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contours as compared with an earlier 

[c/sec analysis in which this refinement was 
omitted. 

In agreement with Bigg's work, it 

_c _e appears that the most active source, A 
Ic/sec O (at Am I 250?), can be stimulated 

over a relatively wide range of lo longi- 
tudes. On the other hand, the secondary 
source, B (at Am - 140?), is observed 

-...Z2 only over a narrow span of lo longi- 
ic/sec - tudes. The tertiary source, C (at ,XI -- 

320?), is similarly more sensitive than A 
to the position of lo. It seems quite 
likely that the greater probability of 
receiving emission from A is related 
to the tolerance of that source for 
changes in the location of the satellite. 
The general slope of the contours in 

Ic/sec Fig. 4 is simply a time effect; that is, 
if one regards the horizontal axis as a 
time axis, making a giant clock of 

* Jupiter, the slope of the contours indi- 
360 cates the rate at which lo longitude 

increases in this time system. 
radiation If the influence of lo is tidal in na- 
e appari- ture, one might anticipate similar, but 

smaller, effects from the other major 
satellites. The tide-raising forces of the 

ions, al- second and third satellites, Europa and 
arent ro- Ganymede, are respectively about 1/7 
5m"29s.35 and 1/9 that of lo. Figure 5 shows a 
(3). Bigg polar plot of activity index versus sat- 

. angular ellite longitude for lo, Europa, and 
he deca- Ganymede, tT,t data for 18 Mc/sec 
our plot from the apparition of 1962 again being 
lis figure used. There appear to be reasonably 

for 18 pronounced activity peaks for Europa 
-1963 at and Ganymede longitudes between 270? 
compu- and 360?, and for Ganymede between 

hange in 80? and 180?. When the longitudes of 
Id result- Europa and Ganymede are either equal 
g of the or differ by 180?, the joint tide-raising 

force is 1/4 that of lo. Long ago, La- 
place (5) showed that the mutual per- 
turbations of the three satellites bring 
them exactly into line at intervals of 

: , ^ about 7 days, with lo and Ganymede 
on one side of the planet and Europa 
on the other. Because of the near-har- 
monic relationship between the periods 
of the three satellites, an approximate 
realignment occurs 3/2 days after 
syzygy, with Europa and Ganymede on 

-j1Y the same side of Jupiter and lo on the 
opposite side. The line of syzygy pre- 
cesses about Jupiter in the retrograde 
sense with a period of 437 days, and 

scq .1 it is interesting to note that during the 
30oo most productive portion of the 1962 ap- 
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Fig. 5. Jovian 18 Mc/sec activity indices 
versus the longitudes of lo, Europa, and 
Ganymede during the apparition of 1962. 

shown in Fig. 5 and based on the data 
for 18 Mc/sec from 1957 through 1963 
failed to show localized peaks for the 
second and third satellites, perhaps be- 
cause of the "smearing" caused by pre- 
cession of the line of syzygy during the 
7-year period. 
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Microseisms from Hurricane "Hilda" 

Abstract. As hurricane "Hilda" 
crossed the Gulf of Mexico the domi- 
nant period of the microseisms shifted 
from about 8 to 5 seconds as the eye 
reached water about 150 to 200 me- 
ters deep. The conversion of wind en- 
ergy to microseismic energy is most 
efficient in water depths from 20 to 
200 meters. There is no evidence that 
two periods, one twice the other, are 
present. 

The vicinity of the Gulf of Mexico 
is particularly well suited for the study 
of microseisms: the Gulf is a restricted 
body of water through which accu- 
rately mapped hurricanes move fairly 
frequently. The recent hurricane 
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"Hilda" (1964) was chosen for a first 
approach to the problem. 

The term microseisms designates the 
constant ground motion due to natu- 
ral sources. This motion is particu- 
larly large for periods ranging from 
about 4 to about 10 seconds. The exact 
mechanism by which the energy in this 
range of periods enters the ground is 
in doubt; it is known, though, that 
the largest part of the energy is trans- 
ferred from the air to the sea, and 
from the sea to the ground, where it 
propagates with very little attenuation. 
This report is concerned with attempts 
to increase our understanding of this 
mechanism by examining the micro- 
seisms in Houston as "Hilda" crossed 
the Gulf. 

The Rice seismographic station in 
Houston is equipped with three long- 
period instruments and one microbaro- 
graph. All record (1) digitally on mag- 
netic tape in a computer-compatible 
format. The system is designed in such 
a way that it is possible to start and 
stop the reading of the original tape 
anywhere and to do this repeatedly 
without having to rewind the tape 
before each reading (2) The system 
also records on semiconventional pen- 
and-ink recorders for monitoring pur- 
poses. The records of the horizontal 

seismographs were used in this analy- 
sis. 

The standard way of analyzing 
waves which exhibit large statistical 
fluctuations is to compute their power 

Fig. 1. The western part of the Gulf of Mexico with the track of hurricane Hilda 
(1964). Depths are in fathoms (1 fathom = 1.83 m). Times are C.S.T.; C.S.T. = U.T. 
less 6 hours. 
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spectra (3). In essence the results of 
this method are of the same nature 
as those of Fourier analysis, but they 
are statistically significant. 

The method may be very briefly 
outlined as follows. One first computes 
the autocorrelation function; as its 
name implies, this function shows how 
much the curve repeats itself after a 
variable time interval St, generally re- 
ferred to as time-lag. The autocorrela- 
tion is then tapered so as to avoid 
sharp discontinuities at its ends. Fi- 
nally a Fourier analysis (in this case 
a cosine transformation) is performed 
on the tapered autocorrelation, yielding 
the power spectrum. It can be shown 
that the power spectrum is the square 
of an average amplitude spectrum; 
moreover, the power spectrum be- 
comes increasingly stable as the maxi- 
mum time-lag used in the autocorrela- 
tion becomes smaller compared to the 
length of the record. In most cases a 
lag of 10 percent of the record length 
is adequate, and this was used here. 

I computed the power spectra of 
the ground displacement for each hori- 
zontal instrument after correction for 
instrumental response. I then plotted 
the sum of these spectra on a logarith- 
mic scale. Practical considerations lim- 
ited the analysis to a 4-minute stretch 
of record at a time. After some ex- 
perimenting I decided to compute one 
spectrum every 4 hours. 

In addition I computed a number 
(S) proportional to the seismic energy 
(for periods between 3.3 and 2.0 sec- 
onds) by integrating the sum of the 
power spectra of the horizontal ground 
velocities; this was multiplied by the 
distance to take the effect of geometri- 
cal spreading into account. The energy 
(H) of the hurricane was estimated, to 
a constant factor, from the square of 
the wind velocity near the eye of the 
hurricane; the area of gale-force winds 
give a similar result. Nevertheless, this 
figure is only tentative. 

The ratio, S/H, gives a measure of 
the efficiency of the energy transfer 
from the air to the ground, and it was 
also computed. 

Figure I shows the track of the eye 
of the hurricane in the western Gulf 
of Mexico. The times are those at 
which the spectra were computed. 
Figures 2 and 3 show the water depth 
(D) in fathoms (1 fathom = 1.83 m), 
the hurricane energy (H), the seismic 
energy (S), the ratio S/H, and the 
spectra with the dominant period. 
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Fig. 2 (left) and Fig. 3 (right). Related measurements along the hurricane track. Times are C.S.T. D: water depth in fathoms 
(1 fathom = 1.83 m); H: number proportional to the energy of the hurricane; S: number proportional to the seismic energy. 
The spectra of the microseisms are on the right. 

Each spectrum is identified by the time 
at which it was computed. Each is of 
course plotted from a different vertical 
origin, but the origin of each is indi- 
cated by the corresponding time on 
the left. All spectra are at the vertical 
scale shown on the right. 

These figures show that from 30 
September at 14:00 hours until 1 Oc- 
tober at 22:00 hours the dominant pe- 
riod of the microseisms remained es- 
sentially constant (- 7.8 sec), despite 
the change in the distance of the hur- 
ricane. As a matter of fact, this period 
changed only from 8.0 to 7.0 seconds 
until 2 October at 14:00 hours, while 
the seismic energy increased by a factor 
of approximately 10 between 06:00 and 
14:00 hours. Up to 10:00 hours the 
water depth near the eye was greater 
than 1000 fathoms (1830 m). 

Starting at 14:00 hours on 2 October 
the dominant period became rapidly 
shorter, while the seismic energy re- 
mained roughly constant. Correspond- 
ingly the water depth changed from 
1000 to 100 fathoms (1830 to 183 
m). Between 02:00 and 06:00 hours 
on 3 October the seismic energy 
doubled. The peak-to-peak ground mo- 
tion was approximately 10 jt. At this 
time the water depth was between 10 
and 100 fathoms; the dominant pe- 
riod continued to decrease in this in- 
terval. 

The high level of seismic energy 
persisted until 14:00 hours, after which 
time an extremely rapid decrease took 
place: this corresponds to the eye of 
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the hurricane arriving in depths less 
than 10 fathoms and then coming 
ashore. Simultaneously the spectra, 
which had shown a clear maximum, 
flattened markedly. 

The efficiency of the energy trans- 
fer from the air to the ground is about 
ten times greater when the water depth 
is between 100 and 1000 fathoms than 
when it exceeds 1000 fathoms. It fur- 
ther increases by a factor of two for 
depths between 10 and 100 fathoms, 
but decreases sharply at shallower 
depths (and over land). An alternative 
explanation (4, 5) is that the increase 
in efficiency is due to the rapid change 
in crustal thickness. The crustal sec- 
tion through the Gulf of Mexico given 
by Dehlinger and Jones (7) suggests 
that water depth is probably the con- 
trolling factor; this section is very close 
to the hurricane track. On the other 
hand, the increase in S/H during 4 
October is not clearly understood. 

The relation between dominant fre- 
quency and water depth is remarkable: 
as can be seen between 18:00 hours on 
1 October and 14:00 hours on 3 Octo- 
ber, the dominant frequency tends to be 
proportional to minus the logarithm of 
the water depth. This result is not easily 
explained by present theories. One 
might suggest (6) that the periods of 
the waves at sea changed correspond- 
ingly; considering that the state of the 
sea near the center of the hurricane is 
mostly determined by the winds, one 
must tentatively reject this idea in the 
present case. 

There is no evidence that spectral 
maxima occur at two frequencies, one 
double the other (8). This suggests 
that Hasselman's explanation (9) of the 
doubling effect as the interaction of in- 
coming and reflected swell is correct: 
in a basin as small as the Gulf of 
Mexico such an interaction would not 
result in any consistent pattern. 

The simplicity achieved by operat- 
ing directly from the original magnetic 
tapes must be emphasized, but it is 
indispensable to plot the records from 
the tapes before carrying out the com- 
putations if serious errors are to be 
avoided. 
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