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High density surface observation network arid instrumented 
TV-tower facility operated by NSSL, No'rman (NRO), Okla. 
in 1969. Network stations WKY,2C, 5C, and 6A eire 
identified as their records are' used for illus trilting the 
surface weather changes. The inset ' (upper right) shows 
the instrumented levels of the WKY-TV tower. 

Sub-synoptic maps for 1800 CST, . 31 May ' (a-f) and ,0000 CST, 
1 June 1969, . (g-j). Figure 2a is the regular . NWS surface 
station data for which ana1yses are shown in 2b, 2c, and 
2d. In 2b isobars are drawn at 2-mb i,ntervals. . Iso­
therms and Isodrosotherms shoWn in 2cand 2d, respectively, 
are at 5°-F intervals .In both 2e and 2f height contours 
(decameters) are solid and isotherms (C) are dashed. The 
broad arrows in 2e indicate the dominate 850 mb currents 
and the area enclosed by the wavy line represertts dew 
point temperatures in excess of 10°C. Figtire 2g through 
2j have the same conventions as 2a through 2d. 

Sequence .' of frontal positions. The average propagation 
speed (m sec-I) is shown within the timeperiodsparined 
by the arrows. PJ denotes a pressure jump at the . 
indicated time (CST). . - . 

Time sequence (CST) of ' the radar echoes of the3l May -
1969 squall line. The sequence was made from photographs 
of the PPI scope of 'the WSR-57 radar operating at 0. 
degrees elevation from Norman, Oklahoma (NRO).The 

. echoes are contoured hy different shades of grey 
beginning at a reflectivftyfactor threshold of 
'2 x 101 mm6 m-3 and thereafter incrementi;ng by factors 
of 10. Storm damage reports are located by X-marks 
and labeled. Each report, identified by identical 
labels ,is described in table 1. Oklahoma towns near 

. the damage 'reports are (from lef't":'to-right) . BTL (Butler ) , 
END (Enid), FNC (Ponca City) ;' GRY (Geary); HNY 
(Hennessey), CRG (Carnegie), KFR (Kingfisher), CRS 
(Crescent), ABR (Aniber), WKY-TV (instrumented TV tower 
in 'OKC), STW (Stillwater), CHR (Chandler); andTCH 
(Tecumseh) . 

Tracks (solid lines) of peak reflectivity elements of 
the echoes ~shown in figure 4. Dashed lines connect 
echo cores at regular time intervals. Bold numbers 
are the echo speeds (m sec-I) averaged over 10-min 
periods. A, B, and C refer to the major thunderstorm 
echoes in figure 4. 
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Figure 
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Time sequence (CST) of PPI radar displays showing the "thin 
line" echo and the trailing precipitation echoes at 0 degrees 
elevation. In the first picture (left) the range circles 
are at 25 n mile intervals, while the remaining fnur 
pictures have io n mile range circles. Distances between 
the echo boundary and the "thin line" are spanned by arrows. 
Units: nautical miles. 

Major squall line features at 2337 1/2 CST. The PPI radar 
echo tracing is of the 2 x 101 and 2 x 104 mm6 m-3 

reflectivity factor contours. XY is the section line 
denoting the vertical plane used in the cross-section 
analysis of the gust front using WKY-tower data (figures 
9 and 11); lines AlBl, A2B2, etc. ' indicate the location 
and orientation of the spatial s";ctions shown in figure 10. 

Sequence of the windshift (dashed) and gust-surge (solid) 
isochrones • ,The displacement speeds (m sec~l )of ,the ' 
isochrone are shown. 

Surface network and WKY-tower wind analyses. Section 
lines ~lB.l' A2B2, etc. in the surface , network wind fields 
(figuies9a, 9c, ge and 9g)show the orientations of the 
spatial variations of wind normal to the gust front ' (see 
figure iO). The space variations' are obtained ,by tram~­
forming to space local time changes at the:f.nd:Lcated 
surface stations. The points where thewindshift and 
gust surge intersect these lines are denoted WSand GS, 
respec tively. ' All the , analysis in the X-Z plane through 
WRY (figures 9b, 9d, 9f and 9h) are aligned normal to , , 
the gust front and bounded by points X andY as indicated 
in the network and tower fields.Co'rresponding features 
appearing in the network analysis ,and atth~surface level 
of the vertical sections are denoted ' identically as shown. 

.' . ~ 

Spatial-variations of, surface wind,pressure, and t~mperature 
normal to the gust front obtained by transforming aIlalog 
measu:rements at ,stations WKY, 2C, 5~, and6A to space. 
The pressure trend for WKY is shown (dashed). The segments 
AlBl , A2,B2, etc. span the surfacenetwqrk <is shoW'n in , 
figures 9,11, and ,12,' The significant features labeled 
in the wind (figure 9), temperature (figure Ii), and " 
pressure (figure 12) fields are also indicated above. The 
significant points in thepr,es~,ure an<;I temperature profiles 
are: PJ-pres~ure ' jump" PL-temporaryleve11ng offper'iod ' in 
the pres-sure curve, Ph-p~.essurehead, -(Ph', if very weak), 
TB-temperatur~ , break, ,and TL-te:~porary leveling off period 
in temperature curve. " ,The pqsition oJ heavy surface rain 
is "R". 
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Figure 

11 

12 

13 

14 

15 

16 

Network and tower temperature analyses: a) surface air 
temperature, b )sllrface wet-bulb potential temperature, 

'and c) (next page) temperature cross section XY. 8igni­
ficantfeatures are marked and labeled on the "respective 
fields as before. See figure 10 for continuous temperature 
variations normal to the gust front along the cross 
sections indicated AlBl, etc. 

Surface pressure analysis. The pressure values are 
deviadons front' the large'-scale pressure trend (shown 
forWKY in figure IO); Significant features appearing in 
the wind' speed analysi;s (figures ge ' and 9f),· temperature 
analysis (figure 11), and pressure curves (figure' 10) 
are marked and labeleclidentically in the pressure field. 

Schematic of the important analytical features of the wind 
and thermai structure of the windshiftand gust front at 
wKY (upper). The surface pressure profiie "at WKY is also 
shown (lower). 

Comparison of the observed and theoretical pressure jump 
o,f 31 May "1969. (a) Ambient and wet-bulb potential 
temperature profiles obtained from the 1800 CST TIK 
rawirl"sonde ,modified in the lowest 500m for theWKY , 
tower conditions at 2300 CST. (b) Profile of the thermal 
inversion through the gravitational wave "jump" as 
obtained by application of Tepper's (1955) pressure jump 
model to the thermal inversion shown in (a). (c) Typical 
surfac'e pressure profile through the observed pressure 
jump.' (d) Computed hYdrostatic pressure profile at the 
surface beneath the gravitational wave in (br. Wiridshift 
across the observed (e) and theoretical (f) pressu're jump. 

Vertical profiles of temperature arid density at WKY just 
before and just after the gust surge passed, 2300" and 
2345 CST, respectively. 

(a) A saline "density current" (gravity current) propa­
gating from right to left along the bottom of a trans­
parent tank filled with pure water. Note the slightly 
elevated head and the turbulent mixing in its wake. 
(b) A saline current (flowing from left to right) 
revealing the formati"on of bulges which are swept back­
wards and roll up in the form of billows and then break 
up (after Simpson, 1969). ' 
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17 
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Atmospheric gravity currents. (a) Cold front in Kansas 
(court~sy of Yih, 1969). (b) Haboob in Sudan (courtesy 
of Simpson, 1969) . The Haboob is usually found just 
ahead of an active or dissipating squall line, but; a 
few cases have revealed it to be associated with a 
strong dry cold front. In both (a) and (b) the front 
is moving from right to left. 

Schematic flow model of a gravity current' of density P2 
at the bottom of an infinitely deep reservoir of less 
dense fluid. Viewed wi'th respect to a coordinate 
system attached to the gravity current, moving to the 
left with speed V, the dense mass is stationary while 
the environmental flow is toward the right at speed v. 

A composite ,analysis of the wind field near the leaciing 
edge of· a cold front in Australia (after B~rsori., 195'8). 
The dashed and dotted curves represent zones of maximum 
vertical wind shear. These shear zones are assumed to 
correspond approximately to the frontal surfaces. Note 
t~e dip or level region in the shear profiles in the 
vicinity of 40 km ·from the leading edge ,of the front. 
The flow pattern is shown relative toa coordinate 
axis translating to the left along with frontal 
boundary. The streamlines are drawn roughly to fit 
the plotted wind vectors. 

Internal circulation pattern of laboratory gravity 
currents as seen by a coordinate axis translating to 
the, right with the speed of the head, (afterl1idd1eton, 
1966). 

A composite schematic ,model combining the features of 
the analyzed and deduced structure of the windshift 
and gust front leading the squall line of 31 M~y 19~6. 
(See the text for discussion). . 
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Selected storm reports, times of wind damage and rainfall 
for 31 May 1969 squall line. Positions of reports 
relative to radar echoes are shown in figure 4. 

Echo speed, size, intensity and duration prior to damage 
reports described ;in table· 1. Storms are identified 
in figure 4. · 
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speed. 
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ABSTRACT 

The structure of a severe gust front that preceded the squall line of 
31 May 1969 is examined from measurements by the National Severe Storms 
Laboratory (NSSL) network of surface stations located in central Oklahoma. 
On the basis of the structure and the horizontal displacement of the cold 
outflow air mass, the mechanics of motion of the gust front is investi­
gated. 

In a vertical plane normal to the leading edge of the cold air current, 
the following structural features were revealed. The front edge of the 
profile of the ai~ mass surface exhibited a projecting "nose" overlying 
the lagging front at the ground. The vertical extent of the cold air was 
greatest near the nose, i.e. 1700 m, while upstream the depth was constant 
at 1350 m. The vertical bulge near the nose is called a "head". The 
wind pattern with respect to a coordinate axis translating with the head 
at 20 m sec-l displayed (a) a strong ambient air flow towards the nose 
which was lifted over the head (upward velocities at the 400 m height of 
the nose were up to 2.5 m sec-l ), (b) a closed circulation cell within 
the head, dominated by a high-speed forward current along the bottom as 
exhibited by a 13 m sec-l current only 180 m above the ground. Upstream 
cold air flowed into the head circulation field, apparently maintaining 
the cold air against erosion effects resulting from (c) turbulent 
entrainment of ambient air below the nose and, more important, in the wake 
of the head' crest. These structural features are remarkably similar to 
analogous characteristics of gravity currents in stratified fluids produced 
in laboratory experiments. 

The gust front was approximately dynamically similar to theoretical 
and experimental gravity currents. In this regard, it is speculated 
that high horizontal momentum air in the thunderstorm downdraft, injected 
into the outflow current, tends to increase the gust front's propagational 
speed; thus, its internal Froude number is greater than if gravity were 
the only motive force. However, the analysis indicates this effect was 
small in the 31 May case. 

x 



GRAVITY CURRENT MODEL APPLIED TO ANALYSIS 
OF SQUALL-LINE GUST FRONTI 

Jess Charba2 

University of Oklahoma 

1. INTRODUCTION 

Air transportation has been mushrooming during recent years; and the 
increasingly serious air traffic congestion problem near airports is often 
aggravated by the potential danger posed by the cold outflow from a nearby 
thunderstorm. Aviators commonly agree that the strong low-level wind gusts 
and the extreme wind shears that characterize this air mass pose a serious 
hazard to aircraft in their landing or take-off patterns. This problem 
has recently spurred some meteorologists to a renewed interest in this 
severe wind phenomenon (Fujita, 1966; Barclay and Wilk, 1970; Sasaki, 1970; 
and Colmer, 1971). Because of its characteristic gusty winds, this cold 
outflow air mass has been called a gust front by the above researchers. 
In this paper the term gust front is adopted for general reference to this 
cold air mass. 

A scan of the meteorological literature for documented studies on the 
severe low-level winds associated with thunderstorms pOints up a need ror 
further investigation. Byers and Braham (1949) made detailed analyses of 
the surface wind fields of an assortment of convective storms in Florida 
and Ohio and were among the first to note the potential danger such winds 
pose to aircraft~ Barclay and Wilk (1970) and Sasaki (1970) emphasized 
the structural aspects of severe surface wind fields revealed by objective 
analysis of several squall-line caSes. Fujita (1966) examined the turbu- ' 
lence structure of a squall-line gust front in the layer 1 to 2 km above 
the ground. Colmer (1971) investigated a few key features of the structure 
of the initial gust in the surface-to-500 m layer in 13 gust-front cases. 

r However, a need remains for a complete definition of the structure of 
l kfine~atic andfthermodynamic variables in three dimensions. ' Furthermobre, 
I or 1mproved orecasting of the gust front, it will be necessary to 0 tain 
I a better understanding of the mechanism of formation and maintenance of 
! the gusty air mass and to clarify the mechanics of its horizontal propa-

gation outward from the parent storm. 

This study is a detailed analysis of the structure and horizontal 
propagation of the severe gust front connected with the squall line of 
31 May 1969. The wind and thermal fields of the outflow air mass are 

1Supported by NOAA Grant No. E22-43-70G through the Environmental Research 
Laboratories' National Severe Storms Laboratory, this research also is 
reported slightly revised as a thesis in partial fulfillment of the require­
ments for the PhD in Meteorology at the University of Oklahoma. 

2present affiliation: National Weather Service, Techniques Development 
Laboratory, Silver Spring, Maryland. 



analyzed in three dimensions. Important features of these fields are 
compared with corresponding fields of gravity currents formed in laboratory 
tank experiments (Keulegan, 1958; Middleton, 1966; and Simpson, 1969) arid 
in a numerical simulation (Daly and Pracht, 1968). The investigation touches 
on the mechanism of formation of the gust front as well as the mechanism 
involved in its subsequent maintenance during a horizontal displacement 
of about 100 n miles. The dynamical relations between the horizontal 
momentum of the air mass and the horizontal hydrostatic pressure gradient 
across the frontal surface is examined. The clarification of these 
aspects is attempted by applying the theory of gravity curre'nts formulated 
by von Karman (1940), Prandtl (1952), and Benjamin (1968) to . the analytical 
structure of the gust front. Results of simple applications are then 
compared with experimental observations of gravity currents. 

To the author's knowledge, such an investigation of the cold air 
outflow . of thunders .torms has not appeared in the literature. This is 
undoubtedly due mainly to the scarcity of high resolution measurements, 
especially in the vertical direction. On the other hand, similar inves­
tigations (but in less detail) have been made of larger scale atmospheric 
gravity-type flows, e.g., sea-breeze fronts and the leading edge of cold 
fronts (Berson, 1958; Clarke, 1961; and Simpson, 1969). This study 
considers some of the fundamental similarities and differences between 
the structure and dynamic character of these phenomena and the gust front. 

2. METHODS OF DATA PROCESSING AND ANALYSIS 

2.1 Special Data Used 

The analysis of the squall-line gust front used measurements from 
NSSL's high density network of surface stations and the instrumented 
WKY~TV tower shown in figure 1. The average distance between adjacent 
surface stations in 1969 was 9 km. Surface wind, pressure,> temperature, · •. 
relative humidity, and rainfall measurements were automatically recorded 
at each station on strip charts in analog form. NSSL maintenance personnel 
took a great degree of care in 1969 to insure instrument calibration to 
meet National Weather Service (NWS) standards and chart time accuracy to 
+1 min. InstrumeIlts at seven levels on the tower recorded wind and' 
tempera~ure measurements to a maximum height of 444.4 m. (see Carter, 1970, 
for complete description). Accuracy of the tower records easily exceeded 
the requirements for this analysis. 

NSSL made available radar scope photographs of the horizontally 
scanning WSR-57 and vertically scanning MPS-4. The PPI (plan-position 
indicator) of theWSR-57 and the RHI (range-height indicator) of the 
MPS-4 were photogn;tphed at I-min intervals. This radar coverage, to a 
maximum range of 100 n miles around Norman, Oklahomc;!. (NRO), gave a 
complete picture of ' the development and apptoachof the squall line 
toward the surf~ce station network from the west-northwest. Volunteer 
observer reports and ,Storm Data tabulations of severe weather and damage 
inflicted by the thunderstorms were used with the radar pictures for 
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identification of severe echoes. Each 
year NSSL sendsstanda:rd checklist 
forms to about 400 volunteer ob­
servers within the area of radar 
coverage. . Although just; how many 
persons receiving the fo:rms . 
respond to them is unknown, the 
large number of reports received 
by NSSL combined with additi.onal 
reports compiled in Storm Data 
gives reasonable assuranc~ . that 

large, severe storms were not . 
missed. The severe weather 
reports are described in table 1 
(page 12) and are related tostor~ 
echoes in table 2 (page 13). 

2.2 Data Extracting and . Smoothil:lg .. 

.60N.Mi . 
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Figure 1. High densitysurfac~ 
The pressure and wind data 

extracted from the ~nalog . chartswere 
smoothed to remove small-scale random 
variations. For the station pressure, 
the microbarogram was digitized at 
1.25-min intervals and then smoothed 
by the application of a three-point 
"hanni~g" filter designed to remove 
waves whose pe'riods are. less than . 
2.5 min (or 3 km wavelength).3 The 
wind records were smoothed by hand 
in accordance with the criterion of 
removing waves of. per:iods up to2.5 .min. 
"characteristic" pr~ssure and wind of the 

observation network and instru- . . 
mented TV-tower facility operated 
by NSSL~ Norman (NRO), · Okla. ,in 
1969. Network stations WKY, .2C, 
5C, and 6A are identified as their 
records are used for illustrating 
the surface weather changes. The 
inset (upper right) shows the 
:Lnstrumented levels of , the WKY-TV 
tower. 

These smoothed data defin~the 
gust front. 

During t:he gust-front passage, tbe wind ' speed records' exhibited · large 
amplitude fluctuations. At any analysis time, the maximum and/o.r minimum 
wind speed was defined as an average of the consecutive speed peaks and/or 
consecutive speed minima, over an interval of 2.5 min centered at the 
analysis time. These maximum and mini¥1uin wind speed data are used as a 
measure of the wind gustiness (discussed later). 

2.3 Time-to-Space Conversions 

Conversions of chart records from the time to the space dimension 
were employed in the analysis of both the network and tower measurements. 

3The short:-term transformation from the time to the space domain assunies 
steadiness of the measured gust-front parameters over the short time 
interval involved. 
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The method is discussed by Fujita (1963) and employed in network analysis 
by Charba and Sasaki (1971). This method of using continuous measurements 
at a station for extrapolation to points between stations was found to be 
necessary for accurate analysis of wavelengths as short as 12 km. The 
conversion from the time to the space dimension was similarly applied to 
WKY tower records to implement the analysis of the wind and thermal 
structure of the gust front in a vertical plane section. 

2.4 Special Analysis Techniques 

The analysis of parameters derived from the wind measurements and the 
method used to analyze the surface pressure field require elaboration. 
Discussed first are the procedures used to obtain the divergence and 
streamline fields of the surface wind and the stream function and gustiness 
fields of tower winds in a vertical plane normal to the leading edge of 
the gust front (x-direction). 

The computation of the surface wind divergence employed a rectangular 
grid whose spacing was 5 km. The wind direction and speed were interpolated 
at grid-point locations from isogon and isotach patterns. .The horizontal 
velocity divergence at grid point i,j is computed according to 

Div .. 
1,J (1) 

where d is the grid spacing, while u and v are the respective wind compo­
nents normal (x-direction) and tangent (y-direction) to the leading edge 
of the gust front; i increases by 1 as x increases by d, and likewise for j 
in the y-direction. . 

Streamline patterns were constructed both at the surface and in the 
vertical plane defined above. The streamlines representing the surface 
flow pattern were constructed entirely by hand from a field of plotted 
wind vectors. The computation of the stream function field was valid 
in the x-z plane near the gust surge since a v/ by was an order of magnitude 
smaller than but ax at the surface level. If we assume that a v/a y is 
negligibly small compared with au/a x everywhere in the vertical plane 
from the surface to 444 m, the mass continuity equation for incompressible 
flow becomes 

au aw ax + 8Z = 0, (2) 

where the vertical velocity component, w, is positive in the upward (z) 
. direction. Following Clarke (1961) a ' stream function, ~ " , sati,sfying (2) 
is defined ' by 

u - - (3a) 
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(3b) 

Since u is known as a function , ofheight~ h, in the x-z plane from tower 
winds, the V-field is computed by 

. f 

h 
.. * - -10 udz. 

After ~r has · been computed w can be obtained from (3b). 

The gustiness, G, of the network and tower winds is defined by 

(4) 

where Vmax and Vmin are the respective 2.5-min averages of consecutive 
peak and minimum wind speed data (discussed earlier). Thus, the gustiness 
represents the magnitude of wind speed fluctuation, i.e., gusts,about the 
characteristic wind speed. 

The analysis of surface pressure employed a special method that 
removes instrument calibration errors, eliminates the . necessity of 
reducing the pressure to.a , common reference· level, and separates the meso- . 
scale disturbance from larger s(!ale pressure changes. The .removalof 
these problems for a particular station is accomplished at once by . 
determining the ~ctual statio~pressure trace representing large-scale 
variations, 1. e. ,wavelengths > 500 km. The latter pressure curve, called 
the trend' (Charba and Sasaki, .1971), is subtracted from 1;he origin<;ll . 
pressure curve • . The resulting pressure deviations from the trend' represent 
the 'mesoscale disturbances in the approximate wavelength range of 5to 500 
km. The entire process of obtaining the mesoscale pressure variation at a 
station for a particular analysis time is ,accomplished in four steps; (1) 
the original ' trace is digitized at 4.5-min intervals over 24 hours centered 
on the storm event, (2) the resulting discrete data set is smoothed by a 
centered nine-point moving average operator (this operator effectively 

, removes waves with periods 12 hr and less), (3) a linear interpolation 
obtains the pressure trend value for an analysis time between the smoothed 
points, C!-nd (4) the interpolated pressure trend value is subtracted - from 
the corresponding ambient pressure value (previously smoothed only to 
remove small-scale variations). This process is repeated for each network 
microbarogram to obtain the pressure deviations for all stations. 
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2.5 Concluding Comments on Analysis Approach 

All the data extraction and much of -the processing was performed 
manually; however, objective criteria and techniques were established 
and employed as periodic checks to insure a relatively high degree of 
objectivity. Of course, the disadvantage inherent in the hand process 
is the tedious work required. This disadvantage is, to a great degree, 
compensated for by the more effective use of the experience and insight 
of the analyst in detecting key subtle features in the data records that 
might be unnoticed or smoothed out if fully automated techniques were 
used. Such is the case in an analysis where little is known about the 
phenomenon before the investigation. This gust front analysis certainly 
falls into the above category. 

3. EVOLUTION OF SQUALL LINE WITHIN LARGE-SCALE WEATHER PATTERN 

3.1 Synoptic 

The synoptic pattern that spawned the convective outbreak in the 
Southern Great Plains was typical for severe storms in that region. At 
1800 CST, 31 May 1969 a vigorous late-season cold air mass was pushing 
southeast across Colorado, Kansas, and Iowa behind a deep, closed low 
pressure center located just west of Lake Superior. A low pressure 
trough extended southwest from the ,low to ElPaso, Texas, at all tropo­
spheric levels. 

3.2 Sub-Synoptic 

The sUb-synoptic pattern at 1800 CST is revealed in figure 2 a-f. At 
the surface and 850mb, a warm, moist southerly current meets the northerly 
cold-air surge over extreme northwest Oklahoma to eastern Kansas. Hot, " 
dry air from west Texas was drifting towards eastern Kansas. The implied 
differential thermal and moisture 'advection in the vertical direction ' 
created a potentially unstable stratification as indicated by lifted 
index values of -3 arid-4 at Dodge City (DDC) and Oklahoma City (OKC). 

Several mechanisms over western Oklahoma and Kansas evidently 
provided the upward air-motion that unleashed the potential instability. 
Among them was the mechapical lifting provided by the undercutting cold 
air mass. Figure 3 shows that the southward displacement speed of the 
front increased from 8.5 to 16.0 m sec~l across Colorado and the Texas 
panhandle during the afternoon .and evening of 31 May. Certainly 
mechanical lifting was substantialin ' this area~ in the face of the south­
ward cold-frontal push. Upward motion also occurred ahead of the front 
over the Texas.panhandle and western Oklahoma in: connection with conver- ' 
g.ence of the 850-mb flow into a low pressure area ,(div :;. -1.5 x .10-4 sec-I) 
and divergence of the 500 riJ.b flowaheadof ·a shortwave trough (div = 1.4 
x 10-4 sec-I) in that area. Upward motion was further aided in the ' area , 
by a topographical upslope flow. 
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Figure 2. Sub-synoptic maps for 1800 CST, 31 May (a-f) and 0000 CST, 1 June 
1969, (g-j). Figure 2a is the regular NWS surface station data for 
which analyses are shown in 2b, 2c, and 2d. In 2b isobars are drawn at 
2-mb intervals. Isotherms and isodrosotherms shown in 2c and 2d, 
respectively, are at 5°F intervais. In both 2e and 2f height contours 
(decameters) are solid and isotherms (C) are dashed. The broad arrows in 
2e indicate the dominant 850 ffib currents ' and the area enclosed by the wavy 
line represents dew point temperatures in excess of 10°C. Figure 2g 
through 2j have the same conventions as 2a through 2d. 
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Figure 3. Sequence of frontal · 
positions. The average propaga­
tion speed (m sec-1 ) is shown 
within the time period spanned by 
the arrows. PJ denotes a pressure 
jump at the indicated time (CST). 

Thunderstorms made an initial 
appearance near the cold front in 
the extreme northwest panhandle of 
Oklahoma and southwest Kansas at 
about 1600 CST aceording to NWS 
radar summaries. A squall line 
rapidly formed and moved east at 
15 to 20 m sec-1 . This speed is 
significantly greater than the mean 
wind speediri the troposphere, as 
revealed by two TIK (Tinker Air Force 

~~~~--~ Base in Oklahoma City) soundings, 

9 

1800 CST 31 May and 0600 CST 1 June, 
displaced 6 hr from the 0000 CST 
1 June squall-line passage over the 
rawinsonde site. The . mean wind 
vector revealed by these soundings 
had a magnitude of 10 m sec-1 from 
262°. The 5 to 10 ill sec-1 discre-



pancy between the mean wind and the propagational speed of the cumulonimbi 
suggests that the rawinsonde winds were not representative of the steering 
wind ambient to the squall-line thunderstorms. This is not surprising 
since a mesocyclone developed along the.front in western Oklahoma and moved 
rapidly across the northern part of the state (figure 2h). The radar echoes 
embedded in the high-speed southern "wing" of the wave moved about 8 to 
10 m sec-l faster than those to the north, in apparent association with the 
cyclonic circulation. By 0000 CST, the southern extension of the squall­
line wave passed over the OKC-NRO area (figure 2g-j). A heavy rain 
area was_~receded by a severe gust fron~ that produced wind gusts up to 
35 m sec at the WKY tower. Note the 1ntense pressure and temperature 
gradients normal to the squall line in central Oklahoma in figures 2h and 
2i. 

4. EVOLUTION OF THE SQUALL-LINE THUNDERSTORMS 
AND GUST FRONT THAT ENTERED THE NETWORK 

The analysis and interpretation of the network measurements were 
greatly aided by an initial investigation of the temporal variations in 
certain gust-front properties. This required the identification of the 
parent echo (which for· a squall line, may be a formidable task) so that 
the temporal and spatial variations of the intensity and propagational 
character of both the gust front and the parent thunderstorm could be 
described before the analysis. 

4.1 Echo Patterns and Related Wind Damage 

rhunderstorrns whose echoes are organized in a wave pattern are often 
severe. Nolen (1959) was first·to recognize and define the line-echo-wave 
pattern (LEWP) as an echo feature often associated with occurences of 
tornadoes. Cook (1961) found that tornadoes are most likely to occur within 
50 n miles south of the center of the fas t-moving ( ~ 40 kt) LEWP, 
particularly when the line is scattered or broken. Severe windstorms 
predominate in the same area when the line is solid. 

For the 31 May - 1 June squall line, a distinct LEWP developed in 
western Oklahoma in apparent association with the mesocyclone discussed 
earlier. In figure 4 a-c notice how the fast-moving echo A overtakes B 
during 2130-2300 CST; thereafter A and B eventuaHy- amalgomate. At the 
same time, echo A grew continuously along its southern tip, and by 2330 CST 
a solid echo line extended 60 n miles to the south of the point of amal­
gomation of A and B. While A andB were merging, A accelerated eastward 
relative to B, thus forming the LEWP. The . relative vorticity within the 
echo wave, calculated from the differential displacements of peak -4 
reflectivity elements during 2255-2335 CST (figure 5) was +5.4 x 10 
sec-I. On the other hand, storm C was obviously not part of the LEWP to 
the north of it and showed no wave configuration of its own. 
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Figure 4. Time sequence (CST) of the radar echoes of the 31 May 1969 s'quall line. The sequence was made 
from photographs Of the PPI s ,cope of the WSR-57 radar operating at o degrees elevation ~rom Norman, 
Oklahoma (NRO). The echoes are contoured by different shades of grey beginning at a reflectivity 
factor threshold of 2 x 101 mm6 m-:-3 and thereafte~ incrementing by tactors of 10. Storm damage rel'0rts 
are located by X-marks and labeled. Each report, identified by identical labels, · is described in 
table 1. Oklahoma towns near the damage reports are (from left-to-right) BTL (Butler), END (Enid), ' 
PNC (Ponca City), GRY (Geary), HNY (Hennessey), CRG (Carnegie)~ KF,R (Kingfisher), CRS (Crescent), 
ABR (Amber), WKY-TV (instrumented TV tower in OKC), STW ' (Stillwater), eRR, (Chandler), andTCH (Tecumseh). 



Table 1. Selected storm reports, times of wind damage and rainfall for 

Rept. 
No. 

lb 

2b 

ld 

2d 

3d 

Ie 

2e 

3e 

If 

19 

2g 

3g 

4g 

5g 

6g 

31 May 1969 squall line. Positions of reports relative to radar 
echoes are shown in figure 4. 

Damaging Wind Quoted Remarks of Volunteer 
Observers Began Ended Dir. 

, (CST) (CST) 

Considerable damage to limbs of 
trees. Some damage to cotton and 
barley crops due to strong NW wind. 
Considerable blowing dust. 

2200 0030 

Winds were clocked up to 65 mph. 
Significant damage to trees and 
crops. 

2200 " 0000 . 
~1) 

Some trees uprooted and outbuild- 2245 
ings damaged; gardens were 
flattened. 

Severe damage to vegetation. 2300 
Every large tree suffered some 
limb breakage. Several large 
trees were blown over. Several 
trailer houses were severely 
damaged. Three persons received 
minor injuries. 

Wind estimated 65-75 mph. Da~ge 2300 
to barn two miles north. Storms 
raged for several hrs 20-40 mile 
N of us. 

Three persons were injured in over- 2300 
turned camper trailer. 

Hail 3/4 inches. in diameter 2313- 1 
2320. No wind report. 

Tree-limb damage everywhere. 2310 

Had 1/2 inch diameter hail during 2321 
2331-2333 CST. Little damage to 
trees (1) 

Light damage to trees and utility 
lines in north and west OKe. Peak 
wind gust measured On WKY~TV tower 
'was 76 mph. . , 

2330 

ooot> 

1 

2310 

1 

1 

1 

2340 

2345 

Wind estimated 60-65 mph. Little 
damage to trees and crops. 

0000 0020 

Hail 1/4incbes in d:l.ameter fell 
between OOOO~OOlO. Littl~ damage 
to crops by wind. 

Little damage ' to trees. 

Some leaves and branches broken 
off trees but damage was rela­
tively small.. 

Little damage to trees ' ~ywind. 

0010 

0020 

0030 

0050 

12 

0100 

0100 

0200 

OllO 

NW 

1 

NW 

? 

N 

1 

1 

NW 

W-
1CW 

NW 

H-' 
HE 

w­
NW 

NW 

NW 

? 

. Ra:l.n 
Began Ended Amt 
(CST) (CST) (in.) 

o 

2200 0000 1.78 

2255 ? 

? ? 

? ? 

1 ? 

2313 2320 

2316 2345 

2333 2337 

2345 

. ~ ; . 

0030 0050 

0030 0100 

oi06 ' 0245 

Oll8 0140 

3.00 

? 

0.20 

1 

0.30 

0.60 

0.80 

0.50 

0.30 

2.10 

0.40 

0~60 



Table 2. Echo speed, size, intensity and duration prior to damage reports· 
descriped in table l. StorD;lS are identified !nfigure 4. 

,. 

Storm Rept. Time Translation Db. ;Height Reflec tiv;i. tY1 Prior 
No. (CST) Speed (kts) (run) (kft) Factor (dbZ) Durat;i.on · (hrs) 

A ~ 2200 20 20 54 5.2 2 

B ~ 2200 15-20 20 49 52 2 

A 1d 2245 25 25 51 45 3 

A 2d 2255 28 25 50 47 3 

A 3d 2300 21 20 48 48 3 

C 1 2310 24 17 48 55 1 1/4 · e 

C 2 e 2310 24 17 48 55 1 1/4 

A 3 2310 30 23 46 45 3 1/4 e 

A If 2321 25 19 48 39 3 1/2 

A 1 2330 20 18 45 42 3 3/4 g 

C 2 0000 20 g 18 48 50 1 3/4 

C 3 0010 20 g 18 48 50 1 3/4 

A 4 0020 Miss.-g ing 

A 5 0030 " g 

A 6g 0050 " 

1 
elevation, PdbZ = 10 log Zero degrees Z , Z--ref1ectivity factor 

(1 x 10°) 
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• Virtually all the severe wind 
damage appeared to be associated with 
the protruding wing of the LEWP, Le., 
echo A, in agreement with the findings 
of Cook (1961). This is established 
from the volunteer observer and 
Storm Data wind damqge reports 

IOOn.mi. 80 20 

CHR compiled in table 1. Greatest wind 
damage was reported from the Dover 
(DVR) area (report number 2d in 
table 1 and fig. 4). Notice that 

~~~~~~~~~~~~~ __ ~N~RO~~~the leading edge of the protruding 
echo of the LEWP was just west of 
DVR when the high winds began. 
Quite in contrast, storm C apparently 
imparted relatively little wind 

L-------------~--------------~------~destruction during the period spanned 
Figure 5. Tracks (solid lines) of 

peak reflectivity elements of the 
echoes shown in figure 4. Dashed 
lines connect echo cores at 
regular time intervals. Bold 
numbers are the echo speeds 
(m sec-I) averaged over 10-min 
periods. A, B, and C refer to 
the major thunderstorm echoes in 
figure 4. 

in figure 4. 

4.2 Echo Characteristics and 
Related Wind Damage 

Focusing on the individual echoes 
within the squall line, a definite 
correlation appears between certain 
echo properties and the severity of 
the wind damage. Table 2 lists the 
translation speed, prior active 
duration, echo diameter, height of 

top, and reflectivity of the echo that passed over the point of reported 
wind damage. The echo property having the clearest correlation to the 
wind damage is the translation speed. In figure 5 the echo speeds are 
indicated in bold numbers (m sec-I) below paths of peak reflectivity 
elements. When we compare this speed pattern with the damage pattern 
(table 1 and figure 4), it is generally seen that the greater the rate 
of echo displacement the greater the wind damage and vice versa. Note 
the especially high echo speeds of 25 to 30 m sec-l in the DVR area. 
Colmer (1971) observed a similar relationship from a plot of maximum 
wind gust versus echo speed obtained from 13 gust-front cases within the 
NSSL network in 1969 to 1970. T!le remaining parameters in table 2 also 
generally reveal a parallel between their magnitudes and the severity of 
the wind damage. Using these relationships as criteria, we infer from 
figure 4 and table 2 that echo A (LEWP) was in the mature stage during 
2300 to 2·315 CST but began to weaken by 2342 CST (figure 4g) just before 
it entered the NSSL surface network.4 This observation agrees with the 

4The appendage at the southern tip of echo A, i.e., echo AI, made an 
initial appearance in the preceding picture and is not considered to 
be part of echo A or the LEWP • . 
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reports of lesser wind,damage downwind from A's 2342 CST. position. On 
the other hand, stqrm C, which entered the southwestern part of the network, 
was in its mature stage at 2342 CST but at no time indicated winds as 
strong as those associa'ted with echo A. 

4.3 Origin and Evolution of the Gust Front Entering the Network 

The severe gust front that entered the 'surfac"enetwork at 2320 CST 
appears to have originiated from echo A. This is suggested by a time 
sequence of positions of a "thin line" radar echo (figure 6) and the 
direction of the cold outflow current with respect to ,the precipitation 
echoes (figure 7). During the period it traversed thenetwoik,the thin 
line was consistently found at the leading edge of the gllSt: front. (This 
relationship between a radar thin line and a surface c()ld'lront has 
previously been observed by Lidga and Bigler, 1958; and Fujita, 1966). 
Assuming such a correspondence existed before the gust front entered the 
network the orientation of the thin line gives a clear impressioIl that 
the gust front emerged from echo A (figure 5). This agrees with the 
streamline pattern of the surface network winds. (The analysis is 'shown 
in the next section.) 

Quite typically the forward edge of the cold outf16~air mass of 
thunderstorms lies within several miles of the main rairiarea when the 
convective cells are in the initial part of the mature stage, but lies 
as much as 20 to 30 n miles ahead of the parent storms during the latter 
part of their mature or dissipating stage (Byers and Braham, 1949; 
Colmer, 1971). Figure 4 and table 2 demonstrate that during the mature 
stage of echo A, i.e., 2300 to 2315 CST, damaging winds occurred within 
5 n miles of the forward echo boundary. On the other hand, as the squall 
line approached and crossed the NSSL network, the forward gust-frontal 
boundary was increasing its lead over the forward echo bourtdary from 
8.5 to 12.0 n miles (figure 6). 

4.4 Concluding Remarks 

Although this analysis of the gust-front's history is based on 
relatively crude data, the findings discussed above, when logically 
integrated, yield a rathe'r complete description of the gust front before 
and during its passage over the network. The main source of the gust 
front was echo A. The gust front became well organized and quite severe 
as echo A attained high forwa1;'d speed during the development of the LEWP. 
Later, as the parent A echo decelerated somewhat, the gust front pushed 
ahead of it. By the time the southern extremity of the LEWP had reached 
the northern part of the NSSL network, the echoes were in the "late 
mature" stage and the gust front had moved to a position of about 
10 n miles downstream from the echo's forward boundary. This distc:iDce 
increased only slightly as the squall line passed over the network. It 
is important to point out (as will be seen in the last chapter) that 
while the gust front, swept over the entire network, echo A barely 
skirted its northern boundary echo. The major part of the network was 
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Figure 6. Time sequence (CST) of PPI 
radar displays showing the "thin 
line" echo and the trailing preci­
pitation echoes at 0 degreeseleva~ 
tion. In the first . pictur.e (left) 
the range circles are at .25 n mile 
intervals, while the remaining. four 
pictures have 10 n mile range circles. 
Distances between the echo boundary_ 
and the "thin line" are spanned by 
arrows. Units: nautical miles. 

5 0 5 , 10 15 20 25 30 35 KM. 
iii'" i , i 

5 0 10 15 20 N.M. 
i " Ii i , i i 

20 

31 MAY 1969 

2337.5 CST 

F...igure 7. Major squall line features 
at 2337 1/2 CST. The PPI radar echo 
tracing is of the 2 x 101 and 2 x 
104 mm6 m-3 reflectivity factor 
contours. XY is the section line 
denoting the vertical plane used in 
the cross-section anaLysis of the 
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gust front using WKY-':tower· data. 
(figures 9 an9- 11.); li~es AiB1, 
AZ,:B2, ·etc.indicate the location 
and orientation of the spatial . 
sections shown in figure 10. 



traversed partly by newly developed echoes along the southern tip of echo 
A and partly by echo C;both echoes were characteri:;:;ed by surface wind of 
less severity than those produced by the original A echo. 

5. ANALYTICAL STRUCTURE OF THE THUNDERSTORM OUTFLOW 
LEADING THE 8QUALL LINE 

The width of the gusty outflow leading the squall line precipitation 
echoes was only slightly less than the width of the network. The time 
period that -the network encompassed the entire air mass was quite short. 
Consequently, an analysis of the whole air mass was possible at only one 
time. Since time-to-space transformations of data measurements were 
necessary in the analysis, the validity of the assumption of steadines~ 
of the gust front and echo properties had to be investigated beforehand. 
In the preceding chapt~r the broaQ7scale temporal and spatial changes of 

-the morphology and propagation of the gust front and precipitation echoes 
were examined for the period spanning the approach and passage over the 
network. Here we focus on the smaller scale characteristics of these 
aspects while the outflow was passing over the network. Following this 
brief survey, the analytical structure of outflow is discussed in detail. 

5.1 Displacement Character of Squall System 

Two distinct surface wind change lines were featured between the 
uniform, warm southerly flow and the cold, gusty northwesterly current 
of the squall-line outflow. The initial discontinuity was an abrupt wind 
direction change from uniform southerly to northwesterly. The line along 
which this shift in direction occurred is called the windshiftline (figure 
7). Note in figure 7 that a "pressure-jump line," Le., a line marking 
the leading edge of a steep pressure rise, was practically coincident 
with the windshift line. Following the windshift and pressure-jump 
lines in figure 7 is a line marking an intense surge in the speed and 
gustiness of the wind; this wind-surge line is called the gust surge. 
Note that the temperature "break" line (TB in figure 7), marking the 
leading edge of a sharp temperature fall, lies parallel to and several 
kilometers behind the gust-surge line. 

At 2337 1/2 CST the windshift and gust surge were separated by 5 km 
at WKY, but over the entire network the average distance was 8 km 
(figure 7). The radar thin line occupies the strip between the windshift 
and gust-surge lines.5 The wind change lines near WKY lie about 19 km 
ahead of the forward boundaries of echoes A and A'. 

SIn the preceding chapter the thin line was used to locate the position 
of the gust-surge line before the gust front entered the network. The 
slight difference in the positions of the thin line and gust surge 
introduces negligible error into the former consideration. 
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Significant differential displacements among the echo boundary, 
gust surge, and windshift occurred from 2313 1/2 to 2358 L/2 CST. If we 
assume the position of the gust surge is well approximated by the thin 
line during this period (as it was during the entire period that both 
were over the network, Le .• 2325 to 2350 CST) , figure 6 shows the gust 
surge to increase its.1ead over .the echo boundary from 8.5 n miles 
(15 km) to 12.0 n mil'es (22 km) during 2313 1/2 to 2358 1/2 CST. A 
sequence of isochrones of the thin-line positions (not shown) indicated 
the gust surge maintained a practically steady displacement speed of 
22 m sec-1 during this period. At the same time, the echo boundary 
propagated steadily at 19 m sec-l On the other hand, the gust surge 
had a substantially greater displacement speed than the windshift while 
both were over the network. The sequence ofisochrones of the 
windshiftand gust surge p.ositibns .in figure 8 show this; .. in . the 
vicinity of WKY, the displacement .of the gust surge had a speed of 
21 m sec-1 compared with the windshift's 15 m sec-1 

30 H." . 

S 0 S 10 IS 20 2S 50 Kif. 
31 MAY 1969. 2337.5 CST 

'Iii! I 1 I 1 1 I 
ISOCHRONES S 0 10 15H.M. OF 

1 I I I i i i i WS'ANO GS 

Figure 8. Sequence of the wind­
shift (dashed) and gust-surge 
(solid) isochrones • The. dis~ 
placement speeds (m sec-l ) of 
the isochrone are shown. 

Thus, the echo boundary and the 
gust surge maintained a steady .east­
ward translation in the 45-min before 
and during passage over the network, 
although the gust surge moved 3 m 
sec-1 faster than the echo. The 
windshift moved 6 m sec-1 slower than 
the gust surge; this difference was 
taken into account in the transfor- . 
mations from time to the space domain 
and accounts for the space scale 
discontinuity near 10 km in the 
vertical cross section (figures .are 
discussed subsequently). Based on 
the observed speeds of the echo 
boundary and gust surge, the 
velocity of the gust front employed 
in the scale conversions was 20m 
sec-1 • 

5.2 Analytical Structure 

5.2.1 Windshift 

Byers and Braham (1949), Fujita 
(1966), and Colmer (1971) have reported 
that a wind direction change often 
precedes the severe gust. front. On 
31 May 1969, the windshif.t was quite 
distinct, as illustrated in figure 9a 



Figure 9. Surface network andWKY­
tower wind analyses. Sec tion lines 
AIBl, A2BZ, etc. in the surface net­
work wind fields (figures 9a, 9c, 

b 

ge and 9g) show the orientations of 
the spatial variations of wind 
normal to the gust front (see 
figure 10). The space variations 
are obtained by transforming to . 
space local time changes at the 
indicated surface stations. The 
points where the windshif t and 
gust surge intersect these lines 
are denoted WS and GS, respective­
ly. All the analysis in the X-Z 
plane through WKY (figures 9b, 9d, 
9f and 9h) are aligned normal to . 
the gust front and bounded by 
points X and Y as indicated in the 
network and tower fields. Corre­
sponding features appearing in the 
network analysis and at the surface 
level of the vertical sections are 
denoted identically as shown. 
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and c. The surface wind veered sharply from a uniform southerly flow 
to northwesterly behind the windshift line (see also figure 10). The 
vertical cross section (figure 9b) reveals that the windshift sloped 
upstream with height at an angle of only 7° above the horizontal. 
Figures ge and f exhibit a distinct speed minimum coincident with the 
windshift at all levels. Based on the author's observations, the speed 
minimum seems to be a quite typical feature, corresponding to the commonly 
known "lull before the storm." The horizontal wind velocity divergence 
at the base of the windshift was about -15 x 10-4 sec-l (see figure 9c) 
which reflects the- uniform upward motion field computed to be 1 m sec-l 
at 400 m (figure 9d). 

No change in the thermodynamic air properties is evident across the 
windshift. The ambient temperature and wet-bulb potential temperature 
patterns (figure lla and b, respectively) are virtually isothermal across 
this wind change line; thus, no change in air mass is indicated (also 
see figure 10). 

The most striking change coinciding with the windshift was the 
sharp surface pressure rise (see figures 10 and 12). The pressure rise 
was quite uniform along the windshift line. The average pressure 
increment across the windshift was 3.5 mb, and the horizontal pressure 
gradient was 0.6 mb km-l. This change satisfies the National Weather 
Service's definition of a pressure jump (PJ) (see figures 10 and 12). 
Immediately following the pressure rise a return to a constant level (PL) 
persisted until the arrival of the gust surge. 

5.2.2 Gust Front 

Generally, the analyses revealed the gust front as a high speed, 
gusty wind current of practically uniform direction and led by an intense 
gust surge. Depicted qualitatively by the spacing of the streamlines in 
figure 9c, the intensity of the gust surge and speed of the upstream 
current was significantly greater in the region of stations WKY and 2C 
than at 5C and 6A. Focusing on the analysis at WRY, figure 9a and 9b 
show that only minor horizontal wind veering accompanied both the gust 
surge (point b) and a secondary surge (point d). Wind direction changes 
in the vertical direction were similarly small. The isotach pattern in 
the X-Z plane (figure 9f) displays the gust surge as an intense wind-surge 
"wall" that is retarded near the ground. This frictionally induced 
surface retardation is evidenced by a forward gust-surge slope described 
by a rise of only 250 m within 2 km in the downstream direction. The 
horizont~l speed gradient thro~fh gust-surge zone increased with height 
to a maXlmum value of 10 m sec km-l at 335 m. At the crest of the gust 
surge, a peak in the horizontal wind speed occurred as shown in the 
network isotach pattern (figure ge). Note that the speed maximum near 
stations 2C and WKY was about 8 m sec-l greater than at stations 5C and 
6A (see also figure 10). The speed pattern in the X-Z plane (figure 9f) 
shows that the speed maximum occurred at the gust-surge crest at all 
levels. Interestingly, the level of maximum wind speed core of 33 m sec-l 
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was .loc,ated ·onLy 177 m aQ,ove groun,d. In conjunction with this low-level 
speed m,aximuin, an extreme vertical Yli.nd shear of 160 m sec-l km-l occurred 
in the layer 0 to .50 m. 

AbQ~t . 9. km ~pstream from the initial surge, a secondary wind surge 
. and speed maximum. occurred ,within the gust· front. It is located by point 
ei,n figurege . and f. The network speed pattern indicates. the secondary 
surge had a, small hori.zontal extent, although its definition throughout 
tl).e vertic:.al sec.tion. isratIlerclear; thus,it .apparently was a relatively 
small-scale secondaI;"Y surge wi.thin the overall wind system. 

'!'he 'large surface win<;l. convergence within the gust surge reflected 
the large upward mot~£n aloft~ Typi:-caldivergence values are shown to be 
about~25x 10-4 sec (figure 9c). However, on a grid much finer than 
the 5 km grid employed in the computatioI). of the surface velocity 
divergence, a maximum surface value of -S ·x 10-3, sec-l is obtained. Above 
250 m, the peak divergence was -1.2 x 10-2 sec-l ; this value agrees with 
convergence values above an intense surface cold . front as obtained by 
Browning and 'Harrold (1970). The stream ·function pattern and the inserted 
wind vectors (figure 9d)exhibit upward velocitj,es as high as 2.5 m sec.,..l 
withill the gust-surge zone at the 400m level . In the wake region of the 
maximum speed core, a broader area of weaker downward motion feature 
typical values of 0.8 m sec-l at the saine level. Upstream from the 
gust-surge crest, the divergence pattern was no . longer uniform in the 
y-direction. The nonuniformity reflects the cellular pattern of the 
velocity field in the region of the secondary surge. In that region, the 
assumption inherent in the stream. function calculation, Le., 0 ulb x < < 
b vi by, is not valid, and the stream function pattern must be considered 
suspect. However, it seems safe to interpret the stream function pattern 
insofar as to state that the flow pattern about the secondary surge has 
a qualitative resemblance to that of the initial surge. 

The wind gustiness at the ground is found to be proportional to 
the surface wind speed, but above 100 m a quite different pattern is 
revealed. The surface network analysis (figure 9g) illustrates that 
areas of maximum gustiness coincide with areas of maximum speed (figure 
ge). On the other hand, figure 9h shows that above the ground relatively 
low values of gustiness coincide with the maximum speed core shown in 
figure 9f. Instead, high gustiness occurred both beneath the forward 
sloping maximum speed core and, upstream, in the wake of the maximum 
speed core in a zone of relatively low wind speeds. A similar pattern 
appeared in connection with the secondary surge. 

Several important aspects of the gust front's thermal structure 
are illustrated in the analysis shown in figure 11. (1) A narrow 
temperature ridge (point rin figure llc) appears at low levels just ahead 
ofa steep fall. The magnitude of the temperature ridge is greater in 
the lower levels, but it disappears at ground level. The vertical 
temperature gradient within this ridge in the layer 100 to 444 m was 
superadiabatic. (2) Upstream of the thermal ridge peak a sharp 
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temperature fall is featured (also see figure 10). In the fall zone the 
horizontal temperature gradient at the ground was only 1°C km-l , but 
aloft it was 4°C km-l. The large thermal gradient also appears in the 
surface wet-bulb potential temperature field (figure lIb). (3) Just 
upstream of the temperature fall zone,a minimum temperature axis appears 
but only above ground level (point c itifigure 11). The minimum temperature 
core coincides with the maximum. speed axis below 100 m but lags behind it 
by 1 km at higher levels. (4) Upstream of the cold core is a broader zone 
of warmer air coinciding with the downward motion region appearing in the 
stream function field (figure 9d). This thermal ridge, exhibiting a 
magnitude of almost 2° at the tower top, appears as only an isothermal 
region in the surface network analysis (point TL in figures 10 and lla). 
(5) And finally, in connection with the secondary surge (point 5) a 
rather ill-defined thermal pattern is illustrated; however, the thermal 
structure near the 400 m level of the tower bears some resemblance to the 
thermal pat.tern of the initial cold surge. 

Over the network the surface pressure surge connected with the gust 
surge was proportional to the latter's intensity (figures 10 and 12). 
Between stations 5C and 6A, the pressure rise following the gust surge was 
onlY about 20milli-inches Hg (0.7 mb). At the same time, the pressure 
rise in the region of 2C and WKY was quite steep and the total was in excess 
of 60 milli-inches Hg (2 mb). The "pressure head" (denoted Ph in figure 
10) was centered in the isothermal zbne (TL in figure 12) following the 
sharp temperature fall at the surface. ·· InnnediateJ.y upstream from the 
pressure head, the pressure field becoines invariant at the elevated value 
and remains so up to the position of the heavy rain gushes (labeled R 
in figure 10). 

The analytical features in all the vertical cross sections at WKY 
are combined in the schematic. model' shoWn ''in figure 13.- The surface 
pressure trace at WKY is also shown. 

6. APPLICATION OF THEORIES AND MODELS TO THE ANALYSIS 

6.1 Relationship of Windshiftto Gust Front 

Recall from the previous chapter that the leading edge of the cold 
outflow in the layer below 444 m was preceded by a sharp surface pressure 
jump that coincided with a windshift. In view of the objective of 
constructing acoinplete structural picture of the 31 May gust front" it 
is necessary to determine if the windshift and pressure jump were an 
integral part of the gust front, or if they were only somehow indirectly 
related to it. We inititally proceed towards this determination by 
considering two hypothetical cases. Case X depicts a physical situation 
in which the cold outflow current was mechanically pushing warm air 
horizontally ahead of it causing a low-level "back~current" (see Fujita, 
1963, figure 28) in that region. The forward edge of the backcurrent 
,would correspond to :the windshift. Incase Y, the windshift is ,. 
hypothesized to be the remnants of a once strong gust surge but since 
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F·igure 13. Schematic of the important analytical features of the wind 
and thermal structure of the windshift and gust front at WKY (upper). 
The surface pressure profile at WKY is also shown (lower). 

diffused by turbulent m~x~ng. In this case the windshift would be 
considered part of the outflow air mass, whereas in case X it is related 
but not considered an integral part of it. Now, comparing the 
structural characteristics of the windshift with the imagined properties 
of the hypothetical cases to check for physical inconsistencies, case X 
is inconsistent with these analytical features: (1) the windshift 
and gust surge were not parallel, (2) the latter propagated 6 m sec-1 

faster than the former and (3) most decisively, a large uniform. pressure 
rise existed across the windshift. Case Y is in dis accord with the 
(1) observed sharp pressure gradient coincident with the windshift and 
(2) more important, observed lack of any evidence of a density' change 
across the windshift line. These inconsistencies rule out the 
applicability of either of these two mechanisms to explain the initial 
pressure- and wind-change lines. 
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Other documented case studies of severe squall lines (Tepper., 1950; 
Fujita, 1959) have revealed leading dis continuities that were partly 
or totally independent of changes directly related to the squall line. 
From his investigation of the squall line of 16 May 1948 over the Ohio 
cloud physics network, Tepper (1950) found that a surface pressure jump 
led all other surface weather changes. On the basis of the time 
sequence and nature of the surface parameter changes following the 
pressure jump, he concluded that "the pressure jump is independent of 
other parameters, and that the behavior of the pressure profile can be 
explained only in part by the temperature break, wind shift, and/or 
rain gush." Fujita's (1959) mesoanalysis of the severe local storms, 
Kansas-Oklahoma network data of the 25 June 1953 squall line showed a 
pressure jump- and windshift line more than 50 miles ahead of a second 
pressure-surge line accompanied by vigorous thunderstorm activity. 
Fujita postulated the leading pressure-jump line was not directly 
coupled with the one that followed. 

The nature of the leading windshift and pressure jump of the 31 May 
1969 squall line is similar to that found by Tepper (1950) and Fujita 
(1959), in that the surface pressure and wind changes could not be 
attributed to changes occurring upstream. Recall from figure llc that 
no significant density changes occurred across the windshift below 
444 m. The density surge associated with the gust front at WKY was 
10 km upwind of the windshift; in addition, the precipitation echo (at 
11 heights) was much further upstream. 

Thus, the analysis shows that the surface pressure-jump and windshift 
lines were practically coincident but lacked a density change across 
them, throughout the period of their translation over the network. 
Further deductive reasoning leads to the suggestion that the windshift 
was a manifestation of horizontal accelerations of air parcels in 
response to the passing pressure gradient. ' The practically undisturbed 
thermal field of air below 444 m implies that the atmospheric 
phenomenon causing the pressure disturbance was substantially above the 
tower summit. The following section considers a possible mechanism of 
such a disturbance. 

6.2 Gravitational Wave Model Applied to Windshift 

Following his studies on the nature of pressure-jump lines through 
. mesoscale and dynamic analysis, Tepper (1950) proposed a mechanism of 
the pressure jump as an analogy to the hydraulic jump in liquids. 
According to his theory, the initial stage of a pressure jump occurs 
when a sudden forward acceleration of a cold front acts as a piston 
to elevate a low-level temperature inversion in the warm air ahead of . 
the front as .a gravitational wave. The propagating temperature 
inversion wave gradually develops a .very steep ~lope on its forward 
side. Tepper drew .an analogy between this atmospheric density-interface 
jump and the hydraulic jump which can propagate on the interface of 
stratified fluids of different densities. In the atmosphere the sharp 
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surface pressure J;ise is a .reflection of the passage of the inversion 
jump aloft. Thus, he called the surface manifestation a pressure jump. 
He further postulated that the pressure jump is an effective mechanism 
for the development and mai~tEmance of the pre-frontal squall line. 

An investigation of the evolution of the 31 May 1969 squail line 
yielded substantial evidence of the ,applicability of such a mechanism. 
It was found that (1) rawinsondes: at Amarillo, Texas (AMA), Dodge City, 
Kansas : (DDC), and TIK revealed thermal' inversions near the 750-mb 
level exceedi,ng the 5°C potential temperature increment at the interface 
which Tepper' specified tO , be sufficient for gravity-wave maintenance. 
(2) .As illustrated in figure 3 a sudden frontal acceleration occurred 
in ' Colorado and Kansas during the afternoon of 31 May 1 to 2 hr 
before thunderstorm development in the ·southern extremities of those 
states. (3) Pressure jumps were reported! ahead of the front from 
AMA to Tulsa, Oklahoma (TUL), and- about 10 n miles ahead of the heavy 
precipitation echoes of the squall line at Hobart (HBR), OKC, and 
Ponca 9ity (PNC) (note PJ's in figures 3, ' 4b, 4c, and 4f). 

Fiye years la:ter, Tepp'er (1955) developed a simple pr'essure~jump 
model whereby the equations' of motion and mass ' continuity for friction­
less, incompressible flow were applied to a two-layer, hydrostatic 
atmospheric model. Each layer was homogeneous in density, and the 
density of the lower layer was greater than that of the upper layer. 
The lower layer was initially injected with a narrow, high-momentum 
air-curremt impuise oriented in a north-south direction. Graphical 
integration .0£ the governing equations revealed that within 2 hr of 
the initial perturbation a density interface jump, accompanied with 
an eastward componentof·air .motion, was propagating eastward from the 
axis of 'the initial current.6 . At the same time, an interface 
depression was traveling west from the identical origin. After about 
6 to 8 hr, the eastward propagating gravity wave had undergone dramatic 
steepening of the slope of the interface arid 'sharp intensification of 
the eastward flow speed across the jump zone (Tepper, 1955, figures 9 
and 11). In an atmospheric application, Tepper found that the steepened 
gravity wave appearing in his model could also develop and propagate 
on naturally occurring atmospheric thermal inversions; the surface 
manifestation of such an inversion jump is a pressure jump and 
an associated windshift. 

Tepper's (1955) model was applied to the ambient atmosphere over the 
network on the evening of 31 May. First consider the thermal and 
density profiles shown in figures l4a and 15, representing conditions 
just before the onset of the squall line. These profiles were obtained 
from the 1800 CST 31 May 1969 TIK sounding, modified in the lower 444 m 
by substituting the surface pressure and tower t .emperatures at WKY 

6presumably, an initial perturbation c~used by an abrupt frontal 
acceleration would also initiate such a traveling wave. 

31 



, 

Q. 

OBSERVED SOUNDING AND 
PRESSURE JUMP WITHIN 
NETWORK. 

Cobs = 15.5 m sec-I 
, 

\ 
,. - Sounding Preceeding '~~ 
, Jump (AA') 

o 

.', --- Sounding Following 
" Jump (aa') , . 

" / 

.~\'''I:"". 
. " ." 

• 

10 20 30 

." ." 
I 

I 
I 
I . 

40 

I 

I .,. 

• , 
I 

I 

50 

b. 
THEORETICAL PRESSURE JUMP 
MODEL APPLIED TO NETWORK 
SOUNDING. 

5.0 r----r----r----.---r----r-~ 

4.0 

t 
~ 3.0 

t­
:r 
~ 2.0 
w 
:r 

1.0 

Cth= 18.7 m sec-I 

B A 

I 
I 

I 

----t------------~ 

B' ~ 

o~--~--~--~----~--~--~ 
-50 -40 -30 -20 -10 o 10 

TEMPERATURE(OC) -+ X (Km) ~ 
POT.

wb 
TEMP ......... 

-50 -40 -30 ~20 -10 
X (Km) ---+ 

-50 -40 

e. 

u2=7msec-1 

I I 

-30 -20 -10 
X (Km) ~ 

o 10 

u 1 = 2 msec-I 

I I 

o 10 

-50 -40 -30 -20 -10 
X (Km)~ 

o 1.0 

I I 
. -50 -40 

f. 

u2 = 6 m sec-I 

I I 
-30 -20 

U 1 : 0 .5 m sec-I 

I I I 

-10 0 10 
X(Km)~ 
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pressure jump. (d) Computed hydrostatic pressure profile at the surface 
beneath the gravitational wave in (b). Windshift a~ross the observed (e) 
and theoretical (f) pressure jump. 
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Figure 15. Verticalprofiles of temperature and density at WRY just 
before and just after the gust surge passed, 2300 and 2345 CST, 
respectively. 
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at 2300 CST. The slight temperature inversion at 2300 m (figure 15, inset) 
had a density ratio, PrP lip 1 (or !::.p/ PI) of 1.14 x 10-2 , where PI and 
P 2 are the respective air-parcel densities above and below the inversion layer 
extrapolated linearly to 2300 m, as shown in figure 15. In this sense PI and 
P 2 ' represent the densities of air parcels specified by the ambient 
pressure and hypothetical temperatures Tl and T2 at 2300 m. 

Following Tepper's model, the phase speed co, of a gravitational 
wave jump in the initial stage of development, propagating on the density 
interface of height ,h, separating the two layers, is given by 

Co == ~ !::.p gh" Pl 

where g is the gravitational constant. Assuming that the density inter­
face in the atmosphere over the network on 31 May could be taken as the 
2.3 IOn thermal inversion, and inserting its associated numerical 
parameters into (5) yields a Co value of 17.7 m sec-I. -Tepper's numerical 
results (figure 8, in his article) specify that by the time the wave is 
fully developed the phase speed of its crest is 1.15 Co or 20.2 msec-l •7 
These values correspond closely to the network-average propagational speed 
of the windshift and pressure jump, observed as 15.5 m sec-I. The shape 
of the thermal inversion profile within the gravitational wave jump, as 
obtained by application of Tepper's numerical results to the 31 May 
atmosphere, is sketched in figure 14b. The inversion is elevated about 
1 km at the ct;'est of the wave. As the jump propagates along the interface, 
ambient air parcels are displaced upward, undergoing adiabatic cooling as 
they ascend, which results in a new temperature profile as shown by 
th7 dashed line in figure 14a. The temperature profile was obtained by 
lifting air parcels on a thermodynamic chart 1 km at the thermal , 
inversion; the amount of lifting of air parcels above and below the 
inversion was decreased linearly to zero at a vertical distance of 1.5 km 
away from the inversion. The plot of the computed surface hydrostatic 
pressure increase due to the cooling is shown in figure l4d. \ A comparison 
of the network-averaged pressure profile in the jump ' zone with- the computed 
pressure profile below the interface jump shows almost ,identical magnitudes 
of the total pressure change; however, the observed pressure gradient is 
almost twice as large as the theoretical value. Similar correspondence is 
seen in the observed and theoretical win4 regimes (figures l4e anc1,f" 
respectively). The wind pattern within the theoretical jump was obtained 
directly from figure 8 of Tepper's (1955) article, while the observed 
windshift pattern represents the result obtained by averaging the measured 
wind speed components in the vertical plane normal to the windshift. Just 
as for the pressure, the magnitudes of the observed and theoretical wind 
change across , the jump are remarkably similar, but the former has_a larger 
gradient th,an the latter. 

7This result assumes an abmospheric Froude number, Fo , of the initial 
perturbation equal to 1. 
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Sunnnarizing~ evidence has been shown to dem.onstratethat atmospheric 
conditi,ans ~ allowingt4e applicabili,ty of Tepper' stheory ofgrav:i1:y wave 
formation and.propag~tion6nathernialinversiop.>inconnectionwith squall 
line de:velopmetit~ 'werepresent on 31 May 1969. Synoptic s.tationreports 
pressure jumps , occurring ahead of the cold front. and attheleadinge.dge 
of the squall line suggest . that a : g:tavitati.Ona.l-w:aye jump was as.soc.iated 
with these features . .Theapplicationof numerical. results from Tepper 's 
dynamicpre~'sure jUmp model, to .the .ambient atmosphere ,over ·. the,net.w:ork 
yielded a gravity-wavejump .:W-hose associate.d phase speed~ surface pressure 
patterri,and w1ndshif.t were remarkably similar to correspondirig chang~s 
accompanying the.observed' pressure jump and windshift. . . 

The above deductions give reasonable evidence of theva1iqity of : 
the gravity wave hypo_thesis to explain the observed pressure j\in.tpartd 
windshift ahead of the gust front; however, a conclusive statement about 
this cannot be made, because verifying observations and/or measureme,nis 
were not. made. 8 Even if such a theory could be ad'equately verified ' the 
question regarding the coupling to the gust front to th~ gravityw~rve·. 
wouldst;illremainto be answered. On the other hand,an adequate basis 
has been estab:l.islled to conclude that the pressure and wind changes ahead 
of the gust surge, 'were not inherent structural features o£theoutflow 
air mass of the precipitation echoes. This is acttlally the only conclusion 
relevant to the examination of the gust front structure. . 

6.3 Gravity Current Model Applied to Gust Front 

A gravity current (often called a density current) when involving 
liquids is a stream of high density fluid along the horizontal bottom and 
displacing an ambient fluid of lesser density. The motive force is a 
horizontal pressure gradient across the lateral interface separating the 
two fluids; this arises because of the relatively larger hydrostatiC 
pressure within the . heavy fluid (Benjamin~ 1968). In the steady phase 
of gravity flows, a dynamic balance exists between shear stresses and the 
pressure gradient force. Among common examples of gravity currents in 
nature is one that occurs when a body of sa:l.ine water intrudes into a 
fresh water estuary, or when a mass of muddy water displaces clear 
water along the bottom of a reservoir ("turbidity" current), a phenomenon 
often noted even by the c~sual observer. An excellent photograph of a 
gravity current produced in a laboratory is seen in figure l6a (taken 
from Simpson, 1969). The white fluid mass is a saline water solution of 
specific gravity of 1.01 and is surging to the left along the bottom of 
a long trough filled with pure water. 

8Colmer (1971) and this author as well have observed that a windshift, 
often accompanied by a sharp pressure surge, is a frequent feature 
preceding the initial surge of the cold outflow of thunderstorms. This 
problem remains and deserves further examination. 
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HEAD 

b 

Figure 16. (a) A saline "density current" (gravity current) propagating 
from right to left along the bottom of a transparent tank filled with 
pure wat"er. Note the slightly elevated head and the turbulent mixing in 
its wake. (b) A saline current (flowing from left to right) revealing 
the formation of bulges which are swept backwards and roll up in the form 
of billows and then break up (after Simpson, 1969). 
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Gravi.ty currents in the atmosphere are less obvious because of the 
complexities of atmospheric flows introduced by horizontal and vertical 
ii1homogen~ide;sofair deri~i:ty~ <;!9Ulpressibility effects, flow over~ : , - _ .' 
irregular terrain, and,t:heeffects of' thE!- earth's rotation. Then, J:here 
is the added problem that atmospherIc .,gravity ml:'rtentsareusua+ly ' 
invisible, because they are normally de.i.roid ·of condensation. How~vEir, in 
some cases dust is. picked up by strong surface winds and carried to great 
heights, i.e., 1 to 2 km, near the front of such - i:!oldsurg-e~ .mal<:ing 'the 
"nose'" of the currents clearly visible. Two exampleparei:fiustt~t-e.d 
in figure 17. Figure l7a is a . large-scale cold front in r<ansas '~imd 
figure 17b is a "downdraft haboob," the name given to the coid otit£19w 
of thunderstorms carrying high wind gusts and suspended sand, in Sudan. 
~erso~ (1958), Clarke (1961), and Simpson (1969) have shown that such 
atmospheric flows have similarities to gravity currents, Le., as 
'dE!-fined at the beginning of this section and as revealed in labora.~ory 
experiments • . Clarke (1961) and Simpson (1969) have shown that sea- . 
breeze flows having a duration of less than a day also display some . 
structuraL and displacement characteristics common to gravity currents. 9 

This pottionof this study examines the gust f.ront for structural 
and displacement features that characterize gravity currents. 

The nature of gravity currents has been investigated theoretically 
as well as in laboratory and numerical simulation experiments. Von 
Karman (1940) introduced a. simple theoretical model of a "perfect-fluid" 
gravity current propagating steadily along the horizontal bottom of 
an infinitely deep tank of relatively less dense fluid. The infinite 
depth of the environmental fluid allowed him to assume that the latter 
is undisturbed rela.tiveto the propagating heavy fluid; the perfect 
fluid assumption implies that the flow is energy conserving. Using a 
coordinate system translating along with the gravity current of speed, 
V, he applied Bernoulli's equation for steady, incompressible, 
irrotational flow to points A and B along the streamline on the inter­
face separating the gravity current and'the ambient fluid (see figure 
18). This equation applied to the upper fluid of density, PI (assuming 
A is a point of stagnation), gives 

• 

9 Air-mass currents having a lifetime of a day or more tend -towards 
geostrophic balance. In this regard the relatively long lifetime 
of typical large-scale cold fronts, i. e., sometimes many days, would 
tend to rule out the applicability of gravity-current motion. However, 
the large horizontal and ver.tical wind shears found at the leading edge 
of large-sc.ale cold fronts result in shear stresses that exert a much 
greater control over the motion than that control due to the Coriolis 
effect; thus, gravity-current motion occurs at the leading edge of 
cold fronts (Clarke, 1961). This aspect is further considered in a 
latar section. 
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Figure 17. Atmospheric gravity currents. (a) Cold front in Kansas 
(courtesy of Yih, 1969). (b) Haboob in Sudan (courtesy of Simpson, 1969). 
The Haboob is usually found just ahead of an active or dissipating squall 
line, but a few cases have revealed it to be associated with a strong dry 
cold front. In both (a) and (b) the front is moving from right to left. 
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The sam,~ equa:tionapplied to . the .. 
heavy fluid. of density,. P2 , .and · " 
m~an depth, d (realizing ' that the 
gravity current is stationary 
relative to the assumed' coor9.inat.~ 
sys tem), gives . 

p ~p~ + .. .. (j 
A ·' . B .gP2' 

where P ,~s the aIllh;~n t pr~Sstn:~~, 
and g is . the .grav:i:tCltiona-l con­
stant. Combining the above '. two 
equations yi~lds . , 

v 

- '~~'.' •... ' ....• '~a:: .. ~ . . : 
z , .... .. . . .' ·.l ~ . 

L · . ". 71'/3 ' . . pz . d 

.. · . 's'JiIIl;~ -~1I1 ill r '. ;. 

Figure 18. Schematic flow model of 
agra,vity current . of density P2 at 
the bottom of an infinitely deep 

.. reserv:oir of less dense fluid. 

J. . P2 -PI 
V = .2. gd . ( ' . . ) 
. . '. PI • (6) ' 

Viewed with respect to a coordinate 
system attached to the gravity 
current, moving to the left with 
speed V~ the dense mass is st<;ltion­
art while the environmental flow 

Gravity currents. have pre-:-. 
viously been produc~din laboratory 
tank e~periments by Keulegan (1958), 

is toward the right at speed V. 

Middleton (1966) and Simpson (1969) (a photograph of such a fluid flow, 
discussed earlier, is shown in figure ·16a)as well as in numerical 
experimeI.1ts conducted by Daly and Pracht (1968). The experiments have 
demonstrated that gr~atest changes in the structure and displacement 
occur in the early stages of the flow,Le., inunediately following the 
removal of the lateral partition confining the high density fluid • . 
Following the transient stage,the current quickly assumes a quasi ... steady 
geometric shape and densimetric structure. This is confirmed by the 
near-steady displacement over the extent of the trek along the trough. 
During this steady stage, the displacement obeys the relation 

where the symbols are the same as before. From the numerous experiments 
conducted by Keulegan (1958), involving an assortment of trough geometries, 
and for fluid density ratios tlpical for alleged atmospheric gravity 
currents, :i.e., 0.01 ~ P2-PI/PI ~ 0.02, k was found to have an average 
value of 1.1. The cor1:"~sponding theoretical value of k implied by (6), as 
deduced from a frictionless flow model, is 1.414. Benjamin (1968) obtained 
a theoretical val,ue of 1.23 for a model gravity current in a reservoi.r 
of finite depth where dissipative energy losses at the front of the current 
are taken into account (see Lamb, 1932, p. 280). This summary of docu-. 
mented results demonstrates reasonable consistency in findings from . inde­
pendent investigations and thus gives assurance of the val:i,.dity of (6) anc,l 
{7) to describe gravity current motion. 
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Becaus'e the present examination of the gust front is focused .. on. its 
structural similarities to gravity currents, the boundary of the gust 
front must now be considered identical to the boundary of the constituent 
cold air. This consideration implies that the. leading edge of the gust 
front is.the zone of the sharp temperature drop. Thus, the previous 
definition of the leading edge, Le., the gust-surge line, is discarded 
and the .density-surge line in figure 13 (identical to the temperature­
break line in figure 7) is assumed to be the forward air-mass boundary. 

The initial step in examining the 31 May gust front for behavior 
as a gravity current is .to apply (6) and (7) to its an~lyticai structure 
and to compare the theoretical result with analytical findings. In 
the proper application of these equations, V is the displacement speed 
of the gust front relative to the flow of the ambi~nt troposphere or, 
vice versa, the ambient flow relative to a coordinate system attached to 
the gust front. Later, it is shoWn that the outflow air mass had a 
maximum height of about 1700 m above the ground. Therefore, it se~ms 
reasonable to assumetha't the tropospheric flow above about 3400 m did 
not influence the propagation of the gust front. The mean wind vector 
in the surface-to-3400 m layer, revealed by the 1800 CST TIK rawinsonde, 
was directed almost parallel to the y-direction in figure 9c; the 
component in the x-direction was only +1 m sec-I. 5ince the propagation 
speed of the gust front near WKY .was 21 m sec-l in the positive x-direction, 
the x-component of ambient-air flow, u, is directed toward the gust front 
at 20 m sec .... l ;· · as seen by a coordinate axis attached to the gust front. . 
Figures 9b and 9falso show that in the -warm air ahead of the gust front .... 
below 444 ro, the layer-mean of the y-component of wind speed, ·v, varies 
less than 4 m sec-l along the x-direction. Assuming that. the latter 
result is general throughout the ambient-air layer below 3400 m, then the 
v:"'component can be ignored in the derivation of the displacement speed, 
V, without significant error since u2>>v c . Thus, in figure 18 , . 
V ~u (= 20 m sec-I) and the s-coorclinate corresponds to the (~x)- . 
coordinate in figure 9c. 

The application of (6) and (7) further requires that the mean depth 
d, of the gust frontts associated cold air and the densityratio, P2-
Pl/ pl ,be determined. (The bars over the density symbols denote mean 
values of the respective cold and ambient-air densities in the atmospheric 
layer accommodating the gust front.) The atmospheric measurements 
available for this analysis do not supply this information directly 
because they do not extend to the height of the cold-air dome. In fact, 

. the vertical thermal cross section (figure llc) implies that the gust 
front was far higher than the top level of the tower. According to 

. Byers and Braham (1949) and Fujita (1963), the horizontal temperature 
difference between environment air and the cold outflow near its upper 
boundary is quite small. Figure llc shows that the temperature drop .at 
444 m is almost as large as that exhibited at lower levels. Furthermore, 

· the surface pressure rise following. the cold surge was far greater than 
that which could· be at.t:ributed to a layer of cold air less than 500 m thick. 
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, 
The depth Of ,the cold air was i'n£erte:d by ext;rapola:.ting the 

horizontal envir()mnerit...;tp-:-gustfront temperature decrease to a height 
aboye the tow,er such thatthecomputed,hydrostatic pressure a,t the 
ground matches the obs,ervedvalue.' Since the mean depth d is desired, 
the mean surface pressure J;'ise and the" temperature upstream from the 
density surg~wereemploye:d. The: mean pressure increm,entfollowing the 
gust surge atWKY is shown ,aEl 2.2 mq in figure 13. Warm-to.,...cold air 
temperature decreases of 4°C a,nd 5°C were obtained from figure: llc, the 
first value ,representing the average fa,ll from ~ndisturbedenvironment 
and the' second cor'responding to th~ fall from the narrow thermal ridge 
just ahead of the density surge (see figure llc). To ~rrive at the 
gust-front temperature profile above the tower, these temperature drop 
values were subtracted from the modified TIK sounding as illustrated in 
figure 15 and tabl,e 3. The cold-air depth required to account for the 
total pressure rise, combining rises, occurring during windshift and gust 
surge (shown as 6.2 mb in figure 13), :was also computed according to 
the procedure described above (CASE II in figure l5'and table 3). This 
depth value is to be used for a consideration discussed later. 

Table 3. Parameter values for calculation of theoretical gust front 
speed. 

Depth Density Ratio Displacement Spe.ed (m sec-I) 

Temperature 
P 2- PI 1.¥d P'£P 1 1.qfr.d P2 ~ 11 1 Ob-

Deficit (OC) d(m) PI PI 1f1 served 

CASE I 5 1220 -2 16.9 21.9 1.97x10 20.0 
( L\P=2. 2mb) 4 1500 1. 91x10-2 18.6 23.6 " 
CASE II 5 3150 2.00x10 -2 27.1 35.1 " 
( L\P=6. 2mb) 4 3900 1. 93x10-2 29.8 38.5 " 

Radiosonde ascents penetrating the cold outflow of thunderstorm 
conducted by Thunderstorm Project personnel usually revealed the upper 
thermal boundary below 1525 m (Byers and Braham, 1949). Farquahrson 
(1937) and Simpson (1969) have reported depths of intense haboobs in 
Sudan of 1100 to 1500 m. The depth values in CASE I indicate the 
31 May 1969 outflow air mass was relatively deep. On the other hand, 
the depth values under CASE II exceed all previous thunderstorm-outflow 
depth estimates known to the author. 

The density ratio, (P2-PI)!PI , comprised of symbols denoting 
layer-means of the gust-front air and the ambient air displaced by the 
gust front, is obtained as illustrated in figure 15. Since the density­
versus-height curves in figure 15 are practically straight lines, the 
values of P2 and pI are assigned the densities at the mid-levels of the 
respective air layers. The density ratios are tabulated in table 3. 
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The substitution of these numerical values of the mean depths and 
density ratios into (6) and (7) gives the displacement speed of the 
gust-front air mass propagating as a gravity current. For CASE I, 
gratifying agreement to the observed speed10is obtained from both equations, 
especially for the 4°C temperature drop (considered to be a more realistic 
value). The larger theoretical speed given by von Karman IS .re1a.tion 
(second "displacement speed" column in table 3) is expected, because 
energy dissipation processes that retard horizontal motion in the actual 
flows are not taken into account. ,These computational results indicate 
that if the assumption about the upper temperature profile of the cold 
air is not grossly incorrect, the overall agreement between theory and 
observation indicates that the governing dynamics 'of the 31 May gust 
front 'was similar to that of a gravity current. 

. The exceedingly large ' value of the gravity current displacement 
speed computed for CASE II is due to the inherently large value of 
co1d~air depth. (Recall that this depth value was computed assuming 
that the successive pressure rises associated with the windshift and 
gust surge were due to the influx of high density air comprising the 
gust front.) This result adds support to the hypothesis (already 
employed previcius1y) -that the depth of cold air comprising the gust front 
is defined by the second pressure rise only; this agrees with the picture 
implied by the analytical fields (figures 9 to 12). This reasoning 
adds further support to the conclusion arrived at previously that the 
forerurmingwindshift and pressure jump were not characteristic features 
of the~ust fronts-tructure. 

6.4 Comparison of Detailed Structure of Gravity 
Currents and Gust Front 

In section 6.3 the gross density structure of the 31 May gust front 
was employed for examination of its horizontal propagation as a gravity 
current. Application of elementary gravity current theory demonstrated 
that its observed displacement did approximate that of a gravity current 
according to a model on which the theory is based. We havecilready . . 
alluded to an example of ' a laboratory gravity current (figure i6a) that ' 
exhibit:ed a dis'tinctive surface boundaryshape. Suchl:aborato:i:ycurreu1;:s 
have further reveal'ed a systematic internal circulation and mass 'entra:in­
ment pattern near' the leading edge. In the fo110wingpara.graphs, the _ .. ' 
detailed analytical structure of the gust front is examined for analogous 
features. . 

10The "observed speed" in table 1 is th~gust front displacement · 
relative to the"f10w of the lower . tropospheric enviropment. 
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6.4.1 Geometric ~hape 

Laboratory gravity currents display a typical surface boundary 
geometry, as exhibited in figure l6a. The surface profile in a vertical 
plane normal to the gravity-current front reveals a projecting nose a 
short distance above the lagging current front at the bottom. In upper 
regions, the density interface slopes backward, crests, a~d then slopes 
downward to form an elevated head at the current front. In this figure, 
the head depth appears to be only slightly greater than the mean 
upstream value; however, heads studied by Keulegan (1958) had about 
twice the depth of the upstream current for density ratios (as previously 
defined) similar to the gust front. In addition, density interface 
upstream of the head has generally been found to display a near-constant 
height. 

The vertical profile of the density surge of the gust front below 
444 m combined with the underlying surface pressure pa~tern imply a 
protruding nose some distance above the tower summit. The density-surge 
line exhibited a forward slope near the ground as shown in figure 13; the 
average slope in the lowest 100 m is 65° .11 This density-surge slope is 
maintained through the tower depth. But, if we assume the surface 
pressure at WKY directly below the de~~ity discontinuity is hydrostatic, 
the cold-air boundary above the tower top must begin a rearward slope 
within several hundred meters to be consistent with the surface pressure 
change. Thus, a protruding nose is envisioned similar to those seen in 
figure 17. 

Simpson (1969) observed similar nose shapes in sea-breeze fronts. 
Note that the deduced gust~front nose, as well as the noses in the other 
examples referenced above, have a general shape similar to those leading 
laboratory gravity-current surges (figure l6a). However, in other 
studies, Koschmieder (1936, 1941) found that the heading cold-air profile 
changes in time and space in individual sea-breeze fronts, and Colmer 
(1971) observed that the leading horizontal wind-shear profile varied 
from one gust-front case to the other. This finding prompted them 
to suggest that the cold air comprising the projecting nose to 
periodically collapse, in a cyclic manner, into the warm air beneath it. 

lIThe forward slope of the gust surge was 85°, significantly greater 
than that exhibited by the density-surge line, in agreement with the 
findings of Goldman and Sloss (1969). The probable reason for the 
greater slope of the gust-surge profile is the unlimited frictional 
retardation of the wind near the ground. On the other hand, the 
slope of the thermal profile is limited by overturning, which commences 
when the overlying cold air projects too far over the warm air. 
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In this regard, the narrow thermal ridge ahead of the density-surge line 
(figure llc) . and beneath the just-inferred nose may indicate subsid!ng air 
motion and the beginning stage of the nose collapse. 12 On the other hand, 
the stream function analysis does not reveal downward flow below the 
~ose, i.e., in the area of figure 9d bounded by the time interval 
2338 to 2339 CST and the layer 0 to 300m. However, this apparent 
contradiction can be subjectively countered by considering that such a 
small-scale feature as a collapsing nose would probably not be resolved 
by such an analysis. 

The surface pressure distribution and thermal structure of the 
overlying gust front, just upstream of the protruding nose, were used 
to infer an elevated crest of cold air. The pressure traces at WKY and 
2C exhibit a pressure peak just upstream of the maximum wind cell 
(figures 10 and 13). This excess pressure maximum at WKY is shown as 2.5 
mb in figure 13. In the ~egion of the pressure maximum, the average 
surface-to-444 m temperature difference from the displaced warm air 
is only 3.5°C. Employing these parameter values to compute the depth 
of the cold air~ according to the procedure described previously, yields 
1700 m. This depth exceeds the uniform upstream level of 1220 m (CASE I, 
table 3) by 480m. Henceforth, this vertical bulge in cold-air height 
will be called "elevated head," in conformity with the term applied to 
an analogous feature in laboratory gravity currents • The horizontai 
distance between the head and the nose is 4 km; the uniform depth upstream. 
begins 7.5 km from the nose. The mean dimensions of heads appearing in 
Keulegan's (1958) laboratory gra~itycurrents; "bloWn-up"· t6 the scale .. 
of the gust front, are head of height 2500 m, positioned 5 km upstream 
from the nose, while the upstream cons.tant depth region begins at 7.Skm 
from the nose. This comparison shows that although the horizontal 
dimension. is siII?-ilar, the vertical dimension of the gust-:-fr.ont head .is 
much suppressedcompared.with heads exhibited by gravity currents in 
stratified liquids in Keulegan's experiments.' 

/ 

A scan of meteorological literature for previous discoveries of ' 
elevated heads at thefroni: of c6ldsurges yielded several examples. From 
plots of the height 6f the vertical wind shear maxinium (assumed to .. 
coincide with the frontal surface) with horizontal distance from the 
leading edge of four cold fronts in Australia, Berson (1958)'found that ' · 
most cases revealed a shallow "dip" in otherwise upsloping shear profiles. 
An example, reproduced from his article, is $een in figure, 19. Berson 
called the small height maximum in the shear profilebetwe~ , the leading 
edge and the dip a "friction head" as . an analogy to heads · it:t .laborato;ry 
gravity currents. The horizontal distance of the dip <fromthe leading 
surface position of the shear zone was between 13to:59 .km, as the actual 

12 .. . .'. .. . . .. . ..... ' . . ... 
Observations of the wind and thermal structure at the leading edge 
gust fronts, suggestive of all stages of this cyclic process, have 
been. noted by the author in preliminary investigation's of other 
gust-front cases. 
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location varied from front-to-front 
, , , as weli as in time and spac~ in 

'';" , : 
individual fronts. Clarke's (1961) 
.vertical sec tionai:lalys~s through 

~2~r-~W~~' ~~~--~ __ ~ __ r-~ __ ~---' 
" , .~ 24 t>cm/sec cold fronts and sea-br,eeze h·onts in 
~ 22 / lom~sec,/ Aus tralia, in many cases, exhibi'ted'-
~20 h ,vertical bulges in th,e temperature and 
<ie 18 '. I ' ' 

.. I , ~treamline fields near "the leading edge, 
~16 ,/I t ',! ,' suggestive of frontal heads ' on a scale 
§5 14 1-lE 12 0 similar to 'those found by Berson (1958). 
: 10 ,e In view that vertical and horizontal 
~ 8 ;' ¥ dimensions of laboratory gravity-:-current 
~ 6 /~ i I heads are , not far different, Clarke 
~ 4 I ! • would not submit thati:hese bulges were 

, ~ ~L--~--"IL-:'--:....I __ --L",--~--!j:..L..-'-L--.l __ "':' ':.1'~...J the counterpart of heads seen in the 
-10 0 10 20 30 40 50 ,60 70 80 laboratory. I1;1S tead, he reserved the 

X-(km' 

Figure 19.' A cpmposite analysis' of 
the wind field near the leading edge 
of a cold front in Australia (after 
Berson, 1958). The dashed and 
dottedc~rves represent zones of 
maximum vertical wind shear:. These 
shear zones are assumed to corre­
spond' apPl:'oxiwate1y to the 'frontal 
surfaces. Note the dip, or ievel 
region iIlthe shear profiiesfn the 
vicinity of 40 km from the leading 
edge of the front. The flow pattern 
is shown relative to .a coordinate 
axis translating to the left along 
with frontal boundary. The stream­
lines are drawn roughly to. fit the 
plotted wind vectors. 

possibility that heads of much smaller 
hOrizontal dimension may have existed 
in the fronts he examined, ' but, they 
could not b'e identified because of the 
insufficient density of his pibal and 
rawinsonde measurements. With the a'id 
of Doppler wind measurements and rawin­
sorides, BroWning and Harrold (1970) 
deduced a small frontal surface "nose" 
'(identical to the: ' head as de'fined in 
this paper) at the crest of an abrupt 
rise of the leading cold-air boundary 
to 'I km followed by a temporary upstream 
£cillo The horizontal dimension was' 
about 10 km. However, an attempt to 
interpret this head as an analogy to 
gravity-current heads requires that 
great caution be exercised.13 In ' 

l3 The scale of Browning and Harrold's (1970) analyses (as well as of the 
squall-line analyses performed by Newton, 1950) implies that the 
identification of a feature the size of the head would be quite difficult 
and, furthermore, an attempt to interpret such a feature is frustrated by 
likely complications introduced by the overhead intense convection currents 
associated with the heavy precipitation. On the other hand, a gust front, 
which is the low-level cold outflow from the convective precipitation, is 
a smaller scale atmospheric current, requiring a relatively small-scale 
analysis to identify a feature the size of the head such as that found in 
the case of the 31 May gust front. Since the head deduced in the latter 
analysis was 15 to 20 Ian downstream from the heavy pr~cipitation its 
interpretation is less difficult. 

45 



conclusion, in view that the typical gust front is of a smaller scale than 
cold fronts, and since it usually exhibits a more intense initial surge, it 
is not surprising that . the 31 May gust-front head had a larger vertical dimens: 
and smaller horizontal dimension than those previously observed in cold fronts 
and sea-breeze fronts. 

The shape of the . top of the col~-air surface of the gust front, 
upstream of the elevated head, was also inferred from the surface pressure 
pattern in the overlying cold air. Figures 10 and 13 show that the 
pressure at WKY and 2C was practically invariant upstrea:m from the head 
region up to the position of the heavy rain area denoted by R in 
figure 10.14 The thermal distribution is shown, in figures Ila and llc, 

, to be slowly decreasing in the coincident region upwind of the' head. 
It w~ assume that the surface pressure over this horizontal distance is 
hydrostatic and bar compensating mass transfers above the gust front, 
these pressure and thermal fields imply that the depth of cold air was 
relatively uniform or perhaps decreasing upstream of the elevated head. 
For simplicity the cold-air depth in this region is assumed to have a 
constant value and equal to 1350 m, which is a rough average of CASE I 
in table 3 (see figure 21). Recall that the laboratory gravity currents 
also feature a uniform depth in the analogous ' span of the current. 

The observation of uniform cold-air depth in the sector of cold 
surges" where frictional str,ess and horizontal pressure forces are 
in approximate bala~ce, has some documented precedence. From a , 
theoretical analysis ,Ball (1960) ha's shown that when frictional stress 
is taken into account in the equations of motion, the solutions reveal 
that the slopes offront~tl surfaces are grossly different than the' 
frontal slope given by the Margul~s relation for th'ecase of assumed 
ge'ost:rophic flow. In the former case, the frontal inversions teridto ' 
become hprizontalwithincre~si,ng distance from the cold front. Clarke 
(1961) showed that approximate frictional bali:lnce extends to about 
30 km upstream of the leading edge of cold fronts and sea-breeze fronts 
in Aus tralia. Farther' ups tream, ' geos trophic' balance predominates. Thes'e 
findings (Ball, 1960; and Clarke, 1961) seem to be consistent with the 
shallow dips appearing in Berson's (1958) and Browning and 'Harrold" s 
(1970) frontal analysis. 

In view of Ball's and Clarke's results', it is likely that the air 
motion within the 31 May , gust front was, almost entirely goveruedby 
frictional stress and horizontal hydrostatic 'pressure gradient • . Recall 
that the upper surface of the gust frpntwas deduced to be horizontal 
or evendownward-slop.ingwith increasing distance from the leading edge. 
Furthermore, the ·observationof steady horizontal displacement ,(see p. 17) 
suggests the cold outflow current was in approximate balance between:- th~ 
fric·tional and the pressure gradient forces~Considering the extreme 
horizontal and vertical wind shears that existed at the boundaries of the 
airmass (see bottbmof p. 22) "it is not surprising that such large 

l4rhe surface pressure is known to rise sharply in the regiori wh~re heavy 
rain is accompanied by intense cold downdrafts, as shown by Fujita 
(1963) • 
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frictional stresses,as are necessary to bala.nce the observed hOrizontal 
pressure gradient, apparently occurred inside the gust front. 

Thus, it has been demonstrated that the observed and -deduced shapes 
of the 31 May- gust front's bounding surfaces exhibit, a clecir resemblance' 
to the shape of experimental gravity currents. In additioh, some gross 
deductions based on the results of Ball's (1960) and Clarke's (1961)' 
studies indicated that the steady, horizontal air current comprising the 
gust front was governed bya balance of forces, identical to those" 
acting in gravity flows. However, we have jet: to consider the 
analytical three-dimensional circulation and gustiness patterns inside 
the gust front on the one hand, and identical features observed in gravity 
currents on the other. 

6.4.2 Internal Circulation and Gustiness 

Laboratory studies of gravity currents have revealed the environment 
flow relative to the fOrwa.rd motion of the head and the internal circulation 
fields in a. vertical plane normal to the leading edge of such flows. 
Middleton's (1966) observations of the flow field relative to the motion 
of the elevated head resemble a pattern characteristic of flow around a 
solid body. This picture implies tha,t when the head is translating 
horizontally at a rapid rate, upward motion of ambient fluid above the 
nose would be substantial. The internal flow of laboratory gravity 
currents features a strong forward horizontal current, an undercurrent; 
a short distance above the bottom. The speed of the undercurrent is 
greater than the forward speed of the head. Consequently, the flow is 
deflected upwards through the nose and then rearward near the crest of 
the head (see figure 20). 

Figure 20. Internal circulation 
pattern of laboratory gravity 
currents as seen by a coordinate 
a~is translating to the right 
with the speed of the head (after 
Middleton, 1966). 

The analysis of the flow pattern 
of the gust front in ~ vertical plane 
features a strong ambient air flow 
towards the head of the gust front 
and large upward ambient-air motion 
near the nose, indicative of up­
sliding flow over the head. This 
flow pattern is constructed by first 
considering that relative to a 
coordinate axis attached to the head, 
the environmental flow in the lowest 
500 m is directed toward the head at 
approximately 20 m sec-I. Now, the 
stream function field (figure 9d) 
discloses upward velocity ahead of_ 
the nose and as fast as 2.5 m sec-L 

is maintained from just above the ground to the top level. A rough 
upper-bound estimate of the average vertical velocity of air parcels, 
being mechanically lifted by the head from the ground to 1700 m, is 
4 m sec-l This estimate agrees with Doppler radar vertical velocity 
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measurements over an intense cold front accompanied by convective 
precipitation (Browning and Harrold, 1970). 

The stream function analysis of the wind current normal to the 
density~surge line shows that cold air actually flowed across the 
densi~y~surge zone. This is seen (figure 9d) by an initial consideration 
that there is no relative flow across the superposed 20 m sec-1 isotach 
since the assumed coordinate system is moving at the same speed. However, 
immediately to the left of this isotach, the streamline flow is forward 
and thus across the superposed density-surge line. This result is not 
without uncertainty, however, because of the short distance separating 
the . 20 msec-1 isotach .and the density-surge line and accurate 
resolution the stream function field is questionable on such a small 
scale, particularly near the discontinuity zones. 

The ambient air flow toward and over the cold outflow head and 
the cross-density-surge flow of the cold air are illustrated in 
figure 21. Although the streamlines are drawn schematically, their 
spacing qualitatively depicts the flow speed. The streamline flow at 
heights above the nose was drawn subjectively under the restrictions 
of conservation of mass and no flow across the cold-air boundary. The 
ambient-air streamline pattern near the head is seen to be quite similar 
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Figtlre 21 .. A composite schematic model combining the features of 
the analyzed and deduced structure of tI:te w:i,nds,hiftand gust front 
leading the squall line of 31 May 1966. (See .the . text for 
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to that observed , in . lab ora tory experiments (Middlet,on., 1966; and Simpson . 
1969). It is also consistent with observations of dust being lifted to 
great heights at the leading edge of intense cold surges, as exemplified 
in figure 17. The cross-density-surge flow is in accord with analyses of 
cold fronts and sea-breeze fronts by B~son (1958) and Clarke (1961). 
(An example, taken from Berson's article, is shoWn in figure 19) . . 
Furthermore, it allows for dust to be picked up within the cold ' air 
(where winds are likely to be . strongest, as in this case:) and then to be 
transported horizontally to the region of maximum vertical v'elocity just 
ahead of the projecting cold-air nose; in this position, the dust could 
be transported upwards to the crest of the head as shown in. figure 17. 

The av'eragespeed' of the cold-air current, upstream of the elevated 
head, was approximately the same as the horizontal displacement speed of 
the gust-front head. This mean current speed, representing the average 
of horizontal velocity components in the vertical plane upstream of the 
initial surge in figure 9d, was 21.5 m sec-I. The displacement speed of 
the head was 21.0 m sec-l Applying Prandtl's (1952) expression for the 
horizontal propagation of an ideal cold front, yields the result that , 
the cold air moves about one-half the speed of the mean upstream current: 
Thus his expression seriously underestimates the actual propagation speed 
of the gust front. Clarke (1961) obtained a similar result in his 
application of Prandtl's relation to sea-breeze flows and cold fronts in 
Australia. 

A distinct vertical circulation field in a vertical plane normal to 
the leading edge of the gust front is deduced from the surface-to-444 m 
vertical section analyses (figure 9d and 9f). In the region of the head, 

-1 - -a strong forward current of relative speed 13 m sec is centered only 
180m above the ground (figure 9f). This jet-like current is henceforth 
termed undercurrent, as an analogy to a similar feature appearing in 
laboratory gravity currents . (It is interesting to add that Simpson's 
(1969) laboratory currents revealed a value of 1.3 for the ratio of the 
undercurrent speed to the propagation speed of the head. The analogous 
ratio for the gust front was 1.6.) The undercurrent was diverted 
upward in the region of the gust-front nose. Downward air flow occurred 
in the wake region of the head, in broad agreement with a similar 
feature appearing in the analysis of cold fronts and sea-breeze fronts 
by Berson (1958), Clarke (1961), and Browning and Harrold (1970). 
Figure 9d reveals 'downward motion at 400 m approaching 1 m sec-I. Note 
that the zone of maximum downward speed in figure 9d coincides with a 
positive temperature anomaly of 2°C in figure llc,implying subsidence 
of potentially warmer air. Downward air-parcel displacements of almost 
200 m are indicated. These analytical features can be interpreted to 
mean that the cold-air flux that supplied the high-speed undercurrent 
came partly from air that had subsided from some height on the back of 
the head, and partly from the gradually subsiding current originating 
far upstream of the head. Considering the downward flow on the back and 
upward flow on the front of the head (discussed earlier), mass continuity 
requires rearward air flow near the head crest. The actual flow pattern 
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below 444 m, as well as that envisioned above, is illustrated in 
figure 21. The weak secondary surge beginning at 2345 CST is not 
considered to be an important feature of the gust front, as stated 
earlier. 

The streamline flow pattern shown in figure 21 shows only a slight 
resemblapce to that obtained by Berson (1958) for cold fronts (see 
figure 19). The reason for the difference in the patterns may reside 
in the difference in data resolution and intensity of the cold-air surges. 
There is a more striking correspondence to Prandtl's (1952, pp 369-370) 
flow model of a cold front. 

Coupled with the internal flow pattern, the wind gustiness and 
thermal fields are used to infer a complex ambient-air entrainment 
mechanism. First, the broad gustiness maximum in figure 9h superimposed 
on figure 9f coincides with the wake region of the initial maximum wind 
speed cell. Recall from p. 8 that the gustiness included airstream 
eddies of horizontal wavelength up to 3k.m. Tower temperature records in 
the segment coinciding with both the broad thermal maximum, and the 
gustiness maximum, revealed temperature oscillations with horizontal 
waveiengths similar to the wavelengths of wind gusts. The peak amplitude 
of these t ,emperature, oscillations was 0.4 °C, "implying vertical air parcel ,_ 
displacelllents in the eddies of almost 40 m. Since such large eddies were 
concentrated in the wake region of the head where the vertical flow is 
towards the ground, it is reasonable to infer that turbulent mixing of 
cold and ambient air occurred along a diffuse interface on the back of 
the head crest; thence, the eddies were continuously carried downward to 
heights below 444 mby the downward flow. A ,second gustiness maximu~, 
smalle,r in size but of greater intensity than the one d;iscussed above 
(figu;re 9h), was located beneath the projecting nose.l? Recall that 
this region is characterized by extreme vertical wind shear and $lightly 
superadiabatic temperature lapse rate. Thus, 'the large eddies in the 
shearing current were not suppressed in this air column. Fu,rthermore, ' 
the implication of cold- and warm-air mixing is , consistent with the 
analytical feature depi~ting cross-density-su;rg~flow in this portion of 
the gust front. 

The mixing ,zones and relate~ regiop.s of large eddies are SChematically 
illustrated in figure , 21" the latter by short, curled a ,rrows. Theentrain­
ment , of ambient air into the head implies the, gradual dilu,tion of the 
cold air; however, this dilution is apparently counteracted by the 
continous influx of cold ai;r, as , sho~ in -figure ,21 hythe inflqw;ing 
streamlines originating far upstream. 

Laboratory gravity _currents reveal 'an ambient fluid, entrainment 
mechanism similar to that , deduced for the gust front. Keulegan (1958) 
and Middleton (1966) ohserved, that the fluid volume.in .the ,wake region ,of 

.' . . . " ', ~ , . . . 

i5This gustiness maximum would be a great hazard to aircraft -in :landing 
and take-bff patterns-at airports. 
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the head is a mixture of environment and high density fluid. This eddy '. 
infested mi,xture. gradually descends and is slowly entrained into the 
undercurrent. This turbulent region is shown in figure l6a. 16 Simpson 
(1969) examined the fine details of the mixing process in laboratory 
flows and observed, that t~e upper boundary of the head consists of "bulges 
that roll up as they are swept backward, resembling -Kelvin'-Helmholtz . 
instability billows along a density interface with shear. Figure l6b 
illus.trates that large entrainment of ambient fluid occurs as the billows 
breakup. Simpson (1969) suggested that -a similar process occurs in 
sea:-breeze fronts, after examining flight records of glider plane 
penetrating of· such air-mass currents. The analyses of atmospheric cold 
surges by Berson (1958), Clarke (1961), and Browning and Harrold (1970), ' 
all show evidence of air entrainment upstream of the frontal head. A 
haboob photograph appearing in Farquharson's (1937) article reveals tha-t 
in the upper region of the head the dust cloud resembles photographs of 
laboratory gravity currents (Keulegan, ' l958, figure 27). All of these 
examples of actual ' observations of turbulent entrainment are broadly 
consistent with the deduced entrainment mechanism of the gust front 
illustrated in figure 21. 

6.4.3 Dynamic Similarity of Gust Front and Gravity Currents 

Use has already been made of the equation 

v = k ~ gd 6.0 
PI 

which relates the displacement speed, V, to the depth, d,of a gravity 
current of fluid density, P2 , and the density ratio, 6.01 PI, i.e., 

(8) 

P2 - pJ! PI ' where pI is the ambient fluid density. As discussed 
previouSly, when (8) is applied to atmospheric gravity-current phenomena, 
layer-mean densities should be used. In (8), k is a nondimensional number 
that can be interpreted as a ratio of the inertia of the current to the 
buoyancy force. .. This ratio defines the internal Froude number. From 
laboratory studies, Keulegan (1958) found that when d is the mean depth 
of the gravity current, k has a constant value of 1.1 for Reynold numbers 
greater than 1000. Recall that von Karman's (1940) theoretical value 
was 1.414. When the depth of the elevated head from Keulegan's currents 
was substituted for d, the mean value of k was found to be 0.76. Similar 
Froude numbers were obtained by Middleton (1966) in another laboratory 
study and by Daly and Pracht (1968) in numerical simulation experiments. 

16There is no evidence of mixing beneath the nose of laboratory gravity 
currents. This presumably is due to the nose prOjecting over the 
less dense ambient fluid being quite small; in many e'f{periments the 
nose overlap was not detected. In the atmosphere the analogous over­
lap can be large because of the large frictional retardation of the 
flow near the ground. 
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While (8) has been applied previously to the mean gust-front structure 
(see p. 37), the object here is to establish the Froude number of the 
gust front and to compare it with experimental values. Dynamic similarity 
is then discussed, taking into account physical similarities and 
differences in the source mechanism of both the gust front and gravity 
currents, as produced in the laboratory. 

The internal Froude number computed for the gust front is found to 
be slightly larger than documented values for gravity currents and, in 
turn, even larger when compared with large-scale atmospheric cold surges. 
For .the mean cold-air depth of 1350 m and density ratio as shown in 
table 3, k is equal to L 25. When the head depth is employed in (8), k 
isl.08. These two k values averaged about 25% ,greater than those 
obtained in Reulegan's experiments. In other documented examples of cold 
surges, fou·r cold fronts examined by Berson (1958) and four by Clarke 
(1961) revealed almos t identical Froude number averages, i. e., 0.55 and 
0.59, respectively, about 25% less than experimental gravity currents. 
Froude numbers obtained from Clarke's (1961) and Simpson's (1969) 
sea-breeze analysis are somewhat conflicting but still average 12% less 
than experimental values. On the other hand, in the case of two haboobs 
exhibiting a mean propagation ,speed of 12.5 m sec-l and mean depth 1300 in, 
Simpson (1969) reported a k value of 0.79. Since the 31 May gust front 
had about the same depth but moved almost twice as fast as these haboobs, 
this suggests that the k value o,f thunderstorm cold-air outflows is 
proportional to the propagational speed of the air mass. 

The larger Froude number obtained for the 31 May gust front is 
perhaps expected in view of the apparent difference in the mechanism of 
its evolution and maintenance when compared with laboratory ; gravity 
currents and other atmospheric examples exhibiting g'ravity-current 
similarities. ' Recall from section 3 that the gust front became severe 
during the evolution of the mature stage of the. LEWP as the parent 
echo attained high intensity and a fast forward speed. These observations 
sugge:st: that the gust ' front initially evolved as high horizontal-momentum 
air inside the cumulonimbus cloud was transported to the ground in massive 
cold~air downdrafts. Then this mass of cold air at the base of the 
downdraft, already charged with large horizontal momentum, spreado,utwards 
as a gravity current. By this means, the gust front could maintain greater 
horizontal momentum ,than that derived solely from a balance of the 
frictional drag and the hydrostatic horizontal pressure gradient. The 
excess horizontal momentum of the outflow would, in turn, make ' the Froude 
number larger. For an ideal laboratory gravity-current experiment, a 
constant pressure head is maintained at the source to provide the high 
density fluid with sufficient initial forward momentum to continuously 
maintain the depth of the advancing fluid mass~ ' In such a. case, momentum 
at the source does not effect the displacement speed of the advancing 
head. When we consider this aspect, the soun;e mechanism of laboratory 
gravity currents seems to be more similar to that of cold fronts and 
sea-breeze fronts than to the analogous mechanism of the gust front. ' 
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It is difficult to estimate that. ver,tical transfer of horizontal 
momentum in the thunderstorm downdraft has on the momentum of the cold 
outflow of thunderstorms. Adding to the uncertainty is the unknown 
relationship hetween the horizontal speed of a cumulonimbus radar echo 
and the horizontal speed of. air inside"its downdraft. It is compara­
tively clear that the horizontal momentum of the downdraft could be a 
significant factor only when it is substantially greater than the 
horizontal momentum of the outflow due only to the. influence of gravity.17 
This situation is likely in the formative stage of the gust front when, 
the cold outflow is relatively shallow;lS' in such a case the gust front 
lies near the downdraft, and the streamline flow depicts a pattern 
envisoned when a jet of fluid strikes a plane surface at a small angle. 
The .flow speed decreases sharply with normal distance from the jet core. 
However, once the amassed cold air becomes sufficiently deep and/or the 
horizontal momentum of the downdraft becomes sufficiently small, the 
cold outflow air evidently propagates approximately as a gravity current 
under relatively little influence of the downdraft momentum. 

At the time of analysis of the 31 May gust front, the parent echo 
had already diminished somewhat in intensity, and. the density surge had 
moved outward to a position 20 km ahead of the forward echo boundary. 
At the same time~ the density surge was propagating 3 m sec-l faster than 
the echo boundary. If we assume that the horizontal air speed within the 
downdraf ts . supplying the gust fron,t was not far greater than the speed 
of the echo boundary, the effect on the propagational speed of the gust 
front head was probably minimal. 

Thus, it is concluded that the predominant motive force for the 
gust-front propagation was gravity. The higher wind speeds over the 
northern part of the NSSL observation network (figure ge) were due 
primarily to the larger horizontal pressure gradient in that region, 
apparently reflecting a greater depth of dense air. 

In summary, approximate dynamic similarity between the 31 May gust 
front and gravity currents has been deduced. While the like'lihood is 
small that high horizontal momentum injected into the outflow by the 
thunderstorm downdrafts was responsible for the slightly excessive Froude 
number, the possibility cannot be ruled out and remains a problem. The 
fundamental role of the downdraft as a source for the outflow was shown 
to be similar to the source mechanism used in experimental gravity current 
studies. However, the precise role of the downdraft in the formation and 
maintenance of thunderstorm gust fronts is still problematic. 

~7Actually, one can reason that the horizontal momentum of air at the 
base of the downdraft, greater than the momentum of the gust-front 
head, is required for the maintenance of the latter, because the out­
flow air mass is expected, to lose momentum continuously due to friction 
in the region of near-zero pressure gradient between the head and the 
downdraft. 

IS Recall from (7) that the speed of a steady-state gravity current is 
directly proportional to the square root of its depth. 
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7. SUMMARY 

A severe gust front leading the squall line of 31 May ' 1969 was analyzed 
to determine its three-dimensional structure and to investigate the 
mechanics of its horizontal propagation. All data measurements obtained 
by NSSL were used in the analysis. 

The .entire analysis of the leading part of the squall line was 
combined into a composite schematic model (figure 21). The initial. 
change line, which preceded the leading edge of the cold outflow by 
8 km, was a coincident windshift and pressure-jump line. The lack of 
data definition above 445 m, during the passage of this discontinuity, 
prevented a complete analysis. No evidence could be found to indicate 
that the windshift and pressure jump were due to cold-air advection 
associated with the gust front. Instead, substantial evidence indicates 
the discontinuity was due to a gravitational wave "jump" (Tepper, 1950, 
1955) propagating on a 740-mb thermal inversion (figure 21). However, 
an attempt to determine a link between such a gravity wave and the 
gust front is beyond the scope of this analysis. 

During the period of the analysis, the leading edge of the gust front 
was well ahead of the precipitation area (20 km ahead) and was propagating 
steadily at 21 m sec-I. The radar echo from which the outflow emanated 
was in the "late" mature stage and was moving 3m sec-l slower than 
the gust front. 

The shape of the cold-air outflow constituting the gust front was 
defined in a vertical plane section taken normal to the line tangent to 
the leading edge. At the front of the cold airmass, a "projecting nose" 
was found~ whose foremost extension was located about 750 m above ground 
level and L 3 km forward of the cold-air boundary at the' ground. The 
depth of the cold air exhibited a maximum of 1700 m near the front of 
.the outflow air mass and immediately decreased to a near-uniform upstream 
value of about 1350 rtl (figure 21)". Thus :, an "elevated he'ad" ' waslocated 
at the front of the air mass. The geometry of the, air':"mass profile 
is quite similar, to the ·characteristic profile of the steady-flow gravity 
currents formed in stratiried : liquids in laboratory tankexp~riillents 
(Keulegan, 1958). ' It also agrees with the shape . ofcbl.d"kata-fr6nts" 
(Ball, 1960) where frictional stress is taken into ac.'(;.ount in the 
equations of motion~ 

The ambient airflow toward the head, which is deflected upwards in 
the nose region, and the circulation field inside .the co;ld a::i,.r.Jllass is 
also similax to analogous flow features revealed by laboratory grc;tvi~y 
currents. Just aheadof .the nose, upward velocities up to. .2.5 m, sec- 1 
at the 400m level . were computed,and values j.1p' to 5. m. sec~l at higher 
levels were inferred as the ambient, air flow was lifted up and, .over 
the head, (as, s ,een by a coor4inate ~is tra~slating : with the head at 
20 msec-l ) . . Inside the head, the circulation field featured a . 
horizontal wind speed maximum of 13 m sec-l (with respect to the trans-
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lating reference axis) at a heig~~ of only 180 m above the ground (figure 
21). This feature may correspond to the "undercurrent" in laboratory 
gravity flows. This undercurrent . .is deflected upwards in the nose region 
and finally rearward near the crest of the h~~d. In the wake region of 
the head, where general downward air motion is evidenced by· ' analyzed 
downward .components up ·to 1 m sec-l at '400m, the wind velocity and 
temperature fiel~s were qu~te turbulent. Eddy mixing of ambient air in 
the wak~ of the · head crest and a steady downward flux of this air mixture 
is postulated to explain these observations. Vigorous eddy mixing is 
also implied beneath the nose. These entrainment mechanisms evidently 
tended to erode the cold-air head, but this erosio~ was counteracted by 
inflow of cold air from the upstream direction. This ambient and 
internal flow field associated with the gust front is remarka~ly similar. 
to analogous features of gravity currents as deduced by Prandtl (1952) 
and observed in laboratory experiments {Middleton, 1966; Simpson, 1969). 

The similar:j.ty of internal Froud~ numbers of the gust front · and 
laboratory gravity currents indicates mutual dynamical similarity. The 
gust · front Froude, numbet:: was only 25% larger than , those .. associated w:j.th 
.laboratory currents; however, the .percentage excess is greater when 
comparing with larger scale atmospheric cold surges. It is reasoned 
that Froude numbers of thunderstorm outflow air masses are sometimes 
larger than those revealed by other atmospheric cold surges because the 
horizontal displacement speed of the outflow may be boosted by the 
injection of high horizontal-momentum air, perhaps originating from a 
mid-tropospheric level. However, during the period of analysis of the 
31 May ca,se · suchan influence was likely to be small (as the near 
corresponden~e of Froude · numbers would suggest because the gust front 
was propagating faster than the parent echo while the latter was in the 
later ma~ure .stage. 
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