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Abstract. An experiment conducted by using a continuous wave-spectrum

high frequency radio wave Doppler sounder array with three sites and nine
transmitters (each site with three transmitters) was carried out to observe
the coupling of energy between the troposphere and the ionosphere during
the period of Hurricane Eloise. The analysis of the Doppler sounder records
indicated that gravity waves were detected when the eye wall of Hurricane
Eloise was located at the Gulf of Mexico. A group ray tracing has been
used in an attempt to locate the sources of these waves. Wave sources
are located along the storm track and near the storm center. The wave
excitation mechanism is discussed.
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1. Introduction

In the past decade, observations made by Georges (1968), Baker and Davies
(1969), Davies an,d Jones (1972), Georges (1973), Hung et al. (1975), Smith
and Hung (197 5), and Hung and Smith (1977 a; 1977 b) show a correlation
between ionospheric wave-like disturbances and severe weather activity. A recent
study of Hung et al. (1978a, 1978b) and Hung and Smith (1978a, 1978b) indicated a close correlation of atmospheric gravity waves and tornado activity.
The present study reveals the correlation of gravity waves observed in ionospheric height and the activity of Hurricane Eloise.
The correlation of the atmospheric acoustic-gravity waves and severe storms
has been investigated in the past twenty years. Tepper (1950, 1954) proposed
that the pressure jump lines effectively lifted the lowest layers of the atmosphere
and appeared to initiate squall line development in convectively unstable air.
Matsumoto and Akiyama ( 1969); Matsumoto and Tsuneoka ( 1969); and Matsumoto et al. (1967 a, 1967 b) contended that acoustic-gravity waves were responsible for a pulsating tendency of winter and summer convective storms in Western
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Japan. Recently Uccellini (1975) proposed that acoustic-gravity waves are an
important mechanism for the initiation of severe convective storms. He also
suggested that the study of acoustic-gravity waves could reveal the development
of thunderstorms.
It is also suggested that the spiral bands of hurricans and typhoons behave
like gravity waves. Tepper (1958) and Abdullah (1966) hypothesized that the
bands are gravity waves similar to pressure jumps. Based on numerical simulation, Kurihara (1976) shows that a spiral band of tropical cyclone, which propagates outward, can grow in the presence of the horizontal shear of the basic
azimuthal flow. The horizontal wavelength of the band is 200 km, and the
characteristics of waves behave like gravity modes.
Gravity waves are also important in understanding the behavior of ionospheric irregularities (Hines, 1960). The ionospheric irregularities known as
TID's (traveling ionospheric disturbances) observed by Munro (1950, 1958)
have been identified as gravity waves in the form of the fluctuations of ionization
in the F region (e.g., Rish beth and Garriot, 1969). TI D's, in general, can be
divided into two categories, large scale TID's and medium scale TID's based
on the characteristics of wave propagation (e.g., Kato, 1976). The large scale
TID's have been identified to be the production of Joule heating and of Ampere
mechanical force at the auroral zone during magnetic substorms (e.g., Chimonas
and Hines, 1970; Testud, 1970). Medium scale TID's have been observed more
often than large scale TID's and may be excited by various sources including
meteorological severe storm activity and magnetic disturbances. The discussion
of the characteristics of gravity waves in lower and upper atmospheres are
given by Gossard and Hooke (1975), and we are limiting ourselves to examine
the gravity waves associated with severe storms, in particular, hurricanes in
this study.
The observation of atmospheric gravity waves (medium scale TID's) associated with severe storms at the ionospheric height is possible when severe
thunderstorms with tops (radar heights) in excess of about 12 km occurred
within a radius of several hundred kilometers of the ionospheric reflection
points (Georges, 1976; Prasad et al., 1975), or only when intense updrafts of
clouds penetrate the tropopause. A similar idea was proposed by Saunders
(1962), that the convection regions imbedded in the stratiform anvil of the
thunderstorms are clearly the overshooting convective cells which penetrate
the tropopause. Observations of the hurricane eye wall by radar echoes made
by Malkus (1960) also indicate that the eye wall cloud penetrate well above
the tropopause. By taking photographs from a U-2 airplane flying over the
thunderstorms, Vonnegut et al. (1966) also showed that convective overshooting
turrets rose above the anvil cloud and penetrated the tropopause. This may
suggest that the penetration of the intense updrafts of convection through the
tropopause could be the mechanism of wave generation. In other words, the
process of convective overshooting associated with severe thunderstorms (which
in turn is associated with tornadoes) or with the wallclouds of hurricanes is
responsible for the generation of atmospheric acoustic-gravity waves. Recent
observations made by A TS satellites (Fjuita, 1974) and Skylab (Black, 1977)
also endorse the correlation of the growth and collapse of convective overshoot-
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Fig. 1. Power spectral density of waves from
Muscle Shoals, Alabama to Huntsville, Alabama
at 0200-0340 UT, 9-23-1975
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ing turrets associated with severe storms and the generation of gravity waves.
In the present study, we are particularly interested in the investigation of
hurricane-associated acoustic-gravity waves which were observed on groundbased ionospheric sounding records as perturbations in electron densities at
ionospheric heights. We have employed a continuous wave-spectrum high frequency radio wave Doppler sounder array to observe ionospheric disturbances
during the activity of Hurricane Eloise which was located at the Gulf of Mexico
on September 23, 1975. The evidence for the coupling of energy from the
troposphere into the ionosphere has come from observations of electron density
fluctuations which appear as changes of phase and frequency of the ionospherically reflected radio waves.
The results of the coupling between the troposphere and the ionosphere
through the upward propagation of gravity waves during the time period of
hurricane activity are discussed. The probable errors in computed trajectories
of the observed waves will be discussed in Sections 2 and 4.

2. Experiments and Data Analysis

Our Doppler array system consists of three sites with nine field transmitters
operating at 4.0125, 4. 759 and 5. 734 MHz. These sites are located in Northern
Alabama and the Tennessee Valley area. A detailed description of the geographical locations and array systems have been given by Hung et al. (1978 a) and
Hung and Smith (1978 a). The propagation characteristics of atmospheric gravity
waves can be observed from electron density fluctuations in the ionosphere.
During the time periods of the Hurricane Eloise activity on September 22-23,
1975, wave-like fluctuations were observed at F-region ionospheric heights with
wavelengths on the order of 100 km. These observed traveling ionospheric distur-
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Fig. 2. Cross correlograms at time period 0200-0340 UT, 9-23-1975

bances (TID's) associated with hurricanes belong to medium scale TID's in
contrast with large scale TID's associated with geomagnetic activity initiated
at the auroral zone (Kato, 1976).
Doppler records observed were subjected to power spectral density analysis
and cross-correlation analysis. As an example, Figure 1 shows power spectral
density of the ionospheric disturbances from the transmitters at Muscle Shoals,
Alabama to the receivers at Huntsville, Alabama, at the observation time
0200-0340 UT, September 23, 1975. The wave period of the disturbances during
this time period of observation is 23 min.
The amplitude of the gravity waves is inversely proportional to the square
root of the density of the medium (Davies and Jones, 1972). The observed
amplitude of the gravity waves associated with severe storms also depends
upon the distance from the location of the wave source to the point of the
wave observation. The amplitude of waves associated with different types of
severe storms, such as severe thunderstorms, tornadoes, and/or hurricanes are
all in the order of 0.1 to 0.5 Hz of frequency shift measured at F-2 region
ionospheric heights.
As usual, the horizontal phase velocity of the disturbances can be computed
from cross-correlograms (detailed description see Hung et al., 1978 a). Figures 2
and 3 show cross-correlograms during the time interval 0200-0340 and
0500-0730 UT, September 23, 1975. The accuracy of the determination of the
azimuthal angle of wave propagation is within ± 5°, and the horizontal phase
velocity is within ± 8 percent of deviation in this set up.
In this experiment, the following characteristics of waves were observed:
(1) in the time period 0200-0340 UT, gravity-waves with wave periods of 23 min,
azimuthal angle of wave vector 353°, and horizontal phase speed 160 m/s were
observed; and (2) in the time period 0500-0730 UT, gravity waves with wave
periods of 23 min, azimuthal angle of the wave vector 344°, and horizontal
phase speed of 195 m/s were detected.
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Fig. 3. Cross correlograms at time period 0500-0730 UT, 9-23-1975

3. Reverse Ray Tracing

Theoretical discussions of group rays of atmospheric gravity waves have been
carried out by Bretherton (1966), Jones (1969), Cowling et al. (1971) and Bertin
et al. (1975). These discussions suggest that the geometrical optics approximation
seems valid for the ray propagation of gravity waves if the distance from the
source to the point of observation is much longer than the wavelength of
the gravity waves. This is approximately true for our case. The wave propagated
is assumed to be locally plane so that a local dispersion relation of atmospheric
gravity waves, proposed by Hines (1960), is satisfied. Ray tracing, thus, could
be carried out by following the group velocity direction in a wind-stratified
model atmosphere.
•
The propagation of wave energy in a lossless transparent medium follows
the direction of the group velocity (e.g., Yeh and Liu, 1972). This direction
is termed ray direction. In general, in an anisotropic medium the ray direction
is different from that of the wave vector. The reverse ray tracing computation
is the integration of group velocity with respect to time domain from the ionospheric reflection point back down to the tropopause using the wave period,
wavelength, and azimuthal direction of wave propagation obtained from the
observational data, the initial vertical wave vector computed from the dispersion
relation and appropriate atmospheric parameters. The effect of wind was taken
into account by considering the time-space transformation given by the Galilean
transformations of displacement vector, time, Doppler-shift of wave frequency,
and wave vector. The detailed description of group ray tracing computation
has been given in another article (Hung and Smith, 1978 a).
In the present paper, the neutral wind is treated as constant in each slab
of the atmosphere considered. The values of atmospheric parameters for each
altitude are calculated from the U.S. Standard Atmosphere (1962). The profiles
of the neutral winds are established using data from the following two sources:
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Fig. 4. Computed vertical wind profiles of meridional and zonal components at 2200 local time
(0300 UT), September 1975
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Fig. 5. Computed vertical wind profiles of meridional and zonal components at 0100 local time
(0600 UT), September 1975

(1) wind profiles above 100 km altitude are computed from the atmospheric
wind model proposed by Kohl and King (1967); (2) at an altitude below 90 km,
wind profiles are obtained from meteorological rocketsonde data at Cape Kennedy, Florida.
Figure 4 shows two computed vertical wind profiles from the Kohl and King
Model (1967) for zonal component and meridional component at 2200 local
time (0300 UT), September 1975. Figure 5 indicates two similar computed vertical wind profiles from the Kohl and King Model (1967) at 0100 local time
(0600 UT), September 1975. The observed vertical wind profiles of meridional
and zonal components from the meteorological rocketsonde data at 1426 UT,
September 23, 1975, at Cape Kennedy, Florida are given in Figure 6.
The wind model proposed by Kohl and King (1967), however, started with
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Fig. 6. Observed vertical wind profiles of meridional and zonal components at 1426 UT, 9-24-1975,
Cape Kennedy, Florida
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Fig. 7. Wind profiles from altitudes of 70 to 120 km based on 25 sodium cloud experiments from
Wallops Island during the summer time

an artificial boundary condition for which the wind velocity is equal to zero
at altitude 120 km. To make up this discrepancy, wind profiles based on 25
sodium cloud experiments from Wallops Island (see West et al., 1977), from
altitudes of 70 to 120 km as illustrated in Figure 7, were used and faired into
meteorological rocketsonde data from Cape Kennedy and computed thermospheric one based on Kohl and King's model. These wind profiles were also
checked with the four dimensional wind model (Justus et al., 1974 a, 1974 b)
used by NASA for spacecraft design purposes.
4. Sources of Waves
The reverse ray tracing is started at an altitude of ionospheric reflection height
with a frequency of 4.0125 MHz and continues as long as the calculation is
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Fig. 8. Trajectory of the computed reverse group ray path for the waves at time periods
0200-0340 UT, 9-23-1975
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Fig. 9. Trajectory of the computed reverse group ray path for the waves at time period 0500-0730 UT,
9-23-1975

possible to a lower limit of 10 km altitude or the altitude of tropopause. For
the purpose of the present study the geographic location of the point at which
the calculation is terminated is referred to as the probable source. The probable
source of acoustic-gravity waves are then checked with the actual physical features, which is the meteorological observation of storm track of Hurricane
Eloise.
It is interesting to review the historical development of Hurricane Eloise.
Eloise moved off the coast of Africa as a weak disturbance on September 6,
1975. It then followed a steady westward path across the Atlantic becoming
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a tropical depression 600 km east of the Leeward Island on September 13,
was named a tropical storm and subsequently a hurricane north of Puerto
Rico on the 16th. The westward track carried the center or eye over eastern
Cuba and as it moved out over the water, Eloise became a tropical storm
once again. After crossing the northeastern tip of the Yucatan Penisula, Eloise
turned northward into the Gulf of Mexico on the 21st reaching hurricane force
once more on the morning of the 22nd. By that evening, Eloise turned rather
abruptly northeastward towards the Florida coastline.
Figure 8 shows trajectory of the computer reverse ray path for the waves
observed during time period 0200-0340 UT, September 23, 1975, in terms of
height against horizontal distance. Figure 9 shows another trajectory of the computer reverse ray path observed during the time period 0500-0730 UT, September
23, 1975 for the similar profile. Again the group ray paths in the horizontal
distance are projected in the map to show the geographical location of the
probable sources of waves.
Figure 10 shows the horizontal ray path and the geographical location of
the probable source of the wave which was detected in the ionospheric height
with receivers at Huntsville, Alabama, at 0200-0340 UT, September 23, 1975.
The computed location of the wave source is located right on the storm track
of the eye wall at 0600 UT, September 23, 1975. The calculated traveling time
of this wave from the probable source to the receiver at Huntsville, Alabama
was 88 min. Thus, in this particular case, the location of the wave source
was along the storm track and about 90 km distance from the storm center
or 4 h in advance of the location of the eye wall.
Figure 11 presents another geographical location of the probable source
of the wave which was observed at 0500-0730 UT, September 23, 1975. In
this case, the computed probable source of the wave is located right on the
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storm track of the eye wall at 0730 UT, September 23, 1975, The calculated
traveling time of this wave from the probable source to the receiver at Huntsville,
Alabama was also 88 min, Thus, the wave source was located along the storm
track of Hurricane Eloise, and about 80 km distance from the storm center
or approximately 3.5 h in advance of the location of the eye walL
The determination of probable errors or ranges in the reverse ray tracing
computation due to the accuracy of the determining of the azimuthal angle
of wave propagation and horizontal phase velocity are rather standard, However,
it is not easy to determine the errors due to the uncertainty of the wind profiles,
in particular, the lacking of real time measurements of the thermosphere part
of wind profiles. Hung and Smith (1978a) has estimated the probable errors
caused by double the wind velocity, reduce the wind velocity to half, rotate
90° the direction of wind velocity counterclockwise, and rotated 180° the direction of the wind velocity for horizontal distance around 400 km and found
that, even under the situation as mentioned, the probable errors are within
± 12 km per 100 km of the horizontal distance, The total probable errors can
be estimated based on more than twenty cases of reverse ray tracing computations,
compared with physical features of storm data, that the computed probable
errors are less than ±20 km per 100 km of the horizontal distance of ray
tracing in our cases, If the probable errors less than ± 20 km per 100 km of
the horizontal distance is taken into account, the location of the probable
sources of waves was around the outer layer of the wall cloud and 70 to
150 km distance from the storm center_ This result agrees with outward propagating gravity waves in the numerical model developed by Kurihara (1976)
in which the gravity waves excited around the inner layer of the wall cloud
propagate inward with a higher damping rate and the gravity waves developed
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around the outer layer of the wall cloud propagate outward with a low damping
rate.
In addition to the work by Georges (1976), Prasad et al. (1975), Saunders
(1962), and Malkus (1960), Vonnegut et al. (1966) using photographs from a
U-2 airplane flying over the thunderstorms, showed that convective overshooting
turrets rose above the anvil cloud and penetrated the tropopause. This may
suggest that the penetration of intense updrafts through the tropopause could
be the wave generation mechanisms. Recent Skylab observations (Black, 1977)
based on stereophotographs taken from tropical storm Ellen also indicated
the overshooting turrets above the tropopause in the wall clouds.
From a fluid dynamics point of view, Lighthill (1952, 1954, 1962, and 1967),
Townsend (1968, 1969), and Deardorff et al. (1969) show that gravity waves
can be generated by tongues of turbulence penetrating above the turbulent
convective 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. Recently, Shenk (1974) made extensive observations of
strong convective cells of severe storms using geosynchronous satellite data
and U-2 photographs. When the results of Shenk's analysis are used in the
model proposed by Lighthill (1952, 1954, 1962, and 1967), waves with the
same periods as those waves associated with severe storms observed by the
Doppler array are excited (Hung and Smith, 1977b). Furthermore, by using
relative cloud heights of hurricane wall clouds based on photographic enhancement techniques computed from Skylab photographs (Black, 1977) and the
growth rate of turrets estimated by Fujita (1974), in Lighthill's model, the
wave period in the range of 20 to 25 min associated with hurricanes in the
present observation can be generated. The detailed description of the wave
generation mechanism will be published in subsequent papers.
George (1960) reported that hurricanes tend to move toward the location
where the K-instability index 1 is a maximum with a higher index being related
to a higher moisture content and a higher temperature. Results of this study
seem to indicate that this is the location of the source of the waves. The
possibility of using a combination of these facts as a prediction technique will
be the subject of future investigations. This study suggests that the analysis
of ionospheric Doppler sounder observations of gravity associated with hurricanes, together with the study of the growth and collapse of convective overshooting
turrets based on satellite photographs, can contribute to the understanding
of the dynamical behavior of hurricanes.
Acknowledgment. The authors are indebted to R.E. Smith of NASA/Marshall Space Flight Center
for the discussions concerning this study. They also appreciate the support of present research
from the National Science Foundation and the U.S. Army Research Office through Grant NSF/
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Definition of K index is
K=(850-mb temp-500-mb temp)+
(850-mb dewpoint)-(700-mb dewpoint depression)
which has been widely used by meteorologist to predict severe weather (George, 1960)
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