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THUNDERSTORM GUST FRONTS--OBSERVATIONS AND MODELING

1.0 Introduction

1.1 Background

The gust front defined by a sudden wind shift and temperature change, is
a dramatic consequence of the thunderstorm downdraft. Such a gust front is
the interface between the warm, moist low-level ambient air and the cool ,
nearly saturated downdraft air of mid-level origin. The horizontal velocity
of the mid-levels contained in the downdraft momentum is additionally accel-
erated by the negative (downward) buoyancy resulting from the evaporation of
precipitation. Tiis downdraft is deflected into a horizontal plane by the
ground and dissipated by interciction with surrounding air and with the ground
surface. The outflow is a potential hazard to aircraft due to wind shear and
turbulence. A previous report (Goff, et al., 1977) provides initial details.
In this report we address numerical modeling , mean models , turbulence, flow
patterns and auxiliary observations .

1.2 Objectives and Scope

Several objectives are primary to this study. These are:

(1) investigate and categorize the turbulent structure of the subcloud
layer and the outflow gust front

(2) observe aircraft response during landing approaches through
thunderstorm gust fronts and

(3) investigate suitable numerical models.

Secondary obj ectives are:
(a) collection of wind and temperature data in the lower levels

during gust front cases
(b) provide a signifi cant data bank for laboratory and computer

simulation studies

~~~~~--~~~~ ±.T ~ :i~:~::::~ii±.:.t~•± J
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(c) determine quasi-steady state characteristics of thunderstorm

outflow and gust front features and
(d) investigate use of Doppler radar and satellites for gust front

detection .

1.3 Research Plan

The basic organization is detailed in Federal Aviation Administration

Report No. FAA-RD-77- 119 and is not here repeated. The 461 m tower instru-
mented at seven l evels to 444 m continued in operation during the 1977 pro-

gram . Dua l Dopp ler radars , a WSR-57 weather radar, a surface station network
and an F-4-C aircraft form the 1977 research observations ’ base. The 1977
season had below norma l thunderstorm activity and no exceptionally strong

gust fronts were reported. Significant new data are discussed in the follow-

ing sections.

2.0 New Data

Several interesting gust fronts were observed jointly through the use of

Doppler radar , aircraft , tower , and satellite.

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

‘
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WSR 5 • - 

WSR 5

(a) (b)

Figure 2-1 WSR-57 weather radar diapiay for (a) 1520:17 CST and
(b) 1550:15 CST May 193 1977. 00 elevation. Radar
contour8 at approximately 10 dBZ intervals. Range

- 
marks (circles) are at 40 kin intervals.
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2.1 May 19, 1977

On this date a large squall line extending more than 300 km (162 nm) in
a north-south orientation passed through Central Oklahoma (Figures 2-la and
b); its gust front embedded in l ight precipitation reached the tower at
1557 CST. Figure 2-2 is a section from the objective analysis of the tower
data covering the time of this event. Tower data were filtered before plot-
ting the time-height sections (Goff, 1975).

The gust frontal zone is characterized by moderate shear in the wind
speed component normal to the front. A sharp temperature discontinuity is
also evident. An updraft larger than 4 m s~ at 1557 CST is followed by a
downdraft exceeding 2 m s~~, thus creating a somewhat turbulent zone just
behind the gust front. Little surface pressure discontinuity was associated

j~ t~~Y77 1550 t

STR€RML I NE ANRLYSIS

POT ENT IA L TE MPER A T URE

~~~~~~~~~~~~~~~ :~ bo~ o fb L
VERT ICAL VELO CITY

W INO SPEED P LLEL TO FRONT

RELATIVE WINO SPEED. COMPONENT NORMAL TO FRONT

___ L_ .. __L 1__ L__ .._ ..L.. _ I L.... ._I I I I I I I I
1400 IMOTII~

______________________-  - - - -  -

Pigur. 2-2 19 M2y 19?? XTVY-tower time—height sections of streamlines, pote n-
- - tta j  temperature and wind. Units are in r 1 and °X. Streamlines

are drawn using wind speed norma l to the gust front (# toward the
right) , wind shear parallel to the front (i toward low p ressure)
and vertical velocity (# upward). Thunderstorm is to the left; •

• outflow is moving from left to ri ght. A’ach ana lysis is 450 m
thick. A time-to-space converted 1 ion distance is inidoated at
the upper right. Rainfall (nr) trace is shown at bottom of f igure.
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with the gust front. Light precipitation began a few minutes ahead of the
front. Figures 2-3a and b show the low level (center of beam Is 250 m above
ground) dual—Doppler derived winds at 1526 and 1532 CST. Superimposed are
the tower winds at the 444 m level and the surface winds at the Pennsylvania
Avenue (10 km NW of tower) and Coltrane Road (9 km SE of tower) sites. Note
how wel l defined is the small meso-low at the north end of the gust front in
Figure 2-3b. This characteristic pattern is similar to that shown by Goff
etal . (1977).

The F-4-C flying at 460 m (1500 ft) above ground level (AGL) just north
of the tower on east—west flight paths measured horizontal and vertical winds
and turbulence.

Horizontal winds (
~

) are calculated using the true airspeed and heading
(plus wind vane correction) 0’ag~ 

and the ground speed and track (V ga) as
determined by the onboard inertial navigation system (INS) or

= 

~ga 
- 

~ag

Vertical winds (w) are computed using

w = Viaa + VTa~a 
- viae #fadt + w~~9 (O) +

where Via = true air speed
a = angle of attack
e = pitch angle

g yaw angle

= vertical acceleration of aircraft
w~,9(O) vertical motion of the aircraft at time ~ = 0

ê = pitch rate
1 v distance from acceler*neter to angle of attack measurement point.

5
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As a measure of turbulence, the derived gust velocity (Ude) is used.
This value is computed from aircraft data recorded using the general equation

= 

2w
~

azUde V K P 0CL Saeg a

where w = weight of aircraft
= measured incremental vertical acceleration for normal

Ve 
= equivalent air speed at sea level

Kg 
= gust alleviation factor

p
0 

= air density at sea level
CL 

= change In lift coefficient with angle of attack

Sa = wing area

Corresponding subjective turbulence evaluations are (as given by NASA)

l i gh t  U ~ 6.0 m s~ (
~ 19~ft s~~~)moderate 6.1 ~ U ~ 9.1 m s~ (20-29 ft ( )

severe 9.2 ~ U � 12.1 m s~ (30-39 ft s )
extreme Ude ~ 12.2 m s (? 40 ft s )

The horizontal winds for one representative pass made westbound at
1527:21-1528:40 CST are shown in Figure 2-4. Only light turbulence was
reported by the pilot which is in agreement with the recorded turbulence
and vertical winds as shown in Figure 2—5. At about 1530 CST it was decided
to make approaches to Tinker Air Field (ilK) (NE of Norman) (Point A in
Figure 2—3a) ahead of the gust fr ont and then to make an approach to Will
Rogers International Airport (OKC) (Point B in Figure 2-3a). Figure 2-6 is
a plot of the aircraft recorded winds along the flight path during an
approach to ilK at 1539-1541 CST. The winds are 10 second mean winds derived
from the 0.1 second data and correspond to about 1 km space averaged wind.
Only some light turbulence and no precipitation was encountered. The air-
craft was then directed toward an approach to OKC. The gust front had
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~‘igure 2-4 Westbound winds record~sd by F-4-C aircraf t 1527:21-1528:40 CST
May 19, 197? at 460 m (1500 f t )  AGL.
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Figure 2-5 Time cross section of F-4-C recorded derived gust velocities
(A) and- vertical winds (B) for 1527:21—1528:40 CST May 19, 1977.

passed OKC about 1548 CST. The approach was started at 1550 CST and the
recorded horizontal winds during the approach are shown in Figure 2-7. Gusty
lateral winds, turbulence, lightning and some light precipitation were encoun-
tered during the descent.
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Figure 2-6 Winds recorded by P. 4-C aircraft during approach to runway at

TIX 1539—1541 CST May 19, 1977. Nwnbere in parentheses indi-
cate altitude above ground.
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• Figure 2-? Winds recorded by F-4-C during approach to runway I ?R at OXC
1550-1552 CST. May 19, 1977. Numbers in parentheses indicate
altitude above ground.

Several additional approaches were made to 11K ahead of the gust front.
These approaches were terminated just before heavy rain crossed the airport
and as fuel became critical. The approaches encountered conditions similar
to the first one--no turbulence, no precipitation. This gust front can thus

- - - . 
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Figure 2-8 WSR-57 weather radar scope
presentation for 1733 CST June 12,
19 77. Radar contours at approxi-
mately 10 dBZ intervals. Range

- marks (circles) are at 40 ion inter—
vale.

‘a.

F~gur. 2-9 Thunderstor ~n ‘s northeastern edge taken from the ASD F- 4-C on
J une 12, 2977 1733 CST flying at 1520 m (5000 ft) MSL showing

— sharp leading edge of storm marking separation of warm air
inflow and lower cold air outflow.
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Figure 2-10 Same storm as Figure 2-9 except central portion.

be characterized as having strong low-level southeasterly wi nd with slight
turbulence prior to the wind shift and northerly flow behind the front. This
northerly flow is turbulent and gusty. Satellite photographs covering this
event showed a large cirrus cloud shield over most of Oklahoma which obscured
all low level cloudiness or any other possible identification of the gust
front or gust frontal activity.

2.2 June 12, 1977

An extremely unstable air mass prevailed over Oklahoma and a low pres-
sure center was located near Altus , Okla homa (ITS) in the southwestern part
of the state. Around noon (1228 and at 1250 CST) two small tornadoes were

4 reported near Clinton-Sherman AFB [158 km (85 nm) west of NSSL]. These
particular storms weakened and then later in the afternoon formed, along with

10  
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Figure 2-11 Same storm as Fi gure 2-10 except southern portion .

new cells , a north—south squall line in Central Oklahoma (Figure 2-8) . From
near 1615 to 1800 CST the F-4-C flew a number of passes just above the gust
front. The gust front’s surface position was visibl e to the pilot as a line
of dust. This dust was not sufficient to be visibl e in the photographs.
Figure 2-9 to 2-11 are representative photographs. Figure 2-12 shows the
turbulence and vertical winds encountered while Figure 2-13 has a plot of the

- horizontal winds. The corresponding dual-Doppler winds are also shown in
Figure 2-13. The heavy line AB is the aircraft track wi th point A corre-
sponding to the time 1739:42 and point B the aircraft location at 1744:30.
The line A ’B’ , show ing the a i rcraft measured hor izontal w inds, should be
superimposed upon AB but for clarity In illustration has been displaced to
the right. The satellite photo (Figure 2-14) taken at 1600 CST shows the
storm with some Indi ca tion of the cold a ir outflow (shown by arrow in Figure
2-14).
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Figure 2-12 Derived gust velocities and vertical wind cross sections for
f l ight above gust front. June 12, 1977 1739- 1 745 CST at
1520 m (5000 ft) MSL.
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Fi gure 2-13 Aircraft observed winds and dua l-Doppler winds for  June 12,
1977. Contour lines are at 10 dBZ radar reflectivity factor

— - intervals .
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Fi gure 2-14 Satellite photograph taken at 1600 CST June 12, 1977. Arrow
indi cates entrance of cold air outflow.

2.3 June 28, 1977 
-

On June 28, 1977 strong cold air outflow associated with a squall line

reached the tower at 1704 CST. The tower analysis covering this event is
presented in Appendix A , Case I. Surface gusts at the tower reached 28.0

m ~~l after the passage of the gust frontal boundary . A sharp temperature

- discontinuity is evident across the front as the temperature dropped about

6°C in 5 m m .  Pre-gust front updrafts are greater than 6 m

The Norman Doppler real-time display of the velocity and reflectivity
fields at 1642 CST are shown in Figure 2-15. At this time the leading edge
of the squall line was about 10 km away from the tower. The reflectivity
pattern (Figure 2-15a) is typical with weaker values along the edges of the

13
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(a)

• (b)

Figure 2-15 June 28, 1977 real-time Doppler radar di-sp lay of (a) radar
reflectivity pattern with reflectivity factor (dBZ) scale
given at right and (b)  Doppler radi al velocity with velocity
sca le (m ~~2)  at right. Range marks f or  (a) and (b) 40 iOn.
Elevation ang le is zero degr ees.
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squall l ine and with numerous embedded cores. The central core values are
greater than 40 dBZ. The velocity display (Figure 2— 15b) shows clear evi-
dence of strong outflow winds (>32 m toward the radar) along the forward
edge of the line displaced from the cores by an appreciable amount. From the
reflectivity displ ay alone one may have judged the center portion of the
squall line to be weaker than the extremities. The Doppler velocity display,
however, shows this area having strong winds (gust front). This is an
example of how Doppler radar can detect outflow winds.

Damage from this squall line was confined to electric power o’utages
caused by wind and lightning in the northeast Oklahoma City area about
1730 CST. The recording system at the tower lost power at 1712 CST. Between
1930 and 2000 CST hail up to 3.8 cm in diameter fell in a rural area 62 km
south of the tower.

3.0 Mean Gust Front Analysis

To examine the general characteristics of the gust front as observed
from tower measurements, eight of the 1976 gust front cases and four of the
1977 cases were averaged to give a mean analysis. Only gust front cases when
the faster recording data rate (1.3 s and 1.7 s intervals in 1976 and 1.5 s
Interval in 1977) was in operation were used to determine this mean structure
(see Table 1).

The time-to-space conversion,

= -cAt (3.1)

was used to calculate distance relative to gust frontal passage. Here Ax is
the distance traveled by the frontal boundary during a time interval At at a
speed of c. A 50 x 10 array was determi ned for each case at 250 m intervals
In the horizontal and 50 m intervals In the vertical. Each horizontal grid
point represents an average over 250 m. The grid points extended from
2.125 km ahead of the gust front to 10.125 km behind the front and from 0 to
450 m in the vertical for each of the twelve cases. To arrive at the

15 
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Table 7. Oust Fronta l Cases used in Mean Analysis

Date Time (CST) Speed (m s 1) Orlentation *
(deg)

10 May 1976 0144 14.2 65

12 May 1976 0844 6.6 65

22 May 1976 2208 16.3 352

26 May 1976 0014 13.8 355

26 May 1976 0727 13.3 30

29 May 1976 2359 5.0 75

30 May 1976 1828 6.1 240

23 June 1976 2140 13.0 350

5 May 1977 1807 6.0 20

16 May 1977 2154 7.8 65

19 May 1977 1556 9.8 30
- 

26 May 1977 2138 5.6 38

* Orientation refers to azimuthal direction of the storm’s
left flank with respect to the gust front.

composite diagram (Figure 3-1) the twelve cases were simply averaged point
for point.

As seen in Figure 3-1 the mean analysis, extending from 2.125 km ahead
of the front to 5.125 km behind the front, is just a smoothed version of the
individual cases. Note that no portion of the zero contour of the relative
wind speed component Is coincident with the zero on the distance scale as one
expects. This discrepancy is probably due to displacement of the gust front
boundary during the averaging process and due to errors In the speeds of the
Individual gust fronts.
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Since all of the cases used in this composite analysis were of the
squall l ine-type some of the features of the frontal zone for the squall line
as discussed by Goff et al. (1977) are present. Namely, the updraft in the
warm air ahead of the front is followed by a downdraft behind the front.
Here the downdrafts are considerably weaker (less than 1 m s~~) than those
observed in individual cases. The strength of the downward motions were
evidently diminished during the averaging process since downdrafts are not
consistently observed in the same location relative to the front as is the
case of the warm pre-gust front updrafts. Likewise, secondary surges are not
apparent.

The protruding nose feature or bulge of the gust front into the warm air
is elevated about 100 m above the ground. This is in agreement with Goff’s
eta l . (1977) findings.

4.0 Dynamical Model of Gust Front

4.1 Gust Front Dynamics

Previous gust front analyses have been limited to the layer below the
highest level of the instruments installed on the NSSL tower (about 450 m).
Actual gust fronts are distinguishabl e to greater heights.

Numerical simulation may be used to partially overcome the limitations
o~ data availability in the attempt to construct an accurate description of
the structure of the thunderstorm gust front. There have been few attempts
to simulate actual gust fronts, but a similar phenomenon referred to in fluid
dynamics literature as the gravity current or density current has been
studied extensively.
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The work by Mitchel l and Hovermale (1977), referred to hereafter as the
M-H simulation , is a simulation of a gust front. To illustrate the evolution

of the gust front, we shall discuss this model in some detail. They used a

non-hydrostatic, dry, two-dimensional primitive equation model as described
by the following equations:

equations of motion

~~ + U W ~~~~~~~~~~r
(tI) 0 (4.1)

u~~+ ~~~~ ~~~~~~~~~~~~~~ g +F r(W) 
= 0 (4.2)

thermodynamic energy equation

~~~~
. +  u~~ ~~w~~ + w - p(~~~~~~) + Fr(P) = 0 (4.3)

mass continuity 
-

~~~~~~~

+ u~~+ w~~+ p(~~ + 
~~

) + Fr(p) = 0 (4.4)

where x and z are the horizontal and vertical coordinates, u and w are the

velocity components of the x and z coordinates, p and p are the pressure and

density of dry air , ~ and c~ are specific heat capacities of dry air at

constant pressure and constant volume.

19
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The temperature (1) and potential temperature (e) are obtained from the
equation of state for dry air and Poisson’s equation:

T=~~~ (4.5)

and

e = T~~~
O)~’Cp (4.6)

where R is the gas constant for dry air.

The Fr terms in equations (4.1) through (4.4) represent linear diffusion
expressed for a given variable 11 as follows:

2 2
Fr(iJ) 

= K
~ 

~~~~~~~~ + Kz ~i (47)
ax

where and Kz are constant: 
= 2.25 x 106 cm2 s 1 and = 1.25 x

10 cm s for interior points and = = 0 at the boundaries.

The boundary conditions are: (1) for w, under the condition of flat
bottom and top surfaces,

w 0 at z 0, H (4.8)
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(2) for u, the sl ip condition is used at the top,

~~ = 0 a t z H  (4.9)

and at the bottom surface a “limi ted slip ” formulation is used, that is,

atz O (4.10)

and

3 C~~ 1 I 1 at z = 175 m (4.11)

where r Is the stress and CD a non—dimensional constant that represents the
average drag coefficient over the lowest 175 m and u1

. is u at 175 m.

The boundary conditions for pressure and density are chosen as

- 

—pg and~~~(~~) = O a t z O,H (4.12)

The lateral boundary conditions for u, w, p and p are,

-

‘ 

u *0, ~~~ 0, ~~~~= 0 and~~~ 0, at x = 0, L. (4.13)

The In i t ia l  condition used for the experiment is a horizontally uniform

Initial vertical temperature profile, T0(z) as constructed from the National
Hall Research Experiment sounding data which were obtained near Fort Morgan,

- 

- - 
Colorado on a day during which four severe convective storms occurred

21
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locally. The Initial pressure p0(z) and density p0(z) are computed from
T0(z) by using the hydrostatic equation and the equation of state.

alnp0 = RT0 (4.14)

p
p0 

= (4.15)

and

ap ap aT0 (4.16)

The atmosphere is assumed to be at rest initially.

4.1.1 Downdraft Simulation

The gust front results from a downdraft developed inside a thunderstorm
by evaporation and the drag of raindrops. The evaporation cools the air and
increases the density causing a downward acceleration. The drag of falling
raindrops also produces a downward acceleration. A complete simulation of a
realistic downdraft development has not yet been done. Mitchell and Hovermale
assume that a cold downdraft somehow develops and persists. To establish
the downdraft, the temperature in the desired downdraft location was reduced
each time step by a pre—determined small increment during the first half
minute of the prediction period. The artificial cooling was maximum (approxi-
mately 0.33°K per time step) at about z • 1.4 km and x • 0. After the
Initial cooling during the first half minute, the potential temperature
field Is shown In Figure 4-1. WIthin the boxed region in Figure 4-2a, the
potential temperature Is held constant for the remainder of the forecast.

22
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;2 15

X(km )
Figure 4-1 Potentia l temperature field (~) at t = 0. 40 minutes. Contour

values range from 3060 to 333°X at interval of 1°K. (Courtesy
of Mitchell and Hovex ’~nale, 1977. )

4.1.2 Numerical Computation

The governing equations (4.1) through (4.4) are numerically integrated
over a 0 x 41 rectangular grid having a horizontal extent of 16 km ( x =
233 m) and a vertical extent of 7 km ( z = 175 m). The finite difference
formulation of equations (4.1) through (4.4) used in the gust front simula-
tion is identical to that of Shunian and Hovermale (1968). In order to
suppress the high-frequency oscillations , mostly computational noise, a

temporal filter described by Asselln (1972) was applied at every time step.
For any function of time F(t), the filtered function F(t) Is obtained from

F(t) = F(t) + ~~~ (F(t-At) - 2F(t) + F(t+At)] (4.17)

- 
- where v Is taken as 0.5 in this simulation. This filter has a good low—pass

response characteristic and does an effective job of controlling the coinpu-
tatlonal mode arising from the centered-in-time integration.
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The potential temperature field at t = 12.00 minutes is shown in
Figure 4-2a. The contour values range from 306° to 333°K at the interval of
l°K as in Figure 4-1. It is apparent that a cold outflow is formed by steady
subsidence of cold air from the rectangular domain inside which the cold
downdraft is artificially maintained . The leading edge of the outflow is
characterized by a sharp gradient of potential temperature, nearly discon-
tinuous.

For the purpose of illustration only, streamlines are depicted as
stream function contours. The stream function ~p(x,y) is defined by

u = _ ~~~and w~~~~ (4.18)

and calculated by solving the following equation by a Liebmann method

~~~~~~~~~~~~~ (�L .) (4.19)

The flow at t = 12 mi nutes is depicted by Figure 4-3, 4—4 and 4-5. The
wind blows in the direction of the streamlines and is faster where stream-
lines are closer together. At t = 12 mInutes, a strong downdraft of
15 m Is obtained at z = 1.4 to 2.0 kin, x = 0 within the ini tially
cooled area (Figure 4—1).

The downdraft turns into the horizontal as it approaches the ground,
reaching a maximum horizontal speed of 24 m s~ at 0.3 km, x = 3.5 and

- 
z • 0.7 kin, x 8 km. The outflow air displaces the low-level air in its
path toward the downwind boundary. As this air approaches the boundary it

is artificially forced upward, since the boundary condition allows no flow

through the boundary.

This boundary condition and the initial rest (no motion) condition are
significant weaknesses of this simulation. Because of the boundary condi-

- - tion, the same air which is forced to ascend near the right lateral boundary
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Figure 4-2a Potentia l temperature f ield (8) at t = 12. 00 m m .  Boxed area
denotes region of f ixed 0 values. Contour range and interval
as in Fi gure 4. 1 (Courtesy of Mitchell and Hovex~nale~ 19??).

31 MAY 969, TEMPERATURE ANALYSIS ( C )
500 I I I I I I I
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Figure 4-2b Objective analysi. of a gust front associated tenpera tur. fie ld
for May 31, 1989. Cross—section is norma l to the gust front.
(Courtesy of Charba, 1972.)
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must become part of the downdraft when it reaches the left boundary. However,
the integration of the model is stopped before the low-level air has time to
reach the downdraft, so only the initially high— level air enters the down-
draft. The source of the air would not affect its ability to sustain the
downdraft because of the artificial cooling. The undesirable result of the
boundary condition is the quasi—circular circulation pattern depicted in
Figure 4-3a.

A more realistic picture would include flow through the lateral boun-
daries and an initially sheared flow. The downdraft would then be -fed by
mid-level air entering the domain through the left boundary. If the low-
level air had initial motion toward the left boundary, a more realistic
updraft tilted in an up-shear sense might result. Of course cross-boundary
flow would introduce computational difficulties. Unfortunately, in this
simulation the circulation pattern results completely from the introduction
of artificial negative buoyancy in an artificially closed domain.

Desp ite these weaknesses , the resul ts of the s imulation are useful if
we direct attention to the behavior of the cold-air surge. By comparing
Figures 4-2a, 4-3a and 4—4a with the careful analysis of Charba (1974) using
data from the NSSL instrumented tower, Figures 4-2b, 4-3b and 4-4b, the
similarity is very striking . Notice the difference in the scales of the
figures. In Figure 4-3 the wavy character of the flow within the cold air
is evident In both the simulation and the analysis , especially the downward,
then upward turn imediately upwind from the gust front.

The surface wind is slower than the horizontal wind at the higher
levels because of surface drag. The drag coefficient (CD) used for the

experiment shown in Figures 4-1 through 4-5 Is 0.02. Mitchell and Hovermale
ran five additional cases using a different value of CD for each case. Of
course , a stronger surface wind occurs with smaller values of C0. Figure

4-6 shows the time variation of the surface wind at a fixed point, x =

8.8 km. The %urface pressure variation and the time of the cold air surge

- 

- are for the ç~á~e where C0 ~ 0.01. It is interesti ng to note that the
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Figure 4-3a Strecnnfunction (ij )  at t = 12. 00 m m .  Contour interval is
2.0 x J O~ m2 ~~~ (Tn all etreomfunction p lots3 labels are
scaled by -1.0 x 10-2 and solid contours depict counter-
clockwise f low.) (Courtesy of Mitchell and Hovermale, 1977. )

31 MAY 1969, STREAM FUNCTION ANALYSIS (m 2,’ s)

~~~~~~~~~~~~~

DENSITY SURGE LINE
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-10 ~ o.:{~~~
ME 

~

— 0 
I I I ~~~~ I I

2352.5 50 2347.5 45 2342.5 40 2337.5 35 2332.5 30 2327.5
a TIME (CST) X

T I I I 1k I I
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_____  
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t Figure 4-3b Some as F igure 4-2b except stream function ana lysis. (Courtesy
of Charba, 1972.)
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high velocity core above the surface. Contour values range
from -10 to 28 me~~ at intervals of 2 me 1. (Solid contours
in all velocity plots represent p ositive values.) (Courtesy
of Mitchell and liovermais, 1977. )
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Figure 4-6 Hori zonta l veloci ty (u) as a fzozction of time at a fixed p oint
(x = 8.8 ion) at the surface (z = 0) for all six surface drag
oases. For the CD = 1.01 case, the arrow denotes the onset of
cold air and the dashed line depicts the surface pr essure van-

- ation. The ~v~~iitude of the surface pressure rise in all cases
was 4.5 ± 0. 3 ,th. (Courtesy of Mitchell and Hovei~~ Z , 1977. )

29

_ _ _ _ _ _



~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
— —

~ ~ ~ ‘ I I U I ~~~~~~I I I I  -
A 2 1 7

20 --——-—-—-  —
~~~~

——— -
~ / \ - 315
\ j  \,~IS . $ m s ’

I ‘I A\ 2
E A / \ \ 15.9 m
~ Ic - / v’ \X\ 13.7 m ~~ 

310 ~

I t ’.- A\\/\/ /  ~J t ~~~~ ) ’~~~\ E
S ~~~~ 1’.. ~~~~~~~~~~~~~ N\ ~~

10 - 
~~~
l.I !~~I ‘-.. f~~~~~~~ ~~~ - 306 —

• 7--~. 2

1117 1
5 -  - 300

I . I . . . I • 295
0 5 10 lb

TImI (mm )

Figure 4-7 Horizontal velocity (u) as a function of time at a fixed point
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Table 1. Each profile is labeled with the iraximwn surface wind
speed and the corresponding maximum pot ential tenrperature decrease
(t~0 at z 500 m) . The dashed line depicts the surface 0 vari-
ation in the 12 °K case. (Courtesy of Mitchell and Hoveimale,
19 77. )

increases of the horizontal wind speed and the surface pressure started
several minutes prior to the cold air surge.

Throughout these experiments the downdraft, the or$g4n of the gust
front, was produced by an artificial reduction of temperature inside the
pre-determined area. Of course, the strength of the resulting downdraft and
gust front depends strongly on the amount of cooling prescribed. Figure

4-7 shows the surface winds resulting from four different values of total

cooling at 500 m.

Al though this numerical simulation is qui te incomplete from the view-

point of the thunderstorm circulation, it has provided some useful quantita-
tive insights into the mechanics of thunderstorm gust fronts.
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4.2 OrIgin of the Gust Front

Our knowledge of the gust front structure is fa i rly comple te after
extensive analyses of the data from tower-mounted meteorological sensors,
special radar and radiosonde observations, and aircraft. The thunderstorm
outflow, the leading edge of which forms a gust front, has many characteris-
tics analogous to gravity or density currents from both laboratory and
theoretical studies. We have just seen that Mitchell and Hovermale ’s
numerical experiments succeeded In simulating many aspects of the gust
fronts by using artificial cooling to generate a downdraft. This mechanism
of gust front generation is essentially the Margules Process (1905).

4.2.1 Ilargules Process

Let us consider as an in i t ial  state, two air columns of the same
height (h) standing side by side above the ground. One is colder, marked
by U), and the other Is warmer, marked by {2) in Figure 4-8. The fraction

of the area U) to the total area is 3. The total horizontal dimension is
t and hence the column U) occupies the area BR..

The pressure of the air at the top of each column is The tempera-
tures at the top of (1) and (2) are Thl and Th2~ 

respectively. Temperatures
at the ground are denoted by T01 and 102 and the pressure by p01 and p02,
respectively. If we assume that both columns have dry adiabatic lapse rates,
Fd~ 

T01 and 102 become

Toi 
B Thl + rdh (4.20)

and

102 Th2 + Fdh , (4.20
1
)
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and the surface pressures are

~Ol 
= 1’

h 4~~~T (4.21) 
- 

-

and -

= 

~h 
(4.211)

where ‘i =
Cv

The potential energy, PE, of a unit cross section of a column is, using

the hydrostatic relation ,

PE gpzdz = ~~ 
Z - (4.22)

and the internal energy IE, using the equation of state, is

IE = C ~~~~~ f pTdZ~~~~-f 0 pdz~~~~1- 1:
P dz• (4.23)

Adding (4.22) and (4.23), the total energy, E, per unit cross section

of a column becomes

E = P E + IE~~~~1-f p d z _ p h he (4.24)

TO
_rdz

Substituting p = P0 ~ I ~ into (4.24) and carryi ng out the integration,

the total static energy ~er unit cross section becomes
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K 
_ _ _ _  

I K+1
E = — 

T~~ g ~ _l] — 

~h 
h. (4.25)

where K = and rd has been replaced by -
~~~

—. Writing E for each of the two
columns and sunining , the total static energ.~ of the system is

TE = - j•
~~~ 

-
~~~~

- 
~M p~ 1

T0i [
Thi K+l 

— 
iJ 

+

(1—B)t p02102 ~ 
K+1 

- —L 

~h 
h (4.26)

The dimension of the columns perpendicular to the page in Figure 4—8 is
taken to be unity.

Now since air column {l}is denser than column {2), it may be presumed
that, lacking any restraining mechanism, column {l} w ill seek a position
underneath column (2), reducing the static energy and resulting in the con-
figuration pictured in the right half of Figure 4—8. If we compare Equation
4.26 to a s imi la r  equation describing the total static energy of the system
after the rearrangement, the difference will represent the kinetic energy
generated by reducing the potential energy of the system.

K c 1’ K+l V K+lTE’ - 

~~~~~~ 
-

~~~~ 
£ ‘  p~T~ [‘r~ ~1] + 

~~~ [(1
4g.) -ill - LI

(4.27)
where the primes represent the fi nal state .

The unknown temperatures and pressures of the final state, as wel l as
&

‘ and p~ may be determined from the conservation of the masses of the two
columns. Assumi ng that

_ _ _ _ _ _ _ _- - 
_____
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If

and therefore

h’ — h  ,

the masses of the two columns at initial and final times are obtained by
integrating the hydrostatic equation:

m = BR. ~O1~~h1 g

I IpO—pm j &

m2 
= ______

m~~~ = L I m

g

Since m1 =m j

BL(po1—Ph) 
= L’(p~-p,1) (4.28)

and because m2 =

(1 B) R. 
~~~~~ 

= ~ ‘ rn~~h~ (4.29)

.. ~
•_ _c~_-

Solving (4.28) and (4.29) forL’ and p~,

B(P
~ç~

P
~
) + (1 P02•Ph)

L B  , ~, 
1. (4.30)
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p I B - 
B(p01 ~~~~~~~~ (4.31)

+ (l—B)(p02—Ph)

If the redistribution of the air columns is simply adiabatic , then

7h2

16i B T
~1 

(~~~)~~

P
I
~~

= 1h2 ~~ (4.34)

, 1

I’ - I ~~~ (4.35)
ml hi

= 8p01 + (l—B)p02 (4.36)

If the total energy of the system is conserved during the adiabatic
redistribution, and if the system was initially at rest (KE = 0), then

KE’ TE — TE’ (4.37)

Since

KE — M ~
2 (438)
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where H Is the mass of the system

M = R.’ ~0~~ h (4.39 )

9

and V is a representative wind speed. Therefore,

r 2g ~ l/2
V = I (TE — TE’) I

LL’(p
~
-ph) J (4.40)

In order to make a sample calculation of the wind speeds which might

result from such a process, let us take the following initial conditions:

h B 5568.15 m 
~h 

= 500 mb
p
~1 

= 1000 mb p02 = 987.63 mb
101 302.51 K 102 

= 307.51 K
Thl = 248.16° K = 253.16° K

After the rearrangement,

P~ 
= 990.10 mb
L ’ L

p’ 890.10 nib
— 253.16~ K

101 = 301.65° K
T~ = 298.51° K

— 292.61° K

If the remaim’i$ng calculatlons;are carried out, we see that for this
hypothetical situation , which we might view as a typical case of evaporative
cooling in a thunderstorm, If all the energy was converted to horizontal
motion, then a typical wind speed of 12 m 5 1 could result.

37 .

L —----—-—-—--— -  __. — -- - - - ._ —- _ _
~~~~-.~~~~~ _ _ _ _ - --- --- -- ------—- -~~

_ _ _ _ _ - _ _  - 
~~~

-
~~~~~~~~~~~~

- -- - - --- --- — --- ~~~~~~~~~~~~~~~~~~~~~~~~ ~



- ~~~~~~~F- -

This procedure might be refined to produce an estimate of the maximum
surface winds to be expected with thunderstorms if the thunderstorms produced
a gust front. The temperature of the colder air mass could be taken to be
the wet-bulb temperature of the middle-level air. The warmer air mass could
be assigned the wet-bulb temperature of the low-level air. The role of
vertical momentum transport also has to be included.

4.2.2 Far-reaching Gust Fronts

Gust fronts frequently propagate as far as 30-50 km away from the thunder-
storm center without losing much of their kinetic energy (Figures 4-9 and

4-10). In the M-H simulation this distance was typically about 10 km (Figure
4-2a). The simulated gust front leads the thunderstorm by a shorter distance
than was typical in the case study of Charba, despite the fact that the
maximum horizontal wind speed was also smaller in the simulation (28 m
compared to 32.5 m s~ in the Charba analys is) , and also despite the fact
that the temperature difference between the downdraft and its environment has
about the same magnitude in both the simulation and the analysis (compare
Charba ’s vertical temperature profiles in Figure 4-11 to Figure 4-2a). This
weakness of the simulation has not been adequately explained.

4.3 Mi crophysical Processes (One Dimensional Thunderstorm Simulation)

We will now examine the microphysical processes which cool the air and
create thunderstorm downdrafts. The cooling is mainly due to evaporation,
and the downward acceleration of the air is geflerated by the negative buoy-
ancy of the colder air and by the drag of fal1in~ rain drops.

Figure 4-12 shows the scheme of cloud microphysical processes used by
Ogura and Takahashi (1971) for their one dimensional (vertical) simulation of

- a thunderstorm. The microphysical processes considered to be responsible for
- -*-  changes among the water phases (vapor, liquid and Ice) are condensation,

— - - evaporation, conversion, subl imation, glaciation and melting. These micro— 
-

physical processes will be described here In some detail and their effect on
the gust front will be considered.
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Ogura and Takahashi parameterlzed the various microphysical processes in

an attempt to evaluate their relative importance. The condensation rate,

dq dq
orq q

dt 

= o 
dt 

for 
~~~~~~

< 
~~~~~~~

where q
~ 

and q~~ are the mixing ratio of water vapor and its saturated
value, respectively. The rate of conversion from cloud droplets to rain-

drops,

dq
P2 

~
ar

~CONV 
= C

0
Q~ (4.42)

where and are the mixing ratios of cloud droplets and of raindrops ,
respectively, and the parameter C is the reci procal of the conversion time,

taking values in the range of 0 to 0.2 s . The glaciation rate

dq
= ii- - (4.43)

gl ac

where q. is the mixing ratio of ice crystals and G is the reciprocal of the

glaciation time from 0 to 0.05 s . The rate of sublimation used is

0.525 —0.42( — — l )(p q )  f
S

57x 1 0 + O.41 x 10

t ~~ 
-

-

where q15 and e15 are the saturation mixi ng ratio of water vapor and satura-
tion vapor pressure ~ieasured in mb over a plane ice surface, respectively. - -

- The constant f0 Is used in the 
computation of the terminal velocity of ice

particles and takes the value 0.75 here. The rate of melting is

P5 • 2.27 x 10~~C (T-273)(p8q1)
0 525p8~~f0 °42 (4.45)

- — 

_
_ _
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C represents the ventilation constant given by

C = 1.6 + 0.57 x 10 3(V 1)l.5 f-i

The rate of evaporation from cloud droplets to water vapor

P6 - 

~~~~evap ~~~~evap 
(4.46)

and evaporation was assumed to be instantaneous as long as the air was not
saturated with water vapor. The rate of evaporation of raindrops

P7 = 5.8 x l0 4(q~ - (4.47)

where the units are gm gm 1 s~~. This equation is a simplified form of

~0.525(— — l ) c(~ q ,P 7 =— —  (448)
5.4 , ~~ + 

0.41 x l0~

where e
~5 

Is the saturation vapor pressure over a water surface. The rate
of evaporation of ice crystals is

(~~!— 1) C(pa q1)°
525 f0~

O•42
P8~~ -— 

S 

(4.49)
7 x l O 5 + 014l

~~~ Q!e
1~~

which is similar to that for raindrops except for different values of the
latent heat of sublimation and vapor pressure. The rate of evaporation of
melting ice crystals
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1) C(pa q1)
0
~
525 

~ 
-0.42

p9 ... 1 vs

5.4 x l0~ + 
0.41 x 1o~ 

(4.50)

These parameterizations are applied within the framework of a one
dimensional model describing a right circular cylinder, with radial syninetry
and coordinates (r, x, z). The pressure distribution is not considered but
is assumed identical to the environmental conditions. The equation of

vertical motion is simplified to

= - w~ - ~ —w (w~ + 

~~
W_b

~a
)
~a + g 

~~~ 
- g(q~fq~+qj) (4.51)

where for any variable A,

Aa =~~_ • f 2wA d X a t r = a

T,~ Is the virtual temperature and the added subscript zero refers to envi-
ronmental conditions. The first term of the right hand side represents the

vertical advection, the second term the lateral eddy exchange, the third
term the dynamical entrainment which is required to satisfy mass continuity

— between the cloud and the environment,

where 

iUa +
~~~~~~~~~~~

‘ 

~ ao~ 
0 (4.52)

- 1 
2-w a

w - —i I I wr dr dA (4.53)
Wa 0 0
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The fourth term is the buoyancy and the last term the drag force, assumed to
be proportional to the weight of cloud droplets, raindrops and ice crystals.

Similarly, the thermodynamic equation is given by

IL L L 1I ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ I (4.54)
p p p 

j

where L , I , L are the latent heats of evaporation (600 cal gm 1), subli—
motion (680 cal gm ) and fusion (80 cal ~n ), respectively. The continuity
equations for water vapor, cloud droplets, raindrops and ice crystals are

aq,
~ 2ci2

-n- - -w~~ +—  Iw l (q q)+

~ ~~~~~~~~~ + P6 + P7 + P8 - P4 + p9 (4.55)

aq 2 2 2 -

= -w-J + 1.-. IwI (~~~0
-
~~~) 

+ 

~~~ 
u~(q~_q~~) + P1 - P2 - P6 (4.56)

- 
~
(w-Vw) ~

r 
+ 

q,~a(ø~0 V~) 
+ 

~~~~~~ Iwl ~~~~~~~~~ 
+

~ u~(q,,—q,~)+ P2-P3—P7+P5

-
‘ 

and

— _ (w_V 1).~~L + 

~~~~~~ 

a(p ao v i) 
+ lwI (q j 0

_q
~)+

~~
5(q 1

_~
1
~)+P3+P4_P5_P8_P9 (4.58)
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where is the terminal velocity of raindrops

Vw 
= 3.12 x l0~ (~~q~)

0 125 cm s ’ (4.59)

and is the terminal velocity of ice particles

Vj = 3.12 x ~~ (
~~ qj )0~

125 f0 cm s 1 
(4.60)

Ogura and Takahashi conducted an initial experiment without any micro-
physical processes. Figure 4-13 shows the time—height cross sections of
vertical velocity, excess temperature and liquid water content. A strong
updraft forms and reaches a steady state after about 45 minutes. No down-
draft and no middle-level temperature deficit occurs. The strong tempera-
ture deficit appearing at 11 km is apparently caused by adiabatic cooling
in the upper stable layer while the updraft air is losing its momentum.

A much more realistic simulation was achieved when the microphysics
were added, as shown by Figure 4-14, which Is similar to Figure 4-13 but
the concentrations of cloud droplets, raindrops and ice crystals are also
depicted. The maximum downdraft of 4 m s~ developed at about 4 km after
about 65 mm , but the accompanying temperature is hardly significant. The
downdraft starts developing fi rst in the lower part of the cloud at 40 mm
and spreads to the higher altitudes. At approximately 60 mm , the down-

- draft replaces the updraft throughout the domain. In particular, a strong
downdraft appears at the melting zone. After the downdraft reaches the
ground, it decreases and soon dies at about 70 m m .  The maximum updraft
and downdraft throughout the life cycle Is 17 m s~ and 5 m s~~, respec-
tively.

The excess temperature increases during the initIal 40 mm in a way
similar to the case without the microphysical processes. After that time
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the temperature starts decreasing and at 55 mm , a negative temperature
anomaly developed near the melting level . Figure 4-15 reveals that the
maximum downward velocity is observed very close to the time and level

where four processes are occurring: evaporation of ice crystals (P8) and of
melting of ice crystals (P9), evaporation of raindrops (P7), and melting of
ice crystals (P5). All of these processes appear during the decaying stage
of the cumulus . The evaporation processes P7, P8 and P9 have the same
order of magnitude while the melting of ice crystals (P5) cools the air at

a rate- about one order larger. The total cooling is very small compared
to observations in real thunderstorms, largely because the experiment was
one-dimensional , precluding the possibility of considering the evaporation
of cloud water by invading middle level dry air.

4.4 Dry Air Intrusion (Two Dimensional Thunderstorm Simulation )

Perhaps the weakest feature of the one dimensional simulation is its
failure to portray a strong downdraft wi th accompanying strong evaporative
cooling. The evaporation process was hindered by the absence of a source
of dry air into which wa ter could easily evaporate.

Figure 4-16 is a schematic representation of a typical vertical circu-
lation pattern wi thin a cumulonimbus In an environment with vertical shear
(Lu dlam, 1961). Dry middle level air enters the storm from the upwind side
and is cooled by evaporating precipitation (indicated by dashed lines) which
falls f rom the tilted updraft. The resulting intense cooling causes a
downdraft of sufficient magnitude to prevent the dry air from destroying

- 

the updraft.

In order to simulate this schematic , we need at least a two dimensional
model . Several two and three dimensional experiments with vertical shear

have been performed (Takeda, 1965, 1966, 1971; Orville and Sloan, 1970;
- 

- 
Hane , 1972; Schlesinger, 1973, 1974; WiIhelmson , 1974). We will discuss
Hane ’s experiment for the purpose of illustration .
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zo-? e~~. (Courtesy of Ogura and Talcahaehi, 1971. )
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Hane’s model Includes the condensation and evaporation processes, liquid
water “in bulk” assuming the Marshall-Palmer drop-size distribution, variable
terminal fall speeds of rain and turbulent mixi ng. Not included are the ice
phase, horizontal and time changes of air density, radiational effects and
the air—ground (sea) interaction.

The vorticity equation used to describe the flow is

= -u ~~~~~
. -w - n(-~~

. + ~
) a. v 

+ g ~~~~~
. (~~~

+
~~~)+ Cm 

{
~~[I~~I (ui _u)]

- .1. [~!I (w”_w)] 1 + -
~~~~

. [-v,, 
~

] + .
~~~

_ [v~ ~
] (4.61)

where the vorticity n = - 
~~~~
, T~, is the virtual temperature, 

~~ 
the rain

water mixing ratio, 
~ the cloud water mixing ratio, Cm the turbulent mix ing

coefficient, u” and w” the environmental horizontal and vertical wind com-
ponents which vary only in the vertical direction, and and are the
time-space dependent horizontal and vertical eddy viscosity coefficients.

The equation of continuity is

~~ (pu) + ~~~~
. (pw) = 0 (4.62)

where P is air density. A stream function is defined to satisfy the continu—
ity equation.

pu =~~~ and pW = — (4.63)

3 The vorticity Is expressed by the stream function as

• - ~~~~~~~~~~~~~~~~~ (4.64)
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The fi rst law of thermodynamics is written

-u ~~~~~~~~~ ~~~~ Fd]  + ~~•_ ~~~~~~+ C I~~I (T”-T) + v0 V
2T (4.65)

where I is the absolute temperature, rd the dry adiabatic lapse rate,(-i_)(~Q.) the latent heating or cooling rate, 1” the envIronmental temperature,

a ~function of z only, and V
0 the constant thermal diffusivity (500 m s~ ) .

The prediction equations for the three forms of moisture are

aq aw 2
-

~~~~~ 

= -u -~~~~~ 
- w .1kv.: + C

~ J
~~

I (q”
~~-q~ ) 

+ v q~,

+ evaporation - condensation (4.66)

3q aq aq 2
= -u -~~~~~ 

- w -
~f 

+ Cm I~~I (q”
~~-~~~) 

+ V

- autoconversion - accretion - evaporation + condensation (4.67)

aq~ + _i. ( V ) + 
q2V,~. 

~2-u ax 
- w ~~ ~

+ autoconversion + accretion - evaporation (4.68)

In these equations ~ 
Is the water vapor mixing ratio, ~ 

the mixing ratio

of cloud droplets, ~ 
the mixing ratio of rain, 

~~~~~~ 
and 

~~~~~~ 
are environmental

quantities that vary only in the vertical direction, and VT is the effective

terminal velocity of the raindrop distribution.

The autoconversion, accretion, evaporation, condensation and terminal
velocity of raindrops are evaluated based on Kessler’s parameterization

(Kessler et el. 1961—64) which is similar to that used by Ogura and

Takahash l (1971).
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Hane simulated storm development for various vertical wind shear cases.
Figure 4-17 shows the result of the moderate shear case with the system speed —

of 10 m ~ l at t = 5.6 mm , which incl udes the two dimensional stream func-
tion, (l0~ kg m~ sd), rain water mixing ratio (gm kg~~) and cloud water
mixing ratio (solid lines , dashed lines, scalloped l ines respectively) in the
top section, temperature anomaly (°K) in the middle section and vertical
wind speed (m s~~) in the lower section. The negative temperature anomaly
(in the middle section of the figure) shows a cold dome—like shape, wi th the
coldest air at the ground. The flow pattern shows that the downdraft ori-
ginated in the middle level s at the left-hand side of the storm, comparing
well with the dry intrusion depicted in Figure 4-16.

The downdraft spreads both forward (to the right) and to the rear (left)
near the ground. There is an inflow from the right to left near the ground
that sharply slides upward, precipitating and producing rain (top section of
Figure 4—17).

The outflow, spreading forward, coll ides with the low-level inflow
underneath the central portion of the storm (as defined by the cloud water
area scalloped in Figure 4-17). The energy dissipation caused by the
collision may retard the spreading of the cold air. Hane continued the time-
integration of experiment Ri up to t = 16.3 m m .  The outflow did not move
outside the storm area in that time. In experiment R2 (strong shear with the
system speed of 19 m sd), the leading edge of the outfl~~ at t = s mm and
15.7 mm never leaves the storm area (Figure 4—18 for t = 5 mm and 15.7 mm ).

The right half of Figure 4-18 shows that the typical thunderstorm circu-
lation pattern seen in the left half has been lost by 15.7 m m .  The two
dimensional simulati on -Is a vast improvement over the one dimensional model,
but is still unable to capture the persistent features of the mature thunder-

- - 
storm wi th a gust front propagating 30 to 50 km ahead of the storm.

i
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Fi gure 4-16 Schematic representation of the n~ tion field

within a middle latitude cumulonimbus in wind
shear. T indicates height of trcpop auee. The
vertica l and hori zontal scales are the ecune
(after Ludlam, 1961) .

4.5 Twisted Storm Circulation (Three Dimensional Model)

One possible reason why the two dimensional simulations fail to produce
gust fronts which propagate far away from the storm may be the fact that the
shear between the low level flow and the middle level flow is exaggerated.
In two dimensions the two flows are exactly opposing each other. Typical
thunderstorm environments have somewhat less di rectional shear between the
low and middle levels.

It may well be that a three dimensional simulati on with a realistic
shear condition woul d produce a gust front which reaches far ahead of the
storm. In recent years, some effort has been directed toward developing
three dimensional thunderstorm models, with limi ted success (Steiner, 1973;
Wl lhelmson, 1974; Schlesinger, 1975). The new advanced computers should
expedite these efforts, resulting In increased understanding Of the gust

front dynamics.
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5.0 Sumary 
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A large data bank for low level wind shears associated with gust fronts
has been compiled from observations obtained using a 461 m tower Instrumented
at seven levels. These data are on magnetic tape and are availabl e for use
in analytical simulation studies. The average gust front is characterized by
a 3 m updraft imediately above the gust front nose. Mean horizontal
temperature gradients are about 3°C per km and the horizontal wind shear
across the gust front averages about 8 m s per km. Gust fronts are often
characterized by secondary surges which have strong shear and turbulence.
Two-dimensional models have been developed which -Illustrate the thunderstorm
downdraft development and strengthening due to negative buoyancy produced by
evaporation of raindrops into entrained dry middle-level air. These down-

drafts which can exceed 8 m s~ produce a strong outflow. An adequate three-
dimensional model still needs to be developed.

The gust front itself is a weather hazard because of windshear and

turbulence, but what may be even more hazardous are the windshears and down-
drafts directly beneath the thunderstorm. Here, as an aircraft passes under
the thunderstorm, the aircraft experiences first a strong headwind, then
roughly no horizontal wind at all as It enters the downflow area, and
finall y experiences a strong tall wind. These wind shifts from headwind to
tailwi nd with a vector difference of 40 m s~ or more in 4 km in the hori-
zontal may be more dangerous than the well-organized gust front and also
should be avoided by pilots .

Detection of these gust fronts has been a problem. On numerous occa-
sions it has been all too obvious that surface observation stations as now
distributed form a network which is too sparse to adequately detect (in
sufficient time to be of value to aviation) all gust fronts or even detect
ones having st rong shear. Supplemental wind observations surrounding an
airport offer a viabl e interim method for thunderstorm gust front location

L 

and strength determination critical to aircraft operation.

- 

_ _ _ _ _ _ _ _  

_ _  
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Remote detection by satellite is not reliable due to (1) cirrus and
other high and middle level clouds which often obscure thunderstorm bases and
that volume of space which may contain the gust front; (2) inability of
weather satellite to detect “optically clear” gust fronts or those fronts
which contain entrained dust particles too small or in insufficient numbers
to be resolved by satellite and (3) lack of resolution in the infrared
channel s used during the night time. These factors, plus the limited obser-
vation frequency now available or planned , severely impact satellite usage In
gust front detection. The satellite does provide another means besides radar
for thunderstorm area determination.

Since a number of gust fronts are in optically clear air, they are most
often not observed when conventional weather radar is used. The radar will
indicate precipitation intensity but gives no indication of the presence or
absence of a gust front. Doppler radar [60ff, et al., 1977] can det -Ct these
gust fronts and provides the most promising observation tool.

6.0 Conclusion and Recomendatiord

Gust fronts and associated thunderstorms are hazardous to aircraft opera-
tion. These fronts are extremely variable as to location and strength and are
difficult to forecast even though a general life cycle is present consisting of

(1) initial downdraft turning into an outward moving cold air mass closely cen-
tered near the downdraft to (2) an interface possibly more than ten miles in
advance of the storm before dissipating. While low clouds and dust occa-
sionally mark the leading edge of the outflow, usually the gust front is
optically invisible and thus rarely detected by conventional weather radar or
satellite observation.

Due to the character of gust fronts, surface observations will detect
the phenomena and adequate spacing of wind observations in the vicinity of an
airport can provide an Interim solution . For longer range detection required
in air traffic control, microwave Doppler radar offers the highest potential
and this option should be actively pursued.
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Development of an acceptable forecast procedure appears to be some time
off. While simplified techniques can provide an estimate of the maximum
intensity based on environmental winds and temperature, they are not adequate
for determining which thundersto rms have gust fronts nor where gust fronts
are In relationship to the thunderstorm. Therefore observation and tracking
of the gust front appears to be the best short range “forecast” option.

It is recommended that continued emphasis and major support be placed on
development of both ground and airborne sensors which will alert the pilot
and contYoller to wind shears. Modeling efforts should continue with the
realization that it may be some time before an adequate forecasting procedure
is developed.
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APPENDIX A

Gust Front Cases, 1977

CASE DATE TIME (CST)

A 5 May 1807
B 13 May 1346
C l6 May 2154
D l9 May 1556
E 26 May 2138
F 28 May 1035
G 31 May 0746
H l2 Jun 1513
I 28 Jun 1704

Cold Front Cases

J 10 Dec 1976 1021
K 28 Jan 1977 0311

LI

~~- ~ -& -
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FIGURE LEGEND

Left Pages :
Time—height sect-Ions of streamline analysis and vertical velocity

(m ~ l), potential temperature (°K), horizontal wind speed component parallel
to the gust front (m ~~1) and wind speed component normal and relative to the
gust front (m s l). Each objective analysis is 450 m thick; time increases
from right to left. Outflow is moving from left to right. Time-to-space
converted 1 km distance is Indicated In the upper right. Rainfall and pres-
sure change traces are shown at the bottom of figures when necessary .

Right Pages:
WSR-57 surveillance radar display with echo contouring at 00 elevation.

Radar contours are at approximately 10 dBZ intervals. Range marks (circles)
are at 40 km intervals. Time clock (CST) Is in the upper right. The KTVY-TV
tower is located at 358° and 38 km.

Remarks consist of information taken from Storm Data (U.S. Department of
Coninerce) and personal observations .
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Figure A-A-2

Case A:

Date: 5 May 77
Time of gust front: 1807 CST
Speed: 6.0 m
Orientation: 20°
Pressure jump: no pressure rise
Ra in began: 1850 CST ended: 2239 CST
Total rainfall: 8.9 m
Maximum intensity: 23.9 mm/hr 1921—1929 CST
Remarks: Gust front accompanying a large squall line. Al though gust frontal
winds were weak in the tower vicinity, wind gusts up to 35 m s 1 had been

— reported earl ier near Mangum, Oklahoma (about 200 km WSW of the tower). At
1931 CST an apparent small tornado touched down in the northeast part of

I - 

Duncan nearly 130 km SSW of tower.
The wind shear associated with the component of the wind normal to the front

• is weak as wel l as the temperature discontinuity across the front. Of inter-
est, though, Is the strong updraft (greater than 8 m ~~ in the top tower

j layer) prior to frontal passage.
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Figure .4-B-2

Case B:
Date: 13 [lay 77
Time of gust front: 1346 CST
Speed : 8.3 m
Orientation : 340°
Pressure jump: no pressure rise
Rain began: 1430 CST ended: 1451 CST
Total rainfall: 1.1 mm
Maximum intensity: 2.7 rn/hr 1430-1451 CST
Remarks : Wea k outfl ow accompanying a small line of thunderstorms. Wind shear
and temperature discontinuity ~re not strong across the frontal boundary but
an updraft in excess of 4 m s ’ occurs just ahead of the front. The strongest
shear in the wind component normal to the front began at 1402 CST. A second
drop in temperature as wel l as an ‘Increase in upward vertical velocity
occurred at this time showing evidence of a secondary surge. No severe
weather was associated with this line of storms.
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Figure A-C-2

Case C:
Date: 16 May 77
Time of gust front: 2154 CST
Speed: 7.8 m
Orientation: 65°
Pressure jump: 1.8 mb 2115-2159 CST
Rain began: 2347 CST ended : 0130 17 May
Total rainfall: 14.5 m
Maximum intensity: 24.8 rn/hr 2347-0017 17 May
Remarks: Moderately strong outflow case associated with a dissipating squall
line. The gust front was identified on the WSR-57 radar by a “thin line .”
The strongest horizontal shear and temperature discontinuity are within the
gust front region. A turbulent zone extençls from just ahead of the front to
2157 C~T with updrafts greater than 4 m s ’ and downdrafts in excess of
3 m s~~. The pressure analysis shows a gradual pressure rise of 1 mb in
about 10 minutes beginning at 2146 CST. Measurable rainfall did not begin
at the tower until 2347 CST about two hours after the wind shift.
This l ine had produced tornadoes earlier in extreme western Okl ahoma but no
severe weather in the vicinity of the tower was reported.
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Figure A-D-2

Case D:
Date : 19 May 77
Time of gust front: 1556 CST
Speed : 9.8 m s~’
Orientation: 30°
Pressure jump: no pressure rise
Rain began: 1551 CST ended : 2150 CST

-
s 

Total rainfall: 52.0 mm
Maximum intensity : unknown, some data missing due to power failure
Remarks: Moderately strong outflow associated with a large squall line . The
most intense portion of the line remained south of the tower. The related
gust front wh ich was imbedded in light prec ipitation reached the tower at
1556 CST. The gust frontal zone is characterized by moderate shear in the
wind speed component normal to thç front. A sharp temperature drop is also
evident. An updraft above 4 m s~ at 1557 CST is followed by a downdraft
greater than 2 m ~~~I , thus creating a somewhat turbulent zone along the

- 
frontal boundary.
A short narrow tornado occurred north of Foster (112 km S of tower) at
1630 CST. One tornado took pl ace at 1723 CST near White Bead (94 km SSE of

- tower) and one reported close to Paol i (88 km SSE of tower) at 1736. -
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Figure A-E-2

Case E:
Date: 26 May 77
Time of gust front: 2138 CST
Speed: 5.6 m s ’1

Orientation: 38°
Pressure jump: no pressure rise
Rain began: 2309 26 May ended: 0128 27 May
Total rainfall: 28.9 nun
Maximum i ntensity: 52.2 rn/hr 2309-2332 CST
Remarks: Gust front associated with a large squall line . There is moderate
wind shear in the wind component normal to the front but a somewhat weak
temperature disconti nuity near the surface. Downçlrafts are persistent from
the 2148 to 2153 CST . Downdrafts of about 4 m s~ ’ extend down to 200 m above
the ground at 2149 CST.
Wind speeds of 35 m s 1 were measured near Musta ng, Oklahoma, at 2135 CST.
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Fi gure A-F- 2

Case F:
Date: 28 May 77
Time of gust front: 1035 CST
Speed: 8.7 m s 1

Orientation : 155°
Pressure jump: .3 mb 1033—1036 CST
Total Rainfall: None
Remarks: The satellite photo at 1000 CST depicted a thunderstorm induced
mesoscale cold front as a well-defi ned arc of cumulus clouds from south of
Stillwater to about 5Q mi les west of En-Id. Its movement was southward at
approx imately 10 m s”~.
At the tower wind speeds gusted to 13 m s ’ with the arrival of this boundary
and the wind di rection shifted from a southerly to east-northeasterly direc-
tion. No strong wi-sd shear or turbulence was associated with this boundary
and there was no severe weather wi thin the tower vicinity . The pressure rose
sl ightly.
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Figure A-G-2

Case G:
Date: 31 May 77
Time of gust front: 0746 CST
Speed: 6.5 m s-~
Orientati on: 85°
Pressure jump: 1.3 mb 0744-0750 CST
Total Rainfall: None
Remarks : Boundary accompanying a roll cloud reached the tower at 0746 CST .
There is moderate horizontal win d shear and turbulence along and behind thi s

-
s boundary. An updraft in excess of 3.0 m s 1 is just ahead of the gust front

followed by a downdraft greater than 2 m
A signifi cant pressure change was associated with this disturbance . A pres-
sure increase of 1.0 mb took place in 3 mi nutes beginning at 0744. No
measurable precipi tation accompanied this disturbance .
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Figure A-H-2

Case H:
Date: 12 Jun 77
Time of gust front: 1513 CST
Speed: 4.2 m
Orientation: 60°
Pressure jump: .2 mb 1511-1 514 CST
Total Rainfall: None
Remarks: Weak outflow case associated with small line of thunderstorms.
Weak wind shear and temperature discontinuity are evident in the gust frontal 1
zone. The most intense part of the line was south of the tower.
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(WSR-57 photo unavailable)

Figure A-I-2

Case I:
Date: 28 Jun 77
Time of gust front: 1704 CST

Speed: 7.8 m ~-l

• Orientation: 47°
Pressure jump: no pressure rise

Rain began: 1711 CST ended: 1808 CST
Total rainfall: 5.1 mm

Maximum Intensity: unknown, data loss due to power fa i lure

(See additional remarks in text.)
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(WSR-57 photo unavailable)

Case J:
Date: 10 Dec 76
Time of cold front: 1021 CST
Speed: 8.0 m
Orientation: 60°
Pressure jump: .5 mb 1020-1022 CST
Remarks: Strong cold front which passed the tower at 1021 CST. The front
was accompanied by a sharp temperature discontinuity. The temperature
dropped 8°C in 4,minutes. Also accompanying the front was an updraft in
excess of 4 m s ’ and moderate shear in the horizontal component normal to
the front. Pressure analysis shows a .5 mb rise across the frontal surface.
The analysis shows characteristics very similar to that of the gust front
analysis. -
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(WSR.-57 photo unavailable)

Case K:
Date: 28 Jan 77
Time of cold front: 0311 CST
Speed: 12.0 m
OrientatIon: 80°
Pressure jump: .5 mb 0310-0313 CST
Remarks: Cold frontal passage at the tower marked by a slight temperature
fall at the surface followed by a gradual temperature Increase. A strong
Inversion In the tower layer Is evident. A couplet of up and down mo$ions
existed across the frontal boundary with updrafts In excess of 4 m s ’ ahead
of the boundary and downdrafts greater than 4 m s ’ behind It. The wind
speeds increased from nearly calm up to 15 m s~ at the surface. A gradual
pressure rise of .5 mb was associated with frontal passage as In the 10 I~c 76• 1 case.
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APPENDIX B

Index of Tower Observations : October 1976 - September 1977
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TABLE DESCRIPTION

Each table describes the number of tower observations made per hour per
day for one month. Time (Central Standard Time) increases from left to right
and dates Increase downward. For example, in Table 81 for the hour beginning

S at 1800 CST on the 16th day of the month, 362 observatIons were made and
recorded on magnetic tape. S
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