
AN ABSTRACT OF THE THESIS OF

Shawn P. Bennett for the degree of Master of Science in

Atmospheric Sciences presented on September 10. 1987

Abstract approved:
Steven A. Rutledge

On May 28, 1985 a nocturnal esosca1e convective

ystem (MCS) moved into the observational network of the O.K.

PRE-STORM (Oklahoma-Kansas .reliminary egional xperiment

for STORM-Central) Project. Satellite imagery showed an

extensive circular cloud shield. Sensing of meteorological

parameters by the NCAR (National Center for Atmospheric

Research) Portable Automated Mesonet (PAM II), as well as

observations by both conventional and Doppler radar document

this MCS as a fast moving squall line.

This MCS developed along the Nebraska-Wyoming border

in the warm moist air associated with a quasi-stationary

frontal boundary parallel to the Front Range of the Rocky

Mountains. In addition to the lifting caused by the frontal

boundary, the upsiope topography of the Central Great Plains

as it rises to meet the Front Range of the Rocky Mountains

Redacted for privacy



caused additional instability by orographically lifting the

convectively unstable air mass. Initial development of the

MCS may have been forced by an indirect circulation in the

left-front exit zone of a 25 m jet streak over the region

at 300 mb (Ucellini and Johnson, 1979) . At the surface a

lee-side trough was found along the Front Range, while aloft

a broad long wave ridge was positioned over the Central U.S.

Changes created in the near surface boundary layer

environment during the passage of the MCS are documented by

the PAN II mesonetwork. A mesohigh associated with the

convective line and a wake low or "wake depression" (Fujita,

1955; Johnson and Hamilton, 1987) were observed.

Analysis of single and dual-Doppler radar data reveal

the kinematic structure and radar reflectivity of the MCS

from near the surface boundary layer to the upper

troposphere. Several features are identified, including a

cyclonic mid-level circulation - 7 km deep (Fritsch and

Chappell, 1980), a plunging rear inflow jet with relative

flow speeds of -10-15 ms-, an echo-free notch in the rear of

the stratiform region, and a bow echo in the convective line

(Smull and Houze, 1985; 1987a,b)

The 12-hour-plus duration of the MCS may be

attributed to a combination of positive feedback mechanisms

which reinforced the squall line with positive vertical

momentum. Among these positive feedback mechanisms was the



configuration of the surface mesoscale pressure systems which

may have increased the low-level horizontal convergence and

as a result supplied additional mass and moisture to the

convective line. This then may build the convective cells

within the line and lead to an intensification of the

mesoscale pressure systems and induce more convergence, etc

(Fritsch and Chappell, 1980)
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A CASE STUDY OF THE MAY 28, 1985 S0SCALE CONVECTIVE

SYSTEM OBSERVED DURING THE O.K. PRE-STORM PROJECT

1. INTRODUCTION

1.1 General Background and Earlier Studies of Convective

Storms

Mesoscale convective systems have an important impact

on the people who live between the Rocky Mountains and the

Appalachian Mountains of the United States. The impact of

these storms on mankind can be tragic, including flash floods

and heavy rains, property destruction caused by high winds

and tornadoes, and loss of life. Losses in just one such

event can be enormous in terms of lives and property. The

mesoscale convective system that occurred during 2-4 May 1978

caused 7 deaths, 103 injuries, wind damage, hail, tornadoes,

4-13 inch rains, and severe flooding as it traversed the

southern U.S. from west Texas to the Gulf States (Maddox,

1980). Figure 1.1 is a compilation of the tracks MCSs

followed over a 5 year period from 1979 - 1983 (Cunning,

1986) . Some MCSs are particularly disastrous, like the 2-4

May 1978 MCS mentioned here, while others are not so

destructive, but make a significant contribution to the

growing season precipitation in the breadbasket of North

America (Fritsch et al., 1981).

The mesoscale convective system (MCS) is broadly

defined as all precipitation systems that have horizontal
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Fig. 1.1. Tracks of MCSs during May, June, July of 1979

through 1983. Dotted lines indicate position of early storm

development. Circled numbers correspond to the position of

the maximum extent of the -32CC cloud shield from infrared

satellite data. The ttx" represents the location where the

convective system was terminated as a MCS. (Adapted from

Cunning, 1986).
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scales of 50 to 500 km and include significant convection

during some part of their lifetimes. Several types of MCS5

have been identified and these storms were of particular

interest during the Qklahoma-ansas reliminary egional

experiment for STORM-Central (O.K. PRE-STORM) squall lines

with new cell formation occurring on their right southern

flank, maturing and propagating along the line, then decaying

and becoming a stratiform precipitation region toward the

northern portion of the line (Newton and Fankhauser, 1964);

fast moving squall lines with trailing stratiform

precipitation (Newton, 1950; Fujita, 1955); individual

supercell storms (Browning and Ludlam, 1962); and systems

comprised of short convective lines embedded within a broad

region of stratiform rain.

Research programs concentrating on convective storm

systems, such as PRE-STORM, had their beginnings in important

earlier scientific investigations of the thunderstorm and

squall line. Programs like the Thunderstorm Project in

Florida during 1946 and in Ohio during 1947, laid the

groundwork for subsequent research efforts. This project

provided a first-of-its-kind dataset of meteorological field

variables on the mesoscale and synoptic scale of the

thunderstorm and the squall line. Byers and Braham (1948)

reported their theory of thunderstorm circulations based on

their analysis of this first complete set of measurements

obtained during the Florida phase of the project. They
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described the thunderstorm circulation as orderly instead of

random and chaotic as was previously thought.

Newton (1950) completed a synoptic scale study of a

prefrontal squall line using data collected during the 1947

field season of the Thunderstorm Project in Wilmington, Ohio.

Newton's study centered on a 29 May 1947 prefrontal squall

line that developed in the warm sector ahead of a strong cold

front. The resulting squall line was observed to move east

faster than the cold front. Newton noted a cool dry tongue

of air signified by a low wet-bulb potential temperature

descending from behind and toward the squall line front.

This feature is similar to that which Smull and Houze (1985)

have described recently as a rear inflow jet.

Continuing the mesoscale analysis of thunderstorms and

squall lines begun in the Thunderstorm Project, Fujita (1955)

reported on the mesoscale analysis of a cold front over Japan

and two squall lines that developed in June 1953 over the

states of Kansas and Oklahoma. The mesoscale analysis by

Fujita (1955) revealed some features of squall lines that

could not be determined in a synoptic scale study. Features

such as the thunderstorm high and the wake depression were

identified. Figure 1.2 shows the conceptual model developed

by Fujita.

Newton and Newton (1959) completed a detailed

investigation of the effects of vertical shear on the
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Fig. 1.2. A schematic section through a squall line

thunderstorm illustrating the horizontal and vertical

structures of the squall line. The wake depression, the

internal airflow (thin arrows), and environmental airflow

(broad arrows) are depicted. (Adapted from Fujita, 1955)



kinematic structure of the 29 May 1947 squall line. Figure

1.3 depicts in cross section form the thermodynamic and

kinematic structure of this storm, as well as its associated

surface weather conditions. In their analysis, inflow of dry

air into the rear of the storm is present as indicated by a

tongue of low air. This flow descended towards the

convective line. This low air originated in the

post-storm environment of the middle troposphere (Newton,

1950). Also studied by Newton and Newton (1959) was the

self-propagating nature of squall lines and the ability for

squall line type thunderstorms to continue at night when air

mass type thunderstorms tended to die out. A main result of

this study was that the induced hydrodynamic pressure field,

the deviation of the actual pressure p from the hydrostatic

pressure Ph' could produce vertical accelerations that were

comparable in strength with ordinary buoyancy forces.

1.2 Recent Studies of Mesoscale Convective Systems

Advancing technologies have provided new tools with

which to investigate the nature of MCSs. Principal among

these is the Doppler radar. Other advances include a more

sophisticated mesonetwork of meteorological stations,

improved satellite imagery, and faster more efficient

computers that offer the opportunity to store, retrieve, and

process the large datasets collected and created during

mesoscale research projects.
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stable layers associated with squall front on right, and

polar front on the left. Arrows indicate schematic storm

relative average circulation. Stippled region is cloud.

(Adapted from Newton and Newton, 1959)



Sanders and Paine (1975) conducted studies on the

modification of the mesoscale environment by convection using

a simple convective plume model. Their data came from an

Oklahoma MCS observed by radiosondes, conventional radar, and

a mesonet of surface recording stations operated by the

National Severe Storms Laboratory (NSSL) . They stated that

initiation of extensive deep convection was triggered by

updrafts created solely by a cold front passing through the

region.

Sanders and Emanuel (1977) studied the hydrologic and

momentum budgets of the same May 1970 Oklahoma MCS. They

concluded that long lasting convective storms, whether

frontal, air mass, or of the squall line type, contain

elements of vigorous cumulus convection, as well as an

organized and strong mesoscale circulation. They also

suggested that the synoptic scale structure of the atmosphere

plays an important role in determining the character of the

MCS.

Ogura and Liou (1980) provided a case study of a

well-organized midlatitude squall line that passed through a

mesonetwork deployed by the National Severe Storms Laboratory

(NSSL) on 22 May 1976. Their study identified some important

components of the circulation pattern associated with a

squall line and trailing stratiform region: low level inflow

of moist air along the leading edge of the convective line,

inflow into the rear of the stratiform region of low 9 air



at middle levels, and a cool downdraft situated below the

stratiform cloud. Relative airflow structure clearly showed

an upshear tilt in the updraft. An upper-level, mesoscale

divergence maximum was found about 70 km to the rear of a

mid-level convergence maximum, leading to the presence of a

mesoscale updraft situated above the 0°C level and a

mesoscale downdraft below. It was found that horizontal

momentum was approximately conserved following the air-parcel

motion in the updraft region. Momentum from the low-level

front-to-rear flow was carried aloft through the convective

region where it was met by a sloping rear inflow producing a

convergence maximum at middle-levels within the stratiform

region.

Leary and Rappaport (1983) studied a mesoscale

convective system that passed through the data network in

Texas of the High Plains Cooperative Program (HIPLEX) on 8

June 1980. The radar reflectivity distribution revealed an

arc-shaped band of intense convection at the leading edge of

an extensive area of lighter precipitation, which was

stratiform in character. The leading edge of heavy

precipitation propagated at an average speed of 20 m In

cross section, a distinct radar bright band was observed in

the stratiform region. This broad area of light to moderate

stratiform precipitation was observed to persist for many

hours after the passage of the convective line. Upper air

soundings suggested the presence of a mesoscale downdraft in



10

the lower troposphere and a mesoscale updraft aloft.

Striking similarities to radar cross section features

described by Houze (1977) in tropical convective systems were

noted. Surface analysis indicated that the MCS was initiated

along a synoptic scale baroclinic zone.

1.3 Recent Studies Using Doppler Radar Observations

The studies reported in Sec. 1.2 have examined squall

lines with trailing stratiform regions based on observations

of the surface and troposphere obtained by special mesoscale

networks including surface and rawinsonde observations, as

well as conventional radar. These studies have described the

basic circulation pattern of MCSs, but they lack the time and

spatial resolution to reveal important details within the

mesoscale circulation. Several recent studies by Roux et al.

(1984), Smull and Houze (1985;1987a,b), Srivastava et al.

(1986), and Rutledge et al. (1987), have emphasized the

Doppler radar observations made in squall lines with trailing

stratiform regions. The use of Doppler radar has enabled

these investigators to identify more detailed features in the

thermodynamic and kinematic structure of the MCS. This has

resulted in refinements to the earlier conceptual model of

the MCS structure and circulation.

Smull and Houze (1985; 1987a) reported on the single

and dual-Doppler radar analysis of the 22 May 1976 Oklahoma

squall line system, the same system studied by Ogura and Liou
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(1980). Figure 1.4 shows the conceptual model they developed

to describe the storm relative airflow and reflectivity

structure. Their model shows the front-to-rear flow into the

leading edge of the convection with an acceleration of the

flow past the convective towers. A rear inflow jet entered

the trailing edge of the stratiform region. A mesoscale

downdraft extended between -100 km and -20 km. A

thunderstorm high (mesohigh) was shown associated with the

convective line, while a wake depression (wake low) was

analyzed associated with the trailing edge of the MCS.

Further investigations of the rear inflow current into

the 22 May 1976 squall line system and other MCSs by Smull

and Houze (1987b) showed that flow into the rear of a storm,

termed a rear inflow jet by Smull and Houze (1985), is a

fairly common feature, although the magnitude of the rear

inflow jet can vary considerably. Mid-latitude squall lines

typically exhibited the strongest rear inflow, while rear

inflow in tropical systems was weak or totally absent.

Figure 1.5 shows their refined conceptual model of the 22 May

1976 squall line system. Analysis of sounding data revealed

the rear inflow jet was characterized by relatively low

air. A similar thermodynamic structure was reported by

Newton (1950), Newton and Newton (1959), Sanders and Paine

(1975), and Ogura and Liou (1980)

Rutledge eC al. (1987) describe the single-Doppler

observations of the 10-11 June 1985 MCS during the PRE-STORN
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Fig. 1.4. Conceptual model of the 22 May 1976 squall line

system at maturity. Outermost scalloped line is extent of

cloud. Outermost solid line is extent of radar echo useable

for Doppler velocity measurements. Heavy solid lines are

more intense reflectivity features. Mesohigh and wakelow are

located at "H" and "L". Storm relative air motions are shown

by solid arrows. Broad arrow from asterisk indicates

hypothesized ice particle trajectory. (Adapted from Smull and

Houze, 1985)

I

LU

G
West - F

-I'SU (cU RJ) - OtJ

HORIZONTAL DISTANCE FROM LEADING EDGE OF SOIJAIL- LINE EChO (krn)

Sliotiform Reqion Trannilion Convective Reqion
Zone

Fig. 1.5. Revised conceptual model based upon new research

findings. Note airflow changes, especially those associated

with the convective tower. (Adapted from Smull and Houze,

1987b)
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project. They noted kinematic structures similar to that

described by Smull and Houze (1985; 1987 a,b) . Their

analysis confirmed the presence of a mesoscale updraft and

downdraft, rear inflow jet, and front-to-rear flow. These

features were quantified using various single-Doppler

techniques. The sloping rear inflow was found to supply an

additional negative vertical motion component to the

downdraft, whereas the front-to-rear flow provided a positive

vertical component to the updraft.

1.4 Research Objectives

The focus of this thesis is the analysis of a

mesoscale convective system observed during the O.K.

PRE-STORM project on May 28, 1985.

The primary objective of this study is to reveal the

mesoscale kinematic and reflectivity structure of this fast

moving squall line system and its evolution through analysis

of single and dual-Doppler radar data.

A secondary objective is the analysis of surface data

collected by the NCAR Portable Automated Mesonet (PAM II) and

conventional WSR-57 radar data, in order to describe the

surface characteristics of this squall line system on the

mesoscale. Time series portrayals of meteorological field

variables observed during the passage of the MCS at various

PAM II stations provide an insight into the various surface

characteristics of this convective weather system.
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The organization of the thesis is as follows. Chapter

2 will provide a brief description of the PRE-STORN project.

In Chapter 3, an overview of the synoptic observations and

satellite imagery is presented. Chapter 4 contains a

discussion of the results of the observations and analysis of

the PAM II and WSR-57 radar. In Chapter 5, analysis of

single doppler data is presented. In Chapter 6, results of a

dual-Doppler synthesis are presented. Chapter 7 contains a

summary of the results of this research and suggestions for

future research.
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2. PRE-STORM PROJECT DESIGN AND OPERATIONS PLAN

2.1 Program Background and Goals

The O.K. (Qklahoma-ansas) PRE-STORN Project of

May-June 1985 was a cooperative research effort between the

National Oceanic and Atmospheric Administration (NOAA), the

National Center for Atmospheric Research (NCAR), and a number

of university groups including the Department of Atmospheric

Sciences at Oregon State University (OSU). It was conceived

as a combination of the NOAA/Weather Research Program's

airborne project to investigate slow-moving nocturnal MCSs

and the National Severe Storms Laboratory's (NSSL) convective

storm Spring Program (an annual field program to examine

aspects of convective storms).

The long-range goals identified for PRE-STOPN were to

improve the forecasting of the development, strength, severe

weather probability, duration and precipitation amounts of

MCSs. Nocturnal MCS5 that typically form in the middle to

late afternoon and became well organized during the evening

were the main focus of PRE-STORN. The PRE-STORM Project was

designed as a preliminary experiment to address potential

problem areas for the proposed more extensive STORM-Central

program, as well as its own long-range goals. The two

potential problem areas that were recognized for the

STORM-Centzal program were: implementation of newly developed

sensing systems and the limited amount of data from previous

field programs to use in determining precise scientific



objectives (Cunning, 1986)

Hence two major goals were identified for the field

phase of the program: achieve a reliable and coordinated

observing system for investigating MCSs, and collect data

necessary to begin preliminary investigations of the origin,

development, dissipation, and structure of MCS5. Among the

new sensing systems that were tested to determine how best to

integrate them into the coordinated observational program

were wind profilers and airborne-Doppler radar. This thesis,

however, will not examine data from these particular

observational tools.

2.2 Observational Program Design

The preferred region of MCS development and movement

(cf. Fig. 1.1) predicated the location of the observational

ground facilities of the PRE-STORM project in the Central

Great Plains. Figure 2.1 is an overview of the entire

surface observational network that included NWS conventional

radars, digitized NWS conventional radars, NCAR Doppler

radars, NWS standard and supplemental rawinsonde sites, wind

profiler sites, and PAM II surface mesonet sites. Another

part of the surface observational network included a

cloud-to-ground lightning location system that was operated

by NSSL (National Severe Storms Laboratory) . This network

covered a broad area including the states of Kansas and

Oklahoma. In addition to the surface observational network,
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Fig. 2.1. Overview of the surface observational mesonetwork

in Kansas and Oklahoma during PRE-STORM.



an airborne observational program was carried out through

the deployment of two NOAA P-3 aircraft, one of which was

equipped with a Doppler radar, and a Cessna King Air from the

University of Wyoming.

This thesis concentrates on the analysis of data

collected in the Kansas portion of the PRE-STORM network.

The observational platforms important to this thesis included

the NCAR CP-4 5 cm Doppler radar located at Cheney State Park

30 km west of Wichita, the NCAR CP-3 5 cm Doppler radar

located near Nickerson, KS, 60 km to the northwest of CP-4,

the digitized NWS WSR-57 10 cm radar located at the Wichita

NWS (National Weather Service) office, and the PAN II surface

mesonet sites located throughout the state. The

characteristics of the NCAR radars are shown in Table 2.1.

The CP-4 site was the coordinating location for the

Kansas portion of the experiment. At this site real-time

surface observations from 42 NCAR PAM II stations were

available and a color display with time looping capability

provided access to the network of NWS WSR-57 radars, as well

as infrared satellite observations. Data from these sources

provided a much needed nowcasting component of the program

and allowed the CP-4 scientists to view storm development

beyond the range of the NCAR radars. Communications were

maintained via VHF radio with the CP-3 site and the NOAA P-3

aircraft to coordinate Doppler radar scans and aircraft

flight patterns, respectively.



Table 2.1. Characteristics of the PRE-STORM Doppler radars.

(Adapted from Rutledge et al., 1987)

Parameter Radar

Cp-3 C?-4

Wavelength (cm)

Maximum range (km)

Nyquist velocity (m sH)

Peak power (kW)

Pulse width (Lsec)

Pulse repetition frequency (Hz)

Minimum detectable signal (dEm)

Number of range gates

Azimuthal resolution (deg)

Gate spacing (m)

Number of samples

5.45 5.49

135 135

15.37 15.24

400 400

1.0 1.0

1111 1111

-113 -112

512 512

0.8 0.8

260/l5Ot 260/150t

64/256* 64/256*

tA gate spacing of 150 m was used for the EVAD and.

vertically-point ing scans.

* Number of samples was set at 256 for the

vertically-pointing mode.

A combination of Doppler radar scans were used in

PRE-STORM. These consisted of 360°, 150°, and 90° sector

scans to cover large and small dual-Doppler areas, and

specialized scans that included RHI (Range-Height Indicator),
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vertically-pointing, and 3-D conical scans. The operating

mode of the radars was in one of two basic scanning sequences

which depended on the meteorological situation and the

particular scientific objectives being addressed. These

modes were defined as the "standard mode" and a "stratiform

mode".

A "standard mode" scanning sequence consisted of

continuous volume scans with a large-area (360° sector)

dual-Doppler scan initiated first. After this scan was

completed, a series of smaller area sector scans were

conducted (either 90° and 150° sectors) to provide finer

detailed dual-Doppler data, in both time and space. This

cycle was then repeated by returning to a 360° coordinated

scan.

When a stratiform region associated with a MCS was

over one of the Doppler radars, the "stratiform mode"

scanning sequence could be initiated. This mode was used if

an anvil microphysical study was planned by research aircraft

and/or project scientists agreed to substitute the

"stratiform mode" for the "standard mode" to obtain

time-height cross-sections of particle fallspeed and vertical

air motion within the stratiform cloud. The "stratiform

mode" consisted of one radar being placed in a vertically

pointing position to observe particle fallspeed and

reflectivity, while the second radar scanned through a

relatively large number of elevation angles, which could be
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used to infer the vertical air motions by the VAD

(Velocity-Azimuth Display) technique. Upon completion of the

VAD scanning procedure, the second radar scanned through

small elevation steps at low elevation angles or conducted

RHI scans.
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3. SYNOPTIC AND SATELLITE OVERVIEW

3.1 Surface Synoptic Situation

The synoptic setting associated with the development

and life of the 28 May 1985 MCS was similar to other studies

done on midlatitude mesoscale convective systems. The

ingredients necessary for severe storm development were found

in the Nebraska-Wyoming border region: low level southerly

flow advecting sufficient heat and moisture into a leeside

trough along the Rocky Mountains, a cap of very dry air at

mid-levels, and an upper level jet streak that may have

forced destabilizing indirect circulation (Beebe and Bates,

1955; Lewis et al, 1974; Maddox and Doswell, 1982; Maddox,

1983) . With these ingredients and the additional orographic

influence of the Rockies, severe convection developed along

the Nebraska-Wyoming border at about 1500L on 27 May 1985.

The May 28 MCS was initiated during the evening along

the outflow boundaries of this severe convection as it

dissipated in southern Nebraska. Remnants of anvil cloud

material from the previous supercell were incorporated into

the newly developing nocturnal MCS (cf. Figs. 3.13, 3.14)

Discussion of the meteorological conditions that contributed

to the nocturnal MCS development follow, with a subsequent

discussion of the satellite imagery of the storm.

3.1.1 0600 GMT 28 May 1985 meteorological conditions

At 0600 GMT (0100 L, cf. Fig. 3.1, all times are local
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Central Daylight Time (CDT) on 28 May 1985, unless otherwise

noted, CDT = GMT 5) a surface low pressure trough extended

from a thermal low over the Texas Panhandle across the

Rockies to a low over Utah. Lowest pressures were found in a

thermal low centered over the Salt Lake Basin. A dynamic

warm core high was centered north of Lake Superior, while

further south a baroclinic low pressure center was located

over Ohio. The Bermuda High dominated the southeast and Gulf

Coast States where its characteristic maritime tropical air

mass prevailed.

A cold frontal boundary extended east-west from the

low over Ohio to the Oklahoma Panhandle where it became a

quasi-stationary front that paralleled the Rockies then

extended east-west through southern Wyoming into the Utah

thermal low. A north-south dry line extended along the Front

Range of the Rockies into Wyoming from the Texas thermal low.

The dry line separated the arid Superior air mass over the

desert southwest from the relatively more humid air to the

east. A significant moisture gradient is evident across the

frontal boundaries, especially the quasi-stationary/dry line

front over Wyoming, Colorado, Oklahoma, and Texas.

3.1.2 1200 GMT 28 May 1985 meteorological conditions

At 1200 GMT (0700 L, cf. Fig. 3.2) the squall line

had moved to central Kansas from northwestern Kansas where it

first entered the PRE-STORM observational network at about
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0900 GMT (0400 L) . The squall line was located north of the

quasi-stationary portion of the frontal boundary, while the

cold front over Illinois and Missouri moved farther south as

the baroclinic high pressure system near Lake Superior

intensified and sagged south over the Great Lakes. The dry

line in Texas retreated slightly west, while the remainder of

it to the north remained essentially stationary.

Thunderstorms and cumulonimbus clouds were observed

throughout central Kansas. Frequent in-cloud,

cloud-to-cloud, and cloud-to-ground lightning flashes were

observed from 0930 GMT through 1200 GMT and logged by radar

scientists at the NCAR CP-3 Doppler radar site near

Nickerson. At 1200 GMT the squall line was just about over

the CP-4 Doppler radar site at Cheney Lake.

3.1.3 1800 GMT 28 May 1985 meteorological conditions

The 1800 GMT (1300 L, cf. Fig. 3.3) synoptic analysis

showed that the squall line had passed through central Kansas

into northwestern Arkansas. Interestingly, a mesoscale

thunderstorm high was observed following the leading edge of

the squall line as it passed over a weather reporting station

near the Oklahoma-Arkansas border.

The high pressure system over the Great Lakes had

moved south of Lake Superior, so that its synoptic scale

circulation had begun to draw the warm moist tropical air

mass from the Gulf of Mexico north. The northward push of
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this tropical air mass created a new warm front across

southeastern Kansas. The squall line was now on the warm

air side, being south of the warm frontal boundary.

3.2 Upper-Air Long and Shortwave Pattern

Previous studies on thunderstorm initiation cited

differential horizontal advection of heat and moisture as

prerequisites necessary to destabilize the troposphere and

produce thunderstorms (Means, 1952; Sugg and Foster, 1954;

Whiting, 1957) . Maddox (1983) described the synoptic scale

conditions associated with the formation of a midlatitude

mesoscale convective complex that formed near Kansas City, MO

on 13 August 1982. In the analysis of that mesoscale

convective system, strong horizontal advection of heat and

moisture occurred in the genesis region (GR) of the storm.

3.2.1 0000 GMT 28 May 1985 upper air pattern

Figure 3.4 shows the National Meteorological Center

(NMC) analysis of the 850 mb surface at 0000 GMT. In this

analysis a high amplitude shortwave ridge extended from the

Gulf Coast across the central United States into Canada. The

axis of a shortwave trough extended from southeastern Idaho

to the Texas Panhandle. Cyclonic flow around the trough and

into the ridge drew heat and moisture from the south into the

GR along the Front Range of the Rockies and as far north as

Lake Winnipeg, Manitoba. Note the small dewpoirit depressions



observed through this region. Notice also that the largest

thermal gradient at the 850 mb level was found in the GR.

The 700 mb NMC analysis at 0000 GMT (cf. Fig. 3.5)

shows a broad longwave ridge over the central US with a

shortwave trough aligned with the lee of the Rocky Mountains.

Another shortwave trough extended from a longwave trough

centered over Hudson Bay to Mississippi, between these

troughs a shortwave ridge was found. Airflow over the GR and

in southwestern Kansas was from the west-southwest over the

Rockies and became northwesterly into the shortwave over the

central U.S. Horizontal differential thermal advection

(-. 3 °C hr )
was indicated in the GR by the isotherm

packing and wind direction. Pockets of moisture were found

north of the GR, while arid air was present in the GR.

The NMC 500 mb analysis at 0000 GMT (of. Fig. 3.6)

indicated that a broad longwave ridge with a weak lee-side

shortwave trough was over the Rocky Mountains. The lee

trough served to flatten the ridge and induce southwesterly

flow over the GR. Another shortwave trough extended south

from a longwave trough over Hudson Bay through Illinois to

Mississippi. This shortwave over the Midwest caused

northwesterly flow across Iowa, eastern Kansas, and

Louisiana. A pocket of very dry air was present over the

central Plains states, and pockets of moisture were found to

the west over Colorado and Wyoming. Horizontal differential

advection of this cooler moist air caused convergence of
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water vapor into the GR, hence creating additional convective

instability (Ninomiya, 1971). Note also that a warm dry

tongue of air was intruding into Kansas from west Texas.

At 300 mb, the 0000 GMT NMC analysis (Cf. Fig. 3.7)

indicated a 25 m s- jet in the airflow over northwestern

Kansas. This places the GR precisely in the left exit zone

of the jet, a region favorable for intense storm development.

In this region positive vertical motion induced by the

indirect circulation associated with the jet can provide

additional convective instability to initiate severe

convection (Beebe and Bates, 1955; Uccellini and Johnson,

1979; Maddox, 1983) . A shallow shortwave trough extended

across Montana to Colorado downstream from the axis of a

longwave ridge over much of the western US. Westerly to

northwesterly airflow with cold thermal advection was

established across the central Plains.

3.2.2 1200 GMT 28 May 1985 upper air pattern

Twelve hours later the NMC 1200 GMT 850 mb analysis

(Cf. Fig. 3.8) indicates that the high amplitude short wave

ridge had shifted eastward. The short wave trough had

shifted eastward as well, with its axis extending toward the

Texas coast. The southerly flow upstream of the ridge axis

continued to advect heat and moisture into the central US

primarily along the eastern borders of Texas, Oklahoma,

Kansas, Nebraska, and North and South Dakota. Note that the
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strongest thermal gradient now appeared over central Kansas,

precisely in the region where the MCS of interest was

located. A tongue of warm arid air intruded into central

Oklahoma, thus helping to tighten the thermal and moisture

gradients.

At 1200 GMT, the 700 mb NMC analysis (cf. Fig. 3.9)

showed that the shortwave trough over the midwest had moved

eastward. A less distinctive lee-side trough was found along

the Front Range and the shortwave ridge was situated between

the troughs. Airflow predominated from the northwest over

the entire length of the path traversed by the MCS, except in

southwestern Kansas where southwest flow prevailed. Thermal

and moisture gradients were weaker at this analysis time.

The 1200 GMT NMC 500 mb analysis (cf. Fig. 3.10)

indicated that the shortwave trough over the Midwest had

shifted eastward. The axis of the broad longwave ridge had

also shifted eastward, causing the lee-side trough to fill.

The dry pocket of air had advected east into southern

Illinois, Missouri, Arkansas, and Louisiana. Ample moisture

was now found over Nebraska, Iowa, Kansas, and Oklahoma.

Confluent airflow is found over central Kansas southeastward

to Arkansas, where southwesterly flow induced by the remnants

of the lee-side trough in western Kansas and Oklahoma met the

northwesterly flow into the shortwave trough to the east.

By 1200 GMT, the 300 mb NMC analysis (Cf. Fig. 3.11)
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indicated the broad longwave ridge over the western U.S. had

moved eastward. Preceding it, the shallow shortwave trough

had also translated eastward toward the Great Lakes. The

prevailing direction of the airflow was northwesterly, and

cold thermal advection was no longer present over the central

U.S. The 50 knot jet, analyzed within the GR 12 hours

earlier, was no longer present.

3.3 Satellite Classification of MCSs

Maddox (1980) used enhanced infrared (IR) satellite

imagery to classify one type of MCS, which he referred to as

a mesoscale convective complex (MCC) . His classification

scheme relied on the physical characteristics of the cold

cloud shield, its size, duration, and eccentricity, as

measured using enhanced IR satellite imagery. The physical

characteristics Maddox (1980) used to define a MCC are

attributable to the largest mode of MCS development. His MCC

criteria are useful as a framework to describe and classify a

spectrum of MCS development in comparison to the longevity

and size of the MCC. Table 3.1 shows his MCC criteria.

Figure 3.12 shows an example of how the enhanced IR satellite

imagery is used to obtain cloud top temperature information

necessary to infer the strength and intensity of the evolving

MCS and classify the MCS according to Maddox's criteria.
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Table 3.1. Size and duration criteria for classific?tion as

an MCC. (Adapted from Maddox, 1980)

Physical characteristics

Size: ACloud shield with continuously low IR tempera-
ture 32°C must have an area 100 000 km2

BInterior cold cloud region with temperature- 52°C must have an area 50 000 km2
Iniiae: Size definitions A and B are first satisfied
Duration: Size definitions A and B must be met for a period

>6 h
Maximum Contiguous cold cloud shield (IR temperature

exen: 32°C) reaches maximum size
Shape: Eccentricity (minor axis/major axis) 0.7 at time of

maximum extent
Terminaic: Size definitions A and B no longer satisfied
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Fig. 3.12. Satellite infrared image showing the enhancement

curve temperature ranges that correspond to the various

shades of black, gray, and white. Colder cloud tops infer

stronger more intense convection. (Adapted from Maddox,

1980)

Fig. 3.13. 0000 GMT 28 May 1985 infrared satellite image.
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3.4 Satellite Imagery of the 28 May 1985 MCS

Visible and enhanced infrared satellite imagery

captured the organization and development of the 28 May 1985

MCS.

At 0000 GMT (1900 L, 27 May 1985) a group of orogenic

supercell thunderstorms (Wetzel et al., 1982; Fankhauser,

1971) had collected over the Nebraska Panhandle, between

North Platte and Scott's Bluff, to form the convective

component of a MCS with a distinctly circular cloud shield

(cf. Fig. 3.13) . The Great Plains drop over 1050 feet in

less than 150 miles here, creating an up-slope topography,

and a prime location for orogenic thunderstorms. Enhanced

infrared images showed cloud top temperatures < -75°C, an

indication of strong mature convection in progress. An arc

cloud line through northeastern Colorado revealed the

presence of gust front outflow emanating from the decaying

supercells. It is along these outflow boundaries that the

convection associated with the developing MCS was initiated.

At this point the MCS had not grown sufficiently large to

meet the classification as established by Maddox (1980)

By 0300 GMT (2200 L, 27 May 1985) a nearly-rounded

circular cloud shield was apparent (cf. Fig. 3.14) . The

extent of the coldest cloud tops at -75°C had decreased in

area from over 10,000 km2 to < 3,600 km2, but the area

covered by the growing contiguous circular cold cloud shield

had increased dramatically to > 100,000 km2. It was about



Fig. 3.14. 0300 GMT 28 May 1985 infrared satellite image.

Fig. 3.15. 0600 GMT 28 May 1985 infrared satellite image.
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0300 GMT that the MCS had achieved Maddox's (1980) MCC size

criteria for initiation. The newly developed MCS had

translated southeastward to the Kansas-Nebraska border at an

average speed of about 10 m s.

At 0600 GMT (0100 L, cf. Fig. 3.15) the extent of the

coldest cloud tops had increased from < -75°C to about -62°C,

an indication that the remnant convective towers of the

tornadic supercell were dissipating. However, there was no

decrease over the previous three hours in the size of the

circular cloud shield as the MCS continued to develop along

the outflow boundaries of the decaying supercell. These

outflow boundaries now penetrated into Kansas close to the

northwest corner of the PRE-STORM mesonetwork. Over the next

three hours the MCS grew tremendously in size and

reintensified.

The 0900 GMT (0400 L, cf. Fig. 3.16) enhanced IR

satellite image shows the dramatic increase in the size of

the circular cloud shield, doubling its areal coverage and

signalling an increase in the intensity of the MCS. The

enhanced IR image indicated that the area covered by the

-62°C minimum cloud top temperatures had enlarged over the

previous three hours from 15,000 km2 to 75,000 km2. The

concurrent synoptic analysis now carried a squall line

through north central Kansas, which would place the squall

line along the southern border of the cloud shield. At about

this time, the Wichita WSR-57 radar and PAM II mesonetwork
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stations had begun to observe the squall line as well. Near

0900 GMT the anvil cloud associated with the MCS had grown to

near its maximum size with a contiguous cold cloud shield (IR

temperatures <-32°C) in area of > 225,000 km2, and an

eccentricity of about 0.8. The required duration criteria of

maintaining the size characteristics "A" and "B" (cf. Table

3.1) for a period of 6 hours had been met by this time,

hence this storm could be classified as a MCC. Satellite

imagery showed that the physical characteristics of the storm

remained in a quasi-steady state as it moved through Kansas

toward northwestern Arkansas until its dissipation around

2300 GMT in northern Misssippi.

At 1101 GMT (0601 L, cf. Fig. 3.17) the satellite

image showed an increase in size of the anvil cloud to about

300,000 km2. The minimum cloud top temperature had decreased

to < -70°C. The MCS, as indicated in satellite imagery, is

now at its most intense stage convectively and approaching

maturity. The southeastward motion of the MCS had increased

from 10 m s at 0300 GMT to about 20 m s1.

The visible satellite image at 1331 GNT (0831 L, cf.

Fig. 3.18) showed an arc cloud line associated with a gust

front emanating from the squall line in northcentral

Oklahoma. In the wake of the MCS, a wide swath of relatively

cloud free air was observed. This has been explained in

other cases as due mostly to the stabilizing effect of the

mesoscale downdraft (Ogura and Liou, 1980; Leary and Houze,
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1979) . Evidence for the presence of a mesoscale downdraft in

this MCS will be presented in Chapter 4. Frontal boundary

clouds can be seen extending from New York toward the Ohio

Valley through southern Illinois to central Missouri.

At 1501 GMT (1001 L, cf. Fig. 3.19) the MCS was

positioned in the warm moist unstable air found aloft of the

quasi-stationary front. The size of the nearly circular

anvil cloud had decreased somewhat to about 200,000 km2. The

areal coverage of the minimum cloud top temperatures, which

have increased to -62°C from < -70°C, has remained

quasi-steady at about 85,000 km2 from 1101 GMT. An arc cloud

line created by outflow from the squall line continued to be

evident along the southern border of the anvil cloud shield.

At 1801 GMT (1301 L, cf. Fig. 3.20) satellite image

showed that most of the NCS had moved out of Kansas and had

entered Arkansas, passing into the warm sector south of a

warm front that formed from the earlier quasi-stationary

front.

The 1830 GMT (1330 L, cf. Fig. 3.21) visible satellite

image shows a striking example of the relatively cloud free

wake with clouds forming a horseshoe around the wake behind

the MCS. This notch-like cloud pattern may be indicative of

strong rear inflow of dry air.

The enhanced IR satellite images from 2300 GMT (1800

L, cf. Fig. 3.22) indicated that the MCS had begun to

dissipate. The area comprised of the cold cloud shield had
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shrunk and was no longer circular. This destruction of the

once continuous upper-level cloud shield may be related to

the inflow of dry air into the rear of the MCS in the form of

a rear inflow jet (Smull and Houze, 1987b) . Note the

finger-like areas of warmer cloud within the cloud shield,

probably associated with the rear inflow of dry air. At this

time the system had moved into the synoptic scale cyclonic

circulation of a midlevel shortwave in the region (cf. Figs

3.5, 3.6, 3.9, 3.10), thus relinquishing its uniquely

mesoscale characteristics to the larger scale. However, its

classification as a MCS was discontinued once the system was

enveloped by the synoptic scale circulation. The squall line

remained intact into northwestern Mississippi.
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In all, this mesoscale convective system traversed a

distance of over 2000 km retaining its identity in a quasi-

steady state for more than 12 hours before its dissipation in

northwestern Mississippi.
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4. MESOSCALE ANALYSIS

4.1 Discussion of the WSR-57 Radar Observations

The National Weather Service WSR-57 10-cm radar is a

conventional non-coherent radar, designed to obtain echo

location, and intensity. Non-coherent radars do not utilize

the phase differences present between the outgoing and

incoming radar waves as do coherent Doppler radars. Doppler

radars take advantage of this phase shift to determine

particle speed along the direction of the radar beam. The

Wichita WSR-57 radar was digitized for PRE-STORM through the

addition of the NOAA/Hurricane Research Division digitizer,

which provided for the recording of reflectivities at 2°

azimuth intervals and 1 km range intervals.

Contour plots of radar reflectivity (dBZ) depict the

growth and decay of the MCS with its squall line and trailing

stratiform region. In Fig. 4.1, the low-level reflectivity

pattern obtained from a 1° elevation FF1 (plan position

indicator) is shown. At this time the storm is characterized

by a leading edge of convection (> 30 dBZ), which proceeded a

region of weaker echo associated with the developing

stratiform region. It should be remembered that a portion of

the increase in reflectivity shown in subsequent radar echoes

(cf. Fig. 4.2-4.4) may be due to the echoes moving into

closer radar range where they are sampled by a decreasing

radar beamwidth, which means that the power returned per

square area of the beam coverage will increase as the same
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amount of power is returned through a smaller area. This

creates an apparent increase in reflectivity, which is a

result of the radar sampling technique and not the growth or

increase in strength of the actual radar echo. Forward of

the northern part of the line a leading stratiform region is

developing that can be attributed to outflow of hydrometeors

from the convective towers into an overhanging echo. This

feature of severe convection has been described by Browning

and Ludlam (1962) and Newton (1950,1966), and is likely

associated with strong divergence from the upper levels of

the convective cells.

Figure 4.2 shows the low-level reflectivity pattern at

1127 GMT. This observation indicated a breakup of the solid

convective line echo. Instead of the continuous convective

line echo shown in Figure 4.1, two individual convective

regions in a north-south orientation are now present. The

breakdown of the solid convective line was observed just

after sunrise. Sunrise occurred at 1113 GMT in centraal

Kansas. Mesoscale analysis of PAM II data at 1127 GMT, to be

discussed in the next section, showed the presence of strong

temperature and pressure gradients. It has already been

shown in the satellite imagery that the MCS was approaching

or was near a stage of maximum convective intensity (Cf.

Fig.3.17). The increased temperature and pressure gradients

may be a result of an intensified mesohigh brought about by a

strengthened evporatively cooled downdraft as a result of
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increased convective instability associated with the increase

in the lower tropospheric lapse rate in the pre-storm

emnvironment just after sunrise.

The stratiform region had increased tremendously in

areal coverage during this period and a secondary band of

enhanced reflectivities developed along a north-south line

from near coordinates -65 km, 55 km to -65 km, 115 km.

Fritsch and Chappell (1980) describe this increased low-level

horizontal convergence and therefore the strengthened mass,

moisture, and temperature advection as "dynamic enhancement".

There was an unfortunate lapse in WSR-57 coverage of

the MCS during the period between 1127 GMT and 1356 GMT due

to hardware problems.

The reflectivity distribution at 1356 GMT from the

WSR-57 radar is shown in Fig. 4.3 (the area outlined by the

rectangle encompasses the dual-Doppler analysis region

discussed in Chap. 6) . A continuous convective line echo was

again present. The strongest reflectivities exceeded 50 dBZ

at 55 km, -105 km. No stratiform region was evident along

the developing end of the squall line. The stratiform region

extended northward from a bow-like echo. The stratiform

region width had narrowed somewhat from the 1127 GMT

observation, but range effects at the earlier observation

time may have produced an artificially broader stratiform

region. An overhanging anvil preceding the convective line



52

200

E

-C

t
0

-200

28 May 1985 WSR-57 1356Z

200 0 200

Distanco Qast ot Wich5a (km)

Fig. 4.3. As in Fig. 4.1 except for 1356 GMT.



53

E

C
0

0

200

0

-200

28 May 1985 WSR.57 1457Z

200 0 200

Distance east ot Wichtta (km)
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is apparent from near the bow echo north.

A decrease in the size of the secondary band at 1457

GMT (cf. Fig. 4.4) may indicate its dissipation. The maximum

reflectivity of the developing cells has decreased to 49 dBZ

from 54 dBZ indicating a possible decrease in the strength of

the convection. The bow echo continues at 185 km, -55 km

with a notch in the echo extending rearward towards 75 km,

-85 km where reflectivity contours indicate an erosion of the

trailing stratiform region cloudiness from evaporation

associated with the intrusion of the low O rear inflow jet

(Smull and Houze, 1985; 1987a,b) . The presence of a dry rear

inflow will be established in the following chapter.

4.2 The PAN II Surface Mesonetwork

The experimental design of O.K. PRE-STORM included the

deployment of the NCAR second generation Portable Automated

Mesonetwork (PAN II) . Forty-two of these automated

meteorological stations were sited throughout the state of

Kansas and along the northern border of Oklahoma (cf. Fig.

4.5) . This siting created a surface array formed in a

rectangular grid of approximately 400 X 250 kilometers with a

50 km individual grid spacing. An array of this size is

large enough to capture the broadscale features of mesoscale

convective systems (Toth and Johnson, 1987)

Each PAN II station contained a host of meteorological

instruments that sensed the standard meteorological variables
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Table 4.1 Accuracy of sensors on the PAM II station.
PAIl Parametsrs

Parmmeter Sensors ACcurpcv Resoiut:r,

Wind (U, v components) Two orthogonal +5% each for
2

0.1 nS

propeller anemeaent.rS winds > i mm

Dry-bulb temperatur. WcAR psychrometer +0.25 0.05°C

Wet-bulb temperature NCAR psychrometer 0.01°C

?ressure NCAR barometer mb 0.02 ru

Rain Tipping bucket +l5%, 0.25 nm

1. 2 ubOunda.
2. Stalling threshold is approximmt.ly 0.6 s/s. Speed arid direction

computation errors are maximized near the cardinal ir.ctions.
3. Plus radiation errors which may at times exceed 0.5 C depending on

radiation lsvelm and siting conditions.
4. Plus the 0.25 mm quantizing interval. These figures do not include wind

caused errors.
S. Operates above 0°C. (Adapted from John,ot and Coth, (986).
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Fig. 4.6. NCAR Portable Automated Mesonetwork Station.

(Adapted from Johnson and Toth, 1986)
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of horizontal wind, dry and wet bulb temperatures, pressure,

wind maximum, and accumulated rainfall. From these standard

variables, important derived quantities such as equivalent

potential temperature, dewpoint temperature, potential

temperature, mixing ratio, and relative humidity can be

derived.

To ensure the quality of the PAM II data all datasets

collected by the surface array were corrected to remove

significant instrument errors and systematic biases in the

data (Johnson and Toth, 1986). Sensor accuracies are shown

in Table 4.1. The position of the individual sensors on the

10 m PAM II tower is shown schematically in Figure 4.6.

4.2.1 GEMPAK and PAM II data analysis methods

To analyze the data collected by the PAM II surface

mesonet, the National Aeronautical and Space Administration's

GEMPAK meteorological data analysis program was used. GEMPAK

contains all of the standard data analysis routines employed

on surface and upper air data (desjardin et al., 1986)

GEMPAK provided a Barnes objective analysis scheme to

produce a gridded dataset of either scalar or vector

quantities. The weighting factor was computed using S.

Koch's formula:

weight = (5.051457*(deltan*2./lr)**2)/deltax**2, (1)



4:]

where deltan is the station spacing and deltax is the x grid

spacing. Grid spacing for the analysis was set at 20 km by

20 km to take advantage of the PAM II deployment of stations

in a grid about 55 km by 55 km. It must be remembered during

the course of the analysis that the actual data resolution is

55 km. Boundary values were determined using an extended

grid containing data outside the data analysis grid. GEMPAK

uses centered finite differencing on the interior grid with

backward and forward differencing along the boundaries to

calculate values at each grid point.

To input the PAM II data into GEMPAK for analysis it

was necessary to format the PAM II data as a surface data

file. This was accomplished by an intermediate computer

program. Five field variables were input into GEMPAK:

temperature, dewpoint temperature, pressure, and the

east-west and north-south components of the horizontal wind.

From these five variables all the necessary derived

quantities were easily computed with GEMPAK functions.

The figures in the next section correspond in scale

and time to the figures in section 4.2 of the WSR-57

radar reflectivity.

4.2.2 Analysis of PAM II data

Figures 4.7a-d show the GEMPAK analysis of the PAM II

data at 1010 GMT. In Figure 4.7a the thunderstorm high

(Fujita, 1955) can be seen (in the upper left corner)
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following the convective line. A strong pressure gradient is

found across the developing end of the line, between the

mesohigh and a thermal low in the Texas Panhandle. The

pressure gradient force in this region is 4.5 x io m

the largest in the analysis domain. An area of strong

surface convergence at -12 x iO s1 is collocated just

ahead of the convective line echo. Surface convergence is

found along the entire convective line. Behind the

convective line the airflow is divergent with maximum values

of 8 x 10 s in the trailing stratiform region. This

divergence pattern is consistent with the presence of a

mesoscale downdraft situated at low-levels in the stratiform

region. The existence of a low-level mesoscale downdraft

will be confirmed in a later section. Figure 4.7c shows a 16

x 105 area of relative vorticity collocated with the bow

echo, while an area of -6 x 10 s relative vorticity is

found 30 km south of the leading edge of the developing

convective cells. Figure 4.7d shows the ground relative

surface wind field. North-northwesterly flow with cyclonic

curvature into the region associated with the bow in the

convective line echo is seen. The maximum speed in the

north-northwesterly flow is 9 m s at -185 km, 115 km.

Elsewhere across the analysis domain southeasterly flow

dominates.

The PAM II analysis at 1130 GMT is shown in Figs.

4.8a-d, 4.9a-d. The pressure field (cf. Fig. 4.8a) shows the
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easterly propagation of the mesohigh with an elongated area

of higher pressure following the leading edge of the MCS.

This mesohigh is similar to that described by Fujita (1955),

cf. Fig. 1.2. An inspection of the analysis of temperature

and moisture gradients, as well as temperature and moisture

advection (cf. Figs 4.9a-d) shows that both the gradients and

the advection of moisture and temperature are strong during

this time period. The temperature advection peaks at -18 °C

hr and moisture advection peaks at -2 g/kg hr. The

observed advection of cooler drier air into the rear of the

convective line may account for the observed increase in

pressure, as well as the suppression of convective cells in

this portion of the squall line. An observed horizontal

pressure gradient force of 2.5 x iO m s2 is accelerating

the flow outward from the mesohigh toward the leading edge of

the MCS. The first indications of the wake depression or

mesolow (Fujita, 1955; cf. Fig. 1.2) are found in the

northwest corner of the analysis domain where the pressure

decreases from 953 mb to 950 mb. The mesoscale pressure

systems with particular emphasis on the wake low will be

discussed in more detail in the section to follow.

Convergence along the developing end of the convective

line has increased since the previous analysis as shown in

Figure 4.8b. The strongest divergence in the stratiform

region at 20 x i0 s1 is collocated with the 30 dBZ contour

of the secondary band.
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Figure 4.8c shows the relative vorticity center of -8

x l0 s1 located along the trailing edge of the

stratiform region. This negative vorticity center is found

where anticyclonic outflow is occurring below an area of

mesoscale subsidence (downdraft) (Ogura and Liou, 1980; Smull

and Houze, 1985)

The ground relative wind field is shown in Fig. 4.8d.

From the mesohigh toward the convective line a maximum speed

of 9 m s is found where the strongest pressure gradient

force occurs. Another pressure gradient accelerated flow is

apparent from the mesohigh toward the wake low. The center

of the outflow emanates from the area of the mesoscale

subsidence near the secondary band in the stratiform region.

In the pre-storm environment the airflow is

east-southeasterly bringing higher e air toward the

convective line.

Analysis of PAM II data at 1415 GMT is shown in

Figures 4.lOa-d. The pressure field, Figure 4.lOa, indicates

that the mesohigh associated with the dissipating cells in

the northern portion of the squall line can no longer be

maintained. There is no longer any mesohigh associated with

the convective line, except for a small portion of its

southern developing end. The highest pressure is now ahead

of the line where a synoptic scale dynamic high is situated

to the northeast. Something of a minor pressure excess

associated with the compensating subsidence is found behind
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the developing end of the squall line. This area of pressure

excess is coincident with the developing end of the squall

line that lacks a stratiform region. The wake low can be

identified by the 948 mb isobar found trailing the stratiform

region to the northwest. The wake low appears to be

broadening and losing its mesoscale characteristics as it is

encompassed in a developing synoptic scale low pressure

trough.

Figure 4.lOb shows that the surface divergence field

has weakened considerably. The area of peak convergence has

decreased 75% from the 1130 GMT analysis and is now located

behind the convective line at 15 km, -5 km instead of

coincident with its leading edge. Well behind the line in

the northwest corner of the domain a small area of

convergence associated with a 20 dBZ area of isolated

convection was situated. In the area along the convective

line divergence was found with peak values on either side of

the bow echo that are 60% less than 1130 GMT analysis. This

divergence is likely due to the observed pressure gradient

acceleration of the flow - 4 x m away from this

area.

An area of negative relative vorticity is found near

the trailing edge of the stratiform region. Figure 4.lOc

also indicates an area of positive relative vorticity

associated with the wake low.

Figure 4.lOd shows the wind field at 1415 GMT. An
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area of subsidence continues under the northern portion of

the stratiform region as indicated by a wind minimum at 1 m

s. The maximum wind speed, at 6 m s-, is located behind

the bow echo at 65 km, -45 km near the trailing edge of the

stratiform region. Another area of maximum winds, at 5 m

s1, was found where the observed pressure gradient force -6

x io3 m accelerates the flow into the wake low.

Analysis of PAM II data at 1515 GMT is shown in Figs.

4.11a-d. Recall that the secondary band of the stratiform

region had dissipated somewhat, while the developing end of

this squall line continued to produce new convective cells

that propagated along the line and diminished (cf. Fig. 4.4).

The satellite imagery shown in Fig. 3.19 indicates that the

MCS continued to look intense, but had decreased in size.

The pressure field in Figure 4.11a is similar to the 1356 GMT

analysis in that the mesohigh continued to be associated with

developing end of the convective line now just across the

border into northern Oklahoma. The mesohigh continued to

lead the convective line. The previous north-south pressure

gradient had become east-west with a trough of lower pressure

through southern Kansas. The portion of the convective line

past the bow echo straddles the pressure gradient with the

northern portion of the stratiform region into the low

pressure trough.

Divergence from the mesohigh at -35 km, -115 km is

shown in Figure 4.11b. Flow around the MCS and into the low
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pressure trough had created an area of -12 x 105s surface

convergence.

Figure 4.11c shows the relative vorticity field. An

area of 20 x io- s positive relative vorticity is

associated with an area of cyclonically curved flow around

the MCS toward the wake low (Fujita, 1955; Newton and Newton,

1959; Jessup, 1972). An area of -2 x 10 s negative

relative vorticity is found at the trailing edge of the

stratiform region near the rear echo notch. An area of 8 x

io5 s1 positive relative vorticity is located just past the

southern end of the line.

Figure 4.11d depicts the wind flow at 1515 GMT. The

accelerated flow around the MCS into a wake low is the most

dominant feature. Southeasterly flow is found through most

of the domain. Comparison of the wind field with the

pressure field provides a strong indication that the surface

wind direction and speed have been determined by the

mesoscale pressure field associated with the MCS.

4.2.3 Surface mesoscale pressure systems

In this section a brief description of the surface

mesoscale pressure features and their movement in relation to

the observed reflectivity structure of the squall line is

made. Johnson and Hamilton (1987) have done this type of

analysis for the 10-11 June 1985 MCS (see their Figs. 11-15)

They observed a pronounced wake low during the growing phase
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to the mature phase of the convective system. They

attributed the development of the wake low to subsidence

warming, and moreover described the wake low as a surface

manifestation of the descending rear inflow jet. The rear

inflow jet is described in detail in the next chapter.

Byers and Braham (1948) and Fujita (1955) have shown that the

formation of the mesohigh is due to the change in mass

introduced by a precipitation cooled downdraft.

Johnson and Hamilton (1987) observed that the wake low

present in the 10-11 June MCS moved with the back edge of the

stratiform precipitation area. They point out that this is

where no evaporative cooling is available to reduce the

adiabatic warming in the region of focused mesoscale

subsidence associated with the descending rear inflow jet.

In their case the wake low was observed to split into two

identifiable low pressure regions. This splitting of the

main wake low area was associated with a splitting stratiform

region, probably caused by the strong intrusion of a dry area

in the form of the mesoscale rear inflow jet.

The position of the wake low with respect to the

stratiform rain region for the 28 May MCS from 1356 GMT to

1528 GMT is shown in Figs. 4.12a-d. Apparently, the entire

wake low was not observed with the PRE-STORM mesonet so that

its more northerly portions are not seen in the analysis. In

the analysis at 1356 GMT and 1422 GMT the wake low (depicted

by the 948 mb isobar) is positioned at the back edge of the
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northward extending stratiform rain echo. By 1457 GMT no

wake low center is present and a synoptic scale trough

(depicted by the 949 mb isobar) is found extending east-west

across the northern edge of the stratiform region. At 1528

GMT the trough continues and no wake low is present. This

may signal that upper-level support in the form of focused

subsidence warming is no longer available.

The physical arrangement and speed of 28 May squall

line is quite different from the 10-11 June case, which was a

slower, more linear squall line. In the 10-11 June case the

wake low remained intact along a track following the

stratiform region for a period of 8 hours (see Johnson and

Hamilton, 1987; Fig. 14). The track of the wake low and

mesohigh for the 28 May MCS is shown in Fig. 4.13. In this

case the wake low did not split, but formed only to the north

in conjunction with the most well developed portions of the

stratiform region. The track shows that the wake low

persisted for about half the time as in the 10-11 June case,

moving southeastward with the storm then towards the

northeast as the mesohigh began to move rapidly southeastward

after 1230 GMT. The wake low moved more slowly after 1230

GMT and dissipated around 1430 GMT, as previously shown (cf.

Fig. 4.12a-d) . Reasons for this abrupt change in movement of

the wake low are not fully understood, but may have been the

result of the influence of a mid-level mesolow as it

descended toward the surface.
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wake low

- rnesohigh

Fig. 4.13. Tracks of mesohigh and wake low for 28 May 1985

squall line from 1000 GMT to 1430 GMT. Number above the L

(wake low) or H (mesohigh) indicates time, number below

indicates departure of pressure, in mb, at 518 m from 950 mb.



4.3 Analysis of PAM II Station Time Series

The passage of the squall line at individual PAM II

stations is illustrated in Figs. 4.15-4.17. These time

series were constructed using the five minute observations

made at PAM II station 20, 6, and 24 respectively. The

spatial relationship of these stations to the squall line in

the different stages of its development can be seen in the

WSR-57 radar depictions, Figs. 4.1-4.4.

The pressure traces in these time series represent

three of the five stages of the rapidly moving thunderstorm

high as reported by Fujita (1955) and shown in Figure 4.14.

The pressure surge (Fujita, 1955) or pressure jump (Tepper,

1950) illustrated in Fig. 4.14 marks the beginning of the

pressure excess created by the passage of the thunderstorm

high through the undisturbed atmospheric pressure field. The

positive and negative pressure excess formed by the

thunderstorm high (mesohigh) and wake depression (wake low)

can be readily identified (cf. Fig. 4.14).

In general, periods of convective line rainfall and

stratiform rainfall are distinguishable in time series

precipitation traces. As a rule, convective line rainfall is

identified by the first rapid increase in the trace, while

the stratiform rainfall is identified by a subsequent gradual

climb in the trace. A feature to note in the temperature

trace in each of the time series is the overall increase in

temperature from sunrise at 1113 GMT.
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The time series at PAM II station 20 (cf. Fig. 4.15)

illustrates the passage of the new convective elements

forming at the southern end of the squall line. Heavy

convective rain began at 1035 GMT, five minutes after a peak

gust of 21 m s- was recorded. Light stratiform rain began

at 1055 GMT and ended twenty minutes later contributing 17%

of the 7.62 mm of the accumulated rainfall. Rapid cooling

commenced with the gust front causing temperatures to

decrease 4.2 °C in sixty-five minutes.

The pressure profile typifies stage 2, a squall line

with no wake depression (cf. Fig. 4.14), indicating that the

squall line is in an immature stage with no well-defined

stratiform region present behind this portion of the

convective line.

At PAM II station 6 (cf. Fig. 4.16) the time series

showed the passage of weaker convective cells in the leading

edge of the convective line and a well-developed trailing

stratiform region. Embedded structure within the stratiform

region in the form of a secondary band was also evident. A

weak gust of 9 m s1 was recorded at 1100 GMT then moderate

convective rain began twenty minutes later. Convective rain

amounted to 52% of the accumulated rainfall, but occurred

over a period thirty-five minutes longer than at PAM II

station 20. Stratiform rain began at 1215 GMT and lasted for

two hours. A period of enhanced rainfall created by the

secondary band began at 1345 GMT accounted for 32% of the
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total stratiform rainfall and 15% of the total accumulated

rainfall of 21.08 mm.

A gradual cooling occurred after the gust front

passed, while a more sudden warming commenced with the

minimum negative pressure excess at 1355 GMT. A substantial

pressure drop of 8 mb in twenty minutes and vigorous peak

gust of 25 m s- marked the beginning of the wake depression.

A 4.9 mb resurgence of pressure in eighty minutes with a

refreshening of winds to 16 m s- marked its passage. The

highly non-geostrophic flow around a wake vortex, as depicted

in Figure 4.11d, is one possible explanation for this

feature, especially given the sharpness of the pressure drop.

This pressure profile is similar to Fujita's stage 3, a

squall line that has advanced to the mature stage. The wake

low in this time series is quite similar to that reported in

the 10-11 June squall line by Johnson and Hamilton (1987)

In their time series analysis (see their Fig. 11), a distinct

wake low was observed with a pressure drop =6 mb in about twc

hours, which is not as rapid as at PAM II station 6. This

difference in the rate of pressure decrease may be a result

of the different speed of movement of the two systems. They

also observed a similar refreshening of the winds with a

pressure rise of =4 mb.

PAM II station 24 time series (cf. Fig. 4.17) depicts

the passage of an intermediate portion of the squall line,

where mature cells form the leading edge of the convective



line followed by a transition zone and stratiform region with

an embedded secondary band. At 1325 GMT, a period of heavy

convective rain began, lasting for thirty minutes. This

precipitation accounted for 81% of the total recorded

precipitation at this station. A peak gust to 17 m s-

accompanied the heaviest downpour. The transition zone

followed lasting twenty minutes and adding 1.63 mm of light

rain. A light stratiform rain started at 1415 GMT with 3.3

mm of precipitation, 13% of the accumulated total of 25.4 mm.

The minor temperature drop of 1.5°C accompanying the

convective rain was likely lessened by the onset of the

diurnal heating cycle.

The pressure trace shows a pressure surge followed by

a pressure drop of 4.5 mb. A refreshening of the winds to 15

m s- was observed, occurring with the minimum negative

pressure excess. A pressure resurgence comparable to that

recorded at PAM II station 6 was not observed. Apparently, a

wake low was not encountered at this station. The pressure

profile indicates that the squall line has progressed past

the mature stage toward dissipation according to the stage 4

pressure profile (cf. Fig. 4.14) classification of Fujita

(1955)



5. SINGLE-DOPPLER ANALYSIS

5.1 Introduction

In this chapter we present extensive single-Doppler

radar data to examine the internal kinematic structure of

this squall line storm. A variety of single-Doppler analyses

will be shown, including vertical cross-sections (RHI),

vertically-pointing time series, and vertical profiles of

stratiform vertical air motions by the VAD (Velocity-Azimuth

Display) technique.

5.2 Discussion of the Vertical Cross-Section Analysis

To elucidate the kinematic and reflectivity vertical

structure of the 28 May MCS, single-Doppler data are

presented in a vertical cross-section format. Each

cross-section was constructed using data along an azimuth

perpendicular to the convective line. System spanning

cross-sectional views of the storm structure from the

overhanging anvil of the convective line to the back edge of

the trailing stratiform region are shown. It should be noted

that in discussing the vertical plane analysis, reference to

the horizontal plane analysis of the WSR-57 data and PAM II

data (cf. Figs. 4.1-4.4, 4.7-4.10) is helpful in providing a

three-dimensional conceptual view of the 28 May MCS.

The vertical cross-sections were constructed using the

method described by Rutledge et al. (1987) . The velocity

data were first interactively unfolded using the NCAR/RDSS



(Research Data Support System) at OStJ. The reflectivity and

unfolded velocity data were then interpolated to a Cartesian

coordinate system with a grid interval of 1.5 km in the

horizontal and 500 m in the vertical. Data points were

shifted in the horizontal to correct for the effects of storm

movement that occur during the time required to complete a

volume scan. Only data with elevation angles < 23° were

used, hence the radial velocity closely approximates the

horizontal velocity. The storm horizontal relative flow was

obtained by subtracting the storm speed of 17 m s. The

data were then interpolated to the derived cross-sectional

plane. The vertical cross-sections constructed from

single-Doppler data collected at the NCAR CP-3 radar for the

period from 1003 GMT to 1314 GMT are shown in Figs. 5.1-5.6.

All cross-sections are along the 290°-110° radials. The

cross-sections of reflectivity and horizontal relative flow

at 1003 GMT are illustrated in Figs. 5.la-b. Fig. 5.la shows

a strong convective cell near x=45 km located within the

leading convective line. Maximum echo tops extend to over 13

km MSL. The core of the convective cell is identified by

the area encompassed by the 40 dBZ reflectivity contour. At

this time a weak trailing stratiform region was located to

the rear of the convective line with most of the surface

precipitation located in the region for x < 105 km.

Figure 5.lb shows a three layered structure in the

storm relative airflow. At low levels an extensive layer of
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rear-to-front flow over 7 km deep entered the back edge of

the stratiform region near 120 km. The depth of the

rear-to-front flow was over 7 km along the left portion of

the cross-section and then decreased gradually as it

approached the convective region. This rear inflow is

similar to that found in other storms with a similar overall

structure (Smull and Houze, 1987b). The maximum velocities

observed in this strong rear inflow jet exceeded 10 m s1

through the trailing stratiform region, but decreased to < 5

m s- near the back edge of the convective region. This flow

increased to > 5 m s1 below the convective cell, apparently

in response to the merger with low-level outflows from

convective scale downdrafts. A similar interaction between

the rear inflow jet and the convective cells has been

documented by Rutledge et al. (1987) for the 10-11 June

PRE-STORM case.

A front-to-rear flow was situated above the rear

inflow jet. As the front-to-rear flow passed the convective

cell the flow apparently accelerated to > 25 m s-.

Acceleration of the horizontal wind in the vicinity of

convective lines has been observed in tropical lines by

LeMone (1983) and in a mid-latitude case by Smull and Houze

(1987a) . This acceleration must be a result of a horizontal

pressure gradient force creating additional momentum, since

at no horizontal levels ahead of the line did we observe

horizontal winds with speeds as large as 25 m s1. Rearward



of the convective cells the front-to-rear flow was

characterized by speeds 10 m s" This front-to-rear flow

was evidently important to the rearward advection of ice

particles into the stratiform region from the convective

cells (Rutledge and Houze, 1987).

The third layer of storm relative flow was found at

upper levels above z=8 km between x=20 km and x=40 km. This

upper-level rear-to-front flow regime had maximum velocities

to 15 m s- that were forced by intense divergence present

near the top of the convective cells. This rear-to-front

flow diverted ice particles forward, hence, building the

overhanging anvil.

At 1033 GMT (cf. Fig. 5.2a) the squall line had moved

over the CP-3 radar site. The convective region had grown in

width from 20 km to > 30 km. The core of the convective cell

continues to be indicated by an area of reflectivities > 45

dBZ. The reflectivities in the stratiform region appear to

be lower at this time compared to 1003 GMT, which we believe

is a result of attenuation of the radar beam by heavy

precipitation.

The storm-relative horizontal flow at 1033 GMT is

shown in Fig. 5.2b. The rear-to-front flow was again

present, entering the system along the back edge of the

stratiform region up to 7 km in height. The location of

maximum rear inflow speed was found in the region immediately

behind the convective line at this time. This is in contrast
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to the flow at 1003 GMT (cf. Fig. 5.lb) where the maximum

rear inflow speeds were found within the stratiforrn region.

The presence of the strongest rear inflow within the

convective region may have resulted from the merger of

convective scale downdrafts. The front-to-rear flow situated

above the rear inflow jet showed an overall speed increase

with a 15 m velocity contour extending into the trailing

stratiform region.

The 1120 GMT vertical cross-section (cf. Figs. 5.3a,b)

was formed by merging vertical planes along the 2900 and

1100 azimuths, hence allowing a 180° perspective of the

storm. The cross-section of reflectivity (Fig. 5.3a)

intersects a vertically-erect convective cell with tops in

excess of 13 km MSL. A small leading upper-level anvil

proceeds the storm, associated with strong upper-level

outflow from the convective region (cf. Fig. 5.3b). A well

developed trailing stratiform region was present at this

time, with the most intense region of stratiform rain located

between x=-30 and x=30. Considerable development was evident

in the intensity of the stratiform region over the last hour

(compare Figs. 5.2a and 5.3a). Within the stratiform region,

between x=30 km and x=10 km, an area of enhanced reflectivity

described as a secondary band (Smull and Houze, 1985;

Rutledge and Houze, 1987) illustrates this development. The

secondary band is characterized by the development of an even

more intense radar bright band indicated in Fig. 5.3a near



93

z=3.4 km. The radar bright band is formed when solid

hydrometeors become liquid upon falling through the 0°C

level, thereby increasing their reflectivity, since liquid

hydrometeors reflect more power from the intersecting radar

beam than frozen hydrometeors (Battan, 1959). Rutledge

(1986), Rutledge and Houze (1987), and Smull and Houze (1985)

have all noted that the enhanced secondary band precipitation

of the trailing stratiform region can be attributed to the

fallout trajectory of hydrometeors as they are advected

rearward by the storm relative airflow and the growth of

those hydrometeors within a mesoscale updraft located at

mid-levels within the stratiform anvil. The mesoscale upward

motion could contribute to the enhanced reflectivities

observed in the secondary band by providing a mechanism for

the growth of ice particles advected into the stratiform

anvil. These ice particles advected from the convective

cells grow by the deposition of water vapor made available

within the mesoscale updraft and by aggregation. Without such

a mesoscale updraft, the amount of rain reaching the surface

from the stratiform region would likely be significantly

reduced (Rutledge and Houze, 1987) . The establishment of a

mesoscale updraft in this storm will be made in the following

section. Extensive echo was found aloft and rearward of the

stratiform surface rainfall. Apparently, evaporation into

the deep rear inflow was responsible for preventing the

arrival of hydrometeors at the surface in this region.
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The kinematic structure (cf. Fig. 5.3b) shows a

four-tiered relative airflow pattern. A deep and persistent

rear inflow jet was again present, entering the storm as high

as 9 km above MSL. This rear-to-front flow proceeded on a

gradual slope, then plunged sharply (near x=0 km) toward the

convective line and became a comparably shallow flow past the

transition zone into the convective cell domain. At this

point (near x=0 km) the rear-to-front flow was apparently

forced to the surface by relatively dense evaporatively

cooled downdrafts beneath the convective cells and

consolidated into a cold density current (Charba, 1974)

Charba (1974) showed that this kind of cold density flow from

beneath intense squall line thunderstorms preceded the

convective line with the infusion of higher momentum flow

from mid-levels. A backflow in the density current (Goff,

1976; Charba, 1974) was observed near the surface (for x > 10

km) as a front-to-rear flow, deepening toward the back of the

system with maximum velocities exceeding 10 m s. Rutledge

et al. (1987) reported a similar sharp plunging in the rear

inflow jet in conjunction with the location of intense

convective cells and also concluded that the sharp tilting

nature of the jet may be a result of its encounter with

intense convective-scale downdrafts associated with heavy

precipitation.

A layer of front-to-rear flow capped the rear inflow

jet. This flow exceeded 25 m s1 just above the head of the



density current flow along the leading edge of the convective

line. The remainder of the front-to-rear flow was

characterized by speeds on the order of 10 m s-. Intense

divergence was found at upper levels, resulting in strong

rear-to-front flow ahead of the convective line.

The cross-sections at 1148 GMT (cf. Figs. 5.4a,b) are

again mergers of vertical planes along the 2900 and 110°

azimuths. The cross-section of reflectivity (cf. Fig. 5.4a)

shows the presence of a vertically-erect convective cell with

a vertical extent in excess of 13 km MSL. This cell appears

to be both deeper and more intense than the cells seen at

earlier times. Satellite imagery at 1101 GMT (cf. Fig. 3.17)

showed that the anvil cloud shield had reached its maximum

size about this time, while the PAM II analysis (Cf. Figs.

4.8, 4.9) indicated a strong negative temperature and

moisture advection had occurred at the surface during the

storm passage. Both of these indicators are consistent with

the observed cell intensity at this time. A well-defined

transition zone was now present (Smull and Houze, 1985), as

indicated by the low-level reflectivity minimum between x=-40

km and x=-60 km. The stratiform precipitation region appears

to be rather similar to that seen at 1120 GMT although the

width of the most intense stratiform rainfall has decreased,

probably associated with large evaporation rates in the

intense rear-to-front flow. Weak convection appears near

x=100 km. This convection was probably driven by convergence
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into the pressure minimum (wake low) located near the rear of

the storm (Cf. Figs. 4.10, 4.14)

The cross-section of horizontal relative flow (cf.

Fig. 5.4b) is similar to that described at 1120 GMT (Fig.

5.3b). A weaker rear inflow jet (the area with speeds

exceeding 10 m s is substantially reduced or totally

absent) entered the rear of the storm at mid-to-upper

tropospheric levels. Near x=-20 km the rear inflow plunged

sharply and formed a shallow layer of rear-to-front flow in

the transition and convective region. We suspect that the

sudden dip in the rear-to-front flow resulted from the

presence of intense convective-scale downdrafts on the edges

of the vertically-erect cells. A deep front-to-rear flow is

present below the rear inflow layer. This flow is both

deeper and more intense compared to earlier times. This flow

was most likely a result of the development of the wake low

pressure area, as illustrated in the PAN II analysis (cf.

Figs. 4.10d, 4.14). The front-to-rear flow above the rear

inflow is similar to that discussed at earlier times.

The 1225 GMT vertical cross-section is depicted in

Figs. 5.5 a,b. The elongated vertical core of the convective

line shows that the maximum tops continue to extend to near

14 km MSL. Interestingly, the transition zone has widened

considerably since 1148 GMT. This occurs in conjunction with

a narrowing zone of stratiform rainfall. Erosion of the

stratiform cloud shield and the exaggerated anvil-like
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feature in the trailing stratiform region are evidence of the

effects of continued evaporation by the rear inflow jet.

The horizontal velocity structure is shown in Fig.

5.5b. The flow structure at this time is rather similar to

that described at 1148 GMT, but there are noteworthy

differences. First, the weak rear inflow in the

transition and convective zone regions has broadened over

time, consistent with the increase in width of the transition

zone reflectivity minimum. Second, the zone of front-to-rear

flow below the rear inflow layer has intensified, probably in

respol-ise to the continued development of the wake low.

The shape and location of the rear-to-front flow (or

rear inflow jet) is considerably different than that found in

the 10-11 June storm (Rutledge et al., 1987) where the jet

was largely situated below the 0°C level as it passed throug:

the stratiform region. In our case the rear inflow passed

through the stratiform region above the 0°C level, hence

causing sublimation of ice particles well above the 0°C

level. Such a process is consistent with the presence of a

narrower secondary band of stratiform rainfall compared to

the 10-11 June storm (which obtained widths of nearly 100

km).

The last in the chronological series of vertical

cross-sections from the NCAR CP-3 radar is shown in Figs.

5.6a,b. These cross-sections are taken from the vertical

plane along the 110° azimuth only. Fig. 5.6a shows that thE
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convective line had moved out of range of the radar, making

the exact width of the transition zone difficult to

determine, however, observations from the WSR-57 radar (cf.

Fig. 4.3) show this feature to be similar in width (near 25

km) to the 1225 GMT cross-section. Also, the narrow

stratiform region has changed little in size since 1225

GMT. Apparently, the storm has reached the quasi-steady

period of its lifecyle as was indicated in the satellite

imagery. Erosion in the lower levels of the stratiform cloud

shield in conjunction with the intrusion of the rear inflow

jet is again evident.

The rear inflow jet shown in the cross-section of

horizontal relative flow (Fig. 5.6b) has undergone some

interesting changes from the previous analysis. The

rear-to-front flow originated at somewhat lower levels, while

the once sharply tilting axis of this flow had reverted to a

gradual slope. The change in slope of the mesoscale rear

inflow could possibly be associated with intense mesoscale

subsidence or a transition in the state of the system as a

whole to a weaker slanted system as opposed to one dominated

by intense convective activity (Rotunno et al., 1987).

Speeds in the front-to-rear flow overlying the rear inflow

jet have changed little from 1225 GMT.

The vertical cross-section data from the NCAR CP-4

radar at 1148 GMT (a 2900_1100 vertical plane, Fig. 5.7 a,b)

and 1314 GMT (a 110° vertical plane, Fig. 5.8a,b) reveal a
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different aspect of the 3-D structure of the storm. At 1148

GMT the convective line was directly over the radar site,

hence the reflectivity and velocity structure (cf. Fig.

5.7b) near the radar is difficult to interpret resulting from

the restriction of elevation angles. This observation shows

that, in this particular cross-section, the storm had

virtually no trailing stratiform region, much different than

that observed at CP-3 (cf. Fig. 5.4)

The horizontal relative flow (Fig. 5.7b) shows the

strong rear inflow jet originating near 10 km MSL, then

sloping toward the convective line and at that point plunging

sharply into the rear of the convective cell. The higher

originating height of the transition from front-to-rear to

rear-to-front flow, and somewhat stronger speeds compared to

the CP-3 cross-section (cf. Fig. 5.4), may be responsible for

the narrower stratiform region than that observed at CP-3

from the same analysis time. A density current flow is not

observable in this cross-section, again in contrast to the

CP-3 cross-section. This suggests the absence of

convective-scale downdrafts in the transition zone, or the

presence of weaker downdrafts compared to the CP-3

cross-sections. The other recognizable features of the flow

include: the low-level front-to-rear flow, the front-to-rear

flow overlying the rear-to-front flow structure, and an

upper-level rear-to-front flow.
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The reflectivity structure at 1314 GMT (Fig. 5.8a)

maximum tops near 13 km. A new convective element can be

seen (near x=-125 km) at the 5 km height. No transition zone

is present behind the convective line, in agreement with the

1148 GMT CP-4 cross-section. This is consistent with our

earlier argument that convective-scale downdrafts were either

absent or weak, hence permitting the fallout of hydrometeors

in a zone relatively free of deep, sub-saturated downdrafts.

The system-relative velocity pattern (Fig. 5.8b) over

CP-4 is similar in many respects to the pattern over CP-3

(cf. Fig. 5.6b) at this time. However, the more complete

four tiered structure of the flow over CP-4 shows the

rear-to-front flow originating near the 7 km height instead

of 8 km. Location and magnitudes of local speed maxima are

similar, while differences exist in the continuation of the

rear-to-front flow into the density current outflow below the

convective cells. Local speed maxima in the front-to-rear

flow exceed 25 m s1 at the upper-level boundary of the

trailing stratiform echo, as well as in convective region

where the flow appears to be strongly accelerated by the

convective-scale updrafts.

5.3 Discussion of the Velocity-Azimuth Display (VAD)

Analysis

Data collected in 3-D conical scans by the NCAR CP-3

radar were used to provide vertical profiles of horizontal
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wind speed and direction, divergence, vertical air velocity,

and average reflectivity (dBZ). The calculated kinematic

properties were determined by the VAD technique described by

Browning and Wexier (1968) . The so called VAD technique (as

described by Browning and Wexler, 1968) uses data acquired

from a rotated radar beam directed through a series of

elevations to determine radial velocity of precipitation

particles versus azimuth. From the boundary of a cylinder of

fixed radius (with the radar located directly below the

origin of a cylinder of 20 km radius in this case) the

velocity component normal to the cylinder can be determined

at a series of heights. From the velocity components on the

perimeter of the cylinder an estimate of the horizontal wind

vector and mean divergence at the origin of the cylinder can

be obtained. A top-down integration (vertical velocity (w),

was set to zero at the top of the profile) of the anelastic

continuity equation using the observed vertical profile of

divergence provides an estimate of the vertical air velocity.

This technique requires that the fields of wind and

precipitation fall speed be horizontally homogeneous, a

condition most often found in the stratiform anvil region.

The results of the VAD analysis technique performed on

data collected at the CP-3 radar at 1120-1130 GMT, 1148-1158

GMT, and 1225-1235 GMT are presented in Figs. 5.9-5.11. This

single-Doppler data acquired at the CP-3 radar site are in

the broadest region of stratiform rain. The vertical profile
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of horizontal wind speed (ground-relative) and direction,

divergence, reflectivity, and vertical velocity obtained

during 1120-1130 GMT is shown in Fig. 5.9. This profile was

computed from data obtained in the forward half of the

stratiform rain area, where the rear inflow jet can be seen

to tilt sharply toward the surface into a low-level density

current (cf. Fig. 5.3). The most noticeable feature in the

profile of horizontal wind was the 27 m s speed maxima from

300° at the 1 km level. This speed maxima indicated the

possible position of the peak flow axis in the rear inflow

jet and low-level density current. This lower portion of the

rear-to-front flow layer extended from the surface to the 2

km level where the wind backed to 245° throughout the

remainder of the profile.

The divergence profile was typified by low-level

moderate divergence to .33 x iO above which strong

convergence with a peak value of -. 6 x io s- was found

coincident with the upper limit of the reflectivity profile

maximum (or bright band, between 2.5 km and 3.4 km).

Rutledge et al. (1987), Smull and Houze (1985), and Ogura and

Liou (1980) have all reported a mesoscale updraft present

above the melting level in the layer coincident with the

strong convergence. In the layer above 6 km the divergence

profile became moderately divergent again.

A maximum negative vertical velocity of -. 8 m s_i (80

cm s-) shown in the lower portion of the profile at the 2 km
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level provided evidence for a mesoscale downdraft. This

mesoscale downdraft may have been driven by the melting and

evaporation of hydrometeors at and below the 0°C level, as

well as hydrostatic mass divergence below this layer. Values

on the order of -.6 m s_i (60 cm s-) were reported at the

same level by Rutledge et al. (1987) for a similarly located

profile in the 10-11 June MCS.

Single-Doppler data from the 1148-1158 GMT volume were

processed using the VAD technique and results of the analysis

are shown in Fig. 5.10. The horizontal wind profile (Fig.

5.10) illustrates both the rear portion of the low-level

density current and the mid-level rear inflow jet shown in

the vertical cross-section at 1148 GMT, both speed profiles

are for ground relative flow (cf. Fig. 5.4). The increase in

wind speed to 16 m s at 250 meters corresponds to the back

edge of the low-level density current. A sharp decrease in

wind speed can be seen above the speed maxima followed by an

increase to 26 m s- at the 4 km level. This mid-level peak

can be attributed to the rear inflow jet traversing the

stratiform region above the bright band. The bright band is

clearly evident between z=2.5 km and z=3.5 km in the

reflectivity profile.

The reflectivity profile was characteristic of

stratiform precipitation. The weak vertical gradient above

the 0°C level is described by Rutledge and Houze (1987) as

indicative of the slow depositional growth of hydrometeors in
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the stratiform anvil.

The complexity of the divergence profile shown in Fig.

5.10 was apparently a result of radar scans through a mixture

of flow regimes. Strong divergence with peak values to .88

x io3 51 were computed below 1.2 km. The strong divergence

at low-levels can be attributed to divergent flow, as some of

the flow encompassed by the VAD analysis cylinder was carried

forward into the density current, while the remainder was

carried rearward by the low-level front-to-rear flow (cf.

Fig. 5.4b). Next, the weakly convergent layer between 1.0 km

and 1.7 km region was apparently a result of the sharp

plunging portion of the rear inflow jet where mass is

diverted forward into the density current, as well as toward

the rear in the low-level front-to-rear flow may be creating

an area of mesoscale low pressure above the dif fluent flow.

This low pressure area may be strong enough to slightly

overbalance hydrostatic mass divergence in the layer and form

weak convergence (cf. Fig. 5.4b) . Thirdly, the moderate

divergent layer between 1.7 km and 3.6 km appears to be

similarly associated with the plunging portion of the rear

inflow jet. An influx of mass had apparently been

transported into the layer creating a mesohigh and moderate

divergence. Evidence for a possible mesohigh at this level

is most clearly shown in Fig. 5.4b, where the rear-to-front

flow enters the narrow gap of the steepest portion of its

tilted axis. Above this gap, momentum from the rear inflow
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jet is forced aloft creating an irregular extension into the

opposing flow. It may be that within this portion of the

flow a building mesohigh forced moderately divergent

horizontal winds. Lastly, the layer above 4 km was moderate

to weakly convergent in association with the opposing flows

along the tilted axis of the rear inflow jet.

The profile of vertical motion shown in Fig. 5.10

indicates that this location within the stratiform

precipitation region just rearward of the plunging rear

inflow jet was characterized by mesoscale subsidence. The

peak values of subsidence are found above the reflectivity

maximum in contrast to the vertical motion profile shown in

Figs. 5.9 and 5.11. An additional vertical component of

motion may have been provided by the descending rear inflow

jet, consistent with its location above the reflectivity

maximum between the 4 to 7 km level.

Vertical profiles derived from the VAD analysis at

1235 GMT are shown in Fig. 5.11. The notch in the back edge

of the stratiform echo was over the radar at this time (cf.

Fig. 5.5a) and the region of enhanced stratiform

precipitation was weakening.

At the 1.0 km height the profiles of horizontal wind

speed and direction illustrate the influence of the low-level

front-to-rear flow (note that below 800 meters the wind speed

and direction profile is northwesterly at 16 m s) . Peak

winds (ground relative) are 19 m s from the north-northwest
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in this layer. Above this winds decrease and back to

westerly then increase to 25 ms- at 5 km in the

rear-to-front flow. The rear inflow regime becomes

front-to-rear above 7 km where the winds decrease and

continue to back to the southwest.
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A moderately divergent layer was seen below 2 kin in

the divergence profile. This is consistent with the VAD

analysis cylinder being farther from the strong diffluence

found between x=45 km and x=60 km and sampling through a

weaker portion of the mesoscale downdraft. Evidently, the

mesoscale downdraft associated with this storm was strongest

in the forward half of the stratiform region. A layer of

convergence was found above this from 2-7 kin with two peaks
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of moderate intensity. The lower peak was coincident with

the reflectivity maximum and was consistent with the 1130 GMT

analysis (cf. Fig. 5.9) . At 5.25 km, the layer of moderate

convergence was just above the local speed maxima

characterizing the rear inflow jet. This convergent layer

persists from the 1158 GMT analysis (cf. Fig. 5.10) where

this second level of the peak convergence was observed 750

meters lower. This change in elevation was related to the

increase in the height of the interface between the opposing

storm relative flows. The layer above 7 km was weakly

convergent and became weakly divergent in the storm outflow

above 9 km.

The vertical motion profile is characterized by

mesoscale subsidence throughout, except above 8 km. In this

trailing portion of the stratiform region mesoscale downward

motion predominates as in the 1158 GMT VAD analysis, except

at high levels where weak upward mesoscale motion was found.

This pattern is similar to the 1158 GMT analysis, except that

the peak subsidence was below the melting layer as in the

1130 GMT VAD analysis. At 1235 GMT, the strongest subsidence

with a'peak value of -.65 m s was seen below the

reflectivity maximum near 2 km, where the greatest particle

terminal fallspeeds are also found (cf. Fig. 5.13a)

Terminal falispeeds are discussed in the next section. From

6-7.5 km the weak vertical velocity is indicative of a

uniform horizontal wind field with very little divergence.
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Above 7.5 km the positive vertical motion resulted from the

weak convergence found at that level.

5.3 Discussion of Vertically-Pointing Analysis

At 1158 GMT the Itstratiform mode" scanning sequence

was initiated when the CP-4 radar was placed into the

vertically-pointing mode (see section 2.2 for discussion of

"stratiform mode"). The CP-4 radar collected data in this

fashion for a period of 52 mm. The time-height

cross-sections of reflectivity (dBZ), Doppler velocity (W),

derived particle falispeed (V)1 and vertical air velocity

(w) derived from this data are shown in Figs.

5.12a,b-5.13a,b, respectively.

The time-height section of reflectivity (Fig. 5.12a)

was constructed from averages of individual radar scans over

a two minute period. This 2 minute data was resolved to a

grid of 340 m in the horizontal and 150 m in the vertical.

On the left side of the resulting cross-section the

back edge of the convective line can be seen, followed by a

rather narrow stratiform rain region concurring with the 1148

GMT analysis at CP-4 (cf. Fig. 5.7). On the right side of

the cross-section, between the surface and 3.7 km, there is

an echo-free notch that Smull and Houze (1985) have

attributed to the evaporation of hydrometeors in the rear

inflow jet. Above the echo-free area the reflectivity is as

large as 20 dBZ, suggesting that hydrometeors grew by
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aggregation as they approached the 0°C level, but then

evaporated rather rapidly upon fallout.

The time-height cross-section of Doppler velocity (W)

is shown in Fig. 5.12b. This velocity field represents the

sum of the vertical air velocity and particle falispeed.

Regions of positive velocity (dark shading above 4 km) are

where upward air motions were sufficient to overcome particle

fallspeeds. Rutledge et al. (1987) described these

upper-level positive velocity maxima observed in the 10-11

June squall line as remnants of convective updrafts carried

rearward by the front-to-rear flow. In their analysis (see

their Fig. lOb) these positively buoyant regions had largely

dissipated before reaching the stratiform region. In this

case two of these buoyant parcels are observed well into the

stratiform anvil and in one noticeable example (above 11 km

in altitude and 41 km in range) contain vertical motions in

excess of 1 in s. These two buoyant parcels may be acting

as generating cells (Matejka et al., 1980) seeding

hydrometeors into the stratiform region below. Their

presence this far into the trailing stratiform may be

attributed to the greater intensity in the convection-scale

updrafts at the time in which these parcels originated

between 30-40 minutes prior to 1158 GMT. This would put

their origination time close to a period of maximum intensity

as viewed in the satellite imagery (cf. Fig. 3.17) and PAM II

data (cf. Fig. 4.8) . A possible origination point for these
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buoyant parcels can be seen near the 5.5 km level on the left

side of the cross-section. A vertically elongated speed

maxima in the front-to-rear flow, similar to the one shown in

Fig 5.4b in association with the convective line, most likely

exists near the origination level of these parcels. This

speed maxima would add an additional component of vertical

motion to the parcels fostering their origination. At this

level parcels containing vertical motion in excess of 2 m s-

are seen extending away from the convective line along the

axis of the front-to-rear flow.

The derived reflectivity weighted fallspeed (Vp) is

shown in Fig. 5.13a (see Rutledge et al., 1987 for a

description of its derivation). This calculation was only

done for levels above the 0°C level (3.4 km) . Below this

level we set V=W. Two regimes were used for the calculation

of V based on assumed particle types. In the region where

the reflectivity contours exhibited a fairly large slope, we

assumed the presence of graupel. This graupel regime was

implied for time < 13 minutes. For time >13 minutes we

assumed the presence of aggregates of snow, which have a

rather weak fallspeed dependence on reflectivity. Fallspeeds

on the order of 2.5 m were derived in the graupel region

with fallspeeds -1.5 m s- typical in the snow region.

The vertical air velocity field (w) is shown in Fig.

5.13b. This field is a composition of W for z < 3.4 km and

the derived vertical velocity (w) for z > 3.4 km. Vertical
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velocity (w) is derived from,

w=W+V (1)

the addition of W (Fig. 5.12b) and VP (Fig. 5.13a) . The

derived vertical air velocity immediately rearward of the

convective line (for time < 13 mins.) is dominated by fairly

intense updrafts associated with the convective line. The

magnitudes of these updrafts range from 2-4 m s. These

drafts are likely associated with the rearward transport of

vertical momentum from the convective region, as alluded to

earlier. For times > 13 mm., and for z < 11 km the derived

vertical velocity is negative, indicating a broad zone of

subsidence throughout much of the observed stratiform echo.

Hence, the ice particles injected from the convective line

are not in a zone favorable for continued growth. This

absence of a mesoscale updraft could be responsible for the

relatively narrow stratiform region through the CP-4

cross-section. Above z=ll km the vertical velocity is

upward, with the strongest regions of upward motion

concentrated in cellular-like features. These features are

likely weakly buoyant elements of the upper portions of

convective cells carried rearward by the front-to-rear flow.

These features are not detected in the reflectivity field

since they likely contain small particles, which are not

readily detected by the radar.
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6. DUAL-DOPPLER ANALYSIS OF THE TRAILING STRATIFORN

REGION AND ASSOCIATED MESOSCALE CIRCULATION

Synthesis of data retrieved from the observations of

mid-latitude and tropical lines of convection by multiple

configurations of Doppler radars (usually two or three) has

been reported in papers by Roux et al. (1984), Heymsfield and

Schotz (1985), Smull and Houze (1987a), and others. Studies

of this kind have led to the discovery of structural details

within these convective phenomena that could not be revealed

by rawinsonde networks offering only rather crude resolution,

or by a single-Doppler radar. In this chapter we will give a

brief discussion of mesoscale circulation features observed

within the stratiform region associated with the 28 May MCS

by dual-Doppler radar coverage.

Data for the dual-Doppler synthesis was collected by

CP-3 and CP-4 in overlapping 1500 sector scans begun at 1314

GMT. The overlapping sectors covered the rear portion of the

trailing stratiform region. For reference purposes the

orientation of the horizontal domain of the dual-Doppler

analysis within the WSR-57 analysis at 1356 GMT is shown in

Fig. 4.3. The east-west coordinate axis of the dual-Doppler

analysis has been rotated to 115° and a storm speed of 17 m

s was subtracted from the derived winds, revealing the

storm-relative wind field. The dual-Doppler synthesis was

carried out using the NCAR/SPRINT and CEDRIC software

packages, which were run interactively on the the Department
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of Atmospheric Sciences VAX 11/750 computer. The horizontal

wind components were obtained by a iterative technique. A

top-down integration was performed to determine the vertical

velocity field, using an upper-level boundary condition of

w=0 one half grid interval above the highest measured

divergence level.

6.1 Discussion of Reflectivity and Kinematic Fields

In the dual-Doppler derived wind and reflectivity

field analysis at the 1.9 km height shown in Fig. 6.la, a low

to mid-level N 1-7 km) mesoscale circulation is evident near

the back edge of the stratiform echo (the circulation center

is marked by an X) . The center is near a comma shaped

feature outlined in the 20 dBZ contour of the reflectivity

field. Smull and Houze (1985) reported a similar comma

feature in the radar echo and suggested that it was

indicative of cyclonic rotation about the comma heads (see

their Fig. 6).

At the 2.9 km height (Fig. 6.lc), the cyclonic

rotation has intensified creating a closed circulation about

the vortex center. Two comma-shaped features are outlined in

the 20 and 30 dBZ contours along the back edge of the

stratiform echo. The circulation further intensifies at the

3.9 km height (Fig. 6.2a) then begins to weaken at the 4.9 km

height (Fig. 6.2c) and is weaker still, but nonetheless still

identifiable at the 7.9 km height (Fig. 6.3a) . Comparison of



60

30

0

-30

28-MAY-85 13:14 DBZ& WINDZ= 1.9 KM

-601 I

60 -30 0 30 60

a)

28-MAY-85 13:14 OBZ& WINDZ=2.9KM
60

30

0

-30

4__.

-d)-'-9 ---------
Il

/

-60-I I-

-60 -30 0 30 60

C)

60

30

0

-30

-00

b)

60

30

0

-30

123

28-MAY-85 13:14 VERTICAL VELOCITYZ I.'

-y

I.

r

r ::-
bU

28-MA Y-85 13:14 VERTICAL VELOCITY Z = Z9 KM

o

L1-60-I .
-60

I L- :::T--a.----- 60

Fig. 6.1. Horizontal dual-Doppler Analysis at 13:14 GMT

a,c) 1.9 km and 2.9 km vector wind, respectively; vector

length is proportional to wind speed, 1 tick = 12 m s1

b,d) 1.9 km and 2.9 km vertical velocity field (w) (m s-);

darker shading indicates w>O, lighter shading indicates w<O,

refer to grayscale for magnitude.



124

the circulation intensity among these levels establishes that

the rotation is strongest at the 3.9 km height (close to the

0°C level)

Fitsch and Chappel.1. (1980) suggest an explanation for

this relative-flow circulation, its approximately 6 km depth,

and its level of maximum intensity near the 3.9 km height.

The mid-level circulation shown occurred during the mature

phase of the squall line development. According to Fritsch

and Chappell (1980), the mature and late growth phases of

squall line development are the most likely time for the

strongest and most well organized circulation to occur. It

is during this period that the strongest accelerations act on

the flow at low-to-mid levels, while continued subsidence

warming aloft has caused height falls, mass convergence, and

positive vertical motion in the lower levels of the

atmosphere. These conditions are conducive to the formation

of a cyclonic circulation such as described herein. To begin

the cyci.onic rotation, 2-4 hours is required to allow the

Coriolis force to act on the mesoscale flow. In this case

the time was sufficient since the MCS lasted for more than 12

hours. A secondary role may have been played in the

generation of a cyclonic rotation by a strong horizontal

shear created where the undulating opposing front-to-rear and

rear-to-front flows meet along their sides and break down

into vortices that quickly die out as energy cascades from

larger to smaller scales. In either case, the circulation



125

that is observed is most likely to be transient in nature and

last for a short time once formed.

Interestingly, Ogura and Liou (1980) in their study

analyzed the vertical vorticity field (see their Fig. 18) and

found that upper-levels, generally above 400 mb, were

dominated by anticyclonic vorticity, while in the middle to

lower layers cyclonic vorticity prevailed. This finding

correlates well with the hypothesis made by Fritsch and

Chappell (1980) in that it supports the idea that, at least

in the latter phases of the squall line development,

upper-level subsidence warming creates an anticyclone, while

thickness decreases and height falls due to hydrostatic

adjustments in the middle to lower layer can create a

cyclonic circulation.

The vertical velocity component of the relative flow

for each of these levels is shown in Figs. 6.1-6.3 b,d.

Darker shading indicates positive vertical motion, lighter

shading negative vertical motion. At the lowest level

(z=l.9) the horizontal axis of the rear inflow jet is

difficult to determine, since this level is mostly below the

jet, except at the interface between the opposing flows.

This interface is located at the -2 m and 2 m

vertical velocity contours in close proximity near the right

side of the analysis (Fig. 6.1 b). At the upper left portion

of the analysis a -2 m s contour is just becoming visible.

This is the bottom of the inflow jet between x=-40 and x=-60
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km in Fig. 5.8. The tilted vertical axis of the rear inflow

jet as it crosses the horizontal planes between the 7.9 km

level and 1.9 km level is shown in Fig. 5.8.

Moving up to the 2.9 km height (Fig. 6.ld) the forward

interface of the jet is again visible in a similar position.

The area outlined by the -6 m s- contour shows the negative

vertical motion component associated with the jet as it

passes through the 2.9 km horizontal plane just below the

0°C level near 3.4 km. The mean axis of the rear-to-front

flow lies along a line connecting these two areas.

Having established this mean axis, compare it with the

relative-flow shown in Fig. 6.lc, 6.2a,c. On the 2.9 km

level the rear inflow jet is seen entering the storm (near

the upper left) just past the center of the vortex and the

comma-shaped 30 dBZ reflectivity contour. It continues on a

left-to-right course into the region of the second comma

outlined by the 20 dBZ contour. From there it continues

forward toward the convective line, while some of it is

deflected into the cyclonic circulation around the vortex

joining the front-to-rear flow seen in the upper right

portion of the analysis. The continuation of the 30 dBZ

contour from the first comma-shaped feature shows the erosion

of the stratiform anvil cloud material by evaporation forming

a notch in the stratiform echo. This is an indication in the

horizontal plane of the entrance of the rear inflow jet into

the stratiform region.
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At the next two levels (Fig. 6.2 b,d) the same general

vertical motion pattern is illustrated. The decrease in

negative vertical velocity in the area outlined by -6 m s1

at the 2.9 km height to -2 m s- at the 3.9 km height is most

likely a result of the reduced evaporative cooling rate above

the 0°C level in the atmosphere surrounding frozen

hydrometeors as compared to the higher rate in the air

surrounding the liquid hydrometeors below the melting level.

This would mean that the rear inflow jet would gain an

additional negative vertical velocity component from the

locally denser air sinking immediately below the 0°C level.

This effect would act to strengthen hydrostatic mass

divergence from the layers above, which is likely an

important element in the formation of a mesolow, and thus,

the formation of a mesoscale circulation.

Through the 4.9 km and 7.9 km levels (Fig. 6.2d, 6.3b)

each horizontal plane slices through successively reduced

portions of the rear-to-front flow at a point farther from

the speed maxima in its mean vertical axis (cf. Fig. 5.8b),

thereby, reducing its contribution to the negative vertical

velocity component. This is evident in the reduced size of

the local negative vertical velocity maxima previously

mentioned. The growth of the overall area of positive

vertical velocities at the 7.9 km height illustrates the

increasing contribution of the positive vertical velocity

component indicative of the front-to-rear flow (cf. Fig.
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6.3a) at this level.

From the examination of the vertical velocity field

and rear inflow jet together it appears very likely that the

additional negative vertical motion component supplied by the

rear inflow jet is of prime importance to the creation of

focused subsidence warming. Focused subsidence warming is a

prerequisite to the formation of a mid-level circulation and

the mesoscale surface low pressure feature known as the wake

low (Fritsch and Chappell, 1980)
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6.2 Summary of Evidence Regarding a Mesoscale Circulation

Vortex development in the lee of thunderstorms and

convective lines has been noted in studies by Jessup (1972),

Lemon (1976), Smull and Houze (1985), Johnson (1986), and

Johnson and Hamilton (1987). Fujita (1955) has shown that

wake vortices are established in the mesoscale low pressure

region trailing a line of convection (Cf. Fig. 1.2) . In

their modelling study of the blocking effects of a circular

cylinder in fluid flow, Newton and Newton (1959) have shown

that thunderstorms act to some extent as barriers to the

relative flow inducing the vertical transport of low-level

horizontal momentum, hence, creating vortices in their wake.

The signature of a vortex was resolved at the surface

by the cyclonic curvature of the winds near the mesoscale low

pressure region or wake low following the convective line

(cf. Fig. 4.11). The pressure trace at PAM II station 6

indicated the passage of the intense low pressure close to

the vortex center by a rapid drop in pressure of 8 nib in

twenty minutes (the pressure minimum occurred at 1355 GMT)

and a peak gust of wind to 25 ms.

A mesoscale circulation was clearly observed at the

back edge of the stratiforni region that was most fully

developed in the northern portions of this squall line. The

level of maximum circulation intensity was found just above

the 0°C level near the 3.9 km level. Johnson (1986) report

-ed a similar occurrence of a mid-level mesoscale circulation
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with a maximum circulation intensity just above the 0°C level

in the 23-24 June MCS observed in Kansas during PRE-STORN.

Mass divergence initiated in an upper-level mesoscale high

formed by adiabatic compression and warming in a region of

focused mesoscale subsidence could precede significant

mid-level convergence that may result in the spin-up of a

mesoscale circulation over the region of the subsidence if

the subsidence persists for a period of - 2-4 hours allowing

the Coriolis force to act on storm-relative flows - 10-15 m

s- and/or if sufficient shear exists in the horizontal

storm-relative flow.

Further, time-series analysis from PAM II station 6

indicates that the transient mid-level circulation may have

extended towards the surface deepening the wake low over a

small fraction of the mesoscale region and causing the

extremely rapid pressure drop observed. Moreover, the 1515

GMT mesoanalysis of the PAM II data (cf. Fig.4.11) revealed

that surface winds had attained a sharply cyclonic curvature

creating the strongest surface relative vorticity (20 x 10-5

1) analyzed over the PRE-STORM mesonetwork during the

passage of the MCS.
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7. CONCLUSIONS

7.1 Conclusions from the Observational Evidence

On May 28, 1985 a nocturnal mesoscale convective

system formed near the Nebraska Panhandle along the outflow

boundaries of the decaying remnants of a collection of

tornadic supercell thunderstorms. Aided by the synoptic

scale kinematic and thermodynamic situation a MCS developed

and moved southeastward, so that it had begun to enter the

northwest corner of the PRE-STORM observational network by

the early pre-dawn hours. This thesis, is a case study of

the observational data collected by Doppler radar,

conventional radar, automated meteorological stations,

geo-stationary earth orbiting weather satellite, and standard

synoptic weather stations.

The synoptic scale analysis has shown that the

prerequisites for initiation of the precursor collection of

supercell thunderstorms over the Nebraska-Wyoming border

existed in the genesis region (GR). These included advection

of warm moist air at low-levels with cold advection aloft.

Considerable directional and speed shear was found in the

airflow over the GR, with southerly flow at low levels,

west-northwesterly flow at upper levels, and a 25 m s- jet

south of the GR. The GR was located in the forward left-exit

zone of a jet streak, a very favorable position for

development of intense convection.

Scale interactions have not been a subject of this
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thesis. However, this MCS did move under an upper-level

broad high pressure ridge. Why it should not dissipate

quickly in a region of synoptic scale subsidence once away

from its GB. may be partially explained by the existence of a

lee-side trough at lower-levels.

Confluence in the steering currents of the mid-level

flow was found along the path of the MCS from central Kansas

to Arkansas. The additional positive support of the implied

mid-level positive vertical motion along this confluence line

may have played a part in maintaining the mesoscale updraft

within the stratiform anvil cloud. The confluence pattern

appears to be a result of the synoptic scale wave pattern in

which southwesterly flow is being induced by the lee side

trough and northwesterly flow is being induced by a sharp

shortwave trough downstream in the airflow (cf. Figs. 3.5,

3.9)

Dual-Doppler and PAM II analysis established the

existent of a mid-level mesoscale circulation. The origin of

this circulation appeared to be related to the formation of

an upper-level anticyclone in the region of subsidence

warming. Mid-level convergence above the 0°C level in

combination with the Coriolis force and horizontal shear in

the flow may explain the existence of a mesoscale circulation

with its greatest intensity just above the 0°C level. PAM II

time-series and mesoanalysis showed that an intense vortex

passed through the PRE-STORM observational network. The
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surface vortex may have been linked to the descent of the

mid-level circulation towards the surface.

Horizontal observations by conventional radar and

vertical cross-section observations by single-Doppler radar

confirmed that new convective cells formed along the most

southerly portion of the convective line then propagated up

the line becoming progressively weaker. A narrow stratiform

precipitation region developed rearward of the more intense

southerly component of the convective line, while trailing

the northerly portions of the line a more substantial

stratiform region with embedded areas of heavier stratiform

precipitation occurred. The most intense portion of the

trailing stratiform region can be attributed to the fallout

of hydrometeors as they are advected rearward by the

storm-relative airflow into the stratiform region.

A notch in the stratiform echo indicated the entrance

of a cool, relatively drier, rear-to-front storm-relative

flow into the rear of the trailing stratiform region. The

notch is created by intense evaporation of hydrometeors.

During a period of maximum MCS intensity (as indicated by

satellite imagery) the rear inflow jet was observed to

descend rapidly in a plunging manner near the back edge of

the convective region. Strong convective-scale subsidence in

association with heavy convective precipitation generated

during this period of intense convection may be responsible

for the plunging nature of the flow. The downward slope of
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the rear inflow jet may have provided an additional negative

vertical velocity component to transfer upper-level momentum

toward the surface, as well as to focus subsidence warming

along the back edge of the stratiform region. A

front-to-rear flow was observed to enter the storm along the

leading convective line, accelerate past the convective cells

and continue into the trailing stratiform region. The

front-to-rear flow enters the MCS from the prestorm

environment laden with heat, moisture, and momentum, which is

transported into the trailing stratiform region. This supply

of heat, moisture, momentum by the front-to-rear flow may

contribute to the genesis and/or maintenance of the

stratiform region.

7.2 Suggestions for Further Research

Further study is needed to shed light on the

mechanisms involved in the initiation of the mesoscale

circulation observed in this case. A time-series of

dual-Doppler analyses using data from the 23-24 June MCS and

28 May MCS observed during PRE-STORN should be completed. If

both MCS are studied a complete comparison of their

horizontal and vertical reflectivity and kinematic structure

could be conducted. Also the synoptic scale environment of

each case should be evaluated for differences or

similarities.

Several mesoscale modelling studies could be applied
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to study different aspects of these two cases. There are

two, which I would suggest are most important. First, a

microphysical modelling study using wind profiles from each

case. And second, a atmospheric dynamical model to study the

response of the kinematic flow to changes in the intensity of

the convection (i.e., see if a plunging rear inflow jet can

be modeled) and see to what extent the rear inflow jet

promotes the occurrence of a mesoscale circulation as it

passes through the 0°C level.

Lastly, a synoptic-mesoscale interaction study could

be helpful to the forecast of occurrence and movement of

MCSs. This study would focus on synoptic conditions

favorable to the development and extended lifecycles of

specific MCS types.
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