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ABSTRACT

NUMERICAL SIMULATION AND ANALYSIS OF A SERIES OF MESOSCALE
CONVECTIVE SYSTEMS

A case in which a series of mesoscale convective systems (MCSs) traversed across
Kansas and Oklahoma (3-4 June 1985), was examined using observations and the MM4
model. The first MCS in the series (MCS1) began north of a stationary front in a region
of strong low-level warm advection and moisture convergence near the terminus of a low-
level jet (LLJ). Simulations of this system evolved realistically and show that the elevated
convection fed on air riding over the frontal inversion. This source air was found to
originate in the heated boundary layer over Texas and Oklahoma the previous afternoon.
The system-relative circulation of the simulated mature system did not exhibit a front-
to-rear upper-level flow, nor an extensive trailing stratiform region as has been observed
with other systems.

The second MCS (MCS2) was linked to an upper-level jet streak throughout its
lifetime. During its early stages, the simulated MCS2 consisted of high-based convection
which intensified as it moved into a region of greater low-level vinsta.bility. In agreement
with previous observational studies, the simulation produced the two precipitation bands
within MCS2 that gave it the appearance of a miniature occluded cyclone. The north-south
band, located in the southern half of the system, consisted of surface-based convection
forced by low-level convergence of convective downdrafts with the environmental flow,
while the northeast-southwest band in the northern part of the system was comprised
of elevated convection occurring in a frontogenetic zone. Convection in this region was

initially triggered by a LLJ induced by transverse ageostrophic circulations about an



approaching upper-level jet streak. The strong LLJ was decoupled from the surface by
the frontal inversion, and was able to advect high-6g air northwestward, destabilizing the
airmass. Sensitivity studies show that the LLJ was not the result of outflow from MCS1.
A conceptual model of the jet-frontal circulations in the region of an east-west stationary
surface front is presented.

The simulation of MCS1 was found to be sensitive to the initial low-level moisture
distribution, suggesting that accurate prediction of elevated convection requires initial
conditions that include mesoscale details aloft. In agreement with a previous study, the
simulation was found to be quite sensitive to the convective trigger function. For weakly-
forced cases such as 3-4 June, the trigger function is a critical component of the convective
parameterization. The behavior of trigger functions based on low-level vertical motion,
on the depth between source air and the level of free convection, and on the convective
inhibition are examined.

The results indicate that predicting MCSs (particularly in weakly-forced environ-
ments) is quite difficult. Due to the complexity and multiple scales of the systems, further
understanding of MCSs will require additional observational studies, especially during

their early stages.
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Chapter 1
INTRODUCTION

Forecasting of warm-season precipitation over the central United States remains a
challenging problem. Large-scale (synoptic) flow patterns over the region often produce
areas of instability favorable for the development of mesoscale areas of moist convection.
This convection sometimes organizes into coherent systems which produce significant rains
over a large area and, in turn, impact upon the larger scale flow. The details of how these
mesoscale convective systems (MCSs) initiate, organize, grow to maturity and eventually
decay are not completely understood. In addition, operational numerical prediction of
these systems and their rainfall is inadequate.

With these points in mind, this study will attempt to answer several questions about
a heavy-rain-producing event over the central United States in which a series of MCSs
passed over Kansas. In particular, why did several systems form? How were the MCSs
triggered? Can these systems be predicted by a state-of-the-art numerical model? If
not, what are the critical model components that need improvement? Are conventional

synoptic data adequate for generating the initial conditions?

1.1 Observational studies of MCSs

Maddox (1980) identified what he termed Mesoscale Convective Complexes
(MCCs) - large, long-iived precipitétiéh' s;ystel:r—;s over the central United States char-
acterized by cold, nearly circular cloud shields detected in infrared satellite imagery. A
composite of ten MCC cases (Maddox 1983) revealed the important repetitive conditions
that accompanied these storms. MCCs usually begin near a surface front (Fig. 1.1a) in
a region of strong low level warm advection (Fig. 1.1b) with a weak upper-level trough

located to the west of the genesis region (Fig. 1.1c). This area is beneath the exit region



Figure 1.1: Composite analysis of features at a) surface, b) 850 mb, and ¢) 200 mb prior
to MCC development. Winds (full barb = 5 m s~ ; flag = 25 m s™! ) are plotted at every
other grid point. In a), isobars (in mb, solid lines, contoured every 2 mb with the leading
“10” omitted), surface divergence (x10~% s~1, dashed), and frontal position are shown.
In b) and c), heights (m) are heavy solid, isotherms (° C) are dashed and jet position is
indicated by the heavy arrow. In b), mixing ratio (in g kg™, light solid) and terrain above
the 850 mb level (hatched) are shown. (After Maddox 1983 and Uccellini 1990).



of an upper-level jet and is bisected by a low-level jet. The superposition of the jets within
the Maddox composite indicates the importance of jet coupling (Uccellini and Jahnson
1979) for the development of MCCs (Uccellini 1990). The mature stage of the MCC is
characterized by continued warm advection and veered 850 mb winds. At 700 mb, the
temperature changes little, despite the warm advection. At 200 mb, an anticyclonically-
curved jet develops north of the MCC and there is a distinct cold core. During the decay
stage, the MCC moves into a region of more stable air.

Cotton et al. (1989) expanded upon the Maddox (1983) study by dividing the MCC
life-cycle into seven subperiods and compositing conventional synoptic data for 134 cases
using the objective analysis package of the Colorado State University Regional Atmo-
spheric Modeling System (CSU-RAMS) (Pielke et al. 1992). They found that during the
Pre-MCC stage, the synoptic scale features combine to produce convergence of moist,
potentially unstable air, focused over a mesoscale region. During the MCC initial stage,
convective growth occurs near a surface front in a region with low-level convergence and
upper level divergence that permits the inflow and outflow of mass necessary for maintain-
ing deep convection. The meso-3 scale convection produces a low-level heating maximum
and acts to moisten upper levels, providing an eﬁviron.ment necessary for the further de-
velopment of the MCC. The meso-3-scale components of the MCC are often aligned along
thermal discontinuities (McAnelly and Cotton 1986). During the MCC growth stage, the
vertical gradient of g in low to mid levels continues to provide energy to the system.
The low-level convergence, heating, and vertical motion maxima rise to mid-levels during
this stage, similar to what was found for GATE (GARP Atlantic Tropical Experiment)
systems by Frank and McBride (1989). The mature stage of the MCC is characterized
.. by a mesoscale stratiform anvil cloud. Mesoscale downdrafts are found below 700 mb
along with mid-level cyclonic shear and upper-level anticyclonic shear. The MCC begins
to decay as it moves into an area with less low-level potential instability.

Merritt and Fritsch (1984) and Kane et al. (1987) applied the Maddox et al. (1979)
synoptic classification scheme to the MCC environment. The cases were separated into four

categories: frontal (the most common), synoptic, mesohigh, and extreme-right-moving.



The systems (with the exception of the right-movers) tenfied to travel parallel to the 850-
300 mb thickness contours. Composite precipitation isohyets were elongated along and
just to the right of the axis of MCC propagation with maximum rainfall occurring just
before maturity.

In a study of ten years of warm season precipitation observations over the central
United States, Tollerud and Collander (1993) found that although MCCs are relatively
rare, they produce a disproportionately large number of the extreme rainfall events. MCC
rainfall was found to have a significant diurnal modulation with peak rainfall occurring
during nighttime hours — between 0 UTC and 12 UTC.

Fritsch et al. (1986) recognized that under slowly evolving synoptic conditions, a
series of convective systems (SCC) can form and travel over the same area producing a
rainfall swath similar to an average hmicme. While SCCs occur with any of fhe synoptic
classifications, frontal cases are most common. Frontal MCSs occur to the north of a slowly
moving east-west oriented surface front. The front may be a cold, warm, or stationary
front, but the cold air mass is relatively shallow. Southerly winds south of the front provide
the warm advection pattern typical of MCC cases. Rockwood et al. (1984) examined a
case in which two frontal MCCs traversed a similar path across southern Kansas and
Missouri. The second MCC, following about six to nine hours behind the first system,
produced flash flooding when heavy rains fell on already saturated watersheds. Rockwood
et al. found that interaction of the outflow boundaries from the two storms with each
other and with the larger-scale fronts played a significant role in the changes in convective
intensity. The lack of detailed observations led them to pose several important questions
including how did the two MCCs interact?

" "Colman (1990a) studied the climatology of “elevated” thunderstorms which he-defined
as occurring over a surface-based inversion, usually north of a shallow warm or stationary
front. While synoptically similar to the frontal MCC case, his study was not restricted to
the warm season or MCCs. He found that the elevated storms occurred with pronounced
mid-level warm advection and most often in the left exit region of an 850 mb jet. The

surface front was crucial in forcing the convection. Because most of the cases occurred



when 850 mb air was stable to upright convection he suggested that slantwise convection
might be occurring. ' .

Colman (1990b) examined in detail the elevated thunderstorm case of 10 April 1979
over the central United States. Three convective impulses (the first associated with a
highly-ageostrophic low-level jet) developed in the warm sector of a slow-moving and
intensifying low pressure area. Each impulse formed in a very unstable airmass and prop-
agated to the northeast, traveling across the warm-frontal surface. The storms continued
to propagate across the frontal surface despite the absence of upright convective insta-
bility. A convective band which developed over the frontal surface formed where parcel
trajectories were unstable to slantwise motions that eventually became gravitationally un-
stable. A gravity wave analysis revealed a close association between pressure waves and
the elevated thunderstorms, but the waves apparently did not trigger the storms.

Byrd (1989), in a study of wintertime overrunning cases over the central United
States, also found that slantwise convection (or conditional symmetric intability (CSI)
(e.g. Emanuel 1983)) may have initiated some of the precipitation bands. CSI has been
identified as triggering meso-f-scale convective rainbands (Lemaitre and Scialom 1991)
and has been shown to be present in the MCC environment (Fortune 1989).

In an attempt to explain the nocturnal maximum in warm frontal convection, Forbes
et al. (1984) examined parcel trajectories and found that air from the warm sector plan-
etary boundary layer (PBL) feeds the convection. The most unstable air over the front
originates in the warm sector PBL the previous afternoon. In a composite study of MCSs
occurring from 1990-1992 over the central United States, Augustine and Caracena (1993)
found that large, long-lived MCSs form downwind of the daytime surface geostrophic
wind maximum only when the 850 mb boundary downstream of the maximum is fronto-
genetic. When the frontal boundary is weak or not fronfogenéfié, Signiﬁca.nt devélopment
is not likely. During the evening, a LLJ forms above the location of the daytime surface
geostrophic wind maximum (Figure 1.2). The LLJ encounters the deep frontal zone that
has been maintained by frontogenesis, resulting in enhanced mesoscale upward motion
(Augustine and Caracena 1993). Sanders (1993) describes another case in which heavy

rains are associated with frontogenesis.
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Figure 1.2: Schematic vertical cross sections for late afternoon (top) and night (bottom),
over the region of the surface geostrophic wind maximum for cases with large, long-lived
MCSs. Isentropes are short-dashed lines with warmer values to the south, solid arrows
are the actual wind, dashed arrows are the geostrophic wind, open circles with enclosed
x’s represent flow into the figure (easterly winds), while the open circle with an enclosed
dot indicates flow out of the figure (westerly winds). Long-dashed lines indicate the top
of the planetary boundary layer (PBL). (After Augustine and Caracena 1993).



Details about the way in which convection organizes into systems are not clear. Simp-
son et al. (1980) found that downdraft interactions between south Florida cumuli {aided
by sea breeze convergence) resulted in cloud mergers. Similar processes were found to
exist over tropical Australia (Simpson et al. 1993). Based on observations that convection
breaks out in the vicinity of pre-existing convection before outflows have reached the area,
Mapes (1993) has shown that buoya.ncy.bores forced by the heating within a nascent MCS
result in upward displacement of low-level parcels in the vicinity of the heating and thus
the surrounding environment becomes more favorable for the development of convection.
Even though this gravity wave lifting is not sufficient to trigger additional convection, it
does favor additional development (Mapes 1993). Mapes used this theory to explain the
clustering of convection in the tropics.

Similar to the Mapes (1993) idea for self-organizing convective systems, McAnelly and
Cotton (1992), McAnelly et al. (1993) and Nachamkin (1992) hypothesize that a gravity
wave excited by inijtial convection may promote growth of an MCS to maturity. Observa-
tions from several cases show that the time evolution of the volumetric rain rate exhibits a
rapid%crease followed by a period of decreasing values, followed by reintensification. The
authors suggest that a deep-tropospheric gravity wave is excited by the latent heating of
the initial convection. As the wave propagates away, it initiates a mesoscale circulation
which promotes low-level convergence and subsequent development. A study of satellite
observations by Tollerud et al. (1992) possibly supports this idea. They found that MCSs
with explosive initial growth rates generally last longer and grow larger than ones with
smaller initial growth rates. Significant differences appear between systems as early as
three hours into their life-cycle.

While the gravity wave hypothesis -might -explain the self-organization and upscale
growth of convection into an MCS, the mechanisms that trigger the initial convection
are only vaguely understood. Deep moist convection occurs when a parcel is lifted to its
level of free convection (LFC). The depth over which a parcel must rise to its LFC (and
the amount of negative area which must be overcome) depends on the characteristics of

the parcel as well as its environment. The lifting mechanism can be varied as well, for



example forced ascent over orography, frontal lifting, convective boundary layer eddies,
colliding outflow boundaries, etc. Development of deep c’onvection is a result of complex
interactions between these triggers and the environment. Carbone et al. (1990) and Crook
et al. (1990) describe a case during PRE-STORM [the Oklahoma-Kansas Preliminary
Regional Experiment for STORM-Central Cunning (1986) (OK PRE-STORM or simply,
PRE-STORM)] in which a strong gust front, propagating first as a gravity current, then
as an internal undular bore, moved across Kansas, only generating convection when it ran
into a favorable environment. The favorable environment was created by separate dynamic
processes. Stensrud and Maddox (1988) and Miner (1992) describe other cases in which
colliding low-level outflows do not re-generate convection due to other, inhibiting changes
in the thermodynamic structure aloft. Koch and Golus (1988), Koch et al. (1988) and
Koch and Dorian (1988) analyze a case in which pre-existing gravity waves were able to
trigger deep convection within an unstable boundary layer. Sanders and Blanchard (1993)
describe a case in which mesoscale waves reduced the convective inhibition (CIN) in a small
portion of a large, highly unstable area. Ogura et al. (1982) explain late afternoon storm
formation in the vicinity of the dryline as due to a} diurnal development of the mixed layer,
b) differential development of the mixed layer which produces an inland sea breeze effect, or
¢) symmetric instability caused by heating of the PBL (and reduction of the Richardson
number) within a baroclinic zone. A recent preliminary study of convection along the
Oklahoma dryline (Ziegler and Hane 1993) shows that initiation of convection is related
to a threshold of convective inhibition or negative area. Despite moisture convergence
(and upward motion) along the dryline, and varying amounts of CAPE (Convectively
Available Potential Energy), convection occurred when the CIN threshold was reached.
- “The mechanisms by which the-CIN -can-be depleted are, of course, varied. . ... _. .
Within the warm advection pattern conducive for MCS formation (Maddox 1983)
(which is an area of quasi-geostrophic upward motion) development of initial convection
may be enhanced by the low-level warm advection which de-stabilizes the airmass or it
may be suppressed by warming aloft that caps the most unstable boundary layer air. As

pointed out by Raymond (1987), quasi-geostrophic dynamics do not adequately explain



the structure and propagation of MCSs. Maddox and Doswell (1982) provide several
examples of significant convection which develops in ben‘ign synoptic settings due to the
de-stabilization caused by low-level warm advection. Doswell (1987) proposes that the
initiation of convection is due to mesoscale processes. He defines mesoscale processes as
those which are linked to both the large scale and microscale. The mesoscale circulations
are therefore constrained by the large-scale quasi-geostrophic processes. Lift provided
by the large-scale is too small to initiate convection within a reasonable time period.
(Except for some unusual cases, e.g. Bluestein (1985)). The large-scale acts to provide an
environment which is favorable for development of deep convection, although sometimes
mesoscale processes can overcome a large-scale environment which is initially unfavorable.
MCSs such as those studied by Maddox (1980) occur in a favorable large-scale environment
that also has mesoscale forcing.

Uccellini (1990) proposes that the warm advection forcing exhibited in the MCC com-
posite (Maddox 1983) and in other cases (Maddox and Doswell 1982) is likely a manifesta-
tion of the lower tropospheric response to divergent wind fields that extend throughout the
entire troposphere. The large-scale environment, in which jet streaks propagate toward
an upper-level ridge, not only provides the differential advection patterns that destabilize
the atmosphere, but also provide mechanisms which trigger convection, such as gravity
waves (Uccellini and Koch 1987; Uccellini 1990). Sanders and Blanchard (1993) reach a
similar conclusion from their study of the 10 May 1985 case, in which the jet provided an
environment in which mesoscale disturbances developed. They stated that “No detailed
explanation has been offered for the connection between initiation of convection and the
larger-scale jet-related ascent”.

. The link between low-level jets and MCC formation is well-established (e.g. Fig. 1.1b;
Maddox 1983; Ralph and Neiman 1993). Shapiro (1982) and Sortais et al. (1993) have
found that development of convection can depend on the details of the configuration of
the jet-frontal circulations. Changes in the jet streak circulations and the development
of a low-level jet can lead to rapid de-stabilization and convection (Kocin et al. 1986).

Augustine and Caracena (1993) found that convection without LLJ support typically dies



10

off after sunset. In a study of many convective systems, Houze et al. (1990) found that
chaotically-arranged convective areas occurred when there was no LLJ. Climatalogical
studies show that convection is typically found in the left exit region of a low-level jet
(Bonner 1966; Colman 1990a) which is a region of relatively strong and deep lifting (Trier
and Parsons 1993). The link between upper-level jets and the triggering of convection
is more tenuous. Bluestein and Thomas (1984) provide circumstantial evidence that the
rising branch of a thermally direct circulation played a role in storm formation and suste-
nance.

Observational studies have revealed important characteristics of the MCS environ-
ment. Unfortunately, not enough observations are available to completely piece together
the entire life-cycle of MCSs. With the implementation of new observing systems such as
the WSR-88D (Crum and Alberty 1993) and wind profilers (Chadwick and Hassel 1987),
more detailed information about MCS environments will soon be available. In the mean-
time, numerical models have proven to be useful tools for investigation of MCSs. Some

results from previous modeling studies are presented in the following section.

1.2 Numerical simulations of MCSs

Because the operationa.l sounding network is too coarse in space and time to ade-
quately sample MCSs and field programs are also of limited extent, numerical models have
been used to investigate various aspects of these systems. Advantages of model studies
include controlled initial conditions and the ability to test the semsitivity of the simula-
tion to various physical processes. In general, models have improved as computer power

has increased. Yet, the size and complexity of MCSs is such that some simplifications in

-the modeling approach are still necessary. Fully three-dimensional, real-data meso-3-scale

simulations have only recently been conducted (e.g. Zhang and Fritsch 1986a). The fol-
lowing is a brief survey of some of the work relevant to the current study. First, some
simplified model results (using idealized initial conditions or only two dimensions) will be

described, followed by some results from real-data simulations.
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1.2.1 Simplified modeling studies

Fritsch and Maddox (1981b) simulated the anticyclonic upper level outflow of an MCC
by using analytic initial conditions with the Fritsch and Chappell (1980a, b) numerical
model and convective parameterization. The convection forced an area of mean mesoscale
ascent and divergent outflow aloft indicative of upscale organization.

Raymond (1987) used a forced gravity wave (or wave-CISK (Lindzen 1974)) model and
the moderate shear conditions typical of midlatitude MCSs to examine the self-organizing
characteristics of convection. The forced gravity wave mechanism assumes that the con-
vection is always phase-locked with the wave-induced low-level convergence. Raymond
(1987) showed that intensification of the gravity waves and convection is due to penetra-
tive downdrafts which displace and lift low-level unstable air. This is in contrast to the
Mapes (1993) ideas. Inclusion of conditional convection as well as precipitation advec-
tion tend to slow and damp the forced gravity waves. In a real-data modeling study of
a midlatitude squall line, Cram (1990) found that the line propagated in a wave-CISK-
like manner. However, Cram states that a spectrum of scales of forcing may have been
responsible for the squall line propagation. Thus, the propagation mechanism for MCSs
are likely more complex than simple wave-CISK ideas would suggest.

Periodic re-development of convective systems ahead of a surface cold front has re-
ceived some attention. A modeling study by Ogura and Jiang (1985) found a periodicity
in convection with a second system developing approximately five hours after the decay
of an initial system. Crook (1987) used a more detailed two-dimensional model which
included time-dependent convergence to examine re-development. He found that the first
convective system forces a geostrophic imbalance at the surface front. As the front and
surrounding environment try to return to geostrophic balance, they oscillate while inertial
gravity waves propagate away from the imbalanced area. Low-level convergence ahead
of the front oscillates with a period of twelve hours. As ascent returns to the vicinity of
the front (about 6 hours after the decay of the first system), a second system develops
as the atmosphere destabilizes. Crook also examined radar summary charts for several

cases and found a periodicity of about twelve hours in convection occurring ahead of a
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surface cold front. The largest peak occurred near the time of maximum heating. While
Crook’s modeling study indicates that a convective syséem might influence subsequent
development near a surface front, questions still remain about the process. The lack of a
third dimension in the study may be important as Crook found a sensitivity of the second
system to an imposed north-south moisture gradient. Differential surface heating should
also be important. Finally, are the results for a north-south oriented cold front applicable
to other orientations and types of fronts?

An idealized two-dimensional modeling study by Crook and Moncrieff (1988) showed
that large-scale convergence acts to aid the generation of convection by lifting air over a
wide region to near saturation. Therefore, convection needs little additional lift to initiate
or be maintained.

Tripoli (1986) simulated the genesis and growth of an MCS along and to the lee of the
Rocky Mountains by using a two-dimensional primitive equation fine-mesh model. Based
on the numerical results, he developed a. conceptual model containing some important, yet
complex, characteristics. While Tripoli’s results are closely linked to the mountain-plains
solenoidal circulation, some of his results are more generally applicable. Initial convection
forms in a region of low-level convergence. Later, a stratiform anvil forms, raising the level
of maximum heating. At low levels, cold downdrafts form a mesohigh. The geostrophic
response to this forcing results in the development of anti-cyclonic éhea.r aloft and cyclonic
shear at low levels. The scale of the circulation thus increases. This effect becomes more
pronounced as insolation diminishes and the stratiform anvil top radiatively cools leading

to greater instability and a stronger anvil.

1.2.2 Three-dimensional modeling of real-data cases

 Maddox et al. (1981) and Perkey and Maddox (1985) used the Drexel University

model to simulate the real-data case of an MCC over the eastern United States on 25
April 1975 during NASA-AVE IV (National Aeronautics and Space Administration - At-
mospheric Variability Experiment). By comparing moist and dry simulations, they found
that significant upscale feedbacks occur between the convective system and the large-scale

flow. Even though the simulations had a coarse grid spacing (140 km) and so only crudely
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represented the effects of the convective system, many of the observed features such as the
upper level anticyclonic outflow, mean mesoscale ascent, ;.nd warm core were reproguced.

As mesoscale models continued to improve, many investigators performed real data
simulations of MCSs and squall lines in particular. Some examples of these studies include
Chang et al. (1981), Ross and Orlanski (1982), Orlanski and Ross (1984), Pointin (1985),
Hane et al. (1987), Zhang and Fritsch (1986a, b; 1987; 1988a, b), Zhang et al. (1989),
Zhang and Gao (1989), Schmidt and Cotton (1990), Cram et al. (1992a, b). Numerical
simulations of MCCs or smaller MCSs have been less common. Molinari and Corsetti
(1985), Molinari and Dudek (1986), and Zhang and Fritsch (1986a, b; 1987; 1988a, b)
simulated the 1977 Johnstown Flood case analyzed by Bosart and Sanders (1981) which
included both a squall line and MCC. Zhang and Fritsch (1988c) examined a case with a
warm core vortex, while Dudek (1988) simulated two MCC cases.

The Pennsylvania State University / National Center for Atmospheric Research
(PSU/NCAR) model (Anthes and Warner 1978) and its updated version Mesoscale Model
Version 4 (MM4) (Anthes et al. 1987) has been used in numerous real-data cases.

Anthes et al. (1982) simulated two MCS cases from the SESAME-1979 experiment
using the PSU/NCAR model (Anthes and Warner 1978) (the 25-26 April case and the 10-
11 April case). The model, initialized with synoptic-scale data and having a horizontal grid
spacing of 100 km and 10 vertical levels, was able to reproduce many of the observed meso-
a scale features found in the two cases such as the MCSs themselves, low-level jets, capping
inversions, and upper-level jet streaks. However, large errors in the forecast precipitation
were found along with significant low-level temperature errofs. They attributed these
errors to a poor analysis over the oceans along with an inadequate surface energy budget

_parameterization. = . .. . ST

Benjamin and Carlson (1986) carried out more experiments on the 10-11 April 1979
case using an improved version of the model employed by Anthes et al. (1982). Their
experiments used 11 vertical levels and a Blackadar-type PBL model (Zhang and Anthes
1982) with horizontally-varying surface characteristics. Their simulations produced an

excellent precipitation forecast (although the 111 km resolution prevented reproduction of



14

the details in the rain areas) and an improved surface temperature forecast. They found
that effects of the surface heating and topography enha;lced the low-level flow info the
severe storm region over Texas and Oklahoma. The surface heating also enhanced the
transverse circulations associated with jet streaks which aided the low-level flow.

Kalb (1985) also simulated the 10-11 April 1979 case and found that improved results
could be obtained with better parameterizations, higher resolution and detailed initial
data.

Brill et al. (1985) successfully applied the PSU/NCAR model to the case with cou-
pled jet streaks analyzed by Uccellini and Johnson (1979), confirming the results of the
observational study. A numerical experiment with a weaker initial upper level jet streak
showed that the indirect circulation is quite responsive to the initial structure of the jet
streak.

Dudek (1988) used the PSU/NCAR model (Anthes et al. 1987) to simulate two MCC
cases. His model runs used a nested grid spacing of 40 km with 15 vertical levels and
included an explicit rain scheme (Hsie ef al. 1984), a Kuo-type convective parameterization
(Molinari and Dudek 1986), a high-resolution PBL (Zhang and Anthes 1982), and a shallow
convective parameterization (Betts 1986). Initial convection associated with both MCCs
began in a mesoscale region with low-level upward motion. In one case, this low-level
ascent was induced by a combination of cyclonic vorticity advection and low-level warm
advection while in the other case only cyclonic vorticity advection was present. Convective
heating induced a deep layer of strong ascent. Tropopause-level divergence in a region
of low inertial instability moved compensating subsidence away from the convection, and
permitted continued development. A nonlinear interaction between the convective heating
and the developing mesoscale circulation produced a midlevel warm-core, inertially stable
" mesovortex within the MCC. Dudek’s simulations failed to produce a mesoscale; satirated
stratiform region, perhaps due to inadequate moist physics parameterizations. Kuo-type
convective schemes have been found to underpredict heating and drying rates (Grell et
al. 1991) and to underpredict rainfall rates (Grell 1993). Also, ice processes are important
within simulated stratiform regions (e.g. Rutledge and Houze 1987; Zhang 1989; Zhang
and Gao 1989).
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Dudek performed several sensitivity experiments. Shallow convective clouds were
found to influence the timing and location of subsequent development of deep convection
by creating a partially-mixed layer above the boundary layer, by reducing the strength
of the capping inversion, by producing a downward heat flux warming the PBL, by per-
mitting a more realistic interaction with the surface radiation parameterization, and by
upward mixing of PBL moisture which allowed a low-level jet to advect the moisture into
the region of impending MCC development. Comparison of experiments with and without
latent heating clearly showed that the development of the mesovortex and amplification
of the mid-level short wave trough was induced by the convective heating. The low-level
jet, however, while enhanced by latent heating, is produced by other mechanisms, sug-
gesting that it is a partial cause of MCC development rather than an effect of the MCC.
Experiments with only explicit moisture parameterization (omitting the convective param-
eterization) were unable to simulate the MCC development. Rainfall was unrealistically
delayed and, once formed, created numerical point storms (Giorgi 1991; Kalb 1987).

Dudhia (1989) used a two-dimensional version of the PSU/NCAR model to simulate
an MCS over the South China Sea. He added an explicit moisture parameterization which
included the ice phase and added a radiative transfer scheme. Overall, the MCS was
reproduced well. It was found that the ice phase was important in determining the level
of maximum heating within the stratiform anvil cloud. Radiative heating was critical for
upper level ascent in regions of cirrus outflow. Clear-air cooling was found to aid convection
by destabilizing the troposphere and copntering the low-level convective warming.

Kuo et al. (1988) studied a heavy flooding case in the lee of the Tibetan Plateau using
MM4. A run with 80 km grid spacing and simple physical parameterizations was able to
simulate the evolution of a mesoscale vortex and the accompanying heavy precipitation
(Kuo et al. 1988). Sensitivity tests showed that latent heating by condensation and surface
sensible and latent heat fluxes were important for the vortex and rainfall simulation.

Lindstrom and Nordeng (1992) added a parameterization of slantwise convection ini-
tiated by CSI (Nordeng 1987) to MM4 in order to simulate a mid-western United States

wintertime case. They found that the parameterization develops momentum structures in
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the model similar to observed and produces more realistic precipitation fields as well as
other fields such as 500 mb heights (Lindstrom and Nordeng 1992). The parameterization
may also have helped initiate upright convection earlier in the model forecast. Kuo and
Reed (1988) found that slantwise motions during an explosive oceanic cyclone were able
to be simulated by the explicit moist physics parameterization without the need for a
separate slantwise convective scheme.

Zhang et al. (1986) developed a nested version of the MM4 model and successfully
applied it to a study of the Johnstown Flood case (Zhang and Fritsch 1986a; 1986b; 1987;
1988a; 1988b). The model, which included subjectively-analyzed bogus data in the initial
conditions, was able to reproduce many of the observed features including a leading squall
line and subsequent MCC, outflow boundaries, surface pressure features, and low-level
jets. )

The nested grid MM4 was also successfully applied to the 10-11 June 1985 PRE-
STORM squall line case (Zhang et al. 1989; Zhang and Gao 1989; Gao et al. 1990; Zhang
and Cho 1992; Zhang 1992). Once again the model reproduced many of the observed fea-
tures, most importantly the rear-inflow jet (Smull and Houze 1987b). Zhang et al. (1989)
coﬁcluded that it was possible to simulate the meso-3-scale features of some convective sys-
tems using only synoptic-scale initial data provided the proper physical parameterizations
are included in the model.

Zhang and Fritsch (1988c) simulated a squall line which evolved into a long-lived,
rotating MCS. The model developed a realistic warm-core mesovortex from the effects of
resolvable-scale latent heat release. Zhang’s work has stressed thé importance of including
realistic physical processes in the model such as virtual temperature effects, hydrostatic

~water loading and-ice processes. ——— -

Recently, Stensrud {1992) used MM4 to simulate several MCSs which formed within a
potentially unstable airmass with weak large scale forcing. Convection formed only where
mesoscale circulations were able to overcome a restraining inversion. Model simulations
showed that without these mesoscale features in the initial conditions, the MCSs were not

predicted well. Also, a poor simulation of MCS propagation and coverage can occur when
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there is weak large-scale forcing as deficiencies in the convective parameterization become
more important than when MCSs are forced by strong large-scale features. Stensrud,found
that the MCSs were able to propagate upstream due to a combination of effects by density
currents and internal gravity waves.

Real-data simulations of non-squall line MCS cases with other models have been rarer.
Kaplan et al. (1982) describe the development of the National Aeronautics and Space
Administration’s Mesoscale Atmospheric Simulation System (MASS) and its application
to the 10-11 April 1979 severe weather case. MASS is a hydrostatic primitive equation
model for use with real-data cases. Successful simulations include the 10-11 April 1979
case (Kaplan et al. 1982; Zack and Kaplan 1987), the less-strongly forced 3-4 June 1980
Grand Island tornado case (Kaplan et al. 1984; Chang and Wetzel 1991), and the March
1984 Carolina tornado outbreak (Kocin et al. 1984). Unfortunately, MASS has fallen into
disuse.

An MCC which produced a derecho was simulated by Tremback (1990) using CSU-
RAMS. As in the Tripoli (1986) study, the mountain-plains solenoidal circulation was
found to be an important forcing mechanism. In addition, a low-level jet supplied moisture
to the ‘system, while an upper-ievel jet aided divergence.

Analysis of model simulations has proved very useful for studying MCSs. Keyser and
Uccellini (1987) suggest that mesoscale models have progressed sufficiently so that model
output can be used by synopticians as a reliable data source for diagnostic study. In
the present work, therefore, the MM4 model is employed as a tool (along with available
observations) to investigate a complex SCC case in order to help answer the questions

posed at the beginning of this chapter.



Chapter 2

OBSERVATIONS OF THE 3-4 JUNE CASE

One of the most interesting cases of the PRE-STORM experiment was the 3-4 June
episode, during which several MCSs formed over the measurement network. As stated by
Smull and Augustine (1993), the MCSs on this day were “...found to include a variety
of local environments and associated weather, ranging from tornadic thunderstorms to
more linear convective bands and widespread chilling rains”. Because of the challenge
this case presents to both forecasters and numerical modelers, it is worthy of intensive
study. Several observational studies of the various MCSs on this day have already been
conducted (Augustine and Howard 1988; Stumpf 1988; Stumpf and Johnson 1988; Fortune
1989; Green 1989; Leary and Bals, 1989; Smull and Augustine 1989; Holle et al. 1990;
Leary and Bals, 1990; McAnelly and Cotton 1990; Smull and Jorgensen 1990; Smull et
al. 1991; Stumpf et al. 1991; Fortune et al. 1992; Loehrer 1992; McAnelly and Cotton 1992;
Nachamkin 1992; Smull and Augustine 1993; Trier and Parsons 1993) and are summarized
in a subsequent section. In this chapter, conventional synoptic analyses will be combined
with the results of the previous studies to provide an overview of the current knowledge
of the behavior of the 3-4 June MCSs. These analyses can be used as benchmarks for

comparison with model output.

2.1 General overview

During the period 3/1200 to 4/1200, four MCSs affected the PRE-STORM measure-
ment area (Cunning 1986). (Henceforth, all dates and times will be presented as UTC
day/time. For the PRE-STORM region, the local standard time is UTC minus six hours.)
Figure 2.1 (from Trier and Parsons 1993) shows the tracks of the approximate centroid of

the cold cloud shield of the four systems. Three of the systems travelled across Kansas,
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Figure 2.1: Tracks of the approximate centroids of the four 3-4 June MCSs. Dotted lines
indicate Pre-MCC convection, the X symbol shows the termination point of the MCS, and
the mean position of the surface stationary front during the episode is shown. Adapted
from Trier and Parsons (1993).

north of the surface front, in a region climatologically favored for these storms during
May and June (Colman 1990a, his Fig. 3). During PRE-STORM, an east-west front was
often found across the measurement area (Loehrer 1992) and was associated with MCS
development. Other systems similar to those on 3-4 June occurred during the experiment
(e.g. Brandes 1990; Loehrer 1992), but the repetitive development of the systems on this

date was unique.

Table 2.1 summarizes some characteristics of the four MCSs. Times are from satellite

imagery or Augustine and Howard (1988), lightning and radar data are from Holle et

al. (1990).

All four systems were long-lived and produced significant amounts of precipitation.
MCSs 1, 2, and 4 followed quite similar paths thus fitting the qualification for an SCC
(Fritsch et al. 1986). Flooding was reported in a 80 km wide area from Abilene, Kansas to
Emporia, Kansas (NOAA 1985). MCS1 was one of only two MCSs during PRE-STORM
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Table 2.1: Characteristics of the 3-4 June 1985 MCSs.

UTC Date/Time

Initial MCC Maximum Decay lightning radar rain duration
convection stage extent flashes  volume (10% m?) (h)
MCS1 3/1230 3/1600 3/2230  4/0400 5635 1986 16.56
MCS2 3/1400 3/1830  4/0000 4/0430 7011 5449 12.5
MCS3  3/2130  3/0030  4/0500  4/0730 2178 735 10.0
MCS4 4/0000 4/0600 4/1100 4/1530 8666 4504 15.5

114
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which began around sunrise and grew during the daylight hours (Loehrer 1992). The

majority of frontal MCSs occur at night (Dexter 1944; Maddox 1980). .

2.2 Summary of previous 3-4 June studies

Using various data platforms, Smull and Augustine (1993) performed a detailed mul-
tisale analysis of the mature MCS2 between 4/0000 and 4/0130. They determined that
the resemblance of the MCS to a developing wave cyclone was just a short-lived super-
position of two convective bands: one aligned with the mean tropospheric vertical wind
shear and the other perpendicular to the low-level shear. Figure 2.2 shows a composite
radar image from 4/0030 showing the mature MCS2. No mesoscale cyclonic circulation
was found to exist at any level. As in previous MCS studies, they found a relatively cool
core at low levels and warmer temperatures aloft. Figure 2.3 (from Smull and Augustine
1993, Fig. 36) is a three-dimensional conceptual diagram of the mesoscale flow structure
through MCS2. The main energy supply for the system was the high 0 air arriving on
low level southeasterlies. The NE-SW oriented convective band was parallel to the 850
mb frontal surface over Kansas. The N-S convective line was oriented perpendicular to
the low-level shear, similar to classical squall lines. Midlevel convergence was found in the
system’s stratiform region, northwest of the intersection of the convective bands. Aloft,
characteristic divergent flow was found. They found that the highly three-dimensional
airflow through the MCS and the wide variety of instability across the frontal zone led to
the storm’s complex asymmetric structure. Specifically, ice particles were advected north-
ward sustaining the stratiform region, and intense convection developed preferentially on

the MCS’s southern flank. There was a two-step structure to the upward motion gliding

over the front - shallow ascent over the frontal surface which eventually fed into deep

convective towers.

Loehrer (1992) investigated the surface pressure features and precipitation structure of
16 MCSs during PRE-STORM including MCS1, MCS2, and MCS4. Twelve of the sixteen,
including those on 3-4 June, developed an asymmetric structure (Fig. 2.4, his Fig. 6.6) with
a trailing stratiform region on the north end of the MCS. A surface mesohigh lay beneath
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Figure 2.2: Composite conventional radar image from 4/0030 showing the mature MCS2.
Alternating shading corresponds to minimum dBZ thresholds as follows: medium gray -
15, light gray - 30, black - 40, medium gray - 46, light gray - 52, and black - 58 dBZ.
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Figure 2.3: Conceptualized three-dimensional overview of the mature MCS2 from a van-
tage point located southwest of the storm. Broad horizontal arrows represent horizontal
relative flow. The bottom panel shows the relevant thermal boundaries. Deeper mesoscale
vertical circulations are represented by the broad vertical arrows. Intense updrafts are de-
picted by the narrow, solid vertical arrows. [From Smull and Augustine 1993].
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much of the stratiform region and convective line, while a wake low hugged the northern,
back edge of the stratiform area. A descending rear inﬁow jet was responsible for this
wake low (Loehrer 1992, his Fig. 6.7). MCS1 and MCS4 developed from an early chaotic
structure (Blanchard 1990) into an asymmetric structure as the northern convection in
the MCSs became more stratiform and a convective line developed on their southern ends
as outflows from the systems converged with the environmental southerly low. MCS2
developed an asymmetric structure as the stratiform region developed northwest of where
the two convective bands intersected.

Fortune et al. (1992) performed an observational study of MCS1, MCS2, and MCS4 in
order to determine why the convective bands in these systems resembled frontal waves. By

- examining Doppler radar and rawindsonde data, they identified three airstreams within
these systems: a relatively warm, ascending flow from the apex toward the rear of the
cloud shield; a dry midlevel inflow which contained both rising and sinking motion into
the southern flank of the MCS; and cool inflow below 6 km into the northern flank of the
stratiform region. In agreement with Smull and Augustine (1993), they found that the
wave-like structure was not due to the development of mesoscale cyclonic vorticity.

A detailed study of the surface pressure features associated with MCS2 including the
origins of the wake low was conducted by Stumpf et al. (1991). They found that the
wake low occurred at the back edge of the trailing stratiform region as found in squall line
studies. The wake low was associated with a descending rear inflow jet. The southern
part of the the MCS, which had no trailing stratiform region, did not have a descending
rear inflow jet or wake low. The maximum sinking of the rear inflow jet coincided with
the strongest low-level reflectivity gradient and the strongest surface pressure gradient.

Nachamkin (1992) investigated the upscale evolution of MCS1, in which it grew from

a conglomeratmn of convective elements to a—.nrorga.mzed system. Ana.lysm of radar re-

flectivity and Doppler-derived winds showed a sudden, dramatic upsca.le transition which
Nachamkin ascribed to the development of a blocking mesohigh aloft and the subsequent

strengthening of the rear inflow jet.

Trier and Parsons (1993) examined the mesoscale environment of MCSs 3 and 4 with

particular emphasis on the reasons for the development of MCS4. They found that the
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development of the diurnal LLJ and its interaction with the sloping frontal surface led
to large increases in CAPE. The high CAPEs arose as iligh fg air was advected,north
over the front, under a region of colder midlevel temperatures. Adiabatic ascent near
the terminus of the LLJ led to cooling and reduction of convective inhibition over the
front. Deep convection then developed over this region, organizing into MCS4. MCS3,
consisting of surface-based convection south of the front, decayed as the LLJ veered and
created less favorable low-level shear while the diurnal cooling increased the convective
inhibition. Fig. 2.5 (Trier and Parsons 1993, Fig. 22) is a schematic of the environment
prior to the development of MCS4.

Green (1989) examined the surface pressure patterns revealed by the PAM (Portable
Automated Mesonetwork) data during the 3-4 June episode. Each system developed a pre-
MCS mesolow (Hoxit et al. 1976), a mesohigh just behind the strongest convective cells,
and a wake low at the back edge of the stratiform rain. Green found that the intensity of
the wake low was related to the intensity of the stratiform precipitation.

Other studies using data from this case include Holle et al. (1990), who used radar
and lightning data to relate lightning flashes to the growth stages of the 3-4 June MCSs.
McAnelly and Cotton (1992) examined radar data from several MCSs (inclﬁding MCS1,
MCS2, and MCS4) and found that in the growth from initiation to maximum extent,
MCSs do not grow monotonically. Their cases exhibited a burst of meso-f scale convection
followed by a lull and then continued growth. Similar growth patterns have been shown
in modeling studies. McAnelly and Cotton suggest that gravity waves excited by the
convection may be responsible for this effect.

While many studies of this case have been completed, the complexities exhibited

-—---b¥-the-four-conveetive -systems-leave-many questions—unresolved; especially aboutthe
processes aiding the repetitive formation of the MCSs. Only the mature stage of the
systems was well-sampled by the sounding network, with little data gathered during the
systems’ initial stages. The following sections describe the data and observational analyses

which are used as diagnostic tools and for comparison with model results.
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2.3 Data

L4

Figure 2.6 shows the location of many of the PRE-STORM observing systems. Five-
minute-averaged surface data from the PAM/SAM (Portable Automated Mesonetwork /
Surface Automated Mesonetwork) mesonetwork were available for the duration of the
MCS episode (Fig. 2.6a). Surface airway data from the area (Colorado, Kansas, Missouri,
Arkansas, Texas, Oklahoma, and New Mexico, Fig. 2.6b) were obtained from the Colorado
State University (CSU) archive of FAA-604 data, the National Center for Atmospheric Re-
search National Meteorological Center/Automated Data Processing (NCAR NMC/ADP)
data, and from the National Climatic ]ja.ta. Center’s (NCDC) hardcopy archive.

A major component of the PRE-STORM project was the supplemental sounding net-
work (Fig 2.6c) consisting of temporary sounding stations along with additional soundings
launched from the regular National Weather Service (NWS) sites. Sounding data were
obtained from the National Severe Storms Laboratory (NSSL) archive. Additional sound-
ings were obtained from the NCAR NMC/ADP archive and the NCDC hardcopy archive.
Unfortunately, no supplementary soundings are available at 3/1200 and no extra NWS
soundings were launched during the remainder of the 3-4 June episode. Analysis of sound-
ings from DDC (refer to Fig. 2.6 for the station location) showed that the 3/0900 sounding
entered the NMC archive as the 3/1200 sounding. The actual 3/1200 DDC sounding was
obtained from NCDC.

Radar data from the six National Weather Service radars equipped with digital
recorders were synthesized on a NSSL 'computer. Printouts of the composite base scans
were used to track the location, intensity, and movement of the precipitation systems.
The operational NMC radar summary charts were used to supplement the PRE-STORM
rada.fdafa.. S o . -

Visible and infrared satellite images from GOES (Geostationary Operational Envi-
ronmental Satellite) were provided by the National Weather Service. A loop of the 3 June
visible images was constructed by digitizing the hard copy images. Cloud-top area and

temperature data were obtained from NSSL.
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Figure 2.6: Continued.

Wind profiler data were examined for Liberal and McPherson, Kansas, Norman,
Oklahoma and Flagler, Colorado. One-hour-averaged horizontal winds were available
from 1.8 km to 11 km above ground level (AGL). As pointed out by Augustine and Zipser
(1987), these 50-MHz profilers cannot sample the atmosphere below about 1.8 km and so
winds from the boundary layer and lower part of the free atmosphere were not available.

Hourly precipitation data were obtained from NCDC and were combined with rain-
gauge data from the PAM/SAM network to produce plots of one-, three-, six-, twelve- and
twenty-four-hourly rainfall totals.

2.4  Observational analysis of the case -
2.4.1 Conditions between 3/0000 and 3/1200

A typical characteristic of SCC cases is a slowly evolving synoptic pattern (Fritsch
et al. 1986). The 3/0000 surface analysis (Fig. 2.7) shows a stationary front extending

from a low in southeast New Mexico, northeastward across Oklahoma into southwest New
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Figure 2.7: Surface analysis for 3/0000. Conventional plot of temperature and dewpoint
(° C), winds (one-half barb = 2.5 m s~? and a full barb = 5m s ), and isobars (contoured
every mb, labels omit the leading “10”). The surface front is indicated by the dark, wide
line.
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Mexico. South of the front, high fg air was being advected northward. Cooler and moist
anticyclonic flow was found north of the front with significant convergence occurring along
the front. Strong thunderstorms with radar echo tops to 21 km were occurring along
the front from the eastern Texas panhandle through central Oklahoma. Satellite data
at 3/0000 (Fig. 2.8a) show a narrow band of cold clouds which exhibited a minimum
temperature of -70° C by 3/0100 (Fig. 2.8b).

Aloft, at 500 mb, a trough was along the west coast (120° W) with southwesterly
flow over the PRE-STORM region (Fig. 2.9). A negatively-tilted ridge axis extended from
southern Oklahoma to northwest Wyoming. At 850 mb, (Fig. 2.10) most of Kansas was
within the cold air mass, except for IAB and CNU. Southerly winds over western Oklahoma
and central Texas were advecting moisture towards the frontal zone, but no prominent
low-level jet (LLJ) could be detected, as might be expected in the evening. Above 700
mb little directional shear could be found, but speeds increased with height. At 250 mb
(Fig. 2.11) a jet streak centered over WWR with a maximum speed of 45 m s~! curved
slightly anticyclonically along the northern edge of the Oklahoma convective system cirrus
outflow, as is typical of such systems (e.g. Fritsch and Maddox 1981a; Maddox et al. 1981).
(It should be noted that the 3/0000 WWR temperé.ture sounding is systematically too
warm. The winds, while stronger than surrounding sites, do seem reasonable). Low-
level warm advection over this region was relatively weak, but moisture convergence along
the front (especially in southwest Oklahoma) was strong and was the apparent trigger
for these storms (not shown). An Intensive Observing Period (IOP) began at 2/2100
with special soundings and an aircraft mission to investigate the convection (Meiti'n and
Cunning 1985). The convective storms along the front occupied a relatively small area,
but were quite vigorous and were prolific anvil producers (Meitin and Cunning 1985). For
example, at 3/0200 (Fig. 2.8c) convection was located over west-central Oklahoma (as
indicated by the area of cloud tops colder than -64° C) while the associated anvil clouds
extended downstream into Missouri.

By 0300 UTC, the Oklahoma convective system cirrus shield covered much of the

state (Fig. 2.8d), but radar indicated that the convection beneath the cloud canopy had
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Figure 2.9: Geopotential height (m) at 500 mb contoured every 20 m at 3/0000.

weakened considerably (not shown). Farther to the southwest, new convection developed
along the front in a narrow band across the Texas panhandle. Other cells were in a north-
south line across west Texas. (These storms drifted northeastward and decayed). The
0230 UTC 850 mb plot (not shown) showed little change in winds, but dewpoints across
Oklahoma and southern Kansas had climbed by at least 2° C at every station. At 250 mb
a well-defined jet streak curved anticyclonically across spuifhg;n Kansas with a maximum
wind of 52 m s~! at CNU (Fig. 2.12). In fact, the -32° C contour (Fig. 2.8d) exhibits. a
corresponding curvature in southeastern Kansas.

By 0530 UTC, convection across the area was weakening. However, a LLJ was now
apparent at 850 mb across west Texas and west Oklahoma with 15 m s~! winds at MAF,

AMA, FSB and WWR (Fig. 2.13). Aloft at 250 mb (Fig. 2.14), the jet streak had moved
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north away from the cirrus shield, arcing from PTT to western Missouri with a maximum
wind of 55 m s~! at FRI. At 0900 only some of the NWS stations launched soundings. The
LLJ could be detected at AMA and at DDC where the winds had veered to southerly and
increased to 12 m s~! (not shown) as is consistent with an inertial oscillation. Convection
across Oklahoma continued to weaken (Figs. 2.8e through 2.8k) so that by 1100 UTC

(Fig. 2.81) only cirrus debris or weak, midlevel convection remained.
2.4.2 Conditions between 3/1200 and 4/0000
Conditions at 3/1200

The 1200 UTC surface chart showed that the front had moved little during the night
(Fig. 2.15). However, winds north of the front had veered to a more easterly direction and
were less convergent than the previous evening. Moisture had increased north of the front
and the upslope flow led to fog and drizzle across western and north central Kansas. A
broad surface low was located along the front in southeast New Mexico and moisture was

streaming northward across most of Texas.
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Figure 2.14: As in Fig. 2.11, but for 3/0530.

The 3/1200 IR image (Fig. 2.16a) showed an area of cirrus arcing anticyclonically
across New Mexico into southeast Colorado with a sharp poleward edge, indicative
of the jet core (Durran and Weber 1988). Much of the Texas panhandle and southern
Oklahoma were covered with -32° C clouds, some of which were convéctive debris, while
radar showed that the southern Oklahoma cirrus was associated with some weak, low-
topped convection. It will be shown later that this convection was high-based.

The large-scale 500 mb chart showed that the upper trough along the west coast had
moved little during the night, with its axis located along 116° W (Fig. 2.17). The entire
PRE-STORM region was located between this trough and the downstream ridge axis. At
850 mb (Fig. 2.18), a LLJ was still apparent at AMA and had veered during the night
in agreement with the climatological behavior of the LLJ (Hoxit 1975) or with an inertial
oscillation (Blackadar 1957). (Winds in the raw AMA sounding were missing between
846 mb and the surface. The 846 mb winds were assigned to the 850 mb level). The
850 mb surface at DDC was back within the cold air, as winds had backed and weakened
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and the temperature had dropped 2° C since 0800 UTC. It can be inferred that the LLJ
was impinging upon the frontal surface between AMA and DDC. Fig. 2.19 shows the 850

mb horizontal temperature advection at 1200 UTC. This plot is based on the objectively-
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Figure 2.19: Horizontal temperature advection (K (12 h)~!) on the 850 mb surface at
3/1200.

analyzed model initial fields which include bogus sounding data as described in Chapter
3. The bogus soundings used in the analysis were derived from a subjective analysis of
all the available data. A maximum of warm advection (24.1° K (12h)~!) over the eastern
end of the Oklahoma panhandle nearly coincided with the location of the first convection
associated with MCS1 at 1230 UTC (Fig. 2.16b). A maximum of warm advection at
800 mb (not shown) was co-located with the 850 maximum. Low-level warm advection
implies, through quasi-geostrophic theory, upward motion and is often found to be a
preferred region for MCS initiation (e.g. Maddox and Doswell 1982). Fig. 2.20 presents
grid point profiles of temperature advection, potential vorticity, 8§z and vertical motion
at the point in the Oklahoma panhandle with the maximum low-level warm advection.

As Doswell (1987) points out, the large-scale quasi-geostrophic ascent is usually much
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panhandle.
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too small to trigger convection. The strong low-level warm advection near the top of
the frontal inversion with neutral temperature advection 'in the mid-troposphere and cold
advection in the upper troposphere at this point would act to destabilize the atmospheric
column. The frontal surface is marked by a maximum in potential vorticity (Fig. 2.20b).
A strong decrease in §g with height above the inversion (Fig. 2.20c) suggests considerable
co