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PREFACE
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prepared and made availabl e to us by Dr. F. Caracena , Atmospheric Physics and
Chemistry Laboratory , NOAA .
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Section 3: H. W . Frank , J . A. Korrel l , and G. E. Greene
(The data anal yses for Haswel l and NSSL were per-

formed by H. W . Frank and J. A. Korrell , respec-
tively.)

Section 4: A. J. Bedard , Jr., and M . M . Cairns (Section 4.2)

and G. E. Greene (Section 4.3).

Section 5: A. J. Bedard , Jr.
Section 6: G. E. Greene and P. A. Mandics

Section 7: P. A. Mand ics and G. E. Greene

The authors are grateful to Drs. F. F. Hall , Jr ., D. W. Beran , and W. H.
1-looke , Wave Propagation Laboratory , NOAA for their assistance and numerous
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1. I NTRODUCTION

Aircraft accidents resulting from severe wind shear during take-offs and

landings have become a major source of concern in aircraft safety. Until

recently, it was believed that shear generated by the synoptic-scale cold or

warm front was the prima ry cause of hazardous shear. Two years ago , Grossman

and Bera n (1975) investigated the frequency of shear produced by synoptic-
scale events. We have now concluded tha t a significant , if not major , por-
tion of shea r hazardous to aircraft is caused by the thunderstorm gust front

on the small mesoscale , extending over distances of only a few kilometers.

In this report we consider the causes of l ow-level wi nd shear with a

Strong emphasis on the dynamics of the cold air outflow , or gust front asso-

ciated with thunderstorms. From detailed case studies , we find general

agreement with laboratory experiments and proposed density current models

with some exceptions. Specific gust fronts , howe ver , show considerable var-

iations , as well as similarities , from one case to ano ther . Our resul ts
suggest that the best single indicator of wind -shear severity that can be

measured at the ground is the gust front speed of motion. We conclude that

no one method for detecting gust fronts and estimating their severity is

hi ghly reliable but that an array of appropriate ground-based sensors can
give adequate warning of potentially hazardous shear in most cases .

1.1 The Problem : Wind Shea r

Wind shear is defined in the Glossary of Meteorology (1959) as the local

variation of the wind vector , or any of its components , in a given direction .
This variation can be a change in wind speed , direction , or both with the

distance usually measured in the vertical or horizontal direction. Its

effect on an aircraft is along the take-off and approach paths but in this

report we will always consider the vertical and horizontal components , :-.~/.z
and ‘v //~,x , where ~ is the vector wind velocity , and z and x are distances
along the vertical and horizontal, respectively . Vertical wind shear is the
variation in the vector wind velocity with chang ing height and horizontal

I
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shear is the wind variation over some horizontal distance. The unit of shear

I s sec 1 since it i s the quot i en t of veloc ity in m sec~~, d i v i ded by d i stance
m m .

Wind shear is important to the performance of an aircraft because the

lif t depends on the velocity of the airflow over its wings. That fl ow is the

vector sum of the aircraf t ’ s speed relat i ve to the groun d an d the wind vel-
ocity . Abrupt or large changes in wind speed can affect the lift quickly and

drastically such that the pilot may not be abl e to respond in time to prevent

a sudden drop or rise relative to the approach or take-off paths , either of

which can result in a crash if it occurs sufficiently near to the ground .

Therefore, pilots need to be forewarned of potentially hazardous wind shear

so that they can be prepared to take corrective action.

Some degree of wind shear exists nearly all the time and usually poses

no hazard. The magnitude of shear that becomes dangerous to aircraft is

difficult to determine because it depends on a number of parameters such as
the fli ght charac ter i st i cs of the aircraf t and its p roximi ty to the g round.
Var i ous values of “s ig ni f icant” wind shea r can be found in the lit erature ; in
th i s re port we have a dop te d the si gni f icant  shear value de fi ne d by Sowa
(1974). He considers shear , defined from a p i lot’ s point of view , to be
significant when a change in airspeed greater than 8.4 m sec 1 occurs with i n
100 m which corresponds to a shear of 0.08 sec 1 . T h is  i s ver y close to the
valu e derived by Snyder (1968) from a theoretical analysis of swept—wing
ai rcraft dynamic response.

1.2 Causes of W i n d She ar

Win d shea r is caused by the motion of air masses relative to each other
or to the earth’ s su rface . In the lower boun dar y l ayer , for exam p le , fr ic-
tional forces at the earth ’ s sur face re tard the mean w i nd alof t, resulting in
ver tical wind shear. Irregul ar terrain also alters the wind flow near the
sur face an d produces horizon tal shear . These k i nds of shears are generall y

2
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small  an d no t hazar dous to air cra ft. However , sub-synoptic discontinuities

an d rueso—scale fronts , su ch as sea breezes or “coastal fronts ,” are often
capable of producing hazardous shear. Orographic features , parti cularly
strong airfl ow over mountainous terrain , can be important in the generation

of such shear (Hill , 1976). There are three generally acknowl edged major

sources of significant wind shear. These are the l ow-level jet, the synoptic-

scale fronta l zone , and the thunderstorm gust front.

The Low-Level Je t

Low-level jets usually occur below 1500 m at ni ght (and are sometimes

referred to as nocturnal jets) under clea r skies when a strong radiation

inver sion develops . The stability of the inversion suppresses mixing and

momentum transfer between the large—scale flow aloft and the ground. With

friction effectively cut off, a wind speed maximum , or low-level jet , forms

above the inversi on. At the surface , winds become light and variable because
the stable inversion prevents the transfer of momentum from the high-speed

winds aloft. Significant wind shear may then exist between the jet and the

ground.

Much of the low-level jet wind—she ar modelling work has been done by

Blackadar (1957). He related the jet to the nocturnal inversion and later

developed a method of predicting wind shear associated with a l ow-level jet
a t T u lsa , Oklahoma (Blacka dar and Reiter , 1958). A l ow-level jet climatology

was compiled by Bonner (1968) using two years of data at 47 rawinsonde sta-

ti on s . So far as we can determ i ne , no aircraft accidents have been traced to
low- l evel jet shear.

The F ron tal Trans iti on Zone

The front is the largest generator of severe wind shear on -e synoptic

scale . A front forms at the transition zone between two different air masses.
Thi s zon e can be a shar p boun dar y or g ra dual chan ge i n the meteo rolo gi ca l
parameters across the air-mass interface. Wind shear is generated by the
different winds existing in each air mass which meet with conflict ing

3
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directions and speeds. If the transition zone of the front is gradual , the
shear generated can be relatively small. However , if the transition is

abrupt , then the shear can be severe and potentially hazardous to aircraft .

A more deta i le d di scussion of frontal w i nd shear i s presente d in Sec ti on 2.

The Thunders torm Gus t Front

The gust front associated with thunderstorms is probably the most

frequent source of significant wind shear. It originates as a cold , moist

downdraft that spreads out as It hits the ground and propagates outward as a

micro-cold front. The cold-air outflow creates strong wind gusts as far as

20 km away from the parent thunderstorm in a clear-air environment that makes

the current dif f icult to detect , although it may show as a thin-line echo on
a weathe r r ad ar PPI  sco pe. Much of the data anal ys i s an d di scuss ion tha t
w i l l  fo l low i n Sec tions 3 an d 4 w i l l  be concerne d wit h the gust fron t.

1.3 Approach to the Probl em

The primary concern of this report is the investigation of gust-front

dynamics with the ultimate goal being the effective detection and forecast of

th e resul tant w i nd shear. After a brie f di scuss ion of frontal w i nd shear in
Section 2, we present in Section 3 thorough analyses of nine gust—front

even ts for which a considerable amount of supporting meteorological data were

ava ilable. Instrumented towers at Haswel l , Colora do and the Nati onal Severe
Storms Laboratory (NSSL), O kl ahoma prov id ed some measur emen ts for i ncr eas i ng

F cur understanding of the inter-relationships among gust-front pa rameters.

The results of the data analysis should aid in predicting wind-shear magni-

tu de fro m measure ab le quant i t i es such as surface tem pera ture dro p or p ressure
j ump. The case studies are compared with earlier experiments as well as
theoretical models.

In addition , we have looked at the frequency of occurrence of signifi-

ca nt ver ti cal w i nd shea r for several t ime intervals between Apr il an d June

4
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1976 using the NSSI. data . We have also developed stat ist ics for a five-year
period in the Chicago O’Hare airport area between barograph and other meteor-

ological data . These studies are presented in Section 4 and provide a clima —
tological overview of some of the important wind-shear features. One of the

results from these analyses is amplified in Section 5, where we com pare a
source-driven gust-front model to a simple density current flow.

In Sect ion 6 we summarize the resul ts of our anal yses an d eval uate the

current status of our understanding of wind shear. This leads into Section 7

wher e we make r ecommen da ti ons for future wo rk whi ch we v i ew as ne cessa ry for
providing a more complete understanding of the wind-shear phenomenon.

1.4 Summary Highl ights

Fron tal wind—shear generation is wel l enough understood to enable us to

estimate shear severity and warn pilots of possible danger. Far less is

known about the gust-front shear often occurring several kilometers from

thun ders torms .

The detec ti on of gust fronts i s not as di ff i cul t as es tima t ing th e
severit y of w i nd shear pro duce d by the even t . Atmos pheric con di t i ons ,

particularly l ow—level stabilit y , at the time of a gust-front arrival have a

lar ge bearin g on the effects of measurable parame ters nea r the groun d. As a
result, surface anemometers and thermometers may not provide an adequate

measure of hazardous shears at higher levels. We find , however , that maximum

s hear with i n the dens i ty current may be rela ted to the speed of mot ion of the
gust front.

A statistical analysis of five years of barograph pressure data verifies

that summer thunderstorms frequently produce large pressure jumps. Analyses

of anemome ter data in con junction wi th these pressure jum ps show t ha t the
su rface gust surge, or change in horizontal wind in the direction of storm
motion , can be related to the time rate of change of the pressure increase .

This has led to a proposed model suggesting tha t the influence of the source

5
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is quite important for thunderstorm gust fronts and can dominate their dy-

nami cs.

Statistics from the NSSL tower on the frequency of occurrence of verti-

cal wind shear ind icate that significant shear appears most often during the

ni ght-time hours and is probably caused by the l ow-level , or nocturnal jet.

These events were generally not detected by the acoustic sounder or by the

array of pressure-jump detectors. Usually, when the threshol d of pressu re
r i se rate was excee ded an d the pressure jump detectors triggered , wind shear
was presen t.
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2. FRONTAL WIND SHEA R

2.1 Introduction

The recognition that l ow—level wi nd shear is a hazard to aircraft

initially led to studies on the synoptic—scale generation of such shear. The

passage of a cold or warm front frequently generates extreme wind gusts and

turbulence , consequently aircraft safety concerns were at first directed at

wind shear generated by the synoptic frontal zone. As a resul t, an opera-
ti onal metho d for forecastin g shear sever ity from frontal parame ters ha s been
developed and is currently in use. This method is primarily the work of Sowa

(1974) and is summarized below. An example of actual wi nd-shear measurements

assoc iate d w it h a front conclu des the sec ti on .

2.2 Frontal Shear Characterist i cs

A front is defined as the interface or transition zone between two air

masses of different density (Glossary of Meteorology , 1959). In this sec-

tion , however , we will be referring only to the synoptic-scale warm or col d

fronts an d no t to the thun derstorm gus t fronts tha t wi l l  be descr ib ed la ter .

The fron tal trans it ion zone can be gra dual or shar p . In either case ,

wind shear will be produced at the interface between the two air masses of

different temperatures and wind regimes. However , only the more abru pt
transition zones produce severe enough shear to be considered hazardous. The

cr iteria given by Sowa for significant shea r production are : 1) a surface
frontal temperature difference of 5°C or more, and/or 2) frontal motion of 15
m sec or more.

The vertical shape of -the transition zone is also important in consider-

ing wind-shear effects. The denser air within a cold front is retarded by

su rface fr ic ti on as i t pro pa gates so that the vertical profi le  of the i nter-
face i s more a bru p t than i t i s for a warm fron t . In the latter , the warm a i r
flows ove r t he top of the colder air , producing a smaller frontal slope. The

7
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average slopes for co ld and warm fronts range from 1/50 to 1/150 and 1/100 to
1/300 , respectively (Byers , 1974 ). TheIr vertical cross sections are illus-
trated In Figure 2.1 wIth the associated temperature -height profiles that

result from the differing slopes. When the effects of surface friction are

neg lecteJ , frontal dynamics require that the slo pe be proportional to the

vector wind shear across the front (Petterssen , 1956). Within the first km
or so of the boundary layer , however , the behavior of fron tal slo pes is  no t
well  un derstoo d an d as a result  low er-level she ars a re l ess pre di cta b le .

The strongest shears are generated along the transition zone. Because

of the differing directions of the two frontal slopes , the shear above the

ground can occur either before or after the passage of the front at the

surface. With a cold front the transition zone extends behind the surface

front so that wind shear appears only after the passage of the front at the

ground. For the warm front the transition zone extends ahead of the surface

fron t an d win d s hea r i s p resent befor e the arr i val of the fron t at the
ground. The duration of potentially hazardous shear conditions is much

lon ger w it h a warm fron t passa ge, not onl y because of its smaller slo pe , but
also bec ause it moves more slowl y .

2.3 Forecasting the Shear

In order to be useful for airport safety , the knowl edge that wind shear
accompanies the passage of a front must be augmented by the capability to
determine whether or not that shear is l ike l y to be dan gerous to aircra ft .
Sowa (1974) has attempted this by devel oping a method for finding the magni-

tu de of w i nd shear from the sur face win d an d surface weather ma p. F i gure 2.2

illustrates a hypothetical case involving both a cold and a warm front. From

the surface winds at Airports A and B and the weather map isobars , the u pper
l evel w i nds have been determined . A i r port A , under the infl uence of a col d
fron t , has s urface win d s of 7.5 m sec 1 from the NW. Above the front the

gradient wind is 10 m sec 1 from the SW resulting in a directional shear of

90°. A change in headwind component as large as 10 m sec 1 may occur if an
aircraft lands to the SW. Airport B is under the influence of a warm front

8 
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Figure 2.1 Vertical structure of cold and warm fronts. The cold front has a s lope about twice
that of the warm fro nt.
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Figure 2.2 Hypothetical example showing the effects of a cold and warm front at an airport.

with surface winds of 5 m sec 1 from the SE and winds above the front at 10 m
sec 1 from the SW . An aircraft landing to the NE could experience a direc-
tional wind change of 90° and a speed change of 10 m sec~~. The necessary
calculations for this procedure are routine for meteorologists and thus the
extent of both directional and speed shear are avai lable to forewarn pilots
of potential danger.

2.4 A Case Study

An example of significant wind shear associated with a front occurred on
March 5, 1976 as shown in Figure 2.3. A stationary front located in Pennsyl-
vania, Virginia, and Maryland fulfilled one of the criteria for significant
wind shear: the temperature difference across the front exceeded 5°C along
the entire frontal length. The surface winds across the front shifted by
90 , but the speeds were low and at some stat ions they were calm. Fog cc-
c’irred in the cold air north of the front in Maryland and eastern Pennsyl-
vania producing low visibilit ies.
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The hourly weather observations at the Baltimore -Washington Interna-

tional Airport (Table 2.1) describe the weather conditions from 0200 to 1300

GMT. (Table 2.2 explains the notation used.) From 0700 to 1100 GNIT the fog
reduced visibility to 200 m with an indefinite ceiling of about 60 m vertical

visibility . A ligh t surface wind blew from the east. On Runway 10 the

visual t ange was about 370 n.

Durin g the four hour time period from 0700 to 1100 GMT , a specially

instrumented U.S. Air Force C—141 aircra ft made several takeoffs and landings

on Runwa y 10 and measured 13 wind profiles up  to 500 rn altitude. The result-

lug data showed that shear exceeding .1 sec t was consistently observed

b e t w e e n  150 and 400 In altitude , reaching a maximum value of .19 sec~~.

One of these profi les ,taken at 0813 G1~T (0313 EST), is presented in
Fiqure 2.4. The fi gure shows that in four 30 m layers between 200 and 400 m

the shear exceeded .1 sec -1 or 3 m sec~ per 30 m. The cross-track and

along -track winds from which the shear is calculated are listed on the ri ght

and left , respectively. In Figure 2.5 the wind speed and direction are

plotted as a function of hei ght. The shear values indicated at the right

side of the figure exceeded 0.1 seC1 at altitudes where the wind direction

rem ained rel atively constant but the wind speed changed . In one of the
profiles taken two hours later at 1001 GMT (0501 EST), plotted in Figure 2.6 ,

~ region of si gnificant shear also occurred at 150 m when the wind speed

‘eriained fairly constant but the wind direction shifted by 65°.

2.5 Summary

The characteris tics of fronta l wind-shear generation are well enough

understo od to enabl e experien ced forecasters to alert airports of potential

danger . Sowa ’ s (1974) method for determining the magnitude of shear severity

a l l ows meteorolo g is t s to forewarn p i l o ts of pro ba ble hazar dous cond iti ons so
that they can be prepared to take necessary corrective action should they in

‘act encounter serious shear. Thus with the use of synoptic weather maps and

su~-’ace wind measurements , the capability for effectively coping with frontal

12
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Weather Observation Symbols

T Thunders tor m RW Ra in Showers
1+ Severe Thunderstorm S Snow
A Hail SC Snow Grains
IC I ce Crystals SP Snow Pellets
IP(W) Ic e Pellets (Showers) SW Snow Showers
L Drizzl e ZL Freezing Drizzle
R Ra in ZR Freezing Rain

Obs t ruc t io ns to V i s i o n

BD B l o w i ng Dust H Haze
BN Blow i ng Sand D Dust
BS Blow ing Snow F Fog
BY Blowing Sp ray CF G round Fog
K Smoke IF Ice Fog

Weather Intensity Symbo l s

-- Very Li gh t — Li ght + He~ vy
Absence of symbo l indicates moderate except for T , A , and I C

Sky Cov er Symbo l s

— X Partly obscured sky (0.1 to 0.9 sky hidden by surface—based obscura-
tion.)

X Obscurat ion (1.0 sky h i d d e n by surface-based obscuration.)

Ce i l i n g  Designators

P-I Measured B Balloon
A A ircraft E Estimated
W I ndefinite R Radar

Sample

GMT EST CEILING VSBY/Wx P(ms l ) T Td WIND ALSTG RVR
0400 2300 W2X l/8F 1021.2 l~8 Z7 145I~ 30.1 6 R10VR22V35

CEIL I N G  - Indefinite ceiling ~- ;i th 200 ft vertica l v i s i b i l i t y .  Sky totally
obscured. The number preceding X i s  ver ti cal v i s i b i l i ty i n to
phenomenon. Symbo l af ter height is amount of sky cover and letter
before  h e i g h t i s  met hod used to de te rmi ne hei gh t.
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‘
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VSBY/W x - V i s i b i l i t y  1/8 m i l e  with fog .

P(m sl ) — Mean sea level pressure = 1021 .2 mb.

T - Temperature = 48° F

Td - Dew point temperature = 47° F .

WIND — 140° at 4 kts. First two digits x 10 are the direction , l ast two
digits are speed in knots.

ALSTG — Altimeter setting = 30.16 inches .

RVR - Runway V i s u a l  Range. Runway 10 has v i s u a l  range v a r i a b l e  between
2200 and 3500 ft in past 10 m m .  When visual range constant for
pas t 10 m m , only the constant value is reported .

shear exists and is far more advanced than shear prediction for the thunder-

storm gust front about which much less is known . We will try to narrow that

gap in the following sections.

Baltimore — March 5, 19 76 — 0313 EST

Along-Track 
- - 

Cross Trac k

Wind speed~ are n knots
Numbers on fl ig ht path
indicate total wind shear
in knots per 100 - feet.

~~~~~~~~4 1.7 1.9 —26 . 1.

41.1 400 3.6 -- 29. 1

37.1 —=8. 1 — 28.7

28.3 6.5 — 22.8 —
-z — 22.7 6.6 -18.2 —

—‘— 18.0 5.1 - — 12.5 ”—’
—13.5 8.4 —9. 1’-

< ‘- 8.4 200 - - 2.0 4 2
4.8 2. 1

-4.9 / 2.1 1.0
- 3 4  Flight Path 0.9 2.8
2.7 2.2

Head Tail 0 ‘ Wind Wind
Wind Wind 0 2000 4000 6000 8000 From From

Distance Along Track (meters l Right - Left

Figure 2.4 Wi nd profile at Baltimore-Washington Internat ional Airport ,
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3. G1JST-F~~~’Y CA~ E STUDIES

3.1 Introduction

In contrast to synoptic -scale sources of wind shear , thunderstorm

outflows (gust fronts) are local and relat ively short lived , and do not lend
themsel ves to routine forecasting. They are in fact seldom detected by

ex isting observing facilities. Weather radars can monitor thunderstorm

activity , thereby alerting us when gust fronts are l ikely to be present in a

genera l area , but at present the means for providing specific gust front

warnin gs (other than the present pressure arrays at Dulles and O’Hare air~
ports) are not available.

In this section we examine detailed observations of nine gust-front

events and review previous studies. Our aim is to establish what criter ia

can be used to est imate the hazards associated with particular events. We

discuss the models upon which the case-study analyses are based and the way

the analyses were carried out. Individual events are described in Sections

3.2 and 3.3 and are discussed together in Section 3.4. In Section 3.5 we

rev iew the circumstan ces of a gust-front related airplane accident at Staple-
ton Internationa l Airport at Denver. Section 3.6 gives a brief summary of

our observat i ons an d evalua tions .

3.1.1 Gravity Current Structure

Thunderstorm gust fronts result from downdrafts of relatively cold ,
dense air produced in the storms by evaporative cooling and the weight of

pre cipitation. When dense downdraft air collides with the ground it is

forced to sprea d outwar d , flow i n g awa y from the downdraft center and under-
cutting the warmer (and therefore lighter) air outside the storm . As the

F outfl ow proceeds away fr om its source it can be describe d as a “density

current ” or “gravity current” , so called because the primary motive force is

provided by gravity and the density gradient. This description is generally

val id for thunderstorm ojtflows , although non— gravitational forcing may occur
wh en the down d raf t conta ins substant ial hor i zon tal momen tum .

17
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Laboratory studies performed by Keuleqan (1957, 1958), Simpson (1969,

1972) and Midd leton (1966) have revealed a grea t deal about the nature c f

density currents in water , and have established non- dimensional descriptive

pa rameters tha t apply to currents of widely different dimensions and intens-

ity . Unfortunately the rules governing laboratory density flows cannot he

transferred directly to their atmospheric counterparts with substant ially

different Reynolds numbers , ambient stabilities and generating mechanisms .

Limited obse rvations of density currents in the atmosphere show encourag ing

sim ilarities , but the grea t difficulty of obtaining needed measurements has

precluded a thorough descr iption of atmospheric density currents. Si mp son
(1972) found similarit ies between density current models and atmospheric

density f lows , includin g thunderstorm gust fronts. Using data from the

National Severe Storms Laboratory ’s (NSSL) su rface observation network and an

instrumented 481 m tower , Charba (1972) analyzed one gust front and compared

it to the density current model. Goff (1975) analyzed 20 gust fronts of

va rying intensi ties observed at NSSL. A two-dimensional numerical model of

the thunderstorm gust front, developed by Mitchell (1975), investigates

regions of wind shear and the effects of the temperature drop and ambient
stability upon the gust-front structure wi th the model . Other gust-front
studies have been conducted by Colmer (1971), Goldman and Sloss (1969), Idso
et al . (1972), and Hall et al. (1976).

Research on gravity flows in the laboratory and in the atmosphere has

produced accepted terminology for certain features which are observed in

virtuall y all cases. These terms will be quickly reviewed here with refer-

ence to Fi gure 3.1 , which shows a “typical structure.

The atmospheric gravity current is a dynamically-produced mass of rela-

tively dense air propagating along the ground. The l ayer is usually no more

than 2 km deep. At the leadin g edge of the dense mass a sharp density qradi-

ent defines the current front , or gust fron t; the passage of the front is

marked at the surface by a sharp pressure rise. An el evated head of dense

ai r is maintained behind the front , followed by a wake region , cha racterized

by turbulence and mixing , expanding in depth with increasing distance behind

the front. Photographs of laboratory and atmospheric density flows , and

18
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Figure 3.1 Depiction of typical ’ gravity current structure.

acoustic sounder observations presented in this report , suggest that the wake
may extend wel l above the head height.

Frict ion re tar d s the curren t at the groun d so the lea di ng edg e , or nose ,
of the current may be found some distan ce above the surface. Dense fluid
moves forward wi th respect to the front in the l ower portion of the current
(under the wakG), diverg ing upward in the forward part of the head close
behind the front. A large roll may be formed in the top of the head as shown

F in Figure 3.1 , with downward fl ow behind the head and upward motion in the

front part of the head. Updrafts are also found ahead of the front where
ambi ent f lu i d is l i fted over the hea d. The roll feature was observe d i n
laboratory flows by Simpson (1972) and is predicted by Mitche ll 1 s (1975)
atmospheric model . The maximum speed of the forward flow , or undercu rrent ,
occurs beneath the down flow a t the rear of the head , where the forward cur-
rent is compressed and pushed toward the ground. This location of the hi gh-
speed wind “core ” is verified by Middleton ’ s (1966) experiments and by ~i~ t-
chell , who also finds that peak surface wi nd is found below the core . Be-

cause of surface friction , the maximum wind is always some distance above the

19



ground (up to several hundred meters), reaching its l owest height ~n the core

reg ion where the wind speed is about 1. 5 times the front speed . M E - I n  vel-

ocity within the steady dense current following the front is generally some-

what greater than the front speed , providing an excess of dense fluid which

mus t  ~e entrained into the wake.

In the initial stage of outflow from a dense fluid source (for example ,

when a thundersto rm downdraft first reaches the ground ) the gravity current

model clearly does not apply, as the head and horizontal flow pattern have
not reachet~ an equilibrium state. The laboratory experiments indicate ,

however , thai, the gravity current configuration is attained soon after the
flow begins an~ persists until the current dissipates after the source of

dense fluid is depieted . As the supply of dense fluid diminishes , the depth

and velocity of the curre it decrease , but the current maintains a similar
structure in that its shape is preserved and key parameters of the flow do
not change appreciably. Similarity for gravity currents is generally

expressed in terms of the non-dimensiona l Froude number , F, given by

F 
c

- 

(g D )

t 5

where c is the speed , 0 the depth , and 
~~/Po 

the relative density of the
current , and g is the gravitational acceleration. In the following analyses

our discussion will be confined to the Froude number of the density current
head , using C~ for the front propagation speed , and Dh for the head depth.
The theoretical value of F for the head reg ion of an idealized flow is near

un ity (see Benjamin , 1968). -However , observations in the laboratory (e.g.,

Keulegan , 1958; Middleton , 1966) indicate smaller values for F , in the nei gh-
borhood of 0.75. Limited observations in the atmosphere (Simpson , 1969’.

Charba , 1972) suggest F values ranging from 0.4 to 1.1.

3.1.2 Analysis A pproach

In this section we discuss our analysis in general terms ; comments
specifi c to individual case studies or data sets appear later where appro-
pr iate.
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For the nine events observed at NSSL and Haswel l , the primary data

sources were tower-mounted wind and temperature instruments , and ground-based

acoustic sounders. Most of the events were first identified by their acous-

tic sounder signatures and later verified by wind and temperature analyses.

At Haswel l, propagation speeds and directions were measured by means of

a ground-based array of microbarographs. This allowed us to separate the

wind components along and across the direction of gust-front motion. Since

propagation data were not avai labl e at NSSL , wind direction was ignored in
those cases and the wind f ields are represented by speed only. Temperature
and wind measurements were plotted in time vs. hei ght coordinates , and con-

tour lines were drawn to display two-dimensional cross-sections of the temp-

erature and wind fields. These plots were scaled to match the appropriate

acoustic sounder records. Important parameters for the various gravity

current events were determined from the plots and tabulated (Section 3.4 ) so
that we could conveniently evaluate possible indicators of gust-front intens-

ity. For convenience the case studies are numbered in the order they are
presented; NSSL cases are numbers 1 , 2 and 3, and Haswe ll cases are 4 throug h

9.

The ac ous ti c soun ders wer e loca ted nea r the bases of the respective

towers , and measured vertical profiles of the atmosphere ’s acoustic back-

scattering cross -section as a function of time . Acoustic backscatter is
produced by index of refraction inhomogeneities , resulting from temperature

and humidity fluctuations (see Neff, 1975). The cool , moist air within the

observed gravity currents produced large backscatter , which is represented by

th e dark portions of the soun der records shown i n Sec ti ons 3. 2 an d 3.3.

Exc ell ent agreement between the tower data and acous ti c sounder recor d s
verifies the sounders ’ ability to define the dense air mass. We were thus

able to determine current depths quite accurately when acoustic sounder data
were availabl e, even when the depths were greater than the hei ght of the
tower.

Two-dimension al cross-sections displayed in the following analysis are

convenient for comparison to laboratory experiments which , for the most part .
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trea t two -dimensional f lows . Care must be exercised in the interpreta~ ion o~
these displays , since it is tempting to view them as snapshots ” of gust

front structure. Because the structure is not necessarily steady over ~he

tune periods represented , the snapshot interpretation is not vali d e x e ~t for

short time intervals. Therefore we focus attention in the following discus-

sion on the immediate vicinity of the head , where we expect to find the most

intense wind and wind shear (and , as a result , greatest potential airc raft

hazard).

The aim of the analysis in Section 3.5 is to reconstruct as accuratel y

as possible the conditions which led to an airplane accident. After a pre-

liminary examination suggested that the accident occurred very close to a

thunderstorm downdraft , an attempt was made to locate the downdraft position

by careful analysis of the available surface wind data , and to define the

exact meteorolog ical situation at the time of the accident. Details of this

analysis are given by Caracena (1976).

3.2 NSSL , Oklahoma

3.2.1 Data and Anal ys i s

The data base for the National Severe Storms Laboratory (NSSL) study
consists of meteorological tower data and acoustic sounder records. Tower

data were taken from April 15 to June 24, 1976 at the NSSL tower , located 10
km N-NE of downtown Oklahoma City. Owned by KTVY-TV for their TV transmit-

ter , N SSL ins trumented i t at s i x level s ; 25, 45, 90, 177, 266, and 444 m.

The date , time , and eight meteorolog ical parameters were recorded on magnetic

tape using sam p l i n g in tervals of 10, 1.7, or 1.3 sec . These parameters
included the wind speed and direc tion , temperature at the six tower levels

and the surface , and the vertical velocity at each tower level .

The sensors on the tower were mounted on booms. Temperature measure-

ments were made with Yellow Springs Instrument Co. linearized thermistor

sensors housed in aspira ted radiation shields. Ambient temperatures were
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measured directly at each level , as opposed to a previous method that meas-

ured the difference in temperature between the thermistor at each level and a

reference thermistor at the 444 m tower level.  Bendix Model 120 ae rova nes
measured the wind speed and direction with an accurac y of ‘0. 26 m sec~~ a n d

/3° , respectively. The vertical velocity was sensed with R . M . Young Model

1200 propeller anemometers. Goff and Zittel (1974 ) give a more complete
description of the tower , calibration procedures , and other instruments for

the 1972 data collection program. Only a few changes have been made since

then.

From 20 May to 23 June , 1976 a monostatic acoustic sounder was operated

near the tower. During the operation of the acoustic sounder ., 14 gust fronts

passed over the tower site. Five of these occurred while the sounder was not

in operation and in four cases wind-generated noise obscured the facsimile

record . Three of the 14 gust-front events were analyzed in detail and com-
pared with the sounder record . The analysis was completed for the fol l owing
th ree even ts :

1. 0118 - 0242 CST May 24
2. 1830 - 1920 CST May 30

3. 0330 - 0500 CST May 31

The wind speed , temperature , and vertical velocity were plotted as a
funct ion of ti me and he i ght using 30 sec averaging. To compare the tower
data with the acou st i c soun der fa cs i m i le , the plots were scaled to match the
hei ght and time scales of the facsimile , then overlaid en it.

The three events chosen for analysis represent three different intens-
ities of gust-front strength. The first case on May 24, was a very weak oust
front and the only one to pass entirely within the acoustic sounder and
tower ’s hei gh t range. The upper boundary of all the other gust fronts ex-
cee ded the range of the sensors . The secon d case , May 30 at 1830, was the
most vigorous gust front analyzed . Its associated winds initi ally obscured
the facsimile record with noise. This was the f irst in a ser ies of g u s t
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fronts and thunderstorm activit y that St r I c t / u i  at 1830 May 30 dO l l continued

until 0745 May 31. In all , four qust t r o l u t s  C l i i i be c i / - mir ly distin guished

on the acoust ic sounder record durin g thni t ; I u~~ . T hI- ‘hird case , Ma-i 31 at

0330, was one of these gust fronts , but un l i~ E th n - 1830 event., this one was

of moderate strength and produced an acou stic recur-i frei ’ of wind noi5 f~,

revealing detailed turbulence echoes within the gust front.

3.2.2 Observations

In this section the NSSL gust-front observations and data analyses are

described in detail.

24 May 1976 (Event 1)

The distinctive feature of this gust front is that it was wea k and

shall ow enough to be probed through its entire depth by the tower instruments

and acoustic sounder (Figure 3.2). Since it was a weak outfl ow , its vertical

velocity field , showing only a very few weak upd rafts and downdrafts , was not

plotted. However , the temperature and wind speed plots exh ibit some inter-

esting features.

At 0130 the gust front made its first appearance at the 200 m level

where the wind speed started incre asinq. A nose or bulge , a common fea ture
of gust fronts (Goff , 1975), is apparent in the wind field. Below 150 ni and

above 250 m the increase in wind speed lagged behind the initial surge at 200

m. At the surface the w ind did not start increasing until 0140, 10 minutes

after its arrival aloft.

During the first 40 min utes of the qust front passage the wind speed did

not exceed 4 m sec 1 for any significant length of time. The cyclic appear-
ance of wind speed maxima agrees with Hall et al. (1976). At 0204, 34 minutes
after the gust front arrival , the winds suddenly increased . The core of
maxim um winds occurred at 176 m with speed s of 7 m sec~~. The late arrival
of the wind m aximum suqgests that a second gust front merged with the first
outflow .
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Within this second outflow , the wind speed shear reached a ma gnitude of

.04 sec 1 . This estimate of shear is conservative since wind direc tion was

not tak.9ri into consideration. The shear extended through a l ayer between the . .  -

surface and 175 m and lasted for 15 minutes , from 0220 to 0235. Daring the

Interval plotted , the shea r exceeded .04 sec~~ below 100 rn only once when it
reac hed .05 sec~~ for one minute at 0143.

In F i gure 3.3 the temperature field has been plotted for the May 24

event with an isotherm interval of 0.5°C. Similarly to the wind , the tempera-

ture field showed little variation or turbulence prior to the gust front

arrival. A strong nocturnal inversion 50 m deep had formed at the surface

wi th a lapse rate of -40°C/km (-2°C/SO m). Above the inversion the lapse

rate changed to the norma l dry adiabatic lapse rate of 9.8°C/km.

After the 0130 passage of the gust front , the temperature field started

changing . From the stratified l ayers , the temperature decreased and the

isotherms started peeling off the top of the inversion. An elevated nose in

the temperature structure is apparent at 200 m , similar to that exhibited in
the wind field. The temperature drop was retarded and the horizontal temper-

ature gradient was weakened near the surface.

Fi gure 3.4 shows the temperature profiles for 5 minutes before the gust
front and 10 minutes after its arrival. The surface inversion was maintained

and deepened during the 15 minu te period. The temperature dec reased by as
much as 1.5°C at 175 m , 100 m above the inversion top, and continued to fall
until 0150. No further change occurred until 0205 when it started decreasing

again. This is the same time that the wind fiel d indicated the passage of a
secon d gus t front. The l owes t ther mometer rea di ng a bove th e i nve rs i on ,
17.5°C , occurred in this second blast of cold air.

The acoustic sounder record indicates that the outflow depth was about
375 m for this case. Acoustic echo patterns are strikingly correlated with
the temperature and wind fields. In par ticular , the 3 m sec~ isotach (Fig-
ure 3.2) roughly traces the upper boundary of the echos produced by the
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24 MAY 1976
500 —

0125400 — 0140 —

E
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200 — —
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~

0
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Temperature (°C)

Figure 3.4 Temperature profiles before and afteronset of event 1.

outflow . Wave—like patterns are apparent at scales ranging from 30 minutes

down to only a few minutes.

30 May 1976 (Event 2)

This event was the first of at least four gust fronts that occurred

during the night from 1830 May 30 to 0745 May 31. The acoustic sounder
record for the 1830 gust front was obscured by wind noise generated by the

high wind speeds.

Figure 3.5 is a plot of the wind speeds from 1820 to 1920 with a 3 m

sec 1 isotach interval. Before 1830 the wind speeds were moderate and the

acoustic sounder showed little turbu l ence above a 50 m deep surface inveu ’-

sion. Within the inversion there was a wind shear region with a m aqnitude of

.07 sec 1 . Large values of shear can be qenerated within l ow-level inver-
sions due to their stability whi ch suppresses mi dng in the vertical . The
gust front arrived at 1830 with a sudden increase in wind speed at all levels.
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At 90 rn the wind speed reached a max imum of 12 m sec 1 wi th in 3 minutes. At

the ground , the first gust did not occur until 1834 and the gust strength was

much less than at higher alt itudes. Wind shears were consistently large

throughout the entire event. Shears exceeding .08 sec ’
~ occurred several

times between 1830 and 1850. In this 20 minute interval shears with values

ranging from .09 sec~ to .22 sec~ las ted u p to one m inute.

Temperatures plotted with a 1°C isotherm interval are shown in Figure

3.6. A weak temperature inversion had formed at the surface prior to the
gust front arr ival . The acoustic sounder record indicated the depth of the

inversion to be approximately SO m and the tower measured a lapse rate of

—14°C/km (-.7°C/50 m). At 1830 the temperature dropped suddenly. Figure 3.7

shows three temperature profiles taken 5 minutes before , and 5 and 10 minutes

after the gust—front arrival . The surface inversion persisted but became
much weaker. By 1835 the temperature had decreased 2.5°C at the 90 m tower
level. At 1838 a brief temperature rise occurred as seen in Figure 3.6 and
shown by the 1840 temperature profile in Figure 3.7. After 1840 temperatures
started decreasing again and continued to decrease through the end of the

plotted time period. The maximum temperature drop was greater than 4°C at
the hi ghest observed level .

Figure 3.8 shows the vertical currents with the downdrafts shaded and

the updrafts unshaded. The vertical vel oci t ies within the downdrafts were so
large that isotachs were omitted for c lar i ty . The dashed line marks the
boundary where the updrafts became significant and exceeded -‘- .5 m sec~~
(±100 ft min ’). A strong updraft started 3 minutes before the gust front
and continued until 1837, wel l into the outflow. This updraft attained a
magnitude of 2.5 m sec 1 (500 ft min ’

~~) before the first downdraft arrived.
The first few downdrafts had magnitudes less than -.8 m sec 1 (160 ft min ’)
and did not extend through much of the gust-front depth.

At 1837 ~
4ie strong downdrafts started , alternating with updra fts of

substantial intensity . These up - and downdrafts extended thro uqh the entire
tower depth between 444 m and 25 m. The cores of these curren ts where the

vert ical  ve loc i t ies achieved their largest values were found at. the al t i tude

30
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Figure 3.7 Temperature profiles before and after onset of event 2.

of 220 m. The updrafts had core vertical velocities averag ing +1.5 m sec~
(300 ft min~~) while the downdrafts averaged —3. 4 m sec~~ (680 ft m in ’).

At 1855 the strong vertical currents stopped . After this time the

updrafts were less than +.5 m sec 1 (100 ft min~~) and the downdrafts
gradually lost strength with magni tudes less than -.8 m sec 1 (160 ft min~~).

The- maximum vertical velocity cores in these weaker currents changed from 220

m to the hi ghest measura b le level , 444 m. In general , strong downdrafts are

seen in regions where temperature is increasing with time , suggesting that

they represent downward intrusions of warmer ambient air into the cold air

current.

31 May 1976 (Event 3)

This gust front , arr iving at 0343 , was the third recognizable event on

the acoustic sounder record for the night of 30-31 May. The disturbance of

the atmosphere caused by the passage of the earlier gust fronts may have bet~n
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responsible for the anomalous temperature conditions discussed later. The

wind field for this event is shown in Fi gure 3 .9. Data from 0330 to 0500

we re pl otted us i ng an i so tach i n terval of 2 m sec~~. Before 0343 the winds

were moderate and increased with height. They oscillated somewhat with time

but no drastic change in the wind field occurred until 0343 when the gust

front passed the tower. At this time the winds at 175 m increased from 4 to

11 m sec ’~ over a period of 5 minutes. The gusts at other level s were not

this lar ge, but they were stronger bel ow 175 m than above. During the gust-

front passage the 8 m sec 1 isotach dropped from a height of 400 m to 50 m in
5 minutes as the hi gh-speed winds moved in. Near the ground , the isotachs

again exhibited a backward slope into the gust front as friction slowed the

air and prevented the hi gher wind speeds from reaching the ground.

After the passage of the initial gust surge (around 0430), the winds

gradually returned to the same configuration as before . They increased with
altitude and the isotachs oscillated around a constant hei ght. The shear was

only .03 sec~ between 100 m and the ground before 0340 but from 0430 to 0500

it ranged between .07 and .08 sec t , approaching the .08 sec 1 limit that is

considered hazardous to aircraft. The lar gest shear of the event was .14

sec 1 measured at 0344 between the 25 and 45 m l evel s of the tower. Overall ,

th e lar gest shears were foun d below 100 m .

The temperature structure exhibi ted by this event is more complicated

than those previously discussed in that it initially increased with the
fron tal passa ge. The col des t tem per atures i n the cu rren t were a bove th e
tower , as seen in Figure 3.10 where the temperature field has been plotted

usin g an isotherm interval of 0.5°C. Figure 3.11 shows two temperature
p r o f i l e s , at 0338 and 0348 , five minutes before and after the gust front
onset. Ahead of the front a 50 m deep inversion with a lapse rate of
-20°C/km was topped by a nearly isotherma l layer extending to 250 ni where the

temperature started decreasing with hei ght. At the inversion top, the max i-
mum temperature rise of 1.1°C occurred but there was some increase durinq the

first five minutes through out the entire hei ght .
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Figure 3.11 Temperature profiles before and after onset of event 3.

It is diffi cult to invoke a mechanism whereby a “cold-air ’ densit y

current can result in a temperature increase , particularly at the surface.

The situation was complicated since the ambient air had been considerably

cooled by the passage of the earlier gust fronts (compare Figures 3.6 and

3.10) and may have been cooler than the outflow of this event. However , we

would then expect the warmer current to ride over the cooler air ahea -~ of it ,

similarly to the passage of a warm front. If the downfl ow had been near the

tower , there may have been enoug h horizontal momentum for the current to
initially penetrate under the cooler air before mixing began. The ve rtica l

velocity f ield of Fi gure 3.12 shows a maximum updraft of 1 m sec~ (200 ft
rnin ’) beg inning at 0344, followed by a stronger downdra ft. The vertical

velocities were large for only about 15 minutes after which they rapidly died

out.

On the other hand , wa rm temperatures near the ground may simply repre-

sent pockets of wa rm air trapped beneath the nose of an overriding co 1 -~
c—~rrent and carried along with it . Note that a cold air mass . centere~ abov -
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the tower summit , is evident between 0350 and 0440 in Figure 3.10, st ~q q e s t i ’ g

a cold air current considerably deeper than the observed layer.

Whatever the mechanism was , significant shears were produced and ~fl~~1

event helps to illustrate the complexities of gust front dynamics in a ‘~- l

atmosphere.

3.3 Haswel l , Colorado

3.3.1 Data and Analysis

The 152 m Haswel l tower (Figure 3.13) was instr umented with bi -1 ras an -i

temperature sensors at 30 m intervals beginninq at 30 m, exient that ~era-

ture was measured at the surface and not at 120 m fot’ events 6 thrc ,nh 9.
Calibration of these instruments was performed dail y , but of ~~se ’- s in t’c

vertical veloci ty were not recorded and these data were a d j u s t e~ by assu iirig

zero mean vert ical motion in the ambient air outside gravi ty Flows . Occa-

sional uncertainties in the offset of temperature instruments were re cs l- . u i

by hygrothermograph recordings at 0, 30 , 100 and 152 m. Wind and tempe ra t~ re

data were recorded at one-second intervals on magnetic tape , and one rnInj te

averages were later computed to construct time-height plots. Twel -~ - -second

averages were used for a portion of event 9 as discussed below .

Gust -front propagation speeds and directions were determined frc-

?ressure disturbances at three surface rnicrobarographs nea r the tower. The 
- 

-

lo.~l frontal motions determined this way may not represent the averaqe
mc~ tions because of possibl e irregularities and unsteadiness at the ~ ‘~— n~
uich as those described by Simpson (1969 , 1972). Horizontal wind co rpanen ’ s
norma l to the fronts (along the propagation direction) and pa rallel to t- ’ -e
fronts were computed using these estimates of frontal motion . Hori~ c- ’-~al

distance scales are give n on the top border of each plot assuming that ‘H-

fields are steady-state and propagating wi th the front. This as~~ii- 11o~~ia n  is

of course invalid in many cases and the time— hei ght representations canr o’ he

trea ted as instantane ous vertical cross Sections except over short ti - r io

intervals. Contours are drawn by hand from the averaged data . sm oot — i n q Q u i t
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scales smaller than one or two grid intervals. Vertical velocity at thf-’ 152

m level is included for the first four events , and is similarly hand sriloothed

from averaged data.

Radar echo maps from the National Weather Service WSR-57 radar at

Lim on , Colorado were used to determine the proximit y and motion of thunder -

storms in the area where appropriate.

On 8 August 1972 addit ional measurements were obtained from a raw i ru s onde
released close behind the front , and for a short time (from 0541 to 0554 ‘.l’ u )

a Doppler radar was operated in the VAD mode (see Lherrnitte , 1966) 1O.~ km

WNW of the tower. The Doppler data covered the height interval from 74 to

356 m with about 50 m height resolution , and provided a profile of horizonta l

w i nd as well  as a measure of local horizontal divergence which will be dis-

cussed later.

Two events observed at Haswell are not attributed to thunderstor -i

activity . They occurred on 8 August 1972 (a cold front passage) and 22 ~‘ia - h

1974 (a sub-freezing current of unknown origin). Because these cases ex-

hibited gravity current structure and potentially hazardous wind shears , the -i

were analyzed in the same way as the others and are considered pertin ent to

this study .

3.3.2 Observations

The s ix events described here (Figures 3.14 through 3.19) vary w ide ly  in -
dimension and intensity . Events 4, 5, 7 and 9 are attributed to cold a i r

outflow from thunderstorms , althoug h for event 9 no radar data is available

to verify storm location. A few small thundershowers were present in the

area at the time of event 6, but the much longer time scale and absence o~
large storms suggests that a synoptic—scale cold front was observed in this

case.  Synoptic surface maps show a cold front , oriented west -east and movin a —

southward , in the Haswe ll area at the time . Subfreezing temperatures in c ase -
8 suggest that it was not related to convect ive act iv i ty ; perhaps this cur - -i
rent resulted from cold air draina ge into the shal low depression arou~r~ too- -
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tower site. This current propagated very slowly and differs in Froude number

from th e ot her flows , as indicated in the plots and in later d iscuss ion.  No
d iscern ib le pressure s ig na ture accom pan i ed t he event , so in th i s case fron t

propagation is assumed to be in the direction of the core wind.

Most of the important descriptors for these flows are summarized in

Table 3.1 and comments on the ind ividual cases are presented below.

2 August 1972 (Event 4, Figure 3.14)

After an initial rapid temperature drop of about 5°C at 1827, the

temperature continued to decrease throughout the observed time . Ait l u -ug h the

coldest area was apparently above the tower top, a well-defined wind maximum

was located near 60 m height and ahead of the temperature minimum. Contou red

fields show evidence of retardation (elevated nose) in the temperature

field , and clearly indicate that the wind profile nose is about 150 m high.

Large eddies (i.e., large with respect to the data intervals) are indicated

by flow reversal below the wind nose . Data collection was stopped around

1910 as a number of the instruments were destroyed by hi gh winds . Acous ti c
signals were masked by wind noise , therefore , the depth was estimated at 450

m on the basis of temperature drop, ATmax , and propagation speed , C~ , assum-

ing that the Froude number was 0.76 (see the discussion in Section 3.1.1).

5 August 1972 (Event 5, Figure 3.15)

With the arrival of the gust front at 1931 , temperatures dropped very

rapidly at all tower level s by about 10°C. A l l  temperature recorders were
off scale for approximately 7 mm , preventing us from plotting temperatures

i n  the  front vicinity . Since the initial drop occurred almost simultaneously

at al l  levels , the  front must have had a nearly vertical slope in the tower

layer. The wind maximum was apparently just above the tower at about 200 m ,

but the earliest evidence of wind increase in the l owest 150 m occurred near

the ground , 10 mm ahead of the temperature transition. A well-defined cold-

air mass and wind core persisted for about 30 mm after the frontal passage ,
followed by relatively constant temperatures and winds.
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As in the preced ing case , intense eddies appeared near the leading et~e
of the maximum wind core , and again there was no useable acoustic sounder

record . Outflow depth was estimated at about 1400 iii by the same method as

mentioned above. A brief period after 2000 when no data were recorded is

indicated in the plots by a dashed section of the time axis.

This event was the most intense one observed at Haswell , perhaps owing

to the relatively close proximity (less than 10 km ) of the thunderstorm which

produced it.

8 August 1972 (Event 6, Figure 3.16)

As was mentioned earlier , this case is attributed to a synoptic front.

It is not surprising , therefore , that the scales (particularly time ) associ-
ated with it are notably different from the other cases. The ~iind distur-

bance preceded the temperature change by about one hour , and similarly to the

two previous cases , strong fluctuat ions preceded the wind core . With the ar-

rival of the temperature drop and wind maximum , wind noise obscured the sound-

er record. The depth of this current was estimated at 1327 rn , assuming a

Froude number of 0.76. An 0456 temperature sounding, probably taken ahead of

the dee pest par t of the c urren t , verified that the depth was at least 800 m .

Tower measurements indicate tha t the maximum normal wind (>20 m sec~~)

occurred around 0510 above the tower. Doppler radar results at 0547 showed

the wind increasing with height to about 17 m sec 1 at 350 m , indicating the

wind maximum was weaker and higher after the peak wind core had passed .

Also, local horizontal divergence measured by the radar was pos iti ve bel ow
150 m and ne gat i ve above. Th i s sugg ests that max im um dow nwa rd veloc ity a t
the time was locate d nea r 150 m, where the tower instrument recorded a 2 m

sec 1 downdraft.

It is interesting to note that the acoustic sounder record showed no
evidence 0f the strong wind s ahead of the temperature transition , except tnr

disturbances on the surface inversion which was present before the front
arrived.
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Fi gure 3.16 Profiles for event 6.
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11 Auqust 1972 (Event 7, Figure 3.17)

This -;a s the first of three relatively mild u : ra vi l - ,- currents t h r u ’

nevertheless provided exce~tiona 1l y qood descriptions of at !r-osph er ic nrd .- it y

fl ow structure. A nu -hec of features desc ribed in S~rtion 3.1.1 a’e ill i s- -

trated in Figure 3.17; the curre rI~ head , 375 m deep, is cl ea r ly outl in ed on

the acoustic sounder display between 2317 and 2323. ‘
~ ni r I!u u I temperatu’-e and

a well -defined w ind core appea l’ in the head ~-e qi on. - rt i - al velocit ,’ at 152

m is upward ahead of the front and downward in the rear portion uu ’ thc head ,

suggestive of the expected roll within the head.

The m axim um normal wind in this case , 4.3 m sec 1 , is less than the 6.7

m sec 1 propagation speed of the front , a surprising observation that may

result from the irregular local motion of the front (which mi ght cauise a poor

estimate of propagation speed). Middleton (1966) observed similar cases in

dissipating currents and suggests that the front may temporarily move ~as~or

than the following flow if the head depth is decreasing. It appears pos-

sible , therefore, that at the time of these observations the current was

approaching dissipation , and the head was beg inning to collapse.

A surface-based temperature inversion observed before this event was

disrupted only temporarily near the ground , and was re-established soon a 1ter

passage of the head. The stabi lity of the ambient atmosphere may have had a

suppressing effect , contributing to the shallowness of the flow.

22 March 1974 (Event -~~~, Fi gure 3.18)

Low wind speeds and littl e evidence of turbulent fluctuations distin-

guish this event from the others presented in this study. The Froude number

was approximately 0.23, much smaller than for the other cases , arid the cuir-
rent’ s appearance is that of a slow-moving mass of cold air sliding ben aath

the very stable ambient air (again a surface-based inversion pneceded ~i ’ ~-

flow). Substantial wi nd shear (0.11 sec ’~ ) occurs as the ambient fl ow is

forced over the cold current.
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27 March 1974 (Event 9, Figure 3.19)

While similar to the preceding case in some respects (temperature drop

and ambient stabi l i ty) this current moved faster and displayed a head and
turbulent wake. The wind maximum was close to the ground , below the lowest
tower instrument level at 30 m , and near the center of the head.

From 0005 to 0025, tower data were plotted at 12 sec rather than 1 mm
intervals to emphasize the turbulent wake and the detailed correspondence of
the acoustic sounder record.

3.3.3  General Comments

For most of the Haswell gravity currents , the forward flow with respect
to frontal motion persists for fairly short periods. There are two likely
explana tions for this: (1) the currents may be separated from their source
when they reach the tower site and are thus not sustained by a steady fl ow of
new dense air , and (2) the currents might dissipate significantly during the
observation period.

In the first four cases , for which vertical velocity is recorded , there
is a clear indication of downflow behind the fronts. Significant updrafts
ahead of the fronts are appa rent only in the shallower cases 4 and 7; presum-
ably, similar updrafts would have been recorded for the deeper currents if
the rneas.Jrement had been taken at a higher level (i.e., above the w ind co re ) .
M a-~irnum vertical veloc i ty is on the order of 2 m sec 1 (400 ft min 1) in each
case.

An interesting feature common to the Haswel l events is that the core
win d is directed from 5° to 35° to the ri ght of frontal motion. While it is

~eup ti n g to attribute this to Coriolis effects , there is no clear depen dence
on age; the largest deviations occur in the weaker and shallower currents ,
however .
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3.4 Discussion

In this section we summarize and discuss observation s presented in

Sections 3.2 and 3.3 , makinq frequent reference to the model s and observa-

tions described in Section 3.1.1. We then torn to the specific problem of 
—

choosing practical indicators of wind-shear intensity .

3.-Li Observed Gravity ( J r -rE?nt Structure

Table 3.1 lis ts the parameters which were chosen to represent vital

features observed in the various case studies. For the most part these

descriptors are derived from the time-height plots , and therefore represent -

time scales uienera lly greater than one minute. Instantaneous peak values of

some parameters are likely to exceed the listed values. The symbols used in

Table 3.1, and the methods used to determine parameter values are defined as —

follows (exceptions are marked with (*) in the table and are discussed later):

Ce : thunderstorm echo propagation speed where appropriate ;

determined from serial radar maps.

C~ : front propagation speed; determined from microbarogra ph

array .

d : distance travelled from apparent source thundersto rm

where appropriate; determined from serial radar maps.

depth of current head; determined from acoustic sounder

record.

D t tota l depth of current (includes mixed layer); determ ined -
~~

from acoustic sounder record .

hei ght at which Sn occurs; determined from contoured un
f i eld.
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. z u ’ ~ ~ ç ,‘‘i . ’ ~~~~~~~ 

. - - . . .  ( . . ,  ~u - -, j , ‘u , ,

~ven t N,j . 1 2 3 4 5 6 7 8 9
Date 5 / ? t , / 7 (  S ‘ 0 0 / 7 6  5 / 3 1 / 7 1 ’, 0 ’ ? ! ! . ’ 8 / 5 / 7 7  0 / 1 / 7 2  8 / 11 / 7 7  -u/?2 ! 0
T in u e ( l oca l )  01 30 1830 O V c  r 8 2 ~ 1 3 3 1  0~ .4 /  23 1 6  ~~u ,5

3. 0 4 .0  — 1 . 0  9.7 9 .8 4.1 1 . 6 4 . 1

AT ( ‘C )  4 .0 4.o o. o--- ~ (-s i) (~9 .8 i  ( > 7 . 7 )  4 .0  5 . 5  5 . 5

H(:.T ) (n,) 175 190 40 ( c r 5 2 )  30 ( - P 1 5 2 ) 152 9 1 61

T ( ’C)  20.5 25.5 17.5 32 29 21, 28 01 13

Dh (m) 370 770 - - 450 - 1335~ 132/ 375 170 130

(rn ) 700 ? 4 ~- :‘~v
(knl) 7.0~ 8.6 - 25.0 3 .2 0.70 1.0

S (sec ~~) 0. 4 .22 .09 0 ,7 1 . 1 0.]  0. 2 0  9 , 1 1  3 . 1~

S (sec ’ 2 )  0 .32 ‘1 .26 0.25 3.14 0. 1 0. 6

H( S ) 0’) 76 7-6 137 u,( “5 7,

U ( r n  sc C~~~) 7 ’  15 : ’~ 11~ 20 .4 ( > 1 5 . 5 )  ( > 1 3 . 5) ‘ .2 1 .~ 5 ,0

Fl ( v )  ( ‘ “ ) 5 0 -  1 2 0 ”  200~ 60 7(1.J~ 250 - 2- J  I ~~

t ( r - , r )  45 35 80 16 10

t (r, i ;i) 7 1 0 0 3 60 0 2 . 5  3

0 . 2  0. 16 3. 1 1

C (ii s~uc~~~) ~~~ 1O’~ 7~41 9 16 1~ê 6 .7 1.3  3

e~ (deg) 000 33 5 025 305 032 230

V ( m  sec~~ ) 7 15 11 20 .5 (>20 .2) (‘20.0) 4 .9 1.9 4 . 8

0 (deq) 005 (352) (030) 330 000 2 85

C O n  sec~~) 13 9 ( L i t t l e  ( L i t t l e
- mot i o r , )  ‘- n t  ion)

0 (deg ) 290 320

d ( k m ) 35 9 65

A( ° C/1 23 r-’~ +1.0 0 — 0 . 5  — 1 . 7  — 1 . 3  +3 .2  +3 .3 + 2 , 2 + 3. >

** See text for exp l an a ti o n .
* E sti m a te d (See text).

A pproximat e or l i m i t i n g  measured value .
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H(
~
’
~
Ti1iax ) : hei ght at which ‘Tmax occurs .

H(U~ ) : height at which occurs; estimated from contoured

u n field.

L h : horizontal length of head estimated using time-distance

conversion; determined from acoustic sounder record.

Sn : maxim um value of vertical shear of the normal wind ,

du n/dz; determ ined from contoured un f i e l d .

time-average of maximum shear observed under the wind - - 
-

core; estimated from contou red un f i e l d .

t : time duration of du~/dz > 0.08 sec 1 ; determined from —

contoured un field.

t~~ : length of time between initial wind shift and temperature

drop; determined from contoured fields. - - -

Ta : mean ambient temperature in the tower layer; estimated

from contoured temperature field.

)
~
Tmax : difference between ambient temperature and minimum tem-

perature within current as measured at the level of

maximum temperature difference.

difference between ambient temperature and m inimu m

temperature within current as measured at the 30 rr leveL -
- 

-

U~ : maxi mum value of norma l wind component , un ; the largest

measure d u~ value is used . 

- I
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-
. : sp~> u-d of w ind - i t  the “core ” of the curre nt (near n e

lo c a t i o n  Qi U n ) ; - li t o r - -  1 h O d  t row~ max imurn ro~i Orr le-0 Wi

speed.

slope , -1/ ‘.X , of temperature contours at t h e  lead i  ni : edg e

of the head ( f rontal  s lope ) ;  determined frov u co nt :  red

t e m p e r a t u r e  e i eld using t ime-distance convers icn .

O amb i ent te nn pera ture  gra d i e n t  in  towe r he i~ ht i n te rval ,

T(152 m) - 1(30 m ); determined from contoured te o ci--ature

field.

wind direction at core ; deter mined f i-us- recorded d irec -c
t ion correspondinq to Vc •

e : thunderstorm echo propagation direct ion (d i rec t io l u  fro m

which echos move); dete rm ined from serial radar naps.
.7

front propagation direction (direction of arrival

determined from microbaro graph array .

In Table 3.2 we have listed a few non-dimensional parameters , co rmp~~ecl

from the data in Table 3.1 , which represent similarity between the di~ f~-rent

cases. Asterisks appear next to values that were not actually m :l eu ismm r ed ;

these were determined as follows . Head depth , Dh~
. was esti mated from temm er-

ature drop, 7Tm~~ 
and propagat ion speed , C~ , ass um ing the Froude number to

be 0.76 (determined by Keulegan (1958 ) from la b o r a t o r 7  currents in r e l at iv e l i
large tanks). The estimated values appear to be valid in that ~th eu - pat-a m-

eters involving the est imates of Dh (Table 3.2) compare well with each other .

Where sounde r data were lacking, the head length, 
~ 

was assi gned subjec-

tively, primarily on the basis of the wind core location. ‘~a . i — ou)mn rOOr!’ld l

wind , Un~ 
for the ~I~~L cases was set egual to the wind speed maximum. •-n cre

the norma l wind maxima occurred above or below the inst - ,1: ie ntu ,~ levels, ‘ :, i r
locdtio ns were estimated subjectivel y fro,r the appea rance ~~ t 1ue . cn hlto I Ji -eJ ~~,, 

-

field. Based on observations discussed in Section 3.1.1. th e T v aloe-
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tbu ’ ,~ .1, 0 . 1(10 00 ‘ 2 ’  Fu r ~‘ - Z  ~~ -“ ,,1 n7 u ’

Pci rameter Event Number
1 2 3 13 5 6 7 8 9

F = C [ ~ Dh ~:x J .677 - - - - (< .98) .96 .23 .69

C pIUn 
- - - • 41~ (< .8 2 ) ( < .71) 1 .6 - .75

H(U )/ D b .24 .16 - .13 .14 .19 .16 (< .18) (< .3)

O IL 
- - - .06”~ .16u ’7 .051’~ .12 .22 .10

h h

C D
R = __E

~
_
~ (x10 ”

~~) 1. 2~ 5.3° — 2.6 15 7.8 1 .7 .18 .21

event  3 (doubl e asterisks ) are not considered to be representative because

the “ambient ” air was strongly influenced by previous gust-front passages.

When propagation speeds were not measured directly, they were assi gned a

value of 0.67 times the maximum normal wind.

3.4.2 Geometric features

Many of the gravity current features described in Section 3.1.1 are

apparent in our case studies. We f i n d  c lear  evidence of the head feature  and
of forward flow beneath the head with respect to the front. Middleton (1966)

observed in labora to ry flows that the ratio of front propagation speed to
that of the steady upstream fl ow increased with distance travelled , and a

similar observation was made by Simpson (1964) for sea-breeze currents. The

ratios observed ranged from about 0.5 to 1.0. Charba (1972) found the ratio
Cp/Un to be 0.63 for one thunderstorm outflow current , and Goff (1975) ob-
se rved an avera ge Cp/U fl 

= 0.67 for thunderstorm gust fronts. Our data show

no trend in this ratio as a function of distance travelled , but are f a i r l y
co ns isten t w i t h  the resu l t s  of Goff and Charba . The anomalous  behav ior of
even t 7 was di scusse d earlier .
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~t wi s mentioned ear lier that surface drug might cause an ele-i ,-i t i - ) n o se

a t  the leading edqe of a densit— ,- current. Simpson (1969) argues that i’m the

a tmos phere an elevated nose in the temperature profile can exist only temnpor-

ari l v before collaps ing due to instability , and b!itc h el l ‘ 5 (1975) model
indi cates that p roduc t io n of c i r c u l a t i on in the head is su~ °icient tu t -e;m *

format ion of suc h a feature. Laboratory 0 lows exhib i t  the nose fea tmo e , and

S impson (1972) determined that the rat io of nose height , h , to the hea d depto
depends on ~o vno lds number , Re , a c c o r d i ng  to

h/P h = .6 1 Re~~
23

~or Re between 1O-~ a n d  10 - . Extra polat ing this relation to the larger

Rey nolds numbers of a tmospheric f lows results in nose heights of at most a
few meters. Events 1, 2 and 4 (and perhaps 3) show e levated nnoes in the
temperature prof i les , but t he feature is not apparent in most of the o h s ] -
lower cases .  However , e levated noses are apparent in all of c u r  observed
wind prof i les (except where the wi nd m0xim uiu occurred below the i ns t r -um entc

interval  in cases 8 and 9) .  We f ind a strong re lat ionship bet,ieen the

hei ght s of wi nd maxima and depths of the heads (see Table 3 .2 )  o- isth an ave r-
age  o b s erv ed r a t i o  H ( U

fl
)/Dh 0.17.

T he shapes of the Haswel l  currents are consistently longer and oha llnwe ~
t h a n  t heir la bo r a to ry  c o u n t e r p a r t s .  For example  Keule gan (1958 ) and ‘-~id~ le-
ton (1966) found that current heads had depth-to—length ratios , Dh

/ L t .  ~~t

abo ut 0.4 , but in all the Haswe l l currents this ra t io  is much smaller , aye ’- -
a g i n g  about 0.12.

The relative elongat ion of the atmospheric currents is fu rther e videe - ol

by the sha l low frontal slopes observed in events 7 , 8 and 9. These c u r r e n t - -

propagated on top of fair ly strong surface temperature inversions which
served to minimize surface fricti on. Simpson (197~ ) found tha t as SU 7 iu l u t

drag was diminished in laboratory fl ows (by moving the l ower bounda ry wi th

the f low or by providing a thin layer of denon f luid ahead of the flow ,

frontal slope became smaller approachin o a min imum of /2 or 0 .3 9 . Rcn f E , .rin .~
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to Tab le 3.1 we see that frontal slopes are no greater than 0.2 in the above-
mentioned ca ses. However we a lso  observe that the  more intense gust fronts

all have steep slopes , ev e n thoug h strong and persistent stable su rface

layers were present preceding some of these events . This suggests that in

atmospheri c gust fronts , the slope is more sensitive to age and intensit y

than to surface drag.

On the other hand , the presence of inversion l ayers appears to inhibit

s t rong  winds and large temperature changes at the surface , as in cases 1, 2 ,

3 and  7 (and possibly cases 8 and 9) .  (The relevance of t h i s  observa t ion  to
gust  f ront  de tec t ion  is discussed later.) Evidence of mixing and turbulent

wakes behind the heads is seen in events 5, 7 and 9 as average temperature

increases and temperature gradients weaken with time. Well behind these gust

fronts the mixed l ayer extends down to the ground or to the tops of thin

surface inversion layers. Acoustic sounder data show that the mixin g also
extends upward above the heads and turbulence in the wake reg ion is evidenced

by fine-scale fl uctuations in all the measured quantities. There is little

s i g n  of m i x i n g  in event 8, as ment ioned  ea r l i e r , but wakes probably would

have  been seen in  cases 4 and 6 had the  observations extended over a longer

time .

Wave -like patterns behind the heads in events 1, 7, and 9 suggest

gravity waves or large turbulent eddies. Since the patterns break down into

smaller and smaller scales with time , the latter seems more likel y. As

mentioned in Section 3.3.2, measured vertical veloc i ty patterns are consist-

ent with the presence of large rolls in the head reg ion which would produce a

deep intrusion of warm air downward into the cold current , thereby i n i t i a t i n g
the mixing process in a fairly deep l ayer immediately behind the head.

Our observations indicate that mixing in atmospheric gravity currents is

considerably greater than in labora tory experiments , and this mi ght signifi-

cant ly affect the behavior of thunderstorm gust fronts. If an outf low cur-
rent is disrupted by mixing close behind the initial front , a new front must
form provided that the outflow supplying the cold air persists. In the
absence of a steady supporting current , the initial front must eventually
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d issipate. Th is ;m~- - :hanism might explain some cases in which multiple surges

have been observe ) in storm outflows (see our event 1 , and Gof f, 19 7 t ) .

These events have heretofore been attributed to merging of outflows f-~~p

pulsating 0’ separate d ,- indrafts .

3.4.3 Wind -Shea r Indicators

The aircraft hazards presented by gust fronts (or similar gravit -i

currents) arise from three sources :

1. Vertical change of the horizontal wind , caus i ng rapid change ~~
airspeed for an aircraft , ascending or descending th ioug h the ~hea-

layer.

2. Horizontal change of the horizontal wind , caus ing  a i r sp en u 03

change along a horizonta l flight path.

3. Hor izontal change of the ver t ica l  wind , or turbu lent f luctuat ion .
caus ing vertical displacement of an aircraf t flyino al on g a r c ! - i y

ho rizontal path.

Each of the above is related to the overall i ntensity of the gust

front , and we will discuss the associated hazard in terms of just thi ier-
tical shea r of wind in the directi on of frontal motion (the normal couop~

n_

ent ), du n/dz .  Fu ll descript ion of the total (vector )  vert ical  wi nd c-hear

a l so  requ i re s  du~/dz. the shea r of the paral lel  co mponen t , but we ro ve as-
sumed that maximum shear can be represented by the former.

Recall that for the NSSL cases we have represented wind shear by the

ve rtical gradient of wind speed , regardless of direc tion. Comparing the u r
fields with corresponding u~ fields for the Haswe ll events shows t ho t tu a x i000:

shea rs are usually associated with regions of strong dire ctional changes in

the w ind. It is not surprising, therefore , that maximum shears at Haswe ll
exceed those at NSSL by a lar ge factor. I f  we consider that an airc ra ’t

moving in a straight line experiences air peed chdnges which denend on lus t
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one com ponent of w i nd shea r , we see that it is appropriate to consider indi-

v idual wind-shear components in assessing flight hazards . Furthermore , it is

im portant to consider the method of “shea :- ” computat i on when com pa ri ng the
Haswell results to others for which wind speed gradient is used (e.g., Hall
et al., 1976).

3.4.4 Relationships Between Shear and Surface Measurements

To assess the probable wind—shear intensity in gust-front currents we

can turn to a simple conceptual model proposed by Ha l l , et al. (1976), in
which it is assumed that maximum shear , S , depends only on the core wind
speed , U, and a boundary l ayer thickness , 5; i.e., S = U/s. If we further

assume that ~ does not vary from one case to another , and that U is directly
related to propagation speed , C~ , we find that shear is proport ional to C~ :

S = U / 6 = aC~

where a is a corstant. We have plotted vertical shear versus C~ in  F igure
3.20 for the Haswell data , and observe that linear relationships are indica-
ted for both maximum and sustained shears . We also find that Goff’s (1975)

observa t ions tend to support such a relation , but the shear estimates from

his plotted data are not accurate enough to be included here. Because gray-

ity current structure need not be invoked to obtain this relation , it should

be valid even near downdraft bases.

Th is result indicates that an array of pressure-cha nge detectors (which

we will refer to as a “~P array ”) may serve as a good indicator of gust- front

intensity , and would at the same time define the motion of the front. Prop-

agation speea is determined with a tP array by simply comparing arriva l times

of the front at various locations.

If the Froude number , F , is constant for atmosphe ric currents as it

seems to be for laboratory flows , we can re la te  C~ to the product (AT Dh ) as

follows
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Figure 3.20 Maximum wind shear vs. C~ for Haswell events.

C~ = b (oT Dh
) 2

wh ere the Froude number , gravity , and representative amb ient temperature are
included in the constant b. Figure 3.21 shows that the above relation is

valid for the Haswell results . However , its practical use is limited by the

difficulty in measuring Dh. We could consider replacing (~T Dh ) by the total

pressure rise under a hydrostatic assumption but , particularly in the region

of downdrafts , this assumption is not likely to be val id . Therefo ’n th o

relation seems to be of little practical value.

Next we consider surface temperature which is easil y measured and can be
important in determining gravity current intensity . Figure 3.22 shows t1 i~

shear and maximum temperature difference, ATmax~ 
are app roximate ly linearl y

related. Hall et al. (1976) present a similar empirical relation. They also

point out that if the current depth could be assumed to be consta nt f r  one

case to the next , we should expect C~ (and related shear) to be proportional
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Figure 3.21 Maximum wind shear vs. ~~
Tmax Dh for HasweI~

events.
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In the Squar e - u i ~~t uu f  ‘T .  Our results make it clear that substantial  shear
is to hi ap ~’ ct ed in currents of widely different depths , explain ing why the
square-ro ot  re la t ion  is not observed.

Unfortunately, the tempe rature drop, AT , measured near the ground is f l ( 1 t

l ikely to be representative of ATmax~ Referring to ou r temperature fields in

Figures 3.3 , 3 .6 , 3 .10 , and 3 .14 through 3.19 , one can see that IT at low
levels is not always indicative of higher level values , especially when

stable inversion layers are present as commonly occurs during night-t ime
hours .  In his model Mitchell (1975) considered the effect of ambient s tab i l -  -
ity on several gust-front parameters and found that h igh stability results in

a far smaller fronta l temperature drop than does a neutra l atmosphere.

Fi gure 3.23 shows the effect in terms of the Brunt -Vaisala frequency ,

= ( g / o ( z ) . d ( z ) / d z )
12 , where o is the potential temperature . As discussed

ea r l i e r , our case studies tend to substantiate this as do the case stu dies

presented by Goff (1975). From his 10 mm 450 m time-he ight plots , we esti -

mated both the drop in potential temperature near the surface (-5 0 rm ) an - : t m  -

u_ 
~~ 

- I I -
0 0.5 1.0 1.5

Brunt - Vais ála Frequency (Sec 1 x 102
)

Figure 3.23 Gust-frontal temperatur e decrease as a function
of ambient stability.
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maximum change in horizontal wind speed norma l to the gust front , u~ . We
also estimated ~ for these events based on the potential temperature change
between the surface and 450 m from his isotherms . Figure 3. 24 is a plot of
.0 i vs.  Au~ in which the x ’ s represent events with neutral or near neutral

stabi l i ty  (~, < 10_ 2) and the circ les represent the stable cases. Mi tche l l ’ s
model indicates that stable conditions also decrease the horizontal wind

field but not nearly so much as the temperature drop. Because the hig h-

stability cases show mostly a small surface .AO but higher level wind changes

(comparable to the neutral cases ) the results presented in Figure 3.24 are in
agreement with the model .

Direct measurements of the surface winds , like temperature , are also
expected to be important. However , our cases studies show that wind measure-

ments nea r the ground often do not represent true gust —fro nt intensity or
movement. In several cases (notably 1, 3, 4 and 5) there is a large discre -
pancy between the maximum low-leve l wind and that at the elevated wi nd core .

Although Mitchell ’ s (1975) results suggest that peak surface wind is approx-

10

X N!eutra) Cases

8 — 
0 Stab)e Cases 

—

X/X  0

/ x  -

x / o
/ x

x x  —

0

8 

1 2’O 22
sec 1

)

Figure 3.24 Surface temperature decrease vs. horizontal wind
change for neutral and stable cases.
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im ate l y equal to front propagation speed , the model does no t simulate ~ -e
three —dimensional nature of the gust front , nor does it adequately treat t h E -

surface boundary layer. Our case studies suggest that there are several

limitations to estimating actual maximum wind and gust-front motion from low-
level wind measurements:

1. Strong winds may be isolated from the surface laye r depending on

low- level  stabi l i ty (inversion layers , as i n case 1) and on the

height of the wind core .

2. Maximum low-level winds are sometimes delayed by 30 minutes or more

(see cases 4 , 5 , and 7) after strong winds are observed at  higher
l evels.

3. Strong cross-components and highly variable wind di rections (see

the Haswell cases) show that gust -f’-on t propagation d i r e c t i o n O- °tei

is not represented by local wind.

Based on the present case studies we conclude ‘eat surface wind measurements

would probably not provide ri-liable Gust-front warni ngs in many instances ,

although we do not have enough actual surface wind da t a t o quanti f y t hi s
conclusion (Colmer , 1971).

3.5 Analysis c~ Surface Winds During the August 1975 Denver Accident

The case studies discussed in the previous sectio ns represent a ct-ass

section of events which produced shear conditions ranging from minor to

severe. Aside from damaging some instruments , however , they were case studies

only of scientific interest toward a more practical goal. The goal is  the

prevention of aircraft accidents and incidents caused by low-level wind

shear. In this section we summarize an analysis of wind-shear conditions

responsible for just such an occurrence.

On 7 August 1975, Continental Flight 426 crashed at Stapleton Inter-

national Airport in Denver , Colorado whi le attemptin g to take - o f f . Ca racen a
65



(1976) performed a detailed streamline analysis of the wind f ield at the time
of the crash front an array of 12 surface anemometers. Usin g a technique

cal led isogon analysis , Caracena derived a more accurate representatio n of

the surface streamlines than is usually obtained by merely sketching them .

The passage of a storm with strong outflow cells resulted in the stream-

l i n e  pat te~n over the airport , shown in Figure 3.25 , at the time the Contin-

enta l fliqht began to roll. A smaller scale analysis , based on the same tech-
ni que , resulted in the probabl e streamlines of surface winds at the runway

illustrated in Figure 3.26. Using the available flight recorder data ,

Caracena was also able to derive the probable corresponding isotach field at

the time (Figure 3.27). From the las t  two f i gures , i t  is appa rent that the
aircraft began its take —off with a slight tail wind which became a headwind

about a third way along the runway. Si gnif icantly , the aircraft  encountered

very strong tail winds again along the last third of the runway. In fact ,

the situation was even worse than depicted due to the advection of the storm

toward the east. This motion may have subjected the aircraft to the maximum

horizontal shear , as shown to the west of the runway in Figure 3.26.

An estimate of the downdraft velocities tha t the aircraft may have

encountered suggests that the downdraft alone could not have been responsible

for the crash but may have contributed to it. An analysis of the horizontal

wind shear as a function of hei ght reveals that at the aircraft ’ s maximum

altitude of 37 m , the shea r was 0.1 sec-1 or more than twice the value at the

5 m anemometer level .

A qualitative picture of the outflow wi nd vel ocities is shown in Fi gure
3.28 and illustrates the conditions under which Continental Flight 426

crashed . The kind of quantitative analysis performed by Caracena demon-

strates the potential for deriving conditions hazardous to aircraft but also

points out the deficienci es of relying solely on ground—based anemometers.

3.6 Summary

Throu gh the use of i ns trumen ted towe rs an d acous ti c soun ders we have
been able to make detailed observations of wind and temperature structure ,
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Figure 3.25 Streamlines drawn from time-s pace conversion and isogon analysis over Stapleton
Airport between 1600-1620 MDT on August 7 , 1975 .
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Figure 3.28 Horizontal and vertical dependence of outflow wind velocities.

and wind—shear intensity within a number of atmospheric gravity currents

(gust fronts). The results have been discussed with reference to exist ing
models and the findings of other investigators , in an effort to improve our
general un ders tan di ng of the phenomenon.

We have foun d that  observe d atmos pheric gus t fron ts com pare q u it e wel l
with laboratory and model counterparts , but several ess enti al d i fferen ces are
noted. The atmospheric currents are relatively longer and shallower , and in

seve ral cases fron tal slo pes are observed to be less than the m ini umum slo pe

achieved in the laboratory by elimi nating surface friction. On the other
hand , the more intense gust fronts have nearly vertical slopes near the
ground (i.e., in the tower interval ) regardless of stable surface layers that

should m inimize friction , i n di ca tin g that the fron tal slo pe at low levels  is
insensitive to surface friction. Elevated projecting noses are observed in

several gust-front temperature profiles , even thou gh mo del and labo ra tory
results indicate that such a feature is not to be expected. Mixing is found

to be much greater in the atmosphere than in laboratory flows , suggesting
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that multiple surges often observed in gust fronts may result from disruption

(by mixing) and subsequent reforming of the front and current head. Multiple

surges have previously been attributed to multiple or pulsating downdrafts.

We have attempted to assess the relationships between severa l measurable

gust— front parameters and wind-shear severity . Surface temperature and wind

measurements can be reliable indicators except during times of low-level

inversions which often prevent the more severe dynamics at higher levels from

reaching the ground. The parameter which appears to be most consistent with

wind -shear magnitude is the gust-front speed of motion; a practical gust-

front detection system should include the capability to measure this motion.
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4 .  S T A T I S T I C A L  A N A L Y S E S

4. 1 Introduction

The detailed case studies of the previous section show considerable
variations in the parameters from one gust front to another and we dis-
cus sed several reasons for these differences. Until we improve our knowl-
edge of the more detailed shear dynamics , however , it is also help ful to
consider some of the broader characteristics of wind-shear occurrence and
relationshi ps.

In this section we have developed statistics for a five—year period at
the Chicago O’Hare Airport area by comparing barograph data with correspond-
ing meteorological information in order to help evaluate the concept of

gust—front detection by press l e jump detector arrays . We also present

statistics on the frequency of occurrence of significant vertical shear as
measured by the NSSL meteorological tower during the spring of 1976 data

collection period and compare the results with gust-front detection by
other methods.

4.2 A Statist ical Study of Atmospheric Pressure Jumps

4.2.1 Introduction

Atmospheric pressure changes accompany virtually every meteorological

event. On the synoptic scale , pressure variations occur with amplitudes
measured in tens of mil l ibars over time periods of hours or days . On
smaller spatial scales , pressure fluctuations with amplitudes of several
mil l ibars and time scales of minutes also can occur. Their sources include
gravity waves , gravit ;-shear waves , hydraulic jumps and thunderstorm gust

fronts. The impetus for the study described here results from a need to
know more about the statistical properties of gust-front events and the

dangers they present.

71



58

- - - 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ .~~ >-

According ly, a con cept has evolved for using sensitive pressure jump
detectors to detect and track thunderstorm gust fronts. A proper evaluation

of the effectiveness of such techniques also requires the development of a
statistical data base. The design of pressure-jump detectors requires a
knowledge of rise -time and press ure-amplitude statistics for gust-front

p r e s s u r e  jumps. In addition , pressure changes due to other sources may

cause false alarms . The operational usefulness of any detection system

must be gauged by a realist ic evaluation of false-alarm and miss-rates.

For these reasons , we studied the statistics of pressure jumps for the

Chicago O’Hare Airport area for the period 1968 through 1972. After

reviewing causes of atmospheric pressure disturbances , we outline the

sources of data used in our study and describe our criteria for distinguis h—

ing between the various causes of pressure disturbances , as well as our
definition of threshold values for detection. Finally, we present the

stat ist ics for these pressure data on yearly bases and summaries of the

five years covering the distribution of source mechanisms , the time-of-year
occurrences , and the pressure-amplitude and rise—time statistics.

4. 2 .2 Causes of Atmospheric Pressure Disturbances

The Gust Front

A sudden rise in surface pressure accompanies the passage of the cold-
a ir ou tf low f rom thun ders torms a nd such pressure increases ca n occur more
tha n 20 km from the storm cen ter (Figure 4.la). Pressure rise times shorter
than 10 mm and pressure amplitudes above 1 mb frequently occur. Bedard
and Beran (1977) review past measurements of such gust fronts and the works

of Charba (1974) and Goff (1975) present detailed measurements on the

characteristics of these systems . One goal of our stud ies is to develop

empirical relations between the gust-front pressure field , its rise time
and amplitude , an d maximum surface wind gust , tempe rature di f fe rence , speed

of motion and peak magnitudes of the wind shears . The goal of the statisti-

cal study described here is the documentatio n of pressure—amplitude , rise-
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t i m e , time-of-year and frequency-of-occurrence s tat is t ics and , if possible ,
identification of the sources and their fraction related to thunderstorms.

Dynamic Effect s

Although density increases in an air column are the dominant mechanism
for many of the measured pressure jumps , vertical accelerations of air

parcels are an ad di t i onal cause of su dden press u re cha nges assoc i ated w i th
gus t  fronts. Convective flow interacting with a mean wind field (Figure

4.lb) is another example of a situation capable of producing large vertica l

accelerations and hence pressure variations. Such accelerating f ields
could explain some of the pressure fluctuations we list as unknown . Perry
(1976) attributes dynamic effects as the origin of pressure jumps he could
not otherwise relate to meteorology . Moreover , intense thunderstorm down-
flows (Figure 4. la) ,  similar to a j et impinging on a boundary , can produce
significant pressure increases. Fuj i ta and Caracena (1977) indicate that
such downbursts may have been a factor in several aircraft accidents .

Frontal Pass~ges

Williams (1953) and Clarke (1961) revIew statistics that include
pressure data related to frontal passages . Clarke finds that most frontal
pressure jumps with amplitudes greater than 0.5 mb occur In the months of
August through April but exhibit no strong peak. Williams reviews statis-
tics comparing the various types of weather systems related to pressure
jumps measured in the central midwe st of the United States and shows that
pressure jumps frequently occur with cold fronts.

Gravity-Shear Waves

Just as hydraulic jumps can propagate on surfaces of density dis-

continuities aloft , more complex propagating wave fields can occur (e.g.,
when a convective system perturbs such an interface). Curry and Murty
(1974) present an example of pressure disturbances that they attribute to
gravity waves from a thundersto rm (Figure 4.lb). 
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On the other  h a n d , when wind shears occur aloft as in an upper -level
jet stream (Figure 4.ld), large—amplitude pressure perturba tions can appear
at the surface of the earth. Flauraud , et al. (1954) and Kel iher (1975)
present details of the measurement of these waves. They tend to occur

during the winter months in the northern hemisphere and last  for many hours
whi le  tracking the speed and direction of h igh—alt i tude tropos pheric winds.
Several studies relate the presence of these waves to aircraft turbulence
reports (e.g., Kirk , 1963; Hooke and Hardy , 1975).

Because the speeds of propagation of long-period gravity -shear waves
tend to be higher than gust-front speeds and because the two phenomena tend

to occur at different times of the year , we expect that a gust-front detec-
tion system based on sensing pressure perturbations would not have many
“false alarms ” caused by gravity-shear waves .

Hydraulic Jumps

Tepper (1950) developed a hydraulic jump model as an explanation of
prefrontal squall lines. A hydraulic jump driven by a frontal system
(Figure 4.lc) can propagate on a density interface and produce pressure
jumps at the earth’ s surface. Tepper (1954) tracked such pressure disturb-
ances for many kilometers across the midwestern United States. He hypothe-
sized that such a jump can trigger convective activity because of the
upward forcing of parcels of air , and tracking such jumps offers the possi-
bility of predicting the location of pre-frontal squall lines prior to
their development.

Combination of Causes

A single gust-front system can provide examples of several of these
sources of pressure perturbations. The presence of a low-level inversion

could permit a hydraulic jump to propagate from the edge of the density
current , disturbing the inversion surface. Charba (1974) advances th is
mechanism as an explanation of the early arrival of pressure disturbances
in front of the leading edge of the density current. Accelerations of the
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ambient air in advance of such systems also perturb the pressure field , and
gravity-shear waves can propagate on the interf acial surfaces between the
density current and the surrounding air. Thus , man y factors can act s imul-
taneously to make the interpretation of pressure data difficult; although

more detailed analyses might distinguish between various source mechanisms
even if they are present simultaneously (e.g., the form and magnitude of

the pressure disturbance can differ greatly for gravity—shear wave and
gust -front events) .  A lso , future studies might provide indices for determin-
ing which gust-front events are most dangerous (e.g., B l ec ker an d An dre ,
(1950) found a linear relation between peak pressure and total rainfall

from thunderstorms ) and combinations of observables may provide reliable

detection criteria (e.g. , peak pressure and speed of motion of the discontin-
u i ty).

4.2.3 Application to Aircraft Operations

Thun derstorm gust fronts and the wind shears related to them con-

stitute hazards to aircraft , particularly during take—offs and landings.

This section of the report , although oriented specifically towards evalu-

ating pressure sensors as detectors of such gust-front systems , also p ro-
vides estimates of the frequency of occurrence of large gravity-shear-wave

events an d frontal passages. A number of workers (e.g., Hardy, 1971)
related gravity-shear waves to aircraft turbulence encounters . Perry

(1976) related reports of severe l ow-level turbulence to the existence of

pressure jumps which he ascribes to a variety of weather situat ions.

Thus , in addition to gust front detection , other useful information -

can be derived from surface measurements of pressure perturbations. This
i s our reason for p u tti ng the wor ds “fa lse  alarm ” i n  quotes  when we speak

of detection of events not related to thunderstorm gust fronts . At the
same t ime , we must emphasize that , at present , we do not have a method for
distinguishing clearly between all the possible sources using only surface

pressure data without additional external information (such as knowledge of
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the presence of thunde rstor ill echoes , uppe r-level jets or approaching fronts).

This l imitat ion also applies to anemometers and the rrl:01 -:’-ters .

4.2 .4  Data and Analysis

Sources of Data

We used standard National Weather Service (NWS) ~w -~~y-four-hou r
barogram traces in the anal ysis of the statistics of pressure di s~urba rces

from Chicago ’s O ’Hare International Airport (1968-1972). A rise in pressure

greater than 0.005 inches of mercury (0.17 mil li bars) per m ir~~te with a

total rise greater than 0.02 inches of mercury (0.667 ro i ll iba rs) is the NWS

definition of a pressure jump . Events meeting these criteria provided

i n forma tion on the time of occurrence , rise times , and magn itudes of posi-

tive changes in pressure. To determine the meteorological conditions that

caused the pressure disturbances we used many sources. These included

daily surface weather maps and station weather for 0700, EST , Storm Data

and severe weather phenomena (which included location , date , time , and

character of the storm), and radar sumaries for the United States , to

determine the type of local weather phenomena occurring at the time of the

event.

Definition of Pressure Events

In anal yzing the twenty-four-hour barograms , we singled out pressure

jumps that produced a pressure rise of at least 0.667 mil l ibars in a period
of fifteen minutes (900 sec). This criterion suppressed some long-period

changes meeting the NWS definition. Also, our minimum criterion is lower

than the one mil lib ar rise per ten minutes (600 sec) which is the threshold

for a type of sensitive pressure j ump detector designed for possible use as

part of a future shear warning system .

Examples of typical pressure jumps appear in Figures 4.2 and 4.3. We

use three categories for identif ying the meteorological source ; the first

one we rela te to local thunderstorms . Two examples (May 12 , 1970, and
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July 14 , 1972
Local Thunderstorm

2mb~~~~~~~~~~~~~~~~~
I I I i i i  i i  I I I I I I

2000 2100 2200 2300 2400

April 6 ,7 , 1972
Gra v ity-Shear Waves

0500
April 7 , 1972

I I I  i/ i I I I I  
~~~ ~~~

1800 1/2 hr
April 6 , 1972

Figure 4.2 Examples of typical pressure jumps.
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July 25 , 1972
Unknown
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1800 1900 2000 2100 2200 2330

May 12 , 1970

4.002 mb. LocaJ
20 m m Th understorm

1500 1600 1700 1800
Figure 4.3 Examples of typical pressure jumps.
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July 14, 1972) are shown in Figures 4.2 and 4.3 . Eac h shows a p ressure
rise of two mil libars or more in a period of less than fifteen minutes.

A second record of p ressure per tur ba tions , shown in Figure 4.2 (April 6,

7, 1972), depicts gravity-shear waves. These were identified by the
presence of wave -like pressure perturbations over an extended period of

time on the barogram traces usually occurring in the presence of high winds
aloft. Some of the waves were large enough to meet our criterion.

The third category consisted of p ressur e chan ges rela ted to fron tal
systems. As we saw in Figure 4.1, such pressure changes could be caused by

the p ro pagat ion of a su dd en chan ge in invers i on hei ght , w i th an exam p le
being the pre-frontal squall line with the cold front providing the initial

piston—like impetus.

The res t of the pressure jum ps meet in g the cr iteria were cate gorize d

as unknown (see Figure 4.3, July 25, 1972) cue to the absence of recorded
weat her phenomena .

Limi ta tion s and Pro b lems

One l imi ta ti on on di stin gu i s h i n g p ressure jum ps from the ava i la b l e
pressure data is that the standard barograms have poor time and amplitude

resolu ti on . Th e baro g ra ph pen trac es are , in many cases , too thick to

di scern the exac t chan ge i n p ressure for an even t, wi th a typical uncer-

tainty of ± 0.1 mb. Another operational problem is that the pens occasion-

a l l y  get h i t  or bumpe d , causing small marks on the traces sim ilar to pres-

sure jumps , and pen-chart friction can reduce the short-period response.

Thus , the main problem in studying the barograni traces Is the correct

identification of the origin of the different types of pressure jumps .

Gravity-shear wa ves with a pressure jump at the beginning or end of the

event or a pressu re jump fol lowed by a lon g rise In pressure that is gradual

but meets the criteria are examples of cases that are dif ficult to categor-

ize.
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Another limitation was the lack of sufficient data on weather phenomena
corresponding to the pressure jump . Also radar sumaries from June 1
th rough June 15 , 1969 and daily surface weather maps fro!-~ January 1 through

April 15 , 1968 were not available.

Results

A study of the causes of pressure disturbances shows that thunder-

storm— related gust fronts as well as other surface discontinuiti es such
as f ron ta l  passages produce pressu re jumps. We studied five years of data

from 1968 through 1972 recorded at Ch icago ’ s O ’Hare International Airport

and present the results below .

We use three kinds of comparisons to present these data . The first
type (e.g., Figure 4.4) compares the percentages of events correlated with
thunderstorms , gravity -shear waves , fron tal passa ges an d unknowns . A
second type consists of a graph of the maximum change in pressure in
mil libars versus the rise time of the disturbance in minutes , recorded for

each event related to thunderstorms (e.g., Figure  4.7). The third type of

comparison is the number of events as a function of month of the year for

the thunderstorm , gravity -shear wave or frontal sources that would trigger
pressure -jump detectors (e.g., Figure 4.8).

Table 4.1 shows the sources of pressure disturbances by percentage of -

occurrence of the tota l number of events (298) for each of the five years.

T h is com par i son use d our mos t sens it ive cr i terion of a chan ge in p ressu re
of 0.667 mb in fifteen minutes. Thunderstorms were usually the single

greatest source of pressure disturbances , with the percentages varying from
a high of 44 in 1968 to a low of 27~ in 1972. The percentages for gravity -

shear waves varied from year to year from 5% to 25T and unknown sources

from 4.~ to 24 . Frontal passages represented between 30 and 43 of the

sources during the five-year interval. Figure 4.4 shows a summa ry of the

data for the entire period with thunderstorms and frontal passages account-

ing for about equal portions of almost 3/4 of all the cases . Gravity-shear

wave events and unknowns in almost equal numbers accounted for the remaining

events . 81
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Tab~e. 4 . 1 .  Sou c~~ o~ P o-~swt e~ V~ bance4 a-t Ch~Lcag o ’ 4 O ’Ha ~e Tn~tvt-
no~-t-Lona~e AL’tpo ’ct by PeJtceti~t o~ O u’t~&enc~( Ve~~ c-tLo n C’~~~en~ on = .66 7 m b / i S  m- in)

o # To ta l
-~ of Occurrence Cases

Thunder- Fron. Gravity- Unknownsstorms Pass. Waves

1 968 44 30 5 21 66

1969 35 35 23 7 58

1970 143 43 10 4 51

1971 36 32 8 2k 71

1 972 27 38 25 10 52

1 968-1972 37 36 13 14 298

14%
Unknown

(42)

36% 37%
Frontal Passa ges Thunderstorms

(105) (110)

13%
Gravit y -

Shear Waves
(41)

Figure 4.4 1968~1972 sources of pressure disturbances at Chicago ’s O’Hare
International Airport by percentage of occurrence.
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Table 4 .2  shows source s by pe rcentaqe of occurrence ca pable  of t r iqqe r-
ing a particular pressure jump dete ctor desi gn. The perce nta ne of ~h ~ ce r~
storms as the source of pressure disturbanc es becomes la - ic ’ - (e.g., com pa re
Tables 4 .1 and 4.2 which show an increase F ,- 011 4~~ to 60 for the 1Y6~ d a t a

set) merely by the chan ge in our threshold. A ~r-es-; -J re ch~~r l r 1e o~ I nb i n  10
minutes is the cr i ter ion used Li define events capable of iqqe ’-i rvl t1 e

detectors. The total number c,~ th understorms on a yearly basis ~- aHed from

as few as 6 in 1971 to 21 in 19b~- . For the 1971 cases , ye e l imina te- i  all the

gravity—shear wave events by applying this new criterion. Co mp a ri son be tween
sunria ry Figures 4 .4  and 4.5 shows that the percentaqes of cases due t~~i grav-
ity -shea r waves and unknown causes were reduced whi le the percenta ne related
to thunderstorms increased .

Tab~e 4 . 2. SeU~~C ~ 0 ( P~~~~U~ Q ~~~ t l L - lC~’~ t Cl c t a ’ ~ C’ Hin ~ c T. : ta
kl a t (~: ncz-~ ~~~~~ t 6w P~ ~c ( ’; l t  c’~ C c C i ~~~~~~~ i c C  i - C a p a bf . :  i~~~~ T’: 

~~~~~~~~ 
t~q Li~ - t : c t~ ’ c ~

( V~~ ec -t~cr n C~ ~ t~-~ ~ ‘c r 1 m b  10 - y < U

- - 
. Total

.~ of Occurrence Cases

Thunder- Fron . Gr a vity—
U nkrrown s

s torms P a s s .  Waves

1968 60 26 3 1 1 35
1969 40 140 9 Ii 35

1970 50 140 7 3 30
1971 39 38 - 23 13

1972 37 314 16 13 32

196 8-1 972 147 35 8 10 l:4 f

Using the detect ion cr i ter ion of 1 mb in 10 minutes , we analyzed the
data on a time-of-year basis and present the source brea k-lown s t a t i s t i c s
considering only the months of ‘iay through September (tha months when thun-

derstorm activity reaches a maximum). These data appear in Table 4.3.

Comparisons between the summary Figures 4.4 , 4 .5 , and  2 .b  s how t h a t  t he

sources accounted for by thunde rstorms increase to 60 while the number of

cases related to frontal passage s and gravity -shear w av es dec rea~ es.
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/ 35% \ /
Frontal Passages

(5 1) 47%

— Thunders to rms
(68)

8%
Gravit \eShear Wa ves

( 11)

Fi gu re 4 .5 m9 68-1 97 2 ,ourc es of - ess ~ -e d etu-ba r-ces at ~m cago 5 0 -are
-t e rrra t 000i A rport by s e r c e - a q e  of occ u rre e Ce ca pab e ~ f

tr igger og detecto rs

Ta.b~.e 4 . 3 .  M~y-Se.p~enibe~’t Sow’tc.e4 o~ P 4~ Wte. V~~~w’t bance~6 cvt C1vLcago ’~
O ’ Ha ~’te Inteitno...tLovia2 AL&pon..t by P vtcen-t o~ Oc.~u.irJte~-tc.e Ca.pab.ee. o~ T’t.Lggvi-
-Lng Ve_ tec -ton.~ (Ve~t~c.-t.Lovt C/ L ~ex-Lo kt = i m b / i O  rmLn)

~ Total
~ of Occurrence Cases

Thunder- Fron. Gravi ty- Unknownsstorms Pass. Waves

1968 69 21 - 10 29

1 969 53 29 6 12 17

1970 69 25 - 6 16

1971 43 14 - 43 7

1972 50 20 10 20 20

1968-1972 60 22 14 14 89

A second type of comparison shows the r~lation between the pressure

:~. amplitude and rise-t ime statistics for thunderstorm-related cases mee .l r’-
1 mb rise in 10 minutes criterion , triggering our pressure -iumo-de ’-

des ign (see Figure 4.7). It is clea r from Figure 4.7 tha t •
~~ ~~~~
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14%
Unknown

(13)
22%

Frontaf Pass ages
(20)

60%
Thunderstorms

(53)

4%
Gravity-Shear Waves

(3)

Fi gure 4.6 May-September 1968 - 1972 sources of pressure disturbances at
Chicago s O f-fare Internat ional Airport by percentage of occurrence
capable of triggering detectors.

6.670 I I
6.003 — 1968 - 1972
5.336 — S —

4.669 — —

4 002 — —

~E 3 335~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

r(min)

Figure 4.7 Pressure amplitude vs. rise time statistics for thunde rstorm-related cases.
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events had rise times from 5 to 10 minutes and most pressure amplitudes
exceeded 1 mb. There is also some evidence that the larger rise times occur
wi th the largest changes in pressure.

The last set of graphs (Figures 4.8 through 4.10) shows the month-of-
year variation for each of the identified sources capabl e of triggering
pressure-jump detectors. These data generally agree with past observations
of the time-of-year variability of thunderstorms , gravity-shear waves and
frontal passages.

Figure 4.8 shows the time-of-year variation of thunderstorm-related
source mechanisms . It indicates that thunderstorms cause pressure distur-
bances ma i nly during the months of April through September, the peak months
being May and June .

The summary figure for gravity-shear wave time-of-year variation (Figure
4.9) shows peaks in Ma rch , April and November wi th few events in the sumer.
December and January have no events in contrast. to the winter maximum observed

2 C :

18 1968 - 1972

16— —

E 14 — -

0 — -

2- fl -

Ill l _ l _i......._.j_ l I Iii
Jan. Feb. Mar. Apr. May June July Aug. Sept. Oct. Nov. Dec.

Month of the Year
Figure 4 .8 Month of year var Iat ion for thunderstorm -related sources capable of triggering pressure

detectors.

86

~ iiL~. _~~~~~~~~~~~~~~~~~~-~~~u-i~~ 
. I ., .- 

-— . -.--—..-- - —-



8
1968 - 1972

7

=

w

c~~ 5

0

~~3 - - -.0
E

• 

Z 2 1  

f iLm - 

1
Jan. Feb. Mar. Apr. May June July Aug. Sept. O~ Nov. Dec.

Month of the Year
Fi gure 4.9 Month of year variation for gravity-shear waves Capable of triggering pressure

detectors.

by Flauraud et al. (1954). This may reflect the movement of the upper level
jet to lower latitudes .

Figure 4.10 presents data on the time-of-year occurrence of disturbances

related to frontal passages. We found no clear peak in the yearly statistics

for these events.

4.2.5 Pressure Jump vs. Gust-Front Speed Change

We analyzed surface anemometer recordings for O’Hare Airport for the

five-year period during the months of May through September and noted the

maximum change in speed (Au) for all cases where a sudden gust surge appeared
(an increase greater than 4.5 m sec 1 (10 mph) usuall y occurring within 5

minutes). The ~u values constitute minimum changes , not taking into account

changes in wind direction often associated wi th gust fronts. Thi rty out of

30 cases with a Au value greater than 9 m sec ’ (20 mph) had pressure jumps

associated with them. We measured the pressure maximum and rise time , r , for

each of the events and present these data in two ways. Figure 4.11 is a plot
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Figure 4.10 Month of year variation for frontal sources capable of triagerino oressure detectors.
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Figure 4. 11 Plot of maximum pressure change vs. gust surge
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of APmax as a function of i~u and appears as a scatter plot with no evidence
of the (AP)½ law frequently assumed for density currents. On the other hand
if we plot APmax/T as a function of Au , a better fit becomes evident (Figure
4.12). We interpret these results as evidence that atmospheric gust-front
systems move primarily due to driving forces in the central outflow region ,
as opposed to being driven by pressure gradients across the density discon-
tinuity at the nose of the current. These data imply that statistically some
value of gust-front severity can be chosen as a warning threshold for opera-
tional systems. We need to know more about the statistics of these relations
however.

4.3 Frequency of Occurrence of Significant Vertical Shear

In order to better understand the effect of a gust-front passage on the
generation of significant vertical wind shear, we need some knowl edge of the
frequency of occurrence of shears during undisturbed periods. The wind data
at the various level s on the NSSL tower were recorded on magnetic tape

I I

0.020 — —

0.016 — —

~ 0.012 
— —

I •x —tO 0) 
. S -

~~~~0.O06 — .

. S

I I S S
S

0.004 — : • ‘ S • • •

• 
• • . : ~

• .: 
S
... ’

• S S 5 ,s s  ; S

I I

10 15 20 25 30 35 40
Gust Surqe \ U (mph)

Figure 4. 12 Plot of maximum pressure change divided by rise time
vs. gust surge.
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essential ly continuously from 15 April to 24 June 1976 and provided an oppor-
tunity to examine this question more closely. Since time did not permit us
to analyze the complete data set over this period , we chose five Intervals ,
rangi ng from four to twelve days to look for the frequency of occurrence of
hl significant u shear.

Initially, based on Sowa ’s (1974) operational definition of gradual
shear , we used the value of 0.08 sec 1 as our significant shear cutoff . This
number is based on an 8.4 m sec 1 wi nd change through a 100 m height level .
The thickness of the layers for which shear could be determined from the
tower data were, from the surface up, 25, 20, 45, 87, 89, and 178 m. It soon
became evident that the frequency with which 0.08 sec ’ shear occurred within
the l ower two l ayers (surface to 25 m and 25 to 45 m) was so high at all
times as to be essentiall y meaningless. The reason for this lies in the need
to consider significant shear not only in terms of Au/Az but also the magni-
tude of Az itself. For instance , the occurrence of 0.98 sec 1 shear between
the surface and ~9O m (roughly the 100 m used by Sowa) is due to much higher
va lues w ithin the l ower layers rather than a near cons tant shear throughout
the entire 90 m. This Is hardly surprising given that the wind profile tends
to be l ogari thmic with height. Thus , a shear of 0.08 sec ’ in the first 25 m
(a change in wind speed of 2 m sec~~) is quite frequent and not very signifi-
cant , especially when considering its effects on aircraft operations. It
should be noted that , while Au/ (Az) is important , it can be shown that
AU/(Ax) is more important , or more specifically Au/(Ax/cos m ) where ce is the
approach angle.

If a logarithmic profile is assumed , and a shear of 0.08 sec ’ over 90
m is used (as discussed in Section 1.1), shear values of about 0.12 sec 1

can be expected in a 25 m l ayer near the ground . This is the same as the
value frequently given as si gnificant; i.e., 3.5 m sec ’ over a 30 m l ayer.
Therefore , in looking for the frequency of occurrence of significant shear ,
we used cutoff values of 0.12 sec 1 for the layers from the surface to 25 m
and from 25 to 45 m , 0.10 sec 1 from 45 to 90 m, and 0.08 sec ’ from 90 to
177 m , 177 to 266 m , and 266 to 444 m.
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The program used to find the frequency of occurrence of significant
shear simply divided wind magnitude differences by height differences over a
30 sec averaging time . Wind direction was not taken into account so the
va l ues derived are always on the conservative side. Most of the time the
wi nd direction with height was constant enough to have little bearing on
the shear value. Wi nd direction changes can become important during the
passage of gust fronts and some of these have been covered in a separate
analysis but it does not markedly affect the general statistics.

The method used to display the frequency of occurrence of significant
shear , Figure 4.13, was simply to count the number of times (using 30 sec
averaging) the significant va l ue was exceeded within each layer during 30
mi nute intervals. The heig ht of the black portion within each block is a
measure of that number. Al though the maximum number of occurrences within
each 30 minute interval is 60, very few cases exceeded 40; therefore , we used
40 as the maximum number within a bl ock. Thus , a half filled bl ock , for
example , indicates that the significant shear value was exceeded 20 times in

that half-hour interval. Tower height levels are given at the left. Time in

CST is given at the top and each column is 30 mm long . Intervals of data
that were unreliable (obvious malfunctions or unacceptably erratic readings)
are indicated by an X. Periods for which no data was recorded are marked by
wavy horizonta l lines through the missing interval . As an example, on 13
June , the significant shear criterion given earlier was exceeded in the first
two layers a total of 8 times (over a 30 sec averaging interval) from 1800 to
1930. In  the next half hour, the criterion was exceeded six times in the 25-
45 m l ayer and four times tn the 45-90 m l ayer. Then 7, 19, and 4 times
wi thin the first three layers followed by frequent occurrences through the
fourth l evel . During this time a gust front passed over the tower as m di-
cated by the notation below the display. For each period shown , any indi ca-
tion of a disturbance by the acoustic sounder (marked with an A) or the

pressure tri gger sensors (marked with a P) are annotated at the appropriate
time and are accompanied by brief comrnercts on the meteorological conditions
observed at the tower.
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In general , shears occurred most frequently during the night—time hours
and may be due to the l ow-level , or nocturnal jets (See Section 1.2). How-
ever , there were also several periods of shear during the day for which
neither the acoustic sounder nor the pressure detectors indicated a cause.
We did not have sufficie nt time to investigate the possible sources of all
the shea r occurrences but a full analysis could be performed later to hel p to
determ ine the frequency of shear by various causes.

The pressure-jump detectors were triggered a total of 20 times. Some of
these were multipl e triggers during a single event and a total of 16 events
were associated with the detectors. Of these , 11 were accompanied by, or
shortly fol l owed by, an increase in vertical shear over that which preceded
the trigger. Two others coincided with gust fronts which did not generate
much shear in the vicinity of the tower, one was associated with a cold
front , and the cause of the other two is unknown . The acoustic sounder began
operation on 20 May, 1976, after the first eight events identified above.
During two other events (26 May), it was out of operation due to a malfunc-
tion. Four of the remaining five events were correctly identified as gust
fronts from the sounder record . The fifth one (22 May at 0100) occurred
while the record was showing extreme wind noise , probably as a result of a
gust front which passed by less than three hours earlier. In addition , the
sounder identified one event (24 May) which did not trigger the pressure jump
detector. This gust front, discussed in Section 3.2, was very shal l ow and
weak , however.

It is important to note that these shear data represent a point measure-
ment in horizontal space. Consequently, a disturbance might have passed near
enough to the tower to produce some peripheral shear that was recorded on the
tower anemometers , but not suffic iently near to be detected by the sounder or
pressure detectors . We want to emphasize that these statist ics are meant
only to give an indication of the frequency of occurrence of vertical wi nd
shear and are not an adequate data base for serious comparison with other
detection methods. A future study wil l analyze in detail the events which
cause d the pressure sensors at NSSL to trigger , includ i ng the poss ib le pres-
ence of significant horizontal shear which is not included here.
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4.4 Summary

A study of pressure disturbances at the Chicago O’Hare Airport v ic in i ty
over a f ive year period shows that nearly 75 - of them were related to fronta l

passages or thunderstorms . When we apply the threshold of a pressure jump
detector designed to respond to such disturbanc es (the threshold value is

still considered exper imental) ,  the number of q ravi ty-she a r and unknown
events decreases whi le  that associated wi th  thunderstorms increases. For the
summer months , the thunderstorm category makes up 60 of all events. Work is
continuing to make detection systems based upon pressure jump detectors ~iore
reliable. For example , by applying additional cr i ter ia  for estimating St u r ~;I

severity and type based upon AP / , one should be able to disti nguish al:onq
• gravity -shear waves , synoptic-scale fronts , and thunderstorm gust fronts itS

well  as between dangerous and nondangerous gust fronts.

An analysis of anemometer data at Chicago O’Har e Airport al lowed us to
compare gust surges with the accompanying pressure rise character is t ics.  We
fi nd that the maximum change in surface wind speed is related to the time

rate of increase of pressure with implications that could lead to a warnir lg

threshold for operationa l systems .

Statistics for several time intervals at the NSSL tower during th~
spring of 1976 show (:orlsiderahle variation in the frequency of occurrence of

significant vert ical wi nd - ,h~.t -t - . T h e  f l k l jO t  I ty of these shea rs occurred

during the nig ht and may be due to the low- lev el, or nocturnal jet. Eleven

of the 17 even ts identified by the acoustic sounder and/or pressure trigqer

sensors were accompanied by some increase in the amount of significant

vertical shear wi th in the tower heiqht. Three others occurred during the

passage of gust fronts which did not generate a significant amount of shear

at the tower.

101

IL -
~~~~

- f
~~~~~~

- - - -
~~~: ~~~~~~~~~~~ 

_ _ _



5. A SOURCE-DRIVEN DENSITY CURRENT MODEL AND ITS APPLICABILITY
TO ATMOSPHERIC GUST FRONTS

5.1 Introduction

The col d air outflow from the base of a thunders torm can las t for many
minutes in the source region and could dominate the dynamics of such storms
for a significant portion of their lifetime . For example , assuming downflow
lifetimes between 10 and 30 minutes and a constant speed of motion of 10 m

sec ’ for the leading edge of the density current , the gust front can
travel distances between 6 and 18 km. Moreover the source-d riven systems
can represent the most dangerous segments of the most intense density
currents , since these tend to be related to the greatest downdrafts and be

most severe during the first 20 km of their paths.

Although many past gust-front studies compare measurements wi th simple

dens ity current flows , l ittle attention has been given to source-driven
models and their application to thunderstorm gust fronts. The numerical
work of Mitchell (1975) is one exception . Thus , while sea breeze fronts
and cold fronts could fit a simple density current model quite well , it

would seem that anal yses of thunderstorm gust fronts , particularly those
near the source region require more attention to source effects.

5.2 Assumptions

The simple source-driven density current model presented here (see

Figure 5.1) is based upon the followi ng assumptions :

1. The density difference , Ap , between the surroundi ng a ir, P2 ,
and the density current and source region , Pi 1 i s cons tant.

2. The influences of vertical components of the velocity within

the source region are neglected .

102



-- — - - - -

3. The source region height , H, extends from the surface to the
freezing level. In calculations , H is assumed to be 3 km.

4. The speed of motion of the discontinuity remains constant over
a significant portion of its path.

5. The initial rise time , T , of the pressure jump is caused by
accelerations of air preceding the discontinuit y . This leads
to a further assumption.

6. The height of the current at the leading edge , h , is equal to

the product -rc , where c is the speed of motion of the front

relative to the earth ’s surface . This is true if the di stance
scale over which the acceleration of air occurs is equal to

the hei ght of the system and implies that density currents act

as bluff bodies.

/1 H {/ i • i \ p (Density of
/ I L -

/ 1 (Densltyl \

/ i of
_ .... .~~~~~~ I I Grav ity~c

~~(th C - ~ / 4fCurrent) \ Density Current )

dp = L~pgh dP = ApgH

Figure 5.1 Source-driven density current model. 
- . -
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This last assumption is made so that the model may be expressed In
terms of observables which consist frequently of pressure measurements
sensitive to the leading edge of the discontinuity .

5.3 A Source Driven Model

At the source region we see from the hydrostatic equation that:

AP = Apg H , (5.1)

where AP is the pressure increase beneath the column of air and g is the
local acceleration due to gravity . From Bernoulli’ s equation

t1P = 1/2pc2 (5.2)

where p is the average density of the medium and c is the frontal speed
of motion. Thus

c 2 = .E. . (5.3)

At the leading edge of the density current the pressure increase is

- dp = ~pgh. (5.4)

Thus from Equations 5.1, 5.3 and 5.4

c2 = .?~.I?;!± 
. (5.5)

Letting h = -rC we find

c3 = (5.6)Pt
or

2d~!f) 1/3 (5 7)
Pt
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A comparison of the source-driven and simple density current models show
several forms :

Source driven model :

c = 12AP~HJ 
1/2 

= {2AT~H] 1/2 
= ~~~~ 

1/2 
= ~~~ 

1/3 (5.8) 1:p 1 ~ ~h ( I~ T

Simple density current:

= ~~~~~ 1/2 
= 

2txTgh 1/2 
= 1~-~-~- 1/2T

The above assumes that the medium is not in motion. Where u , a

component of medium motion along the direction of motion of the gust

front exists , another expression for c results , name l y

- I 2ApH 1/3
c —  . (5.10)I p~T~-~ -~~~ 

+c c2

Comparing th~ above rela ti ons , it becomes evident that pressure

measurements should provide a sensitive indicator of the relative im-

portance of the two models. The data appearing in Figures 4.11 and 4.12

of Section 4.2 indicate that tp/t is correlated with surface gist data

whereas A~ shows little correla tion. These data are plotted on a log-
lpg plot in Figure 5.2 and show evidence for a (:p/T)~~

’
~ relation. The

solid line is a leas t-square fit to these data . In addition , recen t

results from experiments at both O’Hare air port and the National Severe

Storms Laboratory (NSSL) provide evidence for a source-driven model. There

is a wi de range of h values observed for density currents depending on the

l ife time and measurement position of a given gust front. Thus , one woul d
expect to have to include h estimates in plotting such data . The fact that

Simpson (1972) found a good fit for a c proportiona l to (AT)2 p lo t ar gues
that variations in h values were not important for his data or that H was

approximately constant. We expect that the relative variations in h will
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exceed those in H. Moreover , since H appears to the 1/3 power in Equation
5.10 , the dependence of c upon H will be weak.

Middleton (1966) tested the expression for the initial velocity of
saline surges found by Keulegan (1957) namely

C = 0.46 f4~~H) ½

which has the same form as Equation 5.8. Middleton observed using water
tank data that the speed of motion remained constant for a distance of
about 10 scale heights of the source region . This indicates that source-
driven effects extend for significant distances from the source region.

Thus , it seems wise to look at data sets for atmospheri c gust fronts
from both viewpoints . It is probable that measurements made close to
evolving or mature systems will follow source-dri ven models while measure-
ments made of dissipating systems at larger distances from the source will

2 0 -  • / —
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Figure 5.2 Plot of time rate of pressure change vs. gust surge.
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follow a simple density current. model. We suggest th~ addition of recu rding

rain gauges to sensing arrays as o ne means of estimatin g source functions

for those systems . Future sca le  model and field ex l)er iwe r i t s  should stud y

source effects . Also, extension of the work of Mitchell (1975) could yield

guidance concerning the possib i lity of providing warning info rmat ion based

upon radar studies of the source reqion.
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6. SUMMARY AND CONCLUSIONS

Th is report is concerned with the study of one of the hazards affecting
aircraft operation in the airport environment: wind shear. Three mechanisms
capable of producing hazardous wind shear have been identified: (a) Synoptic-

~:ale fronts , (b) L ow-level jets , and (c) Thunderstorm -generated gust
fronts. Our main emphasis has been placed on analyzing the gust front ,

using both case studies and statistical techniques.

We hlve analyzed in detail nine gust-front eve ts at NSSL , Oklahoma
an d Haswell , Colo rado , which were initially believed to be gust fronts
ass (e :i-jted with nearby thunderstorms. One of these was later determined to

have been caused by a cold front which produced significant shear and was

in cluded in the study. Instrumented towers , acou sti c sounders , Doppler

radar , and pressure sensors provided the information necessary for compa~ inq

‘ust- f ront parameters and for investigating relationships among them . A
wide range of paramel.er values as well as some sig n ificant similarities and
differences have been observed. One of the more important differences is
due to the state of atmospheric stability at the time of arrival of the
gust front. Because low-level surface inversions inhibit mixing, none , or
only part of the dynamics within the density current reach the surface. As
a res u lt , ground-based anemometers and thermometers may measure changes in

wind and temperature which do not adequately reflect the extent of wind -
s hea r severit y at hi gher levels. We have found a linear relation between
vert ica l wind shear and the maximum temperature decrease across the front;

however , the maximum temperature change occurr ed well above the surface ,

especiall y when an inversion was present.

One of the measurable parameters which appears to be independent of

stability with respect to shear severity , is the speed of motion of the
density outflow . We have found a reasonably linear relation between the

gust-front speed and maximum vertical shear which leads us to conclude that

a warnin g system should have the capability to measure the gust-front
motion directly. Studies currently being conducted with arrays of pressure

sensors at Chicago , O’Hare airport are investigating the potential of these
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sensors for the detection and tracking of gust fronts. A larger installa-
tion a t Dulles Inte rna ti onal , Washington , D.C ., should test the concept of

providing operational warnings. A five-yea r statistical study on the

causes of significant pressure jumps in the vicinity of Chicago ’s O’H are

Airport revealed a high correlation with nearby thunderst orm activity . By

apply ing a criterion of at least one mill ibar pressure rise wi th in 10
minutes , we have found that 6O~ of the summer-time pressure inc rea .~ ~s were

related to thunderstorms , the remainder being caused by frontal activity ,

gravity shear waves and unknown sources. Moreover , from statistics compar-

ing pressure and anemometer records , we have found that the time rate of

change of the pressure disturbance caused by a cold-air density -current

passage was related to the gust surge , or chan ge in horizontal wind speed

produced by the event. Additional data on the effect of ambient stability

on this relationship is needed to help to substantiate it , but the pre limin-

ary results suggest that pressure measurements may provide some indication
of wind-shear severity .

Microwave Doppler radars are recognized as powerful tools which ~an

detect gust fronts and measure win d shea r a t d is tances of 10 km or more.
Their cos t and man power requi rements proh ibit w i des p rea d use as warnin g

devices , so at the present time they must be v i ewe d as researc h devi ces
only. However , Doppler radar techniques at both microwave and acoust ic

frequencies are currently being tested by WPL for wind shear detection in

the immediate vicinities of air ports .

Tempera ture and w i nd profiles were compare d to acous ti c soun der
facsimile records and showed that the sounder displayed the internal

structure of the gust-front dynamics in detail , making it a valua ble tool
for wind—shear studies . The sounder ’s sensi tivit y to ambient noise , such

as wind and rain , was a frequent limitation during our case studies.

Because by bury ing the acoustic antenna it is possible to alleviate most of

the noise problem , the soun der may st i ll fi nd use as part of an overall
detection system .
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We have compared gust-front features determined from our case studies
with theoretical models , laboratory experiments , and previous case studies .
Our major results and conclusions are sumarized below .

1. Laboratory flows and sea-breeze observations indicate that the
ratio of front propagation speed to that of the stea dy upstream
flow increased with distance travelled. Our results show no such
trend and are consistent with previous gust-front observations .

2. Some gust-front models suggest that the circulation wi thin the
head would either prevent the formation of an elevated nose at
the leading edge of the density current or cause it to collapse
very quickly once it formed. Extrapc ation of laboratory flows

to the atmosphere predicts nose heights of only a few meters . We
find that , while elevated noses were not generally apparent in

the temperature profiles , they were observed in at least seven of

the nine wind profiles . Furthermore , the ratio of wind maximum
height to head depth showed good consistency among the events .

3. The Haswell density currents were considerably longer and shallower
than their laboratory counterparts . The current head depth-to-

length ratios (Dh/Lh) of laboratory flows are about 0.4, but all
of the Haswe ll currents had smaller ratios , averaging about 0.12.

4. Frontal slopes of laboratory flows have been found to decrease
wi th diminishing surface drag, reaching a minimum of -~/8 or 0.39.
Three of the Haswell currents had slopes of 0.2 or less. The
other three had very steep slopes within the tower hei ght even in

the presence of surface temperature inversions which tended to

minimize surface friction . These latter three were the most
intense events , indicating that the slope is more sensitive to

the age and intensity of the outfl ow than to surface drag.
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5. Our observations show that greater mixing occurs in a tmospheric
gravity currents than was indic ated by laboratory experiments ,

which suggests another possible cause for the multiple surges

often observed . These surges are usually attributed to the

merging of outflows from pulsating or separate downdr afts .

However , i f  the outflow source continues to supply cold air , a

surge may be produced by the formation of a new current head in

place of the previous one disrupted by intense mixing.

6. The relationshi p we have found between the gust surge and the

time rate of change of the pressure disturbance caused by a lus t -

front passage has led to a model which suggests that the d yn n ics

of thunderstorm gust fronts are more dependent on the influen ce

of the source than previousl y thoug ht. Some observed results u~~e

not consistent with the behavior of a simple density current

f low , but can be explained by a source driven model .

From anemometer measurements made at six levels on the NSSL tower , we

have determined the frequency of occurrence of signif icant vertica l wind

shear for several time intervals during the spring of 1976. A large percent-

age of this shear occurred during the night and was probably caused by the

low-level , or nocturnal jet. Eleven of the 16 events which triggered the

pressure detectors showed some increase in the frequency of occurrence of
shea r , but severa l other instances of frequent shear were not detected by
eit her the pressure sensors or acoustic sounder. The causes of these

events will require further study .

The production of signif icant shear by synoptic cold and warm fronts

has been reviewed. We have described briefly an operational method for
forecasting shear severity from frontal characteristics . Similar fort- cast-

ing methods for gust-front shear production appear to be much more complex ,

if at al l possible.
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7. RECOMMENDATIONS FOR FUTURE WORK

This report contains the analysis and interpretation of data collected
at Haswell , Colorado , NSSL , Oklahoma , and Chicago , Illino is. Because of the
limited number of locations represented , the climatological significance of
these data is somewhat restricted . To develop and design an optimum wind —
shear detector , one needs to know considerably more abou t the cl imatology and
detailed dynamics of wind shear. The above objectives can be met only by
collectin g and analyzing long-term data at a large number of locations that

are affec ted by wind shear .

The FAA has a major effort in meteorological data management and is
obta ining data from several locations and facilities , including some of those

we discuss in Section 7.1. These data are to be made availabl e to interested

scientists for further analysis.

Because of the large number and diverse nature of the sensors involved ,
the costs of wind-shear data gathering can become large. This means that
most of the data will have to be collected at existing facilities , not neces-
sarily designed for wind-shear work. Not only will the sensor types , their
speed of response , and separation be inappropriate in many cases , but the
essential characteristics and data format of the various installations will
also vary greatly. Nevertheless , we feel that valuabl e data for understand-
ing the causes , dynamics, interna l structure , and cl imatology of wind shear
cou ld be collected at a number of locations around the country . Some of
these facilities could be used in their present condition while others should
be upgraded or augmented . A substantial effort would have to be expended on
making the resultant data sets compatible and performing the required analyses.

7.1. Facilities for Wind-Shear Data Collection

In the following we describe briefly some of the facilities that would
be suitable for data gathering and discuss their capabilities.
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7.1.1 Boulder Atmospheric Observatory (BAO)

The Boulder Atmospheric Observatory , a joint venture of NOAA and the
Nat ional Center for Atmospheric Research (NCAR), will be a unique facility

for study i ng the boundary l ayer. It will consist of a 300-rn tall tower (with

the option of extending it to 500 m) instrumented with high — quality , fact-

res ponse anemometers , thermometers , and humidity and pressure sensors at

eight levels. In addition , a fully- instrumented moveabl e carriage will be

able to provide detailed profile information over the entire length of t~~e

tower. A num ber of remote sensors using laser , radio , and acoustic wave

propaga t ion w i ll be operated at the tower , in effect increasing the depth of

the atmosphere sampled wel l above the maximum hei ght of the tower. Extensive
data coll ection facilities will insure the archival of all these data contin-

uously (for several years , if necessary). The BAO facility is expected to
become operational during the latter part of 1977.

Although BAO is not located in a region with frequent gust-front occur-
rences , the facility will still be most valuable for col l ecting data to
investigate the detailed dynami cs of wind shear and to contribute to wind-
shear climatology .

7.1.2  KTVY -TV Instrumented Meteorological Tower , Ok lahoma

For a number of years the National Severe Storms Laboratory (NSSL ) of
NOAA has been operating a 481 m tall meteorological tower near Oklahoma City ,
Oklahoma . The tower is instrumented at six levels with wind , temperature ,
and humidity sensors. During the past storm season , the tower instrumenta-
tion has been augmented with a pressure-jump detector array and an acoustic
echo sounder . The data collected by NSSL have been particularly valuable for
characterizing thunderstorm gust fronts.

7.1.3 Dunes Wind -Shear Detection System

A facility , not duplicated anywhere else , to detect hazardous wind shear
has been set up at Dulles International Airport in Washington , D.C. It
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consists of a dual , acoustic/EM radar wind -measuring system capable of obtain-
ing wind profiles up to 510 in and an array of 125 pressure -jump detectors (60
of which are now installed and operating ). The wi nd profiling system was
designed to detect wind shear associated with synoptic-scale fronts while the
pressure-jump sensors indicate the location and speed of an approaching gust
front. The continued operation of this facility will provide much needed
long-term data on wi nd-shear occurrences , attendant meteorological condi-
tions , and the performance of the remote sensors installed at the site .

7.1.4 Other Facil i t ies

In addition to the facilities listed above , there are a number of other
locations suitable for gathering wind—shear data . For example , arrays of
pressure-jump detectors and absolute pressure sensors in conjunction with six
towers instrumented with anemometers and temperature sensors have been in-
stalled and are operating at O’Hare International Airport in Chicago . Tall
instrumented meteorological towers have been in operation near Philadelphia ,
Pennsylvania (Drexel University Tower), Aiken , South Carolina (Savannah River
Laboratory Tower), Las Vegas , Nevada (AEC BREN Tower), and Kennedy Space
Center , Florida (NASA Tower). All of these could provide potentially useful
data for future wind-shear studies .

7.2 Recomendations for Data Collection and Analysis

Our study has shown that l ow-level wi nd shear falls within the mesoscale
range of meteorological phenomena. The present , coarse synoptic-scale obser-
vations provide only a meager amount of information on the structure and
climatology of any mesoscale fea ture; consequently, no adequate wind-shear
data base exists today. To rectify the mesoscale-forecasting situation , WPL
has embarked on an initiativ e to develop a Prototype Regional Observing and
Forecasting Service (PROFS). Basic ally, PROFS would provide an essentially
real-time , detailed meteorological data set suitable for preparing “nowcasts ”
and short-term local forecasts for an area corresponding to the 350 km qrid
spacing of the present radiosonde network. The objectives of PROFS will be
achieved by the maximum use of ground-based and satellite-borne remote
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sensors. The soon-to-be-operational Boulder Atmospheric Observatory (Section
7.1.1) will be a key element in the development of PROFS . Clearly, data

collected by PROFS would be eminentl y suited for both studying and fore-
casting wind shear.

Unt il PROFS becomes a reality , data gathered at the facilities discussed

in Section 7.1 should be used to better our understanding of wind shear .
Only an organized program of long-term data collection at a sufficient number
of locations around the country can estab l ish the sorely needed wind-shear
climatology. These data would then be analyzed to answer the many outstand-
ing questions regarding the frequency of occurrence , generating mechanisms ,
location and spatial extent , internal structure , severity , and time duration
of wind shear. To obtain the maxim um benefit of data collected at a given
site , the existing instrumentati on in some cases wil l  have to be augmented .
For example , to study the relationship between the cold-air outflow and its
source , radar tracking of the parent thunderstorm will have to suppl ement the
data gathered by an instrumented tower.

Because pressure sensors have demonstrated great promise for detecting
and tracking thunderstorm gust fronts (Sections 4 and 5) and perhaps for
eventually predicting the resultant wind shear , we feel that pressure data
should play a prominent role in future data gathering and analy sis efforts.
Pressure data already are being collected at Dulles , Chicago , and NSSL. The
data base could be significantly expanded and the analysis be made much more
meaningfu l by augmentin g the anemometers to be installed at Houston , Atla nta ,

and Denver airports with collocated pressure sensors. The potential worth of

already existing data sets should not be overlooked either . For exam ple.

barograms and pressure array records taken at Washington , D.C. would allow
the further investigation of the relationship between the rate of chanqe of
pressure discontinuities caused by a cold-air density outflow and the speed
of motion of the current. Our study strongly suggests that gust-front
motion is related to wind-shear severity , however , additional data analys is
is  needed to hel p to substantiate this conclusion.
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With respect to the ultimate aim of all the wind-shear studies , the
authors would like to suggest the collection of a data base that we feel
addresses the problem of aircraft safety most directly. Specifically, we
recommend that , after landing, pilots be encouraged to document the condi-
tions , during wind-shear events, under which they landed and departed (and
especially when the events occur at airports that al ready have some type of
wind-shear warning devices installed such as Dulles and O’Hare). The compil-
ation of “real life ” flight conditions would allow comparisons to be made
wi th other availabl e information such as routine weather data. For exampl e,
a comparison of pilot comments over a six—month period with standard NWS
barograms may reveal that when pilots were encountering difficulties , a
certain type of pressure characteristic was frequently present. We feel that
a data set based on pilot reports will have a direct bearing on solving the
wi nd-shear probl em. For no matter what we have learned about the dynamics of
the atmosphere , if pilots encounter difficulties when theory predicts none ,
or vice versa , it means that we have not yet sol ved the probl em.

The ultimate success of our efforts will largely depend on how well we
will be able to coordinate and combine the work of many individuals and
organi zations.
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