NOVEMBER 1995

YANG AND HOUZE

MING-JEN YANG* AND ROBERT A. HOUZE JR.
Department of Atmospheric Sciences, University of Washington, Seattle, Washington

(Manuscript received 9 December 1994, in final form 3 May 1995)

ABSTRACT

Two-dimensional nonhydrostatic numerical simulations of a midlatitude squall line show that the rear inflow
and related aspects of storm structure are sensitive to hydrometeor types, ice-phase microphysics, and the mid-
level environmental humidity. Without ice-phase microphysics, the model cannot produce realistic air motions
or precipitation in the stratiform region. With the occurrence of heavy hailstones, there is no enhanced rear-to-
front flow at the back edge of the storm, because of the weak midlevel mesolow in the narrow stratiform region.
Evaporation is the most important latent cooling process determining the structure and strength of the descending
rear inflow and the mesoscale downdraft. Latent cooling by melting snow does not initiate the mesoscale down-
draft; however, it accounts for at least 25% of the strength of the maximum of rear-to-front flow at the back
edge of the storm during the mature stage and enhances the strength of the mesoscale downdraft by 22%.
Mesoscale downdraft is initiated above the 0°C level by sublimational cooling. With the environmental midlevel
moisture reduced by half, mesoscale downdrafts are 22% stronger, but the maximum of rear-to-front flow at the
back edge of the system reaches only 38% of its mature-stage intensity, as a result of a more vertically upright
storm orientation, and hence the resultant weaker mesolow. These results indicate that the descending rear inflow
is in part a dynamical response to the latent cooling processes in the trailing stratiform region of a squall-line-
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type mesoscale convective system.

1. Introduction

Squall lines with 50—200-km-wide trailing stratiform
precipitation regions are an important type of organized
mesoscale convective system (MCS), which occur in
both the Tropics and midlatitades (Hamilton and Arch-
bold 1945; Newton 1950; Fujita 1955; Pedgley 1962;
Zipser 1969, 1977; Houze 1977). Doppler radar obser-
vations have documented the detailed kinematic and pre-
cipitation structures of squall-type MCSs (e.g., Roux et
al. 1984; Smull and Houze 1985, 1987; Biggerstaff and
Houze 1991a,b, 1993). Numerical modeling has con-
firmed these observations (Nicholls 1987; Dudhia et al.
1987; Fovell and Ogura 1988; Rotunno et al. 1988;
Weisman et al. 1988; Tao and Simpson 1989; Lafore
and Moncrieff 1989; Tao et al. 1993; Skamarock et al.
1994). These studies show a mesoscale storm-relative
ascending front-to-rear (FTR) flow, transporting hydro-
meteors rearward from a leading-edge convective line
to the trailing stratiform region, and a storm-relative
rear-to-front (RTF) flow, descending through the strat-
iform region toward low levels in the leading convective
region. A conceptual model depicting these and other
commonly observed features of squall-type MCSs was
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presented in Fig. 1 of Houze et al. (1989; see also Houze
1993, chapter 9).

Smull and Houze (1987) characterized the observed
RTF flow (or rear inflow) structure of 18 mesoscale
convective systems. They suggested that a midlevel
mesolow in the stratiform region (Brown 1979) might
act in conjunction with a mesolow in the convective
region (LeMone 1983) to establish a continuous RTF
current across the storm. They further suggested that in
some cases (e.g., Chong et al. 1987) rear inflow could
be generated by the physical processes internal to the
convective system without the aid of ambient flow en-
tering the system.

Zhang and Gao (1989) performed mesoscale model
simulations of an intense midlatitude squall line indi-
cating that the large-scale baroclinicity provided deep
and favorable RTF flow within the upper half of the
troposphere. The mesoscale response to convective
forcing enhanced the trailing rear inflow, and latent
cooling and water loading were responsible for the de-
scent of the rear inflow.

Fovell and Ogura (1989) and Weisman (1992)
showed that the RTF flow increased in strength with
increasing environmental vertical wind shear and con-
vective available potential energy (CAPE). Using a
convection-resolving cloud model, Weisman (1992)
further discussed how various RTF flow structures
could influence the cold-pool circulation at the leading
edge of the convective system, producing a stronger or
weaker storm.
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Despite these previous studies, the physical pro-
cesses accounting for the structure and strength of rear
inflow have not been completely identified. How sen-
sitive is the rear inflow to hydrometeor types (espe-
cially heavy hailstones versus light snow particles)?
How sensitive is the rear inflow to ice-phase micro-
physics? How sensitive is the rear inflow to the envi-
ronmental humidity? What are the crucial microphys-
ical processes determining the rear inflow structure?
Furthermore, it has not been established whether the
rear inflow is determined more by environmental fac-
tors or by physical processes internal to the storm. The
objective of this study is to answer these questions.

The case investigated in this study is the 10—11 June
1985 squall line observed in the PRE-STORM project
(Preliminary Regional Experiment for Stormscale Op-
erational Research Meteorology, Cunning 1986). This
storm has been extensively investigated, both obser-
vationally (Augustine and Zipser 1987; Smull and
Houze 1987; Rutledge et al. 1988; Johnson and Ham-
ilton 1988; Biggerstaff and Houze 1991ab, 1993;
Braun and Houze 1994) and numerically (Zhang et al.
1989; Zhang and Gao 1989; Tao et al. 1993; Yang and
Houze 1995). However, none of these studies has com-
pletely answered the questions addressed in this study.
We use a high-resolution nonhydrostatic cloud model
to perform six numerical experiments in order to de-
termine the sensitivity of the storm structure to hydro-
meteor types, ice-phase microphysics, and environ-
mental humidity. Because the 10—11 June 1985 squall
line has a large horizontal extent and six sensitivity test
runs are required, only 2D simulations are carried out.
The 2D simulation approach is justified since during
the mature stage the 10— 11 June squall line was highly
linear and symmetric in its precipitation pattern and its
cross-line airflows. A three-dimensional simulation
verified that the 2D simulation is adequate for the ob-
jectives of this study (Yang and Houze 1995).

2. Model description
a. Numerical model

The numerical model used in this study [ same as that
in Yang and Houze (1995)] is the Klemp and Wilhelm-
son (1978; hereafter referred to as KW) compressible
nonhydrostatic cloud model, as modified by Wilhelm-
son and Chen (1982). For this study, we use a 2D
version. The x direction is in the direction of squall-
line propagation. There is neither along-line variation
nor along-line velocity: The basic-state environment is
assumed constant in time and horizontally homoge-
neous. Large-scale motion, Coriolis force, surface drag,
and radiation effects are neglected

To increase the grid resolution in lower levels, the
grid is stretched in the vertical. The vertical coordinate
z is height above ground level (AGL). There are 62
grid points in the vertical. The grid size Az of the low-
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est layer is 140 m; the grid size of the highest layer is
550 m; and the model top is at 21.7 km. Rigid-lid con-
ditions are applied at the bottom and top of the domain.
The horizontal grid is stretched, following Fovell and
Ogura (1988). There are 455 grid points in the hori-
zontal, and the central 315 points make up a regular
fine mesh with 1-km resolution. On both sides of the
fine mesh, the ratio between adjacent grid spacings is
1.075:1. The total horizontal domain size is 4814 km.
The open boundary condition described by KW, with
phase speed c* = 30 ms~', is applied to the lateral
boundaries to reduce numerical reflection. The model
domain moves with the storm so that the simulated
storm is always within the fine mesh. A time-splitting
scheme (see KW for details) is used to provide nu-
merical efficiency by treating sound wave (2-s time
step) and cloud-scale gravity wave (6-s time step)
modes separately.

b. Cloud microphysics

Microphysical bulk parameterization in the model is
based on Lin et al. (1983). Five types of water con-
densate are included: cloud water, cloud ice, rainwater,
snow, and hail. In the Lin et al. (1983) microphysical
scheme, a hailstone is defined as a hail particle with a
diameter of 5 mm or more, a density between 0.8 and
0.9 g cm™*, and a terminal velocity between 10 and 40
m s~ or more. The cloud droplets and ice crystals are
assumed to be monodispersed and to have no appre-
ciable fall speeds compared to air vertical velocity. The
precipitating particles (rainwater, snow, and hail) are
assumed to have exponential size distributions. Follow-
ing Potter (1991, the density of water is used for
snow’s slope parameter \ of its size distribution func-
tion. Following Braun and Houze (1994), no density
correction factor is apphed to the fall speed of snow.
They note that there is no .experimental evidence to
support the inclusion of the density correction factor
for the fall speed of snow, and they found that with the
density factor included one obtains unreasonably large
fall speeds at upper levels.

¢. Initial conditions

The smoothed initial temperature and dewpoint pro-
files for the simulation are from the 2331 UTC 10 June
1985 sounding of Enid (END), Oklahoma (Fig. 1a).
This sounding was taken at a location in the path of the
bowed part of the 10—11 June squall line (see Fig. 3
of Biggerstaff and Houze 1991a), which passed this
station 4 h later. The 10—11 June squall line formed
over western Kansas, where there was no sounding.
The Enid sounding was far enough ahead of the squall
line to be unaffected by the existing convection, yet not
too far away to be completely unrepresentative of the
initial environmental conditions. Extra moisture was
added to the Enid sounding in low levels in order to
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FiG. 1. (a) Temperature and dewpoint soundings displayed in a skew T-logp diagram, and (b) the cross-
line wind of Enid, Oklahoma, on 2331 UTC 10 June 1985 (from Yang and Houze 1995). Dash—dot line in
(a) is the dewpoint profile for the DRYM run (see section 4f for details).

favor the development of convection. Without the extra
low-level moisture, the simulated storm died 2 h after
its initiation. The enhanced low-level moisture profile
was based on the 2330 UTC 10 June 1985 sounding of
Pratt, Kansas (the PTT station of Fig. 3 in Biggerstaff
and Houze 1991a).

The vertical profile of the initial cross-line wind
component of the Enid sounding is shown in Fig. 1b.
The convective available potential energy (CAPE:
Moncrieff and Miller 1976; Weisman and Klemp
1982) calculated from this sounding is 3323 J kg~ ',
which is higher than the average value of 2820 J kg~'
for the springtime broken-line type of squall lines in
this region (Bluestein and Jain 1985). The bulk Rich-
ardson number (Weisman and Klemp 1982; Bluestein
and Jain 1985) calculated from the sounding and ob-
served wind fields (including both the cross-line and
along-line components) is 46.9, which is in the range
of multicell storms (Weisman and Klemp 1982). A 5-
km-deep, 170-km-long cold pool (in Fig. 2) with a
6-K potential temperature deficit (A8’ = —6 K) and 4
g kg ! water vapor deficit (Aq, = —4 g kg ') was put
in the domain to initiate convection. The characteristics
of the cold pool were determined from the analysis of
surface mesonetwork data (see Fig. 5 of Johnson and
Hamilton 1988).

3. The control experiment (CNTL)

A control run (CNTL) with full model physics for
15 h has a development pattern similar to that described

by Rotunno et al. (1988). Following Fovell and Ogura
(1988), we turned off the hail generation processes
after 6 h. Without the generation processes, hail parti-
cles were depleted within 1 h and then the only precip-
itating ice particle left was snow (i.e., no hail particles
left after t = 7 h). The justification for turning off hail
generation processes after the early stage is that there
were very few hailstones in the mature or decaying
stage of the 10-11 June squall line. Johnson and Ham-
ilton (1988) indicated that there were some reports of
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FiG. 2. (a) Potential temperature perturbation (with a contour in-
terval of 1 K) and (b) water vapor mixing ratio perturbation (with a

contour interval of 1 g kg™") of the cold pool used to initiate con-
vection. Negative fields are dashed (from Yang and Houze 1995).
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hailstones during the early stage of the 10-11 June
squall line (hailfall reports from Garden City at 2210
UTC and Dodge City at 2307 UTC), but no hailfall
reports were made during its mature and decaying
stages (see their Fig. 7). The climatology of springtime
storms in this region also indicates that hail tends to
occur toward the early stages of the storms (Houze et
al. 1990).

After t+ = 8 h, the simulated squall line reaches a
quasi-steady state, which is realistic compared with ob-
servations. The multicellular structure has been inter-
preted as a gravity wave phenomenon (Yang and
Houze 1995).

Objective criteria are apphed to d1v1de the simulated
squall line into convective and stratiform components.
A “‘convective region’’ is defined as a surface precip-
itation region where the rainfall rate is greater than 15
mm h ™', or the gradient of rainfall rate has a magnitude
greater than 5 mm h™' km™'. A surface precipitation
region that does not satisfy the criteria above is defined
as the ‘‘stratiform region.”’ These criteria are consistent
with the convective-stratiform separation method ap-
plied to radar observations by Churchill and Houze
(1984).

a. Overview of the storm development

Figure 3 shows the time series of the horizontally
integrated rainfall rates over convective and stratiform
regions. A substantial burst of rainfall reached the
ground at ¢ ~ 0.5 h in response to the initial cold-pool.
After the first intense rain burst, the domain-total con-
vective rainfall became weaker and reached a some-
" what steady value between 3 and 6 h. Initially (r < 6
h), most of the precipitation was convective. During ¢
= 6-7 h, when hail generation terms were artificially
turned off, convective rainfall became much weaker.
After r = 8 h, when the simulated squall line was well
developed, the convective rainfall remained roughly
constant, but the stratiform rainfall increased persist-
ently, reaching 28%~36% of total rainfall in the mature
stage (1 = 10—11 h) and 45%—53% of the total rainfall
by the end of simulation (# = 14—15 h). The stratiform
contribution (28%—36%) to total rainfall during the
mature stage is in agreement with observational esti-
mates of 29% (Johnson and Hamilton 1988) and 35%—
45% (Braun and Houze 1995, unpublished manu-
script).

Figures 4a—c show the surface rainfall rate over
three 1-h periods (7.5-8.5 h, 10-11 h, 12.5-13.5 h)
representing three stages of storm development: devel-
oping or initial (INI), mature (MAT), and slowly de-
caying (DEC). The simulated storm did not actually
die before the end of integration (15 h), probably be-
cause of the constant convectively favorable conditions
in the prestorm environment. However, after the mature
stage (¢ = 10—11 h), the storm did show a slow trend
of weakening or decay. During the early time (Fig. 4a),
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FiG. 3. Time evolution of domain total (in units of 100 mm h™'
km) surface convective (CV) and stratiform (SF) rainfall rates of the
full-physics CNTL storm. See text for the criteria of convective and
stratiform precipitation. -

the trailing stratiform region had just begun to develop
and was very narrow. During the mature stage (Fig.
4b), surface rainfall in the convective region reached
its maximum intensity, and there was a broad and rel-
atively uniform stratiform precipitation region behind
the leading-edge convective line. As the system aged
(Fig. 4c), the convective rainfall became less intense,
and the trailing stratiform precipitation region broad-
ened further. The evolution of surface precipitation
from one stage to the next can also be seen in Fig. 4d,
which shows the 1-h-averaged rainfall rates over these
three periods. The secondary band of enhanced strati-
form precipitation (discussed by Biggerstaff and Houze
1991a, 1993; Braun and Houze 1994) in the stratiform
region shows up clearly in Fig. 4d, and it is most evi-
dent during the mature and slowly decaying stages.
To highlight the mesoscale circulations and their as-
sociated storm structures, time averaging is applied to
the 2-min model output fields over the three 1-h peri-
ods. Thus transient, small-scale fluctuations are
smoothed out, and only more steady mesoscale signa-
tures are left. In Figs. 5-8, all fields are displayed in a
storm-relative coordinate such that the gust front is
fixed at x = 0 km. The cloudy region is shaded, and
the storm prec1p1tat10n boundary is highlighted. The
cloudy region is defined as the region with a 1-h-av-
eraged nonprecipitating hydrometeor (cloud water and
cloud ice) mixing ratio greater than 0.1 g kg~'. The
storm precipitation boundary is defined by the contour
of 1-h-averaged radar reflectivity of 15 dBZ; radar re-
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FiG. 4. Time history of surface rainfall rate during (a) the initial stage (INI; r = 7.5-8.5 h), (b) mature
stage (MAT; ¢ = 10-11 h), and (c) slowly decaying stage (DEC; t = 12.5-13.5 h) of the CNTL storm. The
three 1-h-averaged surface rainfall rates of the CNTL storm are in (d). Contour lines in (a)—(c) start from 1
mm h~' with an interval of 10 mm h™'. These surface rainfall rate fields are displayed in a storm-relative
coordinate such that the gust front is fixed at x = 0 km.

flectivity is calculated from mixing ratio fields of pre-
cipitation hydrometeors according to Eq. (1) of Fovell
and Ogura (1988). Storm propagation speeds are 9.4
m s~' in the initial stage (f = 7.5-8.5h), 12.2 ms™'
during the mature stage (¢ = 10—11 h), and 12 m s ™'
in the slowly decaying stage (¢ = 12.5-13.5 h). The
fastest storm propagation speed is 13.8 m s ™' around #
= 10 h, which matches the observed squall-line prop-
agation speed of about 14 m s~' (Zhang et al. 1989;
Biggerstaff and Houze 1991a).

b. Evolution of the squall-line structure

Yang and Houze (1995) showed that the basic features
of the full-physics CNTL run agreed well with the dual-
Doppler radar analysis of Biggerstaff and Houze (1993).
We now examine the evolution of the simulated squall-
line structure by reference to Figs. 5—8.

1) KINEMATIC STRUCTURE

Figure 5 shows the evolution of the storm-relative
horizontal wind field. Initially (Fig. 5a), there was
strong inflow in the boundary layer ahead of the sys-
tem, weaker and drier inflow at midlevels, and strong
outflow at upper levels. A mid- to upper-ievel ascend-
ing FTR flow dominated inside the cloud (shaded re-
gion). Behind the cloud was a low- to midlevel de-
scending RTF flow. Underneath the midlevel RTF flow
behind the system was a low-level FTR outflow.

As the storm matured, the ascending FTR flow be-
came stronger, broader, and more horizontally oriented
(Fig. 5b). The divergence center near cloud top drifted
farther rearward. The descending RTF flow became
more organized with a pronounced double-core struc-
ture. One RTF maximum was at low levels within and
behind the convective region. The other was near the
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FiG. 5. Storm-relative horizontal wind (¥ — c¢; contour interval is
3 m s™') averaged during (a) the initial stage (+ = 7.5-8.5 h), (b)
mature stage (f = 10—11 h), and (c) the slowly decaying stage (¢
= 12.5-13.5 h) of the CNTL storm. Rear-to-front flow is in solid
lines, and front-to-rear flow is dashed. Region of time-averaged non-
precipitating hydrometeor (cloud water and cloud ice) mixing ratio
greater than 0.1 g kg™’ is shaded. Heavy outline is the storm precip-
itation boundary determined by the time-averaged modeled radar re-
flectivity of 15-dBZ contour line. Locations of convective region
(CV), transition zone (TR), and stratiform region (SF) are shown in
the bar above.

melting level (z = 4 km) at the back edge of the storm
(x = —150 to —120 km). It developed later than the
first RTF maximum, consistent with observations
(Smull and Houze 1987; Rutledge et al. 1988). Lafore
and Moncrieff (1989) and Weisman (1992) interpret
the enhanced RTF flow at the rear of the stratiform
precipitation in terms of the horizontal buoyancy gra-
dients along the back edge of the storm that generate
two counterrotating horizontal vortices, concentrating
the flow from the rear of the system into the storm at
midlevels (see Fig. 2c in Weisman 1992). The rear
inflow plays a crucial role in supplying potentially cold
and dry midlevel air from the environment to aid in the
production of the convective and mesoscale down-
drafts. Different orientation of the rear inflows (de-
scending or elevated ) can increase or decrease the lead-
ing-edge updraft and the storm strength, by producing
different signs of additional vorticity source in the hor-
izontal vorticity balance near the gust front (see Weis-
man 1992 for details).

The simulated maximum of FTR flow in the mature
stage (30 ms™') is stronger than the observed one
(20-25 m s™'; see Fig. 3b of Biggerstaff and Houze
1993), which might be partly an effect of the enhanced
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horizontal mass divergence by the imposed 2D geom-
etry (Fovell and Ogura 1988). On the other hand, the
simulated maximum of RTF flow at the back edge of
the storm reaches only half of the observed strength (8
ms~' vs 15 ms™') during the mature stage, which
might be a result of neglecting the background baro-
clinicity (Zhang and Gao 1989) and/or the enhanced
mass convergence associated with vortices on both
ends of a fully three-dimensional squall line (see Fig.
10 of Skamarock et al. 1994). By the late stage, both
the FTR and RTF flows were mostly horizontally ori-
ented (Fig. 5¢).

Initially, intense convective updrafts occurred at the
leading edge, dynamically induced upper-level down-
drafts surrounded the intense upper-level updraft as a
result of mass compensation (Houze 1993, 223-226),
and precipitation-induced downdrafts were located in
low levels (Fig. 6a). Mesoscale updrafts or downdrafts
were not evident in the narrow stratiform region (x
= —60 to —30 km) in this early stage of the storm.

There were two main updrafts in the convective re-
gion (x = —30 to 0 km in Fig. 6b) during the mature
stage. At the leading edge, a low-level updraft was per-
sistently forced by the strong convergence near the gust
front. About 20 km behind the gust front, a midlevel
updraft was microphysically forced by the latent warm-
ing of condensation. The transient low-level convective
downdrafts are largely smoothed out by the 1-h time
average.

Mesoscale ascent and descent motions were well or-
ganized in the stratiform region in the mature stage (x
= —140 to —50 km in Fig. 6b). The mesoscale up-
draft—downdraft configuration agrees well with the
along-line averaged vertical velocity field from the
dual-Doppler radar composite analysis (see Fig. 3d of
Biggerstaff and Houze 1993), which was taken for a
portion of the storm where both the radar reflectivity
and horizontal flows appeared to be the most nearly
two-dimensional. In particular, the simulated meso-
scale descent sloped upward toward the back of the
storm, consistent with observations. Both the observa-
tions and simulation show that the mesoscale ascent
motion (the broad ascent motion with w > 0.5 ms™'
at x = —130 to —50 km) was ahead of mesoscale de-
scent motion ( the broad descent motion with w < —0.5
m s~ atx = —170 to —90 km) in the trailing stratiform
region.

The level of zero vertical velocity roughly corre-
sponded to the stratiform cloud base. The FTR-RTF
flow interface (Fig. 5) had a horizontal orientation sim-
ilar to that of the mesoscale updraft—downdraft inter-
face (Fig. 6); however, it was at a slightly lower alti-
tude than the mesoscale updraft—downdraft interface.
A weak mid- to upper-level downdraft (—0.3 to —0.2
m s~ ') in the transition zone (x = —50 to —20 km)
was located between the convective updrafts at the
leading edge of the storm and the gentle mesoscale as-
cent in the stratiform region, although it was not shown
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clearly by the contour levels. This transition-zone
downdraft was also seen in the radar data (Biggerstaff
and Houze 1993; Braun and Houze 1994).

Mesoscale updrafts and downdrafts were less orga-
nized and much weaker in the expanding stratiform re-
gion during the late stage (Fig. 6¢). The maximum of
the RTF flow at the back edge of the stratiform precip-
itation (Fig. 5) was collocated with the strongest meso-
scale downdraft (Fig. 6), and the FTR—RTF flow in-
terface still had an orientation similar to that of the
mesoscale updraft—downdraft interface, indicating that
the mass convergence associated with the ascending
FTR flow and descending RTF flow in the trailing strat-
iform region was crucial to the generation and main-
tenance of mesoscale updraft and downdraft. The mid-
to upper-level downdraft in the transition zone was
stronger (—0.5 to —0.2 m s~') and more pronounced
during the decaying stage (Fig. 6¢).

2) THERMAL AND PRESSURE STRUCTURE

The potential temperature perturbation field (devia-
tion from its initial value) in Fig. 7a shows a warm
plume of air produced by latent heating in the cloudy
region. Initially, adiabatic warming by the subsidence
also took place over a broad region, and it propagated
away from the convective region as a gravity wave bore
(Mapes 1993); by t = 2 h, the gravity wave (buoy-
ancy ) bore propagates out of the fine mesh domain (not
shown). A midlevel warm core was located in the strat-
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storm
motion

FiG. 6. Same as Fig. 5 except for the vertical velocity field w.
Vertical velocity is contoured at —4, -2, —1.5, —1, —0.7, —0.5,
-02,0,02,05,07,1,15,2,25,3,4,5,7,10,and 13 m s™".
Positive field is in solid lines; the negative field is dashed.
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Fic. 7. Same as Fig. 5 except for potential temperature perturbation
@’ (contour interval is 1 K).

iform region. A low-level precipitation-induced cold
pool was produced by latent cooling of evaporation and
enhanced by melting near the 0°C level (z = 4 km).
Stretching rearward from the back edge of the cold pool
head, a midlevel cold tongue (#’ < 1 K) was formed
by the sublimational cooling of snow particles.

As the system matured, the midlevel warm plume
broadened (Fig. 7b), and the cold pool head became
wider, deeper, and stronger (minimum surface 8’
reached —10 K). At the back edge of the cold pool
head (z = 4 to 5 km, x = —150 to —120 km), there
was a local region of relatively dry and warm air, prob-
ably produced by adiabatic warming of mesoscale
downdrafts as indicated by Johnson and Hamilton
(1988). The midlevel warm plume broadened further
(Fig. 7c) during the late stage. The cold pool head also
widened; however, its strength was slightly weaker
(minimum surface 8’ was —9 K) in association with
weaker convective activity during the slowly decaying
stage.

The pressure perturbation field (deviations from ini-
tial values) in Fig. 8a shows that in the convective re-
gion there was a hydrostatically generated meso-y-
scale' low (LeMone 1983; Fovell and Ogura 1988;
Braun and Houze 1994 ) just behind the convective up-
draft at z = 3 km. At the surface, there was a high
pressure at the gust front; this gust front high pressure

' Meso-vy scale is defined by Orlanski (1975) as a horizontal di-
mension of 2—20 km.
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FiG. 8. Same as Fig. 5 except for pressure perturbation p’
(contour interval is 0.5 mb).

was mainly dynamically generated (Fovell and Ogura
1988; Houze 1993, 364—365; Szeto and Cho 1994).
During the mature stage, the meso-y-scale low pres-
sure at the rear of the convective region (z = 3 to 4
km, x = 0 to 20 km in Fig. 8b) intensified as a result
of increased cooling by evaporation and melting within
the cold pool head. The surface gust-front high pressure
reached its maximum strength (p’ = 2.4 mb) when the
system was well developed. In the stratiform region,
the storm-induced pressure perturbation field was char-
acterized by a broadscale pressure maximum near
storm top and a pressure minimum at midlevels (z = 3
to 4 km, x = —145 to —125 km in Fig. 8b), in hydro-
static response to latent warming at upper levels and
cooling at lower levels (see Fig. 7b). Braun and Houze
(1994) showed a similar pressure perturbation pattern
in the radar retrieval analysis of the 10—11 June storm
(see their Fig. 6b). The mesolow in the stratiform re-
gion was collocated with the maximum of RTF flow at
the back edge of the stratiform precipitation region (see
Fig. 5b), thus supporting the argument of Smull and
Houze (1987) that the resulting horizontal pressure
gradient force associated with the mesolow drew mid-
level air into the storm from the rear to induce the rear
inflow. A weak surface wake low produced by subsi-
dence warming of the descending rear inflow was lo-
cated at the back edge of the stratiform precipitation
region (x = —150 km), but it was not as evident as
was observed (Johnson and Hamilton 1988). During
the late stage, the meso-y-scale low pressure in the con-
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vective region remained strong, while the gust-front
high pressure weakened (Fig. 8c).

c. Latent heating fields

Figure 9 shows the latent heating and cooling fields
averaged during the mature stage (¢ = 10—11 h) of the
full-physics CNTL run. Figure 9a is the total latent
heating field, which shows heating in the cloudy region
(strongest in the convective region) and cooling in the
subcloud region (strongest in the trailing stratiform re-
gion). Most of the latent heating in the cloudy region
was produced by condensation of cloud water (Fig.
9b). Riming warming associated with accretion of
cloud and rain droplets by snow particles occurred
mostly in the convective region and also in the leading
part of the stratiform region (Fig. 9c). Warming as-
sociated with depositional growth of snow occurred
throughout most of the stratiform cloud region (Fig.
9d). Homogeneous freezing of cloud water into cloud
ice (not shown) occurred only at upper levels and con-
tributed very little to the total latent heating field.

Strong sublimational cooling occurred below the
base of the trailing anvil cloud. This cooling is consis-
tent with the hypothesis of Rutledge et al. (1988) that
sublimational cooling of snow particles first drives the
rear inflow to descend (Fig. 5b and Fig. 9d) and pen-
etrate through the storm. Melting of falling snow par-
ticles (Fig. 9e) further enhanced the cooling near the
0°C level (z = 4 km) and strengthened (but did not
initiate) the mesoscale downdrafts (details in section
4d). Most of the latent cooling in the subcloud region
was produced by evaporation of rainwater (Fig. 9f).
Evaporation was the most important microphysical
process driving the descending rear inflow (details in
section 4c¢).

d. Air parcel trajectories

Figures 10a—c show the 1-h air parcel trajectories (¢
= 10-11 h) calculated backward by the method of
Doty and Perkey (1993) from model-generated wind
fields at 2-min intervals. All trajectories are displayed
in a storm-relative coordinate, in which the gust front
is fixed at x = O km. The equivalent potential temper-
ature 6, along the air parcel trajectories is nearly con-
served outside the convective region (x = —30 to 0
km). The maximum difference of 6§, along the trajec-
tories is less than 2 K in the convective region.

Fifty-one air parcel trajectories ending in the broad
mesoscale ascent region in the stratiform region (cor-
responding to w > 0.5 m s ™' at x = —130 to —50 km,
z = 7 to 12 km in Fig. 6b) show that most of the air
within the mesoscale ascent came from the high-6,
boundary layer ahead of the system (Fig. 10a). Some
air parcels were from the prestorm low-6, layer at mid-
levels, and a very few were from the upper levels of
the transition zone.
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FIG. 9. One-hour-averaged mature-stage (t = 10—11 h) fields of (a) total latent heating, (b) condensational warming, (c) riming warming
(contour interval is 1 K h™"), (d) depositional warming and sublimational cooling (contour interval is 1 K h™"), (¢) melting cooling (contour
interval is 2 K h™"), and (f) evaporative cooling (contour interval is 4 K h™") of the CNTL storm. Latent heating in (a) and (b) is contoured
at =25, —15, —10, -5, 5, 10, 20, 30, 40, 60, 100, 140, 180, and 220 K h™'. The heating field is in solid lines, and the cooling field is dashed.
Shaded cloudy region and the storm precipitation boundary outline are the same as in Fig. 5.

A total of 102 trajectories in the mesoscale descent
region (corresponding tow < —0.5m s ' atx = —170
to —90 km, z = 1 to 6 km in Fig. 6b) determines the
source of the descending air (Fig. 10b). Unlike the
results of Tao and Simpson (1989), which indicated
that some parts of mesoscale downdrafts originated in
the rotor circulation within the cold pool head, air par-
cel trajectories in Figs. 10b and 10c show the mesoscale
descent in the stratiform region to be distinct from the
rotor circulation. Figure 10b shows that air parcels in
the forward part of the mesoscale descent region were
from the middle levels in the convective region and that
those in the rear part of the mesoscale descent region
came from the poststorm low-6, layer at midlevels. A
3-h (¢t = 9-12 h) forward trajectory analysis for air
parcels in the rear inflow at the back edge of the strat-
iform precipitation indicates that a substantial portion
of air parcels in the rear inflow descends and reaches
low levels in the convective region (not shown).

Figure 10c clearly shows the rotor circulation within
the head of the cold pool. Some of the air within the
leading portion of the cold pool originated from the
stratiform region. It entered the storm as part of the
descending RTF flow from the low-6, layer at midlev-
els behind the system. Some of the air within the rotor
circulation was from the low-8, midlevel ahead of the
system, which indicates a crossover zone in the con-
vective region (Zipser 1977; Redelsperger and Lafore
1988; Houze 1993, 363-367). '

e. Trajectories of precipitation particles

Figure 11 displays 1-h forward-computed trajecto-
ries (¢ = 10—11 h) of precipitation particles starting
from different vertical levels in the transition zone dur-
ing the mature stage (x = 10 km in Fig. 6b). Hydro-
meteors are assumed to fall at their mass-weighted
mean terminal velocities, which depend on time-variant
amounts of hydrometeors (rain and/or snow) at each
grid point. Precipitation particles falling to the surface
in the transition zone were from the low levels of the
convective region, while those falling to the surface in
the stratiform region were from the middle to upper
levels of the convective region. These findings are con-
sistent with the results of Biggerstaff and Houze (1993)
and Braun and Houze (1994).

4. Sensitivity tests

Six numerical experiments (see Table 1) are per-
formed to determine the sensitivity of the storm struc-
ture, with emphasis on rear inflow to hydrometeor
types, ice microphysics, and environmental humidity.
We compare these results with those of the full-physics
CNTL run. To facilitate the comparisons of these nu-
merical experiments with the full-physics CNTL run,
Fig. 12 is obtained by grouping Figs. 5b, 6b, and 7b
into a separate figure to highlight the mature-stage
structure of the CNTL run.
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FiG. 10. One-hour (¢ = 1011 h) air parcel trajectories highlight
(a) the origin of mesoscale ascent, (b) the origin of mesoscale descent,
and (c) the rotor circulation within the cold pool of the CNTL storm.
Air parcels move in the direction of arrows. Shaded cloudy reglon is
the same as in Fig. 5.

a. Hailstorm simulation (HAIL)

The experiment HAIL is the same as the CNTL run
except that hail generation terms are not turned off after
6 h (i.e., allowing heavy hailstones to occur during the
mature and slowly decaying stages). Owing to the
large fall speeds of hail particles, hydrometeors fall out
quickly, before they can be transported very far behind
the convective line by FTR flows; therefore, the surface
precipitation region is much narrower (60 km in Fig.
13 vs 150 km in Fig. 4d) during the mature stage (#

=10-11 h).

With the occurrence of hallstones the multicellular
structure is very pronounced in the vertical velocity
field (Fig. 13b), even after the 1-h averaging. Neither
the broad mesoscale updraft/ downdraft nor the upper-
level transition-zone downdraft occur in the HAIL
storm during the mature stage. The subcloud cold pool
(Fig. 13c) remains approximately the same strength
(minimum surface 6’ is —10 K). However, the cold
pool head of the HAIL storm is much narrower (55 km
wide in Fig. 13¢ vs 150 km wide in Fig. 12¢), because
the heavier hydrometeors fall out too quickly to be
transported far away from the convective region. The
cooling by evaporation and melting associated with
these hail particles thus occurs closer to the convective
region and leads to a narrower cold pool head.

The ascending FTR flow is slightly weaker and more
vertically oriented (Fig. 13a). The descending RTF
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flow shows only one maximum—in the convective re-
gion. A second maximum of RTF flow does not occur
at the back edge of the storm, as in the CNTL storm
(Fig. 12a), becausg the horizontal pressure gradient as-
sociated with the midlevel mesolow in the stratiform
region is too weak to generate an RTF wind maximum
as a result of weaker buoyancy gradient at the rear of
the system (Fig. 13c).

When heavy hailstones are not present during the
mature stage (like the CNTL run; the only precipitating
ice particles are snow particles), hydrometeors are
transported farther back of the leading convective line
to form a wider storm, in which mesoscale ascent and
descent appear clearly (Fig. 12b). Then the thermal
structure, modified by diabatic heating/cooling over a
larger region, hydrostatically generates a midlevel me-
solow in the trailing stratiform region to support the
formation of the rear inflow. Similar results were also
found in Fovell and Ogura (1988) and Tao et al.
(1991). Therefore, we conclude that the realistic struc-
ture of the simulated descending rear inflow, at least
for the 10—11 June 1985 squall line, is sensitive to the
assumed hydrometeor types, which affect the kinematic
structure of the storm through their fallout pattern and’
the subsequent effects of diabatic processes on the ther-
mal and pressure fields.

b. No ice-phase microphysics (NICE)

To determine the overall effects of ice microphysics
on the storm structure, we exclude the ice-phase mi-
crophysics. In this run called NICE, the simulated
storm propagates more slowly (storm propagation
speed is 8 m s ™! vs 12.2 m s ') during the mature stage
(r = 10—11 h), but it has a more distinct multicellular
behavior. After ¢ = 4 h, thé NICE storm reaches a
‘‘quasi-equilibrium’” state (Fovell and Ogura 1988) in
which convective cells are periodically generated at the
leading edge with a period of 14—15 min. The mature-
stage NICE storm structure (in Fig. 14) resembles the
initial-stage structure of the full-physics CNTL storm
(panel a of Figs. 5-8). In particular, the horizontally
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FiG. 11. One-hour (r = 10—11 h) trajectories of precipitating par-
ticles starting from different vertical levels in the transition zone for
the CNTL run. Each number along the trajectories indicates the par-
ticle position every 10 min. Shaded cloudy region is the same as in
Fig. 5.
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TaBLE 1. Design of experimental simulations.

Run Run time Restart time Comments
CNTL I15h full physics; turn off hail generation processes after 6 h
HAIL 13h full physics; leave hail generation processes on after 6 h
NICE 14 h no ice-phase microphysics
NEVP 12h CNTL at3 h no evaporative cooling
NMLT 12h CNTL at3 h no melting cooling
NSUB 12h CNTL at3 h no sublimational cooling
DRYM 12 h drier midlevel environment; see Fig. 1a

uniform stratiform precipitation seen in CNTL during
the mature and slowly decaying stages (Figs. 4b and
4c), which is mainly produced by the rearward trans-
port, fallout, and melting of snow particles, is absent in
the NICE run. Hence, the NICE storm can capture only
(qualitatively) the precipitation structure within the
convective region to some extent, but not the realistic
stratiform precipitation region.

The vertical velocity field (Fig. 14b) dlsplays acel-
Iular structure, even after the 1-h time averaging. How-
ever, the mesoscale updraft/downdraft is not as broad
and uniform as that in the CNTL run (Fig. 12b) and in
observations (Biggerstaff and Houze 1993), and the
upper-level transition-zone downdraft is absent in the
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FiG. 12. (a) One-hour-averaged mature-stage (f = 10-11 h) storm-
relative horizontal wind u — ¢ (contour interval is 3 m s™'), (b) vertical
velocity w, and (c) potential temperature perturbation 6’ (contour in-
terval is 1 K) of the CNTL storm during the mature stage. Vertical
velocity in (b) is contoured at —4, —2, —1.5, —1, —0.7, —0.5, —0.2,
0,02,05,07,1,15,2,25,3,4,5,7, 10, and 13 m s™'. The positive
field is in solid lines; negative field is dashed. Shaded cloudy region
and the storm precipitation boundary outline are the same as in Fig. 5.

NICE run. The leading-edge updraft of the NICE storm
has a magnitude of 7 m s~', about 30% weaker than
that (10.5 ms™') of the CNTL storm. The midlevel
warm plume is much weaker (4 K in Fig. 14c vs 7 K
in Fig. 12¢), and the subcloud cold pool head is much
narrower (60 km wide vs 150 km wide). These facts
indicate that ice microphysics have both a qualitative
and quantitative impact on the storm structure, includ-
ing the convective region. The cold pool is only a little
weaker (minimum surface 8’ is —9 K vs —10 K); it
is dominated by the evaporative cooling of rainwater
in the convective region, which is still present in the
NICE run.

The ascending FTR flow is somewhat weaker (—27
m s~ in Fig. 14a vs =30 m s ' in Fig. 12a) and more
vertically oriented. The descending RTF flow shows
only one maximum (located at x = —60 to —20 km)
within a much narrower storm (surface precipitation
region is 60 km wide compared to 150 km wide), al-
though its strength is greater than in the ice-on CNTL
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Fic. 13. Same as Fig. 12 except for the HAIL run.
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FiG. 14. Same as Fig. 12 except for the NICE run.

run (12m s~' vs 9m s ') as indicated by Chin (1994).
When ice microphysics are included (see the CNTL
run in Fig. 12a), the layer of RTF flow has two max-
ima, one of which occurs at the back edge of the strat-
iform precipitation as indicated in radar analysis (Big-
gerstaff and Houze 1993). However, this feature is ab-
sent in the NICE run. Therefore, we conclude that
ice-phase microphysics are essential to the realistic
structure of the descending RTF flow.

¢. No evaporative cooling (NEVP)

The experiment NEVP is the same as the CNTL run
except that air is not cooled when raindrops evaporate
(latent cooling by evaporation is set to zero). To speed
up the simulation, the NEVP run restarts from the his-
tory file of the CNTL storm saved at ¢t = 3 h. Without
the latent cooling of evaporation, the NEVP storm
moves very slowly, about 4—8 m s ' slower than the
CNTL storm. During the time period ¢ = 10—11 h, the
NEVP storm moves at a speed of 5 ms™' versus 12
m s~' of the CNTL storm.

- This simulation is completely unrealistic. The results
are thus quite different from that of the CNTL storm.
The storm never develops an upshear tilt. As discussed
in Zhang and Gao (1989), the persistently upright to
downshear-tilted orientation of the NEVP storm indi-
cates the significant effects of evaporative -cooling.
Without the evaporative cooling, there is no subcloud
cool pool (Fig. 15¢), and the system fails to show a
substantial upshear tilt during the time period ¢ = 10—
11 h as in the CNTL run. This behavior is consistent
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with the theory of Rotunno et al. (1988) that the vor-
ticity generation by the cold pool is required to over-
come the vorticity associated with the environmental
low-level wind shear in order for the storm to become
tilted upshear.

Because of the upright to downshear-tilted system
orientation, the stratiform precipitation does not trail
behind the convective region but rather occurs ahead
of the convective region. There is no mesoscale ascent
or descent (Fig. 15b). Owing to the lack of upshear tilt
of the convection, there is no midlevel mesolow behind
the convective region (Fig. 19a); as a result, the mid-
to upper-level FTR flow transporting hydrometeors

" rearward is absent (Fig. 15a). The RTF flow is elevated

and entirely a consequence of strong midlevel winds in
the large-scale environment overtaking and entering
the storm. This NEVP sensitivity test thus supports the
argument of Smull and Houze (1987) that the descend-
ing rear inflow develops in response to dynamical and
microphysical feedbacks in the trailing stratiform re-
gion. With no trailing stratiform region, the rear inflow
in the NEVP storm does not descend and penetrate
through the storm but remains elevated across the
system. : '

d. No latent cooling by melting (NMLT)

The experiment NMLT is the same as the CNTL run.
except that air is not cooled when ice particles melt
(latent cooling by melting is set to zero). Like the
NEVP run, the NMLT simulation restarts from the his-
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FiG. 15. Same as Fig. 12 except for the NEVP run. Vertical velocity

in (b) is contoured every 2 m s~
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tory file of the CNTL run saved at # = 3 h. The NMLT
storm generally propagates at a speed 1-2 ms™'
slower than the CNTL storm; however, the speed dif-
ference becomes smaller once the system becomes well
developed (speed difference is only 0.2 m s~' during
the time period ¢+ = 10—-11 h). The evolution of the
NMLT storm is similar to the CNTL storm, although
the NMLT storm reaches its mature stage slightly (0.5-
1 h) later than the CNTL storm. Figure 16 shows the
1-h-average storm structure during the mature stage (¢
= 10-11 h). Although the melting cooling is turned
off everywhere in the NMLT run, its simulation result
is very similar to the result where melting cooling is
turned off only in the stratiform region (not shown),
since the dominant melting cooling process occurs in
the trailing stratiform region (Fig. 9¢).

Without the latent cooling by melting, the FTR flow
(Fig. 16a) is much weaker (—24 m s~ vs =30 m s ™)
and more vertically oriented. The double-core structure
of the RTF flow is well preserved in the NMLT run;
however, its strength is less than in the CNTL run. This
result demonstrates that cooling by melting is not the
cause of the rear inflow; however, the weaker rear-edge
maximum of RTF flow in the NMLT run (6 m s~ ! in
Fig. 16a vs 8 m s ' in Fig. 12a) indicates that the latent
cooling by melting accounts for at least 25% of the
intensity of the local maximum of RTF flow at the rear
of the storm during the mature stage. The effect of
melting on the stratiform region RTF flow was sug-
gested by Smull and Houze (1987) and Rutledge et al.
(1988) but it has not been demonstrated quantitatively
before.

The updrafts at the leading edge of the NMLT storm
are more upright (Fig. 16b) than in CNTL (Fig. 12b).
The mid- to upper-level updrafts in the convective re-
gion are stronger, but the low-level updrafts near the
gust front nose are weaker. Tao et al. (1995) obtained
similar results. The maximum of the 1-h mean meso-
scale ascent in the trailing stratiform region of the
NMLT storm is somewhat stronger (1.3 ms™' vs 1.1
m s '), but the mesoscale ascent occurs in a narrower
zone (area covered by updrafts greater than 0.5 m s~
is 30 km wide vs 60 km wide ). Without the latent cool-
ing by melting, the mesoscale downward motion in the
trailing stratiform region is 22% weaker (—0.7 m s’
vs —0.9 m s™') and 33% narrower (area covered by
downdrafts less than —0.5 m s~' is 40 km wide vs 60
km wide). This NMLT sensitivity test clearly shows
that cooling due to melting does not initiate the meso-
scale downdrafts in the model storm, as suggested by
Leary and Houze (1979 ); however, the melting signif-
icantly enhances the mesoscale downdrafts. Corre-
sponding to weaker mesoscale descent, the region of
subsidence warming at the back edge of the NMLT
storm (near x = —95 km in Fig. 16¢) is 33% narrower
(the packet of subsidence-warmed air defined by the 6’
= 3 K contour line near z = 4 km is 40 km wide vs 60
km wide).
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FIG. 16. Same as Fig. 12 except for the NMLT run.

e. No latent cooling by sublimation (NSUB)

For the NSUB experiment, air is not cooled in the
process of sublimation (warming by deposition is still
active). Other conditions are the same as in the CNTL
run. Like the NEVP experiment, the NSUB simulation
restarts from the history file of the CNTL run saved at
t = 3 h. The evolution of the NSUB storm is similar to
the CNTL run. The NSUB storm propagates at a speed
1-1.5 ms™' slower than the CNTL storm, and the
speed difference is 1.4 m s~' during the mature stage
(t = 10-11 h). Figure 17 displays the 1-h-average
storm structure in the mature stage. Similar to the
NMLT run, the simulation result of NSUB (where sub-
limational cooling is turned off everywhere) is almost
the same as the result where sublimational cooling is
turned off only in the stratiform region (not shown),
since the dominant sublimational cooling process oc-
curs in the stratiform region (Fig. 9d).

Without the latent cooling by sublimation, the as-
cending FTR flow (Fig. 17a) is much weaker (—24
ms~' vs =30 m s~"), but the maximum of descending
RTF flow at the rear of the storm is only slightly
weaker. Since sublimational cooling only slightly af-
fects the strength of the enhanced rear inflow at the
back edge of the system (7m s ' in Fig. 17avs 8 m s~
in Fig. 12a), we conclude that the latent cooling by
evaporation and melting are the most important micro-
physical processes determining the structure and
strength of rear inflow in the cloud-model simulations.

However, the observed rear inflow (Fig. 3b of Big-
gerstaff and Houze 1993) has stronger magnitude
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FiG. 17. Same as Fig. 12 except for the NSUB run.

(>10m s ") and is located about 1 km above the melt-
ing level (z = 4 km). It is associated with ambient RTF
flow induced by a shortwave trough in the upper tro-
posphere (Zhang and Gao 1989). This ambient RTF
flow cannot develop in the cloud model. When large-
scale baroclinic processes are included (e.g., in a meso-
scale model), the large-scale contribution to rear inflow
can develop and occurs above the melting level; under
these circumstances, the structure and strength of the
rear inflow above the 0°C level is found to be more
sensitive to latent cooling by sublimation (Braun
1995). The condensational heating within the ascend-
ing FTR flow and sublimational cooling at the back
edge of the storm contribute to a strengthening of the
large-scale trough and hence to the upper portion of the
rear inflow.

The vertical velocity field of the NSUB storm (Fig.
17b) shows that the mesoscale updrafts/downdrafts in
the stratiform region are much narrower (area of up-
draft/downdraft with magnitude greater than 0.5 m s~
is 50 km wide 'vs 80 km wide). In particular, without
the diabatic cooling by sublimation, the mesoscale
downdraft (the broad downdraft less than —0.5m s ')
is initiated below the 0°C level (z = 4 km), instead of
above the 0°C level as in the CNTL run (Fig. 12b) and
in the observations (see Fig. 3d of Biggerstaff and
Houze 1993). The comparison of model runs NSUB
and CNTL thus strongly support the speculation of Rut-
ledge et al. (1988) that sublimational cooling at the
base of the trailing anvil cloud is key to the initiation
of downward air motion above the 0°C level (z = 4 km)
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at the rear of the storm. Adiabatic warming associated
with the mesoscale downdraft (Fig. 17¢) at the rear
edge of the NSUB storm is stronger (maximum 6’
anomaly is 5 K vs 4 K) and occurs at a higher altitude
(5 km vs 4 km), inducing a stronger mesolow at the
back of the stratiform region (—3.3 mb vs —3.0 mb;
not shown). '

f. Drier midlevel environment (DRYM )

The experiment DRYM is the same as the CNTL run
except that the initial environmental moisture at mid-
levels (z = 2.5—-6 km or p = 800—450 mb) is reduced
by approximately half (see Fig. 1a). The DRYM storm
generally evolves in the same way as the CNTL storm,;
it initially propagates slightly faster than the CNTL
storm; after ¢ = 5 h, it propagates slightly slower. Av-
eraged over the total integration time (12 h), the dif-
ference of the propagation speeds between the two
storms is less than 1 ms™'. Figure 18 shows the
DRYM storm structure during the mature stage.

The DRYM storm moves at approximately the same
speed as the CNTL storm during the mature stage (12.2
m s '), as a result of similar strength and depth of the
cold pool (Fig. 18c). The DRYM storm is more upright
and has a slightly weaker ascending FTR flow (—27
m s~ in Fig. 18a vs —30 m s ' in Fig. 12a). The de-
scending RTF flow is much weaker with some FTR
flow in between the two maxima of RTF flow (in the
region x = —100 to —80 km). In particular, the max-
imum of RTF flow at the back edge of the storm has
only 38% of the strength in the CNTL storm (3 m s ™!

DRYM
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FiG. 18. Same as Fig. 12 except for the DRYM run.
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vs 8 ms™!). This result is counterintuitive; we ex-
pected the reduced midlevel environmental moisture to
enhance the sublimational and evaporative cooling at
the back edge of the system and thus to increase the
local buoyancy gradients and the rear inflow strength.
However, the horizontal buoyancy gradients of the
DRYM storm in the stratiform region (Fig. 18c) are
weaker than those of the CNTL storm (Fig. 12c¢).

This counterintuitive behavior is related to the more
upright system orientation in DRYM compared to
CNTL. The drier environmental air entrained into the
leading convective region enhances evaporative cool-
ing at midlevels (see the 8’ << —2 K packet at z = 4 to
6 km, x = O km in Fig. 18c), which counteracts the
vorticity tendency produced by the cold pool (Rotunno
et al. 1988; Weisman 1992) and tilts the convection
into a more upright orientation. The FTR flow is re-
duced, and the stratiform region is narrower and weaker
in most respects. With less sublimation, melting, and
evaporation in the trailing portion of the stratiform re-
gion, the horizontal buoyancy gradients in the strati-
form region are weaker, and the RTF flow of the
DRYM storm is much weaker than that of the CNTL
storm.

The vertical velocity field of the DRYM storm (Fig.
18b) shows that in the convective region, the low-level
updrafts near the gust front are weaker but midlevel
ones are stronger. In the stratiform region, the meso-
scale downdrafts are 22% stronger (—1.1 ms™' vs
—0.9 ms™'), as a result of an enhanced evaporative
cooling associated with lower midlevel environmental
humidity. In contrast, the mesoscale updrafts are
weaker (0.8 ms~! vs 1.1 ms~') and narrower (area
enclosed by the 0.5 m s~' contour is 45 km wide vs 80
km wide).

5. Role of mesolows in the formation of the
descending rear-to-front flow

Smull and Houze (1987) suggested that the midlevel
mesolow in the stratiform region might act in conjunc-
tion with the mesolow in the convective region to es-
tablish a broad RTF current across the storm. They fur-
ther suggested that the RTF flow in some cases could
be generated by ‘‘the physical processes internal to the
mesoscale convective system’” without the aid of am-
bient flow entering the system.

Zhang and Gao (1989) performed mesoscale model
(MM4) simulations of the 10—11 June storm and ex-
amined the mesolow mechanism proposed by Smull
and Houze (1987). In their experiment NEV, which
had no resolvable-scale (Ax = 25 km in their fine
mesh) evaporation and sublimation, they found that the
RTF flow was weak and did not extend down to the
surface, despite the occurrence of a strong midlevel me-
solow (see their Fig. 13). The strong midlevel meso-
low was produced by the Fritsch—Chappell (1980)
convective parameterization scheme and was located
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in the leading convective region. This result seemed to
suggest that ‘‘the midlevel mesolow mechanism pro-
posed by Smull and Houze (1987) cannot be used
alone to explain the generation of the descending rear
inflow.”’

We investigate this question further. The Klemp-—
Wilhelmson cloud model used in this study constitutes
a more explicit physical framework to investigate ‘‘the
physical processes internal to the mesoscale convective
system’’ referred to by Smull and Houze (1987). The
model is nonhydrostatic, the convection is explicitly
resolved (Ax = 1 km in our fine mesh), and the en-
vironment is horizontally uniform, so that there are no
large-scale baroclinic processes active in the simula-
tion.

The two midlevel mesolows in a squall line with a
trailing stratiform precipitation region and the physical
processes producing them are the phenomena that are
key to understanding the ability of a mesoscale con-
vective system to develop its own rear inflow. To in-
vestigate the role of mesolows in the formation of the
descending rear inflow, we present Figs. 19 and 20,
which show the storm-induced pressure perturbations
with shaded RTF flow (¢ — ¢ > 5 ms™") for three
experimental simulations during the mature (# = 10—
11 h; Fig. 19) and late stage (¢ = 12.5-13.5 h; Fig.
20). The detailed horizontal wind structures of these
simulations are shown in Figs. 5b,c, 14a, and 15a.

In the no-evaporative-cooling run (NEVP; Fig.
19a), where the mesolows in both the convective and

Z (km)

%00

motion

FiG. 19. One-hour-averaged (¢t = 10-11 h) pressure perturbation
p’ (contour interval is 0.5 mb) of (a) the NEVP run, (b) the NICE
run, and (¢) the CNTL run. Positive field is in solid lines; negative
field is dashed. Rear-to-front flow greater than 5 m s™' is shaded.






