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ABSTRACT

Five cases of mesoscale convective vortices (MCVs) are described from observations collected during the
Bow Echo and MCV Experiment (BAMEX) over the central United States during the period from 20 May
to 6 July 2003. In the present paper, the kinematic and thermodynamic structure of each vortex and its
environment are emphasized. Data consist of BAMEX dropsondes, the National Oceanic and Atmospheric
Administration profiler network, and National Weather Service soundings. In addition, Weather Surveil-
lance Radar-1988 Doppler observations documented the signatures of nascent MCVs within nocturnal
convection systems as well as the spatial pattern of convection within MCVs during the following day. The
vertical structure of each vortex was highly dependent on the vertical shear and the presence of upper-
tropospheric cyclonic vorticity anomalies. In strong shear, a pronounced downshear tilt of the vortex was
evident, but with the presence of an upper-tropospheric trough, the tilt was upshear in the upper tropo-
sphere. In only one case did the tangential velocity of the vortex greatly exceed the vertical shear across its
depth, and thus the vortex could maintain itself against the shear. The vortices were generally deep
structures, extending through 5-8 km in all cases and maximizing their tangential winds between 550 and
600 hPa. In one of the five cases, vertical penetration into the boundary layer was unambiguous. Lower-
tropospheric virtual potential temperature anomalies were generally 1-2 K, greatest when not directly
beneath the midtropospheric MCV center but rather on its upshear and downshear flanks. Upper-
tropospheric warm anomalies were found above and downshear from the midtropospheric MCV center,
with a cool anomaly upshear, the latter being stronger in cases with an upshear tropopause-based trough.
A diagnostic balance calculation was performed and indicated that the temperature anomalies were ap-
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proximately balanced on the scale of the vortex.

1. Introduction

One of the two primary objectives of the Bow Echo
and Mesoscale Convective Vortex (MCV) Experiment
(BAMEX) was to observe the spectrum of vortical
structures believed to exist within mesoscale convective
systems (MCSs) and to document their life cycle. The
emphasis was on vortices with characteristic length
scales between 50 and 200 km, although evidence for a
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broad spectrum of vortices within individual convection
systems has been found (Wakimoto et al. 2006). The
structure, climatology, and significance of mesoscale
vortices induced by convection have been discussed in
previous papers on the subject (Smull and Houze 1985;
Zhang and Fritsch 1987; McAnelly and Cotton 1989;
Menard and Fritsch 1989; Raymond and Jiang 1990;
Bartels and Maddox 1991; Zhang 1992; Davis and
Weisman 1994; Fritsch et al. 1994; Olsson and Cotton
1997; Trier et al. 2000b; Davis et al. 2002). These vor-
tices have been hypothesized to initiate convection
through quasi-balanced vertical motion in sheared
flows (Raymond and Jiang 1990), providing a feedback
to vortex intensity that can result in a diurnal oscillation
between convection and unbalanced motion (night)
and balanced rotation (day; Fritsch et al. 1994; Trier
and Davis 2002; Davis and Trier 2002). Serial MCVs,
those persisting through more than one diurnal cycle,
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produce widespread swaths of heavy rainfall as they
travel eastward over North America (Fritsch et al.
1994) or Asia (Wang et al. 1993) or westward over
Africa (Berry and Thorncroft 2005).

In general, it is believed that these vortices form
within the stratiform region of MCSs where mesoscale
convergence occurs into a hydrostatically induced pres-
sure minimum. Thus, the earth’s rotation is the primary
source of a vertical component of vorticity (Hertenstein
and Schubert 1991; Skamarock et al. 1994). However,
vortex tilting can make a substantial contribution
(Brandes 1990; Zhang 1992) and can produce meso-
scale vortices even in the absence of background rota-
tion (Davis and Weisman 1994).

The observing facilities for BAMEX and some pre-
liminary results are summarized in Davis et al. (2004).
Three aircraft were utilized in BAMEX—two WP-3D
Orion aircraft, each equipped with dual-scanning tail
Doppler radars, and a Lear jet (model 35A) leased
from Weather Modification Incorporated (WMI). For
mature MCVs with only scattered precipitation, the
P-3s were not deployed. The data were then collected
exclusively from the Lear jet and also by mobile GPS-
Loran Atmospheric Sounding Systems (MGLASS) on
the ground. There were three MGLASS units, each ca-
pable of launching soundings every 60-90 min. The
Lear jet could deploy dropsondes at a maximum rate of
7 h™'. Given the typical speed of the jet (150-200
m s~ '), the resulting spacing of the soundings was about
80-100 km. Thus, mesoscale structure of the MCVs
could be resolved, especially using time—space correc-
tion of the soundings from multiple flight tracks across
the vortex (Davis et al. 2004).

Some structural information has been obtained in
past studies of MCVs, through ground-based or air-
borne Doppler winds, or composites of operational
soundings and wind profilers. Studies using soundings
or wind profilers, including Menard and Fritsch (1989),
Fritsch et al. (1994), Bartels et al. (1997), and Knievel
and Johnson (2002), generally underresolved the vortex
and only through the compositing of soundings over a
multiday life cycle did Fritsch et al. (1994) obtain a
three-dimensional, smoothed depiction of the MCV. In
the radar-based studies (Brandes 1990; Johnson and
Bartels (1992); Scott and Rutledge 1995; Yu et al. 1999;
Reasor et al. 2005), the primary shortcoming was a lack
of thermodynamic data. The radar studies also tended
to focus on developing vortices with horizontal scales
on the order of 50 km that may have been line-end
vortices (Weisman 1993). Some of these may have
evolved into MCVs, but the later evolution of these
developing circulations was largely unaddressed. The
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present study adds to previous work by providing both
kinematic and thermodynamic data that resolve the
MCYV, including tilts and asymmetries, and by depicting
its environment.

The present paper focuses on the observed kinematic
and thermodynamic structure of five mature MCVs. In
a companion paper (Trier and Davis 2007, hereafter
Part II of this study), we will analyze how variations in
vertical and horizontal motions influence convection
within the circulation of the same five MCVs. Each
vortex originated within an earlier, nocturnal MCS and
was observed with varying amounts of rainfall within its
circulation several hours after the decay of the parent
convection. We will show clear vertical penetration of
vorticity into the boundary layer in one case and a sug-
gestion of surface cyclonic circulation in two other
cases. We will show that virtual potential temperature
perturbations are typically small (1°-2°C) and are
nearly balanced, according to a nonlinear-balance diag-
nosis. The detailed structure of the vortices appears to
be significantly affected by vertical wind shear and the
presence or absence of tropopause-based cyclonic and
anticyclonic circulation anomalies.

2. Analysis methods

Observations used in the present study include GPS
dropsondes, MGLASS, National Oceanic and Atmo-
spheric Administration profiler network wind profil-
ers, reflectivity images from the Weather Surveillance
Radar-1988 Doppler network, National Weather Ser-
vice (NWS) soundings, surface observations, and op-
erational analyses obtained from the National Centers
for Environmental Prediction (NCEP). The available
soundings and profiler observations for each case, cen-
tered in time with respect to each flight of the WMI
Lear jet, were manually quality-controlled to remove
visually spurious observations. These most often con-
sisted of “spikes” in both wind components, with the
wind observation deviating sharply at a single point.
Thermodynamic data were generally considered good.
There are some known problems with dropsonde tem-
peratures, including wetting of the instruments upon
the descent through cloud and precipitation layers. This
can lead to spurious layers of high static stability. How-
ever, inspection of the raw soundings revealed that this
was not a serious problem unless soundings descended
through deep cloud layers characteristic of mature con-
vection.

Based on an initial estimate of motion of the vortex
derived from cloud and radar animations, and later cor-
rected with the sounding and profiler observations, all
data were time-space corrected to approximately the
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mean time of the dropsonde deployment period (aver-
age of the time of the first and last drops). Because the
data were typically collected over a 3-h period, the cor-
responding maximum temporal shift of the data was
about 1.5 h. Given a typical translation speed of 10
m s~ ! or less, this resulted in a maximum displacement
of about 70 km. Characteristic time and space displace-
ments were roughly half these values. These typical
time and space corrections were generally smaller than
the characteristic time and space scales of the vortices
themselves. Given a vortex of radius R ~ 100 km, the
radius of maximum tangential wind V ~ 10 ms~!, and
denoting Au ~ 10 m s~ ! as the vertical shear across the
depth of the vortex, the relevant time scales are (i) the
inertial period, 27wR/V (about 18 h), and (ii) the shear
time scale, 2R/Au (about 6 h).!

An analysis of wind derivatives is performed using
the triangle method (Bellamy 1949), wherein collec-
tions of three wind profiles, from any source, form the
three vertices, and derivatives are calculated using line
integrals around the perimeter. The advantages of the
triangle approach for estimating derivatives over tradi-
tional techniques are quantified in Spencer and
Doswell (2001). Stokes’ (Gauss’s) theorem allows one
to evaluate vorticity (divergence) using the line integral
of the wind component along (normal to) each leg. The
triangle method assumes that the average wind along
each leg is well represented by the average of the wind
at the vertices bounding each leg. Hence, the variation
of wind is linear along each side of the triangle. As a
result, relative vorticity (hereafter simply vorticity) and
horizontal divergence are assumed constant within each
triangle.

Two sets of triangle restrictions are imposed. The
more restrictive conditions require a minimum acute
angle of 0.4 radians, maximum side length of 250 km,
and area between 1000 and 30 000 km”. The less re-
strictive conditions require a minimum acuteness of
0.25 radians, maximum side length of 300 km, and area
between 1000 and 40 000 km?® The more restrictive
constraints on triangle geometry are used unless data
near the periphery of the MCV are consistently ex-
cluded from triangles. Then the less restrictive condi-
tions are invoked.

Our triangle selection method differs from that used
in previous studies (e.g., Ceselski and Sapp 1975; Me-
nard and Fritsch 1989), in which, within a given scan
radius from original data locations, triangles were se-

! The factor of 2R represents the minimum displacement for
which the top and bottom of an ideal cylindrical vortex do not
overlap.
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lected with optimal size and obliqueness characteristics,
or studies (e.g., Spencer and Doswell 2001) that deter-
mined a set of independent triangles (i.e., ones that
have no area overlap). Although more discriminating,
these methods do not necessarily yield a unique set of
“optimal” triangles.

In this paper, we will only consider vorticity derived
from triangles of observations, but Part II reports re-
sults of kinematic vertical motion derived from verti-
cally integrating divergence profiles valid at the cen-
troid of triangles. To analyze vorticity, we superpose a
regular grid on the set of triangles generated that meet
the above criteria. We assume that, consistent with the
assumption of linear variation of wind along the tri-
angle sides, the constant vorticity so obtained is valid
everywhere within the triangle, not just at the centroid.
The vorticity values within all triangles that overlap a
given grid point are averaged to obtain an analyzed
value. The grid spacing is 0.25° latitude, or about 28 km,
in all cases. The analysis method preserves exactly the
area integral of vorticity, while allowing greater detail
where more observations are concentrated and less de-
tail where observations are sparser. The analysis
method also requires no assumptions common to ob-
jective analysis, such as a radius of influence of an ob-
servation.

In addition, an estimate of the confidence in the
analysis is obtained by computing the standard devia-
tion among all vorticity values averaged at a given grid
point. In this way, the overlap of the triangles is used to
highlight regions of inconsistency in the analysis. In the
limit that all triangles are the same size, the standard
deviation could be treated as an estimate of analysis
error. In the inevitable case of inhomogeneously dis-
tributed data, the analysis in regions of large standard
deviation should be interpreted with caution, and per-
haps ignored. In general, we find that a useful discrimi-
nator of analysis consistency is whether the standard
deviation remains below one-half of the maximum of
vorticity in the field. Normalizing by the maximum vor-
ticity accounts for the dependence of vorticity varia-
tions on the vortex intensity. The factor of 1/2 is a com-
promise between the background noise value (between
1/4 and 1/3 of the maximum value) and the maximum
standard deviation in the analysis domain.

The most computationally involved analysis is the
determination of balance. Results appear in section 4b,
but here we describe the procedure used. Having ob-
tained an analysis of relative vorticity on pressure levels
(with a 10-hPa spacing), we invert this vorticity to ob-
tain a nondivergent streamfunction  from VZj = ¢,
where ¢ is the relative vorticity and the Laplacian op-
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erator is two-dimensional (x and y). The domain con-
tains 61 points (1500 km) in each horizontal direction,
and a homogeneous Dirichlet condition is applied on
the boundary. The solution s is then used to solve the
nonlinear balance equation (Charney 1955),

62[11 a2¢l 6241 2
Vi = fVoy + 2[@(9—))2 - <8x8y , 1)

subject to homogeneous lateral boundaries on ¢ and
the geopotential ¢. In deriving (1), all terms involving
horizontal divergence have been neglected from the di-
vergence equation. Because the motions considered are
mesoscale, we have also neglected the variation of the
Coriolis parameter f;, in (1) (Haltiner and Williams

1980, p. 61).
The hydrostatic equation is then used to compute a
virtual potential temperature using dp/dm = —0,, where

m is the Exner function C,(p/p,)**“” and 6, the virtual
potential temperature. The resulting virtual potential
temperature is averaged over 100 hPa layers from 900
to 300 hPa, resulting in values at 850 hPa, 750 hPa, etc.
Because there is no guarantee of consistency from level
to level using (1), there can be considerable noise in the
hydrostatically derived profiles with a 10-hPa vertical
increment. The averaged fields are well behaved, how-
ever, and still retain enough resolution to see the basic
thermal structure.

To compare balanced and observed profiles of 6,, we
first horizontally interpolate the balanced, layer-
averaged virtual potential temperature to the sounding
locations (Fig. 1) using a nearest-point scheme. We av-
erage the observed virtual potential temperature over
the same 100-hPa deep layers over which we averaged
the balanced 6,. Next, we divide the vortex-centered
domain into four quadrants: northeast, northwest,
southwest, and southeast (Fig. 1). Each quadrant is di-
vided into 2 range bins—radius r < R, and R, <
r < 300 km—where R, varies between 100 and 150
km (Table 1). All soundings within a given quadrant
and range bin are averaged to produce a single, mean
sounding, and the resulting mean soundings for each
quadrant within a given range bin are then averaged to
produce a sounding representing either the inner struc-
ture (r < R, Or the outer structure (R, < r < 300
km). The perturbation virtual potential temperature,
0., profile, representing the portion of the virtual po-
tential temperature field attributed to the MCV, is then
the outer mean sounding subtracted from the inner
mean sounding. The agreement between balanced and
observed perturbation virtual potential temperature
profiles will determine the degree of balance.

max
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Fi1G. 1. Hllustration of quadrant definitions used in assessment of
balance. Small open and closed circles indicate vortex-relative
sounding locations for IOP 8 (11 Jun 2003). Open circles are
located at radii less than the radius of maximum wind (R,.);
filled circles are located between R,,,, and 300-km radius. Dashed
lines separate quadrants. The X denotes the center of the MCV.

Averaging within quadrants is important for remov-
ing biases due to the spatial distribution of soundings.
In Fig. 1, it is apparent that the number of soundings
within a given quadrant (and radial bin) ranges from
one to seven, so the inhomogeneity of the data distri-
bution is an important issue. This is particularly true if
large-scale gradients are present.

The balance computation does not include vorticity
outside a distance of about 300 km from the vortex
center, even though the computational domain is 1500
km on a side; hence, the synoptic-scale structures that
are not part of the vortex should not be present in the
balanced solution. Such synoptic-scale structures are in-
cluded in the observed soundings, but the subtraction
of the outer from the inner mean sounding will remove
most of this large-scale influence.

For an isolated MCV, there can be an induced tem-
perature perturbation even outside R,,,,; hence, sub-
tracting the outer region may also remove some of the
temperature anomaly of the vortex. Thus, the tempera-
ture anomalies computed herein may be slightly weaker
than would be obtained with different definitions of a
“far-field” thermodynamic state. The observed and bal-
anced virtual temperatures are treated identically, how-
ever, so that the comparison of the two is valid none-
theless.
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TABLE 1. Properties of each of the MCVs examined. Date is in month/day/hour (mm/dd/hhhh) format and specifies the middle of the
IOP, i.e., the valid time of time-space-corrected observations. Translation speed and direction (west—east movement is 270°) are used
to time-space correct soundings and profilers. The maximum tangential wind V,, is estimated from Fig. 7; R,, is the radius of the
maximum tangential wind (also estimated from Fig. 7); vertical shear in the layers from 1 to 4 km and 1 to 8 km AGL is computed from
data presented in Fig. 8; MCV duration is estimated from radar and satellite animations and is determined by beginning and ending

times when rotation is discernable, or from wind profilers indicating a vortex passage by a wind shift in the lower midtroposphere; origin

is determined subjectively from radar composites; surface penetration is assessed based on Figs. 6 and 7.

10P 1 4 5 8 15
Date (mm/dd/hhhh) 05/24/1930 06/02/1500 06/05/2120 06/11/1730 06/29/2050
Translation speed (m s~ !)/direction (°) 15/280 10/257 0/NA 13/250 6/270
V,, (ms™) 13 15 12 15 10
R, (km) 100 150 100 150 100
Shear 1-4 km (ms™!) 12 14 12 2 8
Shear 1-8 km (ms™ ') 14 27 32 5 13
Duration (h) 12 12+ 12 60+ 15+
Origin MCS Hybrid MCS MCS (2 nights) Multi-MCS
Surface penetration Uncertain Weak Weak or none Strong Weak

3. Antecedent conditions

a. Synoptic scale

Maps of 500-hPa height, vorticity, and 850-hPa wind
valid at 0000 UTC prior to each observed case (Fig. 2)
reveal a wide variation in the antecedent synoptic-scale
and mesoscale conditions. Only Intensive Observing
Periods (IOPs) 4 and 8 (2 and 11 June, respectively; see
Table 1) had a cyclonic vorticity maximum upshear
relative to where convection later organized. The vor-
ticity maximum in the IOP 4 case had temporal conti-
nuity, moving across the western United States on 1
June. The strength of this precursor made IOP 4 a hy-
brid case, by which we mean that cyclonic vorticity pro-
duction within an MCS was entangled with vorticity
production through synoptic-scale cyclone dynamics. It
is well known that extratropical cyclones produce local-
ized anomalies of vorticity and potential vorticity in the
lower and midtroposphere through diabatic heating,
and these can structurally resemble MCVs (Emanuel et
al. 1987, Montgomery and Farrell 1991). We use the
term “synoptic scale” even though the precursor distur-
bance had a half wavelength of less than 1000 km. The
scale of the precursor was still roughly a factor of 3
larger than the ensuing MCS and MCV, but there was
nonetheless some ambiguity in defining an MCV in
IOP 4. The precursor in IOP 8 was the remnant of the
MCYV that formed within convection on the previous
night. The other cases featured generally straight
midtropospheric flow from the west-northwest at 500
hPa in the vicinity of developing convection.

The flow pattern at 850 hPa exhibited southeasterly
winds within the region where the nocturnal MCS
would form in each case except IOP 8 (Fig. 2d), where-
in a cyclonic circulation was evident over the Oklaho-
ma-Kansas border, with southerly and southwesterly

flow over the region where convection developed.
Based on an examination of 0000 UTC National
Weather Service soundings,” the vertical wind shear
prior to the nocturnal MCS was at least 15 ms™' be-
tween 900 and 600 hPa (about 1 and 4 km MSL) in all
cases except IOP 8, wherein the vertical shear was
about 12 m's~'. Conditional instability, as represented
by convective available potential energy (CAPE) de-
rived from the same soundings used to estimate vertical
shear, was roughly 500 J kg~ ' on 24 May and 2 June,
nearly 1000 J kg~ ' on 5 June, and nearly 2000 J kg ' on
11 and 29 June.

b. Antecedent MCSs

A snapshot of each of the MCSs leading to the MCVs
analyzed below appears in Fig. 3. These times are cho-
sen to represent the mature convective systems during
the time when the MCV was forming, based on signa-
tures of mesoscale rotation in animations of composite
radar reflectivity images. All developing vortices at this
time appeared within extensive regions of stratiform
precipitation, consistent with observational studies
(e.g., Bartels and Maddox 1991).

The MCS that produced the MCV observed in IOP 1
(24 May) was actually the second of 2 distinct convec-
tive lines. The first organized over southern Nebraska
during the evening of 24 May, then propagated rapidly
southeast, leaving an apparent vortex signature in radar
reflectivity (white “X” in Fig. 3a), first noted around
0900 UTC. A second convective line developed near

2 The specific soundings used were (i) North Platte, Nebraska,
on 24 May, (ii) Dodge City, Kansas, on 2 June, (iii) Amarillo,
Texas, on 5 June, (iv) Norman, Oklahoma, on 11 June, and (v)
Dodge City, Kansas, on 29 June.
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the Kansas—Oklahoma border around 1200 UTC, then
propagated southeastward at nearly 20 m s~ ! into east-
ern Oklahoma (Fig. 4a), dissipating around 1600 UTC.
The remnant vortex sampled during IOP 1 moved
nearly due eastward into Arkansas, where dropsonde
observations began around 1700 UTC.

The precursor MCS to the MCV of I0OP 4 (2 June)
featured weaker and shorter-lived convection (Figs. 3b,
4b) than in IOP 1, but the precipitation region was

FIG. 2. The 500-hPa geopotential height (con-
tour interval = 30 m), 500-hPa relative vorticity
(light gray > 5 X 107° s~ '; medium gray > 10~*
s~1; dark gray > 1.5 X 107* s7!), and 850-hPa
wind barbs, all obtained from NCEP final analy-
ses valid 0000 UTC on (a) 24 May (IOP 1), (b) 2
Jun (IOP 4), (c) 5 Jun (IOP 5), (d) 11 Jun (IOP 8),
and (e) 29 Jun (IOP 15). Black dots indicate ap-
proximate initiation location of nocturnal MCS
(Fig. 3) that spawned the MCV studied in each
10OP. Selected states are labeled in (a).

widespread, presumably owing in part to the influence
of the upper-level precursor trough (Fig. 2b). Rotation
of the rain shield to the north of the most intense con-
vection began even earlier than the time shown and
persisted well into the morning of 2 June. Observations
of the MCV began around 1400 UTC over extreme
eastern Kansas and western Missouri.

Prior to IOP 5 (5 June), an intense MCS developed
over western Texas and matured into a classical asym-
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(d) I0P 8 (

150 km

FiG. 3. Composite radar reflectivity images
for mature MCSs at the time of MCV forma-
tion as deduced from radar reflectivity anima-
tions and wind profiler observations. Black X’s
denote location of primary MCV; white X’s
with black outline denote location of other
vortices detected in radar reflectivity anima-
tions.

metric MCS (Houze et al. 1990) by 0800 UTC (Fig. 3c). observations began around 2000 UTC during the fol-
The leading line of convection propagated southeast- lowing afternoon.

ward while the remnant MCV moved nearly due east- The precursors to the MCV of IOP 8 are described in
ward during the morning of 5 June (Fig. 4c). Dropsonde  Galarneau and Bosart (2005) as nocturnal MCSs occur-
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FIG. 4. Isochrones of leading convective lines (solid = solid line of reflectivity > 40 dBZ, dashed = broken line with cells > 40 dBZ)
and positions of MCVs (X’s), all at 3-h intervals for each IOP. Two-digit numerical labels refer to time (UTC), while the first symbol

of the day is marked by both hour and day (hh/dd).

ring on successive nights, both triggered by a shortwave
disturbance embedded within the subtropical jet. The
first MCS formed over eastern New Mexico on the eve-
ning of 9 June and produced an MCV over western
Texas early on 10 June (Fig. 4d). This vortex moved
northeastward over western Oklahoma by the after-
noon of 10 June and is depicted as a southwest—
northeast-tilted trough at 500 hPa in Fig. 2d. New con-
vection developed approximately 150 km northwest of
Norman, Oklahoma, around 0000 UTC 11 June (Fig.
4d) and evolved into another asymmetric MCS over-
night. Strong horizontal rotation became evident to the
west of the leading line of convection by 1000 UTC.
This vortex subsequently moved along the Arkansas—
Missouri border and was sampled by dropsondes be-
ginning at 1600 UTC 11 June.

The MCV sampled during IOP 15 arose during a
complex evolution of convection featuring as many as

four simultaneous, distinct convective lines (Figs. 3e,
4e). The vortex apparently formed within a widespread
region of moderate-to-heavy rainfall (Fig. 3e) not
clearly connected to a line of thunderstorms at this time
(0500 UTC). By 1000 UTC, the rotation of the remnant
echoes of this region became evident as the MCV
moved into central Kansas. Sampling of the MCV be-
gan around 2000 UTC.

4. Mesoscale convective vortices

a. Structure

Two perspectives of the structure of the five MCVs
will be presented in this section: plan views and cross
sections. Plan views on the 800-hPa surface appear in
Fig. 5. These analyses were manually constructed using
all the available wind profiler, dropsonde, and sounding
observations. All data were time—space corrected based
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I0OP 1, (b) IOP 4, (c) IOP 5, (d) IOP 8, and (e) IOP 15.
Contour interval for temperature is 1°C. Averaged shear
between 900 and 600 hPa is shown with arrows, calculated
from mean wind profiles in Fig. 8. The MCV center in (a)-
(e) is marked with an X.
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FIG. 6. (Continued) East-west vertical cross sections through the center of each of the five MCVs: (a) IOP 1, 1930 UTC 24 May; (b)
IOP 4, 1500 UTC 2 Jun; (c) IOP 5, 2120 UTC 5 Jun; (d) IOP 8, 1730 UTC 11 Jun; and (e) IOP 15, 2050 UTC 29 Jun. For each IOP,
the left panel shows relative vorticity, contoured in intervals of 5 X 1075 s™! (except 2.5 for negative values). Gray stippling indicates
regions where the standard deviation of the vorticity exceeds half the maximum value. Heavy dashed line in left panels denotes vortex
axis. Right panels show virtual potential temperature deviations (see text), contour interval 1 K, dashed for negative values. Also shown
are arrows indicating the location of soundings projected into the cross section. Gray shading shows relative vorticity, in units of 10™*

s~!, greater than (a) 1.5, (b) 1.0, (c) 1.0, (d) 2.0, and (e) 1.0.

on the translation velocities appearing in Table 1.
Soundings from the National Weather Service were in-
cluded if they were collected within 2 h of the central
time of the analysis. In only two cases, IOPs 5 and 15,
were NWS soundings incorporated. A maximum of five
hourly profiler observations were also included in each
case, except in IOP 1, where data from two successive
flights were merged. Profilers are evident in Fig. 5 as
collections of wind barbs along a straight line, sepa-
rated equally and by a distance typically less than 30 km.

From Fig. 5 analyses at 800 hPa, it is clear that sig-
nificant variation in structure exists among the cases.
Strong baroclinity was evident in IOPs 1 and 4. Recall
that the MCV of IOP 4 was a hybrid case, heavily in-
fluenced by a precursor baroclinic cyclone. The IOP 1
MCYV was observed immediately after the cessation of a
severe bow echo that developed in a high shear envi-
ronment. Thus, the presence of strong shear surround-
ing each of these two MCVs was not surprising.

In IOPs 5, 8, and 15, significant east-west tempera-
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ture variations were part of the MCV structure, in ad-
dition to the systematic north—-south temperature varia-
tions that also existed. For instance, in IOPs 8 and 15
(Figs. 5d,e), locally cool air was present near but
slightly west (IOP 15) or northwest (IOP 8) of the vor-
tex center at this level. System-relative southerly or
southeasterly wind and associated warm advection
were evident to the east of the vortex center in each
case. In Part II, it will be shown that this area of warm
advection generally corresponds to mesoscale lifting,
and it is in these regions where new convection forms,
in accord with the quasi-balanced lifting emphasized in
theoretical work (Raymond and Jiang 1990) and diag-
nosis based on operational model analyses (Trier and
Davis 2002).

The location of cool anomalies to the west of the
vortex center in IOPs 5 and 15 may result partly from
temperature advection in northerly flow behind the
vortex, and especially in the case of IOP 15 (Fig. Se),
may mark the location of heavy overnight precipitation
and a failure of the boundary layer to develop during
the daytime. We note that at 800 hPa in IOPs 8 and 15
(Figs. 5d,e, respectively), the cool anomaly to the west
of the vortex weakens markedly as one moves still far-
ther west to where the boundary layer grows deeply
during the afternoon.

In 4 cases, the relative humidity at 800 hPa reached a
maximum value either within the vortex core or slightly
poleward of it (Fig. 5). Only in IOP 15 did the humidity
maximum occur to the west of the vortex center, per-
haps as a result of heavy precipitation in the area during
the previous night. The location of the air with the
lowest humidity was more variable, occurring to the
southwest of the vortex center in two cases (IOPs 1 and
8; Figs. 5a,d), to the east or northeast in two cases (IOPs
4 and 15; Figs. 5b,e), and to the southeast of the vortex
in one case (IOP 5; Fig. 5c). In IOP 8, the dryness
probably resulted from strong isentropic downglide. In
IOP 1, the dryness could be traced back to the base of
a rear-inflow jet (whose existence is confirmed by an
MGLASS sounding launched at 1353 UTC; not shown
herein) behind the bow echo that spawned the MCV. In
the other cases, it appeared that mesoscale variations of
water vapor not directly associated with the MCV or its
antecedent convection accounted for the location of dry
air.

East-west vertical cross sections of relative vorticity
(Fig. 6), computed by averaging gridded vorticity (de-
scribed in section 2) over a 1° latitudinal extent cen-
tered on the 600-hPa circulation center, indicate the
vertical structure of the vorticity anomalies in each case
(left panels). These cross sections are all aligned east—
west and within =20° of the lower-tropospheric vertical
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shear vector. The approximate axis of maximum cy-
clonic vorticity at each level is also indicated. To pre-
vent unwarranted extrapolation of the data, the analy-
ses in Figs. 6 and 7 are done by hand.

The vertical structure and intensity of circulation dif-
fered substantially among the cases. The vortex depths
varied from perhaps 5 km in IOP 5 to 8 km in IOP 8,
and the extent of vertical penetration to 900 hPa or
below varied highly among the cases. The MCV of IOP
1 (Fig. 6a) appeared to penetrate to the surface, but this
part of the analysis was highly uncertain (see stippled
region), perhaps because data from two successive Lear
jet flights were composited, thus making the stationar-
ity assumption less valid. More certain was the down-
shear tilt of vorticity, with a secondary vorticity maxi-
mum around 750 hPa westward of the midtropospheric
maximum by about 200 km. In IOP 4 (Fig. 6b), some
penetration to the surface was evident, although this
could be related to the synoptic-scale cyclone within
which the MCV was embedded. More obvious was the
large cyclonic vorticity near and above 300 hPa located
to the west of the MCV. This represented the continu-
ation of the shortwave disturbance evident in Fig. 2b. In
10P 5 (Fig. 6¢), a sharp tilt of the vortex was apparent,
with anticyclonic vorticity evident in the upper tropo-
sphere. Little, if any, penetration to the surface was
noted here. The MCV of IOP 8 (Fig. 6d) was clearly
evident in the boundary layer and at the surface and
was the most intense MCYV of the five. Little tilt of the
vortex was evident, except for an apparent upshear tilt
in the upper troposphere due to the proximity of a
precursor, tropopause-based disturbance. In IOP 15
(Fig. 6e), the vortex was sharply confined to the midtro-
posphere with a strong anticyclone aloft and to the east.
The existence of an anticyclone immediately to the east
of the vortex was characteristic of IOPs 1 and 4 as well.
It is possible that this feature existed in the other cases
but was outside the analysis domain. There was an up-
shear tilt of the vortex apparent in the lowest 1.5 km;
however, it is likely that the cyclonic vorticity near the
surface was tied to a north-south-oriented stationary
front (not shown).

The thermal structure of each MCV was analyzed by
projecting all soundings within 1° of the axis of the cross
section onto the cross-sectional plane (Fig. 6, right pan-
els). To make horizontal and vertical variations of vir-
tual potential temperature comparable, the mean ver-
tical structure of virtual potential temperature averaged
over all soundings was subtracted. The systematic me-
ridional temperature gradient (derived from the mean
vertical shear over the depth of the vortex, based on
mean wind profiles shown in Fig. 8) was accounted for
by adding a temperature perturbation 6, = (¢ — &,)d0,/dé,
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where £ is latitude and 0, is the potential temperature
in thermal wind balance with the mean vertical wind
shear.

Near the MCV of IOP 1 (Fig. 6a), the virtual poten-
tial temperature anomaly field featured a positive
anomaly centered at 800 hPa to the west of the MCV
center. This area was a remnant of the descending rear

inflow from the MCS shown in Fig. 3a. An MGLASS
sounding taken at 1353 UTC confirmed the existence of
the subsaturated rear-inflow jet in the active bow echo
(not shown). This area of warm and relatively dry air
persisted several hours after the convection dissipated.
Also of note was the lack of cool air directly beneath
the MCV except in a shallow layer near 650 hPa. More
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extensive cool air was found farther east, associated
with the southeasterly moist flow and perhaps evapo-
rational cooling from precipitation or simply a system-
atic gradient of 6, on the synoptic scale.

The thermal structure in IOP 4 (Fig. 6b) was consid-
erably different from that in IOP 1. An upper-tropo-
spheric warm anomaly was displaced downshear from
the midlevel MCV center. The pronounced cool
anomaly above 500 hPa was associated with the upper-
tropospheric trough, as would be required qualitatively
by thermal wind balance. However, this anomaly ex-
tended to the surface, and in the lower troposphere was
associated with cold advection behind a cold front. Re-
call that this was the only hybrid case wherein the MCV
was superposed on a baroclinic wave structure. The
MCYV itself may have altered the temperature field
given the weak warm anomaly between 900 and 700
hPa immediately to the east of the vortex center, sug-
gesting locally enhanced warm advection. Overall, the
lower-tropospheric temperature field was broadly con-
sistent with meridional thermal advection induced by
the MCV. Note that the cool anomaly beneath the
midtropospheric MCV center was small compared to
the lower-tropospheric anomalies on the flanks of the
MCYV, in contrast to what has been traditionally por-
trayed as part of MCVs (e.g., Chen and Frank 1993;
Fritsch et al. 1994).

In IOP 5 (Fig. 6¢), the virtual potential temperature
anomalies above 700 hPa were consistent with a
strongly tilted vortex wherein the cooler air lay beneath
the sloping vorticity maximum and warmer air above.
A weak thermal dipole was apparent near 900 hPa, with
warmer air to the east and cooler air to the west of the
vortex center, but again, with a comparatively small
virtual potential temperature anomaly directly beneath
the midtropospheric MCV center. The clear tilting of
the vortex in this case would dictate that any cool
anomaly in the lower troposphere should be located up-
shear with respect to the midtropospheric MCV center.

The virtual potential temperature anomalies near
the MCV of IOP 8 were smaller than in any other
case, despite the fact that it was the most intense
MCV. A cool anomaly above 500 hPa can be discerned
on the western edge of the analysis region associated
with the tropopause-based trough located to the west
of the vortex. A weak cool anomaly was present be-
neath and to the west of the midtropospheric vortex
center (Fig. 6d). In the lower troposphere, warm air to
the east of the vortex was present, as also indicated in
Fig. 6d.

The virtual potential temperature anomalies in IOP
15 more resembled the classical structure associated
with MCVs. There was a warm anomaly above the
midtropospheric center, displaced slightly to the east,
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consistent with the formation of an upper-tropospheric
anticyclone (Fig. 6¢). The thermal structure of IOP 15
featured the most pronounced signature of cool air be-
neath the vortex of any case.® This cool anomaly was
shifted slightly to the west of the vortex, perhaps indi-
cating some effect of meridional advection by the
MCV, as in IOPs 4 and 5. However, as noted earlier, it
could also reflect a lack of boundary layer growth dur-
ing the day in response to wet ground resulting from
heavy precipitation during the previous evening. There
was warm air well to the east of the MCV that was also
dry (Fig. 6e) and hence remained free of secondary
convection. This warm, dry air was already in place
when convection developed several hundred kilometers
to the west during the previous evening.

Further comparison of the cases is facilitated by ex-
amining the meridional wind component in the same
cross section as shown in Fig. 7. For each case, the
analysis of wind proceeded analogously to that of the
temperature in Fig. 7. All soundings and profilers
within 1° latitude from the axis of the cross section were
projected onto the section and manually analyzed.
While the temperatures were corrected for the system-
atic north—south baroclinity, no correction of the me-
ridional wind was performed.

The meridional wind (Fig. 7) was broadly consistent
with the vorticity (by definition) and with the virtual
temperature perturbation field (as implied by the ther-
mal wind balance). The maximum wind occurred near
600 hPa in all cases except IOP 1, wherein it was found
just below 500 hPa. The horizontal scale of the vortices
was estimated to be half the distance between positive
and negative wind maxima in Fig. 7. As summarized in
Table 1, the horizontal scale varied between 100 km
(IOPs 1, 5, and 15) and about 150 km (IOPs 4 and 8).

In IOP 1, a second circulation center is apparent near
900 hPa, although as was seen in Fig. 6a, this part of the
analysis should be interpreted cautiously. This vortex
was the only case with continuous heavy stratiform
rainfall in its center (see Part II), so it is possible that
the cyclonic vorticity structure at low levels is the result
of recent diabatic heating and cooling. It is also appar-
ent in IOP 1 that the midtropospheric vortex trailed
increasingly westward below 600 hPa and appeared dis-
tinct from the circulation center lower down. In Part II
it will be shown that there were rainbands oriented
southeast—northwest to the east of the midtropospheric

3 The overall bias of the virtual temperature field to positive
anomalies in this case is a result of the method used to compute a
perturbation and is not dynamically meaningful. Thus, the mag-
nitude of the cool anomaly should be inferred by the surrounding
gradients rather than by the minimum value.
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vortex center. A preliminary Doppler radar analysis
performed by W.-C. Lee, M. Bell, and R. Wakimoto
(National Center for Atmospheric Research, 2004, per-
sonal communication) reveals a cyclonic wind shift as-
sociated with these bands at altitudes as low as 1 km
AGL. These transient features likely contribute uncer-
tainty to the analysis of vorticity in this case (Fig. 6a).

In IOPs 4, 5, and 15 (Figs. 7b,c,e, respectively), east—
west-oriented baroclinic zones with frontal characteris-
tics appear to obscure the signature of the vortex at the
surface. It will be shown in Part II that there are south-
erlies at the surface to the southeast of the MCV center,
but it is unclear whether these southerlies are directly
linked to the MCV. In particular, the dipole of meridi-
onal wind in IOP 15 (Fig. 7e) located within 200 hPa of
the surface to the east of the MCV is consistent with a
pronounced west—east thermal gradient in the bound-
ary layer that is not obviously related to the MCV.

The results of the foregoing analysis can be put into
context by considering the mean wind profiles in each
case. These profiles (Fig. 8) were constructed by first
averaging zonal and meridional winds at each pressure
level among all soundings in a given azimuthal quad-
rant. Then the mean profiles for each quadrant were
averaged to obtain the mean wind profile. By weighting
observations unevenly in this manner, quadrant parti-
tioning helped alleviate biases due to the uneven dis-
tribution of observations. The largest vertical shear in
the mid- and upper troposphere occurred during IOP 5
and was consistent with the large downshear tilt of the
vortex in the upper troposphere. The largest shear in
the lower troposphere occurred in IOP 1, and in that
case, there was also considerable downshear tilt of the
vortex below 600 hPa (Fig. 6a). Some tilt was also ap-
parent in IOP 4, if one notes the weak vorticity maxi-
mum at 900 hPa displaced roughly 100 km to the west
of the vortex center at 700 hPa.

The weak vertical shear that accompanies the MCV
of IOP 8 is less than 5 m s~ ' between 900 and 400 hPa.
This is consistent with the relative lack of vortex tilt and
likely allows an extended lifetime of this vortex (Fig. 4)
because of the modest straining force applied. The ver-
tical structure of the vortex in IOP 15 is somewhat at
odds with the shear. A slightly upshear tilted structure
is apparent below 800 hPa. It is likely that the vorticity
in the boundary layer is part of a weak front due, in
part, to the cool air near the surface beneath the west-
ern edge of the midtropospheric MCV center. The ap-
pearance of cyclonic vorticity in the boundary layer is
likely not a direct downward extension of the MCV.

The horizontal vorticity structure of the different
MCVs can be summarized by considering horizontal
(constant pressure) profiles of vorticity. To preserve
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the true vorticity gradient, we construct vertically aver-
aged horizontal profiles for each case with the horizon-
tal coordinate centered on the maximum horizontal
vorticity gradient at each altitude included in the aver-
age. It proves too difficult to construct meaningful azi-
muthal mean gradients owing to the inhomogeneous
distributions of data, so we confine the analysis to the
plane of the cross sections shown in Figs. 6, 7, that is, to
the east-west direction (which is nearly shear parallel in
all cases). To more easily compare profiles from differ-
ent cases, we normalize each profile by the maximum
vorticity of the MCV in the same east-west plane (Fig.
6). The gradient-relative profiles between 750 and 450
hPa are averaged to produce Fig. 9.
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FiG. 9. Radial profiles of vorticity, normalized
by the maximum value at a given level and com-
posited relative to the maximum negative (heavy
solid) or positive (thin solid) horizontal vorticity
gradient for all pressure levels between 750 and
450 hPa. The profile for the positive gradient (on
the west side of the MCV) has been reversed so
it can be directly compared with the profile on
the east side of the MCV.

The radial vorticity profiles for IOPs 1, 4, and 15
show a marked asymmetry between the downshear
(east) and upshear (west) sides, with the downshear
side containing a substantially sharper gradient, transi-
tioning to negative relative vorticity. The formation of
a downshear, midtropospheric anticyclone is apparent
and constitutes a new finding. Previously, the anticy-
clone was thought to be confined to the upper tropo-
sphere only. Data in IOP 8 do not extend far enough
downshear to determine whether the vorticity changes
sign. The MCV of IOP 5 does not exhibit a downshear
anticyclone, and it is unknown if this is related to the
pronounced background shear and MCV tilt.

In IOP 8, the vorticity profile is nearly symmetric and
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contains an extensive “skirt,” or modest gradient out to
at least a 250-km radius, and this could be a factor in the
longevity of the MCV. A similar radial profile of po-
tential vorticity was found in the theoretical work by
Schecter et al. (2002) to induce damping of shear-
induced asymmetries on a vortex. Such waves will be
damped through critical line dynamics, provided that
there exists a negative radial gradient of relative vor-
ticity at the critical radius for waves on the vortex. Al-
though the vertical shear across the MCV in IOP 8 is
weak (Fig. 8), there is still enough shear that one ought
to see a tilt after many hours of evolution if no align-
ment process is active. However, we did not see any tilt
in the available observations. Thus, while IOP 8 is the
only case in which adiabatic vortex realignment is pos-
sible, we have no direct evidence for its occurrence as in
idealized models of vortices in modest shear (Jones
1995; Trier et al. 2000a; Reasor et al. 2004).

b. Balance

A key issue is whether MCVs are balanced struc-
tures, that is, whether the wind and temperature fields
obey a prescribed, slowly evolving relationship to each
other. The importance of balance, described in classic
papers such as Hoskins et al. 1985, is that these so-
called slow modes, arising from high-frequency modes
such as deep, moist convection in the present case, ef-
ficiently interact with surrounding potential vorticity
structures, modifying jets or surface fronts and initiat-
ing Rossby waves that travel thousands of kilometers.
The existence of balance implies that on time scales
of a day or longer, it is only the diabatic redistribution
of potential vorticity that is an important outcome of
convection. The details, however important for local
weather within the convection system, are otherwise
not relevant. Balance is critical for weather prediction
several days hence, not only because slow modes are
usually more predictable but also because incomplete
observations better constrain the initial state of a fore-
cast model if there is a well-defined statistical relation
between them. Balance summarizes this statistical rela-
tion and is clearly a key element of data assimilation.

Given observations of wind, for instance (from wind
profilers, cloud-drift winds, or other sources), it is im-
portant to correctly infer the temperature perturbation
associated with the vortex. In view of the somewhat
surprising temperature anomaly patterns near the
MCVs, where cool anomalies were weak below the cen-
ter of the circulations, the question of whether such
structures are balanced naturally arises. Consistency
with thermal wind balance was noted in Figs. 6 and 7 for
each case, but herein we will show more quantitative
evidence of balance.
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Previous studies based either directly on numerical
simulations or on analyses derived partly from numeri-
cal models have found MCVs to be highly balanced
systems, especially when deep convection is not exten-
sive (Davis and Weisman 1994; Olsson and Cotton
1997; Trier and Davis 2002). However, the only study
that explicitly addresses the “instantaneous” balance
solely from observations is Knievel et al. (2004). Their
conclusion was that the temperature structure retrieved
from the winds departed substantially from a state of
gradient wind balance (similar to the nonlinear balance
constraint considered herein). Their study was for a
single case, with data coverage far more limited than in
the present study, and the cause of imbalance was not
determined.

To address whether the mature MCVs observed dur-
ing BAMEX represented dynamically balanced struc-
tures, we focus on the relative abundance of wind in-
formation available in this study and use the unprec-
edented sounding network of BAMEX to assess
agreement with the thermodynamic conditions inferred
from the nonlinear balance Eq. (1). While the tradi-
tional approach is to compute Rossby-Ertel potential
vorticity (PV) and solve the fully coupled inversion
equations (e.g., Hoskins et al. 1985; Davis and Emanuel
1991), practical considerations require another ap-
proach. First, since we wish to compare observed and
balanced virtual potential temperature profiles, the
specification of the potential temperature on upper and
lower boundaries, as is usually done for PV inversion,
will bias our result in favor of balance by definition.
Second, there are more wind data than temperature
data, given the profiler network. Hence, the domain
over which PV can be calculated is confined relative to
the domain over which the relative vorticity can be
computed.

The approach for computing balanced virtual poten-
tial temperature perturbations, given winds, is outlined
in section 2. Results for four cases are presented in Fig.
10 as profiles of balanced and observed differences be-
tween inner and outer layer-averaged virtual potential
temperature. Recall that inner and outer averages are
obtained by averaging soundings within each of the
four quadrants, and then averaging the quadrants. Bal-
anced virtual potential temperatures are interpolated to
the same sounding locations and the same averaging
process is performed for consistency. The distribution
of data in IOP 4 was deemed too asymmetric in the
outer region to allow a reasonable assessment of tem-
perature anomalies; hence that case is not included
here.

Comparison of balanced and observed profiles
strongly suggests that the MCVs are indeed balanced
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circulations, at least above the planetary boundary
layer and within the limitations of the available data.
Furthermore, the balance appears most evident in the
cases that were best sampled (IOPs 1 and 8), suggesting
that previous attempts to deduce balance from obser-
vations used datasets that may have been insufficient.
Although models or model-based analyses have shown
MCVs to be well balanced, this is the first demonstra-
tion of balance purely from observations. Thus, the
relative absence of cool air directly beneath the midtro-
pospheric (~600 hPa) MCV center in each case of the
sample does not appear to be an imbalance, rather it
appears to be a limitation of the simple conceptual
model of the structure of a mature MCV. The reasons
for the absence of extensive cool air beneath the
midtropospheric center could be the (i) vertical tilt of
the vortex, (ii) horizontal temperature advection due to
the vortex itself, (iii) diabatic heating of the lowest lev-

els during the daytime, and (iv) physical lowering of the
PV center of the vortex so that its structure is relatively
invariant with height in the lower troposphere. The
third process above would usually result in unbalanced
thermal anomalies; hence it is not a candidate for IOPs
1 and 8. The apparent imbalance at 850 hPa during IOP
5 may be due to influences of the growing afternoon
boundary layer, but data limitations preclude a firm
conclusion on this issue. The final process was apparent
in IOP 8, wherein the MCV penetrated to the surface in
association with a vorticity maximum (and likely PV
maximum as well) below 700 hPa.

5. Summary and conclusions

Five mature mesoscale convective vortices (MCVs)
were sampled by dropsondes, mobile soundings, wind
profilers, and NWS soundings during BAMEX. This
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article has focused on the structure of the mature vor-
tices using sounding and wind profiler observations of
unprecedented spatial resolution. In Part II, we will
concentrate on how MCVs influence the environment
of deep convection.

Each of the five MCVs could be traced back to ro-
tation evident within a region of stratiform precipita-
tion associated with a mature, nocturnal MCS. In three
of the five cases (IOPs 1, 5, and 15), negligible midtro-
pospheric cyclonic vorticity was present in operational
analyses prior to the formation of the MCS. These
MCVs therefore arose entirely within preceding MCSs.
In two other cases (IOPs 4 and 8), significant cyclonic
vorticity existed in the mid- and upper troposphere
prior to the formation of the nocturnal MCS that pro-
duced the vortex. In IOP 4, the antecedent structure
was a subsynoptic-scale frontal cyclone; hence this case
was termed a hybrid (MCS and MCV dynamics coupled
with cyclone dynamics). In IOP 8, the preexisting cir-
culation in the midtroposphere was the remnants of the
MCV left from convection during the previous diurnal
cycle (1.5 days prior to IOP 8). This case represented
the only MCV lasting multiple days observed during
BAMEX.

Horizontal analyses of wind and temperature re-
vealed lower-tropospheric temperature advection and
associated isotherm deflections resembling those in
baroclinic waves, but here on scales of 200-300 km (the
range of vortex diameters). The relative humidity
above the boundary layer generally maximized within
or slightly poleward of the vortex core. Although tra-
jectories could not be computed, we hypothesize this
region to represent the maximum upward displacement
for air parcels originating in the lower troposphere.

Vertical cross sections showed that each vortex maxi-
mized in cyclonic circulation between about 550 and
600 hPa, and also revealed a previously unreported
midtropospheric anticyclone located downshear from 3
of the MCVs. The eastward tilt of the vortices with
height was in accord with the mean shear acting upon
the MCYV in three of the five cases. In IOP 15, wherein
weak westerly shear was present between the surface
and 600 hPa (the height of maximum MCYV circulation),
the tilt in the lowest 2 km was upshear. This upshear tilt
may not have been part of the MCV but instead part of
a weak north-south-oriented surface front to the east of
the vortex that existed prior to the MCV. In IOP 4, the
upshear tilt was indicative of a growing synoptic-scale
baroclinic cyclone. The tilt of the MCV in IOP 8 was
not detectable, consistent with the very weak shear in
that case. However, given the longevity of this MCV (at
least 6 h prior to our observations), the observed shear
of 3-4 m s~ ! across the depth of the vortex should have
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produced an observable spatial displacement of 50-100
km between the lower- and midtropospheric vorticity
centers. Such a tilt would have been resolved in our
data, but since no such tilt was observed, we conclude
that the vortex was resilient, as in the definition of
Schecter et al. (2002).

Vertical penetration of MCVs into the boundary
layer was clear in only one case (IOP 8). Cyclonic vor-
ticity at the surface was suggested in each of the other
cases; however, it was unclear to what extent this vor-
ticity was inextricably linked to the MCV in those four
cases. What was clear was that no case exhibited a sur-
face anticyclone. The IOP 8 and 15 vortices occurred in
relatively weak vertical shear, whereas IOPs 1 and 5
were characterized by strong shear. The IOP 4 MCV
was embedded in strong shear but was also part of a
larger-scale cyclone, so the surface circulation could
be attributed to the synoptic-scale cyclone, perhaps
contracting to mesoscale because of frontogenesis
and diabatic processes. Given that the cool anomaly
directly beneath the midtropospheric MCV center
did not exceed 2°C in any case, and in particular, was
not weaker in cases that penetrated into the bound-
ary layer, it appears that the removal of the cold dome
is not the key factor determining vertical penetration,
at least not during the daytime following MCV forma-
tion.

It appears that the penetration of an MCV to the
surface is related to the vertical shear over the lowest
few kilometers. The MCVs of IOPs 1 and 5, in particu-
lar, show clear evidence of strongly tilted vortices and
neither circulation penetrated to the surface. In IOP 15,
a case of moderate shear, penetration is questionable.
In IOP 8, the shear is weak and the vortex penetrates
strongly. In IOP 4, the shear is strong, but the penetra-
tion issue is complicated by synoptic-scale cyclogenesis.
From the point of view of the “action at a distance”
paradigm of vertical penetration, wherein the local ro-
tation allows an enhanced Rossby penetration depth so
that a midtropospheric PV maximum can alter the sur-
face winds (Rogers and Fritsch 2001), shear in lower
layers should not matter. It appears, however, that ver-
tical penetration requires the formation of a secondary
PV maximum in the lower troposphere, as seen here in
IOP 8 and as noted by Davis and Trier (2002), as well
as theorized in the context of tropical cyclogenesis by
Montgomery et al. (2006). From this perspective, shear
is a key factor because it strains the PV, leaving the
lower-tropospheric portion of the vortex upshear from
the midtropospheric part. From a PV superposition
perspective, the sheared vortex, more distributed in
space than an erect vortex, induces a weaker horizontal



2048

circulation locally. This is true at all altitudes, but es-
pecially at the surface.

The relative abundance of wind and thermodynamic
data allowed us to assess the dynamical balance of the
MCVs better than in any previous study. In general, we
found a high degree of nonlinear balance, especially in
cases where the data better sampled the MCV struc-
ture. This balanced nature is particularly significant
given the observed relative absence of cool air directly
beneath the midtropospheric centers of the MCVs, con-
trasting with a previously well-accepted conceptual as-
pect of MCVs believed to be consistent with thermal
and gradient wind balance. As a practical matter, the
balanced nature of MCVs should enhance the ability of
assimilation schemes such as three-dimensional varia-
tional assimilation (3DVAR) to adequately represent
their structure in model initialization provided there
are nearly simultaneous observations that resolve the
gross features of the vortex.
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