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ABSTRACT

Recent observational studies have shown that strong midlatitude mesoscale convective systems (MCSs)

tend to decay as they move into environments with less instability and smaller deep-layer vertical wind

shear. These observed shear profiles that contain significant upper-level shear are often different from the

shear profiles considered to be the most favorable for the maintenance of strong, long-lived convective

systems in some past idealized simulations. Thus, to explore the role of upper-level shear in strong MCS

environments, a set of two-dimensional (2D) simulations of density currents within a dry, statically neutral

environment is used to quantify the dependence of lifting along an idealized cold pool on the upper-level

shear. A set of three-dimensional (3D) simulations of MCSs is produced to gauge the effects of the

upper-level shear in a more realistic framework.

Results from the 2D experiments show that the addition of upper-level shear to a wind profile with weak

to moderate low-level shear increases the vertical displacement of parcels despite a decrease in the vertical

velocity along the cold pool interface. Parcels that are elevated above the surface (1–2 km) overturn and are

responsible for the deep lifting in the deep-shear environments, while the surface-based parcels typically are

lifted through the cold pool region in a rearward-sloping path. This deep overturning helps to maintain the

leading convection and greatly increases the size and total precipitation output of the convective systems in

more complex 3D simulations, even in the presence of 3D structures. These results show that the shear

profile throughout the entire troposphere must be considered to gain a more complete understanding of the

structure and maintenance of strong midlatitude MCSs.

1. Introduction

Organized mesoscale convective systems (MCSs;

Zipser 1982; Parker and Johnson 2000) are important

to understand because of their propensity to produce

severe weather and heavy rainfall. MCSs are observed

in many climates across the globe during all times of the

year (LeMone et al. 1998; Laing and Fritsch 2000;

Burke and Schultz 2004). This study focuses on MCSs

that occur frequently in the midlatitude regions of the

United States during the spring and summer months,

which are often associated with widespread severe

windstorms and/or extremely heavy rainfall (Fritsch et

el. 1986; Johns and Hirt 1987).

Furthermore, this study focuses on the class of MCSs

that develop a quasi-linear or arced region of strong

convection along its leading edge. Researchers have

employed convection-resolving numerical models to

understand the physical connection between the envi-

ronmental vertical wind shear, usually the low-level

shear, and the behavior of these types of MCSs (Thorpe

et al. 1982; Rotunno et al. 1988; Weisman et al. 1988;

Moncrieff and Liu 1999; Coniglio and Stensrud 2001;

Weisman and Rotunno 2004). Much of this work em-

phasizes the importance of the low-level shear to

counter the effects of the organized cold thunderstorm

outflow (cold pool) (Rotunno et al. 1988; Weisman et

al. 1988). Weisman and Rotunno (2004, hereafter

WR04) suggest that surface-based shear distributed to

depths greater than 5 km is detrimental to producing

strong quasi-2D convective systems by sighting the less-

ened overall condensation, rainfall, and surface winds

in their simulations. Furthermore, they affirm that the

overall system-scale structure under these conditions

show little sensitivity to changes in the upper-level

shear, do not contain line segments or bow echoes

along or just behind the leading edge of the cold pool,
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and are not as strong or as organized as the systems that

develop in zero upper-level shear.

This study is motivated by findings that relatively

weak to moderate low-level shear and considerable up-

per-level shear is frequently observed in strong midlati-

tude MCS environments, including those that contain

bow echoes and/or embedded supercells (Gale et al.

2002; Coniglio et al. 2004; Stensrud et al. 2005; Coniglio

et al. 2005) and by the fact that the effects of these

deep-shear environments are not emphasized in past

3D simulations.

Deep-shear environments and their effects on the

lifting of environmental air above a cold pool have been

examined in steady-state analytical frameworks based

on conservation principles (Shapiro 1992; Xu 1992; Xu

and Moncrieff 1994; Liu and Moncrieff 1996; Moncrieff

and Liu 1999; Xue 2000; WR04). The results of Shapiro

(1992, hereafter S92) are of particular interest to the

present study. He uses an analytical 2D model of a fixed

density-current barrier to hypothesize that an environ-

ment with larger deep-tropospheric shear decreases the

vertical velocity of parcels along the barrier owing to

less mass impinging on the barrier, but also increases

the vertical displacement of parcels owing to longer

residence times in the region of upward vertical motion.

The flow that supports this behavior (see Fig. 1 for a

schematic depiction) fits well within the idealized

framework of 2D convection of Thorpe et al. (1982)

summarized in Moncrieff (1992). Shapiro hypothesizes

that these larger vertical displacements lead to a greater

likelihood for initiating and maintaining convection,

which is argued similarly in Moncrieff and Liu (1999)

through the existence of a steering level (defined as the

level at which the cold pool speed matches the environ-

mental wind speed). However, the effects of the upper-

level shear in S92 are not isolated since his model re-

FIG. 1. Solutions adapted from the hydrodynamical model of S92. (top) Profiles representing changes in magnitude of

the wind (m s�1) with height in a reference frame fixed with the solid density current barrier (shaded in black in the middle

panels). (middle) Values of the streamfunction and the direction of the flows and (bottom) vertical velocity (every

2 m s�1).
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quires an exponential decrease of shear with height

(i.e., an increase in upper-level shear requires a greater

increase in the low-level shear). A further limitation is

that the density current is fixed as a barrier and thus

cannot respond to the flow.

Similarly, a simple 2D vorticity–streamfunction

model is presented in WR04 to explain the ability of a

cold pool to lift environmental air. They show that for

a given shear above a critical value the lifting of air is

much greater when the shear is restricted to a depth

that is 1/4 of the domain depth rather than when the

shear is distributed over the full-domain depth. They

use this to state that deep shear is fundamentally det-

rimental to the basic lifting of environmental air above

a cold pool if the shear is distributed over a significant

depth of the domain.

In addition to S92, the recent studies of Parker and

Johnson (2004a,b,c, hereafter referred to as PJ04a,b,c,

respectively, or, collectively, PJ04) are of particular in-

terest to us as they present 2D and periodic 3D simu-

lations of MCSs in deep shear. By focusing their atten-

tion on the 2D simulations, PJ04b and PJ04c analyze

the dynamics of parcels as they pass through the con-

vective region. They stress that the linear component of

the perturbation pressure field generates downshear ac-

celerations on the upshear sides of the updrafts in posi-

tive shear that largely account for the efficient over-

turning and the development of leading precipitation in

deep shear environments. As in S92, they hypothesize

that the shear gives air parcels more upright trajectories

and allows them to spend more time in the zone of

upward accelerations. Although most of their work fo-

cuses on the 2D results, we are intrigued that moderate

3–10 km shear allows for much more persistent updrafts

in their periodic 3D simulations. Along with the obser-

vational evidence (Coniglio et al. 2004, hereafter C04;

Burke and Schultz 2004; Coniglio et al. 2005), this sug-

gests that physical mechanisms related to upper-level

shear are relevant to both quasi-2D and 3D regimes of

MCSs and suggests that it is important to continue the

exploration of the effects of upper-level shear on the

general characteristics of MCSs.

We first examine the ability of a cold pool to lift

environmental air in a simplified model but take a

somewhat different approach than S92 and WR04. We

do not intend to compare different values of shear dis-

tributed over the full domain, as in S92, or full- versus

quarter-domain-depth shear, as in WR04. Rather, our

goal is to investigate how the behavior of the lifting is

affected by the addition of shear above a profile that

has a fixed magnitude of low-level shear. This is accom-

plished by producing a set of idealized 2D simulations

of an evolving density current with the goal of quanti-

fying the basic dependence of lifting on the upper-level

shear. To build upon the results of PJ04, fully 3D simu-

lations of convective systems are produced to show con-

sistency of the 2D behavior to more realistic conditions

and to detail the differences in structure with changes in

the upper-level shear. We emphasize that the role of

upper-level shear is particularly important to under-

stand since the observed environments of strong mid-

latitude MCSs rarely have wind shear restricted to the

lowest few kilometers (Stensrud et al. 2005).

The numerical modeling methods are outlined in sec-

tion 2. Sections 3 and 4 describe the 2D and 3D nu-

merical results, respectively. A summary of the main

results and a brief discussion of the possible applica-

tions are found in section 5.

2. Methods

a. Configuration of the 2D simulations

The first exploration into the effects of upper-level

shear is accomplished with idealized 2D simulations

produced by the National Severe Storms Laboratory

(NSSL) Collaborative Model for Multiscale Atmo-

spheric Simulation (NCOMMAS) (see the appendix for

a detailed description of the modeling system). A do-

main with horizontal (x) and vertical (z) dimensions of

240 and 16 km, respectively, is used with �x � �z � 250

m. As done in S92, the 2D simulations are initialized

with a statically neutral thermal profile with the poten-

tial temperature (�) set to 300 K to prevent buoyant

convection. A heat sink of the form A[cos(�r/2)]2 is

added to the � tendency term to simulate a density

current, where A is a constant controlling the maximum

magnitude of the cooling and

r ����x � xc�

xr
�2

� ��z � zc�

zr
�2

controls the radius of influence of the cooling (the cool-

ing is set to zero if r 	 1). For all of the simulations,

A � �0.015 K s�1, xc � 120 km, zc � 2 km, xr � 10 km,

and zr � 2 km. The parameter A is chosen iteratively

such that the resultant surface � perturbations (�
) in

the vicinity of the density current leading edge are �6

to �8 K, which is well within the range of observed cold

pools. The cooling is held constant throughout the du-

ration of the simulations (1.5 h) in order to maintain a

source of cold air for the leading portion of the density

current to persist in a quasi-steady manner.

The initial ground-relative wind perpendicular to the
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line approximates the median 0–0.5-, 0–1-, 0–2.5-, and

0–5-km shear1 associated with strong MCSs (C04), but

distributes this shear unidirectionally (Fig. 2). This wind

profile from 0 to 5 km is held constant in all of the

simulations. The effects of upper-level shear are exam-

ined in a set of seven simulations by varying the shear

in the 5–10-km layer from 0 to 30 m s�1 in 5 m s�1

increments (Fig. 2).

b. Configuration of the 3D simulations

The same wind profiles that are used for the 2D

simulations are used to produce a set of seven 3D simu-

lations. In addition to liquid water processes, ice pro-

cesses are represented with a three-class (ice, snow,

graupel/hail) scheme (see Gilmore et al. 2004a). A con-

stant Coriolis parameter is used with a value of 10�4

s�1. Aside from these additional complexities, the cur-

rent simulations are similar to the experiments pre-

sented in Weisman et al. (1988) and WR04, such that

surface friction and radiation effects are ignored and a

horizontally homogeneous initial condition is used to

represent the environment.

A domain with cross-line (x) and along-line (y)

lengths of 400 km and a height (z) of 16 km is used with

�x � �y � 2 km. A constant �z of 250 m is used below

1.25 km and is then stretched to about 700 m at the top

of the model domain giving an average vertical spacing

of about 500 m. Although Bryan et al. (2003) show that

interpretations of MCS structure can be altered signifi-

cantly with much higher resolution, these simulations

are designed to be in the class of idealized simulations

of Weisman (1993) and WR04, who used a grid with

1-km horizontal spacing.2

Using the C04 dataset, an initial temperature and

moisture profile is derived from a set of 28 proximity

soundings from strong MCS events valid at either 1800

or 0000 UTC in weakly forced situations to ensure a

reasonable environment for MCS development (Fig. 3).

The thermodynamic profile approximates the median

values of convective available potential energy

(CAPE), lifting condensation level (LCL), and the

maximum vertical difference in equivalent potential

temperature (�e) between low and midlevels found in

the observational dataset (see Fig. 3 for these values).

The most apparent differences in this sounding and the

often-used idealized sounding that originated in Weis-

man and Klemp (1982) are the higher LCL and the

drier conditions in midlevels.

A line of five �
 “bubbles” is used to initiate convec-

tion. Each bubble has a horizontal diameter of 10 km

and a vertical diameter of 1.5 km. The line is oriented in

the y direction and is centered at x � 200 km and y �

230 km. The initial �
 is 2 K at the center of the bubble

and decreases to 0 K on the outer edge of the bubble.

Random perturbations no greater than 0.25 K are

added to each bubble to facilitate 3D structures. The

model is then integrated for 6 hours to facilitate a com-

prehensive comparison to observations in terms of the

maintenance and mature structure of MCSs.

3. Two-dimensional results

a. Density-current behavior

The most pertinent properties of the simulated den-

sity currents can be displayed through time-mean

analyses for the period of 1.0–1.5 h for the 0, 10, and 20

m s�1 upper-level shear cases (Figs. 4–6) (hereafter, the

cases with 0, 10, and 20 m s�1 of upper-level shear are

referred to as 2D0, 2D10, and 2D20, respectively). The

time-mean perturbation pressure field (p
) shows well-

known features of density currents, including a small

region of positive p
 ahead of the gust front (between

x � 18 and x � 23 km in the bottom panel of Fig. 4), a

1 For simplicity, the shear is approximated by the magnitude of

the difference vector between the wind vectors at two different

vertical levels.
2 Weisman et al. (1997) show little difference in the convective

structure and mean vertical flux characteristics for idealized simu-

lations that use a horizontal grid resolution in the 1–2 km range.

FIG. 2. Initial U profiles for the 2D and 3D simulations. The

values of bulk shear in all profiles (listed on the figure) corre-

spond to the median values derived from a set of weakly forced

MCS proximity soundings (C04). The profiles that contain the

values of shear closest to the median shear in the observations

contains 20 m s�1 of shear from 0 to 5 km and 15 m s�1 of shear

from 5 to 10 km.
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broad region of positive p
 induced by negative buoy-

ancy near the surface (at x � 18 km and z � 2 km), and

negative p
 toward the rear of the cold pool head gen-

erated by the rotation associated with a large eddy vor-

tex at the interface between the cold pool and the at-

mosphere above (generally in the area enclosed by x �

4 and x � 16 km and z � 2 and z � 7 km; Droegemeier

and Wilhelmson 1987).

The density current head region, which is best iden-

tified by the region enclosed by the �
 � �0.5 K con-

tour in the top panels of Figs. 4–6 (this is used to define

the head depth h), does not become as deep and does

not expand as far rearward with time for 2D10 as com-

pared to 2D0 (cf. Figs. 5 and 6). The p
 field for 2D10

(Fig. 5, bottom panel) displays the same features as

found for 2D0 and an additional region of positive p


above the head region related to a flow stagnation point

(S92) (this is discussed in more detail in section 3b). For

2D20, the region of positive p
 in upper levels becomes

more pronounced (Fig. 6, bottom panel) and h is re-

duced further. In conjunction with these changes, the

upward vertical velocity (w) decreases for the larger

upper-level shears (Fig. 7) owing to the shallower cur-

rents and the weaker vertical pressure gradients along

the interface. The speed of the downshear edge of the

density current is generally 18–21 m s�1 among the

simulations with 0–15 m s�1 of upper-level shear. The

decrease in h, the weakening of w, and the contraction

of the �w couplet continues as the upper-level shear is

increased to 30 m s�1 (not shown). The speed is re-

duced by 3–4 m s�1 in the stronger shear cases as a

result of a shallower density current head (Seitter

1986).

These results show that an increase in shear above h

results in a decrease in w along the interface and that

the linear results from S92 would seem to be valid even

for an evolving density current. This provides the pos-

sibility of testing the hypotheses of S92 that vertical

parcel displacements can still be increased despite a

reduction in w, which is investigated next.

FIG. 3. Initial sounding used in the 3D simulations (thick lines) compared to the Weisman

and Klemp (1982) sounding (thin lines). The values of CAPE, LCL, and the maximum

difference in �e between low and midlevels (��e) in the profiles (listed on the figure) corre-

spond approximately to the median values derived from a set of weakly forced strong MCS

proximity soundings.
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b. Parcel analyses

Since the artificial cooling is introduced at a much

shallower depth than the balanced, steady-state depths

for conservative, bounded density currents (Xue et al.

1997), transience occurs to various degrees for most of

the simulations. But the trade-off of this design is that

h matches what is found in observations more than the

idealized steady-state configurations in which h can ex-

tend to as much as three-quarters of the domain depth

(Xue 2000). The occurrence of transience leads us to

calculate the vertical displacements numerically using

trajectories rather than using the streamfunction for the

time-averaged flow. The trajectories are calculated

based on the iterative methods outlined in Staniforth

and Côté (1991) and are used to quantify the lifting of

air among the set of 2D simulations. Trajectories are

made from starting positions in the undisturbed flow

ahead of the gust front at each model vertical level

(every 250 m) between z � 125 m and z � 1875 m. The

trajectories at each starting height are calculated using

model output every 30 s and are calculated at starting

times that vary from 1800 to 2400 s in 30-s increments,

giving a total of 21 trajectories for each of the eight

vertical starting positions for each simulation.

Despite the decrease in w associated with increases in

upper-level shear (Fig. 7), the maximum vertical parcel

displacements (
max) are actually larger for 2D5, 2D10,

and 2D15 than they are for 2D0 (Fig. 8). Maximum

displacements are about 7 km for zero upper-level

shear and increase to a maximum of 9–11 km some-

where between 5 and 10 m s�1 of upper-level shear

before decreasing to about 4 km for 30 m s�1 of upper-

level shear (Fig. 7). Interpolation of the displacements

suggests that they are roughly the same for 17 m s�1 of

upper-level shear as they are for zero upper-level shear.

Further insight into this behavior is gained through

an illustration of the trajectory paths for 2D0, 2D10,

and 2D20 (Fig. 9). For 2D0, all of the parcels are lifted

and quickly swept rearward along the density current

interface (Fig. 9a). For 2D10, the parcels that begin

below 1 km are forced over the density current and are

swept rearward as before, but to slightly lower levels

than for 2D0 owing to a slightly smaller head. However,

the parcels that begin between z � 1375 m and z � 1875

m are found to be part of an overturning branch of the

inflow (Fig. 9b). The flow then represents a mixture of

FIG. 4. Time-mean (1.0–1.5 h) values of perturbation potential

temperature (contours every 0.5 K starting at �0.5 K), upward

vertical motion (contours every 2 m s�1), and perturbation pres-

sure (contours every 0.1 h Pa with negative contours dashed) for

2D0. Only an x � 25 km by z � 10 km portion of the domain is

shown with the gust front centered at x � 17.5 km.

FIG. 5. As in Fig. 4 but for 2D10 with regions of relative high

(H) and low (L) pressure noted.
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rearward flowing and overturning airstreams that has

long been identified in idealized frameworks of squall

lines (Moncrieff 1992; S92; PJ04b). Inspection of the

parcel paths reveals the most pertinent point that the

parcels responsible for the deeper lifting for weak to

moderate upper-level shear (Fig. 8) are found in the

overturning updrafts. This overturning arises with the

addition of upper-level shear to the low-level shear pro-

file, which emphasizes the importance of the deeper

shear in these situations.

The enhancement in 2D lifting provided by the up-

per-level shear does not continue for the stronger

shears, however, as the distribution of 
max shows that

the lifting begins to decrease as the upper-level shear is

increased beyond �10 m s�1 (Fig. 9). In these cases, the

overturning is shallower but a stagnation point remains

above the density current head region. As discussed in

S92 and Xue et al. (1997), the region of relative high

pressure aloft (Figs. 5 and 6, bottom panels) is a direct

dynamical response to this flow stagnation. The density

current circulation becomes shallower (Figs. 5 and 6) in

the stronger shear regimes in response to the enhanced

downward vertical pressure gradient force caused by

the higher pressure aloft. Thus the elevated parcels

moving front to rear are accelerated upward at a re-

duced rate in the stronger upper-level shear environ-

ments, which translates into shallower overturning (Fig.

9c). It is important to note, however, that the detrimen-

tal effects of the stronger upper-level shears on the 2D

lifting of air do not apply directly to the 3D results, as

shown later. This is because the removal of the 2D

restriction allows for 3D convective structures to de-

velop, which are particularly prevalent in the stronger

deep shear as shown in Weisman et al. (1988), WR04,

and later in this paper.

Finally, it is important to note that the upward

branch of the overturning remains close to the leading

edge of the density current. This raises the point about

the importance of the steering level in the flow as simi-

larly discussed in Moncrieff and Liu (1999). Whereas

the underlying dynamics can be explained through the

pressure perturbations that accelerate the inflowing

parcels in the downshear direction, as explained in

PJ04b, we argue that the steering level is important in

the sense that it facilitates the horizontal placement of

the upward branch of the overturning flow close to the

leading edge of the cold pool. The presence of an up-

draft in positive shear will lead to downshear accelera-

tions (PJ04) regardless of the presence of a steering

level, but the lack of a steering level initially suggests

that all cells will be inclined to maintain rearward ve-

locities and convect at a farther distance behind the

leading edge of the cold pool, despite the downshear

accelerations. It will be shown later in the 3D results

that this is a scenario that hinders the maintenance of

the leading convection of MCSs. It is important to point

out that the typical cold pool speeds observed with

strong quasi-linear MCSs (15–25 m s�1) and the typical

deep-shear magnitudes observed with strong, quasi-

linear MCSs (20–40 m s�1) often facilitates steering lev-

els in mid and upper levels during the initial stages of

the MCSs (see C04), which implies that the downshear

accelerations induced by mid- and upper-level shear

(PJ04) will translate into overturning updrafts with cells

closer to the gust front in most cases.

The preceding discussion builds on the analyses of

S92 and PJ04b by quantifying the benefit of the 2D

lifting in deep shear environments. In a sense, we have

bridged the 2D work of S92 and PJ04 by considering an

evolving cold pool but in a statically neutral environ-

ment (S92 only considers flow over a solid fixed ob-

stacle without the possibility of buoyant convection and

PJ04 consider both forced accelerations above an

evolving cold pool and the feedbacks tied to buoyant

convection). While we have confirmed the basic hy-

potheses of S92 and PJ04 that deeper lifting can be

obtained in deeper shear environments, we have added

FIG. 6. As in Fig. 5 but for 2D20 with regions of relative high

(H) and low (L) pressure noted.
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that the introduction of shear entirely above an evolv-

ing cold pool can be beneficial to the lifting through

overturning updrafts even in the absence of the down-

shear accelerations that result from the interactions be-

tween the shear and buoyant convection, which is the

process described in PJ04. For the dimensions used in

these experiments, the shear is added above 5 km,

which generally marks the vertical extent of the density

current head regions among the seven simulations. But

we believe these results can be generalized to the ad-

dition of vertical shear layers that begin near the top of

the cold pool regardless of the cold pool depth. The

following section examines the effects of this enhanced

lifting resulting from the addition of upper-level shear

in more complex 3D simulations.

4. Three-dimensional results

Although seven simulations have been produced and

analyzed, most of the important differences in system

structure and evolution are presented sufficiently

through a comparison of the simulations with 0, 15, and

30 m s�1 of shear from 5 to 10 km (hereafter, these

simulations will be referred to as 3D0, 3D15, and 3D30,

respectively).

a. Overview

The most significant differences among the simula-

tions are found in the maximum and minimum values of

vertical velocity after 2 h (Fig. 10), which coincides with

the transition of a line of isolated convective cells into

an organized MCS structure in all of the simulations.

The updrafts and downdrafts for 3D0 weaken after this

time, which marks the firm establishment of the cold

pool (Fig. 11) and the beginning of an upshear-tilted

phase. This trend continues for 3D0 until an equilib-

rium state is met at �4 h (Figs. 10 and 11). In contrast,

the maximum updrafts for 3D15 and 3D30 maintain

FIG. 7. Evolution of the maximum vertical velocity along the density current interface for

the simulations with 0, 10, 20, and 30 m s�1 of upper-level shear.

FIG. 8. Distribution of the maximum displacement (m) for any

parcels in the lowest 2 km for various values of 5–10 km shear.

Thin solid lines enclose the maximum and minimum values among

the set of trajectory calculations described in section 3, thin

dashed lines enclose the 25th and 75th percentiles, and the thick

solid line is the median.
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their strength throughout the 6-h simulation time (Fig.

10a). As similarly found by WR04 and shown later in

this paper, isolated supercell-like structures develop

along the outer flanks of the system and produce strong

updrafts. However, the updrafts along the center por-

tion of the system for the simulations with upper-level

shear are nonsupercellular through 6 h and are signifi-

cantly stronger than the updrafts found for 3D0. These

two factors, along with the maintenance of the precipi-

tation intensity as shown later, contribute to a substan-

tial increase the total precipitation output with the ad-

dition of upper-level shear (Fig. 12).

As an aside, we found that the evolution of the maxi-

mum surface wind speed is much less sensitive to

changes in the upper-level shear than the vertical ve-

locity (not shown). However, we have also found that it

is difficult to generalize these results because sensitivity

tests reveal that the strength of the surface winds and

their aerial coverage are quite sensitive to changes in

the experimental design, especially to parameters in the

ice microphysics scheme. Understanding these sensi-

tivities is beyond the scope of this paper but is para-

mount to understanding how the upper-level shear gen-

erally affects the surface winds associated with strong

FIG. 9. Illustration of parcel paths in the lowest 2 km starting at 2100 s (thick black lines) for

the (a) 0, (b) 10, and (c) 20 m s�1 shear cases. The parcel paths end at (a) 4200, (b) 4500, and

(c) 5400 s. The perturbation potential temperature (thin dashed lines, contoured as in Fig. 4)

and positive vertical velocity (thick gray lines, contoured every 2 m s�1 starting at 2 m s�1) also

are shown at these times.
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MCSs. However, the general evolution of the size and

structure of the MCSs, and the tendency for the up-

drafts to be maintained for longer periods in environ-

ments with upper-level shear, is not as sensitive to these

changes in the microphysics and provides greater con-

fidence that the behavior of the simulations presented

next is robust.

b. Differences in MCS structures

The system for 3D0 begins as a line of convective

cells located 10–30 km behind the surface gust front

that evolves into an arc of convection about 100 km in

length at 3 h (Fig. 13a). At later times, the cells are

found farther behind the gust front (Figs. 13b–d). Or-

ganized rear inflow develops by 4 h, much of which

descends to the surface at later times and is coincident

with the weakening of the convective updrafts. This

evolution is consistent with the well-known archetypal

MCS with trailing stratiform precipitation (Houze et al.

1989) and with the simulations presented in Weisman

and Trapp (2003) and WR04 that include moderate

low-level shear and no upper-level shear.

The system for 3D15 begins similarly to the system

for 3D0, then evolves into an arc of convection about

150 km in length located 10–15 km behind the gust

front at 3 h (Fig. 14a). More isolated cells and supercell-

like structures are found on the ends of the line, espe-

cially on the southern end. A cyclonic vortex with rear

inflow becomes evident behind a more solid line of

leading convection along the center of the cold pool, as

for 3D0 but on a smaller scale. This structure produces

a smaller area of trailing stratiform precipitation and

the development of a small leading anvil of hydromete-

ors (approaching the front-fed leading stratiform struc-

ture that is simulated by PJ04 (not shown). The smaller-

scale rear inflow contributes to the development of a

well-defined bow echo along the center portion of the

line for 3D15 (Fig. 14b). In the southern portion of the

line, another bow echo feature develops from an indi-

vidual cell at 3 h and surges to the south and east be-

tween 4 and 5 h (Figs. 14b and 14c). Rear inflow on a
FIG. 11. Evolution of the minimum buoyancy acceleration for

3D0, 3D15, and 3D30.

FIG. 10. Evolution of the (a) maximum and (b) minimum

vertical velocity for 3D0, 3D15, and 3D30.

FIG. 12. Evolution of the domain-integrated rainwater for 3D0,

3D15, and 3D30.
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smaller scale compared to 3D0 continues into a line

segment along the center and northern portions of the

gust front at 6 h for 3D15 (Fig. 14d). Also notice that

the line of leading convection for 3D15 (and for 3D30)

is over twice as long as it is for 3D0 by 5 h, with a

horizontal length scale of 250–300 km (cf. Figs. 13c and

14c). This contributes to the large increases in the total

precipitation output of the systems as the upper-level

shear is increased (Fig. 12) despite the fact that the cells

are isolated along the ends of the line.

The structure for 3D30 is similar to 3D15 in terms of

its size and the location of the cells behind the gust

front (Fig. 15). Consistent with past simulations in very

strong deep layer shear (Weisman et al. 1988; WR04),

the individual convective cells retain their identity for

longer periods than for shallower shears. However, a

portion of the line toward the southern half of the sys-

tem contains a solid line of convective cells that accel-

erates to the south and east ahead of a region of rear

inflow. The highly 3D structure of the system is appar-

ent in the significant northerly component to this rear

inflow, which is most apparent at 6 h (Fig. 15d).

FIG. 13. A 240 km � 240 km portion of the domain with the total precipitation mixing ratio at 4 km AGL (solid lines contoured every

2 g kg�1 starting at 1 g kg�1), the position of the gust front at the surface (dashed line), and the gust-front-relative wind at 3 km AGL

at (a) 3, (b) 4, (c) 5, and (d) 6 h for 3D0. The winds are shown every four grid points (a vector length that covers four grid points

corresponds to a wind magnitude of 10 m s�1).
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The differing behavior of the simulations is now ex-

amined closer through an inspection of the center por-

tion of the MCSs (Fig. 16) to demonstrate further the

differences in the strength and structure of the systems.

The individual cells present at 2 h for 3D0 evolve

quickly into a solid line of heavy precipitation about 70

km in length (Figs. 16a and 16b, left panels). As a result

of this concentration of hydrometeors, the cold pool

becomes very deep and responds by accelerating to a

mean speed of 23–25 m s�1 (Fig. 17). A significant

weakening of the heavy surface precipitation follows

and the precipitation becomes located farther behind

the gust front (Figs. 16b–d, left panels). The aerial cov-

erage of the strong surface winds is greatest for 3D0 at

this time, which is a consequence of a broad rear inflow

reaching the surface as the system becomes highly

tilted. For 3D15, the existence of deep shear leads to

the persistence of the individual cells with more gaps in

the heavy precipitation at 2.5 h (Fig. 16b, right panel).

The cool pool becomes 3–4 m s�1 slower than for 3D0

(Fig. 17) because of a shallower cold pool, which is

likely a result of the lessened concentration of hydro-

meteors (but may also result initially from the dynamic

effects of increased upper-level shear discussed earlier

in the 2D results). Concurrently, the surface precipita-

tion remains strong and close to the gust front through

4 h for 3D15 accompanied by the eventual solidification

of the heavy precipitation along the center portion of

FIG. 14. As in Fig. 13 but for 3D15.
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the line (Figs. 16c–e, right panels). Between 3 and 4 h,

the center of the cold pool for 3D0 is broader and is

accompanied with a significant weakening in the pre-

cipitation as the system becomes influenced by the

broad descending rear inflow.

Storm-relative wind profiles taken ahead of the sys-

tems (Fig. 18) show that the inflow is rearward at all

levels during the time that the updrafts and the surface

precipitation weaken for 3D0. In this scenario all of the

parcels for 3D0 have gained an increase in storm-

relative rearward velocity through a faster gust front

motion, but also gain rearward velocity owing to the

hydrostatic lowering of pressure underneath the up-

draft plumes and the stronger rearward low-level buoy-

ancy pressure accelerations related to a stronger cold

pool, as discussed in PJ04. For 3D15, however, because

of the existence of the upper-level shear and the some-

what slower gust front motions, the storm-relative wind

profile still contains a steering level near 6.5 km (Fig.

18). The overturning persists because the midlevel

front-to-rear accelerations caused by the negative

buoyancy pressure perturbations in the buoyant up-

draft plumes are not large enough to eliminate the

mean steering level that was found initially in the in-

flowing air.

It is interesting that the presence of more 3D struc-

FIG. 15. As in Fig. 13 but for 3D30.
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FIG. 16. A 120 km by 120 km portion of the domain with the surface total precipitation mixing

ratio (solid lines every 2 g kg�1 starting at 2 g kg�1) that highlights the heaviest precipitation, the

position of the gust front at the surface (dashed line), and the ground-relative wind vectors at the

surface (every four grid points) at (a) 2, (b) 2.5, (c) 3, (d) 3.5, and (e) 4 h for the case with (left)

no upper-level shear (3D0) and (right) 15 m s�1 of upper-level shear (3D15).
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tures to the cells from 2 to 3 h for 3D15 translates into

a shallower cold pool and slower gust front, which re-

inforces the steering level in midlevels. In this sense, the

upper-level shear provides a feedback to the mainte-

nance of the steering level through the facilitation of

3D structures (Weisman et al. 1988; WR04) and the

production of a shallower cold pool/slower gust front as

compared to 3D0. As long as the upper-level shear is

not so strong that the line will be composed entirely of

supercells, this provides evidence that the effects of the

upper-level shear and the maintenance of a steering

level in midlevels on the behavior of the lifting can be

significant even in 3D, which is highlighted next.

c. Parcel analyses

To quantify the enhancement in lifting in the 3D

simulations, we calculate a series of 1-h forward-in-time

trajectories beginning in the undisturbed flow at 3 h 20

min. The x and y locations for the trajectory origins

trace a line that follows the contour of an 80-km portion

of the gust front. Separate trajectories are calculated for

each of the first ten vertical levels of the model (z �

125, 375, 625, 875, 1125, 1383, 1657, 1949, 2260, and

2591 m), which gives a total of 400 trajectory calcula-

tions for each model run. The maximum vertical dis-

placements (
max) among the 10 vertically stacked par-

cels at each horizontal location are then calculated.

Results for the zero to moderate upper-level shear

cases are very consistent with the behavior of the air

parcels for the 2D model. Animations of the trajecto-

ries reveal that the vast majority of all of the parcels for

3D0 and most of the low-level (z � 1 km) parcels for

3D15 are swept rearward, while most of the elevated

parcels for 3D15 are part of an overturning updraft with

the upward branch located close to the leading edge of

the gust front. As also found for the 2D results, the

majority of the parcels responsible for this enhance-

ment and maintenance of the deep lifting are the el-

evated parcels that compose an overturning updraft

(Fig. 20b). The median values of the distribution in 
max

for the 3D results peak at a larger value of upper level

shear (15 m s�1) (Fig. 19) than for the 2D results (Fig.

FIG. 16. (Continued)
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7). But the compactness of the interquartile range

(25th–75th percentiles of the distribution) for 
max for

shear values of 10–15 m s�1 (Fig. 19) hints that quasi-

2D deep lifting provided by the overturning is still oc-

curring in 3D in this range of upper-level shears. As

implied by Figs. 13–15, the tendency for more isolated

cells to prevail and the quasi-2D lifting to be suppressed

for stronger shears is evident in the stretching of the

interquartile range to lower values of 
max for upper-

level shear values �20 m s�1. But the tendency for

strong, more isolated cells to persist along the line also

is revealed in the persistence of some large values of


max (Fig. 19). This highlights that the reduction in 2D

lifting for stronger upper-level shears shown in Fig. 7

does not directly apply to the 3D results and confirms

that the stronger upper-level shears can be beneficial

through the 3D processes of maintaining stronger more

isolated cells and their effects on the motion of the gust

front.

Interpretation of the distributions of 
max for the 0

and 5 m s�1 upper-level shear cases is not as clear. But

inspection of the trajectories shows that the abundance

of relatively small vertical displacements, as revealed

by the interquartile range of 
max stretching to displace-

ments less than 3000 m (Fig. 19), results from the ten-

dency of the parcels that begin below 375 m to quickly

become negatively buoyant as they encounter the cold

pool, as found in Knupp (1987) and in Fig. 8 of PJ04a.

By viewing the distribution of 
max for each of the ten

starting heights for 3D0 (Fig. 20a), it is evident that the

bulk of the parcels that contribute to deep convective

updrafts and to the broad, ascending front-to-rear flow

begin at and above z � 875 m.

A different picture emerges for 3D15 (Fig. 20b). The

distribution of 
max for the parcels that begin at and

below z � 875 m stretches toward larger displacements,

even though the median values stay relatively small

(Fig. 20b). This shows that more of the low-level (z � 1

km) parcels are lifted deeply and presumably hints that

the reduction in the upshear buoyancy accelerations

caused by the weaker cold pool for 3D15 help to in-

FIG. 17. Evolution of the mean half-hour gust front speed along

the 100-km center portion of the gust front for the three simula-

tions.

FIG. 18. The gust-front-relative ambient wind profiles for the

3D simulations at 3.5 h. To create the profiles, the u wind com-

ponent is averaged in an x � 20 km by y � 80 km box centered 20

km ahead of the center portion of the gust front.

FIG. 19. Distributions of the maximum vertical parcel displace-

ments for various values of 5–10-km shear along an 80-km portion

of the line (see text for details). The lines extend to the 10th and

90th percentiles and the boxes enclose the interquartile range

(25th and 75th percentiles). The thin lines within each box repre-

sent the median.
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crease the likelihood that the low-level parcels convect,

as discussed in PJ04 and theorized by Rotunno et al.

(1988) and WR04.

However, the primary differences between the distri-

butions of 
max for 3D0 and 3D15 are seen for the

elevated parcels (z � 1125 m), for which the majority

are lifted to much higher levels than for 3D0 (cf. Figs.

20a,b). Additional trajectories (not shown) confirm the

consistency of this overturning along the entire stretch

of the cold pool and suggest that this process is largely

responsible for both the maintenance of the convective

updrafts along the center of the line and also for the

convective triggering and maintenance along the outer

flanks of the cold pool (Figs. 14 and 15). This suggests

that the abundance of the deep overturning of the el-

evated parcels for the weak to moderate upper-level

shear cases helps build on the hypotheses of S92, Mon-

crieff and Liu (1999), and PJ04 that the presence of this

quasi-2D overturning in deep shear is an important part

of the maintenance of convective lines, even when 3D

structures develop.

d. Connection to observations

Subjective interpolation of the simulated MCS struc-

tures suggests that an environment with somewhere be-

tween 15 and 20 m s�1 of upper-level shear supports a

transition from the predominance of quasi-2D struc-

tures along the arc of the cold pool and trailing strati-

form precipitation to systems with significant leading

stratiform precipitation (as in PJ04) and the predomi-

nance of isolated cells, although line segments and/or

individual bow echoes are still found for the stronger

shears (Fig. 15). We stress, however, that strong line

segments and bow echoes prevail within weak to mod-

erate upper-level shear, especially for the 10 m s�1 (not

shown) and 15 m s�1 cases, with fewer gaps in the cells

and less meridional flow compared to the stronger

shear cases. This is different than what has been re-

ported in the context of idealized numerical simulations

within deep shear environments (Weisman et al. 1988;

WR04). We also emphasize that much of the observed

values of upper-level shear ahead of strong MCSs that

usually contain strong line segments and bow echoes

(Pryzbylinski 1995; Miller and Johns 2000; C04) are

found in this very range (5–20 m s�1) (C04).

With this in mind, it is enlightening to briefly return

to observations of shear profiles taken ahead of strong

midlatitude MCSs. Mean storm-relative hodographs

from soundings3 that sample the mature and decay en-

vironments show that significant unidirectional upper-

level shear with a mean steering level near 8 km is

present as MCSs mature (Fig. 21), which is often tied to

preexisting upper-level jets (C04). However, this upper-

level shear decreases significantly and the steering level

disappears as the MCSs decay (Fig. 21). This decrease

in upper-level shear can often be traced to the propa-

gation of the MCS away from the upper-level jet. Be-

cause of the decrease in upper-level shear, rearward

storm-relative flow �6 m s�1 is found at all levels for

the decay soundings (Fig. 21). This wind profile is simi-

lar to what is found in the simulated environment for

3D0 (Fig. 18) as the updrafts and precipitation weaken

and the system becomes highly slanted. In the context

of this study, the important point from Fig. 21 is that the

3 Note that soundings that are taken within strongly forced syn-

optic-scale environments are not included in Fig. 21 (Fig. 14 of

C04 does include these soundings). Therefore, the updated hodo-

graphs shown in Fig. 21 are more representative of the type of

MCSs that are being studied here than the hodographs shown in

C04.

FIG. 20. Distributions of the 40 calculated maximum vertical

parcel displacements along an 80-km portion of the line for each

of the ten starting parcel heights (see text for details) for (a) 3D0

and (b) 3D15. The thin solid lines represent the 10th and 90th

percentiles, the dashed lines represent the interquartile range

(25th and 75th percentiles) and the thick solid line represents the

median.
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disappearance of the steering level in the observations

is primarily due to the reduction of upper-level shear in

the environment. Although the low-level shear and

storm-relative inflow decrease somewhat toward decay,

which may be contributing to the MCS decay to some

degree, the significant weakening of the upper-level

shear and the disappearance of the steering level pro-

vides observational evidence that the overturning pro-

cess is a significant component to the complex question

of MCS structure and maintenance in many cases.

5. Summary and final discussion

The goal of this study is to build on recent numerical

modeling studies that examine the role of upper-level

wind shear on the evolution of strong midlatitude

MCSs. We are motivated by observations from past

research that deep shear is common to these MCS en-

vironments, yet these environments have not been em-

phasized in past modeling studies. The dependence of

lifting of environmental air above a cold pool on the

upper-level wind shear is first quantified with idealized

2D simulations. The effects of upper-level shear on the

structure and maintenance of MCSs under more real-

istic conditions are examined with 3D simulations.

For cold pools in a 2D environment with 20 m s�1 of

shear in the lowest 5 km, it is found that the addition of

weak to moderate shear in the 5–10-km layer allows for

the development of an overturning circulation that lifts

parcels from the 1–2-km layer to higher levels than any

parcels without upper-level shear in the environment.

The deeper lifting, which is maximized for 5- to 10-km

shear values somewhere between 5 and 10 m s�1, oc-

curs despite a reduction of vertical velocity resulting

from the decrease in the head depth of the cold pool. In

the environments with upper-level shear, the overturn-

ing parcels remain close to the leading edge of the gust

front during their rapid ascent, whereas all of the par-

cels in the low-level inflow for the no upper-level shear

case are swept rearward as they are forced over the cold

pool. This is a consequence of weak storm-relative flow

(a steering level) being maintained in midlevels, which

is facilitated by deep shear environments. As the upper-

level shear becomes stronger (	0 m s�1) in the 2D

simulations, the high perturbation pressure aloft that is

a dynamic response to the stagnation point in the flow

reduces the vertical scale of the overturning and begins

a decreasing trend in the vertical displacement of the

overturning parcels.

A main result from the 3D simulations is that the

overturning process that results from the upper-level

shear maintains strong and more upright updrafts close

to the gust front. Calculations of the vertical displace-

ment of parcels among the 3D simulations confirm that

FIG. 21. Mean storm-relative hodographs for a set of 79 proximity soundings taken in the

environment of strong warm-season midlatitude MCSs grouped into 35 soundings that

sampled the environment ahead of mature MCSs and 44 soundings that sampled the envi-

ronment ahead of decaying MCSs. The hodographs are calculated with the mean winds at

every 0.5 km AGL. The mean winds are plotted every 1 km AGL and labeled every 3 km

AGL. The abscissa is aligned with the MCS motion vector prior to averaging to preserve the

relative flow vectors. The steering level is found where the hodograph for the mature MCSs

crosses the �s axis.
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the overturning of elevated parcels is largely respon-

sible for the deeper lifting, which is maximized for up-

per-level shears between 10 and 15 m s�1 and, conse-

quently, the development and maintenance of the con-

vection. The detriment of stronger upper-level shear on

the lifting found for the 2D results is manifest in the 3D

results as a transition from quasi-linear systems with

strong line segments and bow echoes for upper-level

shears of 5–15 m s�1 to systems with predominantly

leading stratiform precipitation and the prevalence of

more isolated 3D structures for upper-level shears �20

m s�1, although line segments and bow echoes can still

occur under the stronger upper-level shears. An addi-

tional effect of the overturning in 3D for all nonzero

upper-level shears is to greatly increase the size of the

MCS through the combination of the slower cold pool

and the overturning that increases the likelihood of

convective initiation along the flanks of the cold pool.

The upper-level shear provides a potential feedback to

the overturning process by facilitating more isolated

convective cells initially, which results in a shallower

cold pool and slower gust front than for the no upper-

level shear case. This slower gust front helps to main-

tain the steering level in midlevels, which encourages

the continued horizontal placement of the updrafts

close to the gust front.

The fact that the enhancement in lifting provided by

upper-level shear occurs for the elevated parcels may

help explain how strong MCSs are maintained, even

without the benefits provided by a low-level jet (Au-

gustine and Caracena 1994; Arritt et al. 1997; Fritsch

and Forbes 2001). If the surface nocturnal inversion

does not prevent the replenishment of a deep cold pool,

the lifting and overturning of the elevated high-�e air

can continue well after dark. The synthesis of PJ04a

provides a summary of observations of these types of

systems in which this process may have occurred. Fur-

thermore, we encourage the reader to inspect the ver-

tical cross sections and environmental soundings ob-

tained from the 9–10 June 2003 nocturnal bow echo–

MCS event during the Bow Echoes and Mesoscale

Convective Vortex (BAMEX) field experiment (see

Fig. 6 in Davis et al. 2004). The observed flow structure

obtained with high-quality multiple Doppler radar

analysis strongly suggests that the parcels originating

above 2 km are overturning deeply and the parcels be-

low this level are passing through the cold pool region

(see their Fig. 6). The shear profile above the inversion

is complex, but includes layers of significant shear

above 3 km, which suggests that the elevated overturn-

ing process described in PJ04 and herein was important

for this event (see their Fig. 6).

Lastly, we do not to intend to discount the impor-

tance of the low-level shear. Indeed, past research

shows that low-level shear is usually observed in the

environment and is needed to simulate long-lived con-

vective systems (Thorpe et al. 1982; Rotunno et al.

1988; C04). It is also recognized that the overall

strength and structure of simulated MCSs is clearly sen-

sitive to the low-level shear and the systems tend to be

stronger with larger values of low-level shear (PJ04a;

WR04). Although we do not know the relative sensi-

tivities between the addition of shear in low levels ver-

sus upper levels, we have shown that upper-level shear,

added to an environment with low-level shear, can have

a significant impact on the structure and evolution of

the simulated systems and have provided a link to the

presence of strong, deep shear that is typically observed

in the environments of strong quasi-linear midlatitude

MCSs. Indeed, the results (Figs. 19 and 21 especially)

point to a straightforward application to forecasting the

structure and longevity of strong MCSs given a forecast

of the cold pool motion and the environmental shear

profile. Since the motion of the cold pool is very diffi-

cult to forecast prior to convective initiation (Corfidi

2003), the most suitable application of the overturning

concept may be the prediction of the demise of an MCS

after a cold pool motion can be gauged accurately, al-

though recent efforts to use the deep shear profile to

forecast the maintenance of strong MCSs without

knowledge of the cold pool motion are promising (see

Coniglio et al. 2005).
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APPENDIX

Description of the NCOMMAS Model

The NSSL Collaborative Model for multiscale atmo-

spheric simulation was first developed in the early

1990s by the third author to be used to study the dy-
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namics of supercell and tornado genesis. Over the past

seven years the model has changed considerably, and

this appendix documents the current equation set and

numerical algorithms used to integrate the model.

The equation set is that originally used by Klemp and

Wilhelmson (1978, hereafter, KW78). The current

model includes a prognostic equation for turbulent ki-

netic energy as well as a Smagorinsky mixing scheme.

For the simulations presented in this paper, the Sma-

gorinsky scheme was used. The governing equations

are

dui

dt
� �Cp�

���

�xi

� �ijkfj�uk � uk� � �i3B � Di

B � g�� � �

�
� 0.61�qv � qv� � �

l

ql � �
i

qi�
Di �

�

�xi
�Km��ui

�xj

�
�uj

�xi
� �

2

3
�ijE� �A1�

���

�t
�

Cs
2

Cp��v

���ui�

�xi

� F�. �A2�

The variables use KW78 notation. Buoyancy effects

from hydrometeor loading are accounted for in the

summations over the liquid and ice hydrometeor mix-

ing ratios, respectively, and the D are the turbulent

mixing terms (which are identical to those described in

KW78). Variables with overbars represent the vertical

background states used to increase numerical accuracy.

The perturbation Exner function is used for the pres-

sure; again, the vertical background state has been sub-

tracted from the equations. As in most cloud-scale

models the F� term is set to zero as it primarily changes

the mean pressure within the domain that, like anelastic

formulations, impacts the dynamical solution mini-

mally.

The thermodynamic and hydrometeor equations are

given by

d�

dt
� D� � M�

D� �
�

�xi
�Km

��

�xi
� �A3�

dqi

dt
� �

1

�

���VTi
qi�

�z
� Dqi

� Mqi
, where

qi � qv, qc, qr, qi, qs, qh

Dqi
�

�

�xi
�Km

�qi

�xi
�. �A4�

The first term on the right-hand size of (A4) represents

the hydrometeor fallout and the Mx represent the mi-

crophysical sources and sinks. A Lin–Farley–Orville

three-class ice scheme is used for the microphysical pa-

rameterization; see Gilmore et al. (2004a,b) for the de-

tails. In the Gilmore et al. scheme all liquid and ice

hydrometeors have a terminal velocity, except cloud

water.

The parameterization of the turbulent mixing coeffi-

cient is represented using a prognostic turbulent kinetic

energy (TKE) equation to represent the energy associ-

ated with the subgrid scale eddies. Here we use a some-

what different formulation than KW78. In KW78 the

mixing length was a constant and therefore could be

included into the equation for TKE in a straightforward

manner. The use of grid stretching and anisotropic grid

spacing introduces a variable mixing length that is no

longer constant. Therefore this length scale is removed

from the KW78 equation for the turbulent mixing co-

efficient. The resulting TKE equation is similar to that

used by Deardorff (1980) and written as

dE1	2

dt
�

Cml

2
�shear� �

PrCml

2
�buoy�

�
�

�xi

�2Km

�E1	2

�xi

��
CeE

2l
, �A5�

Km � Cm|E1	2,

where the shear and buoy terms are given by Eqs.

(2.19) and (2.24) in KW78, respectively. These simula-

tions use values of Cm � 0.21 and Ce � 0.7. The length

scale is computed as the cube root of the computational

grid volume or as a function of distance from the lower

boundary. In the Smagorinsky mixing scheme used in

the research here, Km is given via

Km � �Cml�2�max�shear � Pr buoy, 0�. �A6�

The numerical integration scheme for the velocity and

pressure equations closely follows that of Wicker and

Skamarock (2002). A third-order Runge–Kutta time in-

tegration scheme is used with fifth-order (third order)

finite difference approximations for the spatial deriva-

tives in the horizontal (vertical). Fluxes are computed

using a velocity field that is locally nondivergent for

each grid zone. This nondivergent approximation is

similar to other approaches (Tripoli 1992). As a nu-

merical filter, the fluxes on the last iteration of the

Runge–Kutta scheme are computed using the weighted

essentially nonoscillatory (WENO) scheme as de-

scribed by Shu (2001). The use of WENO finite differ-

encing on only the last iteration reduces the cost of the

scheme while retaining almost all of the desired filter-

ing properties. Potential temperature advection also

uses the WENO approximation on the last Runge–
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Kutta integrations. For TKE and hydrometeor trans-

port, the same time and spatial integration scheme is

used for momentum except on the last iteration;

Thuburn’s (1995) one-dimensional monotonic limiter is

applied along each coordinate direction. While sepa-

rate one-dimensional application of the limiter does not

guarantee positive definite fluxes for three-dimensional

advection, it sufficiently removes undershoots such that

only small amounts of numerical hole filling are needed

to ensure positivity. The use of the Thurburn limiter

only on the last iteration again reduces the cost of the

scheme, while retaining the desired filtering effects.

Vertical fluxes from hydrometeor fallout are computed

using a first-order upwind method.

The mixing and pressure gradient terms are approxi-

mated with second-order finite differences. Mixing

terms are computed only once via a forward-in-time

method. The divergence pressure gradients are com-

puted using the standard forward–backward scheme on

the staggered C grid. Rayleigh damping is applied to

the fields near the top of the domain. Other than the

Rayleigh damping and the WENO and Thuburn filters

for the advective fluxes, no other filtering is used during

the model integration.
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