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to give an assessment of the method for rapid computation in
practical transonic cases.
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and previous Werle and Bertke9 computations are compared
with our theoretical results. The authors use a finite difference
technique with 5* coupling, equilibrium, and frozen viscosity
models. A time relaxation procedure on 6* coupling sup-
presses the jump. The present method, using a wall coupling,
which also avoids the jump, gives similar results. The
relaxation or equilibrium viscosity model does not introduce
noticeable differences. The same models are used with both d
and <5* coupling procedures. The last one seems the best, for
the two turbulence representations, with an advantage for the
relaxation one. Note the large influence of the relaxation
length A for the same d* coupling. The principal conclusion is
the improved capability of the d* coupling/relaxation tur-
bulence integral method to compute an interaction in good
agreement with experimental results.

The first attempt to apply this method to the normal shock
wave-turbulent boundary-layer interaction is shown in Fig. 3.
Experimental results were obtained10 by a normal-shock
blockage ("second throat" type) of a 65 x 85 mm2 test section
at M= 1.43 and for Re = lOVm. Static pressure is measured
on the tunnel wall. The calculations are conducted only for
the supersonic external flow region using a <5* coupling. The
location of the interaction is fixed by adjustment of the
pressure after the jump to the experimental value. Compare
the results for a large relaxation parameter (A=10<50) with
that obtained for equilibrium turbulent viscosity (X = 0). The
transonic external flow calculations are presently being
continued and viscous-inviscid coupling being studied in order
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pressure jump lines effectively lifted the lowest layers of the
atmosphere and appeared to initiate squall line development
in convectively unstable air. Matsumoto and his colleagues3'6
contended that atmospheric acoustic-gravity waves were
responsible for a pulsating tendency of winter and summer
convective storms in western Japan. Uccellini7 also proposed
that atmospheric acoustic-gravity waves were an important
mechanism for triggering severe convective storms. He also
suggested that the study of atmospheric acoustic-gravity
waves could reveal much about the development of thun-
derstorms.

Experimental observations from cw Doppler soundings of
the upper atmosphere have shown that these ionospheric
disturbances are apparently associated with severe weather
and thunderstorms.8'15

During the extreme tornado outbreak of April 3, 1974,
Hung et al.16 detected another two harmonics of wave
periods—11-15 min and 26-30 min. On this particular day,
236 tornadoes were recorded in the United States. Among
these, 41 tornado touchdowns were identified by the National
Severe Storms Forecast Center (NSSFC) within a 800 km
radius from Huntsville, Ala., during the time period 1700-
2200 UT. These tornadoes were divided into five groups,
depending upon the touchdown time and geographical
location. A ground ray path computational technique was
used to trace the atmospheric gravity waves observed at
ionospheric heights in an effort to locate their probable
source. Results, based on six ray-tracing computations which
covered the 41 tornado touchdowns, showed that the acoustic-
gravity waves were excited 1-3 h ahead of the touchdown
times.16

The analysis of the tornado outbreak of April 3, 1974,
seems to indicate that the waves observed are a precursor
phenomenon due to the integrated effect of a group of storms
rather than a single storm. This paper presents five additional
cases of waves associated with isolated tornadic storms. The
results are identical in all cases.

Waves with wave periods of 20-24 min were detected when
Hurricane Eloise was in the Gulf of Mexico. The computed
location of the source was roughly where the hurricane was
located 3 h after the waves were excited. The applicability of
the Doppler array to a tornado and hurricane warning system
has been discussed by Hung and Smith.17'18

Analytical Techniques and Ray-Tracing Computations
The data used in this analysis were obtained from the iono-

spheric Doppler sounder array discussed in detail in Ref. 16.
The observed data were subjected to both power spectral

density (PSD) and cross-correlation analyses. The PSD
analysis sometimes revealed more than one peak. When this
occurred, Butterworth's digital filter19 was applied to band-
pass the peaks. After using the digital filter, each separated
peak corresponds to a wave excited by an individual source.
Thus, waves from many different sources in the same time
period can be detected, identified, and analyzed. The
horizontal wave vector and horizontal phase velocity of each
wave are calculated from cross correlograms. The azimuthal
angle of wave propagation determined in this manner is
accurate to within ±5 deg, and the horizontal phase velocity
is accurate to ± 10%.

In the six cases of April 3, 1974, gravity waves with two
harmonics of wave periods, 11-15 min and 26-30 min,
horizontal wavelengths in the range of 100-220 km; and
horizontal phase speeds in the range of 90-220 m/s were
observed.16 .Gravity waves from the five cases of isolated
tornadoes, two on November 20, 1973, and three on January
13, 1976, had wave periods in the range of 10-12 min and 25-
29 min, horizontal wavelengths in the range of 120-290 km,
the horizontal phase speeds in the range of 140-190 m/s. Two
events on September 23, 1975 indicate that gravity waves with
wave periods of 20-24 min, wavelengths from 220-300 km,

and horizontal phase speeds from 150-200 m/s were present
when Hurricane Eloise was in the Gulf of Mexico.

Reverse ray-tracing computations were carried out to
compute the sources of the gravity waves observed at
ionospheric height. For a detailed discussion of the com-
putation technique, see Ref. 16.

Source of the Waves
The reverse ray tracing, which is started at the altitude of

the ionospheric reflection point, continues down to lower
limit of the tropopause. The geographic location of the point
at which the calculation is terminated is referred to as the
probable source. These locations are then checked with the
locations and times of tornado touchdowns supplied by
NSSFC and the reported track of the hurricane. Results of
this comparison for the six cases of April 3, 1974, indicate
that the waves are excited near locations where tornadoes are
observed to touchdown from 1-3 h later. Results of the same
comparison for the five isolated storms are given in Figs. 1-5.

Figure 1 shows the results for the 1900-1945 UT, November
20, 1973, time period. Since the wave traveling time was 66
min and the actual tornado touchdown time was 1935 UT, the
signal was excited more than 2 h prior to touchdown. The
actual tornado touchdown location is well within the ±5 deg
accuracy in the determination of the azimuthal angle of
propagation of the wave.

Figure 2 shows the results for the 1945-2045 UT, November
20, 1973, time period. Since the wave traveling time from the
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Fig. 1 Geographical map of the computed group ray path of the
waves during 1900-1945 UT, November 20, 1973, and the location of
actual tornado touchdown.
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Fig. 2 Geographical map of the computed group ray path of the
waves during 1945-2045 UT, November 20, 1973, and the location of
actual tornado touchdown.



JULY 1978 TECHNICAL NOTES 765

ILL. • IND. \ OHIO

"~7 ••'' x \ ' '

MO. V/~-i R-A/ — «i— """"T"""

———) f""' V. TENN.

OBSERVATION TIME: 1830-2030 UT
JAN. 13, 1976

WAVE PERIOD: 25.7 MIN.
HORIZONTAL WAVELENGTH: 234 KM
WAVE TRAVELING TIME: 53 MIN.
TORNADO TOUCHDOWN TIME: 1915 UT
SIGNAL AHEAD OF TOUCHDOWN: 2 HR,
A : LOCATION OF ARRAY
X : LOCATION OF TORNADO TOUCH-

DOWN
c : COMPUTED LOCATION OF WAVE

SOURCE -
o : COMPUTED WAVE SOURCE OF 5°

ACCURACY OF WAVE ARRIVAL
R : RAY PATH OF o
Rl : RAY PATH OF '

ARK. ̂ __— —— x, -, X^ s_ c

1 MISS. ; ALA. \ GA.-\ ! s )
0 100 200 300 400

/ SCALE (KM)

Fig. 3 Georgraphical map of the computed group ray path of the
waves during 1830-2030 UT, January 13, 1976, and the location of
actual tornado touchdown.
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Fig. 5 Geographical map of the computed group ray path of the
waves during 2000-2200 UT, January 13, 1976, and the location of
actual tornado touchdown.

/
/ ILL.
\

/
X

m. V
X _

ARK £__ —

I MISS.
\

\ / _— ~- — ̂-v̂ -̂  • OBSERVATION TIME: 1930-2130 UT
V^~ I '• j JAN. 13, 1976

I \ \ UlAVE PERIOD: 28,3 MIN.
: ). : HORIZONTAL WAVELENGTH: 287 KM

! IND. I OHIO WAVE TRAVELING TIME: 55 MIN.
1 / j TORNADO TOUCHDOWN TIME: 2014 UT

'. -x ; SIGNAL AHEAD OF TOUCHDOWN: 1 HR.
9X8 j"X__^x / i A : LOCATION OF ARRAY

/ // \ W. VA. ! x : LOCATION OF TORNADO TOUCH-
WK KY. x« ..i DOWN

t— -'"A L--R1 /̂ ,X ! ° : COMPUTED LOCATION OF WAVE
J ! J \ SOURCE

R^ \ | ,_-^--~~"7 j n : COMPUTED WAVE SOURCE OF 5°
r—~"\'"~~ -r ' ACCURACY OF WAVE ARRIVAL

) /' '• R : RAY PATH OF o
TENN. I' j ^, — -• RI . RAY PATH OF n

0 100 200 300 400
1 ALA. ^^ GA. Xxv s ScALE (KM)

Fig. 4 Geographical map of the computed group ray path of the
waves during 1930-2130 UT, January 13, 1976, and the location of the
actual torndo touchdown.

computed probable source to the receivers at Huntsville, Ala.,
was 65 min and the actual touchdown was 2100 UT, the signal
was generated roughly 2 h prior to touchdown. Once again,
the actual touchdown is within accuracy limitations of the
system.

Figure 3 shows the results for the 1830-2030 UT, January
13, 1976, time period. Since the wave traveling time from the
computed probable source to the receivers at Huntsvilie, Ala.,
was 53 min and the actual touchdown time was 1915 UT, the
signals were generated roughly 2 h prior to touchdown.

Figure 4 shows the results for the 1930-2130 UT, January
13, 1976, time period. Since the wave traveling time from the
computed probable source to the receivers at Huntsville, Ala.,
was 55 min and the actual touchdown time was 2014 UT, the
signal was excited more than 1 h prior to touchdown.

Figure 5 shows the results for the 2000-2200 UT, January
13, 1976, time period. Since wave traveling time from the
computed probable source to the receivers at Huntsville, Ala.,
was 57 min and the actual touchdown was 2050 UT, the signal
was excited more than 1 h prior to touchdown.

Two events were selected for analysis from the Hurricane
Eloise records—the time periods 0200-0340 UT and 0500-0730
UT, September 23, 1975. Comparison of the computed
probable sources of the observed waves with the actual storm
track indicates that they were excited at the position on the
track where Eloise would be located more than 3 h later.17'20'21

Results in this instance are more debatable however, since the
angle between the track of the hurricane and the direction of

propagation of the waves is so small that a small error in the
propagation direction causes a large error in where the signal
was generated along the track and hence the delay between
the time of excitation and the arrival of the storm at the
location.

Discussion and Conclusions
Observation of atmospheric acoustic-gravity waves at

ionospheric height and group ray-tracing computations to
determine the sources of waves have been accomplished. For
the gravity waves associated with tornadic storms, a com-
parison of the results of the computations with the locations
and times of tornado touchdowns indicates that the wave
sources are located in the vicinity where tornadoes touchdown
more than 1 h later. For the case of gravity waves associated
with hurricanes, the results indicated that the sources of the
waves were located more than 3 h in advance of the location
of the storm.

Results reported by Georges,22 Prasadet al.,10 etc., showed
that ionospheric wavelike disturbances were associated with
thunderstorms with tops in excess of about 12 km within a
radius of several hundred kilometers from the observation
point or only when intense updrafts penetrated the
tropopause. A similar idea was also proposed by Malkus23

and Saunders,24 that the convective regions imbedded in the
stratiform anvil of the thunderstorms are the overshooting
convective cells which penetrate the tropopause. Using
photographs from a U-2 airplane flying over thunderstorms,
Vonnegut et al.25 showed that convective overshooting turrets
rose above the anvil cloud and penetrated the tropopause.25

From a fluid dynamics point of view, Lighthill26"29 in-
dicates that gravity waves can be generated by tongues of
turbulence penetrating above the turbulent convection zone.
This suggests that the overshooting and ensuing collapse of
the convective turrets may be responsible for the generation of
the atmospheric acoustic-gravity waves.23"25 Recently,
Shenk30 has made extensive observations of strong convective
cells using geosynchronous satellite data and U-2
photographs. When the result of Shenk's30 analysis are used
in the model proposed by Lighthill,26'29 waves with the same
periods as those observed by the Doppler array are excited.

This study suggests that the analysis of ionospheric Doppler
sounder observations of atmospheric acoustic-gravity waves
can enhance our basic understanding of the life cycle of severe
storms. The more than 1 h lead time between the excitation of
the waves and the actual touchdown of the tornadoes may be
used in the development of a real-time detection and
prediction technique.



766 AIAA JOURNAL VOL. 16, NO. 7

Acknowledgment
R. J. Hung and T. Phan appreciate the support for the

present research under NASA Marshall Space Flight Center
Contract NAS8-31171 and from the National Science
Foundation/U.S. Army Research Office through Grant
NSF/ATM75-15706.

References
Pepper, M., "A Proposed Mechanism of Squall Lines: the

Pressure Jump," Journal of Meteorology, Vol. 7, Feb. 1950, pp. 21-
29.

2Tepper, M., "Pressure Jump Lines in Midwestern United States,
January-August 1951," Research Paper 37, U.S. Weather Bureau,
Washington, D.C., 1954, p. 70.

3Matsumoto, S. and Akiyama, T., "Some Characteristic Features
of the Heavy Rainfalls Observed over the Western Japan on July 9,
1967, Part I: Mesoscale Structure and Short Period Pulsation,"
Journal of Meteorological Society of Japan, Vol. 47, 1969, pp. 255-
266.

4Matsumoto, S. and Tsuneoka, Y., "Some Characteristic Features
of the Heavy.Rainfalls Observed Over the Western Japan on July 9,
1967, Part II: Displacement and Lift Cycles of Mesoscale Rainfall
Cells," Journal of Meteorological Society of Japan, Vol. 47, 1969,
pp. 267-278.

5Matsumoto, S., Ninomiya, K., and Akiyama, T., "A Synoptic
and Dynamic Study on the Three Dimensional Structure of Mesoscale
Disturbances Observed in the Vicinity of a Cold Vortex Center,"
Journal of Meteorological Society of Japan, Vol. 45, 1967, pp. 64-81.

6Matsumoto, S., Ninomiya, K., and Akiyama, T., "Cumulus
Activities in Relation to the Mesoscale Convergence Field," Journal
of Meteorological Society of Japan, Vol. 45, 1967, pp. 292-304.

7Uccellini, L. W., "A Case Study of Apparent Gravity Waves
Initiation of Severe Convective Storms," Monthly Weather Review,
Vol. 103, June 1975, pp. 497-513.

8Baker, D. N. and Davies, K., "F2-Region Acoustic Waves from
Severe Weather," Journal of Atmospheric and Terrestrial Physics,
Vol. 31, Nov. 1969, pp. 1345-1352.

9Davies, K. and Jones, J. E., "Ionospheric Disturbances Produced
by Severe Thunderstorms," NOAA Professional Paper 6, U.S. Dept.
of Commerce, NOAA, Rockviile, Md., 1972, p. 47.

10Prasad, S. S., Schneck, L. J., and Davies, K., "lonopsheric
Disturbances by Severe Tropospheric Weather Storms," Journal of
Atmospheric and Terrestrial Physics, Vol. 37, Oct. 1975, pp. 1357-
1363.

11 Smith, R. E. and Hung, R. J., "Observation of Severe Weather
Activities by Doppler Sounder Array," Journal of Applied
Meteorology, Vol. 14, Dec. 1975, pp. 1611-1615.

12Georges, T. M. and Greene, G. E., "Infrasound from Convective
Storms: Part IV. Is It Useful for Storm Warning?" Journal of Ap-
plied Meteorology, Vol. 14, Oct. 1975, pp. 1303-1316.

13Georges, T. M., "Infrasound from Convective Storms, Part II:
A Critique of Some Candidates," NOAA Tech. Rept. ERL 380-
WPL49, 1976, p. 59.

14 Jones, R. M. and Georges, T. M., "Infrasound from Convective
Storms, III. Propagation to the Ionosphere," Journal of Acoustical
Society of America, Vol. 59, April 1976, pp. 765-779.

15Hung, R. J. and Smith, R. E., "Study of Stratospheric-
Ionospheric Coupling During Time Periods of Thunderstorms and
Tornadic Storms," Space Research, Vol. 17, 1977, pp. 211-216.

16Hung, R. J., Phan, T., and Smith, R. E., "Observation of
Gravity Waves During the Extreme Tornado Outbreak of April 3,
1974," Journal of Atmospheric and Terrestrial Physics, Vol. 40, 1978
(in press).

17 Hung, R. J. and Smith, R. E., "Ray Tracing of Gravity Waves as
a Possible Warning System for Tornadic Storms and Hurricanes,"
Journal of Applied Meteorology, Vol. 17, Jan. 1978, pp. 3-11.

18Hung, R. J. and Smith, R. E., "Dynamics of Severe Storms
Through the Study of Thermospheric-Tropospheric Coupling,"
Journal of Geomagnetism and Geoelectricity, Vol. 30, 1978 (in press).

19Otnes, R. K., "An Elementary Design Procedure for Digital
Filters," Transaction of IEEE Audio and Electroacoustics, Vol. AU-
16, 1968, pp. 330-335.

20Hung, R. J. and Smith, R. E., "Observation of Upper At-
mospheric Disturbances Caused by Hurricanes and Tropical Storms,"
Space Research, Vol. 17, 1977, pp. 205-210.

21 Hung, R. J., Kuo, J. P., and Smith, R. E., "Gravity Waves from
Hurricane Eloise," Hurricanes and Tropical Meteorology, American
Meteorological Society, Boston, Mass., 1978, pp. 630-635.

22 Georges, T. M., "Infrasound from Convective Storms:
Examining the Evidence," Reviews of Geophysics and Space Physics,
Vol. 11, 1973, pp. 571-594.

23Malkus, J. S., "Recent Developments in Studies of Penetrative
Convection and the Application to Hurricane Cummuloniumbus
Towers," Cumulus Dynamics, Pergamon Press, New York, 1960, pp.
65-84.

24Saunders, P. M., "Penetrative Convection in Stably Stratified
Fluids," Tellus, Vol. 14, 1962, pp. 172-194.

25Vonnegut, B., Moore, C. V., Espinola, R. P., and Blau, Jr., H.
H., "Electric Potential Gradients Above Thunderstorms," Journal of
Atmospheric Science, Vol. 23, Nov. 1966, pp. 764-770.

26Lighthill, M. J., "On Sound Generated Aerodynamically, L
General Theory," Proceedings of Royal Society, Series A, Vol. 211,
1952, pp. 564-587.

27Lighthill, M. J., "On Sound Generated Aerodynamically, II.
Turbulence as a Source of Sound," Proceedings of Royal Society,
Series A, Vol. 222, 1954, pp. 1-32.

28Lighthill, M. J., "Sound Generated Aerodynamically,"
Proceedings of Royal Society, Series A, Vol. 267, 1962, pp. 147-182.

29Lighthill, M. J., "Prediction on the Velocity Field Coming from
Acoustic Noise and a Generalized Turbulence in a Layer Overlaying a
Convectively Unstable Atmospheric Region," International
Astronomical Union Symposium, Vol. 28, 1967, pp. 429-469.

30Shenk, W. E., "Cloud Top Height Variability of Strong Con-
vective Cells," Journal of Applied Meteorology, Vol. 13, Dec. 1974,
pp. 1611-1615.

Gas Breakdown Thresholds in Flame
Induced by Ruby Laser

Gary L. Switzer,* Carl G. Meyers Jr.,t and
Won B. RohJ

Systems Research Laboratories, Inc., Dayton, Ohio
and

Paul W. Schreiber§
Air Force Aero Propulsion Laboratory,

Wright-Patterson AFB, Ohio

Introduction

OPTICAL diagnostic techniques such as spontaneous
Raman scattering, fluorescence, and coherent anti-

Stokes Raman scattering (CARS) are being developed for
applications in combustion media on the strength of their
potential for making nondisturbing, real-time point
measurements.1'2 These techniques require the focusing of
one or more high-power laser beams into a small sample
volume of a medium, in order to generate a desired optical
signal in the measurement process. The intensity of the signal
generated in the preceding diagnostic processes depends upon
the intensity of the incident laser beam(s) in the sample
volume. There is, however, a practical limit beyond which an
increase in incident intensity will not result in a greater signal.
One limiting process is laser-induced gas breakdown. Since
gas breakdown severely disturbs the optical and physical
properties of the medium through which the beams
propagate, its occurrence cannot be tolerated in any optical
measurement processes.

This Note reports the results of breakdown threshold
measurements in flames. The experiments were performed in
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