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1. INTRODUCTION 75 km apart, and the response function was chosen to

. . capture 90% of the signal of phenomena with wave-
Mesoscale convective systems (MCSs) sometimes gerféngths of 300 kmtbtal curve in fig. 1). We then em-

erate mesoscale convective vortices (MCVs) in the Iowerployeol a second Barnes analysis that, together with the

and middle troposphere. If friction is ignored, vertical first, acted as a bandpass filter (Maddox 1980). Jjre
vorticity within an MCV must originate from some com- optié: background windai(@, 7, @), was approximated
bination of &) horizontal advection of absolute vortic- | " qata filtered to include 90% and 0.09% of the sig-

ity, b) vertical advection of relative vorticity, c) conver- nals of phenomena with wavelengths of 1600 km and
gence of absolute vorticity, d) tilting of horizontal vortic- 300 km, respectivelysynopticcurve in fig. 1). The

ity by hori_zc_mtally varying vertical wind, and e) horizon- | <occale perturbation in windi(@, v, @), was ap-
tal baroclinity. , . , " proximated by subtracting the synoptic background wind

These sources and sinks of vorticity exist within aNfom the total wind (nesoscaleurve in fig. 1).

MCS’s mesoscale circulations as well as within the en-

vironment’s synoptic circulations yet, to date, no empir- 10 __
ical vorticity budget for an MCV has discriminated be-
tween the two scales. An MCS and MCV that formed
on 1 August 1996 afforded the opportunity for a scale- 08
discriminating vorticity budget when they traversed the
densest part of the National Oceanic and Atmospheric
Administration Wind Profiler Network (NPN) in Kansas
and Oklahoma.

Another paper of ours in this volume provides an
overview of the MCS’s lifecycle. Please refer to that
paper for depictions of radar reflectivity and mesoscale
wind fields.
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2. DATA AND METHODS 0.0
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Kinematical soundings are from the NPN, radiosondes wavelength (km)
launched semi-daily by the National Weather Service,
and radiosondes launched every three hours from four
sites in Oklahoma as part of 1996's Enhanced Sea- ) o
sonal Observing Period (ESOP-96) of the Global Energy We calculated divergence and vorticity from centered

and Water Cycle Experiment’s (GEWEX's) Continental- finite differences of gridded wind. Vertical velocity is
Scale International Project (GCIP). from the kinematic method with a linear correction to

Over the period of detailed analysis, 0900-1800 UTcdensity-weighted divergence (O'Brien 1970), for which

on 1 August, 1% of soundings were missing at the NPN W€ Sétw = 0 at 750 m above the tropopause ané- 0

sites closest to the MCS; %3were missing at the seven at 500 m.a.bO\{e ground level (AGL). )

most densely spaced sites in Oklahoma and Kansas. ~ Baroclinity is weak near MCVs and can be ignored
To produce gridded fields dbtal wind, w(u, v, w) without much inaccuracy (Skamarock et al. 1994). For

we used a two-pass Barnes analysis (Barnes 1973: Koctlli‘e remaining sources and §inks of vorticity_we calcu-
et al. 1983) on data from the NPN. Grid points were lated a budget for the synoptic background wind and the
mesoscale perturbation in wind. Calculations were for

. X . . 3-h periods over a2<2° area centered on the MCV in
Addresses of the corresponding author: Jason C. Knievel, Depart- )
ment of Atmospheric Science, Colorado State University, Fort Collins,th€ m!ddle trOpOS_p_here- Because of Unres‘?lved sources
CO 80523-1371; knievel@atmos.colostate.edu and sinks of vorticity, the budget has a residual, which

Figure 1: Response functions for the Barnes analyses.




alsoincludes observational errors. When written in termgfig. 4). Because the MCV had already formed by the
of the resolved synoptic component))y( the resolved start of the period of analysis, we could not determine
mesoscale component,)( and the residualZ, the ver-  the source of vorticity for the incipient vortex. Even so,
tical vorticity equation for inviscid flow is figure 3a suggests that tilting may have played the largest
role on resolvable scales, which would be consistent with

% =— (v+9)- V(Z+ f+ Z) work by Zhang (1992) and Davis and Weisman (1994).
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wherein¢ (&, n, ¢) is relative vorticity,v (u, v) is horizon-
tal wind, w is vertical wind, f is the Coriolis parame- 18
ter, andJ.y (p, ) is the two-dimensional Jacobian of ]
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Figure 2: Relative vorticity (10° s~1) in the total wind at 1200 (dot- .
ted), 1500 (dashed), and 1800 UTC (solid). Profiles are fota2 21~ 1800 UTC T
area centered on the MCV in the middle troposphere, averaged over 3 h ! ! I I ! !
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3. VORTICITY BUDGET Figure 3: Resolved part of the vorticity budget for the total wind on

. . August 1996. Terms are: horizontal advection (dashed), vertical ad-
Over the nine hours we examined, the MCV deepene ection (dotted), horizontal divergence (dot-dashed), tilting (dot-dot-

and strengthened as the MCS matured and decayed, ungihshed), and the sum of terms (solid). Profiles are ft & 2° area

the MCV occupied almost the entire troposphere (fig. 2)_cent_ered on the MCV in the middle troposphere, averaged over 3 h
Convergence, tilting, and unresolved effects within the®"ding ata) 1200, b) 1500, and c) 1800 UTC.

total wind contributed the most to the MCV'’s growth.

Between 0900 and 1200 UTC there were only two The MCV of 1 August 1996 grew deeper and stronger
positive sources of vorticity from 2 to 4 km above meanbetween 1200 and 1500 UTC primarily from conver-
sea level (AMSL), which was the layer of maximum vor- gence of positive absolute vorticity in the middle tropo-
ticity in the MCV: tilting (fig. 3a) and unresolved effects sphere (fig. 3b). Planetary and relative vorticities con-



tributed almost equally (not shown). If not for divergence in balanced, vortical flow near an MCS than is transmit-
of planetary vorticity in the upper troposphere, the ten-ted to the far field by gravity waves and buoyancy rolls
dency due to divergence there at 1500 UTC would havéMapes 1993; Schubert et al. 1980), and the transition
been positive as well, because upper-tropospheric relae balanced, vortical flow involves convergence. Back-
tive vorticity was negative (fig. 2). Indeed, because di-ground vorticity shrinks\r, and the incipient MCV of
vergence and relative vorticity were approximately an-1 August 1996 supplied that background vorticity. At
ticorrelated about zero (not shown), any deep layers 00800 UTC, close to the time when a vortical circulation
negative tendency due to divergence must have beewas first visible in loops of reflectivity\gz was 276 km,
from divergent wind acting on planetary vorticity, be- which is close to the 280 km calculated by Chen and
cause divergence of negative relative vorticity and con+rank (1993) and the 300 km calculated by Cotton et al.
vergence of positive relative vorticity cannot produce a(1989) for MCS environments. By 1200 UTGg had
negative tendency. Davis and Weisman (1994) alludedghrunk to 136 km. It stayed close to that value through
to this. At the same time that convergence of absolutel500 UTC, the interval of maximum strengthening of the
vorticity generated vorticity in the lower and middle tro- MCV. We estimate the radius of maximum wind for the
posphere, the mesoscale updraft advected that vorticitdCV was I° of latitude (111 km). The size of the strati-
upward (fig. 3b). However, positive vertical advection form region is harder to estimate, but the major axis was
of vorticity was overwhelmed by all the other resolved perhaps 350 km long during the asymmetric stage of the
sinks. In particular, horizontal advection decreased vorMCS, giving a pseudo-radius of 175 km. This is slightly
ticity from the lower through the upper troposphere. larger tham\ g, so a large fraction of the atmosphere’s re-
sponse to heating was retained near the MCS as conver-
18 — — gent and vortical flow in the middle troposphere between
- residual o - 1200 and 1500 UTC.
5 - = Tilting was the main source of the vorticity in the up-
- 1800 i Ty > . per troposphere that further deepened the MCV during
N the final three hours of the period of analysis (fig. 3c).
- //’( - Tilting and convergence were the main sources of vor-
S ticity in the lower troposphere. The MCV was partially
21500 \{ < . maintained in the middle troposphere by unresolved ef-
2 g - fects represented by the residual (fig. 4) and by conver-
[ I B gence of absolute vorticity. Three-dimensional advection
20 -15 -10 5 0 5 10 15 20 was generally a sink of vorticity at 6 km AMSL, the alti-
tendency (10 s) tude of maximum vorticity in the MCV (fig. 3c).

Figure 4: Vorticity tendency due to the residual in the total wind at A few ge.neral properties Of.the VOI‘tICItY bUdget de-
1200 UTC (short dashed), 1500 UTC (long dashed), and 1800 UTCS€rve mention. In agreement with observations by Chong
(solid) on 1 August 1996. Profiles are foR& x 2° area centered on  and Bousquet (1999) and others, tilting and vertical ad-
the MCV in the middle troposphere, averaged over 3 h ending at the\/ection of vorticity were roughly anticorrelated about
time labeled. . . . .

zero (fig. 3). Only when this anticorrelation broke down

. did tilting and vertical advection play large, net roles in
Convergence between 1200 and 1500 UTC was likelfhe |ocal tendency. The often similar anticorrelation be-

aided by the existent MCV's vorticity because of its ef- yyeen horizontal advection and divergence of vorticity
fect on the Rossby radius of deformation, was weaker, yet discernible. Unresolved effects repre-
sented by the residual were as large as those explicitly
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AR = NH ; (2)  resolved in the budget (cf. figs. 3 and 4), which strongly
C+HV2@VR+ pH'? suggests that regions of persistent convective-scale cir-

culations altered atmospheric vorticity on the mesoscale.

wherein N is the Brunt-\aisalla frequency,H is the When terms in (1) are separated into their synoptic

scale height of the disturbancgjs the vertical compo- and mesoscale components (see the following subsec-
nent of relative vorticity,f is the Coriolis parameter, and tions), the budget exemplifies commonly observed—in
V is the wind’s rotational component, of whidhis the  some cases defining—traits of synoptic and mesoscale
radius of curvature (Frank 1983). How the atmospheranotions. Within the mesoscale component, the magni-
responds to heating by phase changes in water within tudes of three-dimensional wind speeds, divergence, and
stratiform region depends partly on the horizontal size ofvorticity were all large. Within the synoptic component,
the heated area compared wkh. When sources of dia- the magnitudes of vertical velocity and divergence were
batic heating are larger thav,, more energy is retained comparatively small.
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Figure 5: Vorticity tendency due to components of horizontal advection on 1 August 1996.
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Figure 6: Vorticity tendency due to components of vertical advection on 1 August 1996.
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Figure 7: Vorticity tendency due to components of horizontal divergence on 1 August 1996.
18 1200 UTC 1500 UTC 1800 UTC
T T
L c .l i
=k - i
%] ‘<
= - > i
E 10 ’
€ 10 - .
ol <
(]
2 6 o 224 7
= ) ]
5| I |
| |
-10 -5 0 5 -5 0 5 -5 0 5 10

tendency due to tilting (10° s?)

Figure 8: Vorticity tendency due to components of tilting on 1 August 1996. All profiles on this page
are for a2° x 2° area centered on the MCV in the middle troposphere, averaged over 3 h ending at the
time labeled.



3.1 Tendency from horizontal advection was dominant early in a simulated MCS, but was later
L . exceeded by tilting of perturbation vorticity.
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