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A severe squall line, with several isolated storms near its 

southernmost end, was observed near Grover, Colorado, on the afternoon 

of 22 July 73 by the NHRE storm monitoring system. The northern seg-

ment of the squall line was oriented parallel to cloud level winds 

(i.e., northeast-southwest), while the southern segment was aligned 

north-south. The northern segment developed an extensive cloud free 

vault intruding into the cloud base above the lifting condensation 

level (LCL) between the precipitation and the updraft pedestal. No 

downdraft or gust front was observed from the northern segment. 

Downdrafts and a gust front characterized by a pressure jump of +3 mb 

and peak winds of 60 knots were produced by both the southern segment 

and the isolated storms. 

Examination of thermodynamic state parameters obtained by air-

craft, mesonetwork stations and rawinsondes show that the occurrence 

of the cloud free vault was a result of (1) minimized entrainment due 

to the orientation of the squall line with respect to the cloud level 

winds and (2) a consequent failure of the outflow to gain the density 

differential required to overcome the momentum of the inflow and thereby 

initiate a gust front. 
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1.1 Introduction 

CHAPTER I 

LITERATURE REVIEW 

Although the thunderstorm, and the processes initiating it, have 

fascinated mankind for thousands of years, its resultant inner struc­

ture has remained a mystery until quite recently. Earliest explana­

tions for the phenomenon commonly appeared i n mythology, while more 

logical notions were offered by early scholars (e.g., see Aristotle's 

Meteorologica, as discussed by Lee, 1962). Unfortunately, most early 

interpretations of thunderstorm related even t s were incorrect. Perhaps 

because the thunderstorm devel ops high above the earth's surface-­

beyond man's na tural reach--few notable advances toward understanding 

the phenomenon were made prior to the late 19th Century. 

Late 19th and early 20th Century interpretations of t hunderstorm 

structure were based primarily on visual observation . However, the 

renewed interest in science which came with the Renaissance had given 

man a deeper · understanding of natural forces. More reasonable explana­

tions of thunderstorm processes were thus offered by scientists of the 

time. A rather extensive revie,,, of thunderstorm models conceived during 

this period can be found in Ludlam (1963). In his treatment, Ludlam 

notes that many of these ideas (notably those concerning the distribu­

tion of airflow and precipitation in thunderstorms) were correct in 



essential details. However, the val idity of these early conceptions 

lacked experimental verification. 
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With the discovery and improvement of radar and the equipping of 

aircraft with instrumentation, more sophisticated research was possibl e . 

Data thus collected provided atmospheric scientists with a means of 

constructing dynamical models to explain the structural features of the 

thunderstorm. 

The analysis contained herein deal s with a previousl y unexplained 

structural feature- -the cloud free vault . This term was coined to 

describe a volume of cloud- free air intruding into cloud base, above 

the lifting condensation level (LCL), between the updraft pedestal and 

the precipitation curtain. There is a similar structure occasionall y 

observed to occur ahead of the updraft pedestal which contains s t rong 

updrafts (see e.g., Bro,oning and Foote, 1975) . These two different 

phenomena should not be confused . 

The objective of the present study is to examine the availabl e 

thermodynamic and kinematic data in an attempt to explain the pre.sence 

of the visual cloud free vault, as well as establ ish its origin and 

importance. 

Much of the data for the present study were gathered by radar sys­

tems and instrumented aircraft and the conclusions rely heavily upon 

kinematic models of thunderstorm structure developed by investigators 

(see below) utilizing these relatively new tools . Consequently, i .t is 

appropriate to present here a review of the evolution of. thought regard­

ing the thunderstorm. 
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1.2 General Thunderstorm Structure 

The first published data utilizing the new capabilities for thun­

derstorm research resulted from the United States Weather Bureau's 

Thunderstorm Project (1946-1947) in Florida and Ohio. A report emerged 

entitled, "Thunderstorm Structure and Circulation," by Byers and 

Braham (1948), which outlined the major findings of this project. The 

results provided experimental verification for some points, quantified 

certain features, furnished deeper insights into others, and suggested 

new directions for research . 

There were two particular results from this research relevant to 

the material presented in this thesis. The data showed that a thunder­

storm most often consists of isolated regions of convective activity 

which were termed " cells." These cells are often found imbedded in 

non-convective cloud material. The individual cells exhibit a three­

stage life cycle consisting of: 

1. "Cumulus stage ," characterized by updrafts throughout the 

forming cloud. 

2. "Mature stage," characterized by a continuation of updrafts 

and development of cool air downdrafts (with the onset of 

precipitation) . 

3. "Dissipating stage," characterized by a dissipating updraft 

and a spreading of the downdraft beneath the cell, with the 

tendency being for the outflow to spread preferentially to 

one side of the cell. During this stage the air mass discon­

tinuity between the environment and the outflow ac t s as a 



4 

miniature cold front which often plays an important role in 

initiating new cells via mechanical lifting. 

The second significant result, with respect to the study, was that 

entrainment (i.e., the drawing in of external air) and the consequent 

mixing of environmental air with that of the thunderstorm modified the 

storm appreciably. One effect of entrainment is to cool the updraft-­

both by mixing with cooler mid-level air and by evaporating cloud 

particles as they pass through this intruding drier air. The result 

is that the updraft lapse rate becomes somewhat steeper than moist­

adiabatic. Entrainment ~as also ?ostulated to affect the downdraft 

by furnishing a non-adiabatic cooling mechanism through which the 

downdraft (triggered and maintained by falling raindrops) might be 

assisted. 

This pioneering work, coupled with subsequent experiments and more 

recently evolved models, has been summarized by Ludlam (1963). Of 

perhaps greater importance is that within the paper presented by 

Ludlam (1963) was outlined a comprehensive case study of a storm which 

occurred near Wokingham, England, on 9 July 1959 (analyzed by Browning 

and Ludlam, 1962). The study concerned a type of storm previously 

uninvestigated, i.e., the large, long-lived, single cell, steady-state 

thunderstorm termed a "supercell" (Browning, 1962). On the basis of 

the Wokingham storm, a supercell model was postulated from several 

distinctive radar features, as 'veIl as supportive surface observations 

of wind and precipitation. 
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The mast impartant radar feature abserved by Brawning and Ludlam 

(1962) was a reg ian intruding vertically into. the radar image an the 

farward edge af the starm in which there was no. detectable echo. (Figure 

1.1). This regian, designated the echa-free vault (nat related to. the 

claud free vault), was baunded by a vertical precipitatian "wall" an 

the central and right-hand partian af the frant af the starm. Further, 

the echa-free vault was capped by a "farward averhang" af the radar 

echo.. 

Synthesis af radar data with surface metearalagical data resulted 

in the supercell madel illustrated in Figure 1.2. This diagram, par-

traying the prapased air parcel trajectaries relative to. starm matian, 

shaws: (1) the updraft entering the starm an the right frant flank 

(beneath the averhang), (2) a micra-s.cale cald frant at the inflaw-

autflaw baundary an the right frant edge af the starm, and (3) air 

entraining into. the starm at mid-levels. 

In additian to. the kinematic features af the supercell illus-

trated by this madel, Ludlam (1963) autlined still anather impartant 

canclusian reached by Brawning and Ludlam (1962). Up to. the time af 

the Wakingham starm analysis, large vertical wind shears were assumed 

to. inhibit canvective grawth. Hawever, same accumulated evidence 

existed to. indicate that strang harizantal intrusian af mid-level air 

accurred during same af the mare severe thunderstarms. As Ludlam nates, 

same starms had been analyzed in which wet-bulb patential temperature 

(8 ) values behind the micra-scale cald frant frequently carrespanded 
w 

to. values encauntered at heights of several kilameters. The implica-
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Figure 1 . 1 A schematic interpret ation of the radar and visual struc­
ture of the Wokingham superce11 storm . 
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Figure 1. 2 Three- dimensional model of the airflow within the Hokingham storm (after Browning and Ludlam, 1962). 
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tion from this discovery was that at least some of the air appearing 

ih the surface outflow had been mid-level, environmental air which had 

been transported downward. 

Ludlam (1963) argued that without wind shear, .an updraft necessari­

ly forms upright. As condensation occurs, precipitation falls through 

the updraft, either impeding its grm<th or destroying it completely. 

However, in the presence of wind shear the updraft may become tilted 

and separate from the do,.ndraft. Such structuring would create a 

quasi-steady, updraft-downdraft system working side by side without 

mutual interference. 

Furthermore, in the presence of shear, mid-level air might in­

trude into the storm. Ludlam points out that early investigators 

(e.g., Normand, 1938) had suggested that if water droplets could be 

evaporated into already cool entraining air, the kinetic energy of the 

downdraft might be substantially increased by a decrease in buoyancy 

and the consequent gravitationa l sinking. It would appear from these 

arguments that vertical wind shear is an extremely important (possibly 

even necessary) condition for the occurrence of severe local storms. 

The basic supercell model proposed by Bro;ming and Ludlam (1962) 

has not been appreciably altered by succeeding investigators. A subse­

quent study by Browning and Donaldson (1963) analyzed a supercell storm 

which occurred near Geary, Oklahoma, on 4 May 1961. Both were similar 

to those of the Wokingham storm. The Geary storm synthesis thus served 

to confirm the results obtained by Browning and Ludlam (1962). 
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Subsequent investigations further confirmed the model suggested 

by Browning and Ludlam (1962). On 28 July 1969, Marwitz and Berry 

(1971) in Alberta, Canada, conducted a flight into a weak echo region 

(WER*) to verify that this region inside the storm was indeed an up-

draft zone as suggested by Browning and Ludlam (1962). Several other 

investigators had already observed an organized updraft zone beneath 

this portion of the cloud (e.g., Marwitz et al., 1969; Auer et al., 

1970). Results from the Marwitz and Berry experiment confirmed that 

an updraft zone existed ,dthin this WElL 

Thus, the principal features of the air circulation within large, 

well organized thunderstorms were generally established. Refinements to 

various facets of thunderstorm structure are still underway. One such 

component still under investigation is that of thunderstorm outflow. 

1. 3 Outflm' and Downdraft Structure 

A distinction is often made between the terms "outflow" and "down-

draft." For the purposes of this paper, it shall be assumed that 

"outflow" is the more general term, referring to all the air leaving 

the storm regardless of direction of flow. The term "downdraft" shall 

refer to that portion of the outflow associated with the main echo and 

having a marked downward component of motion. 

The mechanisms which form and maintain the downdraft have been 

the subject of considerable speculation and research. Near the 

*The term "weak echo region" had, by this time, been substituted 
for the term lIecho free vault," since the region in question did contain 
small cloud droplets (and thus could produce an echo) even though the · 
region would appear "echo-free" to a radar equipped only to detect 
larger precipitation particles. 
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beginning of the 20th Century, Humphreys (1914) suggested that down­

drafts formed as a result of cold rain and hail falling from near 

cloud top through the warmer cloud air below. The downdraf t was thus 

postulated to occur via three mechanisms, namely: (1) frictional drag 

induced by the falling drops, (2) an increase in air density resulting 

from conductive cooling of the column by the cold particles and (3) 

a further increase in density due to evaporation of the descending 

drops. 

As previously mentioned, Byers and Braham (1948) s tudied several 

storms in Florida and Ohio . Their conclusions agreed generally with 

those of Humphreys, indicating that he was essentially correct in his 

analys is. Byers and Braham found, however, that an essentially 

ignored process (i.e., en trainment) also played an important role in 

t he downdraft. Furthermore, they also noted that while an updraft 

might extend all the way to cloud top, downdrafts originate below 

",25,000 feet. 

As discussed in the preceding section, Ludlam (1963) preserit.ed a 

"state of the art" synopsis of the thunderstorm. Ludlam's contention 

that vertical wind shear is a significant factor for the occurrence of 

severe local storms forms an important part of the downdraft arguments 

herein. 

Contrary to previous speculation that the strong downdrafts formed 

chiefly from cloudy air modified by precipitation, New ton (1966) argued 

that, in fact, entrainment was the primary factor. Newton began his 

argument by demonstra ting that the updraft core in severe thunderstorms 
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must remain fundamentally undiluted from cloud base to near cloud 

top. He based this contention on the fact that the height reached 

by the updraft (in a case study of a severe squall line thunderst.orm) 

agreed very well with the height predicted by undiluted parcel theory. 

Then, utilizing thermodynamic arguments, he showed that it would be 

nearly impossible for this undiluted updraft air reaching cloud top 

to return to the lower troposphere via any known mechanism. Conse-

quently, the downdraft must have its primary source elsewhere. (He 

did conclude, however, that, due to vertical wind shear, the updraft 

leans in an upshear sense, making it possible for some condensed water 

to f all from the updraft into the downdraft region.) 

In searching for a source of the downdraft air, Newton compared 

the e values found in the surface outflow to those of the environment. 
w 

He discovered (as had earlier investigators) that 8 values appearing 
w 

in the surface outflow corresponded to 8 values at mid-cloud level 
w 

(i.e., 400-650 mb). 

On this basis, Newton postulated a separate circulation for the 

downdraft--its main source being horizontally entraining mid-level air 

which becomes negatively buoyant upon entering the storm environment. 

The updraft (tilted in an upshear sense) deposits condensed water into 

this intruding stream of air and chills it even further through evapora-

tion. The consequent gravitational sinking of the denser air possessing 

a large horizontal momentum becomes the mechanism for the formation of 

the micro-scale cold front which, in turn, undercuts and regenerates 

the updraft. 
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The dynamical model upon which the present analysis is based is 

that of Newton (1966) and is presented schematically in Figure 1.3. 

STORM MOTION .. 

Figure 1.3 Vertical c ross-section of a single storm in a squall line 
illustrating the principal branches of air circulation 
(after Newton, 1966) . 



CHAPTER II 

OBSERVATIONAL SYSTEMS 

2.1 Introduction 

The case study of 22 July 1973, was conducted as part of the 

University of Wyoming's participation in the five year National Hail 

Research Experiment (NHRE) which was supported by the National Science 

Foundation (NSF). The general goals of the NHRE were to increase 

man's understanding of the dynamics and microphysics of severe local 

storms and to thereby develop a practical method of suppressing 

damaging hail. Field headquarters for the NHRE was located in north-

eastern Colorado near the town of Grover. 

2.2 Data Collection 

Synoptic data. National Weather Service (NWS) synoptic data were 

used in a supportive fashion ·for the case described in this paper. 

Because these data were not critical to the final conclusions,. measure-

ment errors were not critically evaluated. 

Mesone~ork data . In addition to the NWS synoptic data, the NHRE 

operated a surface mesonetwork consisting of 33 stations in the area 

under consideration. These stations were located from Grover east in 

a grid pattern covering an area of 
2 

"'3000 km (Figure 2.1). 

temperature, relative hu~idity and winds were recorded at each site on 

24-hour strip charts. Instrumentation at each site consisted of: 
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Figure 2.1 The NHRE s urface mesonetwork and the Protected Area . 
Boxes indicate mesonet stations . NCAR and CHILL radar sites 
sites are also shown . Grover and St erling, Col orado rawin­
sonde release sites are located at the mesone t s tations 
indicated. 
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1. Climet Wind System, providing measurements of wind speed and 

direction with an error of ±2 km/hr (speed) and ±2° (direction). 

2. Epic thermograph, measuring temperature to within ±0.5C*. 

3. Serdex hygrograph, employing a diffusion membrane to record 

relative humidity with an error of ±4%*. 

4. Belfort microbarograph, measuring pressure in millibars 

(±l mb). 

Mesonetwork ins truments were extensively calibrated at the 

beginning and end of each operational year. Additionally, each func­

tioning station was visited at least once a day to change the charts, 

as well as to calibrate the time, temperature, humidity and pressure. 

Necessary preventative maintenance was also performed during these 

visits. 

Upper air data . Routine }rus rawinsonde data were available for 

the case presented in this paper. Data were also available from the 

NHRE radiosonde release sites near Grover (GRO) and Sterling (STK) , 

Colorado. Both Grover and Sterling sites operated seven days a week 

with routine releases at 0·800 MDT, llOO }1J)T, 1400 }1J)T and 1700 IIDT . 

Radiosonde temperature values (unsaturated) were accurate to 

within ±0.5C (e.g., Lenhard, 1970). Relative humidity measurements 

were considered accurate to within 4% (as opposed to the normally 

assumed 5%) because of an improved air intake duct designed by Friedman 

(1972) . 

*T. R. Nicholas, staff member, NHRE, personal communication. 



16 

Radar. Two research radar systems for measuring reflectivity 

factors were operated concurrently during the 1973 NHRE season--the 

NCAR radar near Grover and the CHILL radar (University of CHicago-

ILLinois State Water Survey) near Fort Morgan. Although both systems 

monitored storms at two wavelengths (3 cm and 10 cm), only the S- band 

(10 cm) wavelength data were used in the present analysis . Average 

log reflectivities were recorded digitally on magnetic tape for later 

computer processing . 

Characteristics for the NHRE radar were as follows: 

NCAR CHILL 

Type of radar CPR-2 AN/FPS-IS 
(mod. ) 

Peak transmitted power, kw 1000 600 

Beamwidth, deg 0 . S5 0.S5 

Wavelength, cm 10.7 10.7 

Pulse repetition frequency, PPS 1071, 1250 974 

Operational scan modes PPI PPI 

Both of the NHRE radar systems were found to contain certain 

intrinsic errors. It was discovered that absolute reflectivity values 

reported by the NCAR radar were somewhat suspect. Two separate cali-

brations (and subsequent investigations) indicated a depressed gain in 

the receiver part of the system of 'VSdB . However, absolute reflec-

tivity values were not critical in the present analysis so that these 

errors did not affect the results . 
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Calibration tests performed on the CHILL radar system showed that 

its reflectivities were in error by a factor of ~2dB. Furthermore, due 

to a faulty memory element in the CHILL processor, an azimuth distor­

tion of the PPI presentation appeared in the computer output from the 

CHILL system. As in the case of the NCAR errors, neither the reflec­

tivity error nor the azimuth distortion affected the results herein, 

In addition to the aforementioned systems, radar data from the 

NWS WSR- 57 weather radar at Limon, Colorado (LIC) , were used for inter­

comparison checks of the Grover and Fort Morgan radars. Furthermore, 

neither Grover nor Fort Morgan radars were focused continuously on the 

portion of the storm under consideration here, since they were both 

pursuing their primary objective, i.e., monitoring storms which might 

potentially deposit hail on the protected area (see Figure 2 . 1) . Con­

sequently, coverag.e by these two radars was rather sporadic . LIC data 

wer e thus also useful in furnishing a continuous overview of the com­

plete storm system. 

Aircraft. Four instrument ed aircraft flew beneath the base of the 

cloud containing the cloud-free vault on 22 July 1973. They were the 

University of 1</yoming Queen Air (NIOUH), two NCAR Queen Airs (N304D and 

N306D), and the NCAR de Havilland Buffalo (N326D) . 

The Wyoming Oueen Air was an instrumented twin-engine Beechcraft 

air plane equipped to measure and r ecord the parameters of state, verti­

cal winds and the aircraft parameters (i.e . , manifold pressure, rate of 

climb, indicated air speed, turbulence and aircraft position relative 

to the ground). Crew members utilized voice recorders to describe 
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significant events and cameras to photograph visual events, when appro­

priate. Crew members also had access to an event coding system by 

which meteorological events (such as "enter cloud base,1I "encounter pre­

cipitation,lI "enter updrafts," etc.) could be registered as a permanent 

record when a specific event button was pushed. Ten different buttons 

representing separate events were available for use by each crew 

member. The flight path of NlOUW was reconstructed from the recorded 

DME and VOR. The VOR-DME positioning system was felt to be accurate 

to +1° (direction) and 0.2 km (distance). For a detailed discussion 

of the instrumentation on NlOUW, refer to Endsley and Knowlton (1973). 

A listing of the aircraft's instrumentation is given in Appendix A. 

With a felo1 important variations, the parameters (and accuracies 

thereof) monitored by the NCAR Queen Afrs were nearly identical ·to 

those gathered by NlOUW. One exception was that neither N304D nor N306D 

were equipped to measure vertical winds. On the other hand, both of 

these aircraft recorded horizontal winds using a Doppler radar naviga­

tional system. The Doppler system also formed the basis for calculating 

and recording flight paths for the NCAR Queen Airs. To obtain aircraft 

positions with time, the output from the Doppler system is integrated. 

All errors, "hether discretely or continuously created, are thus accu­

mulated. Since the Doppler data are quite unreliable during turns, 

most of the positioning errors. were accumulated. HO>7ever, the NCAR 

Queen Airs flew paths which intermittently crossed the path of the 

Wyoming Queen Air several times between 1700 and 1725 MDT, and it was 
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possible to adjust the flight tracks during this period. Positioning 

accuracy for the corrected tracks is assumed to be ~l km. After 1725 

MDT the NCAR Queen Airs flew in formation with the NCAR Buffalo 

(N326D). Therefore, positions for N304D and N306D could be inferred 

from flight track data of the Buffalo, whose position (as discussed 

below) was known to a high degr ee of accuracy. By this method any 

intrinsic errors in the NCAR Queen Airs' positioning systems were not· 

important. A comp l ete list of the instrumentation appears in Apoendix 

A. 

The NCAR Buffalo was equipped to monitor the parameters of state, 

both vertical and horizontal winds and the aircraft parameters. Posi-

tion keeping was obtained with an Inertial Navigational System. The 

flight track reconstructed via this system was based on changes in 

aircraft position relative to position at take-off. These changes in 

position are computed from instrumentally derived, three-dimensional 

velocity vectors. The accuracy of points thus calculated are assumed 

-1 to be ~1.5 km hr of flight due to the high accuracy of the computed 

velocity vectors. A listing of this aircraft's instrumentation can be 

found in Appendix A. 

It should also be noted that none of the NCAR aircraft had event 

coding systems or voice recorders to aid in t he later interpretation 

of ambiguous data . 

Since instrumentation on the four aircraft differed somewhat, it 

was necessary to perform inter-comparison tests to establish that the 

four aircraft were recording identical values for the parameters under 



consideration. Two different procedures were employed toward this 

end. 
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The first test consisted of aircraft flights past a well cali­

brated, instrumented tower (located six miles south of Grover) to 

compare temperature, pressure and relative humidity. The second test 

consisted of a series of formal inter-aircraft comparison flights with 

all four planes flying in close formation. The reference aircraft for 

the inter-comparison of meteorological and aircraft variables was the 

NCAR Buffalo. No other tests were required to establish the inter­

changeability of these data (Biter and Hade, 1975). 



CHAPTER III 

CASE STUDY - 22 JULY 1973 

3.1 Introduction 

A severe squall line occurred on the afternoon of 22 July 1973 in 

the vicinity of the NHRE storm monitoring network, headquartered near 

Grover, Colorado. Several isolated storms also formed near the 

southernmost end of this squall line. 

Meteorological conditions .. hich prevailed early in the day indi­

cated that strong storm potential existed. The morning (0600 MDT) 

500 mb analysis shm,ed a long wave trough positioned over the western 

lJnited States. A relatively weak short wave (with an associated sur­

face cold front) was superimposed on this major disturbance and was 

approaching the lnIRE study area from the west. Resultant wind flow 

above 600 mb was generally southwesterly over the area (Figure 3.1). 

Proximity rawinsonde data (Figure 3.2) indicated that strong condi­

tional instability was present in the atmosphere, but was capped by a 

stable layer near cloud base. The temperature and pressure at cloud 

base were 12C and ~760 mb, respectively, as determined by instrumenta­

tion onboard the Wyoming Queen Air. This corresponds to an equivalent 

potential temperature value of 343.5 K. 

The squall line which developed slightly ahead of the rapidly 

moving surface cold front formed in a rather peculiar manner. The 

northern segment of the squall line formed .Qth an orientation nearly 
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Figure 3.2 Sterling, Colorado sounding at 1630 MDT plotted on a 
Skew T-Log p diagram . Temperature (T) and dew point (DP) 
traces as indicated . Also shown is the vertical profile 
of Be . Be at cloud base was 343 .5 K. 
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parall el to the cloud level winds (i.e., NE-SH), while the southern 

segment was aligned N-S (Figure 3 .3). A group of isolated storms was 

located southeast of this line. 

Several small tornadoes and funne l clouds, large hail (e.g., as re­

ported near Cheyenne, loIyoming at 1700 MDT by the CYS reporting s tation) 

and a strong gust front occurred in association with the southern seg­

ment of the squall line. The isolated storms also developed strong gust 

fronts. These gust fronts will be discussed later. However, according 

to both voice tape notes from Nl01J\ol and aircraft data from all four air­

craft, the northern segment did not form a gust front. Instead, it 

acquired a large visual cloud free vault ·between the precipitation 

curtain and the shelf-like updraft pedestal (Figures 3 .4 and 3.5). 

This vault on the Grover squall line expanded to a width of ~lO km, 

a length of ~60 km and extended vertically some 0.6 km above the base of 

the updraft pedestal, i.e., the lifting condensation level. The length 

was estimated by observers onboard Nl01J\ol; width and height were deter­

mined from aircraft data obtained during vault penetrations. In addi­

tion to the well defined updraft pedestal (see Figure 3.5c), a most 

distinctive visual feature was the vault's "roof." As may be seen in 

the photographs (Figure 3 .5), the clouds composing the roof displayed 

a very ragged, scalloped appearance. These fo rmations might easily be 

mistaken for mammatus, but when observed at close range from aircraft 

they do not exhibit mammatus characteristics. An extensive diffusion 

of sunlight shining through the roof indicated that the cloud l ayer 

capping the vault was very thin. 
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Figure 3.3 Colorado and surrounding states showing the 500 mb wind 
barbs and streamlines from the 0600 MDT NWS summary . 
Superimposed are wind data from Grover and Sterling, 
Colorado 1630 MDT radiosonde releases. The squall line 
and the area of isolated storms are depicted schematically. 



CYS x 

/ 
/ 

/ 

/ 

o 10 20Km 
, , ,I" ! , I 

/ 

/ 
/ 

• • 
• 

X GRO 

1728 MDT 

26 

Figure 3.4 Cloud base PPI radar presentation taken from the CHILL 
radar at 1728 HDT. Contour intervals are lOdBz beginning 
at 20 dBz. Dashed line represents the leading edge of the 
cloud free vault. 



a. b. 

c. d. 

Figure 3.5 Photographs of the cloud free vault at (a) 1734 MDT looking east­
southeast from inside the vault (see Figure 3.6), (b) 1810 MDT 
looking southeast a long fron t edge of vau1 t (Figure 3.7), (c) 
1744 MDT looking north tm,ard the shelf-like updraft pedestal 
along the leading edge of the vault (Figure 3.6) and (d) 1745 MDT 
along the leading edge of the vault showing the s lope of cloud 
base near the vault (Figure 3.6). N 

-.J 
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3.2 Data Synthesis 

Thermodynamic and kinematic data from three regions--the inflow 

air, the air within the cloud free vault and the gust front air near 

the southern segment of the squall line were synthesized. 

The cloud free vault. Two separate penetrations of the cloud free 

vault were made by the Wyoming Queen Air--one constant altitude pass 

at "'2.3 krn HSL (Figure 3.6) and another flight spiraling upward from 

near ground level to an altitude of "'2.7 krn HSL (i.e., 0.2 krn below 

the roof of the vault) as shown in Figure 3.7. Data collected during 

these two flight segments are shown in Figures 3.8 and 3.9. 

At the time of the first vault penetration ("'1730 HOT) by NIOUW, 

the NCAR planes were flying just ahead of the leading edge of the vault. 

Examination of horizontal wind (as well as thermodynamic) data obtained 

during this period by the NCAR planes showed that the region near the 

cloud pedestal was an inflow zone. These data, in conjunction with 

data gathered by NlOUW as it passed beneath the pedestal, furnished 

justification for referring to this structure as an "updraft" pedestal. 

During the eight minutes preceding the second vault penetration 

("'1806 HOT), NIOUW descended through the environment immediately ahead 

of the storm from an altitude of "'3.6 krn HSL to near ground level. 

This descent furnished sounding data for the air directly ahead of the 

advancing storm. By combining these sounding data with those from 

within the vault, and assuming the vault to be approximately steady­

state for this twenty minute period, it was possible to synthesize a 

complete vertical profile of the phenomenon. 
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Figure 3.6 Plan view and vertical profile of the storm at 1734 MDT. 
PPI radar echo from the CHILL radar. Dashed line repre­
sents the leading edge of the cloud free vault. Dot-dash 
line depicts the flight path of the Wyoming aircraft from 
1729 to 1745 MDT relative to the storm. Dots are placed 
at one minute intervals. Small letters (a), (c) and (d) 
represent the position of the plane at the time the 
corresponding photographs in Figure 3.5 were taken. The 
vertical profile is a composite of horizontal scans from 
1734 to 1736 MDT along line A-B as indicated in the plan 
view. 
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Figure 3.7 Plan view and vertical profile of the storm at ~1800 }IDT. 
PPI radar echo from the CHILL radar. Dashed line repre­
sents the leading edge of the cloud free vault. Dot-dash 
line depicts the flight path of the lo/yoming aircraft from 
1804 to 1817 MDT relative to the storm. Dots are placed 
at one minute intervals. Dotted line in upper figure re­
presents the flight path of N326D, showing "inds encountered 
at ~0.8 km AGL. Direction represents wind direction. 
Length is proportional to speed (1 km = 2 m sec-I). Small 
(b) shows the position of the plane at the time the corres­
ponding photo in Figure 3.5 was taken. The vertical profile 
is a composite of horizontal scans along line A-B as indi­
cated in the plan view. Vertical profile is exaggerated 
2:1 in the vertical. 
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During this time period the NCAR aircraft were attempting to fly 

slightly ahead of the vault, but were inadvertently passing in and out 

of vault air. Data collected during this time showed winds to be light 

and variable along this boundary (Figure 3.7). 

Data collected from both vault passes clearly indicated a well 

defined boundary between the inflow air and the air within the vault. 

The shape of this boundary (or "nose") is assumed to be similar to the 

model developed by Charba (1974) for outflow air. In the vertical 

cross-section (Figure 3.10), this boundary is defined by strong hori-

zontal gradients of specific humidity (q), potential temperature (6), 

equivalent potential temperature (6 ) and virtual potential temperature 
e 

(6*). The data also showed that the air within the vault contained no 

significant updrafts or downdrafts and was generally quiescent and non-

turbulent, both as described verbally by aircraft crew members and as 

measured by the NIOUW UITS system. Recorded Indicated Turbulence was 

2/3 -1 IT ::. 2 cm sec, ,,,hich corresponds to light turbulence (MacCready, 

1964, as adapted to NIOUW by Marwitz, 1972). 

Examination of these results (Figure 3.10) leads one to speculate 

on the source of the air in the cloud free vault. Of the several pos-

sible explanations, most can be logically eliminated. First, the vault 

air could not have entered directly from the environment ahead of the 

storm because of differences in the derived state parameters across the 

boundary of the nose. Neither could the air have descended through the 

roof of the vault. \~ere this the case, the vault roof would have eva-

porated. With these two possibilities discarded it becomes obvious that 
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Figure 3.10 Vertical cross section (scaled 10:1) of the cloud free 
vault at 'V1800 MDT. The region shown is that outlined by 
the dotted rectangle in Figure 3.7. The leading edge 
(\-lith respect to storm motion) of the 20 dBz echo is 
shoHn as well as the visual cloud free vault . The heavy 
black line on the nose of the vault represents the boun­
dary between the vault air and the inflow. Thin black 
lines in each of the four parts illustrate the fields of 
.specific humidity (q), potential temperature (8), equiva­
lent potential temperature (8 ) and virtual potential 

e temperature (8*). 
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the air in the cloud free vault must have come from the downdrafts of 

the storm. However, the origin of this downdraft is still in question. 

As to whether the vault air could have resulted strictly from a 

pseudo-adiabatic process, one must first consider the conservative 

nature of 8. It is known (e.g., Hess, 1966) that 8 is a conservative 
e e 

property for atmospheric processes in which external heat or moisture 

is neither added to nor taken away from the parcel of air under consid-

eration. Thus, had the vault air entered the storm as inflow, undergone 

a pseudo-adiabatic precipitation process and exited as outflow into the 

vault, one would expect to find 8 values on either side of the boundary 
e 

of the nose to be equal. As may be seen in Figure 3.10, there is a 

difference in 8 of l2C across this boundary. It is, therefore, con.­
e 

eluded that the air within the vault might have had its primary source 

in the inflow, but must have undergone at least some modification 

through a non-adiabatic mechanism. 

Two non-adiabatic processes (which might affect the inflow air on 

its way through the storm toward the cloud free vault) were considered. 

They were conductive cooling of low and mid-level storm air by cold pre-

cipitation from above and the entrainment of air from outside the storm. 

A close look at the process of conductive cooling was deemed 

necessary. Calculations were made based on a form of the equation for 

thermal conduction (e.g., Byers, 1965). The heat lost to the air, Q, 

by a drop of water at a different temperature is given by 

(3.1) 

where rd is the radius of the drop, ~T is the difference in temperature 
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between the drop and the air, A is a constant depending on the nature 

of the substance (designated the thermal conductivity) and y is a ven-

tilation factor inserted to account for the effect of forced convection. 

In order to estimate the heat transferred by conduction, rain-

drops with radii of 1 mm ~ere assumed to occur in a concentration of 

3 drops per liter. This represents a liquid water content of ~12 

gm kg-I, "'hich is felt to be an exaggerated value for the storm under 

consideration (e.g., see the specific humidity analysis in Figure 

3.10). 

liT was estimated in the following manner. The heat stored by a 

1 rom radius drop of water can be shown to be, 

(3.2) 

where P
L 

is the density of water and c
L 

the specific heat of water. 

The time derivative of (3.2) is simply the heat flux and is therefore 

equal to (3.1) or, 

dT 
or, dt 

dT dT 
but, dt - dz 

dz 
dt 

Solving (3.3) and 0. 1,) simultaneously yields, 

(3.3) 

(3.4) 

(3.5) 

Assuming a drop of radius 1 rom (as previously stated), a lapse rate of 

-1 -1 
5.5C km ,a terminal vertical fall speed of 650 cm sec (Mason, 1971) 
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and a ventilation factor of 8.5 (e.g., Ranz and Marshall, 1952) and 

using values for P
L 

of 1 -3 7 -1 °K- l grn cm , c
L 

of 4 . 186(10) ergs gm and 

A of (2 . 4) (10) 3 -1 -1 -1 
(3.5) erg cm sec oK yields upon substitution into 

~T = -0.25C for this case . 

Substitution of the above values into (3.1) produces (for a single 

drop), 

3 - 1 Q = 4rrr
d

Ay6 ~ 6.4(10) erg sec 

With the previously assumed drop concentration of 3 drops per 

3 cm , the total heat flux is, 

-1 -3 4 - 1 - 1 QT = 19 . 2 erg sec cm ~ 1 . 9(10) erg sec em 

The specific heat capacity for moist air is, 

-1 - 1 c 0.24(1 + 0. 9q) cal grn OK 
P 

7 -1-1 
(~(10) erg gm K here) 

By combining the total heat flux with the 

is found that the total cooling by conduction 

specific heat of air, it 

-3 is 1 . 9(10) per second. 

As previously speculated, the air within the cloud free vault was 

outflow from the storm. However, due to the slow growth rate of .the 

vault, it appears that the outflow must have been leaving the storm in 

a rather sluggish manner. Therefore, the "in storm" residence time 

of an a ir parcel entering the cloud as inflow and exiting into the 

cloud free vault might be as great as 30 minutes (an extreme value). 

With a res i dence time of 30 minutes, the conductive cooling could, at 

best, result in a loss of temperature by an air parcel of ~3 . 4C. 

Thus, even with all variables exaggerated, conductive cooling could 

only account for 3.4C of the l2C difference observed. Calculations in 
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which hail particles were substituted for raindrops, yielded simil ar 

results. These estimations effectively eliminate conduction as a 

source for the major modification of e • 
e 

By the preceding process of elimination, one is left with the 

only other choice--that of entrainment--as the major non- adiabatic 

mechanism by which the inflow could be modified. It is evident that 

the vault air (which contained e'e values some l 2C cooler and e* values 

~2C cooler than the inflow) was primarily a mixture of inflow air 'with 

entraining air . 

The southern storm components . In contrast to the results ob-

tained for the northern segment of the squall line, synthesis of 

mesonetwork and aircraft data from these southern components revealed 

large contrasts between the subcloud air ahead of the storms and the 

air behind the gust fronts . In Figures 3.11 and 3.12 are presented the 

results of analysis of surface mesonetwork data. Cold front positions 

and the spacing of gradients were obtained by space-time conversion of 

s trip chart data. The analysis r evea ls two cold fronts. The E-W 

oriented front (Figures 3.11 and 3 . 12) crossed the mesonetwork first, 

moving from south to north. Gradients of thermodynamic proper'ties 

behind this front were generally weak. Comparison of surface cold 

front data with radar da til from the CHILL radar showed this air mass 

t o be a remnant p,ust f r ont from a s torm which had dissipated a t ~1730 

MDT . Subsequently, the second gust front (N-S oriented) entered the 

mesonet at ~1820 MDT from the west and was associated with a strong 

cell (40-50 dbZ) located near Grover. 



Figure 3.11 Surface analysis of 8e at 1838 MDT based on time to 
space conversion of data from 14 NHRE mesonetwork 
stations. 

e' in OK 
1638 MOT 

" 

Figure 3.12 Analysis of 8* at 1838 HDT at the surface based on 
time to space conversion of data from 14 NHRE meso­
net1vork stations. 

39 



40 

Surface analysis of 6 at 1838 MDT (Figure 3.11) revealed a core 
e 

of very low 6 values (6 = 321 K) associated with the N-S oriented e e 

gust front. A lack of radar data from 1800 to 1855 MDT made it im-

possible to attribute this core of low 6 air to a particular storm 
e 

cell. However, comparison of both 1800 and 1855 HIlT radar data with 

data gathered during this period by the NCAR aircraft made interpola-

tion of storm position possibl e . Resu lts from this interpolation showed 

that the core of low 6 air had its origin from the southern components 
e 

of the storm system, i.e., components which were more exposed to mid-

level winds. 

These low 6 values were also observed by the NCAR aircraft. At 
e 

'01825 MDT both NlOUW and the NCAR aircraft terminated the storm study 

and started toward their respective home fields. App r oximatel y seven 

minutes later (1832 MDT) and directly above the surface gust front, the 

NCAR fleet inadvertently encountered a region of extremely strong winds 

(Figure 3.13). (Compare to light and variable horizontal winds encoun-

tered near the cloud f r ee vault--see Figure 3.7.) Synthesis of 

meteorological data collected during this encoun t er (Figure 3 .14) dis-

closed that the values of 6 encountered in the outflow at '00.8 km AGL 
e 

were similar to those at the surface a t the same time and location. 

Comparison of surface and aircraft sensed e values obtained in the out­
e 

flow with those of the environmental sounding (see Figure 3.2), shows 

that the gust fronts associated with the southern componen ts of this 

system contained e values cor responding to air in a shallow layer near 
e 

500 mb. Discounting the small amount of conductive cooling which might 
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Figure 3.13 Flight path of N326D from 1830 to 1845 MDT shOl,ing gust 
front winds enconntered at 1832 at 0.8 km AGL. Direction 
of wind barb represents wind direction. 
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occur (as discussed in the previous subsection) these data were inter­

preted as indicating that a portion of the gust front had its origin 

near 500 mb. It should also be noted that as a consequence of this 

strong entrainment, e* anomalies across the gust front were as high as 

8e (Figure 3.12). Since e* is inversely proportional to density, the 

density gradient between outflow and environment for the storms which 

produced strong gust fronts is seen to be much greater than that of the 

northern segment which produced the cloud free vault (refer to Figure 

3.10). 

3.3 Conclusions 

On the basis of the available data, it is speculated that the crea­

tion of the cloud free vault along with the lack of severe weather 

activity on the northern end of the squall line was attributable to 

minimized entrainment. It is suggested that the orientation of the 

northern segment of this storm (Figure 3.3) acted to minimize the en­

trainment in this sector. With entrainment reduced, the outflow failed 

to gain the density discontinuity required to overcome the momentum of 

the inflow. Thus, the outflow failed to initiate a gust front and, 

instead, slowly accumulated between the precipitation and the updraft 

pedestal. 

A further ramification of weak entrainment (and the consequent weak 

outflow) is in the dynamics of the storm. Lacking strong outflow the 

updraft would receive little or no dynamical assistance. Such would be 

the case along the northern end of this squall line. In this case the 

outflow may, in fact, have interfered with the storm. It appears that 



the cloud free vault continued to expand slowly until it eventually 

separated the inflow from the main echo. At this point, the storm 

dissipated . 
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The southern components of the storm, on the other hand, experi­

enced stronger entrainment (because of their orientation to mid-level 

winds), developed robust outflow and became more severe. 



CHAPTER IV 

THE CLOUD FREE VAULT: 
ITS ORIGIN AND IMPORTANCE 

4.1 The Origin of the Vault 

The storm which forms the basis for this case study was unique 

in that different elements of the squall line developed to varying 

degrees of severity under approximately the same environmental condi-

tions giving rise to a cloud free vault in that portion of the squall 

line which was aligned parallel with the cloud level winds. the 

availability of comparison data from the other segment of the squall 

line made it possible to analyze this phenomenon. Had the cloud free 

vault formed without the attendant severe "eather to the south, 

speculation on its origin may not have been possible. 

Synthesis of these data showed: 

1. 6 values from within the cloud free vault were some l2C 
e 

cooler than the environment ahead of the storm. 

2. 6 values behind the gust fronts of the southern storm com­
e 

ponents were found to be ~20C cooler than the pre-storm 

environment--an 8C greater 6 depression than found near the 
e 

vault. 

3. This 8C difference is attributable to different rates of 

entrainment (as discussed in Section 3.2), with the southern 

components experiencing the strongest intrusion because of 

their more direct exposure to mid-level wind flow. 



4. Density differences between the outflow and the atmosphere 

ahead of the storm were greater in the southern segment of 

the storm than in the northern segment as a consequence of 

these differing entrainment rates. 
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The cloud free vault is thus postulated to form as a result of 

inflow air (low in density) passing over a volume of slowly accumu­

lating, weak outflow. Due to the slight vertical bulge on the head 

of this outflow (e.g., Charba, 1974), the cloud base of the inflow is 

forced above the LCL (see Figure 4.1). 

4.2 The Importance of the Vault 

A thunderstorm case study by Miller et al. (1975) had its major 

inflow located on the upwind side of the storm (with respect to the 

cloud level winds). The down shear tilted updraft therefore blocked 

entrainment of dry, mid-level air. Weak outflow and no gust front was 

noted by the authors. Re-examination of voice notes and photographs 

showed that this storm also contained a cloud free vault. Both the 

22 July 1973 squall line and the 31 July 1973 thunderstorm illustrate 

the contention that without significant mid-level entrainment, strong 

gust fronts do not form. The Grover squall line study (and perhaps 

the study by Miller et al.) further shows that the formation of a cloud 

free vault is important as an indicator of weak outflow. 

A further implication of the Grover squall line study is that 

when a squall line is oriented parallel to mid-level wind flow, there 

is reason to expect that the storm will not reach as high a level of 



STORM MOTION 
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Figure 4.1 Newton's (1966) vertical cross section of a single storm 
in a squall line modified to show the relationship of the 
cloud free vault to the principal branches of air circula­
tion as determined from this case study (compare with 
Figure 1. 3) . 
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severity as one oriented more normal to these winds. It could be 

suggested that the presence of the vault indicates the imminent dis­

sipation of the associated segment of the squall line. This phenome­

non has, therefore, a possible short term predictive value with 

respect to storm severity, especially as applied to gust fronts. 

These conclusions may have ramifications to squall line seeding 

by rocketry. It is apparent that shooting a rocket into the updraft 

pedestal near the vault "auld not achieve the desired effect, since 

this inflow might be extremely shallow. The seeding material would 

thus not be dispersed into the inflow, but might instead pass into 

an area of non-convective cloud material above the roof of the cloud 

free vault. 
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