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1. INTRODUCTION

This report deals with the investigation of gravity waves
in the neutral atmosphere and their propagation in the
ionosphere and the study of infrasonic signals from thunder.
For the ground level monitoring of gravity waves, we have
an array of sensitive pressure sensors located in the viscinity
of Palisades, New York, about 25 kilometers north of N-~w York
city. Travelling ionospheric disturbances (TIDs) which in
most cases are manifestations of gravity waves are monitored
by determining the Doppler shift of high frequency radio
waves reflected from the ionosphere. Doppler shifts of the
order of 0.1 Hz are determined and they provide high-resolution
measurements of the movements in the ionosphere. By using
an array of transmitters with different frequencies and at
different locations, we are able to determine the horizontal
and vertical propagation vectors of disturbances propagating
through the ionosphere.

The mutual repulsion of particles in the charged
region in a thunder-cloud gives rise to a pressure deficit
in that region. When the lightning stroke discharges the
region, a pressure pulse of rarefaction will propagate
from the charged region with a speed that of the speed of
sound. This signal will have a frequency of the order of
1 Hz and is infrasonic. In principle, by monitoring the

infrasound signal, we will be able to infer the properties

of the charged region.




2. GRAVITY WAVES IN THE ATMOSPHERE

|

Gravity waves generated by thunderstorms have been
reported by Balachandran (l980).‘Thc waves were recorded by
an array of sensitive microbarovariographs. The waves were
found to travel with the velocity of wind just below the
tropopause. On their path, the waves apparantly triggered
new thunderstorms. The long-distance propagation of the waves
is explained by the presence of a duct associated with the
critical level, where the wind velocity becomes equal to
the wave velocity. (For details, sece the attached paper in
Appendix 1) .

Statistical properties and the sources of gravity waves
at our location were investligated by Gedrelman (1983). 1In
general, large amplitude waves were found to occur during late
fall and early winter when upper tropospheric wings directly
overhead are fastest and static stability of the lower
troposphere is greatest. Mean wave amplitudes correlate
highly with ‘the procuct of the mean maximum wind
speed and the mean low level stratification directly aloft.
The majority of the waves were generated by shear instability;
however, a number of waves were generated by thunderstorms.
For details, see the attached paper in Appendix 2.

Gravity waves at ionospheric levels were investigated
by means of an ionospheric sounding system in which the
Doppler shift of high-frequency radio waves reflected from

the ionosphere is evaluated. As the reflection level changes




i due to the passage of a wave, the path-length of the radio
wave also changes resulting in a Doppler shift of the reflected
radio waves. Thus the Doppler shift record could represent

the gravity wave action at ionospheric levels. The details

of the instrumentation for this ionospheric system are given

by Davies and Bakexr (1966).

Transmitters with three different nominal frequencies
have been installed at four different locations and all the
receivers in the observatory at Palisades, New York. Fig. 1
shows the locations of the transmitters and receivers and
the ienospheric reflection points. The array is designed to be
ideal for studying the propagation of gravity waves through
the F=region of the ionosphere. Since different frequencies
refloct from different levels in the ionosphere, and utilizing
the horizontal separation of the transmitters, we are able to
dotermine the horizontal and vertica) propagation velocities
of ionospheric perturbations und thus evaluate their complete
propagation vectors. In table 1 is listed the exact frequencies
used along with the the locations of the transmitters and the
phase-path rate of change associated with a Doppler shift of
0.1 He.

A typical record showing TIDs detected by our system
is shown in Fig. 2. Time delays in the arrivals of common
identifiable phases are clearly evident in the figure. Gravity
waves generated by a tropospheric weather system are shown in
Fig. 3. These high-amplitude gravity waves at ionospheric

levels were detected on Januaxry 12, 1982, during the outbreak




of srvere cold weather over the East Coast. The waves had a
period of about 10 min and a speed of about 185 meters/sec
arriving from the north-west. The source of the waves was
identified as an intense cold upper low centered over
south~-eastern Canada. At the time of the wave generation,
the low was dissipating and the pressure at the ground
level as well as temperatures at all levels were changing
rapidly. We postulate geostrophic adjustment (Blumen, 1972)
as the mechanism for the generation of the waves. This may

be the first identified case of wave generation by this

mechanism.




3. INFRASOUND SIGNALS FROM THUNDER
(

Infrasound signals apparcently generated by the coilapse
of the electrostatic field in the thundercloud, along with
audible sound and electric field changes have been recorded for
a numbex of cases and reported by Balachandran (1983). The
observations seem to confirm earlier theoretical predictions;
the infrasound signal is composed of a main rarefaction phase
and are beamed vertically. Infrasound may be used to map the
charged region in a thundercloud. For details, see the enclosed
paper in Appendix 3. In one case in which the lightning channel

was reconstructed with the help of andible thunder signals,

the infrasbund was associated with an intracloud discharge.




4. COMCLUSIONS AND RECOMMENDATIONS.

Gravity waves are géneratcd by severe storms and other
tropospheric disturbances. These waves manifest themselves
in the lower troposphere as well as in the ionosphere. The
source mechanisms for these waves are the oscillations of
the top of the thundercloud after it penetrates‘the tropopause,
geostrophic adjustment, wind shear, etc. The ionospharic
Doppler technique is an ideal method for investigating the
waves at ionospheric levels.

Infrasound generated by the collapse of the charged
region in a thunder cloud may be used for remote sensing of
the charge distribution and dimensions of the charged region
in a thunder cloud. The directionality property of the
infrasound may be utilized to map the charged region. The
infrasound may reach ionospheric levels and with the Doppler
system, may be used as a storm detecting device. .

It is recommended that investigations of gravity waves
from severe storms be continued so that the relationship
of gravity waves to severe storms is fully understood. The
Doppler technique may also be utilized for storm detection
by utilizing the ionospheric effects of VLF radiation from
lightning.

The infrasound is a powerful tool for remote sensing of
the charged region in the thundercloud and simultaneous

measurements of sound and electric field should be made so

that their interrelationship can be fully established.
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Table 1

i

Luvition Fiequeney dP /dt for 0.1 Hz
Newton 2,51 Miz 11,81 m/sue

6,91 MHz 4,34 m/sec

4. 5666 MBz 6.57 m,sac
Bvans 4, H65 Mz 6.57 m/sec
Farmingdale 1,564 MHz 6.57 m/sec
Noewburgh 4,563 MHz 6.57 m/spe

Transmitter frequencies of the Lamont-Doherty
Doppler Sounder array and the rate of change
of phase path necessary to produce a Doppler
shift of 0.1 Hz
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ABSTRACT

Gravity waves generated by severe thundesstorms in the eastern Ohio-Fennsylvania aren were re-
cordad by an atray of microbarovariogeaphs  Palisades, New York and by stundard microbirographs
across northeastern United States, The waves were associnted with the cold mesohigh from the outflow
of the thunderstorms. Along their path the wives apparently tiggered new thunderstorms, The waves
were observed to propagate with the velocity of the wind just below the wopopause. The long-distance
propagation of the waves is explained by the presence of o duct associnted with the critical level (steer-
ing Jeved), in ngreement with the derivations given by Lindzen and Tung (1976; The duct was direc-
tionad and waves were absent to the west of the genernting uren, In the generating area wave-CISK
might have been operating. Sharp vertical temperature gradients assacimed with the pussage of the waves

were observed by tempernture sensors on i tower,

1. Iatroduction

Thunderstorms are known o generate secondary
disturbances in the atmosphere affecting various
levels from the ground up to the ionosphere, Davies
and Jones (1971) have reported ionospheric dis-
turbances produced by severe thunderstorms, These
disturbances are found to be due to acoustic waves
generated by thunderstorms. Rapid mesospheric
heating over Wallops Istand, Virginia during late
summer of 1976 is interpreted by Taylor (1979) as
the result of the dissipation of vertically propagat-
ing gravity waves generated by severe thunder-
storms in the troposphere,

Gravity waves from thunderstorms have been
detected at the ground level by a number of
workers (e.g., Curry and Murty, 1974), The im-
portance of these waves in the troposphere is
that under proper conditions they may intensify
existing thunderstorms or excite new ones. This
aspect of the gravity waves will be investigated
further in this paper.

The exact mechanism of generation of acoustic
and gravity waves by thunderstorms is far from
clear. Pierce and Coroniti (1966) have proposed
buoyancy oscillations of the cloud tops as one pos-
sible mechanism. A similar mechanism is suggested
by Curry and Murty (1974) who have also presented
ground-level  observations  of  thunderstorm-gen-

' Lamont-Doherty Geolagical Observaory of Columbis Uni-
versity Contribution No, 28563,

0027-0644/80/060804-13%07,25
© 1980 American Meteorological Society

crated gravity waves at London, Ontario. Another
possible mechanism is the instability associated
with strong wind shear, Also, forced waves may
exist due (o intense convection and liberation of
latent heat (Lindzen, 1974; Lindzen and Tung, 1976).

The advent of metcorological satellites has pro-
vided a great boost to thunderstorm study. Visible
and infrared cloud pictures provide the opportunity
to study the formation, development and dissipation
of thunderstorms along with the generation of
gravity waves and other secondary phenomena
associated with the thunderstorms, Erickson and
Whitney (1973) have provided spectacular pictures
of wave-cloud formations due to propagating gravity
waves initinted by violerit convection associated
with thunderstorms in the southern Great Plains,
Stobie (1975) has presented satellite pictures in
which wave clouds are seen radiating from over-
shooting thunderheads in concentric patterns re-
sembling the wave pattern produced by a pebble
dropped into a calm pond. With the help of satel-
lite film loops Thomas ef al, (1975 have studied
gravity waves generated by thunderstorms and wind
shear and have eviluated the wave parameters,

During the night of 30 June-1 July 1974 eastern
Ohio and Pennsylvania was the scene of severe
thunderstorm activity, National Weather Service
radar summary maps indicated severe thunder-
storms in the area with tops up to 58 000t (17.7 km),
New York City radar detected rapid formation of
new thunderstorms in the area. In this report we
present the study of gravity waves generated by
these thunderstorms.
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2. Experimental setup and procedure

The Atmospheric Science Group of Lamont-
Doherty Geological Observatory operates a four-
element array of U-tube manometer-type micro-
harovariogrphs at Palisades, New York, about 20
mi (32 km) north of New York City, Details of the
instrument are given by Donn et ul, (1963), The
transducer has a flat response for periods in the
range of 0.5~15 min and the resolution for pres-
sure measurements is - § ub (dyn cm *), The array
geometry is shown in Fig. 1 and each leg is ~4 km,
The signals from the pressure transducers are
brought to the central location in the observatory
by means of leased telephone lines and are re-
corded on both paper chart and analogue magnetic
tape, The paper chart recording (at a speed of 3 mm
min Y is utilized for initial visual monitoring and
determining phase differences for those cases for
which the paper charts provide enough accuracy,
When greater accuracy is needed, the signal re-
corded on the magnetic tape is utilized. For deter-
mining the frequency content of the signal we use
the Honeywell SAI-42 analyzer and for determining
the time delay between any pair of signals, we
use the Honeyweil SAI-40 correlator. The delay
time corresponding to the maximum correlation is
taken as the travel time of the signal between the
two transducers. After the time delays are deter-
mined wave direction and speed are determined
by triangulation, For our four-element array in Fig,
1, wave velocities are computed for the two tri-
angles: Tallman-Tappan-Mellor and Tappan-Mellor-
Lamont, respectively, Only those cases in which
there is good agreement between the velocities
computed across the two separate triangular arrays
are considered for further analysis; we have an
accuracy of about *10° for wave direction and
+3 m s™! for wave speed,

3. Observations

The chart of gravity waves recorded on the
Lamont microbarovariograph array during the night
of 30 June-1 July 1974 is shown in Fig. 2. The
wavetrains follow a sharp increase in pressure at
about 2045 EST 30 June. The records indicate an
absence of wave activity prior to this time. The
waves last for about 9 h and the records become
quiet again, The highly coherent nature of the
waves becomes obvious from examination of the
records in Fig, 2, The standard Weather Service
microbarograph at our location recorded a sharp
pressure pulse and is shown in Fig. 3a; this pres-
sure pulse started with a pressure jump of ~2 mb
in 15 min: such pressure jumps have been de-
scribed in detail by Tepper (1950). After the
pressure jump, the pressure remained at the en-

NAMBATH K. BALACHANDRAN 805
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Fia, [. Multipartite network of Lamont microbarovariographs,

hanced level for about 3 h and then dropped to

slightly below the background level, A much smaller

pressure pulse with amplitude of about | mb and
duration of about an hour followed the larger pulse,
Obviously, the standard microbarograph does not
respond properly to detect the high-frequency
waves shown in Fig, 2: yet the microbarograph
at Lyndon, New Jersey did pick up some waves
at the trail end of the main pulse (Fig. 3b).

The larger pressure pulse is found to correspond
to the well-known mesohigh resulting from the cold
air outflow from the dissipating thunderstorm, The
sharp pressure jump at the beginning of the pulse
corresponded with the boundary of the cold air at
the station. As the pressure jump hit New York
City, the surface observation showed a drop of 6°F
in temperature and a rise in pressure of 0.06
inches of mercury (~2 mb) in a few minutes and
the area experienced a thunderstorm and rain
soon after.

Gravity waves shown in Fig. 2 were recorded
after the passage of the boundary of cold air.
Strikingly regular and almost monochromatic waves
were recorded at about 0200 EST 1 July 1974. The
waves followed a second sharp increase in pressure
at about 0100 EST. The spectrum of the complete
gravity wave event is shown in Fig. 4. The most
prominent peaks in the spectrum correspond to
wave periods of 1280, 492 and 290 s, respectively.
The thunderstorm-generated gravity waves thus
consist of a range of frequencies or wavelengths
corresponding to the different scales of motion
associated with the storm itself. Thomas er al.
(1975) have reported a period of 3 h for the gravity
waves radiating from a thunderstorm; the satellite
pictures used by them probably cannot resolve
higher frequency waves. If we combine the Jarge-
amplitude low-frequency wave (pressure pulse) re-
corded on the standard microbarograph with the
higher frequency, lower amplitude oscillations de-

T
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Fig, 2. Gravity waves from thunderstorms recorded by the Lamont network during the night of 30 June-1 July 1974,
Maximum amplitude is ~300 ub,

tected by our microbarovariographs, we get the
combined picture of the large-amplitude pressure
jump trailed by lower amplitude high-frequency
waves, The satellite pictures shown by Erickson
and Whitney (1973) alsc present a similar pattern.
It may be pointed out that the pressure pulse
in Fig, 3b shows remarkable similarity to the pres-
sure signature constructed from altimeter settings
corresponding to the mesohigh from an intense
thunderstorm as presented by Purdom (1973).
Microbarograph records from stations scattered
across the eastern United States were collected
in order to determine the general pattern of propa-
gation of the pressure pulse. A profile of the pres-
sure pulse at various stations is shown in Fig. §.
It is found that the pressure pulse traveled from
a generally westerly direction with a speed of
~25 m s™'. The remarkable stability in the shape
and amplitude of the waveform over a distance
of ~1000 km is worthy of notice. The spikes in

the pressure pulse at Scranton and Harrisburg
(east of Phillipsburg) may be indicative of the
proximity of the source; as the pressure pulse travels
further eastward inese spikes are smoothed out.
The intense thunderstorm activity over Ohio and
Pennsylvania began at about 1330 EST 30 June
and lasted for about 5 h. As an example, the radar
summary map for 1735 EST (2235 GMT) in Fig. 6
shows a line of severe thunderstorms stretched
across Ohio and Pennsylvania with individual
thunderstorms with tops up to 58 000 ft (17.7 km).
It was noticed that thunderstorms with tops above
50 000 ft (15.2 km) were present continuously
for a period of at least 5 h. The strong gravity
wave activity at our Lamont microbarovariograph
array lasted for about 9 h. In our classification
of gravity waves we include the long-period pres-
sure pulse (mesohigh) as well as the higher fre-
quency oscillations which follow it. We interpret
these gravity waves as having been generated by
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lower Hudson Bay southward to north Texas. A
second cold front was located i the Atlanti

Ocean stretchimg from Nova Scotia down to the
Fionda Panhandle (Fig. 7). The northeast United
States under the mfluence of 4 weak south
westerly flow at the lower The SO0 mb
8) indicated a cold upper ar low over
Ray a connected upper an
the Ulnited States The
flow at this level was predomuimantly from the west
the New York area. The surtace map tor the
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S, Wave velocity

The honzontal trace veloaity and duection of
arrival of the waves were calculated with the
of data from the multpartite array shown in g |

lhe

feature of the wave between pairs of transducers

RN

time delavs i the armival of a particula

are utihzed to cempute the wave velocity. The
waves are observed to be arnving from roughly a
westerly direction with a speed of - 25 m s I'his

speed and direction are consistent with the armival
tmes of the pressure pulse at the vanous standard
microbarograph stations shown i g, S

Small changes i direction and speed within the

wavetram are observed. Table 1 gives the velocities

of waves alt varnous armival tmes at the | amont
aray. The wave directions vary over the range ot
’$1 - 288 mea ed clockwise from nortd | he
range of armiva e vied 1 g, 6, 010 1s seen
Jirections 1IC I he arca of signmiiicant
war echoes An exammation of the our-hy
hour radar sunmu Vomaps wed tha MoV
ent of tropopausc-pen cloud echoes was
ourehl v agreement with o hange given
Fable 1. We may thus lude that the change
n the direction of arnval of the waves s due o

the movement or multiphicity of the source itsell
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Froo 4 Amphitude spectium of gravity waves

evorded art L amont

he anemometer records along the path of the
waves show sudden shifts m wind speed and direg
tnon. The gust front or the wind speed changes
associated with the gravity waves recorded at the
IFK Awrport in New York s shown in Fig. 9. St
lar anemometer signatures were recorded at the 1a
Guardu Awrport in New York and the Newark An
port. 1t s observed that the maximum wind speed
is recorded o few minutes after the passage of the
sharpest pressure change associated with the gravity
wive. The wind speed changed from an ambient
10 mph (4.5m s ) o a maximum of

W mph (13m s ) I the 20 mph wind speed
change is taken as the orbital speed due to the wave,
then the maximum value of the pressure
merease of 008 inches of mercuey (2.7 mb) as the
perturbeiion calculated the phase
velocity tor gravity wave using the impedance rela

\’,‘t"\'\' ol

using
pressure, we

non given oy Gossard and Hooke (1975), which s
( P, the
waves, 2 the perturbation pressure, ¢ the perturba
ton density. The phase
veloaity caleulated using this formula with the val
ues of perturbation pressure and velocity

above vields a value ot 28 ms

where ¢ 18 the ]‘h.l\\' veloaity ot

velocity and p the an
given

Ihis \.\I\lll.ll\'ti
the gravity

phase velocity meas

value tor the phase veloaity ton Waves

s i ogood agreement with the

ured across our microbarovanograph arrayv. It may
be pomnted out that the above anemometer data
Jdid not provide wind directions

Fhe anemometer record tor the mght ot 30
Tune - 1 July at the 400 11 (122 m) level of the Shore
ham Tower is presented v g The wind was
extremely steady with o speed of 20 mph (9 m s ')
from a direction of 2100 betore the arnval of the
waves. At the ttime of wave madence (begimmng

at about 2150 ESI the wind S ed morcased w

46 mph with the duection changing to 280 The
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Fia. 6. Radar summary me= for 22352 GMT showing the locations of thunderstoring
which generimted the gravity waves,

maximum speed change associated with the waves
is roughly the same as the speed change recorded
at Kennedy Airport. The computed direction of the
orbital wind is 290° which falls within the range
of direction of the gravity waves determined from
the Lamont microbarovariograph array. Thus, we
can sonclude that the waves generated by the
thunderstorm obey the impedance relationship for
propagating gravity waves,

Both the wind speed and direction traces in Fig,
10 show wavelike undulations. The predominant
period is ~10 min,

6. Triggering of new convection by gravity waves

The passage of the graviy wave was accom-
panied by thunderstorms. We interpret the wide-
spread convective activity as having been triggered
by the gravity wave,

It may be argued that the widespread weather
phenomena ascribed to gravity waves from thunder-
storms also may be generated by a squallline,
cold tront or upper air trongh. The radar summary
wap i Fige 6 shows o e of damderstorms]
carlier omd later aieps sbow the e o e
IO ere O feas st il some Secntion e

least a total period of ~6 h), The radar data show
that to the east of this region new thunderstorms
developed in an isolated fashion and there is no
indication of a traveling squail line, The cold
front passed much later after the passage of the
pressure pulse and its associated weather, The
pressure pulse has the typical shape of the thunder-
storm mesohigh associated with the cold outflow
(Purdom, 1973). Purdom (1979) has also shown
vividly, with the help of satellite pictures, the
initiation of new convective activity even at large
distances, by the outflow from dissipating thunder-
storms. The direction of travel and the arrival
times of the pressure pulse also indicate the severe
thunderstorms in the Ohio-Pennsylvania region as
the source of the gravity wave which initiated
new convective activity generally to the east of
this region.

The upper air sounding for {815 EST 30 June for
New York City (Fig. 11) showed a conditionally
unstable layer below the tropopaunse. Conditions
were thus favorable for instability to develop if this
layer iy lifted sufficiently by e passing wave.
Thus. the mavity wire durmg its omravel was
assovciated witin significsnt convoctive aclivity, in
New Yok ity oaith see ooty © e <harp prose

e o b g e i SN
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Fia. 7, Surface weather map for 0700, EST, 30 June 1974,

sure rise at about 2030 EST 30 June, temperature
dropped by 6°F in less than an hour and thunder-
storms developed. Within an hour New York City
radar reported very heavy thunderstorms with echo
tops up to 30 000 ft. The rain ended at 0145 EST
1 July with a total precipitation of 0,26 inches.
After a short interval, rain occurred again during
(0415-0445 and 0502-0515 EST. This precipitation
seems to be associated with another pressure pulse
of ~1 mb which arrived after the main pulse.
The second pressure pulse can be seen clearly on
both the Lamont and Newark microbarograph
records (Fig. 3). This may be an indication of
the oscillating nature of the rainfall corresponding
to the gravity waves; although the insensitivity of
the standard raingauge to such oscillations pre-
vents a more detailed correlation,

The thunderstorm with maximum echo tops, ap-
parently excited by the gravity wave, occurred in
the vicinity of Harrisburg, Pennsylvania, as de-
tected by the New York City radar at 2230 EST
30 June (Fig, 12;, The sharpest pressure jump
arrived at Harrisburg at about 2200. Temperature

dropped by 6°F and the microbarograph record
showed a pressure rise of ~3 mb in less than 10
min, Thunderstorms developed in the area with New
York City radar showing maximum echo top at
37 000 ft., at 2230, roughly 30 min after the ar-
rival of the sharpest pressure rise associated with
the gravity waves.

Thunderstorm activity was reported from stations
across the Northeast United States and was ap-
parently associated with the gravity wave, At White
Plains station the observer has marked thunder-
storm activity right on the pressure pulse (on the
microbarograph record) itself. Raingage records at a
number of stations all indicated varying amounts
of precipitation asscciated with the passage of the
gravity waves. It seems obvious that the gravity
waves triggered thunderstorms during its travel
across the Northeast United States. An atmospheric
layer with the proper distribution of temperature
and humidity can become unstable by the lift pro-
vided by that part of the wave with increasing
pressure and such instability can lead to the de-
velopment of thunderstorms. The upper air sound-
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ings discussed in the azext section indicate that
such conditions did exiss before the arrival of the
wave (see Figs, 11 and 13),

Significant changes in temperature and wind
associated with the passage of the waves were
recorded on two towers on Long Island, one
located at Shoreham on the south shore of Long
Island (on Long Island Sound) and the other
almost due east of Shorcham at Jamesport, a dis-
tance of ~27 km. Each tower is instrumented
at three different levels,

Temperature data from the three Jevels on the
Shoreham tower are presented in Fig. 14, Tempera-
ture data are given for the 33 ft level and for the
differences (AT of temperature between this level
and those at 150 and 400 ft. Sudden changes in
AT at both 400 ft (A7) and 150 ft (AT,) at the time
of incidence of the gravity wave are guite promi-
nent in the figure. It may be observed that be-
fore the incidence of the wave the traces indicate
constant temperature differences. At 2150 EST,
when the main pressure pulse hit the tower, the
temperature at 400 ft was lower by I'l, whereas
the temperature at 150 ft was higher by 0.4°F,
compated to the temperature at 33 ft. These oppos-
ing temperature gradients are probably an indica-
tion of vertically propagating gravity waves, Com-
putation of the temperatuve gradients revealed that
when the highest amplitude pressure wave hit the

NAMBATH K. BALACHANDRAN

81l

TantE 1. Azimuth and phase speed of n group of gravity waves
ench roughly centered nt the indicnted nrrival time during the
night of 30 June=1 July 1974,

R T e e

Arrival time Azimuth Speed
(EST) (deg (ms
2200 251 24
0200 290 28
0400 260 26
0600 27 25

Shoreham Tower a temperature inversion developed
between the Jevels of 33 and 150 ft with a gradient
of +6,2°C km ! and a superadiabatic lapse raw
existed between 150 and 400 ft with a temperature
gradient of ~10,2°C km !, The background, gradient,
before the wave incidence, was a stable ~4°C
km ! for both layers. The Jamesport tower Jata
also gave similar results; at the time of the wave
arrival the tempeyature gradient in the layer between
33 and 200 ft was +8,7°C km~! and the tempera-
ture gradient in the layer between 200 and 400 ft
was -~ 18,2°C km *, Thus the temperature data from
the towers seem to show that gravity waves do
generate convectively unstable layers as well as
stable inversion layers in the atmosphere as they
propagate. In our case we have measurements for
anly shallow layers; but there is no reason to be-
lieve that such conditions do not exist in deeper
layers, Fig. 14 also shows strong changes in the
temperature gradients later and we may conclude
that these are indications of superadiabatic and
stable temperature gradients associated with the
passage of gravity waves which, according to our
microbarovariograph data, lasted for a number of
hours,

7. Discussion

The propagating pressure pulse from the thunder-
storp: appears to be confined generally to the east
of the generating area. As can be seen from Fig, 5,
no pressure pulse was recorded at Pittsburgh and
stations to the west of Pittsburgh, It appears that the

WIND SPEED
MILES PER HOUR

Fia, 9. Anemomeier record showing the wind speed shift at the
passage of the gravity waves ot J,F.K, Airport.
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gravity waves from the thunderstorm were ¢onfined
to a sector roughly from northeast to southeast
and propagated to large distances to the cast.
Such phenomena are also evident in the satellite
pictures presented by Stobie (1975) and Erickson
and Whitney (1973): the waves do not usually
spread out in all directions from the thunder-
storm; they are confined to a certain sector,
indicating a preferred direction of propagation,
In our ¢ase this preferred direction seems to be the
direction of wind just below the tropopause. This i
evident from the upper air data presented below,
The upper air wind and temperature data for
0000 GMT 1 July 1974 is presented for both Hew
York City (Fig. 1D and Pittsburgh (Fig. [3), The
temperature and wind structure are remarkably
similar for these two stations at a distance of ~ 560
km, Both soundings indicate that air below the
tropopause level, in general, is conditionally un-
stable at both locations. The most imporiant find-
ing is that the gravity wave propagation velocity
agrees with the wind velocity just below the tropo-
pause. Thus the gravity wave has a critical level
(where the horizontal component of the phase
velocity of the wave is equal to the wind velocity}
just below the tropopause level. The tropopause re-
gion, in general, is a favored region for the

generation of gravity waves because of the strong
wind shear below the tropopause: but in our case
the wind shear is not very significant,

We mentioned two mechanisms for the generation
of gravity waves from thunderstorms, buoyancy
oscillation at the tropopause level and shear in-
stability of the thunderstorm outflow. There is
difficulty in substantiating buoyancy oscillations as
the source mechanism; the critical level below the
tropopause will prevent the waves from reaching
the ground level, The nondispersive nature of the
waves (all the different frequency components of
the waves are found to be traveling with the
same phase velocity) also favors a wind-shear
mechanism as the source. Further. since the
waves travel distances of the order of 1000 km with-
out much dissipation, some sort of ducting mecha-
nism muost be present, The critical layer men-
tioned earlier may provide such a mechanism,
A shear mechanism is thus a more appropriate
source but, as we have seen, the background wind
does not have sufficient shear to generate the
waves, The only possibility, then, is for strong
shears to be present in the thunderstorm outflow.
Unfortunately, the available upper air soundings
are either too early or too late to show the shear
associated with the thunderstorm outflow. We can
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F16., 13, Upper air data for Pittsburgh for 0000 EST 1 July 1974,

only say that such shear is the most likely mecha-
nism that generated the waves.

Still another mechanism for the generation of
gravity waves is wave-CISK, as proposed by Lind-
zen (1974) and Raymond (1975), Wave forcing
takes place as a result of intense convection and
the release of latent heat, Raymond (1975) sug-
gested that the storm itself takas the form of a
convectively forced internal gravity wave and
moves with the appropriate speed of the gravity
wave, The soundings for Pittsburgh show con-
vectively unstable Jayers between 850 and 520 mb,
With deep convection and intense precipitation,
conditions are ideal for wave-CISK there. Condi-
tions at New York do not seem to be appropriate
for wave-CISK., The movement of the gravity waves
over large distances, as indicated in Fig, 5, with-
out any significant change in wave amplitude or

wave shape, also suggests the presence of a strong
duct for the waves, Lindzen and Tung (1976) have
discussed the conditions necessary for the ducting
of mesoscale gravity waves, The necessary condi-
tions for the ducting require a sufficiently thick
stable Jayer near the ground topped by a layer in
which the Richardson’s number is less than 0.25
with a critical level (steering level) for the waves
also present in this upper layer. As the New
York soundings show (Fig. 11) these conditions
are satisfied; stable layer exists up to ~45¢ mb and
above this layer a conditionally unstable layer ex-
tends all the way up to the tropopause level with
a critical layer also present, The sounding shown in
Fig. 1t does show fluctuations i the dew-point
temperature with height but does not indicate satura-
tion; however, this sounding is 4 few hours be-
fore the arrival of the wave and at the time when
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the waves arrived the layer probably reached
saturation,

Thus, although the conditions were ideal for wave-
CISK in the western Ohio-Pennsylvania area dur-
ing the night of 30 June-1 July 1974, gravity
waves and thunderstorms observed to the east of
the region were due to the presence of a strong
directional duct, That explains why the waves were
not observed to the west of this region.

The pressure pulse shown in Fig. 3 may be
thought of as an atmospheric solitary wave (Ab-
dullah, 1955), since the pulse travelled long dis-
tances without any apparent change of shape or
amplitude, Christie et al. (1978) have discussed
solitary waves on a low-level inversion. In the case
of i solitary wave, the amplitude is maintained
because of the balancing effects of frequency and
amplitude dispersion. In our case we have ob-
served that frequency dispersion is absent. On the
other hand, it was pointed out by Abdullah (1955)
that a wave of elevation which propagates with-
out change of shape may be thought of as a long
wave with vertical accelerations, This idea is in
conformity with our observations since vertical
accelerations are necessary for initiating convec-
tion observed along the path of the wave.

A number of guestions have been raised with
respect to the initiation of convective activity by
gravity waves. After the publication of the idea that
convective storms may be triggered by pressure
jump lines (Tepper, 1950), it was argued that
such effects will be indistinguishable from the
pressure changes associated with the convective
process itself (e.g., see Lilly, 1978). Since then,
Uccellini (1977) has presented evidence of gravity
waves initiating conviction and also intensifying
existing convective activity. It was then argued
that if gravity waves initiated convection, then the
convective process will dissipate the gravity waves
(see, e.g., Einaudi et al., 1979); but Einaudi and
Lalas (1975) have shown that rather than dissipating

the gravity wave, the latent heat liberated in
the convective process will actually intensify the
waves. In the present paper we have presented
evidence to show that not only do gravity waves
initiate convection, but the waves also go through
virtually unaltered in shape or amplitude to gener-
ate new convective activity in regions with favorable
humidity and temperature distributions. In our case
the original gravity wave was generated by severe
convective activity,

8. Conclusions

Severe thunderstorms generated gravity waves
with wavelengths from a few kilometers to hundreds
of kilometers. Shear instability of the outflow from
the thunderstorm may be the generating mechanism,
The waves were ducted below the tropopause
icvel; this duct was effective because of the
presence of a critical level and hence the duct was
highly directional, The gravity waves appeared to
trigger new thunderstorms on their route because the
ambient conditions were appropriate for such trig-
gering by the lift provided by the waves, After
such triggering the waves propagated further with-
out any apparent change in shape or amplitude
indicating that the convective activity initiated
by the waves did not lead to their own dissipation.
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Short-Period Atmospheric Gravity Waves: A Study of Their
Statistical Properties and Source Mechanisms’
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and Lamont-Doherty Geological Observatory, Columbia University, Palisades, NY 10964

(Manuscript received 2 August 1982, in final form 16 November 1982)

ABSTRACT

Gravity waves for the one year period beginning 19 October 1976 around Palisades, New York, are
investigated 10 determine their statistical properties and sources, The waves have typical periods of 10 nin,
pressure amplitudes of 3 Pa and velocities of 30 m s™, In general, the largest, amplitude waves occur during
late fall and early winter when the upper tropospheric winds directly overhead are fasiest and the static
stability of the lower troposphere is greatest. Mean wave amplitudes correlaie highly with the product of the
mean maximum wind speed and the mean low level stratification directly aloft. A distinet diurnal vanation
of wave amplitudes with the largest waves occurring in the pre-dawn hours is also obscrved as a result of

the increased static stability then,

The majority of waves are generated by shear instability; however, 2 number of waves are gencrated by
distant sources such as nuclear detonations or large thundersiorms, The waves with distant sources can be
distinguished on the basis of their generally much higher coherency across the grid and velocities that depart
markedly from the wind velocity at any point in the sounding.

1. Introduction

The purpose of this paper is to present further find-
ings concerning the nature and behavior of short-pe-
riod atmospheric gravity waves at Palisades, New
York. The waves are measured by sensitive micro-
barographs and have typical periods of 10 min, pres-
sure amplitudes of 3 Pa and phase velocities of 30 m
s~!, In previous papers (Gedzelman and Rilling, 1978
hereafter referred to as GR; and Gedzelman and
Donn, 1979) attention was focused upon the dynam-
jcal aspects and synoptic associations of the waves.

The emphasis of this study is twofold—first to pro-
vide a more detailed wave climatology and second,
to establish criteria for determining source mecha-
nisms for the waves, In particular, since it has already
been established by many researchers (see GR and
references contained therein) that most short-period
atmospheric gravity waves are shear generated, we
shall seek those propenties that distinguish the waves
produced by other source mechanisms such as distant
thunderstorms. The data base for this study is the one
year period beginning 19 October 1976.

2. Data sources

The data sources are described at length in GR and
Donn et al. (1963a,b). Briefly, they consist of an array

! Lamont-Doherty Geological + '~servatory of Columbia Uni-
versity Contnibution No, $888. 2¢¢5

_© 1983 A;:n'can Meteorological Society

Ostoq Tirn A

of four sensitive microbarographs separated by dis-
.ances between 2 and 5 km and situated in and
around Palisades, New York. The instriments con-
tain slow leaks so that the response begins to fall off
for osciliations with periods greater than 20 min. For
shorter periode the instrument response is nearly flat
so that we obtain a reliable picture of the turbulence
peak a4t ~30 s and the “knee” in the gravity wave
spectrum at ~ 10 min (see Herron er al., 1969). The
meteorological data come principally from soundings
taken at Fort Totten, Queens, which is situated 2§
km SSE of Palisades.

The wave climatology is based principally on data
from Tappan station because it had the least dGown-
time of all the stations. Unfortunately, beginning
about May 1977 the response of Tappan station be-
gan to diminish with respect 10 the other stations,
The data have been corrected for this fall-off insofar
as possible, but the values presented may still be
somewhat small for the last three months. '

3. Basic observations

- Visual inspection of a sample wave record reveals
- two distinct phenomena. First, there are very short-

period oscillations (<1 min) that are totally incoher-
ent across the grid and reflect turbulent pressure per-
turbations associated with wind gusts. We obtained
a correlation of 0.85 between the wind speed at Cen-
tral Park, New York and the turbulence amplitudes
at Palisades for the two month period November-
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December 1969, Second, there are oseillations with
periods generally greater than 8 min, These can usus
ally be tiaved across the grid although their coherency
is hiphly variable. These reflect pressure pertuhations
Jue 1o atmospherie gravity waves with an admistne
of other small seale phenomena such as fiontal pas-
sapes and downhursts from thunderstorms,

The pressure spectrums obtained by Heron of 2l
(1969) in their study of one year of gravity waves
show that there is indeed a distinet minimum of ac-
tivity at periods botween about 1 and 3 min, Fhis
cnables us to consider higher and lower frequeney
oscillations separately. Hereafter, we 1efer to the os-
cillatons with periods less than 1 min as turbulence
and 10 the oscillations with periods greater than 3
min as waves or gravity witves, The various clima-
tological findings of this paper should also e com-
pared to the appropriate ones in Herron et al, (1969)
for that is the only other investipation covering a com-
parable perviod and presenting comparable statistics,

Perhaps the dominant feature exhibited by the
gravity wave records is that the wave amplitudes are
markedly Jarger than average when extratropical cy-
clones are approaching. This synoptic association wias
shown by GR to result fiom the concurrence of first,
strong winds and low static stability in the mid or
upper tioposphere directly overhead (resulting in
shear instability), and second, Lige static stability in

the lower troposphere (resulting in amplification of

the ground-based signals). Although there is appre-
clable variance, the wave speeds and especially di-
rections mateh best with the wind velocity at the Jevel
of minimum Richardson number. Not often are
waves encountered with phase velocities that lie out-
side the mange of wind velocities samewhere in the
sounding, The shear generted waves tend to decor-
jelate quite rapidly in most cases (Jerron e al., 1969,
Herron and Tolstoy, 1969) and do not travel far from
the region of origin (Donn er al., 1973; Hooke and
Hardy, 1975; Gedzelman and Donn, 1979). Finally,
the shear generated waves are apparently non-dis-
persive; well defined dispersion relations have been
uncovered only for waves emanating from nuclear
detonations (Donn er al, 1963a.b; Balachandran,
1968) or other similar causes such as volcanic erup-
tions.

4, Climatological aspects

The features outhined above provide insight into
the climatological behavior of the waves. One could
then infer annual and even diurnal eyeles forthe wave
amplitude with the peak activity occurring during the
late fall and early winter months when the winds aloft
are strongest and when the static stability of the lower
troposphere i greatest on average. Waves should also
be largest around dawn and smallest during mid-af-
ternoon because of the divrnal variation of stratifi-
cation,
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The annual eyele of wave amplitudes is sl‘owu in
Fig. 1. The peak activity does indeed come from
QOctober through March while theye is a distinet Jull
from May through August, In Hervon ef al. (1969),
wave activity remained quite high through May be-
ause, dwing both April and May 1967, winter cir-
culation patterns prevailed thioughout the northeast
with sttong upper tropospheric winds and low surface
temperanses,

The previously observed association between the
wave amplitudes and the stratification and wind ve-
locity directly alofi seceives oveywhelming confir-
mation from the correlation coeflicient 0,914 between
the monthly mean wave amplitudes and the product
of the monthly means of maximum wind speed alof
and static stability (expressed in terms of the potential
temperature difference Af) between 700 mb and the
surfiice (see "Table 1), This correlation is significantly
higher than cither of the partial conelations hetween
wive amplitudes and wind speed aloft (0.69) or strat-
ification (0.73) alone. The correlation of monthly
means is also much higher than of instantancous val-
ucs (see GR) primarily because at any given instant
it is possible for the waves aloft 10 be at any stage of
development,

The divinal eyele of wave amplitudes is depicted
in Figs, 2 and 3, The mtios of the 3 h averages of
wave amplitndes during midafiernoon 10 those just
before dawn are shown for each manth in Fig, 2.
These relite quite elosely to the ratios of stratification
below 700 mb for these same thines. Qver the entire
perjod the average mtieo of the wave amplitudes at
these two times was (0,746, while the equivalent rtio
of the statie stabilities was 0,702, Thus it is clear that
the wave amplitudes are on average ahmost propor-
tional to the low level steatification,

The diurnal evele of wave amplitudes is shown for
two different months (February and June 1977) in
Fig. 3. The midafternoon minimum shows up clearly
for both months as does the predawn maximum,
However, in June there is 8 secondary maximum
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FiG, 1, Monthly mean gravity Wave amplitudes, Frror bars rep-
resefit standard deviation of monthly mean hased on hourly wave
amplitudes within the given month, The X's represent a term pro-
portional 10 the product of the mean maximum wind speed and
the mean surface w700 mb stranficanon,
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TABLE |, Monthly mean values of wave amplitude, maximum
wind speed and siratification between 700 mb and the surface,

Stratification Veras Amplitude

Month (46°C) (ms™) P)
November 1976 . 149 58.5 4.30
December 18.1 56.0 5,06
January 1977 17.5 47.5 4,38
February 16.9 518 4,13
March 18.7 52,7 3.45
April 14,5 40.7 3,03
May 13.6 28.8 2,29
June 12,5 424 2.43
July 14,5 374 2,49
August 139 339 2.80
September 15.2 39.6 2,88
October 16.6 55.8 .57

around sunset. This results mainly from the contri-
bution to the pressure variance of nearby thunder-
storms.

The turbulent oscillations also exhibit annual and
diurnal cycles, The annual cycle is shown in Fig. 4.
Our instruments are placed in forested Jocations so
that turbulence amplitudes reflect gustiness levels
within the canopy. Thus, as might be expected, tur-
bulent amplitudes increase dramatically afier late
October when the winds increase and the leaves have
fallen, They peak during the winter and begin to de-
crease rapidly during early spring when the winds
decrease and new plant growth begins.

The diurnal cycle of turbulent amplitudes is also
quite dramatic as can be seen in Fig. 5. In cach month
there is a distinct maximum in midafternoon while
there is a minimum around dawn. Afiernoon am-
plitudes are more than double the morning values for
all months except January through March. Often on
clear days the turbulence can be seen to begin an hour
or two after dawn, increase until midafternoon and
thereafier decrease until it disappears around sunset.

Cross covariances weie calculated and used to
compute phase velocities_and coherencies of the

waves, Most of the timz tke wave amplitudes or co-_

herencies were too small to provide meamngful val-
ues. We thus were forced to fecus attention on wave

“events” such as the times that Jow pressure areas_
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Fi1G. 2. The ratio of monthly mean wave amphtudes for the 3
h period of early afiernoon to the 3 h period just prior to dawn.
The X's represent the equivalent ratios of stratification from the
surface to 700 mb.
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F1G. 3. The hourly mean wave amplitudes during
(a) February 1977, and (b) June 1977.

approach or when thunderstorms are active, We
found, as with Herron et al. (1969) and Herron and
Tolstoy (1969), that the large majority of waves de-
correlate within a wavelength. Indeed, coherencies of
0.90 for record sections of 90 min are extremely un-
usual. For most wave events coherencies vary be-
tween 0.4 and 0.7 and, as with ocean waves, tend to
be higher in the downstream direction than the cross

" stream direction. Average coherencies for waves from

a typical extratropxcal cyclone (17-19 March 1977)
are shown in Fig. 6. It should be mentioned that for
some storms there are packets of highly coherent

. waves, but these tend to be exceptional. Even so, such

waves have velocities that generally match closely
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FIG. 4. Monthly mean turbulence amplitudes.
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FiG, 5. The hourly mean turbulence amplitudes
during (a) February 1977, and (b) June 1977.

with the winds at the level of minimum Richardson
number so that shear generation is quite likely.

5. Waves generated by distant source mechanisms

Wave events can be unambiguously ascribed to
distant source mechanisms if they satisfy the follow-
ing criteria. The waves must:

1. Come in a distinct and highly coherent packet,

2. Have a velocity that differs (and usually ex-
ceeds) the wind velocity at any height directly aloft,

3. Be associated with some (preferably impulsive)
meteorological event that occurred at a time and
place appropriate to the wave arrival.

The first criterion is a result of the impulsive nature
ofthe source (usually an explosion or a thunderstorm)
and the fact that since the source is remote the co-
herency is apt to be high as with ocean swell. The
second criterion is not necessary to waves generated
by an impulsive source but is put here to enable one
to easily distinguish such waves from those generated
by shear instability. When the waves travel with a
velocity that matches the wind velocity, detailed me-

Ostoy 744 ¥4 -G

el Ee

POOR QUALITY

teorological analysis is necessary to demonstrate an
impulsive source (e.g., Balachandran, 1980),

The first two criteria are helpful in identifying likely
cases of waves generated by distant sources, Once this
is done it is necessary to Jocate the source event itself,
We used the following procedure for identifying such
cases, All wave packets satisfying criterion 1 were
identified during the three month period June-Au-
gust 1977, This period was chosen because of the high
incidence of thunderstorms and the low leve) of grav-
ity wave activity, The wave velocities (and where pos-
sible the coherencies) of the waves were then com-
puted. Finally, the search for an upstream meteoro-
logical event was undertaken,

During the three month period only three unam-
biguous cases satisfving all the criteria were uncov-
ered (sce Table 2). This is consistent with the finding
of Curry and Murty (1974) that such cvents occur
infrequently. All three cases were generated by thun-
derstorms that penetrated well into the stratosphere
(according to radar echoes), and the arrival of wave
packets matched closely with an impulse emanating
from the thunderstorm at the time it approached
maximum height. A fourth wave event, not from this
period, is included because it came from a nuclear
explosion and therefore from a known jmpulsive and
distant source.

On 17 November 1976, waves were recorded from
a nuclear explosion around Lop Nor, China (see Fig.
7). Although the wave period was only 75 s, the waves
had an average coherency of 0.957. The estimates for

..~ wave speed and direction are 270 m s~! and 005°,

respectively, The estimate for speed is ~10% low but
this is not serious in view of the close spacing between
the stations and our lack of resolution. The direction,

however, corresponds almost exactly with that of the -

great circle route, In any case, both the unusually
- high coherency and the fact that the wave velocity

differed notably from that of background winds

marked this event as one due to a distant event,
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0005
. TABLE 2, Propertics of wave events,
ST SRR S U S e, T z S e
Vclocitf Height
(*/ms”!) (km)
Distance i
Mavimum Average Length  to source  Tropo- Cumulonimbus
Arrival ime Wave wind from source  Coherency (km) (km) pouse top
1600 17 November 0057270 - 008/7 096 19.4 11000 — —
1530 3 July 300/45.3 340/30.0 295/41,8 20,90 28.8 2210 14,2 18.8
0430 5 July 315/47.4 325/40,0 305/50.9 0,90 39,0 1490 14,7 19.4
0100 16 July 340/28,5 340/7.8 310/27.8 0.81 214 538 15.1 19.8

Thunderstorms have long been known to generate
or be triggered by short-period atmospheric gravity
waves (Tepper, 1950), On occasion these waves ap-
pear 10 be ducted (Balachandran, 1980) but they may

TALLMAN

FiG. 7. Gravity wave record from the Chinese nuclear detonation
of 17 November 1976. Phase of signal at Tappan is reversed.

B SO T.4a, 435 40
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also be freely propagating (Erickson and Whitney,
1973; Curry and Murty, 1974). It is the latter kind
we are concerned with here.

At 0100 GMT of 16 July 1977 a highly coherent
packet of waves crossed the g+id (see Fig. 8). The
waves had a speed of 28.5 m s~ from 340°, and the
wavelength was approximately 21.4 km. The average
coherency during a 90 min period was 0.81, a rather
high value and even more impressive when it is con-
sidered that the event Jasted only an hour.

The principal distinguishing feature of this event
was the fact that at the time a large upper air high
was situated directly over New York City, and there
were virtually no winds through the troposphere. The
850 and 250 mb charts for this time are shown in
Figs. 9 and 10 respectively. In addition, no nearby
meteorological events that could possibly have trig-
gered gravity waves were observed.

There was severe convective activity taking place
along a line extending from Detroit to Montreal as
can be seen in the satellite photo for 1935 GMT (Fig.
11). An enormous thunderstorm located near To-
ronto penetrated the tropopause around 1800 GMT
and extended upward to 19.8 km by 1935 GMT.
Assuming the waves arriving at Palisades, New York
had traveled at constant velocity they were produced
by the thunderstorm at the time it reached its greatest
height, The wave direction, however, matched more
closely with the orientation of the squall line as a
whole rather than its largest cell (oriented 310° from
Palisades). A satellite film loop provided by NOAA
showed no short-period gravity waves approaching
Palisades but did show a few cloud bands emerging
from the squall line and traveling from 330°. The
wave direction can also possibly be accounted for by
the fact that the wavefront may well have been turmed
by the stronger northwest winds located north of the
Catskill Mountains.

One interesting question, to which we do not have

- a complete answer, is why so few cases are observed

in view of the large number of thunderstorms that
penetrate the tropopause. Nevertheless, the cases
share several basic characteristics. All three wave
packets came from the northwest quadrant at a time
when the winds aloft did also. At such times wave
activity is typically quite small so that events would
more easily stand out from the background signal. In
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FIG. 8, Gravity wave record of 0100-0300 GMT on 16 July 1977
produced by thunderstorms near Lake Ontario.
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all cases the thundersiorms developed quite quickly
and rapidly penetrated well into the stratosphere. In-
deed, it is not all that often that thunderstorms pen-
etrate the tropopause by almost S km.
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OF POOR QUALITY Acoustic and Electric Signals From Lightning

NAMBATH K, BALACHANDRAN
Lamont-Doherty Gealogival Observatory of Columbia University, Palisades, New York 10964

Observations of infrasound upparently generated by the collapse of the eleetrostatic field in the
thundercloud, nre presented along with electric fleld measurements and high-frequency thunder signals.
The frequency of the infrasound pulse is nbout 1 Hz and amplitude a few microbars. The observations seem
10 confirm some of the theoretical predictions of Wilkon (1920) and Dessler (1973). The signal is predomis
nated by n compressional phase and seems to be beamed vertically. Caleulntion of the parameters of the

-

-2

charged region using the infrasound signal give reasonable values.

INTRODUCTION

Ever since Wilson [1920] suggested that low-frequency
sound {of frequency of the order of 1 Hz) will be emitted when
the charged region in a thunderclopd collupses when a light-
ning oceurs, the actual presence of such signals in the acoustic
signature of thunder has been the subjeet of controversy. Dess-
ler [1973] mude further refinements of Wilsonis theory and
came to the conclusion that the low-frequency acoustic (infra-
sonic) signal will begin as a rarefaction pulse followed by com-
pressional pulse before reaching the equilibrium state. Bohan-
non et ul, [1977] and Balachandran [1979] reported ob-
servations of infrasonic pulses from thunder, supporting most
of the conclusions of Dessler [ 19737, but introduced new prob-
lems, one of them being that the signal, in most cases, initiated
as a compression, The work of Balachandran [1979] was also
criticized because of lnck of simultancous electsic field and
higher frequency sound measurements. The present paper is an
attempt to present such data and confirm the presence of
infrasonic signals,

Bohannon et al, [1977] used an array of microphones located
on the corners of 4 square of side 40 m and reported infrasound
puises with a period of 0.5 s. In Balachandran [1979] and the
present paper we report infrasound puises with periods up te 6
s from microphones separated by distances of the order of a
kilometer. Such large separations are necessary for the un-
equivocal identification of low-frequency acoustic pulses as well
as for demonstrating the nature of vertical propagation of the
signal. Here we also report simultancous measurements of the
electric field to positively identify the source of the signal.

One ol the criticisms of the tindings of Baluchundran [1979]
was that the acoustic measurements were made with the sen-
sors attached to noise-reducing pipes. The noise-reducing pipes
were suspected of distorting the highly impulsive thunder sig-
nals. For these reasons, for the present experiments, the sensors
were taken out of the noise-reduc’ng pipes. In some cases the
sensors operated with no electronice filtering. We also installed
an clectric ficld mill for eleetric field measurements in associ-
ation with acoustic measurements of thunder,

The simple physical explanation for the low-frequency sound
pulse is that the mutual repulsion between charged rain drops
in the main charged region (negatively charged) leads to u
pressure deficit at the middle of the charged region and that
when the charged region collapses at the time of the lightning

Copyright 1983 by the American Geophysical Union,

Paper number 3C0074,
0148-0227/83/003C-0074305.060

stroke, this pressure deficit propagates as a rarefaction pulse.
For reasonable values for the dimensions of the charged region
and the field strength, the duration of this pressure pulse turns
out to be of the order of a second and amplitude a few micro-
bars (dyes em: ?).

During the summer of 1980, we operated an array of low-
frequency condenser microphones (with a flat response in the
frequency range of 0.1 300 Hz) along with an electrie field rill,
Occasionally, signals from selected microphoncs were subjeited
to clectronic band pass filtering in order to separate the low-
frequency component of thunder from the higher amplitude
audible part of thunder, This will be explained when the signal
is presented,

In Figure | is shown the acoustic signal recorded on the 3
microphiones of the Lamant array. The top three traces were
gencrated with the use of elcetropic filters in the pass band of
0.1-10 Hz and the fourth trace is from the third microphone
with no electronic filtering (0.1-360 Hz pass band). The strong
audible thunder signature is quite discernable from trace 4, The
locations of the microphones of the array are shown in Figure
2. It is obvious from the first three traces that the signal arrivals
at the three microphones show distinet time differences. After
carclully measuring arrival time differences between each pair
of signals, we calculated the trace velocity of the acoustic im-
pulses across the array. I is found that the signal is propagating
almost horizontally, It may also be noticed that there is no
low-frequency (frequency of the order of 1 Hz) signal present in
the thunder signature, Thus, the acoustic signals in Figure |
indicate that in this particular case when the signals arrive
almost horizontally, no low-frequency signals are present, This
is in agreement with the theoretical deductions of Dessler
[1973], viz, that the infrasonic signals are highly directional in
that the sensor has to be almost dircctly below the thunder-
cloud to detect them. When the sensors are located away from
directly below the thundercloud, the infrasonic component is
likely to be absent from the thunder signal.

As the thundercloud apparently moved overhead, low-
frequency signals began to appear, The signals shown in Figure
3 clearly show the presence of the low-frequency components,
As before, the first threw traces are, as in Figure 1, electronically
filtered in the pass band of 0.1-10 Hz, and the fourth trace
represents the unfiltered signal. The low-frequency component
of a frequency of about | Hz, especially at the beginning of the
signal, is clearly evident on all the traces. The fact that the
infrasonic component is picked up by all the microphones with
separations of about a kilometer from each other (as shrwn in
Figure 2) shows that it is a real coherent signal and does not
represent turbulence due to wind or any such signal of low
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Fig. L. Thunder signals from the three microphor-- of the array, recorded during the storm of June 29, 1980. The top
theee signals have been subjected to electronic filiarng in the pass band of 0.0-10 Hz. The fourth trace, TPSIU), is TPS
unliltered. Time increases from left to right. Inerease of pressure is upward on the st and 2nd traces and downward on the

Ard und dih.

coherency, There are indications that the low-frequency com-
ponent is present at other parts of the signal also. It appears,
from Figure 3, that the high-frequency audible component of
thunder is riding on top of the low-requency component and
that low-frequency component is not the result of @ modulation
of the amplitude of the high-frequency component. The small
time delays between the low-frequency components at the be-
ginning of the signal imply almost vertical propagation indica-
ting an overhead source.

For later measurements we wers ablke 1o set up an eleetric

.

v TPN
e COL
e TPS
g
PY PAL. 1000 FT

Fig. 2. Lamont-Doherty microphone array.

field mill along with our microphones. The clectric field
chunges associated with the thunderstorm of July 22, 1980, is
shown in Figure 4. Long period field changes associated with
the movement of the thundercloud as well as sharp ficld
changes related to the lightning strokes are evident in Figure 4.
The signals from the four elements of our acoustic array along
with the output of the field mill is shown in Figure 5. The
acoustie signals have undergone electronic filtering in the pass
band of 0.1 10 Hz It is evident from Figure § that coherent
infrasonic signals of frequency of about | Hz arrive at about
18 s aller the sharp field-change due to a lightning stroke, It is
also obvious from Figare 5 that the acoustic signals are arriving
wimost simultaneously at the three sensors located at TPN,
COL, and PAL (separated by distances of the order of a kilo-
meter, the exacet focation being show in Figure 2) and about
0.5 s Tater a1 TPS. This indicates that the location of the source
may be overat o et three stations and that the signal propa-
gates with 2 st wigle to the vertical towards TPS. The signal
has the same amplitude at the first three locations, whereas at
the fourth (TPS) location the signal amplitude is reduced ap-
proximately by a factor of 2. Such amplitude reduction may be
an indication that the TPS sensor may be located at the edge of
the charged region: Dessler [1978] has shown that the infra-
sound signal will tend to propagate almost vertically \iown
below the cloud and that the signal amplitude will decay signifi-
cantly beyond the region directly below the cloud. This raises
the possibility of using infrasound sensors to map the charged
region in a thundercloud, This again confirms the observations
presented in Figure 3 as well as provides observational ver-
ification for the theory that the infrasound from the clec-
trostatic source is highly directional,

Another example of audible thunder and infrasound along
with the field mill record indicating the lightning stroke is
shown in Figure 6. In this case the microphones were operated
without any clectronic filtering, An infrasound pulse of about
0.5-s duration is casily recognizable at the middle of the thun-
der signal. The infrasound pulse is received approximately 14 s
after the lightning stroke,

The spectrum of one of the acoustic signals in Figure 5, along
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Fig. 3. ‘Thunder signals recorded on June 30, 1980, showing low-frequency components. Other detnils are as in Figure 1.

with the spectrum of the acoustic background, is presented in
Figure 7. The buckground wis very quiet both before and alter
the wrrival of the lightning sssoviated acoustic signal. Within
the 0.1 10 Hz pass band of the system, we notice from Fagure 7
that the spectrum indicates o peak with maxiom amplitude at
about 2.5 Hz, with the peak with the lowest frequency at about
1 Hz. The 1-Hyz signal is evident in Figute 5 also.

After having establisha § that the low-frequency signals detec-
ted by our instruments are indeed associated with lightning
discharges in thunderstorms, we will now attempt to study the
characteristics of these signals. The infrasound signa! from the
thundersiorm of July 22, 1980, presented in Figure 5 has a
compressional phase in the beginning, followed by the main
rarefaction phase. The main rarefaction pulse has a duration of
0.7 s (a frequency of about 1.5 Hz) with a peak to peak ampli-
tude of abont 6 microbars. The most interesting aspeet of this
pulse is that it arrives at the three transducers almost at the
same time. This indicates a signal propagating vertically down-
witrd over the array. There are other sma'ler pulses also in the
signal; their relationship to the lightning discharge requires
further investigation.

Measurement of the signature of the infrasound pulse can be
used to calculate the clectric field and spatial characteristics of
the charged region, Applying the derivation of Dessler [1973]
to the vertically propagating pulse in Figure 5, we get the
following results,

The thickness d of the disc-shaped charged region is given by
d = CT where T is the period of the infrasound pulse and Cis
the velocity of sound, In the case of the pulse in Figure 5,
T =0.7s and with C = 340ms ', d = 238 m. The electric field
strength Eq is given by E,* = (2P/r), where P is the reduction
of pressure at the middle of the charged region and ¢, is the
permittivity, For P =6 dynes cm 2 (0.6 N m 2), E, is 1.1
x 10°V/m, or for the case of infrasonic pulse in Figure 5, the
electric field strength just before breakdown was about 10°V/m,
It may be pointed out that this simple calculation involves the
pressure deficit at the center of thw rharged region and not the
pressure due to the radiated acoussic wave, Since we are meas-
uring the pressure change due to the radiated acoustic wave,
the actual electric field strength may be larger.,

The directionality property of infrasound pulses from thun-
derstortn was investigated by using the infrasound signals from
the storm of August 27, 1976, which provided a large numher of
infrasound pulses, In Table i the azimuth and elevation angles
for u series of 12 pulses during the time interval of 0736 0757
FIYT on August 27, 1976, are presented, The progression of the
source of the signals from the WSW towards almost overhead
position and then from the opposite direction ean clearly be
discerned. The signals have high horizontal trace velocities
compared to the speed of sound, indicating vertically propagat-
ing signals. The highest angle of incidence of the signal with the
vertical (just one case) is 41 indicating the vertically beamed
nature of the infrasound signal,

Discussion AND CONCLUSIONS

The evidence of the presence of infrasonic signals in thunder-
stormis in association with audible thunder signals and electric
field changes presented in this paper seems to indicate the
collapse of the electrostatic field as the source of the signal, as
suggested by Wilson [19207] and Dessler [1973]. Our observa-
tions agree in some major aspects with the predictions of Dess-
fer [1973]. The vast majority of the signals are dominated by
rarefaction pulses apparently corresponding to the reduction of
pressure inside a charged region; but some deviation from the
signature of the pressure pulse for a disc-shzped charge distri-
bution given by Dessler is observed, According to this model,
the characteristic signature will begin with a rarefaction fol-
lowed by a compression, In our case most of the signals begin
with a small compression, foliowed by a large rarefaction anc
then a compression (Figure 5). The initial compressional phase
in Figure 5 last for about 0,25 s, Bohannion and Dessler [1981]
postulate that this compressional phase is related to the posi-
tive shiclding layer at the base of the thundercloud. The mutual
atfraction between this layer and the main negatively charged
layer above leads to an increase of pressure that is released as a
compressional pulse when lightning occurs, Preliminary calcu-
lations using observed parameters of the charged region are
roughly in agreement with the observed infrasound parameters,

The theoretical radiation pattern of the electrostatic sound
due to the collapse of a risc-shaped and cylindrical charge
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