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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
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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-

BRAUN AND HOUZE

1223
&4 ®) otasutc
o
o
= %
) Ay v'
- s
E o
~ ©
>
3.
j=¥
& 5-29 dBZ
Pa30-39dB2
ol > 40dBZ
0O 20 40 60 8 100 120

X (km)

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
CP3 EVAD average
12
— . 0131 UTC dual
Doppler average
b
..... CP4 EVAD average
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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






