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Abstract

A set of 225 idealized three-dimensional cloud-resolvinguations is used to explore convective
storm behavior in environments with various values of CABE) 800, 2000, and 3200 J kY.
The simulations show that when CAPE = 2000 Jkgr greater, numerous combinations of other
environmental parameters can support updrafts of at l€ast £ throughout an entire 2-h sim-
ulation. At CAPE = 450 J kg, it is very difficult to obtain strong storms, although onese&a
featuring a supercell is found. For CAPE = 800 J kgmature storm updraft speeds correlate
positively with strong low-level lapse rates and reducestimitable water. In some cases, updrafts
at this CAPE value can reach speeds that rival predictiopsuafel theory, but such efficient con-
version of CAPE to kinetic energy does not extend to all seoatfCAPE = 800 J kgt, nor to any
storms in simulations at lower or higher CAPE. In simulasiovith CAPE = 2000 or 3200 J kg,

the strongest time- averaged mature updrafts, while safbalar in character, feature generally
less than 60% of the speeds expected from parcel theoryvamdtlee strongest updraft found at

CAPE = 450 J kg! fails to reach that relative strength. When CAPE = 2000 J'kgr more,
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updrafts benefit from enhanced shear, higher levels of foegection, and reduced precipitable

water.

Strong low-level shear and a reduced height of the leveled fronvection correlate closely
with low-level storm vertical vorticity when CAPE is at 1¢&000 J kg !, consistent with previ-
ous findings. However, at CAPE = 800 JKglow-level vorticity shares the same correlations with
the environment as updraft strength. With respect to staeuipitation, in simulations initiated
with only 30 mm of precipitable water (PW), all of the stornmat last for an entire 2 h simu-
lation tend to produce liquid precipitation at roughly demirates, regardless of their CAPE. In
environments where PW is increased to 60 mm, storms tencthupe the most rainfall at CAPE
= 2000 J kg!, with somewhat lesser rainfall rates at lower and higher EARevertheless, over
the simulation domain, the ground area that receives at1€asmm of rainfall tends to increase as

CAPE increases, owing to a greater number and size of ptatifg updrafts in the domain.

1. Introduction

The pioneering numerical modeling studies of Weisman areiifl (1982, WK hereafter) have
helped guide convective storm research for nearly thread#ec Their work studied storm behav-
ior in an expansive array of convective available poterarargy (CAPE) and bulk shear values
(Fig. 1), showing dramatic increases in storm updraft viglaas CAPE increased from roughly
1000 to 2000 J ko', with persistent updrafts at all values of CAPE above 200@ 3 Kgiven
sufficient shear). Interestingly, none of the WK simulai@at CAPE values below about 1000
J kg1 produced a persistent updraft with any appreciable vénigiacity or low-level rotation.
However, both observational evidence (e.g., Kennedy di983; Monteverdi and Quadros 1994;
Knupp et al. 1998; Moore et al. 1998; Markowski and Strakad2(®app et al. 2001; Craven and
Brooks 2004) and numerical simulations (e.g., McCaul 188dCaul and Weisman 1996; McCaul
and Cohen 2002; Kirkpatrick et al. 2009) suggest that strpagsistent updrafts can and do exist
in such environments. Beyond bulk measures of CAPE or daggr-Ehear, additional atmospheric

parameters are known to influence the behavior of storm éigdeag., the height of the lifted con-
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Figure 1. Adaptations of Figs. 10c and 11 of Weisman and KI€b982). Maximum vertical velocity at any model
level (m s'1; left) and vorticity at 178 m (10* s 1; right) of simulated storms in the WK parameter space study.
CAPE is given in units of J kg' and in terms of boundary layer mixing ratig. Wind shear is given asdJ

densation level (LCL), level of free convection (LFC), ahé emount of precipitable water (PW).
In most observational studies, the relationships betwsemsproperties and these environmental
parameters are difficult to quantify since direct measurgmef updraft intensity and many other
storm properties seldom exist, and the accuracy and repgeseness of estimates of even the
environmental parameters can be problematic. Insteadafimirength is usually inferred from
overall storm structure, the observable horizontal winldifie conjunction with mass continuity,

or the weather produced at the surface (e.g., large hailatimes).

The theoretical peak vertical velocity of an updraft is teteto CAPE bywmax= (2 CAPE)®S.
This relationship serves only as an estimate, and not an fxacast of updraft intensity, primarily
because of mass loading due to condensate, entrainmentbiéranair into the updraft, and the
action of pressure perturbation effects. An increase in E£&l other environmental parameters
held equal) normally leads to an increase in the intensigyrotilated updrafts for a variety of storm

types, including both squall lines (Takemi 2007) and digcstorms (e.g., James and Markowski



2010; Fig. 8 of Kirkpatrick et al. 2007). Weisman (1993) disond that near-surface wind speeds
in simulated storms tended to be stronger as CAPE is inaleasl®ewever, maximum rainfall
rates at the surface do not necessarily exhibit the samarltnends as CAPE increases, either in
simulated storms (e.g., Fig. 6 of McCaul et al. 2005) or tbbserved counterparts (e.g., Marwitz
1972; Fankhauser 1988). It is also not clear how the streofythstorm’s low-level rotation is
influenced by deep-layer CAPE, although there is evidenggesting that CAPE in the 0—-3 km

AGL layer may be related a storm'’s ability to produce torreglRasmussen 2003).

The relative influence of other environmental variables tonns behavior can also change as
CAPE is raised or lowered. For example, James and Marko@6HiQ) found that the impact of
ambient dry air on simulated updraft intensity is “relalvenconsequential” at CAPE in excess
of 4000 J kg'!, but much more important when CAPE was reduced to 1500°3.Kghe environ-
mental variables explored in this study that are found tolekéuch varied degrees of influence as

a function of CAPE will be discussed further in Section 3.

It is important to understand storm intensity and morphglagder a variety of CAPE con-
ditions because severe weather reports are not confined tpaaticular range of CAPE values.
Although this study is an analysis adealized simulated¢onvective storms, a review of previ-
ous climatologies obbservedstorms is appropriate because most of the work associatng s
behavior with environmental conditions has been perforom#dg observational datasets. Johns
et al. (1993) reported that roughly one-sixth of “signifitanrnadoes (F2 or greater) were asso-
ciated with CAPE values less than 1000 J kg Of proximity soundings associated with large
hail (greater than 5 cm in diameter) and/or tornadoes, Rasemuand Blanchard (1998, Fig. 7)
found that about half of the soundings had CAPE in a range 86fto 1900 J kg'. Numerous
other sounding climatologies have also explored the meiatiips between sounding parameters
(including CAPE) and the behavior of deep moist convectmg.( Rasmussen 2003; Thompson
et al. 2003; Craven and Brooks 2004). Consistent with Rasemuand Blanchard (1998), Craven
and Brooks (2004) found a very similar range of CAPE valughéir study of proximity sound-

ings associated with hail larger than 5 cm, wind gusts seotftan 33 m s, or tornadoes F2 or



greater. In soundings analyzed by Thompson et al. (2008)p<tthree-fourths of the soundings
associated with “supercells” (Browning 1962, 1964) had EARat least 800 J kgt. The CAPE
calculations in Thompson et al. (2003) and Craven and Br¢2684) are examples of those that
use a mixed-layer parcel, which may obscure reports of wailgl, or tornadoes associated with
“elevated instability.” Elevated convection (for whichl@alations of CAPE using a surface layer
or a mixed layer anchored at the surface may be inappropriattuding both discrete storms and
guasi-linear convective systems, typically does not pcedornadoes but can frequently produce
large hail or strong surface winds (e.g., Colman 1990; EwnasDoswell 2001; van den Broeke

et al. 2005; Horgan et al. 2007), implying the presence ohgfiuupdrafts and downdrafts.

There is no consensus in the literature about what coresittiow” or “high” CAPE. The
simulations of Miglietta and Rotunno (2010) include an lieal sounding with only 480 J kg
of CAPE, and Markowski and Straka (2000) observed a rotatpdraft in a “low-buoyancy”
environment with only about 300 J k§ of CAPE. A general range of CAPE (less than 1000
J kg1) was described as low by Geerts et al. (2009), and values tf @00 J kg! have been
referred to as “low-to-moderate” (Chin and Wilhelmson 1p98owever, “low” and “high” have
also been used to describe much larger values of CAPE (8@0,dnd 4500 J kg, respectively,
in James and Markowski 2010). Furthermore, what is consféow” CAPE in the United States
might be “high” in other parts of the world. Brooks et al. (Z0@oted that 1000 J kg or more
of CAPE is not common in the United States (occurring in 7% 8@ UTC soundings from
1997-99) and is even less so in Europe (approximately 19gathbecause of the rarity of such
conditions in Europe, the conditional probability of sesareather there is generally higher given
the same values of CAPE and shear (Brooks 2009). Even thopgécese definition of “low” or
“high” CAPE is elusive, and the conditional probability avere weather (in the United States)
is low when CAPE is below roughly 1000 J kb (Brooks 2009), such convective environments
are “far more common than environments characterized dy Vedues” of either CAPE or shear

(Dean et al. 2009).

The purpose of this paper is to use results from a set of 228izéel numerical simulations



of isolated convective storms to study storm morphologyiatehsity as environmental CAPE is
changed. The focus is on three important aspects of stormvimeh updraft strength, vorticity
production (assumed to be related to the likelihood of tdoes, in the case of low-level vortic-
ity) and precipitation intensity. The simulations exanurage from the Convection Morphology
Parameter Space Study (COMPASS; McCaul et al. 2005), a edmapsive set of idealized cloud
simulations designed to explore convective storm behariarwide range of atmospheric envi-
ronments. The basic COMPASS simulation set consists of 2péranents, with 72 conducted
at each of three CAPE values (800, 2000, or 3200 J'kgand systematic variations in other en-
vironmental characteristics imposed at each CAPE; thetaari®n of the various environmental
profiles is described in the next section. A series of ninetexichl simulations was conducted at
an even lower CAPE = 450 J kg, with the values of other environmental variables choseseta
on those which had produced the strongest storms at CAPE 3 80! (discussed in Section
2). The resulting set of 225 COMPASS simulations considé&e@in offers a diverse array of
simulated storms that can be used to examine differencés sensitivities of storms to their envi-
ronment at the four different CAPE values. Variations indtiger environmental parameters used
to design the environmental soundings can also impact steonphology and intensity, and will

be discussed below.

Section 2 contains a summary of the methodology employedinning and analyzing the
various COMPASS numerical simulations. Section 3 presesigts from the simulation archive,
with separate subsections on updraft, storm vorticity, preatipitation characteristics. Section 4

concludes with discussion and summary material, includirggestions for future research efforts.

2. Methodology

Simulations were conducted using an updated edition of #ggdRal Atmospheric Modeling Sys-
tem (RAMS, version 3b), with improvements described in MalZand Cohen (2002) and McCaul
et al. (2005). The model domain is 75 km on each side, and 24.8dep, with a sponge layer

in the top 4.5 km. The horizontal grid mesh spacing is 500 nd, the vertical grid spacing is



stretched, being 250 m near the ground and 750 m above 20tkodal Each experiment is

initialized with an LCL-conserving thermal bubble in an etwise horizontally homogeneous en-
vironment, and run for 2 h of simulated time, with saves ofratidel fields every 5 min. The

environmental profiles are constructed using eight vaeglTable 1). CAPE (defined from the
surface along a pseudoadiabat) takes on one of three v&0@s2000, or 3200 J kd, referred

to as “low,” “moderate,” and “high” for the purposes of this/estigation. An even lower value
of 450 J kg1 was added to the experiment design later. The hodograplsansesemicircles of
varying radius (Fig. 2) through the depth of the domain. Tddius of the hodograph is denoted
by VMAG, and is allowed to assume a value of 8, 12 or 16 Th Buoyancy and shear profiles
are further governed by shape parameters that define thiealeatistribution of the quantity in
terms of the location of the altitude of maximum buoyancy amwvdnd (ZMAXB and ZMAXYV,
respectively). In these simulations, there are two cageBMAXB and ZMAXYV, referred to as a
“concentrated” and a “distributed” profile case. The dmsited profile is one in which the variable
(either shear or buoyancy) is spread over a deeper layeravdifiuse maximum in the midtropo-
sphere (high ZMAXV or ZMAXB); in the concentrated profile gtivariable maximum is greater
in amplitude and peaks in the lower troposphere (low ZMAXVZMAXB). The exact altitudes
of the maxima are shown in Table 1 of McCaul et al. (2005), aedeferred to here as “high” or
“low” only for simplicity. Concentrated shear profiles hawgreater magnitude of low-level shear
when compared to the distributed shear profiles (Table 2 dfgasitrick et al. 2009). Similarly,
the concentrated buoyancy profiles have steeper low-lapskl rates immediately above the LFC

relative to distributed buoyancy profiles. Changing ZMAX&smo effect on the lapse rates below

the LFC. The range of allowable shape parameters depentie dmlk CAPE.

The LCL and LFC are assigned one of three configurations: 8d3ab km; 0.5 and 1.6 km;
or 1.6 and 1.6 km. For the cases in which LELFC, the lapse rate in the intermediate layer
is moist adiabatic with a 0°® dewpoint depression. Cotton and Anthes (1989, pp. 5-6 not
that the temperature at the LCL ;) is an effective proxy for atmospheric precipitable water

(PW), and our possible values ofd. are chosen so that PW is roughly 30 mmdT= 15.5C)



or 60 mm (TcL = 23.5C). The low-PW case falls within reasonable bounds for emvirents
commonly observed in midlatitude severe storm outbreaks.nigh-PW case represents a tropical
environment with a warm cloud-base temperature. The telong’ ‘and “high” are relative to one
another and are used only for comparison; a PW of 30 mm is nmssarily a low value in
the real atmosphere (e.g., Bunkers et al. 2006, Fig. 9). &chn @ ¢, the subcloud layers are
specified to have constant equivalent potential tempeardijrand a lapse rate stable enough to
prevent spontaneous mixout of boundary layer moisture hadrs In the part of the COMPASS
database studied here, an eighth environmental paramedtgive humidity above the LFC, (free-
tropospheric relative humidity, FTRH) is fixed at 90%. As aui¢ of all the combinations of the
seven parameters that are allowed to vary here, 216 bagsitagions are considered. Two example
soundings, illustrating the two possible values of PW buhwail other thermodynamic variables

held constant, are shown in Fig. 3.

Nine additional simulations were ultimately performedhitie lowest CAPE value, 450 J kY
mentioned above. In those nine special cases, the thregasthuwalues of VMAG were used,
along with the three combinations of LCL and LFC describeavab Only low ZMAXB and low
ZMAXYV were used, along with PW = 30 mm, because such condtiere found to promote the
strongest storms at CAPE = 800 J g Although resources did not permit performing a full set
of 72 simulations at CAPE = 450 J kg, the nine cases simulated were considered the most likely
environments to produce strong convection. These sinomsitivere considerably more sensitive
to the choice of initial warm bubble amplitude, with a pronoed tendency to produce transient
pulse storms followed by quick cell dissipation. As a consage, reductions in bubble amplitude
to as low as 2.0 K were employed in some cases to promote a madea and longer-lasting

convective response.

To simplify interpretation of the results, the parametéist tdetermine the particle size distri-
butions of water and ice species are held constant, eveglhibe influence of these parameters
has been studied and found to be nontrivial, e.g., by CohématCaul (2006, 2007) and van den
Heever and Cotton (2004). Of the 225 experiments consideeeel, 140 produce a trackable,



Table 1. Parameter choices available for basic COMPASHIlisibundings. N denotes the number of possible values
for each parameter, and multiplying all N’s gives the totatber of experiments in the base dataset, 216. Parameter
selections for the nine additional simulations at CAPE = %@ ! are discussed in the text.

Parameter Acronym  Possible Values N
Bulk CAPE CAPE 800, 2000, 3200 J kY 3
Semicircular hodo. radius VMAG 8,12,16 m's 3
Shape of buoyancy profile ZMAXB  Two choices per CAPE 2
Shape of shear profile ZMAXV  Two choices per CAPE 2
LCL-LFC configuration  LCL,LFC 0.5-0.5,0.5-1.6,1.6-1.6 km 3
Cloud base temperature | d. 15.50r23.8CatLCL=0.5km 2
RH above LFC FTRH Constant, 90% 1

right-moving storm with an updraft of at least 2 mishat exists throughout a simulation’s second
hour along with a mean updraft of at least 10 i sluring that time frame (Fig. 4). We refer
to these simulations as producing a “persistent” stormHergurposes of this study; these storms
are, in reality, both persistent and strong. The threshalides used to define storm persistence and
intensity are admittedly arbitrary, and some storms thatstnong at the start of the second hour
but dissipate or weaken before the end of the simulation bega excluded as a result. Also, some
storms that are weakening at the end of a simulation (anddvwmat persist much longer beyond
2 h) may be included. These requirements, in conjunctioh thi¢ emphasis on the most intense
right-moving storms produced in each simulation, combivéd the absence of very weak shears
and the use of single warm bubble initialization methods @MIPPASS, tend to bias the COM-
PASS results somewhat towards long-lasting unicellulamstmorphologies such as supercells.
Such bias is not unwarranted, insofar as one of the goalseoa€@MPASS project was to locate
and characterize the boundary between supercell and nemslipconvective modes in the larger

parameter space.

All simulations are originally conducted on a moving domaith the starting hodograph cen-
tered at the ground-relative velocity origin. However, stimate actual ground-relative accumu-
lations of precipitation in these experiments, the simafatesults are later translated to emulate

storm motions that are more like those commonly observeldarNiorthern Hemisphere (Fig. 2).
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Figure 2. Sample hodographs (translated) for use in the G&3®Psimulations. The hodograph radius (VMAG) is
either 8, 12, or 16 m's.. Each hodograph is translated so thatuheind at 0.5 km is—4 m s'1. Symbols are given
every 500 m, from the surface to 12 km AGL. A storm-motionrastie using the method of Bunkers et al. (2000) is
also shown for each hodograph.
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Figure 3. Example initial thermodynamic profiles for two COASS simulations. These two sample profiles have

CAPE = 2000 J kg', LCL = 1.6 km, and LFC = 1.6 km. The solid lines labeled “p3” regpent the PW = 30 mm
environment, and the dashed lines labeled “p6” represer¥ = 60 mm environment.

11



416 - 0% 58% 92% 100%

)

€

‘(5’ 12 - 33% 38% 83% 79%

=

S 8 0% 8% 54% 59%

x x x x

450 800 2000 3200

CAPE (J kgh
Figure 4. The percentage of experiments with strong, “ptst” storms (as defined in the text) in the COMPASS
simulation set, grouped by VMAG (hodograph radius) and CAP&r CAPE = 450, each entry is comprised of 3

possible experiments; for CAPE 800, 24 experiments are conducted at each combination oEGHE VMAG. For
example, only 2 of 24 simulations (8%) with VMAG = 8 and CAPE @0deature a persistent storm.

The hodographs with the greatest low-level shear bear seseenblance to the hodographs of Es-
terheld and Giuliano (2008), who found nearly straighélnodographs in a sample of 18 “signifi-
cantly tornadic” (F2 or greater) proximity soundings, waihembedded kink of nearly 90 degrees.
However, the hodographs here feature far more gentle aue/édnly 10—20 degrees difference in
angle between model levels, which are spaced at approXyig8 m vertical resolution in the
lower troposphere). Sensitivity tests involving the ttatisn of the starting hodographs confirm
that storm behavior is Galilean invariant (Klemp and Withebn 1978; Rotunno and Klemp 1982;
Rasmussen and Blanchard 1998; see also Bunkers et al. 20@@i®cussion on how storm mo-
tion forecasts can be impacted by Galilean invariance)t iBtta say, within the eight-dimensional
parameter space, grid-relative storm morphology and ¢eolis the same regardless of the place-
ment of the starting hodograph and the only differenceshwilin parameters that are calculated in

a ground-relative sense.

As in Kirkpatrick et al. (2009), the attributes of the dommiba@ight-moving storm in a simu-
lation are subjected to linear regressions with the enniemtal parameters of that simulation’s
starting sounding. In this way, one can correlate particstiarm properties with background en-

vironmental conditions. Because the seven environmemt@npeters that comprise each initial
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Table 2. Storm attributes discussed in the text.

Acronym  Attribute

HMAX Maximum hail mixing ratio aloft

HMAXO Maximum hail mixing ratio at 126 m
PCPAREA Total ground area that received at least 10 mm ofyptation
RMAX Maximum rainwater mixing ratio aloft
RMAXO Maximum rainwater mixing ratio at 126 m
TMASS Total mass of rainwater produced

VMAX Maximum vertical vorticity aloft

VMAXO0 Maximum vertical vorticity at 126 m
WMAX Maximum updraft velocity aloft

WMAX2  Maximum updraft velocity at 2 km

profile are largely uncorrelated and can be specified alnasptetely independently, it is also
possible to isolate individual environmental features e effects on storm morphology. Linear
correlations between environmental parameters and pertaiure (second hour) storm attributes
are explored herein for: mean maximum updraft speed at weti§WMAX) and at 2 km above
the surface (WMAX2); maximum mid-level vorticity (VMAX); mximum vorticity at the lowest
model level (126 m AGL; VMAXO0); maximum hail mixing ratio afio(HMAX) and at the lowest
model level (HMAXO0); maximum rainwater mixing ratio alolRMAX) and at the lowest model
level (RMAXO); and the total ground area that receives aitl&@ mm of liquid precipitation by the
end of the simulation (PCPAREA). These storm propertiedisted in Table 2 for reference. The
linear correlation between RMAXO and surface precipitatiate is essentially unity{ = 0.989),
and thus it is safe to use RMAXO in lieu of surface precipitatrate. Since only two or three
values of each environmental parameter are available TBblall regressions are of the linear
form. More sophisticated statistical methods, such asal component analysis, were not used
since it was desired to retain as much information about tivr@amental profile as possible.
For all parameters, only two or three choices were used,derdo keep the overall COMPASS
project tractable. Although nonlinear storm responsesi¢oetvironment can be potentially de-

tected for the two parameters that assume more than twohp@ssilues (CAPE and VMAG),
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Table 3. Linear correlation coefficients between environtalkparameters and second-hour average updraft velocity
(WMAX), as a function of CAPE. The number of simulations cantkd at each CAPE value is shownNsCorrela-
tions with magnitude above the critical valuecat 0.05 (0.23 folN = 72; 0.67 forN = 9) are shown in bold. For the
CAPE =450 storms, all 9 simulations had the same values of XBland ZMAXV.

CAPE (Jkg ™)
450 800 2000 3200
VMAG 0.06 0.27 0.55 0.60
ZMAXB N/A -0.65 -0.20 -0.19
ZMAXV N/A -0.14 -0.26 -0.24

LCL 0.65 0.09 0.17 0.09
LFC 0.45 0.27 050 0.43
TicL -0.65 -0.33 -0.48 -0.44
N 9 72 72 72

nonlinear regressions were not pursued because of the sumabier of variations in the values of
each environmental variable. The variance of a storm ptgper3 snapshot values averaged from
a simulation’s second hour (60—-120 min, at 5-min interveds) be used as a measure of temporal
variability; these variances are also discussed belowaazthe horizontal grid spacing (500 m)
is insufficient to resolve tornadoes explicitly, the focusénis on general low-level mesocyclone
intensity. This resolution should be sufficient to resolt@m mesocyclones (see Bryan et al.
2003 for a thorough discussion on the influence of grid reésmiwon simulations of deep moist

convection).

The Pearson product moment correlation coefficienis calculated for many of the storm—
environment relationships discussed herein (e.g., Tapld-8r a bivariate dataset witN pairs

of data, the statistical significance of a correlation cogffit (i.e.,Ho: r = 0; Hy: r £ 0) can be

evaluated by computing the test statistie r /(N — 2) /(1 —r2), which has Student’s distribution
with N — 2 degrees of freedom (e.g., Eq. 11.46 of Montgomery and Ruz@@3). In this paper,
the alternate hypothesibBl{) is accepted if falls within the top or bottom 5% (o = 0.05) of the

distribution. As an exampléy = 72 for eacthr reported in Table 3, and thug must be greater

than 0.23 forit| to exceed the critical value of 1.99.
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3. Results

For each combination of CAPE and VMAG in the basic COMPAS &ipeater space (Table 1), the
number of experiments that produce strong, persistennstorcreases as either CAPE or VMAG
increases (Fig. 4). In fact, all 24 experiments at the coatimn of the largest CAPE and VMAG
values feature persistent convection. For reasons desidodélow, storms persist for the entire 2-h
simulation in relatively few (25 of 72, or 35%) of the CAPE =@8énvironments, and only one of
the nine simulations at CAPE = 450. Increasing VMAG prodwcesuch greater relative increase
in the number of persistent storms at CAPE = 800 than it doetlsdr of the higher CAPE values
(Fig. 4). Interestingly, mean peak updraft velocity (WMAX)very nearly the same in all VMAG
groups when CAPE is fixed at 800 JKg(Fig. 5). When CAPE = 2000 or 3200, WMAX increases
as CAPE increases or as VMAG increases, for both values ofufMike WK (reproduced in Fig.

1 herein), simulations with the largest VMAG value do notgaroe storms with weaker WMAX,
although the total shears in the present experiments wiHaityest VMAG are comparable to
those in WK. We suspect that the decrease would begin to agpemulations were performed

with VMAG greater than 16 ms, further increasing the shear over the depth of the tropersph

Examples of storm structure at selected times for a subséM#G = 12 and VMAG = 16
simulations at CAPE = 450 are shown in Figs. 6 and 7. Each boajs selected from late in
the simulation’s second hour, to provide a rough overviewnafure storm appearance. In each
figure, all environmental parameters are held constanpexeceCAPE. These figures illustrate the
general progression in storm structure that is seen as CARIEneased. Because of the tendency
for LCL = LFC = 1.6 km to produce the strongest updrafts at allies of CAPE studied (Table 3),
that LCL-LFC configuration is shown in Figs. 6 and 7. For VMAG@2m s 1 (Fig. 6), all of the
storms with CAPE> 800 J kg'! contain updrafts stronger than 20 mtsat 3.5 km AGL (shown
in the figure), and between 30 and 70 it &igher aloft (increasing as CAPE increases). However,
as shown in Table 4, no updraft in the CAPE = 450 simulatiores evaches an intensity above
17 m s'1 at any time in the second hour, at any vertical level. The CARE0 simulations also

never produce a storm with a “left split” (not shown), in c@st to simulations with greater values

15



Peak WMAX, 60-120 min

30 mm (60 mm) PW Cases

16  NA(NA) 28(20) 51(41) 65 (53)
[7)]
f?lZ = 17 (NA) 32 (18) 46(35) 59 (46)
% 8-  NA(NA) 32(NA) 39(28) 49 (35)
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CAPE (J kg?)
Figure 5. The peak second-hour WMAX (m'3 for persistent right-moving storms. Binned by CAPE and VBIAs
in Fig. 4, with further stratification also given by enviroamal PW. Each table entry is the average of all experiments
that produce persistent storms with those CAPE, VMAG, andMalWiyes. The average value for all storms with “low”
PW (30 mm) is given at left, and for “high” PW (60 mm) in paree¢les. Only the 140 persistent storms (whose

distribution is shown in Fig. 4) are included. “NA’ means rergistent storms occurred in any of the simulations with
those values of CAPE, VMAG, and PW. No simulations were catetbat CAPE = 450 and PW = 60.

of CAPE. Finally, in Fig. 7 observe that all of the storms WZAPE of at least 800 J kg have

a somewhat similar qualitative appearance, with a strordyafpcore and a larger precipitation
footprint than the storm in the CAPE = 450 simulation. Basedlos limited sample, it appears
that substantial changes in simulated storm characteyiséin occur as CAPE is reduced from 800
to 450 J kg1, although storms with supercell characteristics arepitisible at that lowest CAPE

value.

3.1 Implications for updraft intensity

In Kirkpatrick et al. (2009), CAPE, VMAG, andE, were the three parameters that collectively
explained most of the inter-experiment variance in WMAX%&ut of a total 81% when all seven
parameters are used; their Table 3). However, when only &EC= 800 simulations are consid-
ered, the vertical level of maximum buoyancy (ZMAXB) becantlee most important parameter
(Table 3). This finding was obscured in the analysis condugyeKirkpatrick et al. (2009), where

the entire simulation dataset was studied as a single gratiput examining subsets based on the
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Figure 6. Maps of simulated updraft velocity at 3.5 km (ceméal at 5, 10, 15, 20, 25, and 30 m‘} and rainwater
mixing ratio at 126 m (shaded at 0.25, 1, 2, 3, and 4 gYdor simulations with constant VMAG (12 n18), low
ZMAXB and ZMAXYV, LCL = LFC = 1.6 km, and PW = 30 mm. Axes are in krkach plot is taken from the last 20
min of its simulation, at a time deemed representative ofineagtorm structure.
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Figure 7. As in Fig. 6, but for VMAG = 16 ms..
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Table 4. Maximum vertical velocity (“Max W”) attained in ansillation’s second hour for the nine special simulations
with CAPE = 450 J kg?, low ZMAXB, low ZMAXYV, and low PW. The simulation time at whitthe maximum
velocity is reached is also shown.

VMAG (ms™ 1) LCL(km) LFC(km) MaxW (ms?1) Time (min)

8 0.5 0.5 7.2 60
8 0.5 1.6 10.5 60
8 1.6 1.6 9.6 60
12 0.5 0.5 6.0 60
12 0.5 1.6 7.0 85
12 1.6 1.6 16.5 120
16 0.5 0.5 4.4 60
16 0.5 1.6 3.0 85
16 1.6 1.6 6.9 95

CAPE value of the starting sounding in each experiment. &exing the height of ZMAXB, that
is, increasing the lapse rates just above the LFC, enhanbd&X\at all values of CAPE (Fig. 8),
but especially so at CAPE = 800. All of the 25 simulations watghrsistent storms at CAPE = 800
feature low ZMAXB and thus more buoyancy in the layer justwabthe LFC. Essentially, when
CAPE = 2000 or 3200, lowering ZMAXB produces a 20—-30% incegasWMAX, but at CAPE

= 800, lowering ZMAXB (which is analogous to steepening tbe-evel lapse rateshcreases
WMAX by as much as 500% and can mean the difference betwessteet convection and storm
demisgFig. 8). These results are consistent with McCaul and Wais(2001), but show how the

effects play out in the greater thermo-kinematic paransgiace.

As an example, consider time—height cross sections of theaftg of the two storms shown in
Fig. 9. The environments of the two storms hawvdy the level of maximum buoyancy (ZMAXB)
changed. In the distributed buoyancy simulation (top panleé updraft forced by the initiating
thermal impulse is strong (greater than 20 m)s but weakens quickly. There is a period of over
20 min when the updraft is not stronger than 10Th at any level (although it remains trackable).
Eventually, the updraft does restrengthen slightly, amdHs simulation (the second-hour mean)
WMAX is about 14 m s. This storm is the strongest persistent storm in the 36 sitiwuis with

high ZMAXB and CAPE = 800. When the buoyancy profile is changethe low-ZMAXB case

19



70 T T T
High ZMAXB (Distributed buoyancy)
Low ZMAXB (Concentrated buoyancy)
60 - .
50 + .
% 40 41 -
£ 1
b 34—
<
= 30 —31 i
= ||
20 - 20 i
o " Hus3
10 . .
T
I , 'I'
0 g 2 é\ | |
450 800 2000 3200

CAPE (J kg})

Figure 8. Boxplots illustrating the influence of changing tiertical distribution of buoyancy on second-hour WMAX.
Simulations with low ZMAXB are shown in black, high ZMAXB iright gray. All 225 experiments are shown.
Each box plot shown consists of 36 unique experiments for EAPB0O, and 9 experiments for CAPE = 450. No
simulations were conducted at CAPE = 450 and “high” ZMAXB eTihox edges show the first (q1) and third (q3)
quartiles, and the whiskers extend to the farthest dataptiat are still within a distance of 1.5 interquartile raag
from g1 and g3. Outliers beyond the whiskers are shown, im @peles up to a distance of three interquartile ranges
beyond g1 or g3, and in closed circles beyond that. The madlilAX for each distribution is also shown.
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(bottom panel), after initiation, the updraft remains styer than 20 ms! throughout the rest of
the simulation, with pulses of greater than 30 m sccurring at least three times during the full
2-h experiment. The storm in the concentrated buoyancy@mvient features a mean second-
hour WMAX of 29 m s1, a more than 100% increase over its distributed buoyancyteopart,
and an extreme instantaneous updraft speed of 351m88% of the peak value expected from
parcel theory. For other storms in the CAPE = 800 regime, thi¢ fsom high ZMAXB to low
ZMAXB induces even larger relative increases in WMAX, somets nearing 500%. Three of
the 72 simulations conducted at CAPE = 800 produce updrafispeak instantaneous speeds
exces®f the expected parcel theory value of 40 nt;sall three feature our low value of ZMAXB,

ZMAXYV, and PW, and the high value of LFC.

Although VMAG (i.e., hodograph radius) is the dominant pceat of WMAX at CAPE =
2000 and 3200, updraft speeds at CAPE = 800 are essentialhhanged as VMAG is varied
(differing by an average of 4 m$; Fig. 5). Instead, at CAPE = 800, as VMAG is increased
there is a pronounced increase in the number of simulati@igproduce strong, persistent storms
(Fig. 4). For example, none of the 12 experiments with CAPB6& &nd 30 mm of PW produce
a persistent storm when VMAG = 8, but 4 of 12 do for VMAG = 12, &df 12 for VMAG =
16. Updrafts (including those at CAPE = 800) in the simulaginitialized with 60 mm of PW
produce more condensate than those in the 30 mm-PW simmdatiad in the absence of sufficient
vertical wind shear (e.g., at VMAG = 8), most of this condeadalls back into the updraft. A
gualitative examination of the CAPE = 800, VMAG = 8, PW = 60 slated storms reveals that
they tend to resemble short-lived, single-cell “pulse”\eextion. Consider also that for the 140
simulations with persistent storms, average updraft gtreat 2 km AGL (WMAX2) is similar for
the 56 high-PW (8.5 ms') and 84 low-PW (9.8 ms}) storms, bupeakstrength in the updrafts
aloft is markedly different (29 vs. 39 nT$).

Table 3 shows that when all 72 of the CAPE = 800 simulationsarsidered, there exists a
positive correlation (0.27) between WMAX and VMAG. Much big positive correlation comes

from a small number of cases in the VMAG = 12 or VMAG = 16 envirents where peak WMAX
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Figure 9. Time-height series of updraft velocity (WMAX; m3 for the dominant right-moving storm in the domain
of two simulations with only ZMAXB varied. The top panel shewhe high-ZMAXB case, and the bottom panel
shows the low ZMAXB case. Both simulations have CAPE = 800 J*ky MAG = 16 m s, the high value of
ZMAXYV, LCL = 0.5 km, LFC = 1.6 km, and PW = 30 mm.
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approaches 40 nT3$, the value predicted by parcel theory. This correlation miksp be biased
because it includes the 47 simulations at CAPE = 800 that dpmauce persistent storms. In-
creasing VMAG at CAPE = 800 moves the BRN values from aboutBYMAG = 8) to about 10
(at VMAG = 16), near the range of BRN values where environméetome excessively sheared
and updraft speed and duration might be expected to decrbaact, with some exceptions, in
the 25 persistent CAPE = 800 storms there is a tendency faogla gdecreasan average WMAX

as VMAG increases (Fig. 5;= —0.20 for these experiments). This correlation, however, is no

statistically significant at even tlee= 0.10 significance level.

As discussed in McCaul and Cohen (2002, Fig. 12a) and Kirlgkaet al. (2009, Fig. 1a),
raising the LFC (within the range of 0.5 to 1.6 km) tends ta@ase WMAX, and this trend is
seen at all four values of CAPE studied here (Table 3). Thestairon between LFC and WMAX
is statistically significant for experiments with CARE800 J kgt. McCaul and Cohen (2002)
showed how a higher LFC reduces entrainment of ambientfouir that usually resides above
the LFC, generally resulting in less updraft dilution andajer updraft area. However, although
a raised LFC usually enhances WMAYX, it is often detrimentalaw-level rotation, as will be

described in the next section.

In contrast to LFC, LCL height has no statistically significlnear correlation to WMAX for
any value of environmental CAPE (Table 3). Examination efc¢brrelations between LCL height
and numerous other storm properties (midlevel updraft aneBmidlevel vorticity, discussed be-
low, and storm motion, discussed in Kirkpatrick et al. 208[&p failed to yield any statistically
significant links. LCL height, on the other hand, does cateehegatively to the occurrence of
supercellsn the simulations (not shown), defined by their second-tfamerage midlevel vorticity
(VMAX, greater than 0.01 st) and vertical velocity-vertical vorticity correlation efiicient (0.4
or greater; WK). In simulations where the LCL is held at 0.5, l&6% (51 of 91) of the persistent
storms are supercells. Only 44% (21 of 48) of persistentrst@re supercells in simulations with
the LCL at 1.6 km. The velocity-vorticity correlation coefént tends to be higher for storms in

the LCL = 0.5 km simulations (0.63 vs. 0.53 for LCL = 1.6 km)dddroegemeier et al. (1993)
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have discussed how this coefficient may be used to predichgigpe.

The results of all nine simulations at CAPE = 450 are sumradrz Table 4. The simulations
with VMAG = 8 and VMAG = 16 both produce updrafts generally Weathan those at VMAG
= 12; the VMAG = 8 storms were the weakest, and at VMAG = 16 thenstest storm occurred
at LCL = LFC = 1.6 km, reaching a peak WMAX of only 7 msin the second hour. For CAPE
=450 and VMAG = 16, the BRN is less than 4; it is highly likelyatithese storms are unable to

persist owing to the extreme imbalance between CAPE and.shea

Only one of the nine simulations at CAPE = 450 produced a gtexrsti updraft. The simulation
with VMAG =12 and LCL = LFC = 1.6 km produces the strongeststowith a trackable updraft
having a second-hour mean WMAX of 11.9 mlqa snapshot of this storm is shown in Fig. 6).
The extreme peak updraft of the storm is 17 ™ Table 4), but this value is still less than 60%
of the 30 m s that parcel theory predicts might be possible. As for the 48 and 16 cases,
the LCL = LFC = 0.5 km simulations produce transient stornas teaken sharply after the initial

thermal impulse and cannot be tracked for the full 2 h.

3.2 Implications for storm vorticity

In typical U. S. Great Plains severe storms environmentgelamounts of CAPE and shear are
generally favored for strong, rotating storms (Maddox 1 3&tr and Darkow 1996; Rasmussen
and Blanchard 1998; Rasmussen and Straka 1998; Thomps@&daids 2000; Markowski et al.
2003; Thompson et al. 2003). Table 5 suggests that VMAG igltheinant environmental pa-
rameter when explaining maximum midlevel vertical votticfVMAX) in simulations with at
least 2000 J kg' of CAPEZ! No other environmental variable has any significant cotiawith
VMAX when CAPE = 2000 or 3200. For vorticitgear the surfac§VMAXO0), however, when
CAPE is at least 2000 J kg numerous environmental parameters become important yangar

degrees, as indicated by the correlations listed in thetaliis is not surprising, as each of these

lin Table 5, the CAPE = 450 group is excluded. Only one persisttorm occurred in the nine simulations
conducted at that CAPE value; as a result, no correlatiomgeaalculated for VMAX or VMAXO.
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Table 5. Linear correlation coefficients between environtaleparameters and midlevel (VMAX) and near-surface
(VMAXO) vertical vorticity. Persistent storms at CAPE = 8@fe shown on the left, and persistent storms at either
CAPE = 2000 or 3200 are shown on the right. Correlations witlalasolute value that is statistically significant at
a = 0.05 are shown in bold (for CAPE = 800§ = 25 and the critical is 0.38; for the group that includes both
CAPE = 2000 and 3200y = 114 and the criticat is 0.19). No correlation coefficient can be calculated for A1

or VMAXO vs. CAPE in the CAPE = 800 cases, since only one CAPHe/&s considered. The last line shows the
amount of variance explained by the environmental profilemasing a seven-parameter, multiple linear regression.

CAPE =800 CAPE = 2000 or 3200

VMAX VMAXO0 VMAX VMAXO
CAPE n/a n/a 0.27 0.01
VMAG -0.01 0.12 0.68 0.63
ZMAXB —0.46 -0.33 -0.01 -0.27
ZMAXV -0.50 -0.42 -0.13 -0.25
LCL 0.18 -0.05 0.04 -0.25
LFC 0.20 -0.18 0.14 -0.35
TLcL -0.40 -0.40 -0.05 0.07
Multiple r>  0.68 0.79 0.83 0.78

parameters has been identified independently in the litexais being important for low-level rota-
tion in observed storms. Specifically, Table 5 shows thafARE = 2000 or 3200, VMAXO tends
to increase when: deep-layer and low-level shear are isedeéincreasing VMAG and lowering
ZMAXYV; e.g., Markowski et al. 2003); the LCL is lowered from6lLto 0.5 km (e.g., Rasmussen
and Blanchard 1998); lapse rates above the LFC are incrébseering ZMAXB, also analo-
gous to increasing 0-3 km CAPHs described in Rasmussen 2003); and, especially, lowténg
LFC from 1.6 to 0.5 km (e.g., Davies 2004). The positive datren between CAPE and VMAX
(r =0.27) in these simulations, but lack of correlation betweerPEfand VMAXO ¢ = 0.01),

is consistent with CAPE’s known inability to serve as a sapkws. tornado discriminator in the
observational record (e.g., Rasmussen and Blanchard 188&jatistically significant correlation
between VMAX or VMAXO and Tc is seen when CAPE is either 2000 or 3200 Jk(Table 5);
essentially, strong rotation—both aloft and at low leveispossible regardless of environmental

temperature of atmospheric PW, if CAPE is large enough.

However, when studying VMAX and VMAXO in storms at CAPE = 8@0different and dis-

2Shifting ZMAXB from the high to the low value increases 0—3 KIAPE from roughly 30 to 100 J Kd-.
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tinctive pattern of important environmental parametersiges. First, the behaviors of VMAX and
VMAXO0 are more similar to one another at CAPE = 800 than forrtmlerate- and high-CAPE
categories (Table 5), in part because the simulated ugdrathis CAPE value tend to be some-
what less deep. For example, the mean altitude of WMAX foiGA®E = 800 storms is only 6.4
km, but is 9.6 and 10.5 km for the CAPE = 2000 and CAPE = 3200mgotespectively (see also
McCaul and Weisman 1996). The three parameters that relageatosely (in a linear correlation
sense) to VMAXO at CAPE =800 are the same as those for VMAXi TZMAXB, and ZMAXV
(Table 5). Thus, in simulations where CAPE = 800, VMAX and VM®are larger in the sim-
ulations with our low value of |Ic., and the low choice of vertical levels of maximum buoyancy
(ZMAXB) and shear (ZMAXYV). At this CAPE value, these threergaeters combined account
for 45% of the variability in VMAXO0 and 61% for VMAX. McCaul athWeisman (2001) have
demonstrated the enhancements to VMAX and VMAXO that camioke low values of ZMAXB
and ZMAXYV, specifically when CAPE = 800. Increasing the magme of low-level shear (by
decreasing the level of maximumwind, ZMAXYV, in the COMPASS semicircular hodographs)
provides more environmental SRH for tilting by the updrafid simulations with a low ZMAXV
have increased 0—1 km and 0-3 km SRH compared to their high>@ktounterparts® The trend

is especially noticeable at CAPE = 800. For the CAPE = 800, \G\AL6 simulations, those with
high ZMAXV have an average SRH of 3582, and the simulations with low ZMAXV have an
average of SRH of 131 frs 2, over three times the value of the high-ZMAXV cases. This com
pares with simulations at the CAPE values of 2000 J4%a@r more (and with VMAG = 16), where
the SRH in high-ZMAXV simulations is similar (31 frs~2), but does not increase as much for
those with low ZMAXV (78 nt s~2), all other environmental parameters held constant. At EAP
=800, shifting to the low-ZMAXYV profile increases SRH (in thel km, 0-3 km, and 0—6 km lay-
ers), and also leads to 3-5 mlsncreases in WMAX at 2 km AGL (not shown), and a doubling
or tripling of VMAXO in most cases. Although Adlerman and Rgemeier (2005) considered

only one thermodynamic profile in their study of mesocyclbebavior as a function of the shear

3SRH is calculated using treimulatedstorm motion (averaged over each simulation’s second fasuin Kirk-
patrick et al. 2007), not an estimate of storm motion (elge nhethod described by Bunkers et al. 2000).
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profile, in our dataset we also find that “in general, the gjes mesocyclone rotational intensity
occurs when the largest shears are confined to the shalldeettts” (Adlerman and Droegemeier

2005, p. 3619).

Reduced LCL height also bears a statistically significanttation with VMAXO when CAPE
= 2000 or 3200 (Table 5), similar to the relationships thaehzeen found in observational studies
of LCL heights and tornadoes (Rasmussen and Blanchard T8®8&)pson et al. 2003; Craven and
Brooks 2004). In an observational study that specificallgragses only convection with CAPE
below roughly 1000 J kgt, Davies (2006b) found that LCL heights were generally loa@the
strength of reported tornadoes increased, although tlasaeship was much less obvious when
the analysis was confined to certain environmental regirmesh as tornadoes associated with
tropical cyclones (Davies 2006a). The correlations in @dbkhow that, at CAPE = 800, in the
present simulation database there is no statisticallyifsignt relationship between LCL height

and VMAXO.

Correlations of LFC to near-surface storm vorticity alsbdnee in a complex way. In both the
low (800 J kg1) and moderate/high (2000-3200 J®y CAPE bins, LFC height demonstrates
positive correlations with VMAX, bubegativecorrelations to VMAXO (Table 5). When CAPE =
2000 or 3200, the strongest VMAX occurs when LFC heights amaiahigh value (1.6 km), but
the strongest VMAXO occurs when the LFC is at the low valué {im). The trends are similar
though not as pronounced at CAPE = 800. We believe the appesairadictions in the sensi-
tivities of VMAX and VMAXO to LFC height can be resolved as limvs. McCaul and Cohen
(2002) showed that as the LFC is raised (steadily from 0.5.@dkin in their simulations), up-
draft overturning efficiency, strength, and rotation at lewvels steadily increase, associated with
reduced entrainment and systematic increases in bothfupgdmaeter and mean equivalent poten-
tial temperature in the updraft core. However, as the LFOwseled (again, from 1.6 to 0.5 km),
more CAPE is available to the low-level updraft, which praesostronger updraft accelerations
and thus enhanced stretching of vorticity at low levels. bseyved storms, Rasmussen (2003, p.

532) has also hypothesized that increasing the amount ofdegl CAPE may promote “more
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Figure 10. As in Fig. 5, but for peak second-hour VMAX0 {16 ™1).

effective interaction between low-level shear and the level updraft, thereby augmenting ascent
and strength through the nonhydrostatic pressure fiel@” é&s0 Rotunno and Klemp 1982). The
relationship between LFC height and VMAXO (and VMAX) is lesigvious in the simulations
where CAPE = 800 J kyf, because of the smaller sample size and the dominance dféoesef

ZMAXB, ZMAXYV, and T ¢, at that CAPE value (Table 5).

When the 140 persistent storms are binned by CAPE and VMAG RAN; Fig. 10), only at
the largest hodograph radius (VMAG = 16 mydoes increasing CAPE produce a clear increase
in VMAXO (neglecting the one persistent storm at CAPE = 458).VMAG = 12 and VMAG
= 8, BRN values exceed 100 for CAPE = 3200, which is beyond @éhge expected to produce
convection with sustained low-level rotation (this is trenen though those updrafts may tem-
porarily be strong at upper levels; Fig. 5). However, wherPEASs fixed at either 2000 or 3200
J kg1, 50-100% increases in VMAXO occur as the hodograph radiieisased, demonstrating
the strong correlations between VMAG and VMAXO seen at tHOA®E values in Table 5. As
discussed with WMAX above, in the WK simulations (Fig. 1) VMA declines as bulk shear is

increased beyond some ideal value; this peak followed byglingds not present in the COMPASS
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simulation database (Fig. 10).

Midlevel vorticity (not shown) for the lone persistent stoat CAPE = 450 achieves VMAX
values comparable to those seen in the supercells at CAPE)=I®@ near-surface vorticity
VMAXO is only about 5-10% of the values seen there (Fig. 18pathe surface rainfall foot-
print and updraft at 3.5 km for this storm are shown in Fig. Bpwever, this storm resembles
a supercell and appears to become quite steady by the end,adritiht is possible that larger

VMAXO values might occur if the simulation were extendeddader durations.

3.3 Implications for precipitation

If ambient CAPE increases, one would generally expect arease in storm updraft intensity,
water vapor flux, condensation, and thus precipitationsratethe surface. As shown in the up-
per half of Table 6, this is true in a broad sense across theeesimulation set, when the (140)
persistent and (85) non-persistent storms are considegedhter as a single group. Production of
both hail and liquid water aloft, and the amounts that reaehground, increase as CAPE is in-
creased. However, the full 225-experiment simulation setikl probably not be used for analysis
of trends in precipitation variables because that set dedistorms that fail to persist for an entire
2-h simulation. This would bias any analysis toward the mmments with nonpersistent storms.
When the analysis is confined only to the persistent storovge{l half of Table 6)environmental
CAPE exhibits no significant linear correlation with RMAXRIMAXO0.That is,the maximum local
liquid precipitation rates associated with persistentrste, either aloft or at the ground, bear no
significant linear correlation with the ambient CAPIB.25 trios of experiments where only CAPE
is changed from 800 to 3200 J kY 8 show a steady decrease in RMAXO0 as CAPE increases,
5 show a steady increase, and 12 show a peak in RMAX0 at CAPED8. 20hese 25 sets, 75
experiments in all, are binned by CAPE and PW in Fig. 11. bstef RMAX and RMAXQO, it is
hail mixing ratios aloft (HMAX) and at the surface (HMAXO)dhare strongly tied to CAPE. Of
course, HMAXO is also strongly modulated by PW (which is teteto environmental temperature

and T cL): almost no hail reaches the surface in any of the stormsiPW = 60 mm experiments,
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Figure 11. Boxplots (as in Fig. 8) of persistent storm RMAX0eraged over each experiment’'s second hour, for 25
sets of three experiments with only CAPE varied from 800 t0®82 kg 1. Experiments are further binned by PW.
Only one persistent storm occurred in nine simulations pced at CAPE = 450, and it is excluded from the figure.

because of the increased height of the melting level (5 kmpaoed to the experiments with PW

=30 mm (3 km).

Although the peak local liquid precipitation rates in thegigtent storms are not strongly in-
fluenced by CAPE, simulations with higher CAPE do producermmease in the total mass of
rainwater that falls to the ground during the simulation AS8), as well as the ground area that
receives at least 10 mm of liquid precipitation (PCPAREAhI€6). PCPAREA increases by al-
most 60% when CAPE is changed from 800 to 2000 J'kall other environmental parameters
held equal, with at least a further 10% increase in area adoguwhen CAPE is raised from 2000
to 3200 J kgl. This steady increase is attributable to an increase in tingber of discrete up-
drafts of at least 10 m™s at 2 km AGL identified in the simulations, counted at the lasied
timestep (Fig. 12). There is also some tendency for theniteteous size of the liquid precipita-

tion footprint (RAREAO, defined as the ground area that rezkrainfall in the preceding 5 min)
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Table 6. Variations in storm precipitation production asRENJ kg ) is increased. Values are given in g Kgexcept

for PCPAREA which is in krd. For N = 225, each value is the mean of the 60-120 min averagk stbrms at that
CAPE value; for N = 140, averages include only the persisttarns. The total mass of rainwater produced during
the simulations (18 kg) is given as TMASS.

(N =225) N HMAX HMAX0O RMAX RMAXO PCPAREA TMASS

CAPE=450 9 0.48 0.00 0.95 0.69 50.5 0.24
CAPE=800 72 2.06 0.02 3.02 2.10 168.9 0.63
CAPE=2000 72 6.61 0.06 6.50 4.42 438.9 1.40
CAPE=3200 72 7.87 0.08 6.53 4.37 503.5 1.42
(N =140) N HMAX HMAX0O RMAX RMAXO PCPAREA TMASS
CAPE=450 1 2.93 0.01 3.68 2.85 147.5 0.49
CAPE=800 25 5.54 0.05 7.24 5.07 332.0 1.06
CAPE=2000 55 8.37 0.08 7.75 5.37 527.2 1.64
CAPE=3200 59 9.09 0.10 7.24 4.92 580.0 1.61

to increase as CAPE increases, at least for one set of foulations with only CAPE changed
(Fig. 13). However, this increase is not statistically #igant for the transition from CAPE =
2000 to CAPE = 3200. Although individual storm rainfall ratare relatively unchanged when
CAPE is at least 800 J kg, the marginal increase in storm precipitation footprind amcrease in
the number of discrete updrafts in each domain likely exptae positive relationship observed
between PCPAREA and CAPE. PCPAREA, which is calculated imoaurgd-relative sense and
over an entire 2 h simulation, is also sensitive to the chofdeodograph translation. Thus these
PCPAREA results should be viewed as only one example of tihéatadistributions that might

occur in the real atmosphere.

Not all of the water vapor that enters a cloud falls out as ipretion. The “precipitation
efficiency” (PE) of a storm may be defined in a number of waysléssribed in Sui et al. 2007),
most commonly as the ratio of rainfall at the ground to cosdéion (Ferrier et al. 1996), to water
vapor convergence and surface evaporation rates (e.gr,algeMarwitz 1968; Heymsfield and
Schotz 1993; Doswell et al. 1996), or to the precipitableaw@tlarket et al. 2003). In all cases,
however, precipitation fallout and PE are directly projmoral; that is, storms with greater PE

produce more rainfall at the ground, all else held equal.odahately, prior observational studies
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Figure 12. Number of discrete updrafts of at least 10his a subset of the COMPASS simulations, counted at the
last model timestep (120 min) and at 2 km AGL. Gray lines dentWIAG = 12, and the black lines VMAG = 16.
Line styles denote the three possible combinations of LGA la#AC, and each line connects simulations with every

other environmental parameter held constant except forECAPaces are slightly offset from their integer values for
readability.

have struggled with identifying whether a relationshipvwestn PE and CAPE exists in the real
atmosphere. Marwitz (1972) and Fankhauser (1988) foundeay celationships between CAPE
and PE of isolated storms. Statistically insignificantdineorrelations between CAPE and PE have
also been found in studies of warm-season mesoscale covevegstems (Market et al. 2003) and

squall lines (Takemi 2007).

Market et al. (2003) has suggested that a curvilinear celatiip between CAPE and PE is
plausible. In such a relationship, the two are positivelyeated up to some unknown “optimal”
value, and then become negatively correlated, with PE detrg as CAPE continues to increase.
Market et al. (2003, p. 1282) hypothesized that this deereasurs because “the strong updraft(s)

afforded by a large CAPE would eject too much condensate btheoanvil.* The persistent

4The CAPE-PE relationship hypothesized by Market et al. §2@tay also reflect that some CAPE environments
(beyond the “optimal” CAPE value) are characterized by delepated mixed layers, and, presumably, drier air aloft
(Lanicci and Warner 1991).
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Figure 13. Time series plots of storm properties from foungations with only CAPE changed. All simulations
shown have VMAG = 16 m s, the low value of ZMAXB and ZMAXYV, LCL = LFC = 0.5 km, and PW = 30rm

Acronyms are defined in the text.
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CAPE = 2000 storms herein do produce substantially mord @w®/i(a 200-300% increase in
pristine crystals in the 10-16 km AGL layer when comparedchs CAPE = 800 storms, and a
further 100% increase from CAPE = 2000 to CAPE = 3200), bustfdnit alone does not guarantee

that such a relationship between CAPE and PE exists.

It is straightforward to use the Market et al. (2003) defomtof PE to assess our simulations
(simply by calculating RMAXO divided by PW; Fig. 11). McCaet al. (2005, Fig. 8) demon-
strated that for a set of 12 simulations with CAPE varied fi8®0 to 3200 J kg, the PW = 30
storms featured higher PE compared to those in the PW = 60oemeents. Fig. 11 shows that
this is the case across all simulations explored at CAPE =aB@0greater. Also, the difference in
PE between the PW = 30 and PW = 60 groups decreases as CAP&eis rahis is likely because
an increase in CAPE allows updrafts to overcome the exaewster loading that occurs at PW =
60. At CAPE = 800, updrafts in environments with the high eatd PW are weaker due to this
water loading, and thus not only produce the smallest ansmfmtiinfall at the surface but are also
the most inefficient rainfall producers in the dataset. Hmveas with RMAXO, Fig. 11 shows
that there is no clear linear trend in PE as the ambient CARRRaaged. The existence of Market
et al.’s purported “optimal” CAPE value finds only modest gogt in the COMPASS database.
Although RMAXQO is clearly greatest for storms in simulatsoowhere CAPE = 2000 and PW = 60,

a similar maximum in PE is not as obvious.

The impacts of vertical wind shear (in our case, VMAG) on PE& also worthy of discus-
sion. Marwitz (1972) hypothesized that increasing windasheets to decrease a storm’s PE by
increasing entrainment of dry air, causing greater evdjporaf potential precipitation. On the
contrary, Fankhauser (1988, Fig. 9) showed essentiallyeraltin PE as cloud-layer wind shear
was increased. In our simulations, average PE increasadilgtas VMAG is increased for CAPE
= 2000 and CAPE = 3200, but not for CAPE = 800 (Fig. 14). As VMAQGricreased at CAPE
= 2000 or 3200, updrafts are stronger (Fig. 5 and Table 3)em(Kirkpatrick et al. 2007, Fig.
8), and exhibit increased updraft overturning efficientye (tatio of actual peak updraft speed to

the value predicted by parcel theory; McCaul and Cohen 2G@0)f which imply more efficient
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Second-hour Mean PE (g kg* mm™)

30 mm (60 mm) PW Cases

16 f NA (NA) 0.19 (0.07)  0.23(0.12)  0.20 (0.11)
%12 - 010(NA)  0.20(0.07) 0.16(0.09)  0.15(0.09)
<§E 8 |- NA (NA) 0.17 (NA)  0.09 (0.05)  0.08 (0.07)
| | | |
450 800 2000 3200

CAPE (J kg'})

Figure 14. As in Fig. 5, but for mean second-hour precitasfficiency (PE), defined in the text as RMAXO divided
by PW. For reference, the highest value of PE (in the givetsuat any 5-min output time in any of the 225 simulations
is 0.33.

production of precipitation. In our simulations, incred38VIAG causes PE to increase, at least
when CAPE is 2000 J kgf or greater (Fig. 14). It would have been impossible for Fauiger
(1988) to diagnose this relationship at similar values oREAas only 2 of the 7 cases in his study

involved storms in environments with CAPE above 1800 J'kg

4. Summary

The sensitivity of simulated convective storms to stormimment is both directly and indirectly

a function of the ambient CAPE. When CAPE is reduced from ood@nate or high values (2000
or 3200) to 800 J kgt, the existence of strong, persistent updrafts becomesrgsinction of the
vertical distribution of buoyancy. At CAPE = 800, 23 of 36 {6¥simulations with a low vertical
level of maximum buoyancy (ZMAXB) produce an updraft that te tracked for the entirety of a

2 h simulation with a second-hour mean updraft velocity ofl® * or more; when ZMAXB is at
our high value, only 2 of 36 (6%) simulations meet these gétef persistence and strength. When
CAPE is reduced further to 450 J kY only one out of nine storms is persistent. The behavior at
the 450 and 800 J kg CAPE values is in stark contrast to the two higher CAPE vatwesidered
here, where more than three-fourths of storms are persigtétio at CAPE = 2000, and 82% at

CAPE = 3200). Both LFC andE. have statistically significant correlations to WMAX at all
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values of CAPE> 800 J kg'L.

Two additional aspects of storm morphology, vertical \@ityi and precipitation, were also
studied in this paper. In simulations where CAPE is 2000 @032 kg1, correlations between
low-level vorticity (VMAXO0) and other background enviroremtal parameters (shear, the vertical
distribution of buoyancy, and LCL and LFC height) resemblationships seen in previous clima-
tological studies of strong convection. One of the morergging results is that a high LFC (1.6
km in this study) correlates with greater vertical vorircit midlevels (VMAX), but a low LFC

(0.5 km) correlates with greater VMAXO.

At CAPE = 800, however, correlations between environmerdaedmeters and VMAX behave
almostidentically to those with VMAXO, and are very diffatédrom those seen at the higher values
of CAPE. In the CAPE = 800 regime, ZMAXB, ZMAXYV, and_E, are the three parameters that
show the strongest correlations to vorticity. When CAPE@uced further to 450 J kg, however,
only one of nine simulations produces a storm with a sizablt&cal vorticity in the simulation’s
second hour (similar to the behavior of updraft velocity)d éhat storm’s peak VMAXO is lower
than 23 of the 25 persistent storms at CAPE = 800. As CAPE dsesebelow 800 J Kdg, it is
increasingly difficult for the simulations to produce notyopersistent, strong updrafts, but also

strong rotation.

No obvious linear relationship between CAPE and surfagdathirates is found in the present
database in the PW = 30 mm simulations. For simulations with=P60 mm, however, there is
some evidence that surface rainfall rates are maximized@#ePE is 2000 J kgt, with lower
rates as CAPE is either increased or decreased. Althoughitheo “one size fits all” relationship
between CAPE and surface precipitatiates in simulations where CAPE is higher updrafts are
slightly larger in diameter and more numerous. As a resudtid is a positive correlation between

increased CAPE and increased total precipitatioer the simulation domain

As discussed in Kirkpatrick et al. (2007) and Kirkpatrickaet(2009), results from this simula-
tion archive are not intended to serve directly as foreaadstor to assert guaranteed relationships

between environmental conditions and “real-world” obsérstorm properties. No idealized study
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of simulated storm behavior can claim direct applicabildystorms in the real atmosphere. El-
more et al. (2002b) presented simulations in which “indigtishably small” changes to the initial
sounding led to “disproportionately large” differencestorm longevity, calling into question the
use of cloud-scale models as explicit forecasting toolenEhe real-world application of model-
derived forecasts of environmental parameters (such asECBRN, or SRH) is fraught with
difficulty (EImore et al. 2002a), and uncertainty bars fardb model-derived forecast parameters
are frequently quite large (e.g., Thompson et al. 2003, R00he use and utility of diagnostic
variables derived from the sounding in forecasting conveatorm evolution is also open to ques-
tion (Doswell and Schultz 2006), and each of the soundingrpaters discussed herein should be

similarly scrutinized.

Instead, these analyses serve mainly to isolate and claifyaspects of the environmental
sounding that influence storm morphology and evolution,tarieelp quantify or rank the strength
of those relationships and their trends within the paransgtace. We believe that these results can
best be used to motivate additional study of convectivenstaehavior, in both the numerical and
observational realms, and to serve as a starting frameveorthbse studies. For regimes where
CAPE is below roughly 1000 J kg, the sensitivity of real storms to other environmental dest
discussed here has not been adequately studied with suiffjccareful control. Additional anal-
ysis of existing datasets of observed storms in these CAgEes (such as in Johns et al. 1993;
Davies 2006b) could be revealing, given the number of sewe@her events that occur under
such conditions. A larger set of numerical simulations V@#hPE values below 800 J kg, and
also between the values of 800 and 2000 Jkghich were explored here, may also be beneficial
to more clearly diagnosing the influences of ZMAXB and PW, &l a&s to provide additional
insight into the possibility of a CAPE—shear or other ermimental parameter combination that

might promote a maximum in updraft overturning or precijpata efficiency.

The effects of environmental humidity (FTRH) on deep cotieecmust also be considered,
as James and Markowski (2010) observed that simulated ctivewstorms at an extreme value of

CAPE (4500 J kg') are not influenced much by environmental dry air, but thea$f are much
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greater at lower CAPE values. Preliminary analysis of theVlBBSS results indicates that the
survivability of updrafts in environments having FTRH ldban 90% appears to depend upon
LCL and LFC heights, implying the importance of the not-umested role of entrainment on
smaller-diameter updrafts. There is also a need to perfemsisvity studies of the impact of
model mixing and turbulence schemes before drawing finatlogions. While the COMPASS
simulation framework provides a foundation for studying tmportant effects of reduced FTRH
on convective storms, pursuit of such research lies beynddope of the present paper, and must

be deferred to the future.
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