VOL. 53, NO. 9

JOURNAL OF THE ATMOSPHERIC SCIENCES

The Heat Budget of a Midlatitude Squall Line and Implications
for Potential Vorticity Production

ScoTT A. BRAUN AND ROBERT A. HOUZE JR.
Department of Atmospheric Sciences, University of Washington, Seattle, Washington

(Manuscript received 7 December 1994, in final form 1 August 1995)

ABSTRACT

The water and heat budgets for a midlatitude squall line are estimated from single- and dual-Doppler-radar
data and thermodynamic data from rawinsonde and thermodynamic retrieval (from dual-Doppler winds). These
data, along with models to retrieve the freezing, melting, and radiative heating rates, yield vertical profiles of
the heating within the convective, stratiform, and overhanging anvil areas of the squall line and differentiate the
processes contributing to the total heating. The use of radar-derived vertical velocity information provides a
more accurate delineation of the convective and stratiform components of the heating than can be obtained from
rawinsonde data.

The effects of diabatic heating on the potential vorticity (PV) field are calculated using a simple two-dimen-
sional model and the vertical profiles of heating from the heat budget. The diabatic heating produced a deep
column of high PV air coincident with the convective region and produced several regions of negative PV.
Similar regions of negative PV were observed in the squall line. Upper-level negative PV within and to the rear
of the stratiform precipitation region suggests that symmetric or inertial instability might favor intensification
of the upper-level line-normal outflow there. Anticyclonic inertial turning of this outflow contributes to the
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formation of a strong upper-level jet in the line-parallel flow to the rear of the squall line.

1. Introduction

Midlatitude mesoscale convective systems (MCSs)
can produce and modify mesoscale and synoptic-scale
weather systems. In baroclinic environments, deep con-
vection can enhance or modify the development of syn-
optic-scale cyclonic storms. For example, in the strong
baroclinity of explosive cyclones, diabatic heating of-
ten enhances development of the cyclone, though it
does not change the basic processes or dynamics of the
cyclogenesis (Davis et al. 1993). In weaker baroclinic
environments, such as often prevail over the central
United States during summer months, diabatic heating
may provide more significant forcing of cyclogenesis
relative to dry baroclinic processes (Zhang and Harvey
1995). In very weak baroclinic environments, heating
by MCSs can generate mesoscale vortices (Bartels and
Maddox 1991; Johnson and Bartels 1992), some of
which can subsequently trigger new convection and
produce very long lived mesoscale convective systems
(Bosart and Sanders 1981; Zhang and Fritsch 1987,
1988; Chen and Frank 1993; Fritsch et al. 1994).

In this study, we examine a midlatitude squall line
that occurred in a moderate baroclinic environment and

Corresponding author address: Mr. Scott A. Braun, National Cen-
ter for Atmospheric Research, P.O. Box 3000, Boulder, CO 80307-
3000.

contributed to the development of a weak cyclone. This
squall line and the subsequent cyclone formed in the
lee of the Rocky Mountains on 10—11 June 1985 dur-
ing the Oklahoma—Kansas Preliminary Regional Ex-
periment for the Stormscale Operational and Research
Meteorology Program-Central Phase (PRE-STORM;
Cunning 1986). Many investigators have studied this
storm (e.g., Augustine and Zipser 1987; Smull and
Houze 1987; Johnson and Hamilton 1988; Rutledge et
al. 1988; Zhang et al. 1989; Biggerstaff and Houze
1991a, 1991b, 1993; Zhang 1992; Braun and Houze
1994, 1995b; Zhang and Harvey 1995). Cyclogenesis
began during the later stages of the squall line and con-
tinued after its dissipation. Zhang and Harvey (1995)
described the evolution of the surface cyclone and the
contribution of the squall line to the cyclogenesis. They
concluded that the squall line, particularly its associated
diabatic heating, produced a more favorable westward
phase-tilt of the baroclinic wave, thereby substantially
modifying the cyclone development.

Since the heating associated with the squall line con-
tributed significantly to the cyclogenesis, we document
the interaction of the MCS and the larger-scale flow via
a large-scale budget of heating. A water budget is also
derived in order to obtain the heat budget. Such studies
are frequently performed with data collected at scales
comparable to, or somewhat larger than, the convective
systems. For example, Gallus and Johnson (1991, here-
after GJ) constructed a heat budget of the 10—~11 June
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squall line from composites of rawinsonde data from
National Weather Service and PRE-STORM supple-
mental sites. They interpolated composite data to grids
of spacing 0.5° in latitude and longitude. This resolu-
tion made it difficult for them to delineate precisely the
convective and stratiform precipitation region contri-
butions to the heat budget since their composite anal-
ysis aliased convective-region vertical velocities into
the trailing stratiform precipitation region.

Our objective is to obtain a more complete and pre-
cise analysis of all the processes contributing to the heat
budget than can be obtained from soundings alone and
to resolve the processes occurring on a wider range of
scales within the storm. As part of this effort, we cal-
culate the heat and water budgets of the 10—11 June
squall line from dual-Doppler-radar data (sections 5—
6). The budgets resolve the separate processes occur-
ring in the convective and stratiform precipitation
regions of the storm. Radiative heating within nonpre-
cipitating anvil ' regions (referred to as anvil hereafter)
are also estimated. Although this analysis examines
only a small portion of the mesoscale convective sys-
tem, it resolves the heating down to the scale of the
convective motions so that contributions from different
regions of the storm (convective, stratiform, anvil) are
delineated.

Cyclone development has been increasingly dis-
cussed in terms of potential vorticity anomalies, their
associated wind and thermodynamic fields (obtained
through inversion techniques), and their mutual inter-
actions (Hoskins et al. 1985; Davis et al. 1993). Her-
tenstein and Schubert (1991, hereafter HS91) dis-
cussed the production of potential vorticity anomalies
by the heating associated with deep convection and ac-
companying stratiform precipitation regions. A further
objective of our study is to expand upon the results of
HS91 by calculating the potential vorticity effects of
squall-line heating based on the magnitude and vertical
distribution of heating from the heat budget (sec-
tion 7).

2. Formulation of the water and heat budgets

Water budgets of leading line—trailing stratiform
squall lines are typically divided into their convective
and stratiform precipitation region components. The
water budget equations are expressed as follows.

In the convective region,

Rc':'Ccu;_ cd—caf_ca_sc’ (1)

where R, is the convective rainfall, C_, is the total con-
densate produced in convective updrafts, E, is the total
condensate evaporated in convective downdrafts, C,;is

' In this paper, the term anvil is used to describe stratiform cloud
areas lacking surface precipitation, while the term stratiform region
refers to stratiform cloud regions producing surface precipitation.
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the condensate transported into the forward anvil over-
hang (and eventually evaporated into the environment
ahead of the line), C, is the condensate transported
rearward into the stratiform region, and S is the storage
in the convective region.
In the stratiform region, the water budget equation
is
Ri=Ci+Coy—Ey— Gy — S, (2)

where R, is the stratiform rainfall, C, is the total con-
densate produced in the mesoscale updraft, Ey is the
condensate evaporated in the mesoscale downdraft, C,,
is the condensate transported into the rear anvil over-
hang (which is eventually evaporated into the environ-
ment to the rear of the system), and S; is the storage of
condensate in the stratiform region.

The convective and stratiform rainfall are deter-
mined from raingauge observations from the PRE-
STORM mesonetwork of surface stations (section 3b).
The total condensate produced and evaporated in up-
drafts and downdrafts, respectively, are estimated in a
manner similar to the heat budget (section 4a). The
remaining terms in the water budget are derived ac-
cording to assumptions about the mass of condensate
transferred into the forward and rear anvil clouds and
the storage of condensate in the convective and strati-
form regions (section 5).

We estimate the heating by microphysical and radi-
ative processes for the 10—11 June squall line and for-
mulate the budget following Houze (1982). The heat
budget of a large-scale area A containing the mesoscale
convective system is obtained from an equation for the
conservation of dry static energy s = ¢,I" + gz, where
T is temperature, ¢, is the specific heat of air at constant
pressure, g is the gravitational acceleration, and z is
height. The heating within the large-scale area A is
05 1 10
E + Z§ VnSdl + ;52 (PW_S) - UeQre

= 000 + L(T—C) + Ly(d — 3) + L — i)

—lg[pocl(l _Ocl)wcl(sc!-se)]; (3)
p 0z
where V, is the component of the horizontal velocity
normal to the boundary of A; d! is an element of length
along the boundary; w is the vertical velocity; p is the
density of air; Q. and Q. are the radiative heating rates
in the cloud-free and cloudy areas; ¢, e, D, 3, f, and m
are the heating rates associated with condensation,
evaporation, deposition, sublimation, freezing, and
melting; and L,, L;, and L; are the latent heats of va-
porization, sublimation, and fusion, respectively. Term
0 is the fraction of A covered by clouds and can be
subdivided into convective, stratiform, and anvil com-
ponents (o, 0y, and o,), and o, is the fraction of A not
covered by clouds. The last term on the right side of
(3) is the convergence of the vertical eddy flux of sen-
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sible heat. The mean environmental vertical motion has
been neglected in this term. The horizontal eddy heat
flux convergence is contained within the integral on the
left side of (3).

This study uses a method similar to Houze (1982),
except that observations of the 10—11 June storm are
used in place of the idealized characteristics assumed
in that study. Water and heat budgets are estimated for
two periods of the squall line’s life cycle. The first pe-
riod is the early stage of the squall line (~0030-0230
UTC), during which time the stratiform precipitation
region was weak and accounted for only 10%—-20% of
the total precipitation. The second period covers the
mature stage of the squall line (~0330-0530 UTC),
in which nearly 30%—-40% of the precipitation was
stratiform.

3. Data and characteristics of the 10-11 June squall
line

a. Area definitions

The heat budget is calculated for an area A = 700
X 700 km?, enclosing the approximately 650 km long
squall line. Figure 1 shows the approximate boundary
of the cloud shield of the 10—11 June squall line esti-
mated from satellite data within the 700 X 700 km?
area at 0151 UTC (Fig. 1a) and 0351 UTC (Fig. 1b)
11 June. The total cloud area increased from covering
61% of the large-scale area (area of the figure panel)

0151 UTC 11 June 1985
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at 0151 UTC to 73% of the area at 0351 UTC. After
this time, the horizontal extent of the cloud shield re-
mained relatively steady for several hours.

Approximate areas for the precipitation regions
(convective and stratiform) were estimated from low-
level PPI scans from the NWS WSR-57 radars at Wich-
ita, Kansas, Oklahoma City, Oklahoma, and Amarillo,
Texas. The proximate areas of the convective and strat-
iform precipitation regions are indicated by the shading
(not actual reflectivities) in Fig. 1. At both times, the
convective region was approximately 35 km wide and
650 km long. At 0151 UTC, the stratiform region was
relatively narrow and weak, extending in the across-
line direction approximately 85 km and in the along-
line direction about 600 km. At 0351 UTC, data from
the Amarillo radar were unavailable. Based on the data
available at this time and that at subsequent times (see
Fig. 13d of Johnson and Hamilton 1988), the stratiform -
region width was 120 km and its length was approxi-
mately the same as the convective line (~650 km).
These dimensions and the total cloud areas determined
from satellite partition the total cloud area A, into its
convective, stratiform, and anvil components A., A,
and A, (Table 1).

b. Rainfall

Rainfall rates and accumulations for the water
budget were determined from the surface network of
42 NCAR Portable Automated Mesonetwork (PAM)

0351 UTC 11 June 1985

CO KS

AN

FiG. 1. Cloud outline (scalloped line) and precipitation regions (shaded) at (a) 0151 UTC and (b) 0351 UTC 11 June 1985. In (a), the
convective line and isolated convective cells are indicated by the dark shading. Stratiform precipitation and weaker convective echoes are
indicated by the light shading. In (b), the shading convection is the same except that the secondary maximum of reflectivity (or secondary
band) in the stratiform region is highlighted by dark shading. Data from the Amarillo, Texas, radar were missing at 0351 UTC.
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TaBLE 1. Areal coverages and fractional areas of the convective, stratiform, overhanging anvil, and total cloud regions.

Time Convective Stratiform Anvil Total cloud
Area (km?) 0151 2.3 x 10* 5.1 x 10 23 x 10° 3.0 X 10°
Area (km?) 0351 2.3 x 10* 7.8 x 10* 2.6 X 10° 3.6 X 10°
Fractional area 0151 0.05 0.10 0.47 0.61
Fractional area 0351 0.05 0.16 0.53 0.73

and 42 NSSL Surface Automated Mesonetwork
(SAM) stations for the period 0000-0800 UTC 11
June 1985. Thirteen stations in each group were found
to have suspect or missing data and were excluded from
the analysis. The rainfall was separated into convective
and stratiformm components following Johnson and
Hamilton (1988). The convective rainfall was assumed
to begin with the first nonzero 5-min rainfall rate oc-
curring at the leading edge of the convective rainfall
spike. The rear of the convective rainfall was assumed
to be where the rainfall rate fell below 6 mm h™'. All
rainfall occurring after this time was considered to be
stratiform even if the rainfall rate exceeded 6 mm h™!
at a later time.

The total convective and stratiform rainfall for each
station was determined by summing over the 8-h pe-
riod. The total convective and stratiform rainfall for
each 5-min period between 0000-0800 UTC was de-
termined by summing over all stations. Figure 2 shows

20 == Convective

(a)
Y I B U Stratiform

10

mm

.....
case
""""""

Time (UTC)

8

(b)

% Stratiform
8 8 8

8

A

0 2 4 6 8
Time (UTC)

[=]

FiG. 2. Time series of (a) area-integrated convective (solid) and
stratiform (dotted) rainfall amount and (b) the stratiform contribution
(percent of total) to the total rainfall determined from raingauge data.

time series of the total rainfall amounts for the convec-
tive and stratiform regions and the fraction of the total
rainfall produced within the stratiform precipitation re-
gion. During the early stages of the storm (0030-0230
UTC), the stratiform rainfall accounted for only about
5%—-20% of the total rainfall measured by the rain-
gauge network. After 0330 UTC, the stratiform rainfall
increased while the rainfall associated with the weak-
ening convective line tended to decrease. Between
0400 and 0600 UTC, the stratiform rainfall accounted
for approximately 35%—-45% of the total rainfall. After
0600 UTC, the stratiform rainfall fraction increased
from 40% to near 100% as the convective line dimin-
ished and moved out of the network of surface stations.

The total convective and stratiform rainfall measured
by the raingauges for the 8-h period were 873 and 317
mm, respectively (Table 2). Therefore, the stratiform
rainfall accounted for approximately 27% of the total
rainfall measured by raingauge during this period, con-
sistent with the results of Johnson and Hamilton
(1988). The average convective and stratiform rainfall
rates for the 8-h period were 20.9 and 2.9 mm h™’,
respectively. Average rainfall rates were also deter-
mined for the periods considered in the water budgets.
For the early stage (0030-0230 UTC), the average
convective and stratiform rainfall rates were 21.2 and
2.0 mm h™!. For the mature stage (0330-0530 UTC),
the average rates were 22.2 and 3.2 mm h~?,

c. Vertical velocities

Three volumes of dual-Doppler synthesized winds
and reflectivity characterize the convective vertical mo-
tions during the early stage: the west® dual-Doppler
lobe at 0131 UTC and the east dual-Doppler lobe at
0139 and 0209 UTC 11 June. Low-level reflectivities
for these times are shown in Fig. 3. Averaging the ver-
tical velocities within the polygons yielded profiles of
mean updraft velocity and mean downdraft velocity
(Fig. 4) for each volume. The mean vertical velocities
(not shown ) within the polygons for each dual-Doppler
volume are simply the sum of the updraft and down-
draft components. Heating rates are calculated for each

2 See Biggerstaff and Houze (1991a) for a description of the west
and east dual-Doppler lobes.
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set of updraft and downdraft profiles and then averaged
to obtain mean heating rates for the convective region.

The updraft profiles in Fig. 4 are similar above 3 km,
with peak mean velocities of about 2.2 ms™!, The
downdraft profiles vary considerably. The downdrafts
at 0209 UTC were weaker throughout the troposphere
than at 0131 and 0139 UTC. At 0131 UTC, two distinct
peaks in downward motion are evident. The low-level
peak was associated with downdrafts driven by precip-
itation loading and evaporation. Biggerstaff and Houze
(1993), Yang and Houze (1995a), and Yuter and
Houze (1995) have provided evidence that the upper-
level peak in downward motion was associated with
gravity waves,

No dual-Doppler observations of the convective re-
gion are available during the mature stage since the line
had moved out of the dual-Doppler domain. As a resuit,
we must make assumptions regarding the vertical mo-
tions, and hence heating, within the convective region
during this period. We assume that the shape of the
mean convective heating profile is unchanged; how-
ever, the magnitudes of the heating rates are scaled ac-
cording to water budget constraints discussed in section
5. Consequently, convective-region budget calcula-
tions for the mature stage are limited by this assump-
tion.

For the stratiform region during the early stage, we
use the EVAD?-derived time-mean vertical motions of
Rutledge et al. (1988, their Fig. 15) for the CP-3 radar.
We use the EVAD profile since the vertical velocity
estimates from the EVAD analysis are expected to be
more accurate than the dual-Doppler synthesized mo-
tions within the stratiform region. Low-level radar re-
flectivity plots in Rutledge et al. (1988) indicate that
CP-3 profiles at individual times were first obtained
before the secondary maximum of reflectivity* formed
in the stratiform region (<0300 UTC) and then later
near the rear edge of the stratiform region (to the rear
of the secondary maximum of radar reflectivity, ~0345
UTC). The vertical velocity profile (Fig. 5, solid line)
shows strong and deep mesoscale descent below about
6 km with ascent above this level. Since the 0°C level
was located near 4 km, the descent between 4 and 6
km suggests that sublimation cooling contributed to the
initiation of mesoscale descent (Stensrud et al. 1991).
This sublimation was occurring within the dry rear-
inflow current that extended across the stratiform pre-
cipitation region (see Figs. 7 and 9a of Rutledge et al.
1988).

To verify that the CP-3 vertical motion profile is rep-
resentative of the stratiform region at early stages, we
have averaged the dual-Doppler vertical motions in the

3 Extended Velocity Azimuth Display (Srivastava et al. 1986).

* A secondary maximum of reflectivity, or secondary band, is fre-
quently observed within the stratiform region behind the convective
line (Houze et al. 1990).
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TABLE 2. Rainfall characteristics of the 10-11 June squall line. The
8-h period covers 0000 to 0800 UTC 11 June. The early stage covers
the period from 0030 to 0230 UTC and the mature stage from 0330
to 0530 UTC.

Convective Stratiform
8-h Total rainfall (mm) 873 317
8-h Average rainfall rate (mm h™") 209 2.9
Average rainfall rate, early stage 21.2 20
Average rainfall rate, mature stage 222 32

area behind the convective line at 0131 UTC (dotted
polygon in Fig. 3a). This vertical motion profile is also
shown in Fig. 5 (dot-dashed line). The 0131 UTC and
CP-3 profiles are very similar, justifying our use of the
CP-3 profile to estimate the stratiform region heating
rates during the early stages of the squall line.

For the stratiform region during the mature stage, we
use the EVAD-derived time-mean vertical velocities of
Rutledge et al. (1988) for both the CP-3 and CP-4 ra-
dars. The CP-4 vertical velocity profile (Fig. 5, dotted
line), characteristic of the secondary maximum region
in the stratiform region, shows significant differences
from the CP-3 profile. It is characterized by deeper and
stronger ascent associated with a deeper stratiform
cloud layer. The more moist conditions in this region
above 0°C (see section 3d, Fig. 7b) suggest that sub-
limation cooling had much less influence so that the top
of the descent was lowered to near the melting level.
The deeper descent layer in the CP-3 profile, taken near
the rear of the stratiform precipitation region, is indic-
ative of the slope of the descent (and rear inflow)
across the stratiform region (see Figs. 5-7, 13, and 14
of Rutledge et al. 1988).

The CP-3 vertical motions during this period were
characteristic of that portion of the stratiform region to
the rear of the secondary band, which accounted for
approximately 20% of the stratiform area. In contrast,
the CP-4 vertical velocities were typical of the mature
secondary band (high reflectivity area) in the stratiform
region, which accounted for about 80% of the strati-
form area. This partitioning of the stratiform precipi-
tation region was based on vertical reflectivity struc-
tures shown in Figs. 5-7 of Rutledge et al. (1988).
The water and heat budget results for the mature-stage
stratiform region are obtained from an area-weighted
average of the water and heat budgets calculated from
the CP-3 and CP-4 velocity data. A brief discussion of
the sensitivity of the budget results to this partitioning
is given in sections 5 and 6b.

d. Thermodynamic data

The environment of the squall line is that portion of
the total area in Fig. 1 ahead of and behind the squall
line not covered by clouds and precipitation. The mean
thermodynamic properties of the squall line’s environ-
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ment were calculated by averaging six soundings,’
three ahead and three behind the squall line (Fig. 6).
These six soundings were used so that the environmen-
tal thermodynamic profiles reflected the average con-
ditions of the baroclinic environment in which the
storm formed.

The mean thermodynamic properties of the convec-
tive updrafts and downdrafts were estimated from the
two-dimensional thermodynamic and microphysical
retrieval results of Braun and Houze (1994). Two sets
of thermodynamic profiles were estimated: one for the
updrafts and one for the downdrafts. For the updraft
profiles, the retrieved thermodynamic fields were av-
eraged over the convective region [see Figs. 3b and
6a,c of Braun and Houze (1994)] where w > 0. For
the downdraft profiles, the data were averaged over the
convective and transition zone® regions where w < 0.
The transition zone was included so that data were
available at middle and upper levels. The updraft and
downdraft thermodynamic profiles are shown in Fig. 7
as perturbations from the environmental profiles (Fig.
6). The mean updraft and downdraft temperatures are
similar above 3 km, but the mean downdraft tempera-
tures are cooler below this level. The main difference
between the two profiles is the drier conditions in the
downdraft sounding below ~7 km. Updraft tempera-
ture perturbations at low levels are negative because
the thermodynamic retrieval was unable to resolve the
sharp temperature gradients at the leading edge of the
cold pool.” While the low-level temperature perturba-
tions were generally negative, they approached zero
within the convective updraft (see Fig. 6a of Braun and
Houze 1994).

A sounding taken within the stratiform region, be-
fore the secondary maximum of radar reflectivity had
developed, is used to characterize the thermodynamic
conditions in the stratiform region in the early stage.
These thermodynamic profiles (dot-dashed lines in Fig.
7) are highly consistent with the average CP-3 vertical
motion profile. Near 6 km, a stable layer (evident in a
skew T-logp plot, not shown) separated air with gen-
erally weak positive temperature perturbations in the
ascending front to rear flow aloft from the cooler air in
the descending rear inflow below (~3-6.5 km). The
downdraft layer between 4.5 and 6.5 km was near sat-
uration. Evaporatively cooled air in this layer was neg-
atively buoyant, and a maximum of descent was near

® The locations and times of the soundings are Russell (RSL), Kan-
sas, at 0430 and 0555 UTC, Pratt (PTT), Kansas, at 0600 UTC,
McConnell Air Force Base (IAB), Kansas, at 0130 UTC, Enid
(END), Oklahoma, at 0134 UTC, and Oklahoma City (OKC),
Oklahoma, at 0230 UTC.

¢ The region of minimum low-level radar reflectivity located be-
tween the leading convective line and the secondary maximum of
reflectivity in the trailing stratiform region.

” The horizontal resolution of the dual-Doppler wind fields used in
the retrieval was 3 km.
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4 km. Below this height, descent led to strong adiabatic
warming and drying. The warming weakened the de-
scent. As the drying effect of the descent weakened,
evaporation apparently moistened the layer near 2 km.

Thermodynamic profiles for the stratiform region at
the mature stage (dashed line in Fig. 7) were con-
structed from low-level soundings® (below 500 mb)
taken within the region of the secondary maximum of
reflectivity and from the thermodynamic retrieval data
(above 500 mb) of Braun and Houze (1994). The tem-
perature perturbations show a deep layer (from the sur-
face to 5 km) of air colder than the environmental tem-
peratures. Above 5 km, the temperatures were up to 3
K warmer than the environment. Apparently, during the
period between the early and mature stages, significant
warming occurred by detrainment of sensible heat from
the convective region and latent heating associated with
condensation and deposition in mesoscale ascent above
5 km. Below 5 km, strong cooling occurred as a result
of melting and evaporation (Braun and Houze 1995b).

Thermodynamic conditions within the anvil region
(not shown) were obtained by averaging six sound-
ings® taken behind the stratiform region. Storm-relative
winds and dewpoint temperature profiles indicated that
dry rear inflow was entering the back of the stratiform
region between roughly 3.7 and 7.4 km.

4. Methodology
a. Estimating ¢, e, D, and 3

The net heating rates associated with condensation,
evaporation, deposition, and sublimation are estimated
by two methods. The first method uses the equation for
conservation of water vapor:

aq_cl

LE-8)+L(D—3) = — Logwg —, (4)
oz

where g is the water vapor mixing ratio in the cloudy
region, and L = L, for T = 0°C or L, for T < Q°C.
Equation (4) assumes that the dominant balance in the
water vapor budget is primarily between the micro-
physical processes and vertical advection. We show be-
low that this assumption is not valid in the stratiform
precipitation region, where the effects of horizontal ad-
vection and eddy moisture fluxes become important rel-
ative to vertical advection.

The second method uses the thermodynamic equa-
tion. The heating is approximated by the vertical ad-
vection of in-cloud dry static energy:

8 PTT at 0305 UTC, IAB at 0431 UTC, and END at 0428 and 0543
UTC.

® RSL at 0250, 0430, and 0555 UTC, PTT at 0430 and 0600 UTC,
and Dodge City, Kansas, at 0238 UTC.
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Since the heating and cooling rates associated with
freezing, melting, and radiative processes are known
(see below), the net heating associated with the re-
maining terms on the left side of (5) can be determined.
The calculation of §, m, and Q, is discussed in the next
two subsections.

The contributions of the convective and strati-~
form regions to the averages in (4) and (5) are sub-
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FiG. 3. Radar reflectivity (dBZ) at 1.4 km for (a) 0131, (b)
0139, and (c) 0209 UTC 11 June. The polygons indicate the
areas over which the convective region vertical velocities are
averaged. The dotted polygon in (a) shows the area over
which the stratiform region vertical motion profile at 0131
UTC (Fig. 5, dot-dashed line) is obtained.

divided into contributions by updrafts and down-
drafts in each region. For the convective region, we
use dual-Doppler synthesized vertical velocities,
which resolve the convective-scale updrafts and
downdrafts; hence, the separate contributions of up-
drafts and downdrafts are readily determined. For
the stratiform region, we use the EVAD vertical ve-
locities, which represent temporal averages of areal
means over 40-km diameter circles enclosing the ra-
dar. Thus, the EVAD data do not resolve the con-
vective-scale motions within the stratiform region
but rather represent areal-mean vertical motions in
the stratiform region. Stratiform region heating
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Fi1G. 4. Profiles of mean updraft and downdraft vertical velocities
for the convective regions shown in Fig. 3.

rates from (4) and (5) are calculated using these
stratiform region mean vertical velocities and ther-
modynamic conditions. -

The applicability of (4) and (5) was tested by using
output from a two-dimensional, nonhydrostatic cloud

1 41
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FiG. 5. Average stratiform-region vertical motion profiles deter-
mined from the EVAD method for the CP-3 and CP-4 radars and
from the dual-Doppler analysis at 0131 UTC (dotted polygon in Fig.
3a). The CP-3 and (CP-4 profiles are from Fig. 15 of Rutledge et al.
(1988).
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FiG. 6. Skew T-logp sounding depicting the squall line environ-
ment. Full wind barb = 5 m s™!, half barb = 2.5 m s™'.

model simulation of the 10—11 June squall line (Yang
and Houze 1995a). The fields of rain and snow mixing
ratios and vertical velocity at 632 min in the simulation
are shown in Fig. 8. Instantaneous model latent heating
rates at 632 min were averaged over the convective
updrafts and downdrafts (x = 155 to 210 km in Fig. 8)
and over the stratiform region (updrafts and downdrafts
combined, x = 60 to 154 km in Fig. 8). Area-mean
latent heating rates involving water vapor (associated
with ¢, ¢, D, and 3) are indicated by the solid lines in
Figs. 9a and 9c, while the total latent heating rates (as-
sociated with ¢, e, D, 3, f, and m) are indicated by solid
lines in Figs. 9b and 9d. In Figs. 9a and 9c, the dotted
lines indicate the vertical advection term on the right
side of (4), while in Figs. 9b and 9d, the dotted lines
indicate the vertical advection term in (5).

For the convective region, the profiles in Fig. 9 sug-
gest that the right-hand side of (4) provides a better
estimate of the average latent heating rate than the
right-hand side of (5). It yields both the correct mag-
nitude of the area-mean heating rate and provides a
better estimate of the level of maximum heating. In the
stratiform region, the cloud model data suggests that
the vertical advection of water vapor (4) only roughly
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FiG. 7. (a) Temperature and (b) water vapor mixing ratio perturbations (from the environmental thermodynamic profiles, Fig. 6)
for convective updrafts and downdrafts and the early and mature stage stratiform precipitation regions.

represents the profile of latent heating. On the other
hand, the total latent heating is well approximated by
the vertical advection of dry static energy in (5). The
poor performance of (4) in the stratiform region results
from the neglect of horizontal advection of water vapor
and eddy moisture fluxes, which are significant in this
region.

Very similar results regarding the validity of (4) and
(5) were obtained when the same calculations were
made at other times between 632 and 660 minutes of
the simulation. We therefore use (4) to diagnose con-
vective-region heating rates and (5) to diagnose strat-
iform-region heating rates. The condensation and evap-
oration terms in the water budget (C.,, E., Cy, and
E;) are determined by vertically integrating the con-
densation and evaporation rates calculated from (4) in
the convective region and (§) (after subtracting the
freezing, melting, and radiative heating rates) in the
stratiform region.

b. Melting and freezing rates

Braun and Houze (1995b) showed that the cooling
by melting was significant in both the convective and
stratiform precipitation regions of the 10-11 June
storm. Therefore, it is necessary to include estimates of
the cooling rates for both regions in the heat budget.
For the stratiform region, the cooling by melting can
be estimated from radar reflectivity profiles (Leary and
Houze 1979). However, to extend the calculations to
the convective region, a numerical model is needed to
retrieve the cooling rates. Freezing rates for the con-
vective region are also needed. Chong and Hauser

(1990) and Braun and Houze (1995b) have applied
thermodynamic and microphysical retrieval models to
determine heating rates from dual-Doppler-radar data.
These methods find the optimal balance between the
observed kinematic fields and retrieved microphysical
variables and represent a direct means of obtaining
heating rates from radar observations. In this study, we
obtain the melting and freezing rates through a retrieval
of vertical profiles of the microphysical variables and
microphysical processes from vertical profiles of ver-
tical velocity (Braun and Houze 1995a). The equations
governing the conservation of each water substance are
area-averaged and expressed in terms of the area-mean
vertical velocity and water mixing ratio. Parameteriza-
tion of microphysical processes (similar to Lin et al.
1983) allows for the determination of the mixing ratio
variables given profiles of area-mean vertical velocity,
temperature, and pressure. Solution of the equations
requires the assumption of stationarity of the area-
mean cloud and precipitation mixing ratios but not a
steady state at every grid point. The convective region
satisfied this requirement approximately for the times
considered here. The stratiform precipitation region
satisfied the stationarity assumption during the mature
stage (0330-0530 UTC) but, as will be shown in the
water budget analysis, this assumption was not valid
during the early stages of the squall line (0030-0230
UTC), during which time the area-mean mixing ratios
in the stratiform region were increasing.

For the convective region, we apply the one-dimen-
sional model to the three vertical profiles of mean ver-
tical velocity based on dual-Doppler-radar wind fields.
Thermodynamic profiles (temperature and pressure)
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FiG. 8. Cross sections of (a) rain and snow mixing ratios and (b)
vertical velocity at 632 min in the two-dimensional simulation of
Yang and Houze (1995a). Contours for rain are drawn at 0.1, 0.5, 1,
2, 3, and 4 g kg™' and for snow at 0.5, 1, 2, 4, 6, and 8 g kg™'.

Contours for vertical velocity are drawn at =0.5, 2, 5, and 10 ms™.

Vertical lines mark the convective region (CR) and stratiform region
(SR).

are obtained from a convective-region average of the
retrieved thermodynamic fields of Braun and Houze
(1994). For the stratiform region, melting rates could
not be obtained for the early stage because of the lack
of stationarity of the area-mean mixing ratios (see sec-
tion 6a). For the mature stage, the CP-4 mean vertical
velocity profile is used to estimate the melting rates.
Thermodynamic data correspond to the dashed lines in
Fig. 7.

¢. Radiative heating rates

Longwave heating and cooling rates are estimated
by applying the two-stream plane-parallel multiband
radiative transfer model of Stackhouse and Stephens
(1991) and Wong et al. (1993) to the retrieved micro-
physical fields. Solar heating rates are negligible since
the solar zenith angle exceeded 80° for the earliest
times considered here. Cloud and precipitation particle
optical properties (attenuation coefficient, single-scat-
tering albedo, and asymmetry factor) are estimated
from Mie theory by assuming equivalent diameter
spheres and using the particle size distributions speci-
fied in the microphysical retrieval. Table 3 summarizes
these size distributions.
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The radiative transfer model is applied to vertical
profiles of the mixing ratios of the microphysical vari-
ables (cloud water and ice, rain, and precipitation ice)
obtained from the one-dimensional retrieval model
(and used to estimate the melting and freezing rates).
For the convective and stratiform regions, hydrometeor
profiles are derived from mean vertical motions in the
respective areas, as noted in section 4b. Since accurate
vertical motions in the anvil region are unavailable, the
vertical profile of cloud ice in the stratiform region at
the mature stage is used to describe the microphysical
characteristics of the anvil. Precipitation-sized particles
in the anvil are neglected.

The plane-parallel assumption for the radiative trans-
fer model allows us to estimate the area-mean bulk ra-
diative heating rates from vertical profiles of the hy-
drometeor fields. Under the plane-parallel assumption,
resolved horizontal inhomogeneities do not impact the
radiative fluxes within a given vertical column. Hence,
the radiative heating rates depend only on the micro-
physical characteristics of the column. In stratiform
precipitation, where the microphysical properties tend
to be relatively uniform, the heating rates determined
from area-mean profiles of the microphysical variables
(from the one-dimensional model) should be nearly
equivalent to the area-mean heating rates estimated by
averaging heating rates determined in each vertical col-
umn within the region from two- or three-dimensional
data.

In the convective region, where large variations in
the microphysical fields exist, it is not clear that area-
mean heating rates can be determined from area-mean
vertical profiles of the microphysical fields. However,
as will be shown in section 6, the radiative heating rates
in the convective region are generally negligible com-
pared to the latent heating rates, so the effects of ne-
glecting spatial variability in the convective region are
not important to our conclusions.

Tests of the sensitivity of the radiative transfer model
to the microphysical profiles were performed for the
stratiform region (Fig. 10). The vertical velocity pro-
file and sounding used in the stratiform-region retrieval
are in Figs. 5 (dotted line) and 7 (dashed lines). The
calculated radiative heating rates are most sensitive to
the cloud ice profile. One source of uncertainty in the
radiative heating rates is in the one-dimensional re-
trieval model. Because the upper boundary condition
for cloud ice 1s specified (usually assumed to be zero),
the cloud ice profile is truncated at upper levels. The
sudden truncation of the cloud ice mixing ratios in the
upper troposphere has a significant impact on the re-
sultant cloud-top cooling rates. Figure 1la shows ra-
diative heating rates for three cases. In the first case
(control case, solid line), the cloud ice profile is from
the retrieval model without modification. In the second
and third cases (Test 1 and Test 2), the cloud ice profile
is linearly interpolated to one and two grid levels, re-
spectively, above the uppermost level with nonzero
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Fic. 9. Profiles of average latent heating rates and estimated heating rates from area-averaged vertical velocity and thermo-
dynamic data for convective updrafts and downdrafts in (a) and (b) and for the stratiform region (updrafts and downdrafts
combined) in (c) and (d) from the simulation of Yang and Houze (1995a). Solid lines indicate profiles of heating associated
with ¢, e, b, and 3 in (a) and (c) and ¢, ¢, D, 3, |, and m in (b) and (d). Dotted lines indicate heating rates calculated according -

to (4) in (a) and (c) and (5) in (b) and (d).

cloud ice mixing ratio. These cases represent a more
gradual decrease in cloud ice. Figure 11a indicates that
as the cloud ice profile decreases more gradually, the
radiative cooling spreads out through a deeper layer
and is weaker than in the control case. Since a more
gradual decrease in cloud ice is probably more realistic,
we perform the radiative calculations as in Test 2—

TABLE 3. Size distributions and mean diameters assumed for the
calculation of optical properties used in the radiative transfer model.

Mean diameter

Distribution (mm)
Cloud water Monodisperse 0.02
Cloud ice Monodisperse 0.10
Rain Exponential 0.54
Precipitation ice Exponential 1.00

cloud ice mixing ratios linearly interpolated to two grid
levels above the uppermost level with nonzero cloud
ice from the retrieval model.

The radiative heating rates are also sensitive to the
assumed size of the cloud ice particles. Figure 11b
shows the radiative heating rates produced by the ra-
diative transfer model for cloud ice particles with radii
ranging from 50 to 200 um. The profile corresponding
to 50 pm is the same as Test 2 in Fig. 11a. The cloud-
top cooling rates become stronger as the size of the
particles decreases. To avoid underestimating the cool-
ing rates, we assume a cloud ice radius of 50 pm.

d. Eddy sensible heat fluxes

The convergences of the eddy sensible heat flux [last
term on the right of (3)] were calculated using the
mean vertical velocity profiles in Figs. 4-5 and the
temperature perturbation profiles in Fig. 7a.
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FiG. 10. Vertical profiles of area-averaged mixing ratios for rain,
precipitating ice, cloud water, and cloud ice determined from the one-
dimensional retrieval method of Braun and Houze (1995a) for the
stratiform region. Input for the retrieval were obtained from the CP-
4 vertical velocity profile in Fig. 5 (dotted line) and the mature-stage
stratiform-region thermodynamic profiles in Fig. 7 (dashed lines).

5. Water budget

For the early stage, R. and R, are determined from
the PAM/SAM station raingauge data (Table 2), and
Cua, Eu, Cy, and E are determined from the mean
vertical velocity profiles. To solve for the other vari-
ables, we assume that C,; is a small percentage of C,,,
as in Leary and Houze (1980). We let C,; = 0.025C,,.
Furthermore, we assume that the total water content of
the convective region is steady so that the storage term
S. is zero. Then C, can be determined from (1). In the
stratiform region, C, is now known, so we can solve
for the quantity (C,. + S;) from (2).

Table 4 shows the values of the water budget param-
eters for the early stage. During this period 85% of the
total rainfall was convective, 22% of the condensate
produced in the convective updrafts was evaporated in
downdrafts, 35% fell out as convective rainfall, and
41% was advected into the stratiform region. The total
source of condensate in the stratiform region (C, + C,)
was dominated by the transport of condensate from the
convective region (87%), in general agreement with
the model results of Tao et al. (1993) and in very good
agreement with the kinematic and dynamic modeling
study of Gallus (1994 ). Nearly one-half (43%) of the
total input into the stratiform region was evaporated in
the mesoscale downdraft, 17% fell out as stratiform
rainfall, while 43% was transported into the rear anvil
or was stored within the stratiform region. The large
value of (C,. + S,) is consistent with the observations
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that the total water content (radar reflectivity) of the
stratiform region and the size of the anvil were increas-
ing during this period. Consequently, the one-dimen-
sional microphysical retrieval calculations cannot be
performed for this period in the stratiform region.

During the mature stage, the rear anvil was no longer
expanding and the water content of the stratiform re-
gion (as inferred from the radar reflectivities) was ap-
proximately stationary. Therefore, we assume that S,
= 0 and that C,, is relatively small. Here we assume
that C,, is 5% of the total source of condensate in the
stratiform region (C, + Cy,). Note that our assumption
that C,, is small produces a conservative estimate of
C,. If C, is greater than that assumed (more transport
into the rear anvil), then C, must be greater in order to
balance the budget. The terms C,, and Ey are deter-
mined from an area-weighted average of the CP-3 and
CP-4 water budgets, with CP-3 and CP-4 contributing
20% and 80%, respectively, to the total stratiform re-
gion budget. Term C, can then be determined from (2).
To test the sensitivity of the results to this partitioning
of the stratiform region, water budgets were also esti-
mated by assuming that CP-4 represented 60% and
100% of the stratiform precipitation area. The differ-
ences from the original calculations averaged 6% for
Ce, 5% for C,, and 1% for E.

For the convective region during the mature stage,
we assume that C,; ~ 0, since the forward anvil was
also no longer expanding, and that S, is also zero. Dur-
ing this period, information on the convective region
vertical motions is unavailable. Hence, C,, and E_; are
unknown. However, the net condensation (C., — E4)
can be determined from (1) since R, and C, are known.
If we assume that the vertical profiles of heating in the
convective region are similar to the early stages, but
that the magnitudes of the heating rates have changed
by a constant factor ¢, then C,, and E. can be esti-
mated. Let (C., — E.q)1 = R. + C, be the net conden-
sation determined from the mature-stage convective
rainfall and the stratiform region water budget param-
eters and (C,, — E.q), be the net condensation deter-
mined from the early-stage convective-region mean
vertical velocities. Then ¢ = (R, + C,)/(C.y — Ey),
and (Ccu)l = 90( Ccu)2 and (Ecd)l = (p(Ecd)2~ The factor
@ is used to scale the mature-stage convective-heating
profiles in section 6b and has a value of 0.87.

The water budget parameters for the mature stage
are also shown in Table 4. During this period, the strat-
iform rainfall accounted for 30% of the total rainfall.
The condensate produced in the mesoscale updraft had
increased and the flux from the convective region had
decreased such that the horizontal transport of conden-
sate from the convective region accounted for 65% of
the total source of condensate. This value is in good
agreement with Gallus’s (1994 ) results for the inter-
mediate period of his simulation, but exceeds the ma-
ture stage values of ~38% found in the cloud modeling
study of Tao et al. (1993 ) and ~46% in the rawinsonde
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FiG. 11. Longwave cloud-top cooling rates (K d™!) for the stratiform region. (a) The solid line indicates the cooling rates for the unmodified
cloud ice profile (Fig. 10). Tests 1 and 2 are cooling rates for cases in which the cloud ice profile is extended vertically one and two grid
points, respectively, as described in the text. (b) Cooling rates (K d™") for assumed cloud ice particle radii ranging from 50 to 200 pm.

composite study of GJ. The discrepancy in the contri-
bution of C, to the total stratiform condensate source
between the GJ result and the radar-derived value may
be caused by several factors. First, GJ estimated C, by
using a relationship between radar reflectivity and pre-
cipitation ice mass and assuming a mean radar reflec-
tivity of 25 dBZ based on radar reflectivities at the rear
of the convective region at 0400 UTC. Errors in pre-
cipitation ice content estimated by this manner could
readily account for the difference. Second, we assumed
that the CP-3 and CP-4 vertical motion profiles, ob-
tained in the northern portion of the stratiform region,
were representative of the entire stratiform precipita-

TABLE 4. Water budget parameters for the 10—11 June storm for
the early and mature stages expressed as a percentage of the total
rainfall for the respective stage. Values have been rounded to the
nearest 5%. The letter T denotes the 16-h average values from a
simulation of the 10—-11 June squall line by Tao et al. (1993). The
GJ values are from Gallus and Johnson’s (1991) rawinsonde
composite for 0600 UTC 11 June.

Convective R¢ Ceo Eq Cys C,
Early 0.85 2.45 0.55 0.05 1.00
Mature 0.70 1.60 0.35 0. 0.55
T 16-h average 0.81 1.03 (net) —_ 0. 0.21
Stratiform Rg Cq Ey Cy + S C,
Early 0.15 0.15 0.50 0.50 1.00
Mature 0.30 0.30 0.50 0.05 0.55
GJ 0600 UTC 030 030 0.15 0.11 0.26
T 16-h average  0.19 0.32 0.20 0.06 0.21

tion region. If the mesoscale descent was, for example,
weaker in the southern portion of the squall line, then
our estimate of Ey and, consequently, C, would be too
large. Third, the water budget in GJ corresponded to a
slightly later period (0430-0730 UTC) than in our
analysis. The rapid weakening of the convective line
after 0600 UTC (Fig. 2) may have contributed to the
lower value of C, in their budget. Finally, although it
was much less a problem at 0600 than at 0300 UTC,
aliasing of convective motions into the stratiform re-
gion may also have contributed somewhat to the dif-
ference by causing an overestimate of C,. Of the total
input of condensate in the stratiform region calculated
in this study, 59% was evaporated in the mesoscale
downdraft and 35% fell as precipitation.

6. Heat budget
a. Early stage (0030-0230 UTC)

The convective heating and cooling rates [right side
of (3)] were estimated by the methods described in
section 4. Equation (4) was used with the mean vertical
motions (Fig. 4) for each of the three convective region
dual-Doppler volumes and the mean convective updraft
and downdraft soundings (Fig. 7). These three sets of
heating rates were then averaged to obtain the heating
profiles shown in Fig. 12. Heating from condensation
in the convective updrafts peaked near 5.4 km (~500
mb). Cooling by evaporation in the convective down-
drafts was maximized near 1 km and decreased with
increasing height. Strong cooling from melting oc-
curred near 4.4 km and exceeded the cooling by evap-
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Fic. 12. Profiles of the area-weighted convective heating rates
[e.g., o )] for each term on the right side of (3) during the early
stage of the squall line.

oration at that level by more than 50%. The heating by
freezing was small compared to condensation but was
not negligible. The vertical eddy transport of heat pro-
duced cooling between 2 and 6.4 km and warming
above 6.4 km. The cooling at cloud top associated with
radiative processes was negligible.

The total convective heating profile (solid line in
Fig. 12) shows maximum heating near 7.4 km. The
combined effects of melting, evaporation, and conver-
gence of the eddy heat flux produced a significant ver-
tical gradient in heating, particularly in the 4-5-km
layer. The sharp vertical gradient in heating at midlev-
els, and its near absence at low levels, implies that the
maximum area-averaged convergence occurred at mid-
levels rather than near the surface. This result is con-
sistent with vertical profiles of divergence within ma-

ture convective regions of MCSs in the Tropics (Mapes

and Houze 1993, 1995) and in Florida (Yuter and
Houze 1995).

Retrieval of microphysical profiles from the CP-3
vertical motion profile and the early-stage stratiform-
region thermodynamic data (Fig. 7, dot-dashed lines)
could not be performed for early stages because of the
lack of stationarity of the mean precipitation mixing
ratios during this period (see the water budget discus-
sion in section 5); hence, freezing, melting, and radi-
ative heating rates are not available. However, the con-
sistency between the 0131 UTC dual-Doppler-derived
mean vertical motion and the CP-3 average vertical
motion (averaged over ~0254-0419 UTC) suggests
that the mean vertical velocity varied more slowly than
the mean microphysical profiles. We assume, therefore,
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that the stratiform region vertical motions, and thus the
heating, were relatively stationary during this period.
We calculate the mean stratiform-region heating using
the CP-3 vertical motion profile (Fig. 5), the early-
stage stratiform region thermodynamic data, and (5).
Profiles of the total latent heating and the heating by
the eddy heat flux convergence in the stratiform pre-
cipitation region for the early stages of the squall line
are shown in Fig. 13. The significant kink in the cooling
rate profile near 4 km is partially a consequence of
estimating the heating based on independent measure-
ments of the thermodynamic (from one sounding) and
kinematic (from radar) fields. It may also be caused by
the relatively unsteady nature of the stratiform region
during this period. However, for our purposes, the total
heating profile probably represents a reasonable esti-
mate of the heating profile in the stratiform region at
this early stage. The stratiform region was character-
ized by cooling within a deep layer from the surface to
near 6 km (400 mb), with relatively weak heating in
the mesoscale updraft above 6 km.

Only radiative processes were considered within the
anvil. The profile of cloud ice mixing ratio (see Fig.
10) determined from the CP-4 mean vertical motions
and the rear anvil thermodynamic data were used to
estimate the longwave heating and cooling within the
anvil cloud. These heating rates are indicated in Fig.
14. Longwave cooling of about —17 K d™" occurred
near cloud top, comparable in magnitude to the long-
wave cooling rates within the convective (not shown)
and stratiform (Fig. 11) precipitation regions. Warm-
ing occurred within the lower half of the ice cloud
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FiG. 13. Profiles of the area-weighted stratiform (CP-3) latent heat-
ing rates from (5), the convergence of the eddy sensible heat fiux,
and the total heating during the early stage of the squall line.
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FIG. 14. Radiative heating rates for the anvil region based on the
retrieved cloud ice profile in Fig. 10 and the rear anvil thermody-
namic profiles.
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layer. The differential heating of the anvil cloud implies
that the layer was being destabilized by radiative pro-
cesses, which contributed to the maintenance of the
cloud (Lilly 1988).

Figure 15 shows the total heating within the large-
scale area during the early stage of the squall line. The
area-weighted average heating rates in the convective,
stratiform, and anvil regions are also shown (i.e.,
0.01c, 0,0y, and 0,01,). Below 4.4 km ( ~600 mb),
the heating within the convective region was nearly
canceled by evaporative cooling within the stratiform
region (as suggested by Houze 1982). As a result, the
net heating was confined largely to an 8 kin (~400 mb)
deep layer between 4.4 and 12.4 km (600 and 200 mb),
with peak heating near the 7.4-km (400 mb) level. The
heating at upper levels was dominated by the convec-
tion since the mesoscale updraft was relatively weak
during this period. Because of the extensive anvil,
strong radiative cooling was seen near cloud top.
Therefore, while radiative processes were of minor im-
portance within the precipitation regions compared to
latent heat release, radiative processes in the extensive
nonprecipitating anvil region were significant and dom-
inated the total heating within a shallow layer (~1.5
km deep) near cloud top.

b. Mature stage (0330-0530 UTC)

Heating rates for the secondary band portion of the
stratiform region (i.e., for the CP-4 vertical velocity
profile) during the mature stage are shown in Fig. 16.
Compared to the early stage (Fig. 13), heating by con-
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FiG. 15. Total heating of the large-scale area A for the early stage
(solid line). Also shown are the area-weighted average heating rates
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regions.

densation and deposition during the mature stage was
stronger and occurred through a deeper layer than dur-
ing the early stages. The minimum in heating near 12.5
km is an artifact of the retrieved temperatures from
Braun and Houze (1994). At this level, the retrieved
temperature profile became nearly adiabatic. As a re-
sult, the heating rates estimated from (5) were near
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Fi1G. 16. Same as in Fig. 12 but for the secondary band portion
of the stratiform region at the mature stage.
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zero despite the presence of upward motion. Cooling
by evaporation occurred within a shallower layer but
was greater in magnitude, and the evaporation profile
varied smoothly with height. This result is likely due
to the relatively steady nature of the stratiform region
during this period. Weak radiative cooling was offset
by the heating from condensation and vertical eddy
transports, which were much stronger during this stage
than at the earlier times. In particular, the heating from
eddy heat transports was maximized near the melting
level and canceled the cooling by melting. The large
increase in magnitude of the convergence of the eddy
heat flux near the melting level resulted primarily from
the substantial increase in the vertical gradient of tem-
perature across the melting level (dashed line in Fig.
7a). The weaker peak in the convergence of the eddy
heat flux near 12.5 km is produced by the large tem-
perature gradient in the near-adiabatic layer described
above.

The total heating rates for the mature stage and the
area-weighted averages in the convective, stratiform,
and anvil regions are shown in Fig. 17. The stratiform
region profile in Fig. 17 is an area-weighted average of
the CP-3 and CP-4 heating rate profiles. The heating
rates in Fig. 16 (CP-4) are representative of about 80%
of the stratiform area, while those in Fig. 13 (CP-3)
are representative of 20% of the area. Assuming that
the CP-4 profile represented 60% and 100% of the
stratiform precipitation region produced maximum dif-
ferences in heating rates of 0.2 K h™! between 4-5.5
km and smaller differences at other levels. The con-
vective region heating rates are similar to those in the
early stage (Fig. 15) but have been weighted by a factor
of 0.87 because of the water budget constraints de-
scribed in the previous section. The anvil heating rates
during the mature stage are slightly greater than those
during the early stage because of the somewhat larger
area of the anvil during the mature stage.

The heating rates for the mature stage of the squall
line (Fig. 17) show distinct differences from those dur-
ing the early stages (Fig. 15). In the mature stage, the
total heating profile shows significant net cooling at
low levels, as the cooling by evaporation in the strati-
form region exceeded the low-level heating within con-
vective updrafts. Above 500 mb, although the convec-
tive heating was assumed to be somewhat smaller than
during the early stages (by a factor of 0.87), the total
heating was somewhat greater because of the larger
contribution of the stratiform region, which accounted
for almost one-third of the total heating during the ma-
ture stage.

The heating rates estimated from radar data can be
compared to the rates determined by GJ from lower-
resolution composites of rawinsonde data. This com-
parison is complicated by the differences in time be-
tween their analyses (0300 and 0600 UTC) and our
own (0030-0230 and 0330-0530 UTC). To minimize
these differences, we compare radar-derived heating
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F1G. 17. Same as in Fig. 15 but for the mature stage.

rates averaged over 0030~0530 UTC to the 0300 UTC
heating profiles of GJ (Fig. 18). Comparison to GI’s
0300 UTC profiles, rather than 0600 UTC, is necessi-
tated by the lack of radar observations in the convective
region beyond the early stage of the squall line. The GJ
heating profile includes only the convective and strat-
iform precipitation regions (i.e., g, + g, = 1). Con-
sequently, in Fig. 18, the radar-derived heating rates
also include only the precipitation regions (i.e., the an-
vil region has been removed), and the lower axis has
been scaled appropriately. The total heating rates esti-
mated by the two very different methods are in agree-
ment. However, between 1.5 and 4.5 km, the radar-
derived total heating rates show weaker heating or
stronger cooling than the GJ profile. As will be dis-
cussed in more detail below, this result has three po-
tential causes: 1) the mesoscale downdraft cooling may
be underestimated in GJ, 2) the mesoscale downdraft
cooling may be overestimated in our results, and 3)
low-level convective heating located ahead of the main
precipitation region may have been unobserved by the
radar.

Figures 18b and 18c show comparisons of the con-
vective and stratiform components of the heating rates.
Although the total heating profiles agree at upper lev-
els, there is significant disagreement between the two
estimates of the heating in the convective and stratiform
regions. In the convective region, the heating at upper
levels in GJ is much weaker (by about a factor of 2.5)
than the radar-derived heating rates. In contrast, the
stratiform heating rates of GJ are nearly a factor of 2.5
greater than our results. GJ suggested that the strong
stratiform region heating rates were likely caused by
aliasing of convective vertical motions into the strati-
form region because the distance separating these



1 May 1996 BRAUN AND HOUZE 1233
{e) Totel heating] {b) Convective bl {c) Stratiform hel
14 ) ., BH 14 J 1% J e BH
; [ "’ ------ Gt
12 . 12 ) 12 °
“ -, ‘\~
10 10 _10 sl
£ £ g )
£ 8 £ 8 £ 8 <
k=4 E=J 5 ~
£ £ E -
4 4 4
2 é 2 2
T 7
0 0 0
5 0 5 10 5 ] 5 10 5 0 5 10
K/h K/ K
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heating rates averaged over the early (0030-0230 UTC) and mature (0300-0530 UTC) stages, with the corresponding heating rates

from 0300 UTC from Gallus and Johnson (1991, labeled GJ91).

regions was small compared to the resolution of their
analysis at this time. Also, the stratiform region was
located close to the edge of the data network. The radar-
derived heating rates quantify the errors associated with
aliasing during the early to mature stage of the system
since the radar data provide a better separation of the
convective and stratiform heating. The larger separa-
tion of the convective and stratiform precipitation
regions at 0600 UTC reduced the errors associated with
aliasing (Figs. 9 and 10 of GJ), as manifested by a
reduction (increase) of the stratiform ( convective) re-
gion heating rates in GJ’s 0600 UTC profiles. Thus,
differences at mid to upper levels near 0300 UTC be-
tween the radar-derived heating rates and those of GJ
are caused primarily by the limited horizontal resolu-
tion of the composited sounding data but would likely
be reduced at later times.

The GJ stratiform profiles show only very weak
stratiform cooling and convective heating at low levels,
whereas the radar-derived rates are substantially
stronger. The GJ cooling rates in the stratiform region
and heating rates in the convective region were prob-
ably underestimated because of the coarse horizontal
resolution of the sounding data. The canceling effects
of the convective upward motions (aliased into the
stratiform region) and the stratiform region mesoscale
downward motions probably led to weaker diagnosed
convective heating and weaker mesoscale cooling in
their results.

It also appears that the radar-estimated cooling rates
were overestimated. In our calculations, we assumed
that the EVAD vertical motion profiles of Rutledge et
al. (1988) were representative of the entire stratiform
precipitation region. However, the large-scale compos-
ite of dual-Doppler and rawinsonde velocity data of
Biggerstaff and Houze (1991a) and mesoscale model
results of Zhang et al. (1989, their Fig. 19) suggest that
the mesoscale descent in the southern portion of the

squall line was weaker than that in the northern portion
of the stratiform region.

The stronger low-level cooling seen in the total heat-
ing rates obtained from the radar data compared to GJ’s
profile may also be caused by our assumption regarding
the shape of the mature-stage convective region heating
profile and possibly by an undersampling of low-level
convective updrafts located at the forward edge or
ahead of the convective line. Low-level convective up-
drafts at their early stages may not contain sufficiently
large hydrometeors to be detected by radar, and as a
result these updrafts may not be included in the vertical
motion profiles used to estimate the convective heating.

7. Potential vorticity budget

Since gradients of heating represent a major local
source of potential vorticity '® (PV), the effect of the
squall line on the mesoscale to synoptic scale is prob-
ably most clearly defined in terms of the potential vor-
ticity anomalies produced by the heating. HS91 ex-
amined the effects on PV of heating associated with a
squall line by using distributions of heating that varied
sinusoidally in the vertical. In this section, we use the
convective and stratiform region vertical profiles of
heating from the heat budget of the 1011 June squall
line to examine the effects of heating on the large scale
from a PV standpoint. The heat budget results are used
to define both the vertical distribution and the magni-
tude of the heating.

10 As Haynes and Mclntyre (1987) point out, PV is not created by
the diabatic heating gradients but is diluted or concentrated by the
diabatically induced influx of mass into an isentropic layer across its
top and bottom.
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The isentropic potential vorticity (P in equations, PV
in the text) equation can be written as (Holton 1992,
p.- 112; Mapes and Houze 1993)

— ) — 5 k-

660(00) 0 k-Vy XM, (6)
where D/Dt = 8/0t + V -V,, V and V, are the hori-
zontal velocity and gradient operator in isentropic co-
ordinates, P = {,/0, 0 = —g~'0p/06, 6 is potential
temperature, 6 is the heating rate expressed as the time
rate of change of 6, and {, is the absolute vertical vor-
ticity, o + f, where {, is the relative vorticity in isen-
tropic coordinates and fis the Coriolis parameter. The
vector M = #3V/90 — F is the apparent momentum
source arising from vertical momentum transports and
the forcing from subgrid-scale processes F. The second
term on the right of (6) combines the effects of vertical
advection, vortex tilting, and subgrid-scale forcing. Ex-
pressed in this form, it produces PV anomaly couplets
of opposite sign on either side of the vector M. In other
words, it represents a nonadvective horizontal flux of
PV on an isentropic surface with the PV moving to the
right of M (Haynes and Mclntyre 1987), which is di-
rected parallel to the shear vector and opposite F. Equa-
tion (6) is similar in form to the vorticity equation that
Mapes and Houze (1992, 1993) used to investigate the
effects of heating and vertical momentum transports on
the large-scale vorticity field in the Tropics.

In this study, we focus on the modifications of the
PV resulting from heating. The effects of subgrid-scale
processes (F) are not examined. To determine the ef-
fects of heating on the PV, a heating function is spec-
ified as a combination of a leading convective heat
source followed by a stratiform region heat source. The
distribution of heating is represented by

Q.d}*
[(x — ct)* + d.1%?
32
+ Q,d;
[(x + h— ct)? + d,]*?

f(x,0,1) =

F.(0)T(2)

F(0)T(1), (7)

where subscript ¢ (s) indicates the convective (strati-
form) heating component, x and & are the horizontal
and vertical coordinates, respectively, ¢ is time, ¢ is the
speed of the squall line, Q is the magnitude of the heat-
ing function, d controls the horizontal scale of the heat-
ing function, and # shifts the stratiform heat source hor-
izontally relative to the convective heat source.

Terms F, and F; specify the normalized vertical dis-
tributions of the heating in the convective and strati-
form regions, respectively, and vary from approxi-
mately —1 to 1 (Figs. 19a,b). We examine two cases
in this section. For the first case, designated Case HS,
F. and F, are sine functions as in HS91. This calcula-
tion shows that the model approximately reproduces
the isentropic vorticity structure obtained in their cal-
culations. For Case HS, the other parameters in the
heating function (7) are Q. = 6 Kh™!, d, = 1000 km?,
O, =3 Kh™!, d, = 3000 km?, and A = 70 km. These
values produce a heating-distribution (Fig. 20a) very
similar to that of HS91 (see their Fig. 4). For the sec-
ond case, designated Case BH, we base F, and F, on
the convective and stratiform region heating profiles
(eddy sensible heat flux convergence terms excluded)
shown in Fig. 17. These heating profiles were normal-
ized by dividing the heating rate at each level by the
maximum value in the convective region and by the
absolute value of the minimum value in the stratiform
region (where the low-level cooling was stronger than
the upper-level heating). The normalized heating pro-
files were then smoothed. For Case BH, Q. = 50K h !,
d, = 80 km?, Q, =7 Kh™', d, = 2000 km?, and A
= 70 km. These magnitudes of Q. and Q; forced the
area-averaged heating rates to match closely the mag-
nitudes from the heat budget. The storm motion c in
both cases was set to the observed value of 14 m s™!
(Rutledge et al. 1988; Biggerstaff and Houze 1991a).

The function T'(t) specifies the time variation of the
heating. For Case HS, T'(z) is set to unity. For Case
BH, it is assumed to have the form T(t) = 1 — exp(—¢/
t0), where t, is the approximate timescale for the heat-



1 MAy 1996 BRAUN
S C
(a) Diabatic Heating rate
o
<
(424
3
o &
(3]
(o
(o]
(]
-200 0 200 400
X (km)
S C

340
j
;;/“

L
!
Iy
/i
o

Lo
[=] |:
I

22510
S S % N
® § ____________ —10\’ ,’I‘ 0 \5_~ 10
"""""""" -5-7 \,_/J
"
g
-200 0 200 400
X (km)

AND HOUZE

1235

8 (K)
320

300

340

0 (K)
320

300

400

FiG. 20. (a) Heating function at 6 hours for Case HS. Contours drawn at 1 K h™! intervals. (b) Across-line storm-relative wind component
from (9), with contours drawn at 5 m s~ intervals. (c) Along-line wind component contoured at 5 m s™' intervals. (d) Potential vorticity
contoured at 0.1 PVU intervals. Solid (dashed) contours indicate positive (negative) values. Bold lines indicate the 0 m s™' contour in (c)
and the 0 and 0.5 PVU contours in (d). Vertical lines indicate the approximate boundaries of the convective (C) and stratiform (S) heating

regions.

ing to reach maturity. This time-dependent function is
used to simulate the initial development of the convec-
tive line and the subsequent development of the strat-
iform region by gradually increasing the magnitudes of
the heating rates. It does not simulate the evolution of
the vertical variation of heating. The value of ¢, is set
to 1 hour for the convective heat source and 3 hours
for the stratiform heat source.

We restrict our computations to two dimensions (x
— 0). The x- (across-line) component of the wind, u,
which is needed to compute the horizontal advection,
is obtained by assuming that horizontal and temporal
variations in o are small enough that the two-dimen-
sional mass continuity equation in isentropic coordi-
nates can be approximated as

Bu 1 8(aef)

a - To 89 ’ (8)

where o is a reference-state static stability, which is a
function of potential temperature (height) only. The
assumption that the horizontal and temporal variations
in o are small implies that the PV anomalies are dom-
inated by perturbations in vorticity rather than stability.
Davis and Weisman (1994) provide evidence that con-
vectively generated PV anomalies are dominated by
vorticity in mature convective systems. To simplify the

calculations further, we assume o, to be constant in the
troposphere.'' Consequently, (6) reduces to the vortic-
ity equation in isentropic coordinates. For the heating
function in (7), the mass continuity equation (8) im-
plies that

u(x, 6,1) = uy(0,t)

x—ct O(ooF.)

-1 32
+ 05 Q.d: dl(x—c)’ + 4.1 o8

x+ h—ct
dl(x + h — ct)? + d,]'"?

6(C"()F's)
a0
(9)

where i, is taken to be a mean geostrophic background
wind component that depends only on 8 and ¢. For Case
HS, u, is set to zero to match the initial wind field of
HS91. For Case BH, a time invariant u, is specified
based on the across-line component of velocity taken
from a sounding in the prestorm environment of the

+ 05'Q,dY?

! Calculations performed with o, computed assuming a standard
atmosphere (lapse rate = —6.5 K km™, surface temperature and pres-
sure of 288 K and 1013 mb) showed no qualitative differences from
calculations with o, constant.
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10—11 June storm (see Fig. 3b of Yang and Houze
1995a). This velocity profile was interpolated to isen-
tropic coordinates and is shown in Fig. 19c.

The second term on the right of (6) requires the com-
putation of the along-line (y) wind component, v,
which is determined from the along-line component of
the momentum equation

v, duv)  B(Bv) _

o " ox 50

—f(u—up), (10)

where (8) has been used to express the left side of (10)
in flux form and u, is assumed to be geostrophically
balanced with a background along-line pressure gra-
dient. Because of the assumption of constant gy, the
isentropic vorticity, expressed in PV units, is obtained
from (Ov/9x + f)/o,. Although it is not strictly poten-
tial vorticity, we will denote the isentropic vorticity by
PV hereafter.

Equation (10) was integrated on a grid 1000 km in
length and 54 K in height, with horizontal and vertical
grid spacing of 4 km and 1 K, respectively. The heating
(7) was applied to the lower 47 isentropic levels. A
third-order Adams-Bashforth scheme was used for
time differencing. Spatial differencing was calculated
following Haltiner and Williams (1980, p. 178). The
initial along-line wind component was set to zero in

Case HS. In Case BH, in order to specify initial con-

ditions more representative of the 10—11 June squall
line, it was prescribed by a surface wind of —5 m s™!
and a background vertical wind shear of 25 m s~'/47
K. The Coriolis parameter f was set to 8.6 X 107° s~}
(latitude = 36°) and o, to 175 kg m™> K~!, which
yields an initial PV of 0.5 PVU (1 PV Unit = 10°°
m’s™' Kkg™).

Figure 20 shows cross sections of #, u — c, v, and
PV at 6 hours for Case HS. The across-line storm-rel-
ative flow (u — ¢, Fig. 20b) is entirely front to rear and
is characterized by upper-level divergence and mid-
level convergence. The along-line wind component
(Fig. 20c) indicates a midlevel cyclonic circulation and
upper- and lower-level anticyclonic circulations. The
associated PV field (Fig. 20d) is characterized by a
midlevel cyclonic PV anomaly and upper- and lower-
level anticyclonic PV anomalies within and to the rear
of the stratiform precipitation region. This PV pattern
is nearly identical to that in HS91. In the convective
region, however, a low-level cyclonic PV anomaly and
an upper-level anticyclonic PV anomaly ( with negative
PV) are present. These PV features were not produced
in HS91. The difference in PV structure results from
the fact that H891 defined their heat source in geo-
strophic, rather than physical, coordinates. This pro-
cedure is equivalent to neglecting the tilting terms in
the vorticity equation [i.e., terms involving the hori-
zontal vorticity components in the physical-coordinate
version of their PV equation; see (2.7) of Schubert et
al. (1989)]. The along-line wind component (Fig. 20c)
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indicates that the heat source resided in a region of
positive (negative) vertical wind shear at lower (up-
per) levels. The convective-region PV anomalies were
produced by the tilting of this horizontal vorticity.
Figure 21 shows cross sections of the §, u—c, and v
fields at 6 hours for Case BH. Note that the values of
the contours for the heating function and v in Fig. 21
differ from those in Fig. 20 because of the much
stronger heating rates in Case BH. The u — ¢ field (Fig.
21b) is characterized by strong divergent outflow at the
top of the convective region and rear inflow just above
the melting level (~315 K) in the stratiform region.
The rear inflow occurs just above the melting level be-
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FiG. 21. (a) Heating function at 6 hours for Case BH. (b) Across-
line storm-relative wind component. Contours are drawn at 10 m s™*
intervals, with additional contours drawn at =5 m s~. (c) Along-line
wind component contoured at 10 m s~ intervals. Solid (dashed) con-
tours indicate positive (negative) values. Bold lines indicate the O
m s~! contour. Vertical lines indicate the approximate boundaries of
the convective (C) and stratiform (S) heating regions. Approximate
pressure levels corresponding to the isentropic levels are indicated
along the right vertical axis.
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cause of the convergence implied by (8) above the
peak cooling by melting. Interestingly, when the cool-
ing and heating associated with melting and freezing
are neglected in F, and F;, the strength of the rear in-
flow is substantially reduced by approximately 6
ms~'. Yang and Houze (1995b) found a 25% (~2
m s ') reduction of rear-inflow strength when melting
was excluded in their simulation. Such sensitivity to
melting thus emphasizes the importance of ice micro-
physical processes to circulations in MCSs and to the
realistic simulation of MCSs in models. A front to rear
current extends from low to midlevels ahead of the con-
vective region to upper levels within and rearward of
the stratiform region. Strong front to rear flow also oc-
curs at low levels where it exits the stratiform region.
Thus, the prescribed across-line flow qualitatively re-
sembles observed flow characteristics of the 10-11
June storm (Rutledge et al. 1988; Biggerstaff and
Houze 1993). The v field (Fig. 21c) shows strong
southerly (positive values) at midlevels ahead of the
convective region. The southerly flow rises sharply
within the convective region. A strong southerly jet is
located at upper levels to the rear of the stratiform heat-
ing region. Northerly flow is generally located at low
to midlevels within and to the rear of the heating region.

The evolution of the PV field for Case BH is depicted
in Fig. 22. The contour values are greater than in Fig.
20d since the stronger heating yielded much larger PV
anomalies. After 2 hours (Fig. 22a), a deep column of
high-PV air was located within the convective region
with maximum values in excess of 2 PVU near 320 K.
A region of negative PV was located at upper levels
within the stratiform region and the rear portion of the
convective region (i.e., within the transition zone). By
4 hours (Fig. 22b), this negative-PV region drifted
rearward and new regions of negative PV formed in the
upper and forward portion of the convective region,
similar to Case HS (Fig. 20d), and at low levels in the
stratiform region. According to (6), these regions of
negative PV were generated by the apparent momen-
tum source since the first term on the right of (6) cannot
change the sign of the PV. The low- to midlevel cy-
clonic PV in the convective region increased in mag-
nitude to 4 PVU near 320 K. A secondary PV maxi-
mum began to form in the stratiform region between
310 and 320 K. At 6 hours (Fig. 22¢), the PV anom-
alies in the heating regions intensified further. The sec-
ondary PV maximum in the stratiform region was well
defined. The region of negative PV that had originally
formed immediately to the rear of the convective line
(Fig. 22a) extended from the rear of the stratiform re-
gion into the wake region behind the squall line by 6
hours.

Biggerstaff and Houze (1991b) examined the vor-
ticity structure of the 10—11 June squall line. A vertical
cross section, oriented normal to the line, of the vertical
component of absolute vorticity was computed from
their data fields and is shown in Fig. 23. It shows that
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FiG. 22. Potential vorticity for Case BH at (a) 2, (b) 4, and (c) 6
hours. PV contours are drawn at +0.5, 1, 2, 4, and 6 PVU. Positive
(negative) values are indicated by the solid (dashed) lines. The 0 PVU
contour is drawn as the bold solid line. Vertical lines indicate the
approximate boundaries of the convective (C) and stratiform (S) heat-
ing regions. Approximate pressure levels corresponding to the isen-
tropic levels are indicated along the right vertical axis.

a deep column of strong cyclonic vorticity was present
in the observations of the convective region. The strat-
iform and transition zone regions of the squall line were
characterized by negative absolute vorticity (and
hence, negative PV) along some portions of the squall
line at mid to upper levels. Biggerstaff and Houze
(1991b) showed that this negative vorticity was pro-
duced by tilting of horizontal vorticity by the convec-
tive region vertical motions. Figure 23 shows that neg-
ative absolute vorticity was also present at mid to upper
levels immediately ahead of the column of large cy-
clonic vorticity. The PV model (Fig. 22) reproduced
the qualitative features of the observed vorticity distri-
bution in Fig. 23.
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F1G. 23. Contours of absolute vorticity at intervals of 1.0 X 10™
s™!. Positive (negative) values are indicated by the solid (dashed)
lines. The 0 PVU contour is drawn as the thin solid line. Arrows
indicate storm-relative circulation vectors. Vertical lines indicate ap-
proximate boundaries of the convective (C), transition (T), and strat-
iform (S) regions. The data are obtained from the dual-Doppler and
rawinsonde composite analysis of Biggerstaff and Houze (1991a,b).
The cross section is located at ¥ = 60 km in their coordinate system
[see Fig. 6 of Biggerstaff and Houze (1991a)].

Zhang et al. (1989) and Zhang (1992) have also
reproduced sorne of these vorticity features in a meso-
scale model simulation of the squall line. Tollerud and
Esbensen (1983) and Mapes and Houze (1992) have
found regions of negative absolute vorticity at upper
levels associated with tropical mesoscale convective
systems and have suggested that the negative vorticity
resulted from vertical momentum transports by the con-
vective systems. These results, along with those of Big-
gerstaff and Houze (1991b), are consistent with our
results.

The generation of negative potential vorticity by the
squall line can be associated with significant feed-
backs to the larger-scale flow at upper levels. The neg-
ative PV (absolute vorticity) implies the possibility
of symmetric (inertial) instability. Zhang and Cho
(1992) and Seman (1994) have suggested that such
instability would favor intensification of the upper-
level outflow within and to the rear of squall lines.
Strong upper-level jet maxima have been observed
northwestward to northward of mesoscale convective
systems (Ninomiya 1971a,b; Fritsch and Maddox
1981; Keyser and Johnson 1984 ). Keyser and Johnson
(1984) proposed that such jet maxima can result from
anticyclonic inertial turning of the upper-level out-
flow. Braun (1995), in a simulation of the 10—11 June
squall line using the Penn State—NCAR nonhydro-
static mesoscale model (MM5),'? found that the 10—
11 June squall line enhanced the upper-level jet stream
by up to 20 m s~! in the sector located northwest to

12 The initialization procedure follows that described in Zhang et
al. (1989). The model setup is similar to Zhang et al. (1989) except
that it is nonhydrostatic, no correction is applied to the precipitation
fall speeds, and there are 28 vertical levels compared to 19.

JOURNAL OF THE ATMOSPHERIC SCIENCES

VoL. 53, No. 9

northeast of the squall line. The enhancement of the jet
stream occurred in association with the generation by
the squall line of a tongue of negative PV and its sub-
sequent advection downstream by the larger-scale flow.
The jet axis lay along the northwestern and northern
edge of this negative PV tongue. This relationship be-
tween an enhanced upper-level jet and a zone of neg-
ative PV (originating from squall line dynamics) was
reproduced by the PV model (Figs. 21c and 22c). The
region of negative PV at upper levels to the rear of the
stratiform region marked the strong anticyclonic shear
zone on the eastern (positive x) side of the upper-level
jet in the along-line flow.

8. Conclusions

Water and heat budgets have been derived for the
10—11 June 1985 squall line for its early and mature
stages. Data from single and dual Doppler radars and
rawinsonde have been combined with output from ther-
modynamic and microphysical retrieval algorithms
(one- and two-dimensional ) and with a radiative trans-
fer model to differentiate the processes contributing to
the total heating within the convective, stratiform, and
anvil areas of the squall line. Since vertical velocity
information from the radars provided the basis for these
calculations, the contributions of the convective and
stratiform precipitation regions to the total heating were
more precisely delineated than in the rawinsonde-based
study of Gallus and Johnson (1991, GJ).

Water budget calculations indicate that during the
early stages of the squall line the total source of con-
densate in the stratiform region was dominated by the
horizontal transport of condensate from the convective
region (87%). As the squall line matured, the convec-
tive line began to weaken and the mesoscale ascent
strengthened. As a result, during the mature stage, the
contribution from condensation and deposition within
the mesoscale updraft to the total source of condensate
in the stratiform region had increased from 13% to
35%. This value is smaller than the value of 54% found
in the rawinsonde-based study of GI.

In the heat budget, condensation dominated the con-
vective-region total-heating profile except below the
0°C level where strong cooling from melting, evapo-
ration, and the convergence of the eddy heat flux acted
to cancel a significant portion of the condensation heat-
ing. The total convective heating profile exhibited rel-
atively uniform net heating below the melting level and
then increased rapidly within a 1-km deep layer above
the melting level as the cooling by melting transitioned
to heating by freezing. Longwave cooling at cloud top
was negligible in the convective region.

In the stratiform region during the early stage, the
heating profile was characterized by strong cooling be-
low and weak heating above 6 km. By the mature stage
of the squall line, cooling in the lower troposphere and
heating in the upper troposphere had nearly doubled,
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with the transition from cooling to heating occurring at
the 0°C level near 4 km. A breakdown of the heating
profile into its separate components during the mature
stage indicated that the cooling in the lower tropo-
sphere was dominated by evaporation, although just be-
low the 0°C level evaporation and melting produced
cooling rates of similar magnitude. Radiative cooling
near cloud top was small compared to latent heating at
lower levels. While longwave radiative cooling near
cloud top in the precipitating regions appeared to be of
minor importance, such cooling in the nonprecipitating
anvil region was important because of the large area
covered by the anvil cloud.

The heating profiles within the convective, strati-
form, and anvil regions yielded a total heating profile
during the early stage characterized by virtually no net
heating in the lower troposphere (below 4.5 km) where
the stratiform region cooling canceled the convective
heating and by strong heating in the upper troposphere
where stratiform region heating augmented the con-
vective heating. During the mature stage, the increased
cooling in the lower troposphere led to net cooling in
the lowest 3 km, while in the upper troposphere,
stronger stratiform region heating combined with
weaker convective heating maintained the strong heat-
ing in the upper troposphere. A comparison of the ra-
dar-derived heating rates to the rawinsonde-based cal-
culations of GJ confirm GJ’s supposition that a signif-
icant fraction of their early stage (0300 UTC)
stratiform-region heating was actually associated with
convective vertical motions that were aliased into the
stratiform region because of the coarse horizontal res-
olution of their dataset.

We investigated the effect of the squall system on
the large-scale environmental circulation by using the
heating distribution derived from observations as input
to a simple two-dimensional calculation of the potential
vorticity field in and around the storm. When a heat
source appropriate to a leading line—trailing stratiform
squall line was assigned relatively weak heating rates
(Case HS), the model produced PV anomalies very
similar to those of HS91, that is, a midlevel positive
PV anomaly and lower- and upper-level negative PV
anomalies within and to the rear of the stratiform re-
gion. However, the circulation was too weak and no
rear inflow occurred.

When the vertical distribution and magnitude of the
heating were based on the observed heat budget results
(Case BH), the implied circulation was much more
realistic. The air motions were stronger and included a
rear-inflow jet, which was absent in Case HS. The heat-
ing produced a deep column of high PV air coincident
with the convective region and produced three regions
of negative potential vorticity: 1) in the upper and for-
ward portion of the convective region, 2) at upper lev-
els within and to the rear of the stratiform region, and
3) atlow levels in the stratiform region. Similar regions
of negative PV were observed in the 10—11 June storm.
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The upper-level negative PV suggests that symmetric
or inertial instability might favor intensification of the
upper-level line-normal outflow within and to the rear
of the stratiform region. Anticyclonic inertial turning
of this outflow contributes to the formation of a strong
upper-level jet in the line-parallel flow to the rear of
the squall line.

Further research is required to document the upscale
feedbacks of the squall line, to diagnose their contri-
bution to low-level cyclogenesis and upper-level jet-
stream enhancement, and to understand their depen-
dence on storm organization and on microphysical pro-
cesses. Work is in progress to document the
three-dimensional structure and evolution of the PV
fields associated with the 10—11 June squall line by
means of a mesoscale model simulation for this case
and to relate the PV fields to the observed evolution of
the larger-scale flow.
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