of
the three dimensional frontogenesis showed that the
genesis of the front at 925 hPa was very close to the
extraordinarily heavy rainfall distribution in the pe-
riphery of Wuhan (Feng and Chen, 2002), which indi-
cates that there was a certain dynamic relationship be-
tween the rainfall distribution and frontogenesis force.
Nevertheless, on account of the limitation of the con-
ventional observation data with low resolution, the re-
lationship between the mesoscale convection and local
frontogenesis could not be examined in detail in the
foregoing studies. This is the beginning point of this
paper. Consequently, the high resolution MM5 sim-
ulation data of the event (Peng et al., 2002a, 2002b)
will be used to discuss the interaction of frontogenesis,
frontolysis, and the strong convection. In the following
section, we will briefly describe the MM5 model exper-
iment design and the diagnostic method. The dynamic
relationship between the mesoscale convection and lo-
cal frontogenesis is discussed in section 3, and section

4 presents a summary and conclusion.

2. Experiment design and the diagnostic me-
thod

The Penn State-NCAR MM5 model was imple-
mented to carry out a numerical simulation of the se-
vere storm that appeared in Wuhan and its surround-
ing areas (Peng et al., 2002a, 2002b). The MM5 model
is a non-hydrostatic primitive equation model with
a terrain-following vertical coordinate. The model
physics used in this experiment include the Reiner
Graupel scheme for the resolvable-scale motion, and
the subgrid-scale convection of the Grell cumulus pa-
rameterization scheme. Blachadar’s high-resolution
planetary boundary layer (PBL) scheme is imple-
mented to calculate 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 Grell et al. (1994). The design of the two-way nest-
ing model domains consists of a 20-km grid (domain
2, mesh size of 61×61) and a 60-km grid (domain 1,
mesh size of 80×92). All the grids have 23 levels in the
vertical (figure omitted). The simulation time period
of interest is from 0800 LST 20 to 0800 LST 21 July
1998. This paper will focus on the results of the fine
mesh, i.e., domain 2.

The diagnostic methods in this paper include the
thermodynamical equation and the frontogenenesis
function (Wu, 1999; Bluestein, 1993). The thermo-
dynamical equation may be expressed as follows:
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where θ is the potential temperature; vs and vn repre-
sent the tangential velocity and the normal component
respectively; ∂θ/∂t, vs∂θ/∂s, vn∂θ/∂n, and ω∂θ/∂p
refer to the locale change, the advection along the cross
section, the advection into the cross section, and the
vertical advection, respectively. Q represents the dia-
batic heating.

The two-dimension form of frontogenesis quantifies
the Lagrangian time rate of change of the along-cross-
section component of the horizontal gradient of poten-
tial temperature. The frontogenesis equation is given
as follows:
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where F is the frontogenesis function, and the terms
on the right hand side of the uni-direction frontogene-
sis equation are described as the confluence, the shear,
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Fig. 1. (a) The 850-hPa horizontal wind and (b) equivalent potential temperature, and their cross sectional
distributions (c, d) along line AB (see Fig. 1b) at 0400 and 0800 LST 21 July 1998. The shaded areas display the
total cloud water (units: g kg−1). The box area indicates the southeastern part of Hubei province (SEHBP). The
lines of boxes in (c) and (d) display the frontal zone, defined by the 353 K and 355 K contour lines respectively.
Equivalent potential temperature in (a) and (b) are contoured at every 0.5 K, and at every in 1.0 K in (c) and
(d).

the titling, and the diabatic term, respectively.

3. Mesoscale convection and frontogenesis

Figure 1 gives the 850-hPa horizontal wind and
equivalent potential temperature and its cross sec-
tional distributions along line AB at 0400 and 0800
LST 21 July 1998. The horizontal equivalent poten-
tial temperature features indicate that the large equiv-
alent potential temperature values are located to the
southwest of the southeastern part of Hubei province
at 0400 LST 21 July (cf. Fig. 1a), with a warm center
value of 361.2 K, but on the other side, there exists a
cold center with the smallest equivalent potential tem-
perature of 354.6 K. That is to say, the southwestern
warm-moist air encounters the northeastern cold-dry
air resulting in the formation of the front zone. Conse-
quently strong convection erupts at 0800 LST 21 July
(see Fig. 1b), which leads to the 357 K cold center ap-
pearing over the southeastern part of Hubei province
as well as the obvious frontogenesis process situated to
the west of the cold center.

The cross section of equivalent potential tempera-

ture depicts that the 360.9 K maximum is centered at
850-hPa over the southeastern part of Hubei Province
at 0400 LST 21 July (see Fig. 1c), which shows that
the southwest low-level jet transports warm-moist air
and meet the cold-dry air adjacent to the surface, re-
sulting in the formation of the front as well as the
outbreak of convection. In what follows, the equiv-
alent potential temperature around the southeastern
part of Hubei Province decreases 0.9 K at 0800 LST
21 July on account of the rainfall evaporative cooling
(cf. Fig. 1d), which indicates that a new frontogenesis
process happens over the southeastern part of Hubei
Province.

From the 850-hPa potential temperature distribu-
tion at 0400 and 0800 LST 21 July 1998 (figure omit-
ted) we can get the same results. Before the outbreak
of the strong convection, the interface zone is formed
as the warm-moist air meets the cold-dry air over the
southeastern part of Hubei Province. The frontoge-
nesis process triggers the strong convection. On the
other hand, due to the reaction of the rain droplet



NO. 5 PENG ET AL. 817

Fig. 2. The cross-sectional wind, total cloud water and potential temperature (Unit: 0.5 K) at 0400 LST (a) and
0500 LST (b); the local change of potential temperature (Unit: 0.5 K h−1) at 0400 LST (c) and 0500 LST (d);
and the frontogenesis function (Unit: K (100 km h)−1) at 0400 LST (e) and 0500 LST (f) along line AB (see Fig.
1b) on 21 July 1998. The shaded areas display the total cloud water (Unit: g kg−1). The lines of boxes in (a)
and (b) display the frontal zone, defined by equivalent potential temperature contour lines respectively.
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evaporative cooling after the onset of the convection,
the 306.2 K minimum potential temperature is cen-
tered over the southeastern part of Hubei Province,
which displays a new frontogenesis process.

The foregoing analysis illustrates that the outbreak
of the extraordinary storm that occurred in the south-
eastern part of Hubei Province on 21 July 1998 is
closely related with the local frontogenesis process. Af-
ter the onset of the strong convection, there exists a
new frontogenesis.

3.1 Frontogenesis process initiates severe con-
vection

The wind, total cloud water, and potential temper-
ature along line AB at 0400 and 0500 LST 21 July 1998
are portrayed in Fig. 2a and Fig. 2b. The distribution
of total cloud water indicates that the smallest cloud
water emerges above 900 hPa over the southeastern
part of Hubei province at 0400 LST. After an hour,
the cloud water extends to the surface which shows
that the rain is beginning. The local change of poten-
tial temperature shows that there exists a remarkable
warming process with the maximum of 1.175 K h−1

located to the southwest of the southeastern part of
Hubei province at 0400 LST (see Fig. 2c), which in-
duces to the local frontogenesis with the maximum
frontogenesis function value of 4.176 K (100 km h)−1

centered over this area (cf. Fig. 2e). Hence the lo-
cal frontogenesis spawns the strong convection at 0500
LST. The obvious warming continues to appear to the
west of the area marked with “A” (see Fig. 2d), but
on its other side, the rainfall evaporative cooling leads
to a decrease of the potential temperature with a rate
of –0.74 K h−1, which intensifies the frontogenesis pro-
cess and increases the frontogenesis function value up
to 4.266 K (100 km h)−1 (cf. Fig. 2f). In addition,
the maximum potential temperature rate of increase
(0.767 K h)−1 is centered to the west of the area la-
beled with “B” in Fig. 2d, which is favorable to the
local frontogenesis (see Fig. 2f) as well as to the initi-
ation of the second rain belt (see Fig. 4a).

The mesoscale frontogenesis bears a relation to the
local change rate of potential temperature and further
accounts for the horizontal advection, the vertical ad-
vection, and the diabatic term. Figure 3a and Fig. 3b
depict the potential temperature horizontal advection
along the cross section at 0400 and 0500 LST 21 July
1998. As is clear in these figures, the horizontal ad-
vection along the cross section over the southeastern
part of Hubei province is separated by positive and
negative centers in interval, which is associated with
the gravity inertia wave (Peng et al., 2002a). By re-
ferring to Fig. 3a, we can also see that a large warm
advection area is located to the west of the southeast-
ern part of Hubei province at 0400 LST, accompanied
with a maximum value of 1.18 K h−1. One hour later,

the 0.6 K h−1 and 0.748 K h−1 maximum horizontal
advection along the cross section are centered to the
west of areas “A” and “B” respectively.

The potential temperature advection into the cross
section demonstrates that the warm advection areas
with maximums 0.548 K h−1 and 0.4 K h−1 are sit-
uated to the west of the southeastern part of Hubei
Province at 0400 and 0500 LST respectively (see Figs.
3c and 3d). Meanwhile, the distribution of the ver-
tical advection presents positive centers and negative
centers in interval, which is related to the gravity in-
ertia wave propagating along the southwest low-level
jet over the southeast part of Hubei Province (see Fig.
3e). We can also see from this figure that the maxi-
mum warm vertical advection (1.218 K h−1) is centered
to the west of the southeast part of Hubei Province.
At 0500 LST, the 0.618 K h−1 and 0.5 K h−1 warm
advection centers lie to the west of the areas marked
with “A” nd “B” respectively.

Before the eruption of the strong convection, the
moisture processes, such as condensation, evaporation,
etc., become very weak, hence the diabatic term is
very small. By comparing with the advection along
the cross section, the advection into the cross section,
and the vertical advection of potential temperature, it
contributes to the local change of potential tempera-
ture which is due the advection along the cross section
and the vertical advection.

From the above analysis, we see that the outbreak
of the severe storm over the southeastern part of Hubei
Province was intimately related to the local fronto-
genesis process. Furthermore, the local frontogenesis
accounts for the advection along the cross section and
the vertical advection of potential temperature. In the
meantime, the interaction between the shearing insta-
bility of the low-level jet (LLJ) and the topographic
forcing generates a gravity-inertia wave, which further
induces the positive centers and negative centers in
interval in the potential temperature distribution of
the advection along the cross section and the vertical
advection.

3.2 Strong convection intensifies frontogenesis

Figures 2b, 2d, and 4 depict the cross section of the
wind, total cloud water, potential temperature, and its
local change rate along line AB (see Fig. 1) at 0500,
0600, 0700, and 0800 LST, respectively. The potential
temperature distributions at 0500 LST indicate that
there exist two cold centers with minima of 299.5 K
and 300.0 K over the regions marked A and B respec-
tively (cf. Fig. 2b). Comparing with the formerly men-
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Fig. 3.The advection along the cross section (a, b; 0.2 K h−1), the advection into the cross section (c, d; 0.2 K
h−1), and the vertical advection (e, f; 0.5 K h−1) of potential temperature at 0400 and 0500 LST 21 July 1998
respectively. The shaded areas display the total cloud water (units: g kg−1).

tioned centers, the two cold centers still appear in the
same areas with the potential temperature of area B
decreased by –1.0 K h−1 at 0600 LST. After an hour,
the two cold centers continue to decrease by –0.5 K h−1

and by 0800 LST the two cold centers merge into one
center. Moreover, from the local change rate of the po-
tential temperature at 0500 LST (see Fig. 2d), we can
see that the cloud water and rain water evaporative
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Fig. 4.The cross sections of wind, total cloud water, potential temperature (a, b and c; 0.5 K) and their local
rates of change (d, e and f; 0.5 K h−1) at 0600, 0700, and 0800 LST 21 July 1998 respectively. The shaded areas
display the total cloud water (units: g kg−1). The lines of boxes in (a), (b) and (c) represent the frontal zone,
defined by the 353 K and 355 K equivalent potential temperature contour lines respectively.
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Fig. 5.The cross sections of wind, total cloud water, adiabatic term (a, b and c, contour spacing 0.5 K h−1) and
frontogenesis functions (d, e and f), contour spacing 1 K (100 km h)−1 at 0600, 0700 and 0800 LST 21 July 1998
respectively. The shaded areas display the total cloud water (units: g kg−1).

cooling lead to a decrease in the potential tempera-
ture with a rate of –0.74 K h−1 situated to the right
of region A, but on the other side, there exists a 1.0 K
h−1 warming on account of the warm advection, which

consequently intensifies frontogenesis process (see Fig.
2f). In the meantime, the frontogenesis over region
B is due to the warming advection to the left of re-
gion B (see Fig. 2d), and it consequently triggers the
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second convective belt (refer to the cloud water distri-
butions at 0600 LST in Fig. 4a). The convective rain
droplet evaporative cooling causes a drop in the po-
tential temperature with a rate of –1.0 K h−1 located
to the right of region B (see Fig. 4d); in addition, there
exists a 0.5 K h−1 increase to the left of region A and a
–0.5 K h−1 decrease of the potential temperature on its
other side at 0600 LST. These demonstrate the notice-
able two-front structure, i.e., the first warm front over
region A and the second front over region B. Corre-
sponding with the strength of the convection at 0700
LST, the rates of potential temperature decrease to
the right of regions A and B respectively are up to
–1.0 K h−1 (refer to Fig. 4e). One hour later, owing
to the quick intensification of strong convection, the
potential temperature continues to be reduced to the
right of region A (–0.5 K h−1), which leads to frontoly-
sis between regions A and B resulting in a single front
from the two-front structure.

The adiabatic term and frontogenesis function dis-
tributions at 0600, 0700, and 0800 LST are shown in
Fig. 5. The adiabatic term including condensation and
evaporation indicate that there exist two heating cen-
ters corresponding to regions “A” and “B” respectively
above 900 hPa at 0600 LST on account of the con-
densation heat release, but below 900 hPa, the two
cooling centers (–1.0 K h−1) present over regions “A”
and “B” are due to the evaporation cooling. Con-
sequently, the remarkable frontogenesis intensification
appears over regions “A” and “B” (see Fig. 5d) with
the corresponding frontogenesis function values of 4.0
and 3.0 K (100 km h)−1 respectively, which displays an
obvious two-front structure. At 0700 LST, in conjunc-
tion with the strength of convection, the cooling rate
over region “A” is increased to –1.5 K h−1 and that
of region “B” is decreased to –0.5 K h−1, correspond-
ing to the remarkable frontogenesis enhancement over
region “A” (see Fig. 5e). After an hour, the cooling
range over the southeast part of Hubei province con-
tracts along with the decreased strength. Only region
“A” displays noticeable frontogenesis, whereas fron-
tolysis occurs between regions “A” and “B”, and this
indicates a single front structure over the southeast
part of Hubei Province.

4. Conclusions

By using the MM5 simulation data of the severe
storm that occurred over the southeastern part of
Hubei province on 21 July 1998, the interaction of
mesoscale convection, frontogenesis, and frontolysis is
investigated with the thermodynamical equation and
frontogenetical function. Figure 6 gives the schematic

Fig. 6.The schematic illustration of the interaction of the
frontogenesis and convection. The contour lines display
the local change rate of the potential temperature at (a)
0400, (b) 0500 and (c) 0600 BST. The shaded areas display
the total cloud water (units: g Kg−1). The solid and open
arrows indicate the warm advection and evaporative cool-
ing respectively. The two and three parallel lines of boxes
denote the frontogenesis zone and frontogenesis intensifica-
tion zone respectively. The labels First and Second denote
the first and second frontogenesis zones, respectively.
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illustration between the interaction of the frontogene-
sis and convection. On account of the horizontal and
vertical warm advection, the first frontogenesis zone
is formed, which initiates the severe storm over the
southeast part of Hubei Province (the first rainband),
accompanied with the intensification of frontogenesis
process in this area owing to the rainfall evaporation
cooling. In the meantime, the warm advection causes
the formation of the second frontogenesis zone, which
triggers the second rainbelt. Similarly, the strength of
the second frontogenesis zone accounts for the rainfall
evaporative cooling. Corresponding with the further
intensification of the convection, there exist noticeable
frontogenesis at the first frontogenesis zone and fron-
tolysis at the second one due to the rainfall evapora-
tion, and by the strong period of the severe storm, the
two-front structure changes to a single one.
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