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1. INTRODUCTION

As discussed by Parker and Johnson (2000; hereafter
PJ00), linear mesoscale convective systems in the central
United States tend to resemble one of three predominant
archetypes: systems with convective lines and trailing
stratiform (TS), leading stratiform (LS), or parallel strat-
iform (PS) precipitation. In the population that they stud-
ied, PJ00 found that PS MCSs were, on average, much
shorter–lived than TS MCSs (approximately 6 h vs. 12 h,
respectively). One possible explanation is that, because
of their geometry, PS MCSs produce gravity waves that
alter their environments less favorably than do TS MCSs.

Radar observations show that the stratiform regions
of PS MCSs tend to be areally smaller than those of TS
systems, tend to be more eccentric than those of TS sys-
tems, and tend to extend laterally from their lines’ ends,
rather than flanking their lines’ trailing edges (as in TS
MCSs). For this study, I isolated MCSs’ sizes, shapes,
and arrangements of heating [here and after,heatingin-
cludes both warming (̇θ > 0) and cooling (̇θ < 0)], and
investigated their effects on the gravity waves generated
thereby. I represented MCSs by their characteristic heat-
ing fields in idealized numerical simulations. Because
the simulated environment’s stability was sensitive to the
geometry of the heating, I conclude that MCSs’ geome-
tries may partly explain why PS MCSs had shorter life-
times than TS MCSs in the PJ00 study.

2. BACKGROUND

As described by Nicholls et al. (1991), the phase
speed for linear, Boussinesq gravity waves can be ap-
proximated by:

c =
NH

nπ
, (1)

whereinN is the buoyancy frequency,H is the depth
of the troposphere, andn is the number of vertical half–
wavelengths over its depth. Although the troposphere
responds to MCSs’ heating by producing a spectrum of
gravity wave modes, Nicholls et al. (1991) pointed out
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that for most MCSs the gravity waves project mainly
onto two modes, those for whichn = 1 andn = 2.
These two predominant modes respectively correspond
to the predominant shapes of MCSs’ convective and
stratiform heating (Fig. 1a). It is clear from (1) that
then = 1 waves move at about twice the speed of the
n = 2 waves. I discuss the primary effects of these grav-
ity wave modes in section 5. Note that, throughout this
paper,gravity wavesinclude wave pulses with long or
infinite horizontal wavelengths (as discussed by Pandya
and Durran 1996); these have also been calledbuoyancy
boresandbuoyancy rolls(e.g., by Mapes 1993).

3. MODEL CONFIGURATION

For this study I used the Advanced Regional Pre-
diction System (ARPS), version 4.5.0. The fundamen-
tal formulation of the ARPS was presented by Xue et
al. (1995). In all of the simulations described herein,
I utilized open lateral boundary conditions, a1 1

2–order
TKE–based sub–gridscale closure, and a free–slip lower
boundary. The upper boundary was a free–slip lid; in
order to control reflections off of the lid, I used a 5.3
km deep Rayleigh damping layer. I excluded from the
model both the effects of radiation and Coriolis acceler-
ations. Because I idealized MCSs as regions of heating,
I also excluded moist processes. I used a grid that was
400 km long in both the east–west and north–south di-
mensions, and was 16.3 km deep, with a horizontal grid
spacing of 4 km and a vertical grid spacing of 500 m.
Each simulation’s initial condition was horizontally ho-
mogeneous.

4. EXPERIMENTS

Following Nicholls et al. (1991), I designed simple
yet plausible heating profiles to represent the magnitudes
of heating in a linear MCS’s convective line and strati-
form region (Fig. 1a). The heating profiles did not vary
with time in my simulations, and I applied them at every
timestep. In order to test the environment’s sensitivity to
the size and eccentricity of the heating, I performed sim-
ulations with the idealized stratiform profile and sinu-
soidal horizontal structures (i.e.x andy shapes∼ sin).
In the control simulation (CTRL), the stratiform heating



Figure 1: Graphical depiction of rates and horizontal shapes of heating; a) vertical profiles for convective (heavy) and stratiform (light) heating; b)
horizontal shapes for CTRL (solid) and ELLIPSE (dashed) stratiform regions (contours are factors by which vertical profile is multiplied: 0.0, 0.2,
0.4, 0.6, 0.8); c) and d) horizontal shapes for convective (heavy) and stratiform (light) heating for quasi–TS and quasi–PS simulations, respectively,
with contours as in b). In b), c), and d), marks C1, C2, T1, T2, P1, and P2 denote locations for the plots in Figs. 2, 3, and 4.

was 100 km long in both thex andy directions (Fig. 1b).
The first experiment, SMALL, had the same structure as
CTRL except that I reduced thex andy extent of its strat-
iform heating to 50 km. The second experiment, EL-
LIPSE, had the same total size and integrated heating as
CTRL, but had a major axis 146 km long and a minor
axis 68 km long (Fig. 1b). I discuss the results of these
experiments in section 6.

In order to test the environment’s sensitivity to the ar-
rangement of convective and stratiform heating, I con-
structed two basic MCS–like horizontal shapes. The first,
a quasi–TS heating shape (Fig. 1c), had a 100× 64 km
region of convective heating (with anx shape∼ sin3/2

and ay shape∼ sin1/4) flanked to its west by a 100×
64 km wide region of stratiform heating (with anx shape
∼ sin and ay shape∼ sin1/4). The second, a quasi–
PS heating shape (Fig. 1d), had its stratiform heating to
the north of its convective heating. In both cases, the

convective and stratiform regions overlapped by 28 km,
providing a smooth transition between them and produc-
ing an aggregate heating profile similar to that used by
Pandya and Durran (1996, their Fig. 6a). I discuss the
results of these experiments in section 7.

For simplicity I performed the CTRL, SMALL, and
ELLIPSE simulations in environments with a constant
buoyancy frequency ofN = 0.01 s−1. For the quasi–
TS and quasi–PS simulations, I considered environments
both with constantN as well as with temperature profiles
typifying the environments of midlatitude MCSs (the ac-
tual sounding is shown in Fig. 1 of Parker and Johnson
2001). The results in section 7 are for the MCS sounding;
however, they don’t differ substantially from the results
for the simulations with constantN .



Figure 2: Perturbation potential temperature (contours, K) for the
quasi–TS simulation. All data are for the point T1 (shown in Fig. 1c);
a) then = 1 mode alone; b) residual when then = 1 component was
subtracted from the full simulation (shown in Fig. 4a).

5. BASIC RESULTS

As described by Nicholls et al. (1991) and Mapes
(1993), the simulatedn = 1 mode produced deep sub-
sidence that warmed the entire troposphere (Fig. 2a).
The convective heating that produced the subsidence
was greatest in the middle troposphere (Fig. 1a), and
hence the gravity–wave–induced subsidence and warm-
ing were greatest in the middle troposphere, thereby sta-
bilizing the lower troposphere (i.e. removing CAPE and
adding CIN for lower tropospheric parcels). Ann ≈ 4/3
mode also existed (evident at 10 km in Fig. 2a att = 75
min), because parcels in the convective heating region
exceeded their levels of neutral buoyancy, creating a re-
gion of θ′ < 0 aloft. Thesen ≈ 4/3 waves had little
effect on the lower troposphere.

The simulatedn = 2 mode induced ascent in

the lower troposphere below descent in the upper tro-
posphere. The stratiform heating profile had its greatest
lower tropospheric cooling at 2.5 km AGL (Fig. 1a). As
a result, then = 2 gravity waves produced ascent that
cooled the lower troposphere and destabilized the lowest
2–4 km AGL (Fig. 2b). As described by Mapes (1993),
this effect compensated for the fastern = 1 gravity
waves, whose subsidence had stabilized the troposphere.
Because the phase surfaces tilted eastward with height (a
property of vertically propagating gravity waves), theθ′

maxima descended with time as the waves passed by.

6. SENSITIVITY TO SIZE AND SHAPE OF THE
STRATIFORM HEATING

Although small regions of stratiform precipitation of-
ten have relatively weak vertical heating profiles, merely
decreasing the size of the idealized stratiform region—
without decreasing its magnitude—had a dramatic ef-
fect. The net heating for the SMALL simulation was 3.7
times less than that in CTRL. Not surprisingly, the envi-
ronmentalθ perturbations were reduced in SMALL by
nearly that factor (cf. Figs. 3a,b). All things being equal,
MCSs with smaller stratiform regions affect their envi-
ronments (vian = 2 gravity waves) less than do MCSs
with larger stratiform regions.

The effect of a stratiform region’s eccentricity was
less pronounced than that of its size, but was still non–
zero. For the ELLIPSE simulation, whose total heating
and size were identical to CTRL, there occurred a slight
increase in the magnitude ofθ′ to the east (and west) of
the heat source (cf. Figs. 3a,c) and a slight decrease in the
magnitude ofθ′ to its south (and north, cf. Figs. 3a,d).
While the eccentricity of the stratiform heating in the
ELLIPSE example only accounted forθ′ variations of
10–20%, it illustrates another disadvantage of the PS ge-
ometry, in which the convective region is south of an
eccentric stratiform region (e.g., Fig. 1d).

7. SENSITIVITY TO SPATIAL ARRANGEMENT
OF THE CONVECTIVE AND STRATIFORM
HEATING

In both the quasi–TS and quasi–PS simulations, the
environment to the east of the convective heating was
stabilized by then = 1 waves soon after the convec-
tive heating began (Fig. 4). As mentioned in section 2,
then = 2 waves moved at about one half the speed of
then = 1 waves. East of the convective line’s center,
then = 2 mode arrived at about the same time in both
the quasi–TS and quasi–PS simulations (onset around
90 min, Figs. 4a,b). However, while then = 1 mode
warmed the middle troposphere almost identically in the
two simulations, then = 2 mode’s lower tropospheric



Figure 3: Perturbation potential temperature (contours, K) for the CTRL, SMALL, and ELLIPSE simulations; a), b), and c) for the point C1 in
Fig. 1b; d) for the point C2 in Fig. 1b. Note that all three simulations excluded background wind, so that the gravity waves were isotropic in CTRL.
Accordingly, a) and d) can be directly compared.

cooling was comparatively weaker in the quasi–PS case.
Even though the distance between the stratiform regions
and the convective lines’ centers were similar in the
quasi–TS and quasi–PS cases (Figs. 1c,d), the quasi–PS
convective line had the geometrical disadvantage of be-
ing parallel to its stratiform region’s longer axis (as dis-
cussed in section 6). As a result, the quasi–PS case did
not attain the degree of destabilization that the quasi–TS
case did (cf. Figs. 4a,b).

Because the quasi–PS stratiform region was north of
the convective line, the line’s southern end was fairly far
from the source of then = 2 waves. Near the line’s
southern end, then = 2 mode arrived later in the quasi–
PS than in the quasi–TS case (onset around 120 min in-
stead of 90 min, cf. Figs. 4c,d), and was quite weak. The
n = 2 waves produced relatively small perturbations at
the quasi–PS MCS’s southern end because of both their
greater displacement from the stratiform region and the

eccentricity of the stratiform region. Accordingly, the
environment near the quasi–PS line’s southern end was
stabilized by then = 1 subsidence, and remained stabler
than the initial state throughout the three hour simulation
(Fig. 4d).

8. CONCLUDING REMARKS

PS MCSs’ stratiform regions differ geometrically from
those of TS MCSs in that they are typically smaller,
more eccentric, and lie parallel to—rather than along
and behind—their systems’ convective lines. In an ide-
alized setting, all three of these geometrical differences
diminish the rapidity and effectiveness with which strat-
iform regions’n = 2 gravity waves can remove CIN and
add CAPE to the systems’ pre–line environment. Ac-
cordingly, the deep tropospheric subsidence produced by
convectively–generatedn = 1 gravity waves may have a



Figure 4: Perturbation potential temperature (contours, K) for the quasi–TS and quasi–PS simulations; a) for the point T1 in Fig. 1c; b) for the
point P1 in Fig. 1d; c) for the point T2 in Fig. 1c; d) for the point P2 in Fig. 1d.

greater net effect in stabilizing the lower troposphere
near PS MCSs, which could—in part—account for why
PS MCSs generally had shorter lifetimes than TS MCSs
in the PJ00 study. In my ongoing work, I am gradually
adding complexity (i.e. vertically varying wind, Corio-
lis accelerations) to the idealized simulations presented
above in order to further elaborate on the importance of
PS MCSs’ geometries.
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