
The Dependence of Numerically Simulated Cyclic Mesocyclogenesis upon
Environmental Vertical Wind Shear

EDWIN J. ADLERMAN

School of Meteorology, University of Oklahoma, Norman, Oklahoma

KELVIN K. DROEGEMEIER

School of Meteorology, and Center for Analysis and Prediction of Storms, University of Oklahoma, Norman, Oklahoma

(Manuscript received 22 June 2004, in final form 25 April 2005)

ABSTRACT

Building upon the authors’ previous work that examined the dynamics of numerically simulated cyclic
mesocyclogenesis and its dependence upon model physical and computational parameters, this study like-
wise uses idealized numerical simulations to investigate associated dependencies upon ambient vertical
wind shear. Specifically, the authors examine variations in hodograph shape, shear magnitude, and shear
distribution, leading to storms with behavior ranging from steady state to varying degrees of aperiodic
occluding cyclic mesocyclogenesis. However, the authors also demonstrate that a different mode of non-
occluding cyclic mesocyclogenesis may occur in certain environments.

Straight hodographs (unidirectional shear) produce only nonoccluding cyclic mesocyclogenesis. Intro-
ducing some curvature by adding a quarter circle of turning at low levels results in steady, nonoccluding, and
occluding modes. When a higher degree of curvature is introduced—for example, turning through half and
three-quarter circles—the tendency for nonoccluding behavior is diminished. None of the full-circle hodo-
graphs exhibited cycling during 4 h of simulation. Overall, within a given storm, the preferred mode of
cycling is related principally to hodograph shape and magnitude of the ambient vertical shear.

1. Introduction

The simulation study by Adlerman et al. (1999, here-
after A99) of multiple mesocyclones within a single
classic supercell storm marked the first step toward un-
derstanding the dynamics that underlie the cyclic occlu-
sion process. A99 proposed a sequence of five distinct
stages of development and described how a fortuitous
arrangement of flow structures promotes cyclic behav-
ior. Building upon that study, Adlerman and Droege-
meier (2002, hereafter AD02) examined the depen-
dence of cyclic mesocyclogenesis upon model physical
and computational parameters, noting clear and often
dramatic changes in storm behavior resulting from
nominal variations in grid spacing, computational mix-
ing, surface friction, and cloud microphysics. As an ex-
tension of these works, the present study explores the

role played by the ambient environment in delineating
cyclic from noncyclic mesocyclones as well as the extent
to which the environment influences the timing and
character of mesocyclone occlusions.

Because numerical simulations (e.g., Weisman and
Klemp 1982, 1984; Brooks et al. 1993; 1994), observa-
tions (e.g., Rasmussen and Straka 1998), and theory
(e.g., Davies-Jones 2002) suggest that both hodograph
shape and the magnitude of vertical environmental
shear influence storm morphology, this study examines
the dependence upon cyclic mesocyclogenesis of varia-
tions in the environmental wind profile. Although ther-
modynamic parameters also have a profound influence
upon supercell character (e.g., Davies 2002), variations
in CAPE are not examined here in order to keep the
number of simulations reasonable. Therefore, multiple
variations in hodograph shape, shear magnitude, and
shear distribution are examined with the intent of iden-
tifying corresponding trends in cycling behavior.

This paper is organized as follows. Section 2 discusses
the model and its configuration while section 3 explains
the design of our parameter space. Section 4 describes
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the control simulation, and sections 5–8 present results
from the half-circle, straight, quarter-circle, three-
quarter-circle, and full-circle hodographs, respectively.
Finally, we summarize in section 9 the results and dis-
cuss their implications.

2. Model configuration

The simulations are conducted using version 5.0 of
the Advanced Regional Prediction System (ARPS), a
three-dimensional, nonhydrostatic prediction system
developed for storm and mesoscale applications (Xue
et al. 2000, 2001, 2003). Similar to A99 and AD02, the
simulations are conducted using a horizontally homo-
geneous environment within which convection is initi-
ated using an ellipsoidal thermal bubble. The compu-
tational grid has uniform horizontal spacing of 0.5 km
within a 100 � 100 � 16 km3 domain, with 43 levels in
the vertical. The vertical grid spacing varies smoothly
from 100 m at the ground to 700 m near the top of the
domain. This results in the lowest scalar grid point be-
ing located at a height of 50 m AGL, the level that we
will interchangeably describe as “surface” or “near
ground.”

Fourth-order advection is used in all directions for
both scalar and vector fields. Cloud microphysics is
treated using the Kessler (1969) warm-rain parameter-
ization scheme, while subgrid-scale turbulent mixing is
represented using a 1.5-order turbulent kinetic energy
(TKE) closure. We have neglected ice physics in these
simulations to ensure consistency with the control run
in AD02, and because solution sensitivity to microphys-

ics was examined in that paper. The Coriolis force, sur-
face friction, surface physics, and terrain are not in-
cluded. The model is integrated for 4 h and history files
are saved every 5 min after 3300 s. A summary of model
parameters is shown in Table 1.

Based upon the results of AD02, our use here of
500-m horizontal grid spacing likely results in a solution
that is not numerically converged. Because numerical
convergence and the correct representation of an iner-
tial subrange probably require horizontal grid spacings
less than 100 m (Bryan et al. 2003), it would be com-
putationally unfeasible to conduct a large parameter
study within such constraints. Although varying the
grid spacing between 105 m and 1 km in AD02 did
change the speed of cycling, it did not fundamentally
change storm morphology or the mode of cycling. Only
when the grid spacing approached a size at which the
mesocyclone no longer was well resolved (i.e., 2 km)
did the solution exhibit a fundamental shift in behavior.
Because the purpose of this study is to classify general
trends in cycling based upon shear and hodograph
shape, changes in grid spacing would not necessarily
invalidate any of the results. More likely, they would
merely shift the parameter space. Similarly, sensitivities
to microphysics, numerical diffusion, and surface fric-
tion would likely also shift the parameter space, but
leave the general findings valid (see AD02).

3. Parameter space

A wide range of shear structures and hodograph
shapes has been used in previous deep convective storm

TABLE 1. Physical and computational parameters used in the control simulation.

Parameter Symbol Value

Horizontal resolution �x, �y 500 m
Vertical resolution �z 100 m � �z � 700 m
Large time step �t 2.5 s
Small time step �� 0.5 s
Coriolis parameter f 0.0 s�1

Nondimensional surface drag coefficient Cd 0.0
Fourth-order horizontal mixing coefficient K4 1.25 � 108 m4 s�1

Second-order vertical mixing coefficient K2 16 � K2 � 784 m2 s�1

Divergence damping coefficient a 0.05
Initial thermal perturbation:
Magnitude �� 4.0 K
Horizontal radius xr, yr 9 km
Vertical radius zr 1.5 km
Height of center above ground zc 1.5 km
Microphysics Kessler warm-rain parameterization
Lateral boundary conditions Radiation
Top boundary condition Rigid with Rayleigh sponge layer above 12.3 km
Grid stretching function Hyperbolic tangent
Horizontal and vertical advection Fourth order
Turbulence parameterization Anisotropic 1.5-order TKE closure
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parameter studies (Weisman and Klemp 1982, 1984,
1986; Klemp and Weisman 1983; Brooks and Wilhelm-
son 1993; Brooks et al. 1993, 1994; Droegemeier et al.
1993; Jahn 1995; Gilmore and Wicker 1998; Weisman
and Rotunno 2000; McCaul and Weisman 2001; Mc-
Caul and Cohen 2002), with only a few authors (Klemp
and Weisman 1983; Weisman and Klemp 1986; Droege-
meier et al. 1993) having used a broad range of
hodograph shapes and shear magnitudes in a single
study. Almost all previous parameter studies have been
based upon an analytic sounding similar or identical to
that used by Weisman and Klemp (1982), which con-
tains an almost tropical moisture profile and is arguably
limited in its relevance to continental deep convective
storms. Variations in the ambient vertical temperature
profile have been very limited until the recent work of
McCaul and Weisman (2001) and McCaul and Cohen
(2002).

The construction of a broad, physically realistic pa-
rameter space that varies in a controlled manner is a
notable challenge (e.g., Richardson 1999) for which no
unique approach exists. Our strategy involves the use of
canonical hodograph shapes, to which systematic varia-
tions are applied in the magnitude and vertical distri-
bution of the shear. The control run is based upon the
half-circle hodograph because it represents an idealiza-
tion of our previous simulations and has been used ex-
tensively in other studies. We then include straight,
quarter-circle (with and without additional rectilinear

shear), three-quarter-circle, and full-circle hodographs
(Fig. 1), the specific attributes of which are described
below. Only simulations that yield supercell storms (de-
fined in section 5) are considered because mesocy-
clones are uniquely associated with this storm type. Al-
though some of the hodographs used in our final simu-
lations might be considered unrealistic due to their
shape or magnitude of shear, they were included in
order to completely cover the parameter space, similar
to the strategy of Droegemeier et al. (1993).

As in our previous simulations (A99; AD02), the
horizontally homogeneous model base state is initial-
ized using a composited thermodynamic profile (Fig. 2)
associated with the well-documented 20 May 1977 Del
City, Oklahoma, storm (e.g., Ray et al. 1981; Johnson et
al. 1987). This profile has a CAPE of 2673 J kg�1, cal-
culated using the virtual temperature correction and
accounting for water loading. When calculated without
these modifications, the CAPE is 3777 J kg�1. In all
further discussions, the uncorrected method of calcula-
tion will be used because it is consistent with the defi-
nition of the bulk Richardson number (BRN; Weisman
and Klemp 1982).

A listing of model environmental parameters associ-
ated with all experiments is shown in Table 2. The run
name abbreviation and description are shown in the
first two columns, followed by the CAPE value. Both
0–6-km BRN shear (hereafter BRNsh6; Weisman and
Klemp 1982) and 0–9-km BRN shear (hereafter

FIG. 1. Schematic summary of all soundings used in the study.
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