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ABSTRACT

The occurrence and evolution of an oceanic tropical squall line observed on 22 February 1993 during
TOGA—COARE over the equatorial Pacific Ocgan were simulated by use of a three~dimensional
nonhydrostatic storm—scale numerical model ARPS, The capacity of ARPS to simulate such tropical squall
line was verified, The structure and dynamic mechanism of the squall line were discussed in details as well
The impacts of the different microphysical process that including the ice phase and warm rain schemes on
structure and evolution of the squall line were investigated by the sensitive experiment.

The simulations of the three—dimensional structure and eveiution of the squall line are closely related
with the observations when the proper microphysical processes were ¢employed. The more latent heating re-
leased in the ice phase processes associated with the freezing process leads to strengthening deep convection
due to the vertical gradient of buoyancy, which results in a long life of the convective system. In contrast, the
warm rain process is characterized by short life period, more pronounced rearward tilt structure and exten-

sion of stratiform clound.
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1. Introduction

Mesoscale convection system (MCS) could be regarded as a primary unit of energy
transportation in the vertical and has an important role in the large—scale motion (Houze,
1982). However, so far the deep convection system could not be resolvable or simulated ex-
plicitly in global circulation models (GCM) due to the limiting of calculation condition and
the lacking of sufficient physical understanding, Therefore, the parameterization methods for
the sub—grid scale processes have to be employed in GCM. GCSS (GEWEX Cloud System
Study) is a subprogram of GEWEX (Global Energy and Water Cycle Experiment), The main
objective of GCSS is the improving of the parameterization of cloud related processes in gen-
eral circulation and numerical weather predication models through the improved physical
understanding of these processes (Moncriefl et al, 1997). The main tool of GCSS is the
cloud—resolving modei (CRM) which is a numerical model that resolves cloud—scale {and
mesoscale) circulation in either two or three spatial dimensions, Therefore, further research
on the physical mechanism of convective system will benefit to the improvement of cumulus
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convection parameterization in GCM.

In tropical region, the severe convection system is one of the most important mesoscale
systems. It plays a crucial role in transportation of momentum, heat and kinetic energy there-
fore results in effect on the large scale circulation, The interactions between MCS and
large—scale circulation in tropical region have significant impacts on the atmosphere—ocean
interaction and the tropical climate change. The one of purpose of the Tropical Ocean Global
Atmosphere (TOGA} Coupled Ocean—Atmosphere Response Experiment (COARE) con-
ducted from November 1992 to March 1993 is to study the occurrence of MCS in the western
Pacific Ocean warm pool region and the effects on tropical large—scale atmospheric circula-
tion (Webster and Lukas, 1992). During the intensive observation period (IOP) of
TOGA—-COARE, Doppler radars, airplanes and other instruments were used to observe the
MCS occurrence intensively during this period. Rickenbach and Rutledge (1998) analyzed the
shipboard radar IOP data of TOGA—COARE and found that 75% of total precipitation
cases are relevant to MCS and nearly 50% of all linear convective organizations have charac-
teristics of tropical squall lime. During the period after the appearance of an oceanic squall
line, a tropical cyclone may be emerged from just the same region (Jorgensen et al,, 1997),

In general, the squall lines are characterized by the low—level jet. The low—level vertical
wind shear is perpendicular to the leading edge of convection and the system moves forwards
at the speed of low—level jet. The updraft tiit structure of squall line is determined primarily
by the interaction between the subcloud cold pool internally generated and the low—level ver-
tical environmental wind shear (Rotunno et al, 1988). The vertical vorticity in the squall line
system is generated not only from the tilting of environment horizontal vorticity, but also
from the vertical wind shear induced by horizontal gradient of buoyancy, However, the hori-
zontal gradient of buoyancy is closely related to the low—level cold pool and water loading
(Trier et al., 1997). Therefore, the structure of low—level cold pool and the distribution of
water material, which are closely related to cloud microphysical processes, are crucial in the
simulation of squall line.

Though the evolution and structure of squall line mainly depend on the large—scale
environmental flow, the cloud microphysical process is also a crucial factor that could affect
the internal dynamics processes of squall line, The ice phase processes could affect the height
of convection and the developments of stratiform clouds rearward of squall line (Tao and
Simpson, 1989). Furthermore, the cloud microphysical processes could affect the structure of
cold pool near the leading edge and the propagation speed of squall line. Also the updraft tilt
structure and the distribution of water material could be affected further (Ferrier et al,, 1995).

Trier et al. {1996) simulated the squall line occurred on 22 February 1993 during the pe-
riod of TOGA—COARE by a cloud model. The impacts of surface flux and cloud
microphysical processes on the structures of updraft tilt and cold pool are investigated. The
effect of surface flux induced internally on evolution of squall line was solely investigated in
their study, however, the detail analysis of dynamic and thermal structure, and the evolution
processes of some related physical variables were ignored. The GCSS Working Group 4
(WG4, Precipitating Convective Cloud System) completed the comparison of eight cloud—re-
solving models for this tropical squall line case (Redelsperger et al,, 2000).

In the current study, a three—dimensional, nonhydrostatic and storm—scale numerical
model ARPS (Xue et al,, 1995) is adopied to simulate the generation and evolution of a tropi-
cal squall line observed on 22 February 1993 during the Intensive Observation Period
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of TOGA COARE, The structure and behavior ofthe squall line, and the time—dependent fea-
tures of some related variables are investigated to verify the capability of ARPS. Moreover,
the impacts of different cloud microphysical processes on the structure and evolution of the
squall line were discussed,

Section 2 provides the experimental design and initial conditions. The simulation and
analysis for the structure and evolution of the squall line are shown in Section 3. In Section 4,
the effects of different cloud microphysical processes on structure and behavior of squall line
are discussed. The summary and conclusion are given in Section 5.

2, Experimental design

In this study, we will adopt the Advanced Regional Predication System (ARPS. see Xue
et al, 1995) for numerical simulation. ARPS is a three—dimensional, nonhydrostatic,
compressible and storm~scale numerical model. In our study it is a horizontal domain of 103
= 103 grids with horizontal resolution of 1.25 km, It has 33 levels from bottom to the model
top with a vertically stretched grid in which Az is about [00 m below & km and then becomes
about 700 m above 8 km. The actual domain is 125 % 125 X 1§ km®. In order to keep the squall
line inside the simulation domain, the model domain is translated along with the squall line.
Open lateral boundary condition is used. The upper and bottom boundaries are rigid. Sponge
damped level is adopted above 12 km to reduce the reflection of gravitational wave. 1.5 order
TKE closure scheme is adopted for the sub—grid scale turbulence. For simplicity, rotation ef-
fects (Coriolis force) are ignored.

The model is initialized by a single sounding at all model grid points, The convection is
initiated by a line of three 1 km—deep cold columns of 5 km radivs and —8K temperature defi-
cit, They are south—to—north oriented with the interval of 2.5 km. Fig. 1 shows the initial
sounding data. From Fig. 1a, we can infer that the CAPE for irreversible pseudo—adiabatic
ascent of an air package at the lowest 50 hPa is about 1500 J/ kg, Fig. 1b shows that there is
a strong vertical wind shear in the lowest 2 km and the axis of low—level jet is about 2 km
high, Above the axis, there is a weak wind upshear,
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Fig. 1 {a). Initial temperature (solid line) and dewpoint (dashed line) curves in °C: and (b) initial
hodograph {m / s) for numerical simulation (after Trier et al,, 1996),
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In this study, two experiments are designed. One is control experiment (CRTL) in which
the ice phase microphysical process is adopted that including the water vapor (g,), cloud water
(g.), rain water (g,), cloud ice (g}, snow (g,) and cloud hail (g,). The other is the warm rain ex-
periment (WARM) in which the Kessler warm rain scheme is adopted that including the wat-
er vapor (g,), cloud water (g,) and rain water (g,).

3. Results
3.1 Midlevel structure of squail line

In general, the squall line appears as a narrow convection band below the height of 5 km,
however, as a convective cloud cluster above this height. At the low—level, the convection line
band is narrowest and weak. Therefore, in this section we focus on the structure and evolu-
tion of the squall line at the midlevel. Figs. 2a, 2b, 2¢ and 2d show the midlevel structure of
squall line for CRTL at the r=3, 3.5, 4 and 5 hour, respectively, Triggered by the initial tem-
perature perturbation, the local subsidence nearby three cold colemns begins to accumulate
cold air on the surface. The warm air between cold columns is crushed and forced to rise,
consequently three local ascent centers appeared, accompanied by some weak sinking regions
around, At ¢=2 hour, the convective cells seemed to buildup a relatively independent
convective line,

The squall line grew into a linear bow—shaped strong convective system at +=3 hour,
Fig. 2a revealed that the convection region was constituted by many convective cells and was
stronger than before. The maximal updraft velocity was about 7,79 ms . The intensity and
range of sinking motion rearward the leading edge of squall line (namely leading line thereaf-
ter) are increased. The leading line represents itself as a convergent draft region in horizontal
wind field. Subsequently the squall line increased in convective intensity and horizontal scale.
The maximal vertical velocity is about 9,08 ms™ at r=3.5 hour (Fig, 2b). Near the northern
segment, the flows coming from north and both laterals of leading line assembled behind it.
Near the middle segment the fore inflow and rear inflow assembled behind the leading line
and a relatively weak cyclone was formed rear it. Near the southern part the fore inflow and
northward flow assembled behind the leading line and a relative strong anticyclone was gen-
erated.

By 4 h into the simulation, the updraft motion is increased continuously (Fig. 2c). The
maximal upward velocity is about 9.59 ms™! and the maximal downward velocity is about 2.2
ms”'. Moreover, the new convective cells were formed rear to the southern portion, Ats=35h,
the convective system comes into a period of attenuation (Fig. 2d). The squall line increased
in horizontal scale but decreased in convective intensity, and became an unorganized band
consisted of many discrete convective cells. Many disperse subsidence regions appeared the
rearward of the leading line. The squall line changes from bow-shaped structure to
quasi—two dimensional one that will be kept until the convection region dissipated.

3.2 The dyramic and thermal vertical structure of squall line

In Section 3.1, we know that during the period from 3 h to 4 h, the convection increased
obviously. During this period, the updraft tilt is enhanced, and the stratiform cloud precipita-
tion i increased. Tn this subsection, the vertical cross—sections of the vertical motion and wat-
er material at the middle segment are presented to reflect some general characters of convec-
tion line,
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Fig. 2. Vertical velocity at 3 km MSL in intervals of 1 m/ s (positive values solid, negative values
dashed) and system—relative wind vectors at 3 km MSL for CRTL at (a)3 h, (b} 3.5 h, (c) 4 h, and
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Fig. 3. Vertical cross—sections for 30—km line—averaged in experiment CRTL of the system—rela-
tive wind (1 m / s contour intervak) at (a) 3 b, (b) 4 h; vertical velocity (0.5 m/ s contour intervals)
at (¢) 3 by, (d) 4 h: potential temperature perturbation at (e} 3 h(0.25 K contour intervals), () 4 h
(0.5 contour intervalks); pressure perturbation (10 hPa contour intervals) at (g}3 b, (h) 4 h.
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3.2.1 System—relative—horizontal flow

By 3 h into the simulation, the strong inflow (#'< 0) is presented at 0—1 km height before
leading line, and the maximum is situated near the low—level surface (Fig. 3a). The enhanced
outflow (#'< () appeared beneath the height of 1 km rearward leading line. At 1—4 km height
rear of the leading line there is a distinct inflow (u>0) region corresponding to the weak
downdraft motion. Some part of this inflow coupled the low—level fore inflow to form the
pronounced updraft near leading line in midlevel convergent region, simultaneously, other
part of it coupled the rear outflow to form the low—level outflow jet. Another outflow flow
region was situated above the 4 km height, which was associated with the upper—level
stratiform cloud rear the leading line. Moreover, the pumping process resulted from the
convergence of horizontal field due to the velocity trough  situated in this height acceler-
ated the low—level updraft and consequently formed the strong updraft.

The low—level fore inflow velocity increased in maximum from 14.2 ms™ at 3 h to 18
ms ' at 4 h (Fig. 3b). Subsequently, the rear midievel inflow decreased in its extension, and in-
flow axis descended 10 2 km height. Its maximum decreased from 5.15 ms™' at 3 h to 2.68
ms™ at4 h. An upper—~level flow jet appeared at 12 km height, which was associated with the
upward transportation of momentum by the acceleration of updraft velocity.

3.2.2 Vertical motion

Fig. 3c shows the vertical motion in the vertical cross—section at /=3 h. Evidently the
whole updraft region tilted with the height and spreading rearward. Two upward velocity
maximums appeared at 4—km and 8—km height, respectively, The maximum vertical velocity
is about 4.54 ms™!, Supported by the warm and humid air in the boundary layer, the low—lev-
el strong updraft accelerated in convergence region. Hereafter it was affected by the
upper—level divergent flow and the buoyancy associated 1o release latent heat from freezing
waler, a new updraft maximum appeared at §—km height (Fig, 3d). Moreover, the upper—lev-
el updraft increased the growing of the stratiform cloud. These features could be interpreted
as the consequence of the released latent heat by radiation cooling process and increased ice
phase material, [n addition, the low—level updraft region became narrower and updraft max-
imum increased simultaneously, Weak downdraft motion appeared beneath the updraft mo-
tion. Zipser (1969) and Brown (1979) suggested the mesoscale weak downdraft beneath the
plume is associated with the evaporation cooling of precipitation in stratiform cloud, During
this period, the updraft tilt of the convection system became more remarkable, Fig. 4 shows
the vertical cross—section of the observed radar reflectivity (dBZ) and vertical velocity by
Jorgensen et al. (1997). Comparison Fig. 3d with Fig. 4b reveals that the model could
successfully simulate the vertical structure of vertical velocity of the squall line,

3.2.3 Potential temperature perturbation

Figs. 3e and 3 show the vertical cross—sections of the potential temperature
perturbations at 3 h and 4 h, respectively. At t=3 h, a negative potential temperature anoma-
ly was located at 0—1 km height rearward the squall line, which is generally named as the cold
pool (Fig. 3e), The cold pool coincided with the oceanic surface precipitation and resulted
from the evaporation of precipitation, Its intensity reaches its maximum immediately rear the
leading line of squall line. The negative buoyancy due to the cold pool corresponding to the
mesoscale downdraft has crucial impact on the evolution of the rearward tilt structure of the
MCS (Weisman 1992, Trier et al,, 1996). When the magnitude of the vertically integrated cool
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Fig. 4. Vertical cross—sections of (a) observation for Doppler radar reflectivity (dBZ) and vertical
velocity (m / s) (after Jorgensen et al, 1997).

peol negative buoyancy exceeds the vertical shear of the ambient wind speed, the updraft tilt
would be developed subseguenily (Rotunno et al., 1988). In addition, a positive anomaly of
polential temperature was situated above 1.5-km height that corresponded to the anvil cloud
due to the warming of ambient by the latent heat released in freezing process in the upper
troposphere. Moreover the positive anomaly of potential temperature extended lateral, and
the anvil cloud appeared due to the upper—level divergent wind,

With the increasing of integrated time, the low—level cold pool increased in its intensity
and extension, and the reward tilt of convective region became more distinet (Fig, 3f), Mean-
while the spatial extension of latent heat is increased, and the anvil cloud became more
salient, Moreover, a narrow weak negative anomaly of potential temperature is located at 4
km height, i.e., the melting level far away from the leading line.

3.2.4 Pressure periurbation

The vertical cross section of the pressure perturbations at r=3 h and 4 h are shown in
Figs. 3g and 3h, respectively, At =3 hour, a meso—high ranged about 20 km in the horizon-
tal and 0.5—km depth is located the rear of the leading edge that corresponding the low—level
cold pool. The maximum intensity of mesohigh is about 38.6 hPa. Chin and Wilhelmson
{1958) investigated a similar tropical squall line, and indicated that the cold mesohigh was as-
sociated with the subsidence flow. The forcing of the mesohigh could accelerate the adjacent
segment of the squall line, and is the key reason for the squall line transition from linear stage
to bow—shaped structure.

Moreover, a mesolow of 50 hPa maximum intensity situates from above the mesohigh
noted earlier to about the height of 8 km, whose center situated beneath and immediately ad-
jacent of the sloping updraft region. The mesolow is mainly related to the vertical gradient of
buoyancy due to the condensation in updraft and evaporation in downdraft (Trier et al,
1996). Chin and Wilhelmson {1998) confirmed that a warm mesolow accompanied by the rear
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mesohigh existed in front of the leading line of convection, At =4 h, the low—level mesolow
is increased in intensity and spatial extension that reached to 1—km height {Fig. 3h), However,
the middle—level mesohigh elevated toward 4 km height, whereas the surface warm mesolow
in front of the leading line decayed distinctly,

3.3 Precipitation analysis

The amount of the precipitation is an essential factor to assess the development of deep
convection of MCS. The different precipitation types result from the different microphysics
mechanism, The spatial distribution of precipitation varies from case to case. The
asymmetrical warming resulted from the precipitation materials could feedback to the evolu-
tion and structure of convective system, In general, the precipitation of convective system
cloud be classified to the frontal convective and rear stratiform cloud region, Of course, it is
very difficult 1o distinguish two kinds of convection clearly,

Figs. 5a and 5b indicate the vertical cross—section of model—estimated radar reflectivity
(dBZ) at t=3 h and 4 h, respectively, The dense—contoured region at the lower portion near
the right side is corresponding to the maximum convective precipitation immediately behind
the leading line. The maximum of dBZ is located about the 10 km rearward the leading edge
of squall line at the surface (Fig. 5a). The contour of dBZ tilted with the height and varied
with time (Fig. 5b). Comparison of the model—estimated radar reflectivity (Fig. 5b) with the
actually observed counterpart (Fig. 4a) reveals that both of the vertical structures are very
similar.

In the CRTL, the microphysical processes included the following three water phase cate-
gories; water vapor (g,), cloud water (g.), rain water {(g,), and three ice phases: cloud ice (g,),
snow (g,), and hail (g,). Figs. 6a and 6b show the vertical cross—section of the water vapor
perturbation at 3 h and 4 h, respectively. In Fig. 6a, an narrow and posilive water vapor
anomaly situated at about the height of 1 km ahead of the-leading line, corresponding to the
strong front~to—rear inflow that carried moisture from the oceanic surface. Moreover, the
slantwise updraft along with the moisture leads to another positive water vapor anomaly ap-
peared at the 8—km height in the rearward tilt region. Below the positive anomaly, there is a
negalive water vapor anomaly resulted from evaporation of precipitation particles. With the
increasing of integration time, there is an obvious positive correlation in the temporal tenden-
cy between the positive and negative anomaly (Fig, 6b). When the low—ievel convection in-
«creased, the more moisture was transported vertically and the positive anomaly aloft in-
creased. In addition, the low—level negative anomaly is increased simultaneously since the
rear precipitation is increased and more evaporation is induced. The vertical distribution of
cloud water (g,) primarily coincides with that of the positive waler vapor anomaly, rangin g
from 1 km to 10 km in the height (Fig. 6c). At t=3 hour, the two maxima of cloud water are
located at 3—km and 6—km height, respectively. With the time increased, the vertical distribu-
tion of cloud water roughly remained its structure e¢xpect the rearward extension in the
upper—level, where coincided with the stratiform cloud (Fig. 6d). However, the rainwater (g,}
wag oriented uprightly and mostly present below the height of 4—5 km (just beneath the melt-
ing level), The maximum of rainwater primarily situated at rear of the strong updraft at the
leading line (Fig. 6e). Comparison of the vertical distribution of model—estimated dBZ (Figs.
5a, b) with that of rain water (Figs. 6¢ and 6f) reveals that the large radar reflectivity at the
low level results almost entirely from the contribution of rainfall, By 4 h, rainwater in the
convective and stratiform cloud region is both increased, and the stratiform cloud region
spreads its extension rearward (Fig. 6f).
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Cloud ice (g,) was mainly located in the stratiform cloud at upper—level ranging from 6 to
11 km height where the air temperature is relatively low, and the ice phase categories materi-
als may be appeared, The siratiform cloud was not so distinet at 3h (Fig. 6g), however, the
amount of cloud ice is increased, and the stratiform cloud extends rearward obviously at 4 h
(Fig. 6h). Snow (g,) is mostly located above the height of 6 km that shared the dominant part
of all water categories in the upper stratiform cloud. The distribution of snow is relatively uni-
form, so that the amount in the convective and stratiform cloud is roughly equivalent (Fig,
6i). Of course, the total amount of snow (g,) is slightly less than that of rainwater, By 4 h, the
quantity of snow increased evidently and a narrow horizontal maximum appeared at about
the height of 11 km (Fig. 6j). Such distribution pattern of snow is helpful to the release of la-
tent heat and the development of anvil cloud in the upper troposphere, The hail (g,} was most-
ly situated at mid— and upper—levels ranging from 3 to 10 km height (Fig. 6k). The maximum
of hail was presented at 5—km height (melting level) rearward the convective region. The hail
still existed below melting level till to 3 km, which associated with the convective intensity,
The height of the hail formation is decreased in the case of weak convection, By 4 h, the re-
gion of hail expanded rearward almost reached twice of that at 3 h that resulted from the
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rearward development of the stratiform cloud {Fig, 61),
4. Effect of different cloud microphysics process

In Section 3, we know that the initial development of convective system ranged from 0 h
to 2 h, and the linear convective organization began to appear at about =25 h. By 3 h, the
relatively mature convective system already formed. In the forthcoming 1 hour, the convective
system has been increasing in convection and precipitation intensity. The slantwise updraft
structure and the rear vortexes generation are appeared at this time. In the this Section, the
sensitive experiment in which Kessler warm rain microphysics processes were adopted will be
investigated to assess the influence of cloud microphysics processes on the evolution of tropi-
cal squall line. In the Kessler warm rain processes, only three water phase categories, water
vapor (g,), cloud water (g,) and rainwater (g,) are included.

Fig. 7 represents time—history of the maximum updraft, maximum downdraft and the
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ment WARM (c) veriical velocity, (d) water vapor (Q,), rain water (2,), cloud (2.).



No. 1 Sun Tingkai and Tan Zhemin 133

quantities of water categories in CTRL and WARM experiments, Comparison of Fig. 72 with
7c reveals that there were little differences between WARM and CTRL for the vertical veloci-
ty in the initial adjustment process of convection, However, the maximal magnitudes of
updraft or downdraft in WARM were less than that in CTRL with the time increasing. Com-
parison of Fig. 7b with 7d shows that the time of maximal rainfall appeared in WARM is ear-
lier than that in CTRL, Moreover, the maximums of rainfall in WARM were less than that in
CTRL from then on. When the time exceeded 150 minutes, the cloud water in WARM was
relatively more than that in CTRL due to the more stratiform clond developing in WARM.

Figs. 8a and 8b show the low—level horizontal wind and vertical velocity fields at 3 h and
4 h in WARM, respectively. By 3 h, the squall line had evolved from linear stage to
bow—shaped structure (Fig. 8a). Evidently, the bow—shaped structure reached its extent more
than that in the CTRL. In addition, the bow—shaped structure is still kept at 4 h (Fig, 8b),
Subsequently, the squall line begins to break into pieces due to the relatively slow movement
of northern segment contrasted with accelerative motion of southern portion.

Comparison of Fig. 8 with Figs, 2a, 2c reveals that the convection was relatively weak
and increased slowly in WARM comparison with that in CRTL. In addition, the whole life
period of convective system is relatively short accompanied by more bow—shaped structure
and earlier appearing of strong convection in WARM. In the updraft motion the conflicts be-
tween the positive thermal buovancy resulted from the condensation process and the negative
counterpart due to water loading could affect further development of convection, In the upper
troposphere, the active ice phase processes could produce more latent heat due to rather low
ambient temperature. Hence the positive broyancy resulted from freezing process exceeds the
negative buoyancy resulted from water load. Cotton and Anthes (1989) suggested that re-
stricting of the warm rain processes might benefit to the development of the convection.
Therefore, the generation and maintenance of deep convection was more easily in CTRL. In
contrast, the convection in WARM is weak and the convective system could only sustained
for a short time due to the less energy releases from the condensation process, In addition, the
air parcel in the weak updraft could stay a relative longer time and mix and / or entertain
with ambient celd dry air easily that eliminates the rapid development of convection in some
degree.

Fig. 9a shows the vertical cross—section of vertical velocity at =4 h in WARM, Com-
parison of Fig. 9a with Fig, 3d reveals that the two maximums of vertical velocity at low—and
upper—level still sustained in WARM. However, the convective system had a larger extension
of updraft and downdraft, but less intensity than that in CTRL, In addition, the updraft re-
gion at the upper—level in WARM was obviously larger and the rearward tilt structure be-
came more pronounced than ever.

Fig. 9b shows that a negative potential temperature anomaly was situated at 12—km
height and resembled a cold hat covered the top of the cloud. However, no such structure ap-
peared in CTRL. Since in WARM the ice phase processes were excluded and the warming of
ambient by latent heat released from freezing water categories never happened, so the nega-
live potential temperature anomaly appeared only at the upper—level. The'cold—hat structure
could add an negative buoyancy in the convection and inhibits the development of convection
at the upper troposphere.

The vertical cross—sections of cloud water and rainwater at 3 h in WARM are shown in
Figs. 9c and 94, respectively, The upright extent of cloud water and rainwater in WARM
were evidently larger than that in CTRL (Figs, 6¢c, 6e). In WARM the cloud water region up-
ward reached about the height of 12 km (Fig. 9c). With the increasing of time, the horizontal
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extension of cloud water became larger and reached almost twice of that in CTRL, Fig, 9d re-
veals that in early stage of WARM the rainwater extended its vertical range towards 12km
height, whereas in CTRL this just located the 4 km height, and the rainfall intensity is larger
than that in CTRL. In the latter stages, the horizontal extent of rainwater was larger than that
in CTRL, but its maximum was less than that in CTRL (figure omitted). When the ice phases
were included, the suspension of hail particles in updrafts at the upper troposphere would de-
lay the surface precipitation, Whereas in WARM the ice phase processes at the upper level are
replaced by the condensation process, the region where rain particles formed upward ap-
proached to the height of 12 km and the quantity of rain particles increased, So contrasted to
CTRL, the increased liquid—phased rainfall would induce the excessive evaporation of
subcloud water load in the early stage of the squall line in WARM. The evaporation cooling
would result in the relative stronger subcloud downdraft, cold pool and more rearward
updraft tilt consequently (Fig, Sa).

From the above analysis, we could conclude that ice phase materials have pronounced
impacts on the convective system, The following effects of cloud microphysical processes will
be available on the evolution of squall line. Since the additional positive buoyancy resulting
from the latent heat.released in the freezing process exceeds the negative buoyancy produced
by the water loading, the development of deep convection could be enhanced and long lively
maintained. The ice phase particles that falling at relatively rapid speed would influence the
occurrence Lime of precipitation and redistribute the water loading, for instance, shifted sur-
face precipitation or heavy rainfall to an earlier time, Moreover, the rainfall within the
downdraft region provides a source of evaporation, and redistributes the quantity of ali cate-
gories of water, Consequently, the inside circulation of the convective system was changed.

5. Conclusions

In this paper, the ARPS model is performed to simulate the squall line occurred on 22
February 1993 over the equatorial Pacific Ocean. The influences of different cloud
microphysical processes on the structure and evolution of the squall line were investigated by
the sensitive experiment. The simulation results reveal that the cloud—resolving ARPS model
could successfully simulate three—dimensional dynamic, thermodynamic structure and evolu-
tion of the tropical squall line. In the sensilive experiments in which different cloud
microphysical processes were adopted are conducted. Comparison between CTRL and
WARM reveals that more latent heat released in ice phase microphysical processes would
benefit to the development of deep convection and the convective system could sustain for a
longer time. Whereas the convection in warm rain processes was relatively weak and the
squall line develops rapidly in its early stage, which resulted in earlier transition from linear
stage to the bow—shaped structure. Moreover, the ice phase processes are available for the
growth of convective region, whereas warm rain processes are in favor of the development of
rear stratiform cloud.

Although the ARPS model could simulate the tropical squall line rather well in this
study, the linear draft structure appeared slowly and convective organization behaved itself as
some discrete convective cells at the earlier stage (0—2 h) of this simulation, This phenomenon
is partly associated with the cold start  problem of the model, and may be a reason why
the simulated convection development comparatively slower than actual observations. In ad-
dition, how the mesoscale systems influence large—scale circulation? What are the statistical
features of dynamics and thermodynamics in modeled region, and the large—scale effect on
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convective system needs to be farther investigated,
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