15 JANUARY 1988 DA-LIN ZHANG AND J. MICHAEL FRITSCH

Numerical Sensitivity Experiments of Varying Model Physics on the Structure,

Evolution and Dynamics of Two Mesoscale Convective Systems

DA-LIN ZHANG

National Center for Atmospheric Research,* Boulder, Colorado

J. MICHAEL FRITSCH
Department of Meteorology, The Pennsylvania State University, University Park, Pennsylvania
(Manuscript received 22 October 1986, in final form 19 August 1987)

ABSTRACT

The effects of different model physics and different convective and boundary layer parameterization schemes
are investigated using an 18-h nested-grid numerical simulation of the mesoscale convective systems (MCSs)
that were responsible for the 19-20 July 1977 Johnstown flood. It is found that convective and resolvable-scale
diabatic processes play crucial yet very different roles in the development and evolution of the MCSs. In particular,
latent heat release resulted in development of strong vertical circulations, generation of an upper-level jet streak,
formation of pronounced mesog-scale surface pressure perturbations, and rapid amplification of the traveling
mesoa-scale wave that helped initiate the condensation processes. Resolvable-scale condensations appear to
be directly responsible for the generation of a warm-core mesovortex and indirectly for a mesoscale convective
complex (MCC). Without resolvable-scale heating, the model only reproduces the propagation of a squall line.

Incorporation of moist downdrafts also had a significant impact on the general evolution of the MCSs by
producing important surface perturbations such as mesohighs and outflow boundaries. The role of moist down-
drafts in the life cycle of the MCSs appears to be twofold. On one hand, the downdrafts vertically stabilized
atmospheric columns and removed low-level moisture that otherwise would have been used for mesocyclogenesis
and stratiform precipitation. On the other, the downdrafts horizontally destabilized the environment through
the formation of horizontal tefnperature and pressure gradients. Specifically, it was found that the cold outflow
boundaries over western and southern Pennsylvania helped the development and organization of continued
deep convection during the nighttime hours. However, in central Pennsylvania, the warm-core mesovortex was
significantly weakened when moist downdrafts were coupled with the updrafts in the convective parameterization
scheme.

Inclusion of radiative heating in the surface energy budget tended to produce a conditionally unstable envi-
ronment favorable for the development and maintenance of deep convection. In general, inclusion of the
radiative heating at the surface improved the prediction of timing, frequency and location of convective pre-
cipitation. Omission of radiative heating has roughly the same “breaking” effect on the development of the
mesovortex as the introduction of the moist downdrafts. It appears that the pronounced diurnal cycle of MCCs
is directly related to the thermal cycle of the bounda.ry layer.

Because of sharp and pronounced inhomogeneities in the horizontal moisture distribution, inclusion of virtual
temperature instead of just temperature can considerably increase horizontal gradients of geopotential height.
Without the virtual temperature effect in the ideal gas law, the model fails to reproduce the warm-core mesovortex
and the MCC.

Use of a bulk boundary layer parameterization scheme appears to have a significant effect over mountainous
regions. The scheme tends to overestimate the upward energy transport on the upslope side of a terrain feature
and underestimate it on the downslope side.

In general, the results indicate that rigorous treatment of model physics is extremely important for simulating
the mesoscale convective weather systems and precipitation associated with the Johnstown flood. The results
also indicate that successful prediction of “‘convective” weather systems not only hinges upon the convective
parameterization, but also upon the magnitude and distribution of the resolvable-scale latent heat release, and
the concurrent development of the diurnal cycle of the boundary layer.

1. Introduction
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Despite considerable progress in the development
and improvement of numerical models during past de-
cades (see review paper by Anthes, 1983), the ability
to predict mesoscale convective systems (MCSs) and



262

their precipitation still remains poor. It has been noted
that even when the forecast of large-scale circulation
and pressure patterns is essentially correct, mesoscale
processes often produce embedded ‘““weather” features
that depart significantly from the expected large-scale
conditions (Sanders, 1979; Charba and Klein, 1980).
Recently, there appears to be some agreement that ad-
equate parameterizations of deep convection and the
planetary boundary layer (PBL) may be two of the most
important components in the improvement of the pre-
diction of mesoscale “weather” events. In particular,
in an assessment of the performance of the Limited-
area Fine-mesh Model' (LFM), Bosart (1980) indicated
that the National Meteorological Center (NMC) con-
vective parameterization scheme seemed to have se-
verely damaged the quality of the quantitative precip-
itation forecasts (QPFs). Correspondingly, in an anal-
ysis of the warm-season QPF problem, Heideman
(1986) found large sensitivities of the precipitation
forecasts to rather arbitrary changes in threshold values
of the NMC convective parameterization. Further-
more, many theoretical and numerical studies have
shown that model predictions of atmospheric circu-
lations are very sensitive to the magnitude and vertical
distribution of convective heating (e.g., Koss, 1976;
Anthes and Keyser, 1979; Sardie and Warner, 1983).
Thus, it appears that the manner in which the effects
of moist convection are introduced into model predic-
tive équations may be crucial to obtaining successful
predictions of mesoscale precipitating systems.

The importance of the PBL processes in the devel-
opment and decay of many types of mesoscale con-
vective weather systems has also been increasingly re-
alized during -the past decade (e.g., Ogura and Chen,
1977; Pielke, 1984; Benjamin and Carlson, 1986). This
is because the large vertical fluxes of heat, moisture
and momentum produced by the PBL processes have
a significant effect on the energy supply for the PBL-
rooted convective storms. In fact, numerous observa-
tional and numerical studies revealed that when meso-
or larger-scale dynamical forcing (e.g., strong positive
vorticity advection, thermal advection and/or frontal
lifting) is weak, the formation and intensification of
convective storms are very sensitive to the development
of the daytime mixed layer (see Doneaud et al., 1983;
Garrett, 1982).

A basic difficulty in adequately parameterizing the
aforementioned physical processes in terms of resolv-
able-scale information is that subgrid-scale convective
and turbulent eddies have too wide of a range of com-
plicated scale interactions (i.e., from molecular to

mesof or mesow scale) and their effects on the atmo-

spheric circulation vary considerably, depending upon
geographic location, season, time of day, large-scale

! The Limited-area Fine-mesh Model is run operationally, twice
daily, at the National Meteorological Center in Suitland, MD.
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- environment, and location within the convective sys-

tems. At the present time, it is still not known to what

extent these different subgrid-scale processes can be

determined from specific resolvable-scale variables. For

instance, Rosenthal (1979) noticed that simulated hur-

ricane development is significantly affected when con-

vective parameterization details are changed. Ceselski

(1973) observed that varying the vertical latent-heating

functions in a primitive equation model produced dif-

ferent magnitudes and distributions of ascending mo-

tion, vorticity and static energy associated with the

evolution of a Caribbean easterly wave. Moreover,

Zack et al. (1985) found pronounced differences in the
mesoa scale circulation and precipitation patterns
when different convective parameterization schemes
were applied. Nevertheless, many numerical studies
have demonstrated skill in simulating some observable
features of MCSs (e.g., Mahrer and Pielke, 1977;
Anthes et al., 1982; Perkey and Maddox, 1985). These
studies suggest that successful prediction of the different
types of mesoscale convective weather systems may
hinge upon closure assumptions, physical processes in-
cluded in the parameterization, detailed terrain forcing,
quality of initial conditions and model resolution of
the internal structure of the convective systems and
the planetary boundary layer.

The investigation presented in this paper focuses on
two of the previously mentioned components: 1) the
impact of different model physics on the structure and
dynamics of simulated MCSs; and 2) the effects of using
different convective and boundary layer parameteriza-
tion schemes. For the purposes of this investigation,
an 18-h simulation of two MCSs (a squall line and a
mesoscale convective complex) responsible for the 19—
20 July 1977 Johnstown, Pennsylvania flash flood
(hereafter referred to as the Johnstown MCSs) was uti-
lized as a control run (see Zhang and Fritsch, 1986a
for details). Nine sensitivity experiments were con-
ducted by changing certain physical parameters while
holding all other model conditions the same as that in
the control simulation. The physical parameters ex-
amined include (i) diabatic heating; (ii) convective
heating versus resolvable-scale condensation; (iii) pa-
rameterized moist updrafts and downdrafts; (iv)
Fritsch/Chappell (1980) versus R. A. Anthes/H. L. Kuo
(Anthes et al., 1987) type of convective parameteriza-
tion; (v) surface heating and bulk PBL formulation;
and (vi) virtual temperature in the ideal gas law. The
model’s sensitivity to various mesoscale initial condi-
tions for the same case study has been discussed in
another paper by Zhang and Fritsch (1986b). In the
next section, the Pennsylvania State University/Na-
tional Center for Atmospheric Research (PSU/NCAR)
mesoscale model used for this study and the control
simulation are briefly described. Section 3 presents the
design of the experiments. Section 4 contains compar-
isons of the different experimental simulations to the
control case. Discussions.of the model results and con-



15 JANUARY 1988

. cluding remarks are given in sections 5 and 6, respec-
tively.

2. Model description and control simulation

In order to improve the simulation of the mesoS
scale structure and evolution of MCSs, the PSU/NCAR
mesoscale model originally developed by Anthes and
Warner (1978) has been modified, and now includes
the following features for the present study:

e two-way interactive nested-grid procedure (Zhang
et al., 1986);

» modified version of the Fritsch/Chappell (FC,
1980) convective parameterization scheme for the fine-
mesh portion (Zhang and Fritsch, (1986a);

¢ R, A. Anthes/H. L. Kuo (AK) type convective pa-
rameterization scheme for the coarse-mesh portion
(Anthes and Keyser, 1979);

e Blackadar’s multilayer ‘“large-eddy” boundary
layer parameterization (Zhang and Anthes, 1982;
Zhang and Fritsch, 1986a); and

e virtual temperature effects in the ideal gas law.

The nested grid ratio is 1 to 3 with a fine-mesh length
of 25 km and a coarse-mesh length of 75 km. The (x,
¥, o) dimensions of the coarse and fine meshes are 39
X 31 X 19 and 43 X 37 X 19, respectively. The model
is initialized at 1200 UTC 19 July 1977. For more
details of the model and initial conditions, the reader
is referred to Zhang (1985) and Zhang and Fritsch
(1986a). ‘ :

As shown in Zhang and Fritsch (1986a), the Johns-
town MCSs occurred in a weak-gradient summertime
environment in which the thermodynamics (i.e., large
amounts of buoyant energy) dominated the dynamic
processes. In general, the 18-h control simulation re-
produced fairly well the size, propagation rate and ori-
entation of the squall line and mesoscale convective
complex (MCC) that were responsible for the Johns-
town flood events. In particular, the simulated evolu-
tion of diurnal changes in the boundary layer, thun-
derstorm-generated outflow boundaries, low-level jets,
surface pressure perturbations (e.g., mesof scale lows,
high, ridges and troughs) and a midtropospheric mesoa
scale short wave compare favorably with observational
analyses by Hoxit et al. (1978) and Bosart and Sanders
(1981). Of particular significance is that the predicted
rainfall distribution and magnitude are similar to the
observed (see Zhang and Fritsch, 1986a, for the veri-
fication). Figure 1 presents a portion of the evolution
of the surface features from the control simulation
(Exp. CTS) for the purpose of comparing the control-
run results to the results of the sensitivity experiments.
Note that the initial area of deep convection over Lake
Erie (Fig. 1a) becomes elongated into the NE~SW ori-
entated squall line (Fig. 1b) as it propagates into Penn-
sylvania. By 1800 UTC (Fig. 1c), the squall line has
intensified and separated from the original convective
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system (hereafter termed the pre-MCC). In addition,
a mesohigh had developed in association with the squall
line, and a distinct mesolow appeared in the same re-
gion as the pre-MCC. The squall line diminished after
2100 UTC (Figs. 1d and e); however, the pre-MCC
expanded and intensified. The mesolow then propa-
gated eastward with the pre-MCC system. Note that a

- third region of deep convection and a new mesohigh

developed along the western boundary of the outflow
from the original MCSs. By 0600 UTC (Fig. If), deep
and intense convective activity occurred only over
western Pennsylvania, Maryland, Delaware and
southern New Jersey. Convection over eastcentral
Pennsylvania and southeastern New York was rela-
tively shallow and weak. N

Figures g and 1h compare the predicted 12-h rain-
fall distribution to the observed distribution obtained
from the coarse-resolution hourly rain gauge network.
The basic patterns are very similar, although the pre-
dicted amounts over northwestern Pennsylvania appear
to be very heavy. Since satellite and radar data clearly
show that virtually all the precipitation over north-
western Pennsylvania fell within this 12-h period, the
predicted precipitation was compared to the Hoxit et
al. (1978) analysis of the high-density network of 24-
h precipitation amounts. The Hoxit et al. (1978) anal-
ysis shows a 100 mm maximum over northwestern
Pennsylvania and this agrees very well with the model-
predicted values (see also Zhang and Fritsch, 1986a).
Note that the orientation of the heavy rainfall axis cor-
responds to the path of the observed mesolow (see
Zhang and Fritsch, 1987).

3. Design of experimental simulations

In order to increase our understanding of the various
physical mechanisms that produced the Johnstown
MCSs and related heavy rainfall, the following physical
processes (nine numerical experiments) are examined.

a. Diabatic heating

Neither convective nor resolvable-scale condensa-
tion effects are included (Exp. NDH). Supersaturation
is removed in this case, but no latent heating is added
into the thermodynamic equation. However, the con-
tinuity equation for moisture is still integrated in time
and the effect of evaporation on the surface energy
budget is also included in order to retain the mass field
as similar as possible to the control case. Note that this
experiment is different from a purely dry forecast since
the moisture effect is included in the virtual tempera-
ture computation. The importance of using the virtual

temperature in the governing equations is discussed in

subsections 3f and 4f. Without the forcing from latent
heat release, the model dynamics-are only subject to
free-wave dispersion in which advective processes
dominate the model atmospheric circulation. This
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FIG. 1. (a-f) Analysis of sea-level pressure (solid line, mb) and surface temperature (dashed line, °C) for the control simulation. Valid
times are shown on each panel. Shading denotes areas of active convection produced by the convective parameterization scheme; dark and
light shading indicate relatively deep and shallow convection, respectively. Heavy dashed lines indicate troughs; frontal symbols alternated
with double dots denote cool outflow boundaries. (g) Predicted and (h) observed 12-h accumulated rainfall (mm) for the period 1200 UTC
19 to 0000 UTC 20 July 1977.
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FIG. 1. (Continued)

presumably represents the “true” evolution of the
meso- and larger-scale environment without the influ-
ence of the MCSs. Thus, the purpose of this experiment
is to test the hypothesis that without the release of latent
heat, the surface pressure perturbations, vertical mo-
tion, and amplitude of the midtropospheric short wave
would be significantly weaker than that in the control
simulation. Another purpose of performing this ex-
periment is to help isolate the significance of individual
model physics when comparing Exp. NDH to other
sensitivity simulations. .

b. Convective versus resolvable-scale heating

In one run (Exp. CPS), only the FC convective pa-
rameterization scheme is permitted to produce precip-
itation, whereas in another run (Exp. RSC), only re-
solvable-scale condensation is allowed. Conceptually,
in a numerical model, the convective scheme provides
the effects of precipitating convective clouds that form
in conditionally unstable atmospheres, while resolv-
able-scale latent heating represents the effects of con-
densation that occurs in saturated atmospheres with
favorable mesoscale vertical circulations. Because these
two modes of diabatic heating have different distri-

“butions and magnitudes in their vertical profiles (see
Zhang and Fritsch, 1986a, 1987), they may produce
significant differences in the development of MCSs and
their associated circulations. Thus, these two experi-
ments are designed to isolate the effects of deep con-
vection and resolvable-scale condensation on the gen-
eration of different components of the Johnstown
MCSs. :

¢. Parameterized updrafis and downdrafis

The effects of either parameterized moist downdrafts
(Exp. NPD) or updrafts (Exp. NPU) are eliminated. In
Exp. NPD, the effects of parameterized downdrafts in

the FC scheme are excluded by setting the fractional
area occupied by downdrafts (a,) to zero after a 50%
available buoyant energy (ABE) removal requirement
is satisfied. Then, the convective effects are computed
from

¢Y)

where o denotes T, ¢ and V, and the subscripts « and
e indicate updraft and environmental quantities, re-
spectively. A similar procedure to Exp. NPD is applied
for Exp. NPU to exclude the effects of parameterized
updrafts, that is,

a = aqaqt+ (1 — ad)aes

o = agoy + (l - au)aes

03]
where subscript d denotes downdrafts. The purpose of
these two experiments is to 1) examine the general re-
sponse of the development of MCSs in a weak-gradient
environment to the parameterized cold downdrafts;
and 2) test the hypothesis by Hoxit et al. (1978) that
cloud downdrafts played an important role in initiating
and focusing the deep convection associated with the
MCC over western and southern Pennsylvania.

d. Performance by the AK scheme (Exp. AKC)

Convective effects for both coarse and fine meshes
are computed by using the AK convective scheme
(Anthes et al., 1987) rather than the FC scheme. As
shown in Table 1, several apparent differences exist
between these two convective schemes. Since the AK
type of convective scheme has been widely used for
mesoa or larger-scale simulations of extratropical cy-
clones, polar lows and MCSs, and also for a number
of operational models (e.g., LFM, RAFS, ECMWF),”

2 RAFS is the Regional Analysis and Forecast System at the Na-
tional Meteorological Center in Suitland, MD. ECMWF refers to
models run at the European Center for Medium Range Weather
Forecasts.
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TABLE 1. Differences between the R. A. Anthes/H. L. Kuo and the
Fritsch/Chappell convective parameterization scheme.

AK FC
Closure Moisture convergence ~ Removal of ABE in a
assumption characteristic con-
. vective time period
Convective Latent heat releases Latent heat release
effects plus moisture eddy plus eddy fluxes of
flux ‘heat, moisture and
momentum
Parameterized Cloud updrafts Cloud ‘updrafts and
elements ' downdrafts and
compensating en-
vironmental verti-
cal motions
“b> parameter Mean relative humid-  Wind shear and
ity in a column “cloud base height
Convective Instantaneous Convective time scale
duration _
Previous Ax = 30-220 km Ax = 20-25 km

applications

the purpose of applying the AK scheme to the present
case is to determine if it is capable of reproducing cer-
tain mesoB-scale features and their associated rainfall
patterns. Furthermore, the Johnstown MCSs are more
likely to be.convectively driven rather than synoptically
controlled weather systems. Therefore, comparison of
model performance by these two schemes may provide
some guidance for developing and/or improving con-
vective parameterization schemes for predicting MCSs
that occur in weak-gradient summertime environ-
ments.

e. Boundary layer processes

In one experiment, no surface heating is allowed
(Exp. NSH) while in another, a one-layer bulk PBL
formulation (see Anthes and Warner, 1978) is utilized
(Exp. BPL) instead of the Blackadar multilayer PBL
package. Note that to properly represent the bulk
property of energy and momentum fluxes in Exp. BPL,
the vertical sigma levels were redesigned to be uni-
formly distributed rather than as specified in Zhang
and Fritsch (1986a). The purpose of these two exper-
iments is to show the importance of solar energy and
a multilayer PBL scheme to the production of the up-
ward transport of moist energy, and also to qualitatively
evaluate the diagnostic conclusions by Bosart and
Sanders (1981) that the diurnal variation of heat and
moisture in the boundary layer had an important im-
pact on the evolution of the Johnstown MCSs.

[ Virtual effect of moisture (Exp. VTP)

Temperature only is employed in the ideal gas law
(same as in Anthes and Warner, 1978; Jones, 1977;
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Gauntlett et al., 1978; Kurihara and Bender, 1980).
The use of virtual temperature in the governing equa-
tions is considered to be important for simulating MCSs
and moist weather systems since the existence of high
moisture content in lower levels is essential for pro-
ducing potential buoyant energy. The subsequent de-
velopment of convective clouds results in low-level
drying and upper-level moistening. This tends to pro-
duce the virtual effect of low-level cooling and upper-
level heating. Another significant effect of using virtual
temperature instead of temperature is in the compu-
tation of geopotential height fields. In particular, in
spring and summer seasons, when moisture gradients
can become very large, horizontal pressure gradients,
and therefore winds, can be significantly altered by the
distribution of moisture (see Zhang, 1985; Lakhtakia
and Warner, 1987). As an example, Fig. 2 shows a
comparison of the initial 500-mb height fields com-
puted using both virtual temperature and temperature
for the present case. Note that the isoheight contours
computed using virtual temperature exhibit a general-
northward displacement from the heights computed
using just temperature, and that the amplitude of the
short wave over western Pennsylvania is increased.
Furthermore, once model integration starts, advection
and terrain-generated asymmetries in the moisture
fields (e.g., moist or dry tongues and dry lines) may
produce considerable variations in the magnitude and
orientation of the horizontal height gradient. Thus, the
purpose of this experiment is to quantify the effect of
virtual temperature on the generation of some com-
ponents of the Johnstown MCSs and provide evidence
of the important role the moisture plays in both the
model dynamics and thermodynamics.

All of these experiments are initialized with the same

FIG. 2. Comparison of 500 mb heights (dam) computed using vir-
tual temperature (solid lines) with that using just temperature (dot-
dashed lines) for 1200 UTC July 1977. Dashed lines are isotherms.



15 JANUARY 1988

dataset as the control experiment. In the next section,
the experimental results of altering the model physics
are examined to ascertain how the various physical
mechanisms affect the individual components of the
Johnstown MCSs.

4. Experimental results

In general, the significance of different model physics
to the simulated Johnstown MCSs can be evaluated by
examining the structure and/or evolution of a few key
parameters: i.e., convective activity, rainfall and surface
pressure perturbations. These parameters were found
to be good indicators of the model’s sensitivity, and a
practical measure of the effects of the different physical
processes. For most of the experimental simulations,
the 6-h and 12-h model results are presented, since
several mesof scale convective features are at crucial
stages at 6-h, while the 12-h simulated distribution of
the mesopg-scale features is very important to determine
if the MCSs will continue their development during
the evening hours when the boundary layer is cooling.
When appropriate, horizontal difference fields between
sensitivity and control simulations are shown. Vertical
structure and evolution, as well as the large-scale en-
vironment, are also displayed to help understand the
physical processes responsible for the Johnstown MCSs.
In addition, for each experimental simulation, Table
2 lists the central pressure of the major mesolow and
the 12-h accumulated convective and resolvable-scale
rainfall volume. Detailed descriptions of the results of
these experiments are given below.
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a. Diabatic heating

Without convective and resolvable-scale condensa-
tion effects (Exp. NDH), the model produced a signif-
icantly different evolution of the large- and mesoscale
weather systems from that which occurred in the con-
trol simulation. In particular, in contrast to the rapid
development of mesog-scale pressure and thermal per-
turbations in the control case, Exp. NDH shows only
minor variations in the pressure and thermal patterns
(Figs. 3a-b). The low-level jet (at 900-850 mb) became
significantly weaker (not shown); its peak magnitude
dropped to less than 30% of that in the control simu-
lation. Moreover, note that without the feedback of the
latent heat into the governing system, the precipitation
is only a tiny fraction (see Table 2) of the observed and
control run precipitation (cf. Figs. 1g, 1h and 3c).

In spite of the obvious effects of the latent heat, it is
interesting that the mesoscale troughs in Fig. 3 corre-
spond quite well to the troughs in Fig. 1. For example,
the quasi-stationary troughs, labeled A and B in Fig.
3, appear in both simulations and are apparently a re-
sult of the differential heating between lake and land
surfaces. In fact, in a test simulation without the dif-
ferential solar heating effects (not shown), these troughs
did not appear. In contrast to the quasi-stationary
character of troughs A and B, troughs C and D appear
to be propagating features and may reflect some type
of gravity-wave phenomenon. In particular, it is inter-
esting to note that trough C corresponds extremely well
to the position of the squall-line trough that propagates
eastward across Pennsylvania (cf. Figs. 1 and 3). Note

TABLE 2. Twelve-hour accumulated convective (V) and resolvable-scale (¥,) rainfall volume, and minimum sea-level
pressure (P,,) of the major mesolow for each experimental simulation.

Description of V. v, P, Integration
Code experiment Parameter investigated (10'% kg) (10 kg) (mb) (hours)
1 CTS control simulation — 2.24 177 1011 18
2 NDH neither convective nor diabatic heating — 0.09 — 12
resolvable-scale
condensation is
included
3 CPS convective effects only convective heating 2.31 — 1015 12
4 RSC resolvable-scale heating resolvable-scale heating — 3.32 1005 12
only
5 NPD cloud downdraft effects parameterized downdraft 3.16 1.89 1006 18
are omitted ’ .
6 NPU only cloud downdraft parameterized downdraft 0.97 0.03 — 12
effects are included
7 AKC Anthes-Kuo convective convective parameterization 1.02 1.53 1007 12
scheme is used
8 NSH no surface heating boundary layer 0.79 1.87 1011 12
9 BPL bulk PBL formulation boundary layer 1.95 1.93 1008 12
10 VTP temperature in gas law virtual temperature 1.62 0.04 —_ 12 .
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FI1G. 3. (a-b) Predicted evolution of sea-level pressure (solid lines,
mb) and surface temperature (dashed lines, °C) for Exp. NDH (no
diabatic heating). The heavy dashed lines denote pressure troughs.
(c) Removed 12-h accumulated rainfall (mm) for the period 1200
UTC 19 to 0000 UTC 20 July 1977.
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in Fig. 1 that the precipitation occurs behind the trough.
This agrees with internal gravity-wave theory (see Eom,
1975; Uccellini, 1975) and is the subject of further re-
search to understand the organizational and propa-
gation processes of the Johnstown MCSs. The out-
standing exception to the general similarity in the pres-
sure patterns from the two simulations is the major
mesolow that forms over northwestern Pennsylvania.
The development of this low is totally dependent upon
latent heat release. A much more thorough examina-
tion of the structure and dynamics of this low and as-
sociated midtropospheric warm-core vortex is given in
Zhang and Fritsch (1987).

Figures 4a and 4b show the observed 700 mb height
and thermal fields at model initial time (1200 UTC 19
July 1977) and 12 hours later. Figures 4c and 4d show
the same fields for the 12-h forecast from the control
simulation and from Exp. NDH, respectively. Clearly,
the amplitude of the short wave over Pennsylvania is
the weakest for the simulation where latent heat is ex-
cluded (Fig. 4d). In fact, the amplitude for Exp. NDH
is even weaker than the observed field at the initial
time (cf. Figs. 4a and 4d). A similar weakening occurred
in the LFM operational 12-h forecast valid at the same
time as the simulations shown in Fig. 4. In this forecast,
the LFM failed to predict any precipitation over the
northeastern United States. It is important to point out
that, while the amplitude of the short wave weakened
when latent heat was excluded, the amplitude of the
large-scale ridge over the western portion of the domain
remained essentially the same as in the control run (cf.
Figs. 4c and 4d). Since the large-scale ridge region was
virtually precipitation free, this indicates that latent
heat is responsible for the actual deepening of the wave.

In order to further examine the effects of the diabatic
heating on the large (meso«) scale environment, several
difference fields were computed, i.e., the results of Exp.
NDH were subtracted from the control simulation.
Figure 5 shows the differences in the 12-h forecasts of
temperature and vertical motion at low, middle and
high levels. The simulated MCSs produced extensive
cooling at low levels; this cooling resulted from the
parameterized cloud-scale moist downdrafts. Note also
that slight warming occurs at some locations along the
periphery of the moist downdraft outflow boundary.
Presumably, the warming over the northern portion of
the domain is the result of mesoscale subsidence driven
by the MCSs. The warming over Ohio may be due to
subsidence associated with internal gravity wave cir-
culations. :

Above the layer of moist downdraft cooling, a deep
warm perturbation was produced from roughly 850 to
200 mb. Note that the warming at 500 mb extends well
beyond the region of downdraft cooling, (i.e., beyond
the area where moist convection occurred) and that
the location of maximum warming appears to corre-
spond with the center of the mesovortex. The magni- .
tude of the maximum warming is about the same as
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July 1977; (b) observed conditions 12-h later, 0000 UTC 20 July 1977; (c) control simulation valid at 0000 UTC 20 July; and (d) Exp.

NDH (no diabatic heating) valid at 0000 UTC 20 July.

that observed in an MCC-generated warm-core vortex
that occurred during Pre-STORM experiments (John-
son, 1986). It is of particular interest to consider just
how this warming is produced. Near the center of the
vortex, Zhang and Fritsch (1987) found that the warm
anomaly stems from the transformation of the atmo-
sphere from a subsaturated, conditionally unstable en-
vironment with embedded deep convection to a sat-
urated environment with a virtually moist adiabatic
lapse rate and resolvable-scale condensation (i.e., sat-
urated mesoscale ascent). Since areas of mesoscale de-
scending motion are also evident in Fig. 5 (right panel),
it is possible that some of the warming evident in the
left panel resulted from mesoscale compensating sub-
sidence instead of directly by latent heat release. This
possibility is examined further in the next section.

In addition to the tropospheric warming and the low-

level moist downdraft cooling, an upper-tropospheric
layer of cool air was produced by the MCSs (see Fig.
5). This cooling not only extended beyond the area of
deep convection, but covered most of the states adja-
cent to Pennsylvania, as well. Parameterized convective
cloud overshooting and evaporation of condensate, in
association with adiabatic cooling induced by the re-
solvable-scale circulation, were responsible for the pro-
duction of the cool pool. In a case study, Fritsch and
Maddox (1981a) found a deep, nearly moist adiabatic
layer in the troposphere beneath the cool pool (see Figs.
23 and 24 in Fritsch and Maddox, 1981a). Apparently
the broad extent of the cool pool beyond the area oc-
cupied by the MCSs is related to the strongly diverging
outflow in a thin layer above the MCSs (see Fig. 6 and
Wetzel et al., 1983).

It is also shown in Fig. 5 that a distinct organized
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area of vertical motion is generated by the MCSs. The
pattern is almost in phase vertically and the strongest
upward motion is associated with the mesovortex. Note
the low-level upward motion above the moist down-
draft outflow boundary over eastern Ohio and western
Pennsylvania (cf. Figs. 1 and 5). This is the region where
both observed and modeled convection continued to
develop during the evening hours. There is also upward
motion over portions of southern Pennsylvania,
Maryland and Virginia. This favorable condition, cre-
ated by the MCSs, helps the deep convection advance
into these regions later in the evening.

Along with the well-defined thermal and vertical
motion perturbations, the MCSs also generated strong
perturbations in the horizontal wind field (see Fig. 6).
In particular, the perturbation wind vectors show a
distinct cyclonic circulation from low- to midlevels and
a well-defined anticyclonic circulation in the upper
troposphere. When coupled with the equivalent poten-
tial temperature (8,) field (see the right panel of Fig.
6), it is evident that the low- and midlevel cyclonic
circulation tends to bring low-6, air from the south-
eastern portion of the model domain into eastern
Pennsylvania. This probably contributed to the tem-
porary weakening of the squall line. At upper levels,
the anticyclonic flow exports the high-8, air over a
broad area surrounding the MCSs (ventilation effect).
Note that the strongest cyclonic flow occurs near the
center of the mesovortex (probably as a result of angular
momentum conservation as air parcels approach the
vortex). On the other hand, the strongest anticyclonic
flow occurs hundreds of kilometers away from the me-
sovortex. The characteristic blocking effect of MCSs
on the upper-level flow (see Fritsch and Maddox,
1981a; Maddox et al., 1981; Wetzel et al., 1983) is
clearly apparent upstream (to the west) of the MCSs,
while to the north, the westerly perturbation compo-
nent (when coupled with the mean westerly flow) in-
dicates the formation of an upper-level jet streak. The
resulting anticyclonic outflow is an indication of an
upper-level mesohigh produced by the MCSs.

The generation of significant perturbations in the
‘wind and thermal fields by the Johnstown MCSs con-
forms to previous observational and numerical inves-
tigations (Ninomiya, 1971a,b; Fritsch and Maddox,
1981a,b; Chang et al., 1982; Perkey and Maddox,
1985). All of these studies suggest that latent heat release
and sensible heat redistribution play an important role
in the amplification and maintenance of the larger-
scale systems within which MCSs are embedded. In
particular, the effect of diabatic heating can become
even more significant when an MCS occurs in a weak-
gradient summertime environment. Thus, a model’s
skill in predicting the timing and location of the oc-
currence .of MCSs may have a significant effect not
only on the smaller-scale weather phenomena, but on
forecasts of large-scale atmospheric structure, as well.
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FiG. 7. (a-b) Predicted evolution of sea-level pressure (solid lines,
mb), convective activity (shaded region), and surface temperature
(dashed lines, °C) for Exp. CPS (convective effect). (c) Predicted 12-
h accumulated rainfall (mm) for the period 1200 UTC 19 to 06000
UTC 20 July 1977.
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b. Convective versus resolvable-scale heating

In this section, the results of two experiments are
described. In.the first experiment (CPS), only the heat-
ing produced by the FC convective parameterization
is introduced into the model governing system of
equations; resolvable-scale condensation heating is ex-
cluded. The second experiment (RSC) is the reverse of
Exp. CPS, i.e., resolvable-scale condensation heating
is permitted, but “convective” heating is excluded.
Figure 7 summarizes the results of Exp. CPS. The most
obvious difference between CPS and CTS (the control
simulation) is that the major mesolow over north-
western Pennsylvania did not materialize (cf. Figs. 1
and 7). Correspondingly, neither did the very heavy
rainfall. On the other hand, the squall line and the
redevelopment of deep convection on the western flank
of the moist downdraft outflow was reproduced. This
suggests that the development of the mesolow/MCC is
closely related to the resolvable-scale (“stratiform”)?
condensation. The notable contribution of stratiform
precipitation has been documented by many studies
to be a characteristic of MCCs (see Maddox, 1980,
1983; Rockwood et al., 1984; Leary and Rappaport,
1987; Smull and Houze, 1985) and tropical squall lines
(see Houze, 1977; Leary and Houze, 1979a). To make
sure that the relative roles of the parameterized versus
resolvable-scale moist processes are not convective-
scheme dependent, the Anthes/Kuo type of convective
scheme was tested in the same way as Exp. CPS. The
model again failed to generate the mesolow and asso-
ciated rainfall (not shown). It appears that the repro-
duction of the mesolow requires a heating maximum
at relatively low levels; this is discussed further later in
this section.

Without the mesovortex, a stronger mesohigh and
associated moist downdraft outflow developed with the
squall line (cf. Figs. 1 and 7). Moreover, the strong
southerly low-level flow of relatively low-8, over eastern
Maryland, Delaware, eastern Pennsylvania and New
Jersey did not develop (see Fig. 6). Consequently, the
squall line advanced farther south and east in Exp.
CPS than in the control run. These changes imply that
successful prediction of the evolution of MCSs may
hinge upon the interaction among many cloud-scale
and mesoscale phenomena such as mesohighs, meso-
lows, deep convection, resolvable-scale condensation,
moist downdrafts, etc.

The results of excluding the parameterized deep
convection but allowing the feedback of resolvable-
scale condensation heating (Exp. RSC) are shown in
Figs. 8 and 9. The most obvious effect of leaving out

3 The term “stratiform” is used rather loosely here since Leary and
Rappaport (1987) have shown that, at least in some instances, the
so-called stratiform regions are actually marginally convective. A more
appropriate term, from the viewpoint of numerical modeling, is “grid-
resolvable scale” condensation.

DA-LIN ZHANG AND J. MICHAEL FRITSCH

FIG. 8. As in Fig. 3 but for Exp. RSC (resolvable-scale heating).

the convection is the much more intense mesocyclo-
genesis and continued development of the mesolow in
central Pennsylvania. Specifically, after 12 hours of in-
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FIG. 9. (a) 12-h forecast of 200 mb winds (m s™') for Exp. RSC
(resolvable-scale heating). (b) 12-h forecast upper-level cloud fraction
for Exp. RSC. Cloud fraction (n) is defined by: n = 3.2RH — 2.4,

" where RH is the relative humidity. Partial cloud cover is assumed to
start when RH reaches 0.75 (see Benjamin and Carison, 1986).

tegration time, the minimum- sea-level pressure and
the maximum precipitation in Pennsylvania have re-
spective magnitudes of 1005 mb and more than 300
mm, compared to the 1011 mb and 110 mm for the
control simulation (cf. Figs. le, 1fand 8). Furthermore,
the total precipitation exceeded the control case by al-
most a factor of two (see Table 2). The tendency for
the resolvable-scale condensation to produce excessive
rainfall can also be found in Molinari and Dudek
(1986) and Kalb (1987). As found by Zhang and Fritsch
(1986b), the positive feedback cycle among latent
heating, low-level mass and moisture convergence, and
surface pressure deepening resulted from the near-sat-
urated and moist adiabatic stratification over Lake Erie
in combination with the centralized upward lifting .
from the mesoa scale short wave at the model initial’
time. This type of a response is similar to the resolvable-
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scale gravitational or CISK-like instability discussed

by Kasahara (1961) and Zhang et al. (1988). As a result

of the intensifying mesolow, the lower- and upper-level
flows exhibit strong cyclonic-convergent inflow and
anticyclonic divergent outflow, respectively. Figure 9a
shows the 12-h forecast wind at 200 mb for Exp. RSC.
Note the band of strong wind downstream (northeast)
and very weak wind upstream (west) of the mesovortex.
There also appear to be internal gravity waves propa-
gating radially outward from the center of the upper-
level anticyclone. This is apparent in the distribution
of the upper-level cloud fraction (see Fig. 9b) which
clearly shows similarity to the distribution of cirrus
bands visible above tropical cyclones.

In subsection 4a, it was shown that diabatic heating
produced an amplification of the traveling mesoa-scale
short wave (see Fig. 4b). Since a number of papers have
hypothesized that deep convection may be responsible
for the rapid deepening of extratropical cyclones (see
Tracton, 1973; Gyakum, 1983), it is worthwhile to ex-
amine the relative contributions of convective versus.

- resolvable-scale heating to the deepening of the mesoa-
- scale wave. Figure 10 compares the control run 700

mb height field valid at 0000 UTC to the forecast fields
that result when 1) all latent heat release is excluded,
2) only heating from deep convection is permitted, and
3) only resolvable-scale latent heat release is allowed.
The 700 mb level was selected for comparison since
this is the approximate level where the maximum wave
amplification was observed to occur (see Hoxit et al.,
1978, and Figs. 10e and 10f). Although it is clear from
Fig. 10 that the convective heating contributes to the
deepening of the short wave, resolvable-scale heating -
seems to have the greatest impact. Moreover, it was
shown in Zhang and Fritsch (1987) that the effects of
the resolvable-scale heating develop very quickly and
are directly responsible for the rapid spinup of the
warm-core vortex.

The faster and greater impact of resolvable-scale
heating relative to convective cloud heating probably
stems from differences in the vertical distribution of
heating between the two modes of condensate produc-
tion. These differences can be seen with the aid of Figs.
11 and 12. Specifically, it is apparent from Fig. 11 that
the resolvable-scale heating exhibits a maximum in the

“midtroposphere rather than the high-level maximum

from the deep convection. Heating profiles with a high-
level maximum tend to cause more middle tropo-
spheric mass and moisture convergence than those with
low- to midlevel maxima (see Fritsch, 1986). Because
midlevel air is often relatively cool and dry during the
onset of convective episodes, a long period of time is
usually required to adjust the environment towards a
more moist adiabatic profile. Convectively forced
midlevel convergence and ascent, coupled with mois-
ture detrainment from convective clouds, tends to pro-
duce such an adjustment, i.e., toward a relatively warm,
nearly saturated mesoscale region with a lapse rate close
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to the moist adiabatic. With continued vertical motion  had occurred intermittently for several days prior to
this region would be characterized by high-based the vortex development (see Bosart and Sanders, 1981).
“stratiform” clouds. In the Johnstown case, this process  Thus, the mesoscale environment in which the vortex
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HG. 11. Typical proffles of parameterized convective heating (solid
line; °C h™!), resolvable scale heating (dashed line; °C h™!'), and 12-
h composited heating (dotted; °C per 12 h) for the present case study.

developed was nearly saturated and exhibited a neutral
to slightly conditionally unstable lapse rate (see Zhang
and Fritsch, 1986b). Figure 12a shows that under these
conditions, and without the presence of deep convec-
tion, pronounced midlevel warming was produced by
the resolvable-scale condensation. On the other hand,
when only the effects of deep convection are intro-
duced, midlevel temperature changes (in a drier region
with a steeper lapse rate) are relatively small. Note
though that significant warming occurs in the upper
troposphere and moist downdrafts produce substantial
cooling in the lowest 100 mb. Note also that resolvable-
scale condensation eventually developed over north-
eastern and western Pennsylvania where convection
persisted in the model simulation (see Zhang and
Fritsch, 1987). A similar development of resolvable-
scale condensation in response to convective forcing
also occurred in simulations by Kreitzberg and Perkey
(1977) and Perkey and Maddox (1985).

These results suggest that resolvable-scale conden-
sation made a substantial contribution to the short-
wave amplification in the present case. They also sug-
gest that the explosive deepening of extratropical cy-
clones such as documented by Sanders and Gyakum
(1980) may not be directly a result of deep convection,
as hypothesized. On the other hand, it must be stressed
that it is the deep convection that is instrumental in
modifying the environment in such a way as to create
the favorable dynamic and thermodynamic conditions
that cause or allow the resolvable-scale condensation
to materialize (see Zhang and Fritsch, 1987 for addi-
tional ‘discussion). Moreover, it is important to point
out that there is little delay in the start of resolvable-
scale condensation with the present grid resolution.
With a 1° latitude-longitude mesh for the same case
and sensitivity test as Exp. RSC, Molinari and Corsetti
(1985) reported 96% underestimations of 12-h total
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rainfall due to the significant delay in resolvable-scale
heating, ’ '

Finally, it is extremely important to note that the
time- and space-composited heating profile for the 12-
h episode (1200 UTC 19 July-0000 UTC 20 July) is
very similar to profiles diagnosed for other MCSs (cf.
the profile shown in Fig. 11 and those obtained by
Ninomiya, 1971a; Lewis, 1975; Johnson, 1976). This
is an interesting result since, based on the model results,
it is clear that the composite profile is composed of
both convective and resolvable-scale processes. There-
fore, as noted by Johnson (1984), it may be inappro-
priate to refer to heating profiles diagnosed using con-
ventional sounding data as “convective” and expect a
convective cloud model in a convective parameteriza-
tion routine to generate such a profile. Moreover, any
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FIG. 12. Cross-sectional comparison of 12-h forecasted differences
in troposphere temperature (a) between Exps. RSC (resolvable-scale

- heating) and NDH (no diabatic heating) (see Fig. 8b for the location);

and (b) between Exps. CPS (convective effect) and NDH (see Fig. 7b

‘for the location).
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attempts to “tune” a convective cloud model so that
it will produce such a profile may introduce serious
errors into the formulations for such processes as cloud
entrainment/detrainment, precipitation efficiency,
water loading, etc. Most importantly, if the composite
profile from Fig. 11, or a similar profile obtained di-
agnostically, is used in convective parameterization in
a fine-grid mesh model, it is clear that there is a sub-
stantial risk that the model will catastrophically fail in
its attempt to reproduce or predict the structure and
evolution of MCSs,

A significant caveat to the model results and to the
preceding discussion is that the model simulations did
not include precipitation drag, melting and subcloud-
layer evaporational cooling of resolvable-scale precip-
itation. As shown by Zipser (1977), Leary and Houze
(1979b), Brown (1979), Leary (1980), Molinari and
Dudek (1986), Zhang et al. (1988) and others, these
processes tend to produce mesoscale downdrafts and
vertical stabilization in the lowest 200-400 mb of the
atmosphere. In view of the sensitivity of the mesovortex
to the cloud-scale downdrafts, it is likely that if these
resolvable-scale processes were included in the model,
they would introduce an additional drag on the devel-
opment of the mesovortex, i.c., the resolvable-scale
circulation could not as easily “access™ high 6, air. In
this particular case (i.e., the Johnstown flood event),
weakening of the mesovortex in the lowest model layers
is a desirable effect since the model appeared to over-
predict the vortex in the control simulation (see Zhang
and Fritsch, 1986a, and the subsequent discussion).

c. Effect of parameterized moist downdrafts

By turning off the downdraft effect in the FC con-
vective scheme (Exp. NPD) the squall line propagated
more slowly and exhibited a significantly weaker pres-
sure perturbation than that in the control run (cf. Figs.
1 and 13). In particular, after 1800 UTC, the squall
line gradually lost its southwest-northeast line structure
and failed to move into eastern Pennsylvania. The fail-
ure of the squall line to move into this region can also
be seen in the 12-h accumulated rainfall distribution
(see Fig. 13d). Moreover, the model MCC shows no
evidence of southerly propagation of convective activity
into southern Pennsylvania, Maryland or Virginia
during the model evening hours. Correspondingly,
without the moist downdrafts, the boundary layer
temperatures associated with the deep convection are
much too warm in comparison with the observed or
control-run temperatures, and therefore the static sta-
bility is much less. In fact, because of neglecting the
stabilizing effects of the downdrafts, the mesolow that
developed mainly as a result of resolvable-scale con-
densation was strongly overpredicted. Specifically, after
18 hours of integration time, the minimum sea-level
pressure of the mesolow and accumulated precipitation
volume have respective magnitudes of 1004 mb and
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8.48 X 10'? kg, compared to 1012 mb and 5.33 X 10
kg for the control simulation (not shown). Other no-
ticeable changes are that the model erroneously main-
tained the quasi-stationary convective activity along
the Ohio-Lake Erie boundary and in southern New
York, failed to generate the mesohigh over northeastern
Pennsylvania, and produced a much weaker pressure
perturbation over western Pennsylvania.

When the updraft effects were excluded but the
downdraft effects were retained in the FC scheme (Exp.
NPU), the squall line became discontinuous and
moved slightly faster than in the control case (see Fig.
14). Moreover, the resulting surface pressure pertur-
bations were significantly weaker. The most interesting
difference, however, is that the absence of convective
updrafts inhibits the development of the “resolvable-
scale” mesolow and associated heavy precipitation. A
final difference worth noting is that, unlike the Exp.
NPD, the model convection gradually diminished after
0000 UTC and was gone by 0600 UTC (not shown).
However, it is important to recognize that just the
downdrafts, coupled with the forcing from the mesoa-
scale short wave, were capable of initiating and orga-
nizing deep convection for over 12 hours.

It appears that the downdrafts behave in one sense
as a “brake” on the energy supply for the Johnstown
MCSs by incorporating lower-8, air into the PBL (e.g.,
the weakening of the mesolow and shorter duration of
convection over northern Ohio and New York in the
control simulation), and in another sense as a generator
of convection through enhancement of low-level con-
vergence (e.g., the progressive squall line, widespread
and continued convection over western Pennsylvania,
southerly propagation of convection into Maryland and
Virginia during the evening hours in the control case).
The “brake” effect can be understood as a vertical pro-
cess in which the low-level cooling and drying not only
tend to stabilize the atmospheric column and suppress
the occurrence of deep convection, but to remove
moisture that otherwise would be used for stratiform
condensation (e.g., no mesolow in Exp. NPU, and a
stronger mesolow in Exp. NPD). A similar conclusion
has been reached by Molinari and Corsetti (1985), i.e.,
the incorporation of downdraft effects into the Kuo-
1974 cumulus parameterization scheme significantly
increased the rate of resolvable-scale stabilization and
produced a better forecast of the 12-h accumulated
rainfall volume. On the other hand, the downdraft air
within the subcloud layer, in association with upper-
level convective heating, can enhance the horizontal
pressure gradient across the cold outflow boundary
such that strong convergence occurs. In addition, be-
cause of the large horizontal temperature gradient
across the boundary (see Fig. 5), the thermal wind (ver-
tical wind shear) may be altered and in certain circum-
stances a low-level jet may result (see Maddox et al.,,
1980). The combination of these two opposite effects
is clearly noticeable during the evening hours when the
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F1G. 13. As in Fig. 7 but for Exp. NPD (no parameterized downdrafts) a}ld the 18-h results are shown.

boundary layer was still warm and the cumulative
cooling from previous convection formed a well-de-
fined thermal boundary along western Pennsylvania,
Maryland, Delaware and southern New Jersey. In par-
ticular, as the low-level jet continuously transported
moist static energy into the MCC region, the cold out-
flow over western Pennsylvania acted as a quasi-sta-
tionary warm front in which the higher-6, air overran
the downdraft air (see Zhang and Fritsch, 1986a, 1987).

d. Performance by the AK scheme

Figure 15 shows the evolution of surface features
using the AK type of convective parameterization
scheme. Note that the shading in Fig. 15 indicates the
areas where convection occurred in any of the ten
model time steps (6 min) prior to the indicated time
of each panel in the figure. This 6 minute compositing
of convective activity is used to show the location of

convection because the convective effects computed
by the AK scheme are based upon instantaneous values
of moisture convergence, and this sometimes (as ob-
served in this study) appears to be influenced by fast
propagating Lamb waves. It is encouraging to note that
the AK scheme is capable of generating some mesofS-

. scale features. In particular, the sqall line and the sep-

aration of the squall line from the pre-MCC seem to
be captured by the simulation. Note though, that a
coarser-mesh (0.5° latitude-longitude) application of
a Kuo-type scheme to the Johnstown event was unable
to generate these features (see Molinari and Dudek,
1986) even though the initial conditions were similar.
This suggests that high resolution may be necessary for
the numerical simulation of the detailed mesoscale
structure and evolution of the Johnstown flood and
possibly other MCS events.

Although the AK scheme simulated the separation
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FIG. 14. As in Fig. 7 but for Exp. NPU (no parameterized updrafts).

of the squall line from the pre-MCC, it occurred too
soon and the squall line dropped insufficient precipi-
tation (<2 mm) as it propagated into eastern Pennsyl-
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vania. The 12-h accumulated convective rainfall vol-
ume is only 40% of the rainfall total and 45% of the
control-predicted convective rainfall. The premature
separation of the convective systems may possibly be
the result of the dependence of convective activity on
the moisture convergence since as the mesovortex de-
velops, the mesoscale compensating subsidence in the
region immediately adjacent to the vortex (see Fig. 5)

~ tends to reduce the amount of moisture convergence.

The insignificant rainfall associated with the squall line
is probably related to insufficient moisture convergence
over eastern Pennsylvania and the surrounding region.
This in turn is probably a result of two factors: 1) the
lack of cold downdrafts in the AK scheme and 2) a
relatively small mass perturbation induced by the con-
vective heating. The latter can be attributed to the
computed large values of the “b” parameter in this
case (see Kuo, 1974 for definitions). For the simulated
squall line, the “b” value is larger than 0.4 while the
FC-scheme-generated value is about 0.1-0.2. Fritsch
et al. (1976) and Ogura and Jiang (1985) found that
the “b” parameter for midlatitude convectively driven
systems can take large negative values since the deep
convection under such circumstances tends to respond
more to the magnitude of the local preexisting potential
buoyant energy than to the larger-scale moisture con-
vergence. Krishnamurti (1985) found a significant un-
derestimation of convective heating when using a Kuo-
type parameterization for initiating a monsoon circu-
lation. Interestingly, he noted that when the “b”
parameter was equal to zero, he obtained superior re-
sults. Moreover, Anthes (1985) commented that the
Kuo type of convective parameterization may be in-
appropriate when it is used to simulate MCSs at the
mature stage. In fact, budget studies (Ogura and Cho,
1973; Gray, 1973; Fritsch et al., 1976; Kuo and Anthes,
1984a) indicate that large-scale rates of mass and mois-
ture convergence are insufficient to support some me-
soscale convective systems.

In spite of the omission of moist downdrafts in the
AK scheme, the mesohighs over eastern and western
Pennsylvania and New York are well defined (see Fig.
15¢). The fact that the mesohighs developed without
moist downdrafts in the parameterization indicates that
they may be dynamically produced. On the other hand,

“the size and location of the high-pressure systems may

be simply a consequence of the development of the
mesoB-scale low pressure system in the middle of the
traveling mesoa-scale surface ridge. This can easily be
visualized by examining Fig. 3b (the simulation without
diabatic heating) and imagining what the pressure pat-
tern would look like if pressures over northcentral
Pennsylvania were about 2 mb lower. The result would
be mesog-scale ridges just to the east and west of central
Pennsylvania. Apparently this same “superposition”
phenomenon occurred in Exp. RSC (“convective”

" heating was excluded; see Fig. 8). Thus, it appears that

moist downdrafts are not essential for development of
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FIG. 15. As in Fig. 7 but for Exp. AKC (Anthes/Kuo scheme).
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surface mesohighs associated with MCSs. However, it
is important to note that the mesohighs were signifi-
cantly stronger when moist downdrafts were included
in the control simulation and in Exp. CPS (cf. Figs. 1,
7 and 15). Furthermore, the strong thermal gradients
produced by the downdrafts apparently create vertical
circulations that initiate and maintain deep convection
while the “superposition mechanism” of mesohigh
production does not. For example, the simulation with
the AK scheme failed to reproduce the widespread
convection associated with the MCC, and at the end
of the 12-h integration, no important area of model
convection was occurring over western Pennsylvania
where it was both observed and simulated in the con-
trol run.

e. Effect of boundary layer processes

Without surface heating (Exp. NSH), the initial con-
vective activity over Lake Erie gradually diminished
as it propagated into northwestern Pennsylvania and
the squall line did not develop (see Fig. 16). Apparently
the failure to reproduce the squall line is due to the
reduction in the potential buoyant energy and the ease
with which the potential buoyant energy can be tapped.
That is, as the boundary layer warms and the lapse rate
increases, air parcels are much more likely to be buoy-
ant when they arrive at their lifting condensation level
(LCL) than when heating is absent. This is crucial for
obtaining convective clouds in the FC parameterization
scheme since, starting with the lowest model layer,
successive layers are mixed, lifted and checked for
buoyancy at their respective lifting condensation levels.

While the omission of surface heating grossly affected
the convection, it did not affect the development of
the mesolow nearly as much. This is probably because
the mesolow forms primarily in response to the re-
solvable-scale vertical motion and latent heating and
these are not directly affected by the surface heat flux.
Note that the propagation and strength of the mesolow,
as well as resolvable-scale precipitation (see Table 2),
are comparable to that in the control simulation. Most
of the rainfall (see Fig. 16¢) is related to resolvable-
scale processes; convective rainfall is less than 30% of
the total amount. The convective activity over north-
western Pennsylvania (Fig. 16b) apparently is a result
of lifting associated with the low-level jet, the temper-
ature contrast between land and water surface, and the
short-wave forcing in that region. The resuits of this
experiment are especially interesting since in all the
other sensitivity experiments where the deep convec-
tion and, in particular, the moist downdrafts are weaker
than in the control run, the mesolow became signifi-

cantly stronger. In this case it did not. The obvious’

implication is that the omission of surface heat fluxes
has approximately the same stabilizing effect on the
development of the mesolow as does the cooling by
moist downdrafts. In this regard, note that the control-
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FIG. 16. As in Fig. 7 but for Exp. NSH (no surface heating).

run moist downdraft temperatures in the middle of the
day are about the same as the temperatures in the early
morning and throughout Exp. NSH (cf. Figs. 1 and
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16). The results of this experiment indicate that fine-
mesh numerical models which include a diurnal heat-
ing cycle are susceptible to spurious overdevelopments
of mesoscale pressure systems unless some type of sta-
bilization process such as subcloud-layer evaporation
(see Molinari and Dudek, 1986) or convective param-
eterization with moist downdrafts is introduced. Al-
ternatively, without a diurnal heating cycle, significant
mesolow developments and rainfall events may be
missed.

When the bulk PBL formulation was used (Exp.
BPL), the squall line propagated more slowly and ex-
hibited weaker upward motion (not shown) and pres-
sure perturbations than in the control simulation (cf.
Figs. 1 and 17). Specifically, the squall line diminished
- very quickly after 1800 UTC and failed to move into
eastern Pennsylvania (see Figs. 17b and 17¢). Conse-
quently, the mesohigh that was observed to form over
northeastern Pennsylvania did not develop as it did in
the control run. More importantly though, the weaker
convection removed less of the low- to midlevel static
energy and therefore the major mesolow was approx-
imately 3 mb deeper than in the-control run. Moreover,
the mesohigh behind the low was weaker than in the
control case. The results of this experiment reenforce
the conclusions in the preceding paragraph and in
Zhang and Fritsch (1987), i.e., the interaction between
deep convection and other diabatic processes is crucial
to successful simulation of MCSs.

For a dry PBL simulation, Anthes et al. (1980) com-
pared the results of using a mixed-layer versus a mul-
tilevel model. They noted that under homogeneous
terrain conditions, the mixed-layer model results agreed
closely with that created by the multilevel model, while
under complex terrain conditions, they did not. Ap-
parently, under horizontally inhomogeneous condi-
tions, the mixed-layer model is unable to represent the

- pressure gradient force that affects the prediction of the
boundary layer flow in lower levels. The present results
support their findings as shown by the sea-level pressure
differences in Figs. 1 and 17. Moreover, Fig. 18 shows
the terrain distribution used for this study and the 6-
h forecasted 900 mb difference field of equivalent po-
tential temperature (8,) between Exps. BPL and CTS.
Note that the most significant differences clearly reflect
the terrain orientation and terrain-related features (e.g.,
mountain waves, see Zhang, 1985). It appears that the
bulk PBL formulation tends to overestimate the equiv-
alent potential temperature on the upslope side of the
terrain and underestimate it on the downslope side.
This is probably part of the reason why the squall line
did not propagate into eastern Pennsylvania when the
bulk PBL formulation was used (see Fig. 17). These
results suggest that the simple one-layer PBL formu-
lation may be inadequate to represent the vertical fluxes
of heat, moisture and momentum over mountainous
regions with fine-resolution models. Compared to the
bulk PBL version, Keyser and Anthes (1982) also found
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FIG. 17. As in Fig. 7 but for Exp. BPL (bulk PBL).

considerable improvement of the PBL structure using
a version of the Blackadar scheme that is similar to the
version used in the present study. In another study,
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FIG. 18. (a) Difference fields (K) of 900 mb equivalent potential
temperature between Exps. BPL (bulk PBL) and CTS (control sim-
ulation) for the 6-h forecast verifying at 1800 UTC 19 July 1977;(b)
fine-mesh terrain distribution used for this study.

Bosart (1981) noted that the bulk PBL used in the LFM
was responsible for part of the error in the QPF and
sea-level pressure pattern for the Presidents’ Day storm
(18-19 February 1979). In the case of the Johnstown
MCSs, accurate treatment of surface and PBL fluxes,
and explicit resolution of the vertical variation of ther-
mal and wind fields are essential for a successful sim-
ulation. The results also suggest that a multilevel PBL
formulation may be necessary to predict other terrain-
related convective systems, such as the MCSs that fre-
quently initiate along the eastern slopes of the Rocky
Mountains (see Wetzel et al., 1983; Cotton et al., 1983).
In general, one would expect that a better representa-
tion of the diurnal cycle would tend to improve pre-
diction of convective precipitation in fine-resolution
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models since the generation of local §, maxima would
also be improved and therefore the prediction of the
timing, frequency, and location of convective cloud
development would be enhanced.

f. Effect of virtual temperature

As mentioned before, the inclusion of virtual tem-
perature instead of just temperature in the governing
system of equations has two important effects: parcel
buoyancy is increased and horizontal pressure gradients
are altered. Using just temperature throughout the en-
tire governing system of equations (Exp. VIP) pro-
duces a model result similar in many respects to Exp.
CPS. Specifically, the model only reproduced the life
cycle of the squall line but missed all of the mesolow/
MCC and its associated convective activity (see
Fig. 19).

The effect of virtual temperature on buoyancy has
been recognized in many studies using cloud models
(e.g., Lopez, 1973; Anthes, 1977; Kreitzberg and Per-
key, 1976). However, its effect on the horizontal pres-
sure gradient and the corresponding wind field is fre-
quently ignored in simulations of large-scale features,
particularly for wintertime events. During the spring
and summer, however, moisture gradients can be ex-
treme and, under weak flow conditions, may have a
considerable effect on the height and wind fields. This
effect can be quantitatively estimated through the
computation of the thermal wind (V7). Consider

R, P_ _

Ve==In=2V,T,
A A

ny In % v, T + 0.608(qV,T + TV,3)]. (3)
1

(A) ® (©

Clearly, term B will always be much less than A and
therefore can be neglected. If terms A and C are eval-
uated using the 0000 UTC 20 July values of temper-
ature and moisture in the 600-700 mb layer between
Flint, Michigan and Pittsburgh (the region of initial
convective activity), then term A contributes about 6
m s~! to Vrand term C offsets this by about half (i.e.,
—3 m s7!). Considering that the observed wind speeds
were only about 5 to 10 m s~ in this region, it is evident
that the effect of moisture could have accounted for 25~
50% of the geostrophic wind! Since the mesovortex did
not develop when virtual temperature was not included
in the model formulation, it is evident that the virtual
temperature effect made significant contributions to
the dynamic evolution of the Johnstown MCSs, and
its role in future research simulations and/or opera-
tional prediction of other MCSs may be substantial. It
is important to note, however, that because there is no
predictive equation for liquid water in the present
model, the hydrostatic loading effect of cloud water on



FIG. 19. As in Fig. 7 but for Exp. VTP (virtual temperature).

the gravitational force in computing the geopotential
height is neglected. This effect can compensate some-
what for the virtual temperature effect (see Molinari
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and Dudek, 1986; Zhang et al., 1988). In the Johnstown
case, the compensation could be particularly significant
for the height gradient around the mesovortex where
heavy rainfall occurs.

5. Discussion

It is apparent from the model results that convective
and resolvable-scale processes played important yet
very different roles in reproducing the individual me-
soscale components of the Johnstown MCSs. Specifi-
cally, deep convection that occurred prior to the day
of the flood was instrumental in creating a mesoscale
region of nearly saturated moist adiabatic conditions.
The development of new, deep convection in the vi-
cinity of this near-saturated region directly facilitated
the production of the squall line, the development of
additional deep convection along the boundary of the
moist downdraft outflow, and, very importantly, en-
hanced mesoscale ascent in the near-saturated meso-
scale region. This mesoscale ascent resulted in resolv-
able-scale condensation which further strengthened and
deepened the layer of mesoscale convergence and as-
cent. In this framework, the resolvable-scale conden-
sation could be considered to have been directly re-
sponsible for much of the amplification of the major
mesolow/warm-core mesovortex. Cloud-scale moist
downdrafts acted as a brake on the deepening rate of
the vortex by removing moisture that otherwise would
be used for the resolvable-scale condensation, and by
stabilizing the atmospheric column. In order to un-
derstand this evolution of events, many processes must
be considered. In the following subsection, we discuss
in a dynamical sense how deep convection may be in-
strumental in the formation of a long-lived midlevel
cyclonic circulation (mesolow), an upper-level anti-
cyclonic circulation (mesohigh), and how other factors,
particularly moisture, work to produce an inertially-
stable warm-core vortex. In subsection b, the stabilizing
and destabilizing effects of moist downdrafts are briefly
discussed.

a. Genesis of a warm-core mesovortex

As shown by Anthes (1977), the subgrid-scale vertical
heating profile from deep convective clouds is primarily
determined by two terms, the vertical distribution of
latent heat release and the vertical redistribution of
sensible heat by the eddy fluxes. Zhang (1985) showed
that the FC scheme used for the present study includes
these two terms. For environments in which the at-
mospheric lapse rate is nearly moist adiabatic but still
conditionally unstable, the eddy-flux contribution is
small and the vertical distribution of latent heat release
essentially determines the vertical heating profile. On
the other hand, for environments where the midlevel
lapse rates are steep (approaching dry adiabatic), the
eddy-flux term becomes large and is instrumental in
vertically transporting significant amounts of sensible
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heat so that upper layers are warmed and low layers
are cooled. A diagnostic study by Kuo and Anthes
(1984b) indicates a significant contribution of the eddy
(sensible and latent heat) flux to the convective heating
and moistening profiles. The sensible heat flux does
not provide any net heating of the atmosphere but sim-
ply redistributes heat in a manner that adjusts the at-
mosphere toward static equilibrium. The redistribution
is very similar to the adjustment in a nonprecipitating
dry eddy. This implies that the sensible heating by the
moist convection tends to warm the same amount of
mass at upper levels as that which is cooled at lower
levels. The net thermodynamic effect vanishes, but the
net dynamic effect does not. The following simple ex-
ercise can explain why it does not.

Assume that an amount (AP)) in the lower part of
the atmosphere is cooled the same average (A7) asan
equivalent amount of mass (AP,) is warmed (AT,) at
upper levels, i.e.,

—AP, - AT, = AP, AT, 4)

where AT, = —AT,, AP, = P,— P,,= AP,=P,, ~ P,
and subscripts s, m and ¢ indicate surface, middle and
top levels. The total geopotential height perturbation,
A®’, can be estimated from the sum of the height
changes in the lower and upper levels, i.e.,

Ad = AD| + AP,
_ P _ P
= —RAT, In ?': — RAT, In ;i
= RAT; In(P,*/P,P,). 5)

Apparently the larger the temperature perturbation and
the thicker the layer (P; — P,) affected by the convec-
tion, the stronger the geopotential perturbation. The
sensible heating tends to decrease the geopotential
heights in the middle and lower parts of the atmosphere
and increase the heights above. Note also that tem-
perature changes aloft can produce a much larger effect
on the height field than changes introduced at low lev-
els. This suggests that sensible heating and cooling from
deep convection may have a greater potential for pro-
ducing dynamic changes (i.e., changes in the mesoscale
circulation) than from systems confined to the lower
troposphere (see Bolin, 1953; Paegle, 1978).

Consider now the situation where moist downdrafts
from deep convection have produced a shallow me-
sohigh near the surface. Figure 20 schematically depicts
the effect of sensible heat redistributions on the shape
of the hydrostatic pressure surfaces above the mesohigh.
Because of the cold-core temperature perturbation, the
mesohigh loses its structure with height and quickly
becomes a mesolow with the lowest pressure imme-
diately above the vanishing heating level in the mid-
troposphere. Then the reversed temperature gradient
caused by the convective warming reduces the strength
of the mesolow and eventually produces a strong me-
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FIG. 20. Schematic diagram showing the effect of sensible
heat redistribution on hydrostatic pressure surfaces.
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sohigh near the tropopause. Adding the effect of latent
heating will further strengthen the upper-level high
pressure. The response of the atmosphere to the de-
creasing ® in low- to midlevels leads to mass conver-
gence while increasing & at upper levels causes mass
divergence. In particular, strong anticyclonic divergent
outflow can develop near the tropopause as indicated
by many observations (e.g., Leary, 1979; Fritsch and
Maddox, 1981a; Wetzel et al., 1983). From the pre-
ceding discussion, it is evident that even when no cloud
condensate reaches the ground, as is often seen over
semiarid regions, the sensible heat transport by con-
vective clouds may produce significant mesoscale per-
turbations in horizontal winds. Therefore, it is possible
that strong mesoscale circulations may develop even
when there is little net heating of the atmosphere. This
implies that rainfall is not necessarily a good indicator
of the magnitude of the impact of deep convection on
its environment. Moreover, since the eddy flux con-
tribution is proportional to buoyancy, it is also apparent
that explosively developing convective storms have a
greater potential for inducing mesoscale circulations
than storms with marginally buoyant updrafts, even
when the latent heat release is the same. Interestingly,
the genesis stage of MCCs is typically characterized by
an outbreak of intense and often severe thunderstorms
(see Maddox, 1980; 1983).

A major problem with making this argument for the
genesis of a long-lived mesovortex is that much of the
convective heating may be radiated away by outward
propagating gravity—-inertia waves, and little remains
as warming in a balanced (hydrostatic, quasi-geo-
strophic) flow (see Paegle, 1978; Schubert et al., 1980).
Furthermore, without mesoscale saturated ascent,
cooling by adiabatic expansion would tend to quickly
offset any residual warming from the deep convection
so that the mesoscale circulation would rapidly dimin-
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ish as the deep convection dissipated. Still further, hor-
izontal advection, deformation and shear would tend
to weaken the concentration of warming necessary for
the production of a hydrostatic mesolow. Yet, obser-
vations indicate that this is not the case. Specifically,
Johnston (1981) used satellite data to document nu-
merous cases where vortices with radii of about 50-
100 km emerged from dissipating MCCs. Furthermore,
radar studies have repeatedly documented the devel-
opment of a mesovortex within MCSs (see Houze,
1977, Gamache and Houze, 1982, 1985; Leary and
Rappaport, 1987; Smull and Houze, 1985). These vor-
tices sometimes persist for days (see Menard et al.,
1986) and can be instrumental in initiating new MCCs
on subsequent nights. In the Johnstown MCC case, the
remnants of the MCC drifted off the East Coast and
developed into a tropical storm (Bosart and Sanders,
1981). Most significantly, however, a mesoanalysis of
high-density sounding data in a Pre-STORM event
(Johnson, 1986) confirmed the formation of a warm-
core vortex. Apparently the loss of energy by gravity—
inertia wave outward propagation is either not that
great or other factors substantially contribute to the
generation of the midlevel mesovortex. Seven such
factors come to mind.

1) RAPID MOISTENING OF A MESOSCALE VOLUME

From a hydrostatic and dynamic standpoint, the
likelihood of genesis of a long-lived warm-core meso-
vortex would be considerably enhanced if the mesoscale
ascent forced by the convective heating became moist
adiabatic. Specifically, relative to the surrounding
larger-scale environment, the development of a me-
soscale moist adiabatic region would tend to produce
a localized warm pocket with a corresponding hydro-
static pressure fall. Equally important, the saturated
conditions would permit the warm-temperature
anomaly to persist in spite of continued mesoscale as-
cent and adiabatic cooling. Numerous studies have
shown that substantial moistening of the mesoscale
environment within MCSs is rapidly accomplished by
detrainment from deep convective towers (see Houze,
1977; Zipser, 1977; Houze and Chang, 1981; Johnson
and Priegnitz, 1981; Johnson and Young, 1983). Ap-
parently, a key factor in the moistening process is that
the deep convection propagates relative to environ-
mental winds (see Barnes and Sieckman, 1984; Szoke
and Zipser, 1986). When a line of deep convection
propagates, it leaves in its wake a series of cloud towers
and anvils in various stages of decay. This region be-
comes the well-known “stratiform” regions of MCSs,
and it is here that the warm-core mesovortex develops
(Gamache and Houze, 1982, 1985; Leary and Rap-
paport, 1987; Houze and Rappaport, 1984; Smull and
Houze, 1985). For a 100-200 km squall line with rel-
ative propagation rates on the order of 5-10 m s, it
is clear that a “stratiform” region comparable in size
to the mesovortices can easily be generated in less than
6 hours. Without propagation, lines of convection
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would not tend to develop “stratiform” areas and
would likely continue to exhibit a predominantly two-
dimensional line-type structure. This type of distinction
between simple line-type structures and more compli-
cated quasi-circular structures is very likely dependent
upon thermodynamic and dynamic conditions in the
larger-scale environment, e.g., the “ease” with which
deep convection can propagate versus the extent to
which larger-scale horizontal deformation, shear and
vertical motion distort or destroy the stratlform region
(see Moncrieff, 1981).
2) VIRTUAL TEMPERATURE EFFECT

The production of a nearly saturated mesoscale re-
gion by the propagating deep convection results in a
strong horizontal humidity gradient at middle to upper
levels (see Ogura and Liou, 1980; Johnson and Preig-
nitz, 1981; Maddox, 1983). Unlike the heating from
deep convection, the incorporation of moisture into
the atmosphere cannot be quickly propagated away by
gravity—inertia waves. Therefore, the virtual tempera-
ture effect is more like an actual warming of the at-
mosphere and will quickly be manifested in the height
field through a hydrostatic adjustment. In a study of
tropical mesoscale convective systems, LeMone et al.
(1984) found a region of hydrostatic pressure deficit in
the deep, moist region in the wake of lines of propa-
gating deep convection. For “fast™ propagating lines,
the pressure fall was on the order of 1 mb which cor-
responds to about a 10 m height change in the middle
to lower troposphere. Correspondingly, for a mean hu-
midity difference of 3 g kg™! in the 600-300 mb layer,
the hydrostatic height change is approximately 10 m.
Such a height change would be concentrated between
the region of saturated mesoscale ascent and the nearby
dry ambient environment—a horizontal distance of
about 200 km or less. For midlatitudes, this corre-
sponds to about a 5 m s™! adjustment in the geostrophic
wind. Since typical environmental wind speeds in the
vortex layer are normally less than 15 m s™! and exhibit
little vertical shear, 5 m s™! is a significant perturbation
to the inertial stability of the vortex (see Zhang and
Fritsch, 1987, for additional discussion).

At low levels, humidity gradients can be much
stronger than midlevel gradients and tend to be con-
centrated in elongated zones that parallel the moist
ribbons of air feeding the deep convection. As shown
in section 4f, the dynamic effects of such gradients are
potentially very large, especially in weak-ﬂow sum-
mertime situations.

3) AMBIENT VORTICITY

The virtual temperature effect on the height field
within the stratiform region may be particularly im-
portant during genesis since Schubert et al. (1980),
Ooyama (1982), Shapiro and Willoughby (1982),
Schubert and Hack (1982) and Hack and Schubert
(1986) have shown that heating within a region of rel-
ative vorticity larger than the local Coriolis parameter
contributes much more efficiently to production of °
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balanced (vortical) flow than in the situations with little
or no positive relative vorticity. The following exercise,
while overly simplistic, may nevertheless be helpful in
attempting to understand how geopotential height
changes and corresponding changes in balanced flow
may be initiated in MCSs. Specifically, consider that
typical convective heating rates in MCSs are on the
order of 1° C h™! (Houze, 1982; Johnson and Young,
1983; Kuo and Anthes, 1984a), and that the heating
usually occurs for 6 to 12 h. Then, ignoring advection,
the potential warming is on the order of about 10°C.
However, for a midlatitude convective system with a
radius of about 100 km and a Rossby deformation ra-
dius of 500 km, only about 1% of the heating is man-
ifested as warming (if there is no initial positive relative
vorticity in the region of heating); the rest is lost through
gravity—inertia waves (see Schubert ét al., 1980). The
resulting 0.1°C warming in a system’s lifetime is con-
siderably less than the observed 0.5 to 3.0°C warming
(see Frank, 1978; Ogura and Liou, 1980; Johnson,
1986). However, if the pre-MCC/MCS environment
exhibits positive relative vorticity, as is often the case,
the gravity-inertia wave energy loss would be less and
mesoscale convergence would be more effective at
concentrating vorticity. Furthermore, intense midlat-
itude convective systems have produced heating rates
far in excess of 1°C h™!, For example, Ogura and Chen
(1977) found heating rates of 5-8°C h™! and Sanders
and Paine (1975) computed peak values of 30°C h™!t
Therefore, even with the same efficiency (i.e., 1%), these
heating rates could easily produce 0.5-3.0°C warmings
if they were sustained for only 5 h. Considering that a
1°C warming in the vortex layer (=~600-300 mb)
would produce a 20 m height change, and that the
observed height perturbations with long-lived midlat-
itude vortices are about 10 to 40 m, the increase in
temperature through the virtual effect, coupled with
only a small increase in the energetical efficiency of
convective-complex-scale heating in producing bal-
anced vortex flow, could lead to warm-core mesocy-
clogenesis in weak midlevel flow regimes in midlati-
tudes. Note though, that since the Rossby deformation
radius is considerably larger at low latitudes, much
larger areas of convection, or more intense.convection,
would be required to generate the same geostrophic
adjustment at low latitudes than midlatitudes (Schubert
et al., 1980; Ooyama, 1982). Thus, genesis of mesoscale
warm-core vortices may be more likely over some
midlatitude land areas than over low-latitude maritime
regions, since there is a higher frequency of explosively
developing convective systems and associated large
heating rates in the midlatitudes. Moreover, high values
of relative vorticity associated with traveling distur-
bances in the westerlies would also enhance the prob-
ability of genesis. On the other hand, in many midlat-
itude situations, large-scale baroclinic processes are
much stronger than in the tropics and tend to over-
whelm the heat-driven circulations that are favored in
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weak flow with weak shear. Consequently, it is likely
that many midlatitude ‘““attempts™ at warm-core me-
socyclogenesis are aborted by large-scale deformation
and shear before inertial stability is reached.
4) NONLINEAR FEEDBACK

The present study shows that without convective
heating and moistening, the mesoscale ascent and
stratiform precipitation did not develop (Exp. NPU);
it was the feedback among convection, stratiform con-
densation and mesoscale convergence that had the
most effect on the production of the warm-core me-
sovortex in the model. Therefore, the feedback between
deep convection and gravity-inertia-wave convergence
(see Hack and Schubert, 1986) may be most important
in the sense that the convection causes or enhances
mesoscale ascent in the stratiform cloud layer which
is the developing warm-core/high-vorticity region.
Many investigators (e.g., Leary and Houze, 1979a,b,
1980; Johnson, 1980; Johnson and Young, 1983; Ga-
mache and Houze, 1983; Leary, 1984) have docu- -
mented the condensation occurring within the strati-
form cloud. This “mesoscale condensation” perpet-
vates the mesoscale moist adiabatic warm-core
structure while allowing for mesoscale convergence to
spin up the vortex. Furthermore, based upon a radar
study by Leary and Rappaport (1987), the “stratiform”
region is actually characterized by widespread, mar-
ginally unstable convective elements that sometimes
become organized into spiral bands. Although this
convection is high based and not as deep or intense as
that in the original line of thunderstorms, nevertheless
it could permit a slight deepening and strengthening
of the mesovortex since it provides the potential for
additional warming of the “stratiform” region by de-
trainment of slightly higher 6, air. Moreover, if the me-
soscale convergence and ascent are enhanced, pro-
gressively lower-based (higher 8,) convection is possible
since more of the effects of melting, precipitation drag
and evaporation would be offset by the stronger upward
motion. This results in a deeper and warmer warm
core, and therefore a greater mesoscale pressure per-
turbation.

5) COOLING BY MOIST DOWNDRAFTS

One of the more interesting aspects of the Johnstown
warm-core vortex is that it exhibits maximum vorticity
between 700 and 500 mb (see Bosart and Sanders,
1981; Zhang and Fritsch, 1987). Based upon Johnston
(1981), Menard et al. (1986) and Johnson (1986), the
elevated vorticity maximum apparently is typical of
such midlatitude warm-core vortices over land. There
appears to be several reasons why the level of the vor-
ticity maximum is so high. First, the heating by deep
convection and resolvable-scale condensation in a ma-
ture MCS tends to maximize above the 500 mb level.
Therefore, mesoscale convergence, in response to this
heating, tends to maximize around midlevels or even
above. Second, cloud-scale penetrative moist down-
drafts tend to produce a relatively shallow (typically
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<1 km deep) surface-based layer of cool air. Fujita
(1959) shows that this cool layer is responsible for the
production of mesoscale high-pressure perturbations
characterized by divergent flow near the surface. This
low-level cool air is in a stable structure and is not
quickly propagated away by gravity-inertia waves.
Rather, the dome of cool air tends to subside and, from
continuity, there must be mass convergence above this

subsiding, diverging layer. The dissipation of the cool

dome seems to be a relatively slow process that con-
tinues for 6-18 h (see Maddox and Heckman, 1982).
Thus, it may be possible that in weak-flow environ-
ments, low to midlevel environmental winds could ad-
Jjust geostrophically to the presence of low-level domes
of cool air. From thermal wind considerations, ad-
justment to a roughly circular dome of cool air would
tend to introduce a cyclonic perturbation above the
cold air.
6) RADIATIONALLY DRIVEN OVERTURNING

Using the radiative model of Stephens (1978),
Webster and Stephens (1980) demonstrated that within
the stratiform cloud region daytime radiative effects
can be of the same order of magnitude as convective
and stratiform condensation heating. Houze (1982)
provides a thorough discussion of the implications of
Webster and Stephens’ results with respect to the ver-
tical circulations of tropical mesoscale convective sys-
tems. He points out that the radiative contribution
reenforces the condensation heating and enhances the
developing mesoscale circulation. It is also possible that
radiation contributes favorably to the maintenance and
intensification of the mesoscale circulation even after
incoming solar radiation ceases. Specifically, it is well
established that MCCs in the U.S. are nocturnal (see
Maddox, 1980; Maddox et al., 1982; Rodgers et al.,
1983, 1985) and reach their maximum extent around
0100-0300 LST. Based upon the calculations of
Webster and Stephens (1980), the nocturnal effect of
_ radiation on the thick “stratiform” cloud is to warm

the lower half and cool the upper half, thus destabilizing
the vertical column. While the net effect is small, the
magnitudes of the low-level warming and upper-level
cooling are significant (10-15°C day™"'), and could ini-
tiate’ or enhance the convective overturning in the
stratiform region. '
7) MOMENTUM FLUX

Model simulation of the 1977 Johnstown vortex by
Zhang and Fritsch (1987) indicates that the momentum
transport by resolvable-scale condensation may reduce
the vertical shear of the horizontal wind and this is
favorable for the rapid generation and maintenance of
the warm-core vortex. However, a recent study by
LeMone et al. (1984) suggest that the role of the strat-
iform region in momentum transport is not significant.
Note though that the stratiform system they studied
was relatively weak in comparison with the vortex-
bearing stratiform systems in the midlatitudes.

For the convective region, many studies indicate that
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momentum transport by deep convection significantly
influences the general circulation (see review by Mon-
crieff, 1985). Itis interesting though, that in a sensitivity
experiment (not shown) where the momentum flux in
the convective parameterization was turned off in the
Johnstown case, there was no significant difference
from the control run. On the other hand, Flatau and
Stevens (1987) documented that vertical momentum
transports by deep convection can significantly alter
horizontal pressure gradients in the vicinity of broad
convective lines. Therefore, it is likely that cloud-scale
resolution numerical experiments will have to be per-
formed to adequately address the momentum flux
problem since valid techniques for transporting mo-
mentum (particularly through pressure gradient) in
cumulus parameterization schemes have yet to be es-
tablished.

b. Moist downdrafis

Moist downdrafts play an important role in the sen-
sible heat transport. Specifically, moist downdrafts tend
to bring low-6, air from the midtroposphere into the
boundary layer, and thus stabilize the vertical column. -
This effect is clearly apparent.in the comparison of the
control simulation to Exp. NPD. Recall that the de-
velopment of the major mesolow was significantly re-
tarded by the downdrafts. This is a crucial point since
the resolution of both operational and research models
will very likely increase in the years ahead and therefore
the susceptability of these finer-resolution models to
spurious deepening of condensation-driven mesolows
is also likely to increase.

Although moist downdrafts locally stabilize the at-
mosphere, they can also initiate and organize convec-
tive storms when environmental conditions are con-
ditionally unstable (see Exp. NPU and Simpson, 1980).
In particular, moist downdrafts can produce significant
mass and wind perturbations that enhance low-level
convergence/divergence and produce new convection.
In this regard, Purdom (1973) showed that the leading
edge of a downdraft-generated mesohigh appeared in
satellite imagery as an arc line of convective clouds
moving out from an MCS. Purdom (1976) further ob-
served an increase in intensity of individual thunder-
storms as they moved across or along a downdraft-
generated outflow boundary. Rotunno et al. (1988)
documented that downdrafts occurring in an environ-
ment with vertical shear enhance upward motion just
ahead of gust fronts. In the Johnstown flood case, the
numerical results suggest that the cold outflow bound-
ary acted as a quasi-stationary front in which the high-
0, air from the west overran the downdraft air and pro-
duced continued deep convection over western Penn-
sylvania (see Zhang and Fritsch, 1986a, 1987). Over
southern Pennsylvania the cold downdrafts provided
direct lifting of boundary layer air for the initiation of
convection ahead of the MCC. An additional sensitivity



15 JANUARY 1988

experiment was conducted (not shown) in which the
moist downdrafts were made stronger by artificially
decreasing the precipitation efficiency. The results of
this experiment showed faster propagation of the squall
line and significantly less convection (compared to the
control simulation) along the western Pennsylvania
border during the evening hours.

6. Summary and concluding remarks

Nine numerical sensitivity simulations were con-
ducted using an 18-h nested-grid simulation of the
Johnstown flood MCSs as a control simulation. The
results clearly reveal that convective and resolvable-
scale heating, moist downdrafts, the diurnal heating
cycle, multilevel PBL parameterization and the virtual
effect of moisture all have significant effects on the
structure, evolution and dynamics of the MCSs. The
most important results and conclusions are briefly
summarized.

¢ Diabatic heating plays a crucial role in the gen-
eration, amplification and maintenance of mesoscale
convective systems and the larger-scale traveling dis-
turbances within which the convective systems develop.
The heating provides energy for the deepening of a
traveling mesoa-scale short wave, development of
strong mesof-scale vertical circulations, maintenance
of a low-level jet and generation of mesopB-scale surface
pressure perturbations and an upper-level jet streak.
Without diabatic heating, all meteorological fields ap-
pear to be smoother than that at the initial time, and
small (mesog) scale features tend to dissipate with time.
Thus, whether or not a numerical model can predict
the timing and location of the development of MCSs
in a weak-gradient environment will have a significant
impact not only on the local (mesof scale) weather
forecast, but also on forecasts of larger-scale patterns,
temperature and horizontal winds.

e Development of a warm-core mesolow/mesovor-
tex appears to be closely linked to latent heat release
from resolvable-scale (‘“stratiform’) condensation
processes. The stratiform condensation can also make
an important contribution to the amplification of a
short wave and the generation of large-amplitude ther-
mal, pressure and wind perturbations. Although strong
penetrative convection contributed about 60%—-70% of
the total precipitation from the Johnstown MCSs, it is
unlikely that it was directly responsible for the rapid
mesocyclogenesis because the vortex exhibited a sat-
urated warm-core structure which is unfavorable for
strong penetrative convection. However, deep convec-
tion appears to be important in controlling when and
where resolvable-scale condensation may occur and
how strong mesocyclogenesis will be., Specifically, deep
convection appears to be instrumental in generating a
near-saturated and moist adiabatic stratification that
permits a positive feedback among low- to midlevel
condensation heating, low-level mass and moisture
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convergence and surface pressure falls. Deep convec-
tion can also act in the opposite sense, i.e., “braking”
the amplification rate of the cyclogenesis or causing an
existing mesolow to fill. In particular, in the present
case, after a large area of deep convection intercepted
the supply of high-8, air to the mesovortex, and replaced
it with lower-8, downdraft air, the cyclonic circulation
and associated stratiform precipitation gradually dis-
sipated. Thus, it appears that numerical prediction of
MCSs depends upon the ability of a model to resolve
mesof-scale time and space variations in convective
and resolvable-scale heating profiles. The use of a mean
heating profile which is representative of the heating
from an entire MCS is unlikely to result in an accept-
able prediction of the mesoscale event, particularly the
associated rainfall.

¢ Moist downdrafts have a significant impact on the
general evolution of MCSs that develop in weak-gra-
dient environments. This is because downdrafts can
produce important low-level perturbations, such as
mesohighs, mesotroughs and outflow boundaries, that
affect the development of convective storms. On the
one hand, the moist downdrafts tend to stabilize the
atmosphere vertically at the place deep convection oc-
curs. On the other hand, downdraft cooling produces
horizontal pressure and temperature gradients that,
from geostrophic and thermal wind considerations, can
enhance the low-level flow into the convective region.
Thus, the downdrafts can also result in a horizontal
destabilization of the environment. The experimental
simulations strongly suggest that the cold outflow
boundaries over western and southern Pennsylvania
played a major role in the development and organi-
zation of continued convective activity during evening
hours. Thus, it may be necessary to incorporate the
downdraft effect into operational (research) models to
predict (simulate) the evolution of MCCs and asso-
ciated quantitative precipitation.

¢ Inclusion of radiative heating in the surface energy
budget tends to generate a conditionally unstable en-
vironment favorable for the development and mainte-
nance of deep convection during the daytime. At night,
high-6, air above the radiatively produced inversion
can become an important energy source for the oc-
currence of overrunning deep convection. Thus, a PBL
radiative package is essential for the prediction of the
timing and location of convective development. How-
ever, it is noteworthy that the omission of the radiative
energy had almost the same ‘“braking” effect on the
evolution of the mesovortex and associated stratiform
precipitation as the moist downdrafts. This suggests
that fine-mesh models which include a diurnal heating
cycle are susceptible to spurious overdevelopment of
mesocyclones unless some type of stabilizing process
is introduced. It also suggests that the pronounced
diurnal cycle of MCCs may be directly controlled by
the heating cycle in the boundary layer.

o Use of the bulk PBL parameterization appears to
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have a significant effect on the simulation of the Johns-
town MCSs over mountainous regions. The upward
energy transport is overestimated on the upwind side
of the terrain and underestimated on the downwind
side. The results agree with Anthes et al.’s (1980) find-
ings that under horizontally inhomogeneous condi-
tions, the bulk PBL model could not represent the
pressure gradient force properly in lower levels. Fur-
thermore, it appears that as the model resolution in-
creases, the simple one-layer PBL formulation is in-
adequate to represent the vertical fluxes of heat, mois-
ture and momentum over mountainous regions.

e The effects of virtual temperature are to increase
parcel buoyancy and alter the horizontal gradients of
geopotential height. In late spring and summer seasons,
when moisture gradients are very strong and large-scale
temperature gradients are weak, the effect of virtual
temperature on the height and therefore wind fields
can be substantial. In particular, with temperature
instead of virtual temperature in the ideal gas law,
the model failed to reproduce the major mesolow
and MCC.

e The Anthes/Kuo convective scheme is capable of
reproducing some mesof-scale features (e.g., the squall
line) when high resolution is utilized. However, this
scheme seems inappropriate to study mesog8-scale con-
vective systems in weak-gradient but large buoyant-
energy situations due to (i) the assumption of moisture
convergence and the specification of the “b> parameter
to determine latent heating and (ii) the lack of cooling
and drying by moist downdrafts. Of course, the present
comparative study has some bias toward the use of the
Fritsch/Cahppell scheme. Hence, further intercom-
parison of model simulations using these two schemes
is necessary. It is also important to help improve our
knowledge of convective parameterization.

In general, the experimental results clearly indicate
that the particular treatment of model physics (resolv-
able or subgrid scale) is very important for forecasting
warm-season mesoscale convective weather systems
and associated quantitative precipitation. The results
also indicate that successful prediction of “convective”
weather systems not only hinges upon the convective
parameterization, but also upon the concurrent de-
velopment of the boundary layer and the magnitude
and distribution of resolvable-scale latent heat release.
Note, however, that the onset and duration of resolv-
able-scale precipitation are dependent upon the grid
resolution, and therefore the size of the grid mesh may
also have a significant influence on forecasting success.
Although these conclusions are drawn only from one
case study, it is possible that many of them may apply
to other MCSs that develop in weak-gradient sum-
mertime environments. »

Finally, when the results of this study are considered
together with the results of many other studies of MCSs,
the distinguishing dynamical characteristic of an MCC
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that seems to be emerging is the formation of a warm-
core mesovortex in the “stratiform” region. The vortex
appears to be a major element in the organization of
MCCs and is perhaps the key feature that makes the
MCC unique. The formation of a propagating squall
line structure could be considered as the initial stage
in the atmosphere’s attempt to produce the mesovortex,
and, under optimal large-scale conditions, the vortex
becomes inertially stable. Moreover, in some instances
the vortex is instrumental in initiating and organizing
new convection that develops into a new MCC (John-
ston, 1981) or, in the right large-scale environment, a
tropical storm (Velasco and Fritsch, 1987). For most
MCCs, however, there is probably an ‘“abortive at-
tempt” to attain inertial stability and only a fraction
of the systems succeed. The rest exhibit only a transient
warm-core vortical circulation. Nevertheless, this tran-
sient circulation is instrumental in helping organize
and prolong the life of these circular mesoscale systems.
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