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ABSTRACT

Simulations of two cases of developing mesoscale convective vortices (MCVs) are examined to determine

the dynamics governing the origin and vertical structure of these features. Although one case evolves in

strong vertical wind shear and the other evolves in modest shear, the evolutions are remarkably similar. In

addition to the well-known mesoscale convergence that spins up vorticity in the midtroposphere, the gen-

eration of vorticity in the lower troposphere occurs along the convergent outflow boundary of the parent

mesoscale convective system (MCS). Lateral transport of this vorticity from the convective region back

beneath the midtropospheric vorticity center is important for obtaining a deep column of cyclonic vorticity.

However, this behavior would be only transient without a secondary phase of vorticity growth in the lower

troposphere that results from a radical change in the divergence profile favoring lower-tropospheric con-

vergence. Following the decay of the nocturnal MCS, subsequent convection occurs in a condition of greater

relative humidity through the lower troposphere and small conditional instability. Vorticity and potential

vorticity are efficiently produced near the top of the boundary layer and a cyclonic circulation appears at the

surface.

1. Introduction

Organized deep moist atmospheric convection pro-

jects onto many scales of motion. Although individual

convection cells are perhaps only 1 km or so in hori-

zontal scale, the propensity for cells to engender larger

scales of motion through gravity waves or gravity cur-

rents they emit is well known. The rotational compo-

nent of the flow resulting from convection projects onto

many scales of motion as well. Of primary interest to the

present study are mesoscale vortices that flank lines of

deep moist convection (line-end vortices) and broad

circulations often observed to the rear of lines of con-

vection (mesoscale convective vortices or MCVs). The

importance of these features is their ability to persist

beyond the decay of the convection from which they

arise and thus to affect clouds and precipitation far

downstream from their origin.

Line-end vortices on scales of 20–50 km occur on the

end of narrow, quasi-linear regions of deep convection.

Often these vortices initiate from the tilting of hori-

zontal vorticity. Stretching of vorticity follows to further

strengthen the circulation (Davis and Weisman 1994;

Cram et al. 2002). In addition, the outflow boundary is

often a locus of cyclonic vorticity, and the end of such a

vorticity filament can simply ‘‘roll up’’ to form a vortex.

The line-end vortex is often a relatively shallow feature

confined to the lowest 3 km or so (Weisman 1993).

The MCV is the class of largest mesoscale vortex that

owes its existence to organized moist convection. Typ-

ically 100–300 km in diameter, these vortices are several

kilometers deep and sometimes span most of the tro-

posphere (Fritsch et al. 1994; Davis and Trier 2007).

From a vorticity dynamics perspective, the MCV is

often viewed as resulting from the convergence of

synoptic-scale vorticity, with the largest contribution
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coming from earth’s rotation (Bartels and Maddox 1991;

Skamarock et al. 1994) but with substantial modi-

fication from mobile, short-wavelength troughs (Zhang

1992). Without the Coriolis force, idealized simulations

produce not a single dominant vortex, but rather a

counterrotating vortex pair (Skamarock et al. 1994;

Davis and Weisman 1994).

The relative contribution of tilting versus stretching

of vorticity to the formation of mesoscale vortices has

not been made clear in the context of observations or of

simulations of observed MCVs. Kirk (2007) presents

evidence of two pathways to MCV formation from the

perspective of the curl of the momentum transport. One

can readily translate this perspective into tilting versus

stretching of vorticity, and it appears that either can

dominate in a given case (Brandes 1990; Zhang 1992;

Kirk 2007). In coarse-grid models that rely on cumulus

parameterization or prescribed heating to model moist

convection (e.g., Zhang 1992; Jiang and Raymond 1995;

Kirk 2007), it is difficult to properly represent the tilting

of horizontal vorticity. This misrepresentation of tilting

occurs because such models often fail to produce suffi-

cient negative buoyancy and thus err in their generation

of horizontal vorticity (Weisman and Davis 1998).

Clarification of the role of vortex tilting therefore re-

quires models that can explicitly represent the genera-

tion of cold pools and rear-inflow jets, together with

their associated horizontal vorticity.

The literature is generally unclear about the differ-

ence between a cyclonic line-end vortex and an MCV.

Skamarock et al. (1994) showed that a line-end vortex

develops within the first 3–4 h of mesoscale convective

system (MCS) evolution in idealized simulations. MCSs

tend to become more asymmetric with time in a rotating

environment, with larger-scale (100-km diameter) vor-

tices resembling MCVs emerging after about 6 h (e.g.,

Fritsch and Forbes 2001, their Fig. 9.14). However, the

origin of these simulated vortices is closely tied to the

end of a quasi-linear convective feature, and the altitude

of maximum vortex intensity tends to occur from 2–3

km. MCVs usually maximize between 500 and 600 hPa

(4–6-km altitude) (Zhang 1992; Fritsch et al. 1994;

Bartels et al. 1997; Davis and Trier 2007). Davis and

Trier (2002) and Trier and Davis (2002) suggested that

deep MCVs may result from the superposition of a

midtropospheric vortex and a line-end vortex. The

present study will present evidence that supports this

concept.

Previous studies have documented that some MCVs

penetrate to the surface (Bosart and Sanders 1981;

Fritsch et al. 1994; Rogers and Fritsch 2001). In MCVs

over land, this penetration may have consequences in

forming surface fronts and organizing precipitation

(Galarneau et al. 2009). Over tropical oceans, the ap-

pearance of a cyclonic circulation at the surface is in-

strumental for initiating air–sea interaction (Rotunno

and Emanuel 1987).

Davis and Trier (2002) demonstrated that such a deep

MCV can result from the superposition of a midtropo-

spheric MCV with a lower-tropospheric, line-end vortex.

Furthermore, Davis and Trier (2007) observed strong

vertical wind shear in the lowest few kilometers in cases

of MCVs with little or no signature at the surface. These

two studies both suggest that the factor determining the

vertical penetration of an MCV to the surface is the

formation of an additional cyclonic potential vorticity

(PV) anomaly within a kilometer or so of the ground.

This idea is consistent with the ‘‘bottom up’’ paradigm

of tropical cyclogenesis wherein deep moist convection

in a suitably moist environment generates lower tro-

pospheric PV (Tory et al. 2007 and references therein).

However, the details of the MCV formation process

were not sampled in the Bow Echo and MCV Experi-

ment (BAMEX) cases in which the mature MCV was

later well observed. Thus, we are still left with the un-

resolved issue of how an MCV reaches the surface.

The principal tool used in this study is numerical

simulations using the Advanced Research Weather

Research and Forecasting Model (ARW; Skamarock

et al. 2005). Diagnosis of these simulations will be per-

formed primarily using vorticity budgets, based on the

flux form of the vorticity equation as described in sec-

tion 2. In section 3, observed MCSs and their repre-

sentation in simulations using the ARW model are

described. The vorticity diagnostics are applied in sec-

tion 4 and results are summarized in section 5.

2. Vorticity dynamics

a. Vorticity equation

The traditional form for the equation representing

the local change of relative vorticity is

›z

›t
5 �v � =h� v

›z

›p
�

›v

›x

›y

›p
�

›v
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›u

›p
1 k̂ � = 3 F, ð1Þ

where z is the relative vorticity, h the absolute vorticity,

v the vertical velocity in pressure coordinates (x, y, p),

and F the frictional force. As shown in Haynes and

McIntyre (1987), (1) can be rewritten as

›z

›t
5 �= � vh� vk̂ 3

›v

›p
� k̂ 3 F

� �
[�= �K, (2)

where the divergence is in the horizontal plane; that is, the

flux has no vertical component in pressure coordinates.

MARCH 2009 D A V I S A N D G A L A R N E A U 687



Here, the horizontal vector K will be referred to as the

vorticity flux vector. The form (2) has been exploited

extensively by Davis and Weisman (1994), Raymond

et al. (1998), and others in the analysis of relative vorticity

in convective systems and tropical depressions. Its virtue

is that one can examine the net mesoscale circulation

within a region in which complex convection and vorticity

dynamics are taking place without having to explicitly

analyze the full complexity. If one integrates (2) over any

closed region and applies Gauss’s theorem (also referred

to here as the divergence theorem), then

›C

›t
5 �

I
K � n̂ dl 5 �

I
hV � n̂dl

1

I
v k̂ 3

›V

›p

� �
� n̂dl 1

I
ðk̂ 3 FÞ � n̂dl, (3)

where C denotes the circulation. Hence, only the com-

ponent of K normal to the boundary of a closed region

need be considered to evaluate the tendency of circu-

lation within the region.

b. Interpretation of the ‘‘tilting’’ term

Kirk (2007) noted that the second term under the

divergence operator in (2) has not been interpreted

adequately in the literature. Although previous authors

refer to this as a tilting term, it actually combines the

tilting term with the vertical advection term in (1), and

so the interpretation of this term has been obscure. Here

we make explicit the relationship of the second term on

the right-hand side (rhs) of (2) with vortex tilting.

It is first worth noting that only the horizontal vor-

ticity associated with the vertical shear of the horizontal

wind appears. However, this is not an approximation.

The full horizontal vorticity may be included in the rhs

of (2). Terms involving the horizontal vorticity arising

from horizontal gradients of vertical velocity simply

cancel out. Thus, we may equate �k̂ 3 ›v/›p with the

horizontal vorticity from the perspective of tilting vor-

ticity into the vertical.

Consider a closed region on a surface of constant

pressure. For simplicity this is assumed to be a square

box. The term �v k̂ 3 ›v/›p
� �

� n̂ represents the cor-

relation between vertical velocity and the component of

the horizontal vorticity directed normal to the box. If

one imagines the vorticity as represented by vortex lines

in the horizontal plane, vertical motion will lift or de-

press the vortex line on the boundary of the box. In the

example shown (Fig. 1), lifting of a vortex line directed

outward produces a dipole of vorticity, with the cyclonic

portion of the dipole inside the box and the anticyclonic

portion outside the box.1 In this case, the net circulation

within the box will increase because of the tilting of

horizontal vortex lines into the vertical. Clearly, if the

updraft were entirely within the box, there could be no

net change of vorticity and circulation within the box

due to tilting.

c. Stretching versus transport: Mean and eddy terms

Returning now to the first term on the rhs of (2), there

is some uncertainty about how to interpret this combi-

nation of stretching and horizontal vorticity advection.

The line-integral form (3) indicates that this term will

contribute to vorticity within a region (box) if there is a

correlation between the vertical vorticity and flow nor-

mal to the box. In general, the full term can be de-

composed into mean and eddy contributions. Using

overbars to define the average value around the pe-

rimeter of the box, primes to denote a perturbation

from this value, and tildes to indicate the average over

the area of the box, (3) becomes

what follows, horizontal vorticity advection is identi-

fied uniquely with the eddy flux term, whereas vortex

›C

›t
5 ��h~dA�

I
h9v9 � n̂dl 1

I
v k̂ 3

›V

›p

� �
� n̂dl 1

I
ðk̂ 3 FÞ � n̂dl,

Stretching Eddy Flux Tilting Friction

(4)

where we have used the divergence theorem to relate

the average wind component normal to the box to the

mean divergence ~d over the area A of the box. The eddy

flux term represents the correlation between vorticity

perturbations on the edge of the box and wind pertur-

bations normal to the box. Inward flow collocated with a

positive vorticity perturbation or outward flow collo-

cated with a negative vorticity perturbation will both

increase the circulation within the box. Even in a flow

that is nondivergent, the eddy flux term can contribute

to an accumulation of vorticity within a closed region. In

1 As noted by a reviewer (Dave Raymond), the effect depicted

in Fig. 1 can also be interpreted as a Reynolds-like stress diver-

gence due to the vertical advection of horizontal momentum. The

relevant term is the normal derivative of the vertical advection of

the horizontal momentum component parallel to the edge of the

box, �›/›n v›yjj/›p
� �

, where yjj 5 v � dl and the normal direction

points outward.
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stretching (or simply ‘‘stretching’’) is synonymous with

the mean term.

3. Numerical simulations

The configuration of the ARW for the present fore-

casts follows that reported by Done et al. (2004) for the

real-time simulations during BAMEX (Davis et al.

2004), except that the version of ARW has been up-

graded to 2.2 with alternative physical parameteriza-

tions chosen for the present study. The model domain

was a single 4-km mesh with 500 points in each hori-

zontal direction. There were 35 levels spaced roughly

200 m apart in the lowest kilometer with monotonic

stretching to about 1-km spacing near and above 14 km.

The model top was at 50 hPa (about 19 km).

The ARW was initialized from output from the then-

operational National Centers for Environmental Pre-

diction (NCEP) Eta Model (NCEP-Eta; Black 1994).

The NCEP-Eta featured a 12-km grid spacing that was

coarsened to 40 km before being obtained from NCEP

and covered much of North America. Forecasts were

initialized at 0000 UTC on 10 June and 5 July 2003. Little

structure was present in the initial conditions on the scale

of MCSs (roughly 100–200 km). Lateral boundary con-

ditions were specified from 3-h output from the corre-

sponding NCEP-Eta forecast for both ARW forecasts.

The physical parameterizations used in both ARW

forecasts include the Mellor–Yamada–Janjic bound-

ary layer scheme (Mellor and Yamada 1982; Janjic

2002), which predicts turbulent kinetic energy, and the

Thompson microphysics scheme (Thompson et al. 2004).

The Thompson scheme predicts five classes of conden-

sate (cloud water, cloud ice, rain, snow, and graupel), but

it is designed to produce a larger quantity of small hy-

drometeors and typically results in a more extensive

stratiform region than does the Lin et al. (1983) scheme

used in the earlier BAMEX simulations (Done et al.

2004). Although condensate variables were initialized to

be zero, they appeared to spin up during the first 2–3 h of

the simulations.

4. Overview of two BAMEX MCVs

a. 11 June 2003

The primary MCS, within which the MCV formed,

initiated near 2100 UTC 10 June 2003 over western

Oklahoma and matured into an asymmetric squall line

by 0500 UTC 11 June over central Oklahoma (Fig. 2a).

The corresponding radar reflectivity derived from the

ARW simulation (Fig. 2c) represents the maximum in a

vertical column and was obtained using an algorithm

written explicitly for the Thompson microphysical

scheme (G. Thompson 2008, personal communication).

The simulated reflectivity attains somewhat larger peak

values in the convective cores than observed but overall

is able to produce a realistic evolution of the primary

MCS, including an extensive stratiform precipitation

region (Figs. 2a,c). The primary MCS was generally

FIG. 1. Schematic of tilting contribution on the boundary of the circulation box. Large arrows

at left indicate meridional flow decreasing with height. This is associated with the horizontal

vorticity vector pointing out of the box at right. Vertical motion on the boundary of the box is

indicated by a dashed arrow. A hypothetically displaced vortex line is indicated by a thin solid

line, with the sense of rotation about a vertical axis indicated by arrowed ellipses.
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100–200 km farther south, and convection ahead of the

primary MCS was more widespread and farther south in

the model than in observations. Widespread convection

north and east of the primary MCS did occur in reality,

but several hours later than in the simulation. Remnants

of this convection were still evident at 1800 UTC 11

June over central Kentucky (Fig. 2b).

The simulated MCV in its formative stages could be

seen from the cyclonic shift of winds at 500 hPa to the

west of the deep convection in Fig. 2c. As the convection

decayed, the vortex became relatively more prominent

during the daytime on 11 June, with the center over

northwestern Arkansas by 1800 UTC 11 June (Fig. 2d).

This location was about 200 km southwest of the ob-

served MCV location at that time (Davis and Trier

2007). The precipitation shield poleward of the vortex

had a different configuration than observed, namely a

southwest–northeast band of moderate intensity in the

model versus a more north–south band in nature (Figs.

2b,d). However, an extensive east–west-oriented pre-

cipitation band did develop poleward of the observed

MCV by about 0000 UTC 12 June (Trier and Davis

2007; Galarneau et al. 2009, their Fig. 11b).

The vertical structure, scale, and intensity of the ma-

ture MCV were well simulated, as summarized in Fig. 3.

The maximum meridional winds were southerlies of

about 17 m s21 in the model and observations. The

horizontal scale, judged by the zonal distance between

positive and negative wind maxima, was just over 300 km,

and the level of the maximum meridional wind was

slightly below 600 hPa in both the simulation and ob-

servations. A slight westward tilt with height in the winds

was suggested, and there was a surface cyclonic circula-

tion present in both.

FIG. 2. (a),(b) Weather Surveillance Radar-1988 Doppler (WSR-88D) composite reflectivity at (a) 0500 and (b) 1800 UTC 11

Jun 2003. (c),(d) Model-derived maximum reflectivity in column using Thompson reflectivity algorithm with winds (ground

relative) at 500 hPa superposed for (c) 0500 and (d) 1800 UTC 11 Jun 2003. Black squares in (c) and (d) indicate the locations of

the circulation boxes, 324 km on a side. State abbreviations: AL 5 Alabama; AR 5 Arkansas; IL 5 Illinois; KY 5 Kentucky;

MO 5 Missouri; MS 5 Mississippi; OK 5 Oklahoma; TN 5 Tennessee; TX 5 Texas. Long wind barbs indicate 5 m s21.
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Detailed surface analyses (Fig. 4) offer a better de-

piction of the surface signature of the vortex. The cy-

clonic circulation appeared elongated from southwest to

northeast in both the simulation and observations, with

the coolest air mostly in phase with the axis of cyclonic

circulation. The cool air occurred primarily because of

reduced insolation beneath an extensive cloud shield

that remained with the vortex in addition to the effects

of evaporatively cooled air from earlier precipitation.

Temperature minima in the cool air over northern Ar-

kansas were a few degrees lower in the model than in

the observations (note the area below 208C in Fig. 4b).

The warmest air was found over southeast Arkansas

and the Mississippi Valley in the southwesterly flow.

Secondary convection initiated in the warm air by 1800

UTC 11 June (Fig. 2b; see also Trier and Davis 2007),

and broadly similar convection occurred in the simula-

tion (Fig. 2d).

b. 6 July 2003

The bow echo of 6 July 2003, studied in detail in two

recent papers (Wakimoto et al. 2006a,b), exhibited an

intense MCS that formed over north central Nebraska

(Fig. 5a), and rapidly developed into a severe wind–

producing system with maximum surface winds in the

Omaha, Nebraska area of around 40 m s21. Following

peak intensity around 0500–0600 UTC, the time when

extensive airborne Doppler radar measurements were

being made, the system rapidly dissipated in Iowa (not

shown). The simulation developed an analogous MCS

about 100 km farther south than observed. The simu-

lated MCS briefly displayed a bowing convection line

(Fig. 5c) but weakened earlier than the observed system

(not shown).

The overall depiction of convection at 1800 UTC 6

July shows an arc-shaped region of moderate intensity

in the observations (Fig. 5b), with a similar pattern in

the model nearly collocated with the midtropospheric

circulation center (Fig. 5d). Widespread deep moist

convection initiated just prior to 1800 UTC 6 July over

southwestern and eastern Wisconsin in the simulation

but initiated about 2 h later in the observations (latter

not shown). The simulated convection may have oc-

curred earlier than observed because the model failed to

produce an earlier band of convection in the same re-

gion. The remnants of this convection are visible over

Lake Michigan at 1800 UTC 6 July (Fig. 5b).

Evidence for a strong, line-end vortex confined to the

lower troposphere was present in airborne quad-Doppler

radar observations, obtained as described in Wakimoto

et al. (2006a), at 0550 UTC 6 July (Fig. 6a). This vortex,

depicted at 1.6 km AGL, was confined to the lowest 2.5

km and was elongated from northwest to southeast along

the northern end of a line of intense convection. Its

shallow vertical structure and location relative to deep

convection suggest that this feature was a line-end vor-

tex. That this feature was not directly connected to the

developing midtropospheric MCV is shown by the pri-

marily southerly and southwesterly analyzed flow at 5.2

km (Fig. 6b). The numerical simulation results discussed

in section 5 support this interpretation of a shallow,

FIG. 3. (a),(b) Vertical cross section of meridional wind through

the MCV center at 1800 UTC 11 Jun: (a) observed, reproduced from

Davis and Trier (2007); (b) simulated, averaged over 120 km in the

north–south direction. Plots show ground-relative flow. Contour

interval is 5 m s21, with dashed lines denoting northerly flow.
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FIG. 4. (a) Surface observations from the Automated Surface Observing System (ASOS) at 1800 UTC

11 Jun 2003 and from BAMEX dropsondes (plotted without station symbol) time–space corrected to 1730

UTC as in Davis and Trier (2007), with temperature analysis shown using a 28C contour interval, su-

perposed on a Geostationary Operational Environmental Satellite (GOES) infrared satellite image valid

for 1800 UTC 11 Jun. (b) Model fields corresponding to (a), with cloud-top temperature shown in

grayscale shown at bottom of plot. The 3 symbol denotes the approximate position of the MCV center.
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line-end vortex initially distinct from a midtropospheric

cyclonic circulation.

A comparison of surface conditions at 1800 UTC 6

July (Fig. 7) shows that there was a well-defined cy-

clonic circulation located over southwestern Wisconsin

in both the simulation and observations. In the model,

this location is approximately beneath the midtropo-

spheric vorticity center (Fig. 5d). The surface cyclonic

circulation was perhaps slightly weaker in the observa-

tions owing to the absence of northerly flow over

southwest Wisconsin and northeast Iowa. The minimum

surface temperature in the model was at least 28C lower

than observed in this region, as was noted for the 10–11

June case (Fig. 4), although cloud cover in the model

was not notably greater than observed. The simulated

cyclonic circulation appears embedded in the bar-

oclinicity on the southern edge of the cold pool in the

model, and there is a suggestion of a similar but weaker

structure in the observations. The poleward surge of

warm moist air to the west of Lake Michigan helped to

destabilize the atmosphere and initiate widespread deep

convection in both the model and atmosphere during

the afternoon of 6 July (not shown).

The observed vertical wind shear in the 6 July case

was markedly stronger and deeper than in the 11 June

case, as evidenced by comparing the results from

Wakimoto et al. (2006a) with Davis and Trier (2007).

Comparison of the shear profiles from these observa-

tional studies with the simulated shear profiles (Fig. 8)

indicates good agreement. The environment just prior

to the initiation of the parent MCS in the 11 June case

exhibited about 7 m s21 wind shear concentrated in the

2.5–5.5-km layer (Fig. 8a). Meanwhile, the incipient

environment for the 6 July case revealed about 20 m s21

wind shear in the same layer (Fig. 8b). A reduction of

wind shear in the lower-to-middle troposphere oc-

curred in both the 10–11 June and 5–6 July cases by

1800 UTC on the day following MCV formation. The

question of whether this wind shear reduction repre-

sented a synoptic-scale variation independent of the

MCS or was induced by the MCS itself is not examined

here.

FIG. 5. (a),(b) WSR-88D composite reflectivity at (a) 0500 UTC and (b) 1800 UTC 6 Jul 2003. (c),(d) Model-derived maximum

reflectivity in column using Thompson reflectivity algorithm with winds (ground relative) at 500 hPa superposed for (c) 0500 UTC 6

Jul and (d) 1800 UTC 6 Jul; black squares indicate the locations of the circulation boxes, 320 km on a side. State abbreviations: IA 5

Iowa; IL 5 Illinois; MN 5 Minnesota; MO 5 Missouri; NE 5 Nebraska; and WI 5 Wisconsin. Long wind barbs indicate 5 m s21.
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5. Results of vorticity diagnostics

The terms in (4) were computed from the ARW

output files, extracted at hourly intervals. The equation

was scaled by a time increment of 1 h to express the

vorticity tendency as an hourly change of vorticity. The

scale of the box within which diagnostics were computed

(henceforth, the ‘‘circulation box’’) was chosen as 81 3

81 grid points (324 km 3 324 km). This scale represents

the approximate distance between meridional velocity

extrema in Fig. 4 for the 10–11 June case (and for the 5–

6 July case; not shown). Because each vortex was nearly

circular in its mature state, this distance can also be

thought of as twice the radius of maximum wind.

Placement of the box was somewhat subjective but was

chosen to maximize the circulation within the box at 500

hPa at each time. To avoid a center that moved irreg-

ularly, a piecewise constant translation velocity was

specified (Table 1). The translation velocity vector has

been subtracted from model winds for all diagnostics

shown.

The edge of the box often intercepted active con-

vection and associated cell-scale vorticity structures.

These structures created some sensitivity in the balance

of the budget to the precise placement of the box. To

improve the balance of the vorticity budget, an ensem-

ble approach was adopted, wherein a distribution of

budgets was computed at each output time. At each

hourly diagnostic time, the box was perturbed from

its central location (centered on the MCV) 640 km in

8-km increments in both the x and y directions. Thus,

121 ‘‘samples’’ of the budget (11 3 11) were computed

for the left-hand side (lhs) of (4) and separately for each

term on the right-hand side of (4) except for the friction

term. The average of the distribution was the statistic

used to compare budget terms. Therefore, when viewing

the results it must be recalled that contributions to the

vorticity budget represent ensemble averages.

To compare the total vorticity change with the sum of

the budget terms (ignoring friction) and thus verify that

the budget balances, the difference in circulation (lhs)

between two time levels t and t 1 Dt was compared with

the average of the rhs terms at t and t 1 Dt. The value of

Dt was 1 h, the output frequency of the model fields. The

vorticity budget over the final 27 h of each simulation

was also examined by summing the 1-h vorticity changes

on both sides of (4) over this time interval.

In Fig. 9 are displayed vertical profiles of the different

terms in (4), averaged over the system-following 81 3 81

point box and accumulated from 21 to 48 h of each

simulation. Results are expressed in terms of box-

average vorticity changes. The vertical profiles of vor-

ticity change over 27 h show increases that are similar in

magnitude for both cases (Figs. 9a,b). Increases in the

600–700-hPa layer were about 1024 s21. There were

relatively larger vorticity increases at 900 hPa and above

500 hPa in the 6 July case. The budget was not extended

down to 950 hPa because that layer was below ground

within the circulation box during the early portions of

both simulations. Furthermore, the neglect of friction in

the vorticity budget would be unwarranted so close to

the ground. At the levels shown, the neglect of friction

(and other dissipation) does not seem detrimental to

obtaining a nearly balanced budget. The overall bal-

ance of the budget is generally good, with some discrep-

ancies noted at 900 and 400 hPa. As will be seen in the

FIG. 6. Quad-Doppler wind and reflectivity analysis valid for

0550 UTC 6 Jul. The Naval Research Laboratory (NRL) P-3 and

the National Oceanic and Atmospheric Administration (NOAA)

P-3 tail Doppler radars were synthesized using the technique de-

scribed in Wakimoto et al. (2006a): winds and reflectivity at (a) 1.6

and (b) 5.2 km AGL. Vectors are relative to an assumed eastward

system motion of 14 m s21. The V symbol denotes the line-end

vortex location.
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FIG. 7. (a) Surface observations at 1800 UTC 6 Jul, with temperature analysis shown using a 28C contour interval,

superposed on GOES infrared satellite image also valid for 1800 UTC 6 Jul; (b) model fields corresponding to (a),

with cloud-top temperature shown in grayscale shown at bottom of plot. Observed winds and temperatures were

obtained from ASOS stations and BAMEX dropsondes. The 3 denotes the approximate position of the MCV center.
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time–pressure series of budget terms (Fig. 10), the tem-

poral fluctuations of the sum of the budget terms mimic

the actual change of vorticity even at 900 and 400 hPa.

The stretching term in (4) dominated the budget in

the midtroposphere in both cases (Figs. 9c,d). This is

an anticipated result and echoes numerous previous

modeling studies (e.g., Zhang 1992). Vortex compres-

sion (negative stretching) in the lower troposphere was

also apparent, but this was more than compensated for

by the eddy flux term. Hence, the key to increasing the

circulation beneath the midtropospheric vortex must

have been the transport of vorticity from outside the

box. The box was roughly centered on the stratiform

region of precipitation during the mature stage of the

MCS (Figs. 2a,b and 5a,b). It will be shown that vorticity

was transported from the convective region rearward to

beneath the midlevel center.

The tilting term was generally negative, more notably

so in the 11 June case (Figs. 9c,d). This result con-

trasts with previous studies (Brandes 1990; Kirk 2003;

Weisman and Davis 1998; Cram et al. 2002) that show

tilting having a positive influence on the development of

cyclonic vorticity in the lower troposphere. This dis-

crepancy will be explored further below.

The change in potential vorticity over the 27-h period

was broadly similar to the change in vorticity (Figs.

9a,b). In particular, the PV increased notably at 900 hPa

during the period. This implies that the appearance of a

cyclonic circulation at the surface was not merely the

downward penetration of the circulation about a mid-

tropospheric PV anomaly; rather, it resulted from a

deep column of cyclonic PV that contained a substantial

anomaly near the surface. This result argues against the

vertical penetration mechanism described by Rogers

and Fritsch (2001), at least in these two cases.

Time–pressure diagrams of the terms in (4) indicate

when the different processes attained importance dur-

ing the evolution of each MCV (Fig. 10). In the 11 June

FIG. 8. Box-averaged wind profiles from (a) 10–11 Jun and (b) 5–6 Jul. Averaging occurs over an area 324 km 3

324 km. Winds are ground relative. System motion is indicated by thin dashed lines. Solid lines indicate the wind

profiles at 2100 UTC on (a) 10 Jun and (b) 5 Jul; heavy dashed lines show the profiles at 1800 UTC on (a) 11 Jun and

(b) 6 Jul, respectively.

TABLE 1. Assumed system motion vectors: U 5 eastward

movement, V 5 northward movement (both in m s21).

Time

System

motion (U,V)

2100 UTC 10 Jun–1200 UTC 11 Jun (21–36 h) (8.5, 0.0)

1200 UTC 11 Jun–0000 UTC 12 Jun (36–48 h) (8.5, 3.5)

2100 UTC 5 Jul–1200 UTC 6 Jul (21–36 h) (14.0, 0)

1200 UTC 6 Jul–0000 UTC 6 Jul (36–48 h) (10.0, 3.0)
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case, the hourly rate of change of vorticity peaked be-

tween 0200 and 0600 UTC 11 June as the main down-

draft developed (cf. Figs. 10a and 11a). In the 5 July

case, an analogous increase of cyclonic vorticity oc-

curred prior to the development of the strong down-

draft (cf. Figs. 10f and 11b). By 0600–0800 UTC (about

0200 local time), the midtropospheric cyclonic vorticity

anomaly had attained its greatest magnitude. By 1000

UTC both the stretching and tilting terms contributed to

a decrease of vorticity in the middle troposphere (Figs.

10d,e,i,j). This trend continued through 1800 UTC in

both cases. Thus, the simulated midtropospheric vortex

attained its greatest intensity during the mature stage of

the nocturnal MCS and weakened toward and after

sunrise.

In the lower troposphere, the tilting and stretching

terms were both negative until around 0600 UTC (Figs.

10d,e,i,j). The vortex compression was confined to be-

low 800 hPa as a result of cold downdrafts and lower-

tropospheric divergence. However, the eddy flux term

was generally positive throughout this period, especially

at 900 hPa (Figs. 10c,h). The tilting term was negative

FIG. 9. (a),(b) Vertical profiles of box-averaged (a) final absolute vorticity (h; gray dashed), total vorticity change

over final 27 h of simulation (dz; black solid), total PV change over final 27 h (dPV; gray solid), and sum of hourly

rates of change of vorticity from all rhs terms in (4) except friction (S), for (a) 10–11 Jun and (b) 5–6 Jul. (c),(d) Total

vorticity changes from eddy flux (dashed), stretching (thick solid), and tilting (thin solid) terms in (4) for (c) 10–11 Jun

and (d) 5–6 Jul.
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until around the time of maximum downward mass flux

in both cases, when it became weakly positive (Figs.

10e,j and 11a,b).

In both observed cases there was significant convec-

tion ahead of the nocturnal MCS that formed an outflow

boundary that intersected the eastern edge of the box. A

cross section (Fig. 12) of parallel (meridional) and ver-

tical wind components reveals that much of the negative

effect of tilting came from the negative correlation of

vertical motion with meridional shear above the south-

ward advancing cold pool associated with convection to

the east of the primary MCS. Recall from Fig. 1 that the

horizontal vorticity normal to the east side of the box is

dominated by �›y/›p, such that a positive meridional

shear results in an inward-pointing vortex line. Ascent on

the boundary will make the vortex line point downward

inside the box; hence, it will produce negative relative

vorticity and a negative circulation change. The regions

contributing most notably to the negative circulation

change are highlighted in Fig. 12 (see also Figs. 10e,j).

FIG. 10. (a)–(e) Time–pressure series of hourly changes in box-averaged vorticity representing (a) full simulated changes, (b) the

sum of rhs terms in (4) except friction, (c) eddy flux, (d) stretching, and (e) tilting for 10–11 Jun. (f)–(j) As in (a)–(e), respectively, but

for 5–6 Jul. The first time depicted is 2200 UTC. Data represent the vorticity change for the hour ending at the times shown.
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Note that the effect described here is generally absent

from previous idealized simulations (e.g., Weisman and

Davis 1998).

To better understand the phenomenology connected

with the eddy flux term, it is instructive to examine plots

of relative vorticity at 900 hPa (Fig. 13). These plots

indicate that a significant positive correlation existed

between vorticity and inward-directed wind perturba-

tions along the southern and eastern boundaries of the

box. To the extent that the flow mainly varies in the

east–west direction (parallel to the southern side of

the box), the eddy flux term is
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where the subscript ES refers to the contribution of the

eddy flux across the southern boundary (y 5 0) to the

circulation change in the box. Here, ~y 5 ðy9L 1 y90Þ/2 and

L is the length of the side of the box. The final form of

(5) expresses the circulation tendency as the average of

the normal velocity components at the end points of the

side multiplied by the net variation of normal wind

along the side of the box. In particular, the resulting

expression is not dependent on the detailed vorticity

and wind along the side of the box. On the eastern side

of the box, an analogous expression will obtain:
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����
EE

5
1

2
ðu9L
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0 Þ

����
x5L

5 ~uðu9L � u90Þ
��
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. (6)

As the MCS matured, the convective line typically

propagated faster than the stratiform region progressed.

As noted by Pandya and Durran (1996), the difference

in speed can be interpreted as the effect of rearward-

propagating gravity waves emanating from the strong

diabatic heating near and just rearward of the convec-

tive line. The eddy flux contribution along the southern

boundary eventually ceased as the upshear tilt of

the system increased and the leading convective line

propagated away from the developing midtropospheric

FIG. 11. As in Fig. 10, but for vertical mass flux (2v/g) integrated

over the circulation box for (a) 10–11 Jun and (b) 5–6 Jul.

FIG. 12. Vertical velocity (cm s21; color) and meridional velocity

(contour interval 5 2 m s21) along the eastern boundary of the

circulation box at (a) 0100 UTC 11 Jun and (b) 0400 UTC 5 Jul.

Heavy contours indicate southerly wind; thin contours indicate

northerly wind. Heaviest black curves enclose regions where the

contribution to vortex tilting is most strongly negative (anti-

cyclonic tendency within the box).
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vorticity maximum. However, the flux was maintained

on the eastern boundary as the vorticity along the line

was advected rearward (following the midtropospheric

vortex). This ‘‘plume’’ of vorticity is clearly exhibited in

Figs. 13b,d. In this sense, the mean shear favored the

vertical alignment of cyclonic vorticity by transporting

the lower-tropospheric cyclonic vorticity rearward be-

neath the midtropospheric vortex. This effect follows

from (6), where the easterly relative inflow makes ~u

negative and the cyclonic vorticity on the edge of the

box is associated with uL , u0.

However, unless vorticity can be ‘‘trapped’’ in the

box, the shear will eventually result in vorticity leaking

out the rearward (upshear) side of the box. While the

vorticity ‘‘source’’ from the convective line decays late

at night, relative rearward flow will expel vorticity from

beneath the midlevel center. A negative circulation

change in the lower troposphere due to the eddy flux

(i.e., transport) term was apparent in both cases during

the morning following MCV formation (Figs. 10c,h).

This effect was mitigated by two factors. One factor was

the overall reduction in the lower-tropospheric vertical

wind shear during the morning following MCS occur-

rence (Fig. 8). This reduction in shear presumably made

the negative eddy flux contribution smaller than it

would otherwise have been. Reduction in shear can

occur from either a variation of ambient atmospheric

properties along the MCS track or from convective-

induced reduction of the shear. Trier et al. (2006) showed

clearly that environmental variation, driven in part by

the systematic differences in diurnal forcing from the

Great Plains to the Mississippi Valley, was a significant

FIG. 13. Relative vorticity at 900 hPa and system-relative winds for (a) 0400 and (b) 0900 UTC 11 Jun and for (c)

0400 and (d) 0900 UTC 6 Jul. Units are 1024 s21. Red lines denote boundaries of circulation box. Coordinates in

schematic at lower right refer to text.
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contributor toward the weakening of vertical shear

eastward. Shear reduction from convective momentum

transport is also possible, but quantification of this ef-

fect will not be attempted here.

The other factor mitigating the loss of vorticity due to

transport out of the box is the direct contribution to

strengthening the low-level vortex from condensation

heating, perhaps even at the expense of the midlevel

circulation. Note that the divergence profile changed

radically around 1000 UTC (near sunrise) to a pattern

with lower tropospheric convergence and midtropo-

spheric divergence (Figs. 10d,i and 11). To examine

whether this change might have had a thermodynamic

origin, the moist static energy (MSE) was used:

MSE 5 CpT 1 F 1 Lyq, (7)

where Cp is the heat capacity, T the temperature, F the

geopotential, Ly the latent heat of vaporization, and q

the mixing ratio of water vapor. To obtain units of

temperature, MSE is divided by Cp (assumed constant)

in what follows. A decrease of MSE with height signals

conditional instability. In both cases, the early evening

organized convection with its cold downdrafts reduced

the area-mean moist static energy of lower-tropospheric

air parcels while increasing MSE in the upper tropo-

sphere through convectively induced warming. These

processes changed the sign of the vertical variation of

MSE (Fig. 14a). The relative humidity of the lower and

middle troposphere increased notably as the MCV/MCS

system progressed eastward (Fig. 14b), especially in the

5–6 July case.

The net effect on the difference in MSE between the

upper and lower troposphere was to create a moist,

nearly neutral condition (Fig. 15) during the morning

following MCV formation. Parcels lifted from the sur-

face at 1500 UTC following the decay of the nocturnal

MCS became buoyant by at most 1–28C on average and

typically reached their level of neutral buoyancy be-

tween 400 and 500 hPa. Hence, detrainment well below

the tropopause would be expected. This is consistent

with the divergence inferred in this layer (Fig. 11). The

cyclonic vorticity beneath the midtropospheric vortex

strengthened during this time because of convergence

(Figs. 10a,d,f,i) as the midtropospheric cyclonic circu-

lation weakened. The result was a deep vortex with a

near-surface signature in cyclonic circulation.

6. Summary and conclusions

The vorticity dynamics governing the formation, ev-

olution, and vertical structure of two MCVs from

BAMEX has been presented. Analysis was based on

Eulerian, flux-form vorticity diagnostics derived from

fully explicit simulations using the ARW model. The

10–11 June 2003 primary MCS developed in modest

vertical wind shear and produced an MCV that lasted

for several days (Davis and Trier 2007; Galarneau et al.

FIG. 14. (a) Difference of moist static energy, normalized by Cp (see text) between 300 and

900 hPa (positive for conditionally stable conditions) for 10–11 Jun (dashed) and 5–6 Jul (solid).

(b) Box-averaged relative humidity for 10–11 Jun (dashed) and 5–6 Jul (solid) cases in the layer

from levels 21 to 26 (roughly 600–800 hPa).
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2009). The 5–6 July 2003 MCS developed in a strongly

sheared environment and was noted for damaging winds

(Wakimoto et al. 2006a,b) while also producing a long-

lived MCV. In both cases, the MCV was important for

initiating widespread deep convection during the sub-

sequent diurnal heating cycle.

In both cases, the cyclonic circulation of the MCV

became apparent at the surface as summarized by the

schema in Fig. 16. The vertical extension of the vortex

was enhanced by (i) vorticity generation along the out-

flow boundary that congealed into a line-end vortex

distinct from the midtropospheric vortex center (Fig.

16a); (ii) vertical shear that transported the vorticity

rearward from the leading convective line to beneath

the midlevel center, thus aligning the vorticity in a ver-

tical column (Fig. 16b); (iii) reduction of vertical shear

following maturation of the MCS (Fig. 16b); and (iv) a

change in the divergence profile that favored vorticity

generation near the surface (Fig. 16d). The change in the

divergence profile resulted from moistening and reduc-

ing conditional instability within the atmosphere around

the MCV as the parent MCS matured. In this more

stable moist state, the vorticity and PV at low altitudes

grew at the expense of the cyclonic vorticity and PV in

the midtroposphere. The favorability of such a state for

the generation of lower-tropospheric cyclonic vorticity

was noted by Raymond and Sessions (2007) in the

context of tropical cyclone formation.

From the above point of view, the longevity of an

MCV with a surface cyclonic signature appears to be not

well connected to the existence of widespread, strong

conditional instability near the vortex. It appears that

moistening in a stabilized environment is of primary

importance. This concept also explains the tendency of

vortices to appear at the surface during the morning

after the formation of a midtropospheric vortex center.

Although the removal of surface cool air may play some

role in promoting a surface vortex, the change in the

divergence profile to converging flow at low altitudes is

more important. Of relevance here is the dynamical

paradigm of the diabatic Rossby vortex, described by

Conzemius et al. (2007) as a primarily vortical distur-

bance that sustains itself in the presence of vertical

shear by organizing latent heat release in an environ-

ment that is moist with small (or zero) conditional in-

stability.

As part of the compromise for performing detailed

examinations of two cases, we have left open the issue of

generality of results. The examination here of both

weakly sheared and strongly sheared environments

helps bolster the generality of these results and thus

dispel the idea that long-lived MCVs can only form in

weakly sheared environments. The overarching future

objective is to understand the systematic relationship

between organized convection and vorticity in the mid-

dle and lower troposphere. This includes quantifying

the diurnal and propagating signatures of vorticity that

accompany such convection and investigating the sys-

tematic role of such vorticity in generating new con-

vection downstream of its origin. A large sample of

cases is needed for this task. A similar priority exists in

understanding tropical convection and tropical cyclo-

genesis, wherein the wave–vortex duality of distur-

bances such as easterly waves has been established

(Berry and Thorncroft 2005), but the governing meso-

scale dynamics controlling the transition of such dis-

turbances into tropical cyclones remains unconfirmed.
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CORRIGENDUM

CHRISTOPHER A. DAVIS

Mesoscale and Microscale Division, National Center for Atmospheric Research, Boulder, Colorado

THOMAS J. GALARNEAU JR.

Department of Earth and Atmospheric Sciences, University at Albany, State University of New York, Albany, New York

There was an error in Eq. (1) in Davis and Galarneau (2009). A term was omitted that

should have appeared. The correct Eq. (1) is

›z

›t
5�v � =h� v

›z

›p
� h= � v� ›v

›x

›y

›p
1

›v

›y

›u

›p
1 k̂ � = 3 F: (1)

The authors regret any inconvenience this error may have caused.
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