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The importsnt literature on the study of mioroselsms has been
historically reviewed, A detalled investigation sbuut the nature
and orlgin of microseisms has been made by using mlcroselsm records
from Harvard and Weston observatorles, the awell records from
Woods Hole, Mass., Gilgo, L.Y,, LOng Branch, New Jersey, ang the .
surface wave reports from the weathership 4YH located at 36 N, 70°W
and the synoptic surface weather maps f{rom Logan Airport,

In order to study the nature of microselsms 1500 cleanr and
unsuparposed wave groups were selecited covering five storms. It
has been observed that in almost all the cases the waves satisfy
the properties of Rayleigh wave, In about two per cent of the
cagses studled the waves showed the characteristics of lLove wave.,
The later wave groups were considered 1o be generated by some
mechanisms not relasted to the origin of microselsms,

By comparing the amplitudes of microseisms with those of
ocean waves beatling against the nearby coast it has been found
that the two phenomena are not directly related to each other.
8imilar comperisons wlth the wave helshts in deep water as re-
ported from the weathership 4YH showed strong correlation between
the microseisms recorded at Westomand Harvard and the swells in
the dee; water regions of the Horth Atlantic. 3y maklng specirun
analysis of microselsm: and wove records it has been found that
the freguencles of ocean waves and the nicroselsms are related
to each other by the ratio of 1:2 as predicted from theoretical
conslderations, These facts led to the conclusion that microseisnzs
are generated by standing waves in the ocean. Detalled study of
the associated weather conditlions led to the following conclusions,

1. Standing waves can be senerated 1n any of the followi-
ng ways,

{(z) then a barometric depression such as in a hurric-
ane moves over the ocean surface,

(b} vhen a cold front travels over the ccean surface
provided the isobara while crossling the front change
directions through sufficlently large angles.

(c) When waves from two ‘ndepsndent sources superpose
on each other such as that observed by Dinger
and ¥isher,



2.

3

Coantal reflection appesrs to be ineffective 1n the mec~
hanism for the generation of standing waves as far as
the eastern coast of North America 1s concerned,

The effect of atienuation on the waves when they travel
through oceanic paths seems to be mUch less in the nothern
part of the Atlantic compared to what has been observed
by Dinger and Fisher in the reglons of Guan,

The depth of water in the generating area seems to have
a s8ignificant effect on the nature of nlcroselisms.

Large anplitude microseisms are generated by standing
waves in the deep water reglons,

Thesls Supervisor Dr, Norman A, Hagkell
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Introduction

Observations with sensitive instruments show that the sur-
face of the Earth is in a constant state of vibration, the ine
tensity of which of course varies considerably. This fever of
the karth as it mey be called increases or decreases due to cer-
tain reassons not yet fully understood. ¥We are here concerned
with a particular type of Earth vibration which can be distinctly
identified from all other types of oscillations on records ob-
tained at the seismologlical observatories all over the world.
These are natural regulsr ground oscillations usually known as
microseisms. Their origin 1s neither due to large scale earth
movements such as in earthquakes nor due to asrtificial causes
such as dynamite explosions or traffic. These regular ground
osclllations had long been observed by the selsmolosists and
remained as 2 puzzle ever since, It is perheps on account of
thelr unknown reasons of their origin, they had been differently
named iIn different countries where they were studied. The
Germans have celled them es "Pendulunruhes" "Nikroselsmiche
Unruhd "Seismiches Bodenunruche" "Bodenunrune", "¥ikroseismiche
Bewegungen", "Mikroseismische Pulsationen®.

The knglish speaking selsmologists referred to them as
"icroseisms"™, "microseismic disturbances", "microseismic waves”,
"microseismic tremors", etc.

In French they were mentioned as "microseisms", "oscillations
microseismes®, "movement microseismique”, etc.

The Japanese investigators prefered to translate them as

"micro-tremors”, "pulsatory oscillations", "surface tremors".



"It seems quite certain that microseisms, as such, were
first studied at Florence, Italy, by the Barnablite monk, Timoteo
Bertelli (1826-1905) whom Milne called the "father of systematic
microseismical research". Bertelli spent three years, from 1869
to 1872, making & series of simple experiments and studylng the
small spontanious movement of a pendulum suspended in his cellar.
Such movements had been observed some centurles hefore but
full eredit should be glven to Bertelll for having made thoussands
of observations during this three-year veriod, for sugpesting
the causes of the tremors and for introducing two nemes for them,
"microseismic”, and "moti tromometrica”, the latter from trono-
meter or pendulum. At the end of Hov. 1872, he arrived at the
three conclusions "(1) the microseismic movements of an 1solated
pendulum often occur contemporaneously with distant earthouakes,
(2) others occur during continued barometric depressions, and
(3) the movements have a maximum in winter end s minimum in
summer". (Ramirez)®®

' In Japan the problem was first discussed by Milne’® and
later by Og;iqv’vg. From thelr observatlons at Tokyo they
classifled these pulsations as they called them, into types ¢,
Ql and &g according to their periods of oscillations.

At the turn of the century after the development of more
refined instruments and newer techniques, the study of micro=-
selsms received an added impetus in other countfies especlally
in burope. A group of investigators in Gottingen stressed the

Importance of the study of these mysterious pulses observed



on seismological records. In 1905 Wiechert9 first presented

the hypothesis that microseisms are generated by the impact of
the surf against a steep coast. He compared the periods of ocean
waves at the Scandinavian Cosst with the simultaneously observed
periods of the microseisms in Gottingen and pointed out that the
most frequent period of 7.5 seconds during large microseisms

may be harmonic of the free vibration of the ground (1907).%4

Guttenberg®® (1912) studied the different types of mlicro=
selsms recorded at Gottingen. He observed that "there are
microseisms with perlods of 1 to 4 seconds connected with local .
storms, the regular microseisms with periods from about 4 to
8 seconds whichshow & strong correlation with the surf in
Norway and the wind direction at the Norway Coast, and flnally
irregular motions with periods of % minutes and more if temp-
eratures below freezing prevail. A more detalled discussion
of the microselsms with periods 4 to 8 seconds leads to the
conclusion that they are due to surf driven by strong winds
against the steep coast of Norwasy".

He again (1921)40 made a detalled study of the microseisms
with perlods froem 4 to 8 seconds recorded at a large number of
stations in Hurope and noted that "microseisms increase and
decrease simultaneously over a large part of Burove. The
maximum of the microseisms occurs near the maximum of the surf".
The study of the effect of location of the station on the
microseisms recorded led him to conclude "small microseisms occur
in general on solid rock, large microseisms at statlions on re-

cent sediments, There is no clear relationship between the

b



depth at which the instruments are located down to 1000 meters".
He again emphasized that the surf on steep coasts of ¥Western
Furope was the cause of giving rise to microselsms observed et
different statlions in Europe.

Gherz1i2Y (19023) discussed the different types of microseisms
recorded at Zi-ka-wei, Shanghai, He observed microseisms re=-
lated to typhoonc. He sugpested that the stmospheric vie
brations caused by the pumping of air due to tyohoons might be
the cause for generating microselsms. The periodic pressure
variation of the surface of the ocean 1s transmitted to the
bottom of the ocean by some unknown mechanlsm giving rise to
these pulsatory motions observed on land. He“l (1927) clited
examples when no appreclable microseilsms were recorded in spite
of high waves existing in the ocean near by. He further observed
that mlcroseisms suddenly decreased in amplitude when a typroon
entered the coast and again increased in amplitude when 1%t re=-
turned to the sea again.

Matuzawa ' (1927) studied in detall the microseisms observed
at Tokyo. He grouped the waves into three categories with
periods () 2 to 4 seconds (b) 6 to 7 seconds and (c) 8 to ©
seconds and indicated that "pulsatory motions are due to the
osclllations of some elastic system proper to each locality,
and that they bshave in different ways in accordance with the
varying modes of the disturbances.

Benerjaes (1830) reported that a Milne=-shaw seismograph

installed in an underground room with constant temperature



recorded microseismz only when there was rough sea conditions
over a fairly large area covering the Arabian Sea or the Bay

of Bengal. By studying those reccrds he noticed three distinct
types of microselsms associated with "(1) southe-west monsoon

(2) the storms in the Arabian Sea and the Bay of Bengal and

{(3) local disturbances such as pronounced land and sea breezes".
The microseisms assoclated with the south-west monsoon were
steady vibrations "having perlods varying from 4 to 10 seconds,
according to the strength of the air current over the ses™., He
e2lso observed that "the microseisms associsted with storms have
periods ranging from 4 to 6 seconds and show tynicsl irregulsr
variations in amplitude owing to the suver-vosition of waves of
different periods arising on account of the existence of marked
difference in wind veloelty in the storm and the surrcunding
areas. They make their appearance in the selsmograms as soon
as a atorm has formed, and disappear only after it has passed in-
land and ceesed to affect the sea'.

"Iuring the pre-monscon and the postemonsoon periods, when
the records are almost free from monsoon microseisms, the forme
ation and the early developments of a storm are easily recoge
nized by the appesrance of feeble microseisms of variable
amplitude, which become more and more marked as the storm is
fully developed. During the five years the instrument has
been in operation several storms formed in the Arabian Sea
and the Bay of Bengal, and all of them gave rise to microseisms
of this kind from the time of their formation unti{l they passed

inland and ceased to disturb the sea'.

‘6‘



By & mathematical analysis he tried to show that the sea waves
gensrated by wind should produce & pressure varistion at the
bottonm of the sea glving rise to progressive waves in the grouad
which should propagsete as Rayleigh waves on reaching the land
where the normal atress is zero. DBut his analysis can hardly
be defended since the pressure varlatlion due to progressive
waves on the water surface dies down exponentially with depth.
Por irrotational motion the solution of the hydrodynamical

equations in two dimensions 1s glven by

where ¢ 1s the velocity potential, h, the depth of the sea bottom.
X and y indicate the horizontal and vertical directions respec-
tively of the co-ordinate axis. Y 1s taken positive vertically
upward with the origin at the surface of the ocean.

Starting from equation (1) he then assumed <£98h k (y # h)
cosh kh

to be ecual to 1 for large h andé tried to show the transmission
of pressure varistion to the bottom of the sea, This 18 not
true because for large h

cosh k¥ (v £ h)
cosh kh

o XY
and therefore the actual form of the equation is given by

g = g_a_ ek cos (kx = oot)

which shows that the variation of pressure diminishes expo=-

nentially with depth.



This was pointed out by Sutenberg?® (1031) who also computed
the energy transferred by the breaking of the waves agalnst
stesp rocky coasts to ses whether 1% is sufficlent to generate
microseism. The energy imparted to the coast by the breaking

of a trachoidal wave is given by

w = ¢ gLEZL (2)
16T
where L 1s the length of the wave of helght H and of period T.
L 1e the length of the coast and f the fraction of the total
energy transferred to the coast. The factor f is included to
take into account the diasipation of energy by friction with
the sands, ete. In order to estimate the magnitude of F he
used the following velues. L = 100 m = 104 cm, H = B5m = 5.102 em
T = 8 seconds, { % 500 km = 5,107 em, £ = .1 = 10" . Substi-
" tuting these values in equation (2), he obtained L to be of
the order of 1017 ergs per sec. Compared to a normal earthe
quake in which the energy liberated is of the order of 1020
to 1024 ergs thils computed value is considerably less. Ve,
however, argued that "we must teke into consideration thet in
the case this energy 1s produced every seconc"™, which does
not seem to be very reasonsble for in an infinite medium energy
can not store at a particular place. It is transferred away as
soon as 1t is imparted,
By studying the microseisms recorded at Tokyo and the

local meteorological conditions wadat190 {1935) observed that the

breaking effect of high swells against rocky coasts might be the
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cause for generation of microseisms. IHe also suggested the
possibility of local microseisms being generated by strong
winds nearby.

Bradfordlg (1936} poilnted out that the values assigned by
Gutenberg in computing the magnitude of E in ecuation (2)
was rather too large. He also showed that the waves do not
always break parallel with the shore nor can they be refracted
with sufficient abruptness to render the crests parallel to
the sharp and complex irregularities of the shores. This will
cause to decrease the energy transferred to the coast by the
wave by a factor n which is of the order of .8. He computed
the actual energy transferred to the coast for a wave of
heights 6 x 102 cm to be of the order of & x 10%4 ergs per
second which was considerably less than what Uutenverp obtalined.
Lee?6 (1934) also stated "no exact explanation of how the surf
sets the ground into oscillation is given, but pressumebly
Gutenberg envisages each breaker as a tiny earthouake generating
surface waves, A diffieulty at once confronts such an
hypotheais, for the impect of the waves would not oeccur simule
taneously along the whole coastline affected, and consecuently
the asgreement between the period of the microselsms and the
sea waves i8s not explained”. As regards the oriein of microseisms
Bradford however suggested that atmospheric pressure oscillation
due to relatively rapid pumping of the air on the forward side
of low pressure ares transmitted to the ses bottom misht be the

cause. He concluded with the statement "If the microbarographs



in use at present possessed greater magnification and trace

speed, we should be able to see and study atmospheric oscillations
with perlods ranging from a fraction of a second to as much as

six or seven seconds"™. Thus we see that microseisms eluded all
the attempts made to know their real origln sad—eeatinved—to
know—bmelr rosl orlgin and continued to remaln in the realm

of the unknown.

krug®l (1937) designed a set of moveable horizontal seis=-
mographs for the special study of microseisms of periods be-
tween 4 to 8 seconds. He set up the selsmographs at the corners
of an isosceles triangle, the two esqual sides being 1400 m
in length. With this special arrangement he determined the
velocity and direction of approach of microseisms at GSttingen.
For microselsms of perlods 4 to 8 seconds he found a veloclty
of 1100 # 200 m/sec. His observation of the direction of
approach showed strong correlation between the barometric dee
pression on the NWorwegian Coast and the intensity of microe-
seisms at Gottingen.

Ramirez®® (1940) studied the microseisms observed at
St. Louls by means of a special arrangement of selsmometers,
the so-called tripartite arrangement, particularly with respect
to their travelling nature, direction of propagatlion, their svesd,
thelr amplitude, period variation, their wavelength, the motion
of ground particles and their origin., "The following instru-
ments have been used: four horizontal electromagnetic selse-

mographs especlally designed for recording microseisms, two

«l0=



mierobarographs constructed with the purpose of s tudying the
short air pressure oscillations and a special pendulum and
tickler combination for marking sigrals on the records svery
six seconds. The four selsmographs were arranged in the form
of a network; two Le-W component, one at the St. Louls Univere
sity gymnasium and one 6.4 km almost due west at Washington
University; and two N-5 componsents, one at the St. Louis
University gymnasium and one 6.3 km almost due south, at
Maryville College. These distances were chosen because they
are presumably about one-quarter of a microseismic wavelength”,

"A perfect synchronization of time mark wes effected from
a8 single clock by means of leased telephone wires. The pen-
dulum and tickler combination was used to send signals at
shorter intervals than the regular onee-minute clock marks and
thus to increase the number of simultaneous observations.”

He observed & definite relationship in the arrival time
of the waves at the three stations of the network: "The troughs
and crests of the waves, in the course of a storm, pass first
through a certain station and then arrive at a second station
and finally at & third station. This recording of the arrival
of waves at one station ahead of another station is not
simply a question of high percentage, for regular waves of welle
defined storms it is 100 p.c."

From the difference in arrival times at the thres stations
he computed the veloclty of the microseismic waves and found

1t to be of the order of 2,67 £ 0.03 km / sec.



To find their possible relationships with the atmosvheric
air oscillation he compared the microseisms and the microw«
barometric oscillations recorded with a specially designed
microbarograph for & period of more than & year. He
cbserved "no direct reletionship between the two phenomena
in wave form, group form, psriod or duration of storms”.

As to the nature of the waves constituting the microssisms
he concluded that “the KRayleigh theory and the observed charac=
teristic of microselsms seem to agree fairly well except for
the motion scross the direction of propagation....". These
waves may be independent waves of the same type =~ due to
refraction and reflection.” The direction of propagation of
the microseism can also be computed 1f the time i:.tervals
between the arrival of successive groups at the three corners of
the tripartite station are known. The followine deduction

is due to %acelwan@ve.

Iet A, B, and C be the known angles of the trisngle in Fig. 1,
and let a, b, and ¢ represent respectively the opposite sides
of known length. Let us suppose a wave front of microselsms

is travelling from left to right and reached A, DBP and CQ



are perpendiculars dropped on the wave front from the vertices
B and C respectively. X indicates the angle GAC between the
wave front and the side B and similarly Y indicates the angle
PAB between the front anc the side C. Then 1t can be shown

<
*

C

cot Y = n - B

|

(3)

o
b ]

X = m EBA
cot m > R

&

ot
s

whers

tBA

1]

inturval between the time for the wave front to
pass through B and A

"

tCA ® interval between the time for the wave front to
pass through C and A

By using this method Ramirez8® computed the agimuth of the
source from which the waves arrived at St. Louls. He observed
that the direction of approach always pointed towards a strong
barometric low existing in the ocean. In the case of the

New tngland hurrlcane of 1938 which he very carefullystudied,
he observed that the direction of approach of the microseisms
at St. Louls continuously pointed towards the centre of the
storm as it moved up the coast and not toward the areasa where

high surf existed., From this he concluded that "the source of

microseisms is to be found not over the land, but rather out



over the surface of the ocean. The amplitudes of microselsms
depend only on the intensity and wide spreed character of
barometric lows travelling over the ocean".

Since then the problem has been extensively studied by
various authors all over the world, the results of which are
contalned in several hundred papers. The U. 5. Havy Bumesu—of
Aenoneuties started s research project in 1943 under the
technical supervision of Father J. B. Macelwane to study
the microselems with a view to determining the possibility of
using thess ground vibrations for deteeting, lccating and
tracking ssvere hurricanes and typhoons when trey are far from
land. Undsr ité ausplces several tripartite stations were
established in different places both on the continent as well as
on islands such as in Guntanemo Bay, Cuba, #lorida, ruerto kico,
Guam, etc. The results of these Iinvestigations often led to
contradictory conclusions.

Gilmore>4s37 (1946, 1948) discussed the microseisms recordsd
at the U. S, Wavy tripartite stations in the Caribbean and
the Facific. He concluded that "(1) typhoons and hurricanes
always cause an increase in the amplitude of microselsms when
near enough to the recording stations. The same 1s true for
frontal systems and extratropical lows when accompanied by
sufficient wind. (2) This inecrease in the amplitude of the
microseisms is, in the Pacific, almost directly proportional to
the intensity and size of the storm and to ite distance from

the recording station. The same rule applies to the Ceribbean

«ld=



area except that greatly reduced microseisms amplitudes are

recorded when the meterorological condition causing them pass

over very shallow water, over land or over sciie other type of ]
microseismic barrier. (3) Severe storms in the Facific can

be detected as far as 1600 miles from Juem except when large

island¢ groups and major fault systems exist",

LeeB? (1949) pointed out the danger of laying too much
emphasis on the determination of bearing of the direction of
apprcach of the microseismic wave with the help of tripartite
atations @s superwposition of waves coming even from the same
direction with some phase difference between then may yleld
wrong bearing unless the stations are praviénd with three
component instruments to cheok the results of such determinae~
tions.

Similar difficulties have also been noted by Uonn and
Blaik®6 (19853) who observed that azimuths with trinartite
stations with single component instruments esre "obtailna®le with
angles of error of 20 to 40 degrees”.

Relatively few studies were made to know the tyve of wave
or waves that constitute the microseismic oscillation. Lee®d -
{1938) studied the relation between the phases of the hori-
zontal and vertical displacements, and observed that the phase
differences between the three components, slthough varisble,
definitely showed a predominance about & certsin value which
is generally expected from surface waves of Reyleigh type.
Assuming that microseisms are predominantly constituted of

waves of Rayleigh type, he then showed how the direction of

-1§¢



approach of microselisms can be determined by using the
records from & single station provided with three component
instruments. The same method was later on applied by
Kishinouye®” (1947) and Leet (1945) to track storms over
oceans with a view to examine whether microseisms originate in
a restricted aree such ss the eye of a hurricane, Leet also
reported to have identified love waves assoclated with micro-
selismic oscillations and concluded that "vertical pressures
have sarved-as a2 common source for both".

By comparing the emplitude of microselsms recorded at
Qp}kaly and the strength of the surfs on neare-by beaches
Byerlyl® (1942) reported that the two phenomena correlste with

" quite as well as the ohservations of surf strength

each other
at adjacent stations correlate with cach other. During winter
months the correlatlion coefficlent between microseisms and
surf becomes as high as 0.81",

Bernardl® (1941) compared the periods of sea waves on the
coast of Morocco and the microselsms at Algiers and European
stations and observed that the periods of the sea waves were
about twics the perlods of the microseisms., Similar results
were later on observed by Deaconl? (1947) by comparing the
periods of the microseisms at Kew with those of the sea waves
computed by Barber and Ursell in their harmonic analysis of the
waves reaching the coast. It has also been observed that the

microseisms arrive from a storm much earlier than the sea waves

reach the coast agreeing with the hypothesis that they are

=16-



generated in the storm centre.

We have already pointed out that this thsory has to face
2 serious theorsetical difficulty becsuse the pressure
variation due to a progressive wave on the surface of water
diminishes exponentially with depth. Fortunately however
M., Miche'4 (1944) showed from a theoretical study of wave mo=
tion that the mean pressure on the bottom under a train of
standing waves fluctuates with an amplitude provortional to
the souare of the helight of the waves on the surface., This
pressure variastion at the bottom is also independent of depth
and remarkably enough its frequency is twice the foundamental
frequency of the waves on the surface. Longuet-Higgins noticed
that thls wes exactly what was required to explain the facts
noticed by Bernard and Deacon. A shorter proof of Yiche's
results due to Longust»ﬁigginsvo is as follows,

The equation of a stationary wave on the surface of

water is given by (Lamb 1932)

a cos kxcosot £ 0(a®) (4)

g

where 6? gk tanh kh

"

Let us now conslder & mass of water contained between the
bottom Z S-h, the surface Z =77 and the two vertical plsnes
X % 0, N where A = §5£ Let us also suppose that there i{s no
flow across the verticel planes, so that the mass of water

contains always the same varticles. The total vertical force

-11-



on the mass of water 1s therefore glven by

- 20 - e
FI2m é—-% - é— i—ﬁ[?otential energy] (5)
dt dt

Since the horizontal forces across the vertical plane has no

contribution so far ¥ 1s concernsd, hence we have
Fs NP - P = pgh) (8)

where P is the mean pressure at the bottom PO, the constant
pressure at the free surface and Apgh, a constant force
exerted by gravity. HNow for a statlonary wave we have by

neglecting the compressibility of water
A
53 4 1 2
Potential energy = fz;y fa 4 7 ax
o

inpra® cosBt £ 0(a®) (7)
gh - % a? csecoa 208 £ 0(a®)

]

Hance 2

Equation (7) shows that the pressure at the bottom varie: with
a frequency twice the frequency of the waves on the surface

and its amplitude 1is proporcional to the square of the amplitude
of the statlonary waves on the surface.

On the basls of this result Longuet-Higglns’l: (1950) worked
out & new theory for the generation of microseisms., He showed
that interference hetween trains of waves of apvroximately the
same perlod travelling in opposite direction may givs rise to

8 system of stationary waves which should cause the pressure at

-18-



the bottom to fluctuate in the way shown above. This inter-
ference may oceur near the eye of a hurricane or due to reflection
of waves against a steep coast. By a detalled analysis he

also showed that the energy transferred due to this pressure
variation 1s of the right order of magnitude to glve rise to
ground oscillations observed on seismolopgical records due to
microseismic storms,

ﬁerbyshirele {1950) made s frequency analysis of the micro=-
seisms recorded at Kew and the wave records obtalned at Perr-
anporth and observed that the periods of the microseisms and
the ocean waves approximately satisfy the 1.2 relations™ip as
predicted by the Longuet-Higgins theory. He even showed that
one can identify the miocroseisms coming simultasneously from
different source aress by such comparisons of the periods.

Kishinouye® (1951) studied the microseisms recorded at
Tokyo and the sea waves observed from two weatherships located
at about 39,8501, 1520k and 28.5°N, 135%k. He reported that
-"the periods of swells were not always twice the periods of
microselsms at Tokyo during the seme time".

Donn®2 (1951) presented case history analysis for four
microseismic storms recorded at Palissde, N. Y. and Weston
Observatory. He observed that "all the evidence from the cases
studied tends to strongly oppose the importance of coastal surf,
and progressive and standing waves or swell as being the mech~
aniams in the generation of the microseisms". He suggested

that the "mechnaism of microseism origin lies in a pulsational
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effect in the atmosphers possibly produced as a result of in-
stability and turbulance in cold air, and from turbulance only

in the case of warm air moving at very high velocities, i.e.
hurricanes". He2° (1951) made periodogram analysis of wave records
cbtalned off Cuttyhunk Islé%g:tha microseisms recorded at

Weston. By comparing the results of this analysis he observed
that "thers eppears to be no relationshin between the period

of the swell arriving at Cuttyhunk off Cape Cod and the period

of microseisms recorded at nearby Weston Observatory".

Gutenberg?? (1953) studied the microselsms with perlods of
gbout six to eight seconds recorded at stations near the
Pacific Coast of North America during November and December
1951, He observed that "in Southern Cerlifornia the maximum
amplitudes -~ usually conincided with the highest breakers and
waves observed in Southern California®,

Dinger and Fisher®C (1953) discussed the microseisms re-
corded at the Havy tripartite stations at Guam and the ocesan
waves observed with two pressure gages set up on the two sides
of the 1sland, one on the eastern side and the other on the
western side, They noticed that high microseisms were recorded
only when there were high waves on both sidea of the island.
then waves were high on one side of the island, there was no
slgnificent rise in the amplitude of microseisms. Although this
observation gives a strong support to the Longuet-Higgins theory,

their conclusion that "interfering waves generated by two ine

dependent areas of wind give rise to particularly high micro-
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selamic activity" does not seem to be consistent with facts
because high microseisms were recorded st Weston and Harvard
Observatories when a single cold front moved to the sea from the
land or a single low pressure area travelled over the ocsan

surfsce.
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Problems to be Studied

In view of the mystery that still envelopes these pulse-
tory ground motions and moreover for the possibllity of using
them in predicting weather over oceans 1t has been consldered
uselful to study more systematically to understand the nature
and origin of these waves. In the present study we have dis-
cussed the problem from the following aspect.

(1) Nature: It has besn observed in our preceding review
that relaetively few studies were made to understand the nature
of these pulses. Although it 12 generslly held that they are
~constituted dominantly of waves of Rayleigh type, there 1s
8t11l some controversy as to thelr real nature as some authors
claimed to have identified other kinds of waves such as Love
waves. In the present investigation detsiled study has been
made for each individual group of waves which sppeared dis-
tinctly on each of the three components making use n»f the
properties of Rayleigh waves and Love waves as predicted from
theoretical considerations,

(2) Origin: Of the many theories that had been proposed to
explaln the real origin of microseisms due to continuous study
during the past half a century, the probability has been narrowed
down to two, One is the surf theory held by the Gottingen
school first proposed by Yichert in 1910 and ever since supported
and defended by Gutenberg. According to this theory mioroseisms
are supposed to be generated by beating of the waves agalinst
steep rocky coast. The other is the standing wave theory prow-



posed in 1950 by Longuet-Higgins which asserts thet when two
trains of travelling waves in water of spproximately the same
frequency coming from opposite directions superpose on each other,
they set up & system of standing waves due to which the pressure
variation at the bottom of the water column fluctuates with
frequency twice the frequency of the waves on the surface thus
giving rise to oscillations in the ground which are recorded

on our seismologlcal observatories. Although evidences were be~
ing observed now and then as to its validity no convincing ob-
servational data has been offered until very recently in which
case also studlies were made only with one set of metsorological
conditions. Detailed study has yet to be made to put it on a
sure basis 1f of course this proves to be the right one.

Since by the very nature of the problem no direct experiment
under controlled conditions 1s possible as in other problems of
physics, we shall have to depend on indirect evidences. By
using those indirect evidences which we shall explain later on,
we shall try to examine and see which one of the two may be the
most probable or the only probably cause to give rise to micero-
seisms.

(3) Possible uses of microseisms: We have pointed out in
our previous survey that after Ramirez made his firat study at
St. Louis by using the so called tripartite stations, the work
has been continued under the auspices of the U. S. Naval Researech
Laboratory in order to determine whether these tiny ground oscilla~

tions can be used to serve any big purpose such as locating the
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storm centers or for tracking well defined barometric lowa
travelling over ocean surface. The results of this long and ex-
pensive study have not provided any definite conclusions. As

has been pointed out earlier, some authors?® observed waves com-
ing from places as far as 40° away from the eye of the hurricanes.
No explanation for observing waves coming from so far separated
points has been provided. The author however triec to suggest
some modifications in the experimentsl arrangements to increase
the accuracy of locating the azimuths of hurricanes. In the
light of the origin of microselsms determined from our present
investigation, we shall examine whether such observations of
waves coming from widely separated polnts are expected due to the
underlylng causes of the origin of microseisms. Some authors
have indicated the use of Rayleigh wave for determing the
direction of approach of microseisms. ¥We shall also try to
examine in the present investigation how accurately we can

use Rayleigh waves for the same purpose using records from a
single station provided with three component instruments i.e. two

horizontals and one vertical.
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Materials Used

In the present investigation, the following materials

were used.

(1)
(2)

(4)

(5)

Microselsm records from Weston and Harvard Observatories.
Swell records from Woods Hole, Mass., Gilgo, L. I. and .
Long Branch, New Jersey obtained with the help of under-
water pressure sensitlive gages.

Three hourly synoptlic surface weather maps from 1,83,
meteorological station at Logan Airport.

Water depth chart of the North Atlantic U.S. Naval
Hydrographlc office, ilo. 0955,

Three hourly ocean surface wave reports (M.I.T.
Meteorology Department) e&s observed from the weather
ship 4Yi located at 36%j, 70%°/, The weather ship will

often be referred to by 4YH hereafter.

Sggeificat;ong of the Seismologicsl Observatories:«

Harvard Observatory

Geodetic coordinates 429 30' 286" lNorth

719 33t 48"  West

Elevation 180 metars

Lithologic foundation Micaceous Schist

Instrument - Vertidal, North~South, and East-West Benioff long

and short period seismographs.

Pendulum mass - 112,7 kg
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Instrument

Hormal Operating Constants

To
8ec

1.0
1.0
1.0
1.0
1.0
1.0

Weston Observatory

Tg
BeC

0.2
0.2
0.2
0.2
0.2
0.2

Geodetic Coordinates

Elevation

Litheologlic foundation

Instruments -~ Vertical, North«3outh, and East~-West Benloff

Prum 3peed

60mm/min
60mm/min
60mma/min
30mm/min
30mm/min

30mm/min

42° 231
719 19¢

80 meters

04,9N
19.8%W

Ketavolcanle

long and short period selsmographs

Pencdulum mass 100 kg

Instrument

ELP

Normal Operating constants

To
86¢C

1.0
1.0
1.0
1.0
1.0
1.0

Tg
sec

0.5

0.25

0.256
30.0
60,0
60.0

P

Drum speed

60mm/min
60mm/min
60mm/min
30mm/min
30mm/min
30mm/min



Presentation of Dats

Nature: It is gener :lly believed that microseisms are s ur=
face waves of some kind or other for they have been observed
to be able to travel hundreds of miles without apprecisble loss

of energy. But the question is yet unsettled whether they are
constitut- 7 of purely Raylelgh waves or a c¢ombination of
Rayleigh waves and Love waves as some authors reported %o have
ldentified Love waves also in micrcseisms., If Love waves do
really exist in microselsms, should we then consider that the
characterlstic property of the source which generstes microselsms
is such as to be able to give rise to oscilletions in the

ground only in the horizontal direction or they appear as a
secondary effect due to the propagation of microseismic waves,

To understand the origln of microceisms we must know thelr nature
thoroughly because the nature of the waves generated is intimately
related to the force generating them,

Yow there are two kinds of waves that propagate only on the
surface of an elastic medium. One is called Rayleigh wave in
which theoretically the particles in 1ts way move in such a way
that they describe ellipses in the vertical plane with their
longest axis pointing upward, the motion being retrograde, The
other is called the Love wave or Q wave in which the particles
in 1ts way move in the transverse direction to the direction
of propagation of the wave with no vertical component. These
properties can be utilised to understand the nature of the waves
that constitute the microseisms. In the case of Love waves

therefore we expect to observe movement only in the horizontal
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directions without any simultaneous displacement in the

vertical direction also. Simultaneous movement of the particles
both in the vertical and horizontal directions should therefore
indicate waves other than Love waves. This, on the other hand,
should mean that the waves are elther Rayleigh waves providad
they satisfy other conditions which we shall soon indicate or
they are some kind of body waves.

We have noted that the particles slong the path of Raylelgh
waves move in an elliptic fashion with the maximum displacement
being in the vertical direction. The motion of the particles
is retrograde when they are at the top most point (Fig. 2a).
Therefore the displacements of the particles in the horlzontal
and vertical directions should always malntaln some definite
relationship.

Fig. (2b) is a graphical representation of the displacement
of the particles due to the propagation of a Rayleigh wave from
East to West. The positive displacement indicating the dils-
placement in the upward direction for the vertical comnonent
and towards the Easst for the horizontal component. Similarly
Fig. (2¢) represents the displacement for a Rayleigh wave
moving from West to East. In the same way we can plot the
dlsplacements of the particles due to propagation of Rayleigh
waves in the northe-south direction or in some intermediate
direction. Now Fig. (2b) and (2¢c) show that if microseisms are
Rayleigh waves then we should observe maximum displascement on
the horizontal component when the vertical component indicates

zero displacement decreasing from positive maximum. It nay



be either to the east or to the west depending on the direction
of approach of the waves. In the present gtudy we have used
these criterias to decide whether a partlcular group 1s constituted
of Reyleigh waves or Love waves., luring a storm the waves howsver
do not come to the statlon separately. Several wave groups may
come to the station simultaneously. Ve have already pointec out
that simultaneous arrival of waves from different cdirections
may throw the components completely out of phase, Hence we
can not expect to observe the required relations for Kayleigh
waves by measuring any and every group of waves on our record
although they may be constituted of pure Faylelgh waves. Hence
we shall have to choose., Since some kind of choice has to be
mace, the following method has been adopted. |

In & particular microseismic storm each of the groups of
waves on the rucord was carefully studied., Only those groups
that a ppeared distinct and unsuperposed on each of the
components in which they were recorded were selected and then
measured to see 1f they satlsfy the above mentioned condition
required for a Rayleigh wave propagation. Particular care was
also taken to see 1f there were any groups of waves showing
displacements only in the horizontal directions. In this way
fifteen hundred groups of waves were chosen coverins five storms,.
It has been observed thet excepting a few, all of them satiafy
the conditions Indicated above thus showing that they are
Rayleigh waves. Cases were, however, observed, whieh showsd

peculiarities. In about 2 p.c. of the cases studied disvlace=
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ments were only in the horizontal directlions indicating waves of
Q type. In two cases, only the vertical component showed dis~-
placements. These later wave groups were probably due to some
local causss.

How the problem arises whether we should consider that the
waves cbzerved having the property of Love waves werse also
generated by the same source a2z all others or by some entirely
differsnt causes., Leet (1847) suggested that they were gener-
ated by the same mechanism s all others although he recog-
nized that microselsms are generated by a vertical force. It
does not seem to be very ressonable to conclude that all of them
were produced by the same mechanism becsuse i the characteristic
of the source which gives rise tc microselsms he such as to be
eble to generate oscillations in the ground having motions only
in the horizontal direction, then their number would have been ( ;J
more numerous. Secondly, if microseisms are generated by verticalWﬁi?Zﬁ
forces which we shall show later on to be very likely, it is hard fWMmM‘
to ses how they can produce Love waves 1n the ground. Consaquantiﬁ
they may appear on record for one of the two following reasons.
Either they may originate from causes which are completely in-
dependent of the microselsms. Or they may be generated by
Rayleigh waves when they pass from the ocean to the continent.
Although 1t 18 not yet definitely known what happens when Ray-
leigh waves pass from the sea into the land, there is reason to

belleve that they may generate other kinds of waves when they pass

ma jor structural discontinuities. In any cass they are not likely
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to bs generated by the same mschanism as all other waves that

constitute microsgselismic ogseillation.
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Procedure of Study

Although the real mechanism by which microseisms are gen=-
erated is not yet known, dus to contlnuous study duringz the last
fifty years 1t has been observed that they ar;:aome wey connected
with the sea waves, One group of Selsmologlists belleve that they
are gensrated by the breaking of the waves against steep rocky
coasts while others consider that they criginate from fluctuation
of pressure &%t the bottom of the sea due to a s ystem of standing
waves on the surface formed by interference of progressive waves
of approximately equal period coming from opposite cirections.

In order to determine which one of the two may be the most
orobable cause for the generation of microselsms, we have ox=
amined the problem from the following points of view.

If microsaisms are ganerated by the beating of the surf, then
the amplitude of microseisms should attain the maximum amplitude
simulbaneously with the higheat waves breaking against thse nsarby
coast.e I on the otherhand they are generated by starding waves
in ths ocean, then they should be observed only when a narticular
type of meteorologlcal situation exlsts on the ocean surface.

For to have standing waves, two systems of progressive waves

of approximately the same period comlng from opposlte directions
should supperpose on each othsr, which will call for speclal types
of wind motion. Therelore high swells in the ocean may not

alweys be accompanied by observations of high microseisms. Secondly,
if the later mechanism in the generation of microasisms operate,

then an important relationship between them should be observed
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i.e. the frequencies of mlicrossisms should be twlce the fre-
quencles of ocean waves., Further if microselsms are generated

by standing waves, then the depth of water in the generating

area should be of conziderable importsnce, for theoretical
conzsiderations show that if the depth of water be ( % } % } times
the wave length of’compressional waves in water, the amplitude

of microseisms may be increased by a factor of five due to
resonance. To examine these questions we shall adopt the follow-
ing methods. (1) We shall plot the amplitude of microselisms

and the trace amplitude of wave heights at nearby coasts in time
to see whether they reach thelr respective maximum at the same
time. II they do, our obvious conclusion will be that microseisms
are generated by the beating of the surf against the coast. If
the two phenomena are found to be independent of sach other,

we shall examine whether the situatlion can be explained from the
point of view of standing wave theory by studying the wind
motions in dlfferent parts of the ocean andé also by comparing
the amplitude of microseisms with the wave heights inside the
ocean as observed from the weather ship 4YH. (2) We shall

make spectrum analysls of microseisms and wave records to sse

1f their frequencies are related to each other by a ratio of
2:1 as predicted from theoretical considerations. (3) Ve

shall also compute the direction of approsch of microseisms
assuming that they are KRayleigh waves to see whether they come

to the station from the regions where they are expected to be
generated from other considerations. (4) By comparing the
nature, period and amplitude of microseisms and the depth of
water in the reglons where they are likely to be generated,



we shall examine the effect of the depth of water on them.
Amplitude: = In order to compare the microseismic activity with
the wave heights near the coast, we have indlcated to plot the
smplitude of microseisms and wave heights in time. Before going
in to actual measurement we have to declde two important points.
(1) How to measure the amplitude? If we take the absolute max-
fmum amplitude within a certain period, 1t will not certainly
represent the microseismic activity during the period, If on
the other hand we try to take the mean of all the wave ampnli-
tudes, 1t will mean almost a superhuman task. Therefors we have
to make some cholce. Various techniques were used by different
authors. In the present study the following technique was
employed. The double amplitudes (from crest to trough) of all
the waves within ten minutes, flve minutes at the end and five
minutes at the baginning of every half hour, was measured with
the help of a sqguare grid sach division of which 18 eouivslent
to .89 mm. From these, five wave groups were chosen having

the largest amplitude. The arithmatlic mean of those five

wave groups was considered to be the measure of microseismic
sctivity during that half hour., We have used & slightly
different technique in measuring the trace emplitudes of wave
helghts in which case we have records for only twenty ?o

thirty minutes every four hours, Here we have chosen t en

wave groups with maximum amplitude over the entire length of the
record and tasken the arithmatic mean. (Hereafter the term

"amplitude" will refer to "double ampliitude"),
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(2) Next guestion to decide in messuring the amplitude is the
choice of record i.e. on which component should we measure the
amplitude in order to have & falr representation of the ground
motion.
In our discussion on the nature of mlcrossisms, we noticed that
they are conctituted meinly of Rayleigh waves. HNow the ground
motion in the horizontal direction due to Reyleigh waves depends
on the direction of propagatlon of the wave, Hence the dlsplace-
ment on either of the horizontsl components can not be ¢ onsidered
to represent the ground motion. The displacement in the vertical
direction on the other hand 1s independent of the direction of
propagation of the wave. Therefore the amplitude on the vertical
component will be a2 falr representation of the ground motion as
far as our problem is concerned., If one wants %o be too accurete,
N T ook B Yo rF A e ity wint e achaed proend - o
ground motion. . Thies will involve & tremendous amount of work
without any great hope for significant gain. Since we are
particularly interested in times of beginning and eniing of a
storm, together with the time when the intensity becomes
maximum, the plot of trace amplitude on the vertical component
will serve our purpose.
Snaétrum analysis:

To compare the frequencles of microselisms with those of the
ocean waves we must know their frequencies accurately. ¥e may
compute thelr periods by messuring the distences between two

successive crests or troughs. Since there may be two or more
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groups of waves with different perlods superposing on each
other, this kind of measurement 1s very likely to give erroneocus
results. For that resson we have declided to mske exact analysis
in order to separate the different frequencies for convenlence
of comparison,

There are two methods for making such analysis. One is by
means of machines as described by K1ebba®® (1946) and Deaconl®
(1949). Many people, however, have questioned the validity of
the results of such anslyses, for the szpectra obtained were
very irregular. The other is the statistical method developed
by N. Wiener in his study of generalifed harmonic analy&is‘of
time series. Here we have acdopted the later method, a detailed
exposition of which can be found in references (91,95). For
continuity of discussion we shall briefly indlicate the under-
lying basic principle. A secuence, discrete or continuous,
which 1s generated in time is called a time series, and it can
be represented by a function f(t). If we operate on a time
serles as in equstion (8), for a sequence of lags T , than
the resulting funetion is called the auto=correlation funetion

of r(t) t.e.

"+T
gir) = im L J £(t) £(t-T) at (8)
-T

Now it has been shown (Wiener) that an autoe=-correlation function
of a sequence or time series preserves all information regarding
the fregquencies of the original function and it is & 1s0 an even

function. Therefore the auto=-correlation function of an

osclllating sequence will be an oscillating function having the

o
e

i
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same frequencies as the originsl sequence and hence can be
represented by an sguation of the form
$(T) w2 | $(&) coslw?) du ()
o
where ﬁ&w) is & measure of the power corresponding to frequency .
The power corresponding to different freoguencies can therefore

m
be separated by using the Fourier transform foruls 1.e.
pw )i j°°¢(fr) cos (WnT)dT (10)
n 13 o ' '

where é(&g) is the power corresponding to fro@nencya:n. Since
our wave record or the seismic record is essentially a time
series, we can utilize the same technlque to separate tur
frequencies. In actual applicatlon we replaced the infinite
integrals in equation (8) and (10) by sums over finite length of
our record. The computational procedure followed here is
essentially the same developed by TukeyBG (1949) and Tukey and
Hammingg7 (1949). The method has been beautifully summarized by
Wadsworth and his associates in GEOPHYSICS (1963). For conven=
lence the sectlion 1s cuoted below.

"The unnormalized suto-correlation of a group of data at
equally spaced Intervals of time, say X109 Xg ---~-xn are ¢ omputed
by the standard formulae. The formula which Tukey prefers is
given by |

NP

R 1
S s Ei. 1% 14p (11)

Here the Rp's are estimates of the unnormalized auto~correlation
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function at the discrete lag P and are called the sample serial

product”.

"The basic problem is to obtain an approximation to the
spectrum from a given number m of these serial products com=-
puted from a finite time series. Frequencies w and frequencies
2N fw, 47w etc. are eculvalent as far as the method of Tukey
and Hamming is concerned. Thus the effect is to fold over the
last part of the frequency scale where %—ELQ into that portion
of the scale where fu;!-r},i% o This means of course that on the

scale the distribution of freguencies will now run from - 0
to 7, and we shall confine our sttention to this regilon. By
choosing discrete values of angular frequencyws %’3 (8%0,1,2,...m),

we may perform numerical integration of (10) by the trapazoindal

rule and write
8l =
é (m ) LB (12)
where
Laﬂi[%n ecso;lmf_lﬁ cos 81 £ 2 R cos sW (13)
n o ."1 5 m & m

By letting R
YJ = .R;l (5 = O,l,a..m} we have

[+

L « lo 14 mil“f
w———— 2
s 2 51

cos §?’;.1 ¥’ 'Y'm cos (Sﬂ)] (14)

An approximete integration of ¢(°°) from = M to T by the trapezoidal
rule ylelds

-y
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" n mel
[pe) a0z ) fo) cosBlif 2 F v s, ] (15)
-t

"Because the values of La are subject to systematiec error,
they must be smoothed in order to obtain a satisfactory satimate
of the spectral density. After research into feasible smoothe
ing techniques, Tukey and Hamming settled upon the following
simple scheme. The smoothed estimate U8 of the spectral density
is given by
Ug = 423 Ly 3F o54Lg # o23L_ 41 , (3%0,1,2,0..m) (16)

Since Uo and Um respectively lnvolve L~l and Lm#l’ which have
not been defined, set L-l = Ll and mel s Lm-l' Or what

amounts to the same thing, smooth the end points thus:

Uy % «54 L A .46 L, {17)
Um s .54 Lm £ .48 Lm-l
Because of the 1 dentity
B Loge 5
U s
0}21 a,lzrm o;slnsng (18)

We see that the smoothing process 1s area preserving." In our
computation we have used instead of scustion (11) & different

formula for serial product given by

HeP
R = .3
P BNA 7[1 %1% 4p (19)
for use of equation (ll) gives negative power for some frequencies

which has no physcial significance. Use of equation (19) Ffor the
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serial product guarantees positive power and a smoother curve.

A discussion of this can be found in reference (95) page 113.

A sample auto~-correlation curve for one hundred lags is shown

in graph 8, It has been mentioned that in the computation we
replaced the integral in equation {&) by a sum,lLe. the traces

on the wave record and sclsmogram wera approximated by cise
placements xiAat discrete intervals T . Now the problem arises,
how closely should we read the displacements 1n order that we
may consider the sum a fair approximstion of the integral? After
careful considerations, we decided to have at least ten readings
within a complete wave length 1l.e, between crest to crest or

trough to trougﬁ.' Since the drum speed of the selsmograph iz only

3 em per minute, it was not possible to read so closely. We have
therefore enlarged a section of the microselism records which
we chose for frequency analysis four times, in order that we
could have the desired number of resdings within a wave length.
On the enlarged record we read the amplitude of the displacee
ments at dlscrete intervals with the help of a transparent
square grid graduated at intervels of .89 mm.

Similar technique was alsc used in the case of wave records
where the ¢ 1splacements were read with a grid in which the
vertical lines were replaced by circular arcs of the same radius
as that of the astylus of the brush recorder on which the records
were obtained.
Directions

In our discussion on the nature of microseisms, we have

seen how we can determine the quadrant in which the sximuth of
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the wave lileas from the relative displacements on the different
components. Once the quadrant is known, we can ¢c ompute the

direction of a2 pproach by using the formula

A
tan 6 = X& (17)
e

Where © is the angle between the direction of approach and the
H=3 meridian at the station. An and Ae are the displacements
on the N-S and E-W components respectively.

In actual computation we meet the same difficulties we
mentioned in connection with our discussion on the nature of
microseisms. Consequently we adopted similar technique here
in this case also i.e. we have gone through all the wave groups
individually and chosen only those that appoeared to be unsu?paqgsod
by examining the displacements on each of the components on which
they were racorded, We then measured the amplitude (double
amplitude) estimeting within a tenth of a millimeter. It was not
considered necessary to make any correction for the sensitivities
of the instruments for they are almost the same for the hori.one-
tal components of the Weston Observatory instruments.

It should be mentioned in this connection that the directions
computed by this method can not be considerec¢ very accurate be=
cause of the many factors involved, It will, however, sive
us some ldea to see whsther‘the waves were approeching the station

approximately from the right directions.
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Presentation of Case History Analysis

Seven case history analyeis of mlcroselsms and vhotostatic
coples of synoptic surface weather maps showing the meteorologl-
cal conditions at the same time are presented below., Of the
seven cases presented, the first five cases show the characteristie
frontal microselsms and the assoclated meteorological conditions.
Case slx has been presented to show that unless some special
meteorologicel conditions exist, microseisms are not generated
although there may be high waves near the coast as well as in
deep water. Case seven 1s a study of microseisms assoniated with
a 3trong barometric low over a restricted area such as in a
hurricane travelling over the ocean surface.#

Befora going into the discussion of the individual cases
it will be perhaps worthwhile to add some explanatory notes re-
garding the interpretation of the symbols on the weather maps.
Isobars (lines of ecual pressure) are shown by closed lines and
drawn at intervals of 3 millibars by relatively finer lines. The
centers of low pressure areas (cyclones) and of high pressure
areas (anticyoclones) are indicated by "Low” and "High". Cold
fronts are shown by heavy lines with wedges pointing in the die
rection of motion. Warm fronts are also indicated by similar
lines with blackened semicircles on the side towerds which they
move., Wind directions are indicated by arrows flyinz with the
wind. Bars on the tall of the arrows show the wind speed;

Note +#Coples of the maps are attached only for those times when

ihe meteorological conditions were considered to be signif=
cant, SRS



each full bar indicating 10-1Z miles per hour and a half bar
5«6 miles per hour, The one-thousand fathom line is shown
by dashed lines on the maps.
Graphs 1~7 show the amplitude of microselsms, the wave
heights near the coast and at 4YH. Dlscontinulties in the wave
height curves 1in graphs 3-5 are due to the fact that the records
for the perilod were not availadble, Amplitude of microseisms at
Harvard are not shown on the graphs because they follow very closely

with those at Weston, as i1s shown in grasph 7 as & sampls case,
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Cass 1 December 11-13, 1952

The amplitude of microseisms at Weston, wave heights at
Woods Hole and at 4YH are shown in Oraph 1 which indlcates
a lag between the wave helights near tho coaat and the ampli-
tude of microseisms. The trace amplitude of wave heights at
Woods Hole reached the maximum at 21,00 h G.S.T. on Dscember 1lth
when the microseisms at Weston just started to increase., The
microseisms attained the maximum smplitude after about 12 hours
at 09,80 h G.5.T. on the followlng day by which time the wave
heights near Woods Hole decreased considerably. This indicates
that the two phenomene are not directly related to each other,
A gtudy of wave halghts at 4YH and the amplitude of microselsms
indicate on the other hand that they are likely to be closely
related to each other, For example they both increased almost
in the same manner, reached the maximum almost simultaneously and
also started to decreass almost simultaneously. Therefore if
microseisms are generated by any wave action in the sea, then
it is due to waves in deep water rather than the breaking of the
surf againat the cosst. ¥e have mentioned earlier that
microseisms can be generated in deep water only when waves of
ecual period coming from opposite directions sunerpose on each
other. Thils situation should arise when\there‘ié a rapid
change in the directlion of wind motion. Let us now examine
the maps to see whether the development of weather conditions
was such as to give rise to the proper kind of shift in the wind
direction or the correlation we have observed is just a matter
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of chance., A brief survey of maps 1-7 will show that a cold
front extending all the way over the eastern United States
accompanied by a low pressure area moved from land into the
ocean. At 03.30 G.8.T. Dec. 1lth the c¢old front was roughly
parallel to the coast from Florida to New York and wind with
speeds between 13 to 24 miles per hour was blowing from the
sea to the land, The wave records at VWoods Hole show a trace
amplitude of 5.5. The microseisms at Weston and Harvard about
that time were at the noise level,

31x hours later the front was right on the coast near
Cape Hatteras, part of the front extending into the coastal
waters. Wind along the coast, north of Cape Hatteras was blow~
ing on shore. At Nantucket wind at 13 to 18 miles per hour was
blowing from S40°E. At 4YH wind at 19-24 miles per hour was
blowing from S20E. Wave heights at Woods Hole and at 4YH just
started to increase while the microseisms at Weston continued
to be at the nolse level. The condition is shown in Map 1.

Condltions nine hours later at 18.30 G.S5.T. are indicated
in Map 2 which shows that the part of front, south of the low
moved into deep waters with the center of the low pivoting
itself entirely on land near New York. North of Xew York the
wind was still on shore. The trace amplitude of wave height at
Woods Hole increased to 9.5 without causing any significant
increase in the amplitude of microselsms. Wind speed at 4YH
increased to 39-46 miles per hour blowing due north. The
wave helghts there also increased to 9% ft. Since wind in.the
deep water region was continuously blowing in one direction fho

waves generated were all travelling in nature.

a--‘!%»"””.
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Map 3 shows the condltions at 00.30 G.3.T. Dec. 12th. The
center of the low had just moved into the water south of L. I.
The part of the front south of the low which was moving rapidly
eastward, had crossed the 4YH with consequent change in the
wind direction there. Wind was still blowing on shore near
Cape Cod where the wave helights reached the maximum. The ampli=-
tude of microseisms increased to 5.

The conditions six hours later at 06,30 G.S.T. are shown
on Map 4. One end of the cold front kept pivoted at the same place
while the other end rapldly moved eastward. The wave helghts at
Woods Hole alreacy started to decrease, wind on opposite side of
the front moving almost in opposite direction. At 4YH the wind
velocity Increased to 47-54 m.p.h. and it was blowing from
N70W which means a shift in the direction by 130° during the last
21 hours. This change in the wind direction should therefore
glve rise to standing waves. The amplitude of microssisms
reached 8,

Map & shows that the front became arched ss the southern
portion wes rapidly moving eastward. The center of the low
moved north of Woods Hole where the wind had become off shore
as a result of which the wave heights there diminished cone-
siderably. At 4YH wind was blowing with the same speed approxie
mately in the same direction. The wave helghts there reached
the maximum and also the amplitude of microselsms at Weston,

An important point to be noticed i1s that as the front was
arching, a section of it in deep water was slowly extending east

of Boston. As a result of this the generating area of microseisms
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should slowly extend from south to south east, if, of coursse,
microseisms are generated by standing waves. The aximuths
computed by using equation {17) show that this was exactly the
case. Although the waves continued to coms from all parts of
the front in desp water, the generating arees continuously ex-
tended towards the north.

Another important point to be observed 1s that from the
time the amplitude of microseisms started to increass, the part
of the front in deep water was moving rapidly towards the east.
Since the wind on the two sides of the front was moving almost
in opposite directions or st least with a high component in
opposite directions, this rapid movement of the front should
be very efficlent in giving rise to standing waves. Maps 4,5,
and 6 which indicates the weather conditions for the period
duaring which microseisms had the highest amplitude clearly shows
thlis repld movement of the front.

The conditions at 00.30 G.8,T. Dec, 13th are shown in Map 6.
During the last twelve hours the center of the low was shifting
towards the north while the front was continuously moving towards
the east. The portion of the front whichwas in deep water had
moved far into the ocean. The microseisms amplitude meanwhile
had been decreasing continuously. It seems that the portion of
the front north east of Boston, was not effective in generating
microseisms probably because it was lying in the shallow water.
It should be noticed that a new cold front was moving towards
the coast.

Map 7 shows that the second front which was moving eastward
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extended into the oeean by 06,30 G.S8.T7., A speclal feature of the
new front was that the winds on its two sides were blowing almost
in the same dirsection and were not effective in giving rise to
standing waves., Consequently the amplitude of microseisms con-
tinued to decrease, although the front moved into the deep water.
By examing the seismogram traces we observe that at the be-
ginning of the storm the waves are very irregular both in ampli-
tude and period. They did not start taking definite shape until
22.00 G.,8.T7. Dec. 1llth when the front had moved well beyond the
1000 fathom line. The earlier waves are probably the ones
generated in the shallow water. As the storm developed the waves
gained in amplitude and looked like well defined pulses with
uniform period, Thus we see that high amplitude microseisms
strongly correlate with the rapid movement of & cold front in

deep water,
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Case 2 Dec, 15th to 17th, 19582

The amplitude of microseisms recorded at Weston, the trace

amplitude of wave helghts at Woods Hole, the wave helght at
4YH are shown in graph 2. In the plot the scale factor in this
case has been doubled in order to show the variations more
clearly. Although the period was not one of high microselsmic
activities as in other cases, the cese has been presented be=~
cause 1t shows some definite characteristics which help to draw
important conclusions. For example it clearly demonstrates that
the microseisms at Harvard and %Weston are not in any way re-
lated to the beating of the surf near the coast. During the
period the trace amplitude of wave helghts at Woods Hole went
hardly beyond the noise level, the maximum amplitude beina only
2.8 A glance at the graph will immediately make it evident that
the increase or decrease of wave heights near the coast didn't
affect the character of microseisms at our stetions. This also
clearly demonstrates the changes in the meteorolopgical conditions
that are necessary for the generation of microseisms. Let us
first examine the weather conditions and the corresponding
changes in the character of microseisms before going into the
dlscussion of these important points.

On the 15th of December 1952 a cold front stsrted to develop
in the coastal waters extending from Florida to lewfoundland.
During the earllier part of the day the conditions were not

clearly defined. By 18.30 G.S,T. (Map 8) the condition be=-

came fully developed. A strong barometric low was formed in

deep waters at about 38%H 67°W with one part of the cold front
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extending approximately south. The other to the north east
from the center of the low. Because the front developed
entirely in the deep waters the wind was off shore all along
the comst, As off shore wind ca&n not give rise to high
waves near the coast, the wave heights there remained low as we
find in graph 2. The wave height at 4YH at this time was 5 ft.
although the wind there was blowing 32-28 m.p.h. During this
period microseisms with amplitude approximately £ were recorded
at Weston. As a matter of fact these feeble microselsms were
continuously coming ever since the storm in case 1 ended. They
were very irregulasr in nature both 28 regards amplitude as well
as period. Before we pass on to the next map it will be perhaps
important to mention one important feature associated with the cold
front. Tt should be noticed that the 1sobars were breaklng at
sharp angles as they crossed the front as s result of which wingd
was blowing almost in opposite directions on the two sides of the
front,

lap 9 which depicta the conditions three hours later, 21,30
G.S.T. Dec. 15th, showa some small changes in the situation.
During the period the center of the low slightly shifted to the
north while the front south of it became straight although
1ts general position remained more or less the same. As a résult
of this, the breaks in the isobars along the front became sharper.
The wind direction at 4YH meanwhile changed from due north to
due N70%. The nature of microseisms at Weston remained une

changed.

Conditions three hours later at 00.30 Dec. 16th are ine
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dicated in Msp 10 which shows that the front had started to

nove rapi&ly towards the east with the center of the low plvote-
ing 1tself at the same place. Simultaneously with the movement
of the front, the amplitude of microseisms at Weston started to
increase rapidly as cen be seen in graph 2. This again confirms
our obszervation in case 1, Although the wind speed at 4YH re-
mained constant (1.e. 32-38 m.p.h.) its direction had changed to
N60%F, The wave helght there also increased to 11 ft. As be=-
fore the wind along the coast from Florids to the Waritime
provinees remained of% shore,

Six hours later at 06,30 G.5,T. (Map 11) the center of the
low had shifted north into the shallow water while the part of
the front which was in deep water, had been continuously
moving eastward. Conditions six hours later at 12,30 Dec. 16th
shows the continued movement of the front. Imring the last
twelve hours 1t moved about 330 nautical miles along the 40th
parallel and about 45C nauticel mlles along the 35th parallel.
Pefore this the movement oi ithe “ront was almost insignificant,
As a result of this rapid movement of the front, the wiand direc-
tion in places swung through almost 180° as can be seen by compar-
ing 1ts directions at Sable Island in map 10 and 12. Similar
shifting in the wind direction can also be observed at ¥¥D
(32%1 65%) on the maps. During this period, the amplitude of
microseisms at Weston steadily increased to its maximum. It
should be noted that during the entire period the wind along the
coast was off shore and naturally there could not be high waves

there, as is also shown by graph 2.
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By 18.30 G.S.T. (Map 13) the low had moved over to
Newfoundland. The front was still moving eastward but 1its
speed had considerably diminished. The amplitude of microseisms
had started to decrease. It should be noticed that in the mean
time & new front was approaching the coast from the land. It did
not however, cause any change in the wind direction slong the coast.

By 06,30 Dec, 17th (Map 14) the southern portion of the front
which was approaching the coast, moved well into deep waters,
Since the winé was blowing almost in the same directlion on 1ts
two sides, nothing changed so far as mlicroseisms were concerned
due to the extenslion of this new front. They had been steadily
decreasing in emplitude although not as rapidly as when they were
increasing.

The study of the eXimuths of the origin of the waves coming
to the station at different time also reveals an interesting
fact. Ve have seen that at the beginning of the storm, only
a section of the front whose general direction from Weston was
about 545°E had been moving and so became effeotive in generating
microseisms. Later on, the center of the low shifted to the
north and the sections of the front lying on either side of
that direction started to travel. The direction of approach of Ke Waven
computed by using Rayleigh waves shows similar sequence showing
the extension of the generating area of microseisms on both
sides.

To conclude we note the following facts as revesled by

this case hisiory analysis. (1) The fact that wind was
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continuously blowing from the land to the sea and the trace
amplitude of wave heights near the coast had hardly risen beyond
the noise level during the entire period‘of the storm

completely negates any possibility of microseisms being gen-
erated by beating of the waves against the coast. (2) Kxise
tence of & barometric low or a cold front over the ocean either
in deep water or in shallow water reglons does not give rise to
microseisms. For increasse in the amplitude of microselisms

é¢1d not commence until 00.30 G,5.T. Dec., 16th although the
meteorologicel conditions became well defined by 18,30 G.5.T.
Dec. 15th., (3) Rapid increase in the amplitude of microseiams
as soon as the front started to move strongly suggests that

the movement of the fronts or lows 1s the important factor in

the mechanism for the generation of microseisms. Absence of
similar effects when the second front was travelling shows the
type of wind motion that should be assoclated with the cold front
in order that the mechanism may be effective for the generation
of microseisms. (4) It has been mentioned by Dinger and Fisher
thet the mlcroseismic waves ars: highly attenuated over oceanic
patha. This particular case does not seem to support this idea.
If we consider that the nearest places from where the microseisms
came to Weston during the storm were at the irtial vosition of the
front (21,30 G.S5.T. Dec. 1Bth), then the waves must have travelled
at least 475 KM before they were recorded. If the effect of
attenuation would have been so strong as the authors thoughtit to
be then the amplitude of microseisms would be much less than

what has been observed.



Cage 3, Fab, B =~ 1-3:: 16563

This case covers & period of four days from Feb. 8th to
Peb. 1lth 1963, Actually from the point of view of our problem
it represents two cases. One 1s from Feb. 8th through Feb. 9th
during which time we had an unusually high microselsmlc storm
accompanied by high ocean waves., The other is from Feb., 10th
through Feb. 1llth during which time we had high waves at 4YH
with feeble microseisms recorded at Weston and Harvard. The
amplitudes of microseisms, the wave height at 4YH and the trace
amplitude of wave heights at Gilgo, L. I. are represented in
Graph 3. The meteorclogical conditions for the period are
shown in Maps 15 to 27. The amplitude of microssisms and the
wave heighta at the nearby coast could not be compared during
the early part of the storm as the wave records for the perlod
were not available. The only records for the coastal waves
avallable for the period were from Long Branch, New Jersey.
Unfortunately, this instrument was operated at such a low
sensitivity that quantitative measurement of wave amplitudes
would be very inaccurate. However, the record does indiecate
the time of the maximum wave heights, and this, together with
the weather maps for the period can bs used to estimate when
the wave helghts at Gllgo reached the maximum amplitude,
since the wind direction st both the places changed almost
simultaneously &8s can be seen in Maps 15 and 16. By doing so
we observe that the wave height at Gilgo, L.I. should have

reached the maximum at least 12 hours before the microseisms

g
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at Weston {(maximum wave height at Long Branch was at 09,00
G.S.T., Peb, 8th). Graph 3 however, shows a strong correlation
between the wave heights at 4YH and the microselsms at Weston
indicating again a close relationship between them.

The amplitude curve of the microseisms in graph 3 shows
8 very pecullar characteristic of the storm under discusslon.
It rises very aulickly and staadiiy to its meaximum and drops
down almost as fast es it rose although the wave helghts in
deep water continued to be as high as 12 ft. We shall come
back to this point later on after discussing the genersl weather
conditions.

The weather maps show that on Feb. 7th about a dsy prior
to the beginning of the storm a stationary front had been
developing almost parallel to the eastern coast of North
Americs extending from Florida to New Brunswick several hune
dred miles inside the land., Towards the end of the day the
cold mass of air on the western side of the front started to
move towards the east and reached the coast at about 21,30 G.S.T.
of the same day. luring this period strong wind was blowing
on shore.

At 00,30 (¢.5,T. February 8th (Map 15) the front was alm#st
parallel to the coast with one low over Georgla and the other
over -the eastern postiva—of Malne. A section of the front
between Cape Cod and Cape Hatteras was lying on the coastal waters.
As the front moved into the coastal waters, the wind in southern

New Ingland changed direction from SE to NW. On the eastern



8lde of the front the wind was blowing genserally from south to
south-east. In some places it was blowing due east. At 4YH
wind was 39-46 m.p.h. from dus south. The microseisms at this
time were very low,

By 3.30 G.S5.T. the front had moved further Lo the easi as
& result of which wind in llew England became eniirely off shore.
By 6430 G.5.Ts 1t became northerly. The condition about this
time shows that the southern low assocliated with the front
became well defined while the one on the north started to
move northward.

Map 16 indicates the conditions three hours later at
09.30 G.3.,T« Thls shows that the front had moved well into
the ocean but 1t was still in the shallow water eoxcept a
small portion of it north of Cape Hatteras bulging off the
shslf, The southern low was then lying slightly north of
Cape Hatteras. The northern low associated with the front had
meanwhile moved over to Quebec and developed an occluded front.
All along the coast the wind had become off shore. This wave
helght near the coast should therefore start to decline as is
also shown by the Long Branch wave records. Conditions six hours
later (map 17) shows little change in meteorologlical conditions
so far as the microseisms are concerned., Only the southern low
assoclated with the front had shifted slightly to the north.

A portion of the front south of the low was then extending into

the desp water. The amplitude of microseisms recorded at Weston

had just started to increase,
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After thla time the low was moving continuocusly towards
the north while the part of the front south of the low was
travelling rapidly towards the east. At 21,30 G.S5.T. (map 18)
the center of the low was just off the coast near Cape Cod, the
part of the front south of the low being entirely in deep
waters, As soon as the front crossed 4YH, the wind there
immediately became westerly. Within this last six hours
the amplitude of microselsms increased from 4 to 18 on our scale,
This again shows, as we observed in the lsst two cases, that the
mechanism by which microseisms are generatsd is related to
the movement of & front on opposite sides of which the wind moves
In opposite direction or with a large component in opposite
direction. If we sxamine the isobars, we observe the same
features as in the last csse, 1.e. they break at a sharp
angle as they cross the cold front., Six hours later 0Z.20
G.5.T. Fob., 9th, the low was on southern Nova Scotla and be-
came very sharp. The front was moving continuously towards the
east. At 4YH wind wes then blowing from N40°W at 47-54 m.p.h.
This indicates & change of 150° in wind direction during the
last 9 hours. This should therefore give rise to high stand-
ing waves and consequently of high microseisms. Graph 3
shows macimum amplitude for microseisms.

At 09,30 G.3,T., Feb, 9th (map £0) the center of the low
was over the maritime provinces, The rapid movement of the

front was still continued. This clearly indicates that miero-
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selsms are not generated directly under the low for in that
case there would have a sharp drop in the amplitude of micro-
seisme when the low shifted on to the land. The amplitude of
microselsms at this time shows & slow average decrease. There
may be two ressons for this, First due to continuous blowing
of wind from one direction the amplitude of standing waves
which were formed curing the earlier part were being slowly
suppressed., Secondly, the front was probably getting too
far from the recording station. This, of course, does not
sugrest the attenuastion of the waves of the type as mentioned
by Linger and Fisher. By 15.30 (map 21) the front reached the
55th meridian 8till continuing its rapid movement eastward
(compare with map £0). The center of the low remained more
or less statlonary. Graph 3 shows a rapld decresase in the
amplitude of microseisms during this period.
During the next six hours (map 22) there was little change

in meteorological condition except further movement of the
front, The wave helght at Gilgo shows a steacy decline eas
they should for the wind during the entire period was blowing
off shore. The wave height at 4YH after a small drop again
increased to 14 rt. The microseisms at Weston dropped to
6 on our scale, at which they continued for the next two
days although during this time the wave height at 4Y! again
rose to as high as 19 ft, This has been pressnted to 1llustrate
that there may be high waves in the ocean wlthout any corres-
ponding change in the microselsms. Maps 23 to 27 show that

during the period the wind was contlnuously blowing in one
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direction., The waves generasted were asll travelling in
nature and therefore did not give rise to any high amclitude
microseisms.

Summerizing we note the following facts.
(1) As proviously observed, the present case again show that
microseisms are generated only when the cold fronts (we are
discussing frontal microssisms) with wind moving in opposite
direction on its two sides travel rapldly scross the ocesan
surface.
(2) H4igh amplitude microseisms are generated only when the
front moves into the deep water,
(3) Microseisms are not generated under the barometric low
or the co0ld front as we observed in the previous cases.
(4) The attenuation of microseismic waves Goes not seem to be
excesslvely great over oceanic pathsa.
(8) Wicroselsms are not related to surf beating amgainst
the coast.
(6) Thaae’facts strongly sugegest that they sre generated

by standing waves in the ocean.



Case 4, Feb., 11 - 14, 1953

Graph 4 represents the amplitudes of microselsms recorded
at Weston, the wave helghts at 4YH and the trace amplltudes
of wave height at Gilgo, L. I. from Feb. 11lth through Feb. 14th
1953, The sssoclated meteorological conditions are shown
in mape 28 to 31l. Thus graphs 3 and 4 show the continuous
record of microseismlc and wave data for seven days beginning
from Feb. 8th through Peb, 1l4th. e observed in c¢ase 3 that
towards the end of the storm the amplitude of microseisms rap=-
1dly declined to 6 at which it remained more or less constant
{on the average) for the last forty hours, although the wave
heights at 4Yil rose to 19 rt. for sometime. It was probably
because only a small component of the waves In opposite
direction was effective to cause pressure variation at the
bottom. Here also we don't have the wave records from
Gilgo at the beginning of the storm to compare the coastal
waves with the microseisms. By using the Long Branch records
and the weather meps as we did in case 3 we find thst the
wave heights near the coast should have reached the maximum
muach earlier than the micrasaiaﬁs at Weston.

Graph ftg?gfg that the wave heights at 4YH began to
decrease at 089.00~Feb 1llth and so did the microseism amplitude
although not as rapidly. Both of them reached the minimum at
about 06,00 G.S.T. on Feb 12th and started to inorease again
almost simultaneously. Increase in the wave heights at Gilgo

conmenced much earllier as they should because the front crossed

rd
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the shore line long before it effected the wind motions at 4YH,

If we examine greph 4 and the meteorological condltions
during the perliod concerned we notice the same relationship
between the incresse and decrease in the amplitude of micro-
seisms with the movement of the cold front haviang the same
type of wind motions associated with it.

Map 28 which depicts the condition at 12.30 G.5.T. Feb. 12th
shows that & low pressure area associated with a colé front
extending up to the Gulf of Mexlco on the south was approaching
the const. A minor low assoclated with & warm front proe-
jeeting towards the ocean wss then lying on the Delaware Pay,
Wind north of the warm front was onshore while on the south
the front, it was blowing off shore. At 4YH wind was blowing
25«31 m.p.h. from 850%%, Conditions three hours later show
that the fronts had shifted ssstward. Along the coast the
situation remained unchanged.

Three hours later, 18,30 G.5.7T. (map 29) the entire warm
Tront from dantucket Westward changed into a cold front and
Joined the o0ld one running HE « SW near Richmond, Virginia.

A new low had developed just south of Hantucket where the
new cold front and ths warm front came together. The new
front was then lying off the coast.

"hree hours later, the front had moved well into deep waters
between iHantucket and Ceape Hatteras. The low was then just
south-sast of Hantucket. At 4 Yi wind velocity incrensed to

39-46 m.p.h. wlth a conseauent increase of wave heights



there. Microselsm amplitude at Weston started to show a definite
upward trend at this time (graph 4).

After 00.30 Feb, 13th, the front started to move rapldly
eastward with the center of the low shifting to the north.
By 03,30 the front crossed the 4YH ship as a result of which
the wind direction there changed to H30°W, but its velocity
decreased to 19«24 m.p.he Consecuently the wave helghts there
dropped down to 1l ft. MNicroselsms sbout this time show a
rapid increase in amplitude as we should expect from our
observation in the past examples.

The position of the front at 06,30 G.,5,7T. Febe. 13th is
shown in map 30. It was then entirely in deep water with the
center of the low lying on the 65th meridian almost due east
of Eoston. Il we examine the nature of thq isobars, we 2gain
notice the same peculiarities l.e. they were bresking at a
sharp angle when they crossed the front and the wind was
moving at large angles on the two sides of the front.

buring the next twelve hours the front moved rapidly to
the southeast as can be seen by comparing with its position
in map 31 which indicates the condition at 18,30 G.5.%. Yhe
amplitude of microselsms during this time had been maximum. This
again shows that the depth of water also plays an important role .
The large amplitude wmicroseisms are generated when the cold fronts
of particular type travel over the ocean surface in deep

waeter regions.



%3@ &n FebL &5 - }.i?’ lgg:«”
Iuring the period Feb. 15th to 17th several waves of cold

alr masses moved across the eastern United States. The situa-
tions were rather complex. Graph 5 represents the ampli-
tudes of microseisms as recorded at Weston and wave heights
at Gilgo, L. I. and st 4 YA, A glance at the graph at first
glves the impression that microseisms at “eston agree more
closely with the beating of the waves ageinst the nearby coast
rather than the waves in deep water. As a matter of fact this
particular case has been presented in orcer to illustrate that
occasions may arise when beating of the surf against & rocky
coast may seem to offer & pgood explanation for the origin of
microselisms. A closer examination of the weather condition
reveals the resl mechanism by which they are generated.
Observation of such cases may often lead to wroneg conclusions.
As we mentioned sarlier that the meteorological conditions
during the perliod were rather complex. The weather maps show
that towards the beginning of the storm a cold front was ex=-
tending north south ending in a center of low pressure area
between the 35th and 40th parallels from which amain & warm
front projected eastward into the ses. This was closely
followed by another cold front ending likewise into a barometric
low in the higher lstitudes. From this also a similar warm
front was projecting towsrds the south east.

The conditions at 15.30 3,5.T. Feb. 15th are indicated by

P
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map 32 which shows the first low over the Chesapeak Bay with
the cold front extending into the cosstal waters south of

Cape Hatteras, The warm front associated with ths low extended
up to the 67th meridian neiiﬁg?e fortieth parallel. South of
the warm front and east of thahfront wind was roughly parallel
to the coast blowing from the south. On the north of the

warm front wind was oq/ahors which ¢ aused an increase in the
wave height along the New England coast &s is also ind icated
by graph 5. At thaet time wind was blowing from south with

a speed of about 32-38 m.p.h. at 4YH where also wave height was
rising rapidly. Microselsms at Weston was at the lowest during
this time.

By 18.30 G.5.,T. the low moved over to southern illew Jersey
and the front shifted to the east plvoting on its end at
the center of the low. On the south of the low wind was blow~
ing offshore while on the north it was on_shore. At dantucket
it was 25-=31 m,p.h. from S70CE and at 4YH, 32«38 m.p.h. from
S30°E. At both these rlaces wave amplitudes were increasing
very rapidly but microseisms at Weston was still at the noilse
level.

The condltions at 21.30 G.3.T. Feb. 15th, when microseism
amplitude at Weston wes just commenecing i1s indicated by map 33
which stows the edge of the cold air masses by two fronts. The
one leading had already moved into deep waters off Cape Hatteras
and the one following was lying parallel to the coast. ¥iné in
southern Hew lingland remalned on shore as before but gained in

strength and it was between 39-46 m.p.h. The trace amplitude
e



of wave height at Gilgo, L. I. became 15 % at this time.
Wave height at 4YH rose to 19 ft. where wind was 47-54 MaPshoe

blowing from due south.

By 00.30 G.8,T. Feb, 16th the two fronts coalesced
into one and were moving eastward as a single froant. Three hours
later the low was over southern Maine. The front at thls time
was almost entirely off the coast except near Cape Cod, As
g result the wind all along the coast became off share. The
wave helight near the coast should therefore start to decline
from this time. Although microseisms at Weston were imcreasing
rapldly which they should of course do, but there was yet
guite some time to resch the maximum,

Conditions three hours later at 06,30 G,5.7, are shown
in map 34, which indicates that the front was moving rapidly
eastward and had already crossed the 4Yi, As a result of
this windet 4¥H and other places in deep water hac¢ changed direc-
tions, If we are gulded by our experiences from preceding cases
we should expect rapid inerease‘in the amplitude of microselsms.
Graph & shows that the amplitudes of microselsms coming to
Weaton at thls time were reaching the maximum. Along the coast
gouth of central Maine where the center of the low was located
at the time strong wind was blowlag off shore. Conditions
8ix hours later at 12,30 3.5.T. (map 35) show that the two
fronts separated again and were movinz eastward as before
independently of each other. Neanwhile the center of the low

shifted on to New Brunswick. Conditions afterwards followed
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exactly in the same way as in previous cases as can be seen
in maps 36 and 37. The two fronts coalesced again and con=
tinued their movement. As the front was getting further and
further out, the amplitude of microseisms slowly decreased.

If we examine the maps, we again observe that the isobars

were breaking at sharp angles as they crossed the front.
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Case 6, Feb, 21 - 23, 1953

Although the perlod under discussion does not show any
significant microseimic activity, the case has been presented
because 1t demonstrates more clearly some of the assertions
we made in course of our previous discussion. In the preceding
five omses we observed that microseisms have no relation with
the beating of the surf against the coast. Particularly in
case 2, we found that high microseisms were recorded at Weston
and harvard observatories when the trace amplitude of waves
at Woods Halg were hardly beyond the nolise level. The present
example confirms our observation by showing that the converse
situation also occurs i.e. microseisms are not necessarily
recorded at seismological stations although the waves breake
ing against the coast are of sufficiently high amplitude,

We also observed in the preceding cases that microseisms are
related to the raplid movement of a cold front on the ocean
surface. Absence of microselams in the present case emphasizes
the significance of characteristic wind motion that must be
associated with the fronts thus demonstrating more clearly the
mechanism underlying the origin of microseisms.

Graph & shows the amplitudes of microselsms recorded at
Weston, the trace amplitude of waves at Gllgo, L. I. and the
wave height at 4 YH during the period from Feb. 21at through
23rd, 1953, The assoclated meteorological conditions are shown
in maps 38 to 44.

Graph 6 shows that towards the end of Feb, 2lst the trace
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amplitude of waves at Gilgo rose to 27 {(on our scale) whioch
indicates that the waves breaking against the coast at the time
were much higher than they hed been at any time we have been dis~
cussing., If microselisms were generated in the preceding cases
Y e T S PR I A, T e
during the period.was hardly beyond the nocise level proves
beyond all doubt that they are not generated by any surf activie
ty.

A brief survey of the maps 38«44 shows that an intense
cold front passed over the Hofth Atlantic during the perilod.
As a result of this the waves at 4YH rose to as high as 173 ft.
(graph 6). But the corresponding amplitude of microselsms
was only six (on our scale). This shows that microseisms are
not necessarily generated if a cold front travel over the
ocean surface however vigorous the associated wind motion may
be. Let us now examine the weather maps more closely.

Map 38 shows a barometric low located over the Great
Lakes at 06,30 G.S.T. Feb. 21st with a cold front extending
southward in the form of an arc coming towards the east and
a warm front projeeting east es far as the 68th meridian.,
Wind along the coast was generally from the south ranging in
velocity from 8 to 24 m.p.h. It was about this time that the
wave helght near the coast started to increase and also the

wave helght at 4 YH, but not as rapidly &s neer the coast.
¥Wind at the later place was 19~24 m.p.h. from S20°%. The
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proximity of the isobars indicates the intenslty of the low
end also the wind motion.

During the next nine hours (map 39) the front was moving
rapidly towards the east as a result of which wind alongz the
coast gained strength; for example at Nantucket 1ts veloeity
increased to 25 to 31 m.p.h.

By 21.30 G.8.T. of the same day (map 40) the front reached

the coast. It extended from New Brunswick to Florida lying
almost parallel to the coast. Wind at Nantucket increased to
32«38 m.p.he blowing from S30W., At 4YH i{tes direction was
approximately the same as at Nantucket. It is to be noticed
that as the front was approaching the coast, isobars across
the front was becoming more and more straight i.e. the break
in the direction of the isobars as they crossed the front was
diminishing. As & result the direction of wind motion was
becoming more or less the same on both sides of the front.

Map (41) shows the conditions at 03.30 Feb. 22nd at which
time the front moved into the coastal waters between Nova Scotia
and Cape Hatteras. It should be noticed that although the
front had already crossed Cape Cod, wind direction at Nantucket
did not change appreclably. At 4YH the wind was blowing 39~-46
m.p.hs from SBOW,

Conditions six hours later (map 42) shows that the front
had already moved into deep waters. At this time the wind on
the two sides of the front was blowing more or less {n the same
direction. For example at Long Island it was N80%° and so also

at 4YH.



Conditlons nine hours later at 18.30 G.S,T. Feb. 22nd
(Map 43) shows that the front was moving rapidly towards the
east during the period, It 1s interesting to notice that the
l1sobara across the front became a lmost stralght lines in the
meantime. This means that wind on the two sides of the front
was moving almost in the same direction. It should be rememe
bered that movement of such a front can not give rise to
opposing waves to set up standing waves necessary for the
generation of microseisms. The wind direction at 4YH was
380W, when the front was west of it. It changed to N40W
after the front had shifted to the east of it. The change in
the wind directlon was therefore only GP°. It should alsc be
noticed that the intervals betweeﬁ th; isovars in this case as
compared to the preceding ones w@re sufficliently close &0
showling that the intensity of the wind motion was sufficlently
high to give rise to high microseisms, |

Map 44 which deplcts the conditions at 00.30 G.8.7T.
Feb, 23, 1963, shows that it was moviag very rapidly during the-

last six hours.
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Case 7, Aug, 14 - 18, 1985

All the miecroseismic storms we discussed so far wers
associated with a particular type of weather conditlons 1.e. a
eyelonic front passing from the land into the ocean. The
generating areas in those cases were too large to permit any
precise location., We have studied a hurriceanse as an example
of a localised barometric low center in which the generating
area should be limited if microseisms are generated by any
mechanism in which the movement of an atmospheric low over
water 1s involved. There is however, no special reason for
choosing this particular hurricane rather than any other.
Another reason we had in mind for choosing a hurricane for the
study of microselsms waa to see whether they could be utilised
for predicting the movement of a barometric low travelling over
the ocean surface. If s0, how accurately we can locate the
position of the low by using information from & single station
provided with three component instruments assuming that microseisms
are pure Rayleigh waves. This recuires that the positions of the
low should be clearly defined so that we may know how sccurate
we are. The study of 2 hurricane will also allow us to examine
more accurately whether microseisms are generated right below
the eye of the hurricane or in some other part of it.

It has not been possible to compare the wave helghts
near the coast with the corresponding smplitudes of mieroseisms .
because the wave records for the perlod were not available.

However, the study of the weather maps clearly indicates that
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the two phenomena are not related to each other.

Graph 7 is a plot of microseism emplitude at Weston and
Harvard and the wave heights at 4YH. The positions of the
hurricane are indicated by maps 45-51, The similarity of the
amplitude curves for microseisms and waves In graph 7 es-
pecially at the beginning of the storm strongly suggest their
intimate relationship. The microseisms however attalned the
maximum amplitude about & hours after the wave height at
4YH became maximum., There may be several reasons for it,

First the hurricane did not pass exactly over the ship.
Secondly it probably walted for the wind to change diraction
through sufficliently large angle at 4YH to set up stending
waves., Thidly the microseisms due to the movement of a
locallzed low can not be correlated with the waves at one

place because the generating area continuously shifts position.

The weather maps show that the hurricane with wind
veloclty up to 50 m.p.h. was moving on the 13th of August 1953,
from the Bahamas towards Cape Hatteras where it reached at
00.30 G.5.T. on Aug. 1l4th. At Cape Hatteras wind was blowing
on shore at 55-63 m.p.h. At 12.30 G.S.T. Aug. 1l4th (mep 45)
the eye of the hurricane was right on the coast. Wind near
the center of the hurricane was about 40 m.p.h.

81ix hours later at 18.30 G.5.T. (map 46) the center of the
low moved into shallow waters Jjust off the Delaware bay. The
wind velocity at 4YH increased to 39«49 m.p.h. It wes about

this time that microseisms commenced at Weston and Harvard,
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During the next six hours (map 47) the center of the
hurricane moved but very little and was still in shallow
water., The wind near the center of the hurricane was ex-
tremely high. At Delaware Bay it was about 64-75 m.p.h.

The wave amplitude at 4YH became maximum. The microseisms
also gained in amplitude. After this the hurricane started
to -move and by 03,30 G.S5.T. Auge. 15th it was right on the
edge of the shelf south of Rhode Island.

The position of the low at 06.30 G.3.T. Aug. 15th was
south of Cape Cod as shown in map 48. As & result of this
movement the wind direction south of the 40th parallel
swung through 180°, It was about this time that microseisms
at Weston and Harvard reached the maximum end were coming
directly from the south.

During the next six hours {(map 49) the hurricane moved
well to the eaat of Cape Cod. Wind in New England became
either parallel to the coast or off shore., Microselsms
during the period more or less had the same amplitude but
they are coming at this time from South East, as well as from
south which means that the generating area had extended north.

By 18.30 G.3.T. (map 50) the center of the hurricane
moved on to the coast of Nova Scotla and its strength had
considerably deminished. Over the deep water area south of
Cape Cod where wind was blowing from east or southeast at the
beginning of the day had become westerly. A new development is

shown by the movement of & cold front to the coast. WMioro-



selsms at this time started to decresse,

By 00,30, Aug 16th (map 51) the front moved into shallow
water but it did not change the conditions so far as micro-
seisms were concerned. It is important to notice that due to

the passage of the front wind direction did not change effective~

ly anywhere.
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Direction of Approach of the Waves

The directions of approach of the waves were computed for
selected groups by using the method indicated before. The
aximuths of the hurricans at different times were measured from
the synoptic weather maps. The resuits of this computation
show that the generating ares continuously shifts as the eye
of the hurricane continues to move, but they always come {rom
the rear part rather then in front of it. One important
fact revealed by these results is that although the generating
area shifts with the center of the hurricane, waves continue
to come to the station from the direction from which the
hurricane had long since moved away.

This of course 1s exactly what we shculd’expect if miero-
seisms are generatec by standing waves, because the waves once
generated do not dle down lmmediately. Graph 7 shows that
waves as high as 14 feet continued at 4YH for more than six
hours although the hurricene was continuously moving. This
leads us to conclude that the most effective regmion for the
generation of microseisms 1s in the resr pert of the hurri-
cane and that they are not generated right below the center of
the low.

This elso indicates that the location of the hurricsne at
a particular time can not be predicted by determino the direc-
tion of approach for just one group of waves arriving at the
station. But an attempt to that end by studying the direction
of approach for & number wave groups may prove successful.

In order to do that we have tried the following method. The



directions of approach for all the pure and unsuperposed

waves were determined continuously in time. The change 1n the
directlon of arrival was considered to be the direction in
which the hurricane was moving. WNow to predict the location of
the hurricane &t a particular time, we have studied the directions
of approsch for all the waves that came before that time. The
furthest point in the genersal direction of movement of the
hurricane from where a weve group was identified to have come,
wag then considered to be the nearest point to the center

of the hurricane. 7Table 1 shows the position of the hurricane
thus determined and its actual location measured from the

weather maps.

Table 1
Late Time in Determined Actual direction
GeSeTe Pirection of of the storm center
the Storm
Center
Aug. 15, 00,30 8 30.2 W S 35 W
1983
06,30 3 0E S 20 B
12,30 S 67.4 & S 75 B
18,30 3 20 B N 778

Considering the inaccuracies involved in computing the directions
of approach of the waves by using Rayleigh waves as mentioned
earlier it appears from the results in Table 1 that use of

finer methods coupled with the above technique may prove

successful for locating the center of the hurricsne.
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Spectrum Analysis

In our case history analysis we found strong evidences

of microseisms being generated by standing waves. If this is
true then there must exist an important relationship be-
tween the microseisms and the ocean waves as predicted from
theoretical conslderations i.e. the frequency of mlcroseisms
should be twice the frequency of ocean waves. Unless this
important relation is verified, 8ll our evidences, however
strong they may appear to be, will always remain inadeouate.

Now the cuestion is how shall we expect to verify this
important result unless we know which group of ocean waves is
responsible for the generation of a particular group of
mioroseisms.

Since there 1s no means for this identification we shell
have to proceed with the analysis with the assumption that
the frequencies of the ocean waves remain fairly constant during
a storm and consequently can hope for only approximate veri=-
fication.

Before going into actual computation of spectra we had to
decide one important question i.e. which part of the record
we should choose for analysis. ©Should we choose a section of
the record at the beginning of a atorm or towsrds the end of
it? Before answering this cquestion let us go back and see
what we observed in our case history analysis. There we found

that on the eastern side of North America cold fronts Bsually

form on the land and slowly travel eastward into the ocean.



The wave height near the coast becomes & meximum when the front
iz in the neighborhood of the coast and hence they are genw-
erated near the coest. Put microselisms increase in amplitude
only when the front moves into deep water. Therefore the
highest waves recorded near the coasst are not responsible

for the generation of microseisms and consequently are not
expected to have half the frequency of microseisms. As a
matter of fact they do not satisfy the 1:2 freaquency rela-
tionship with microseisms., Therefore for anelysis we should
choose a section of the wave record where the waves recorded
were generated in deep water reglon and travelled afterwards
near the coast; for they are the ones that generate micro=-
selsms. In mseking our cholice we can use the amplitude graph
very profitably. For example graph 1 shows that at 01.00 G.5.7T.
Dec. 12th, 1952, the wave amplitude at Woods Hole was maximum.
The waves recorded at that time were obviously generated near
the coast. Aftcr the front moved into deep waters the wing
along the coast became off shore and the waves generated near
the coaest could not h~ve been recorded there, Therefore the
waves recorded after that time must have been genersted well
off=-shore and travelled later on to the cosst to be re-

corded there. Thus 1f we choose a section of the record

for example at 17.00 G.5,T. of the ssme day we can be fairly
sure that the waves recorded at that time were generated in the
desp water region.

Before going into the dlscussion of the results, we want
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to point out one important point regarding the interpretation
of the results of our computation. In our analysis we have
computed the power for discrete frecuencies. Therefore the
frequency for which our computed value show the maximum power
may not coincide with the actual freguency in whiech the maxi-
mum power in the record is conteined. 'Ye can however declde
whether the true meximum should be at 8 agreater or lower
frequency by considering the power contalned at two nelgh-
boring frequencies 1.e. the true meximum must lie between the
two frequencles for which our computed results show the highe
est values and therefore our limit of accuracy will lie within
half the frequency difference betwean any two consecutive
points (the frequency difference between any two consecutive
points 1s the-ssme—in the same in each case).

The results of our computation sre shown in graphs 9-12,
In drawing the curve no smoothing process has been adopted
except 2t the maximum. The frequencies at the maximum are
given in table 2 which shows that the ratios of the frequencies
of ocean waves to the frecuencies of microseisms lie between
«48 to 514, Conslidering the many uncertsinties as we menw
tioned earlier, the results of our analysis cleerly indicate
that microseisms and ocean waves do have the frecency ra=-
lationship as predicted from theoretical considerations.,

It will be probably important to point out one important

fact as revealed by our analysis, For example the power
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spectrum of microseisms in graph 9 ahows three dlstinct mexima
&t frequencles .21, .247, and at .313. Similarly thavwave
spectrum shows three maxima at frecuencles .105, .11 and ,081.
Corresponding to the frequencies .105 and .11l we have the
microselsm frequencies .21 and .247 respectively. But there
is no frecuency in the ocean waves which ean correspond to the
frequency .313 in microselisms and vice versa. Should this
therefore mean that the standing wave theory is not correct?
The answer is no. For all the waves recorded near the coast
certainly do not come from the generating srea of microselsms.
Secondly microseisms recorded at a station may come from dif-
ferent places and the waves from all the plsces may not reach
the coast. Consequently we can not expect to be able to
identify frequencies in the wave spectrum corresponding to

all the frequencies in the microseisms. This therefore should
not make us apprehensive about the validity of the theory.

As 8 matter of fact this is probably one of the reasons why
the attempts previously made to verify this freguency reletion=-
ship between the mlicroseisms and ocean waves by rough messure-
ments falled.

In order to compare the periods of ocean waves as revorted
from 4YH with those of microseisms, we computed the mean periods
of microseisms by using the following method. About the time
for which the periods of the ocean waves were reported, we
selected all the well formed wave groups on the microseism
records within thirty minutes and measured the period for sach
group by usual method and then took the mesn. The results are
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shown in table 3. l!lere also we observe that during significant
periods two times the periods of microssisms all well within
limit of the perlods of ocean waves as reported from the ship.
This together with the results of our analysis proves it bee
yond doubt that the frecuencies of microseisms and ocegn

waves ar. related to each other in the ratio as predicted

from the theory.



Table £

Trequency
Record Time Frequency at the maximum of waves/
1 2 3 Treqguency of
Microseisms
¥icroseism | 20.00 G8T .21£ .005 2474 .005|.3134,006 .5, .445
{Weston) Leec 12, 1952 S
i
Yaves 21,00 G3T .1084 .0023 | .11 £ .0023.0814,002.
Woods Hole | Dec 12,1982
¥1croselsm .1963 ! . 498
(Weston) g i
! j
Waves 13.00 GST |
{(Geilgo) Feb  ,1953 .097 £.0028 '
Microseism | 17.00 GST .2187£.0056 |,2644. 0056 }
(Weston) ;
Wiaves 17,00 G8T .11254£.0085 |, i .514
(Geilgo) Feb 13, 1953 | 085
Microseism | 16.30 GST .185 £.0056 |.241 £.0056[28f .0066| .49 .48
(Weaton) Feb 16,1953
Waves 17.00 GST .09 £ .0025 |.115 £.0025
(Geilgo) Feb 16, 1953




Table 3

Date Time in Hean Period of Perlod of Ocemn
3.5.7. Mieroseisms in Sec. Waves at 4YH in Sec.
Dec 11 15,00 3.4 79
18,00 3 79
21.00 3.5 7-9
Deec 12 00000 S8 Tl
03.00 3.8 7«9
06000 40 ‘7-9
09.00 4.3 9-11
12.00 4.2 911
15.00 4.5 g=11
18.00 4.6 9«11
21.00 4,3 f=11
Dec 13 00.00 4. f=11
03.00 4,2 9«11
06,00 4.3 9=11
09.00 4.5 9=11

Deec 16 00,00

3.6 T=9
03.00 3.8 T=9
06;00 8.6 7-9
09100 5‘8
12.00 4.2 7”9
15.00 4 79
18.00 4.4 7.9
2100(3 4
Dec 17 00,00 4.1
. ’?ug
06,00 3.8 3¢
09!00 4 v-g
12,00 4 7-9



Table 3 (cont.)

Inte Time in Mean Period of Period of Ocean
GeSeTs Microselsm in Sece. Waves at 4YH 4n Sec.
Feb 8 15.00 33 gell
18,00 S8 T=8
21.00 4 7=9
Peb 9 00.00 4.2 b7
03.00 4.4 T=Q
06.00 4.6 7«8
09.00 4.5 7«9
12.00 4.7 79
15.00
90000 503 ?-Q
Peb 13
12.00 Stg ?‘9
15.00 4 79
IBQOQ 402 ‘7-9
91.00 308 '?"9
Feb 14 00,00 3.8 7=
03.00 3475 7«9
09&00 Ss8 e "8+ ]
12.00 3.8 70
Feb 156 21.00 3.4 T=9
Feb 16 04,00 3.5 11~-13
03,00 3.8 11-13
06,00 3.8 11-13
09.00 4.3 11-13
12.00 4.5 9-11
15.00 4.7
18,00 4.5 7ea
21.00 4,5 v_é

Feb 17 00.00 4.9 11-13
Z.00 4.7 -1l

06.00 4.8 fell

09.00 4.6 9""11
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Teble 3 (conts.)

Date Time in Msan Period of Period of Qcean
\ Ge8.T. Kicroseisms in Sec. Waves at 4YH in Secs
Aug 14 }.5000 3.4 E=7
18,00 34 =
21.00 3.6 =7
Aug 15 00400 3.7 Bw
03.00 3.6 57
06&00 5‘4 5..7
09000 3'5 5.,‘7
12.00 3.3 5a7
15.00 3.4 5.7
18.00 3.6 517
£1.00 3.4
Aug 16  00.00 3.4 -
03.00 3.5 5'7
06.00 2.2 -
09.00 2 5=17
12.00 3.1 -



Discpssion

In our case history analysis we have seen that the waves
near the coast become meaximum when the cold fronts are in the
neighborhood expecially on the coast. They graduslly daclin@
in smplitude when the fronts move into the ocean. The amplitude
of microseisms on the otherhand does not start to incresse until
the fronts move into deep water., As a result the microselsms
usually attein the meximum emplitude after the waves near the
coast become maximum. Particularly we have observed in case
2 that high microseisms were recorded at VWeston and Harvard
although the trace amplitude of waves at the nearby coast hardly
rose beyond the nolse level. Finally no significant increase
in the amplitude of microseisms was observed on the 2lst Feb.,
19583, although the waves breaking against the nearby coast during
the period were higher than at any time we have studied. These
prove beyond doubt that mlcroselisms are not generated by the
beating of the surf against rocky coasts.

The amplitude graphs (1-7) show on the otherhand strong
correlations between the microseisms rsecorded at wWeston and
Harvard with the waves in the deep water reglons of the
Horth Atlantle. Secondly high microselisms were recorded only
when due to ra 1d movement of the fronts, there was sufficient
change 1n the direction of wind to give rise to opposing waves
necessary for the generation of standing waves., These together
with the fact that the frequencies of ocean waves are rels ted

to thgsqbf microscisms by the ratioc 1:2 as we saw from the results



of our analysis and also by comparing the periods of microseisms
with those of ocean waves as reported from the Weathership 4YH
strongly suggest that microselsms are generated by standing
waves Iin the ocean,

Besldes demonstrating the origin of microseisms the present
1nvestigation reveals some important facts about the sctusal
mechanism by which they are generated. These are as follows:

(1) As regards the actual mechanism by which standing
waves can be generated two possibilities were suggested by Long-
uet-Higgins. (1) They may be generated by the superposition
of waves reflected from the coast with those travelling towards
the coast. (11) They may also be generated near the center
of the hurricane where wind may possible move in ovposite direce
tions.

Now 1f the first mechanism be effective,w should observe
large microseisms when high waves strike against the coast.
The fact that microseisms do not begin to ineresse in amnlitude
untll the front moves into deep water clearly indicates that the
coestal reflection is not a very effective mechanism for the
generation of standing waves at least not of sufficiently high
amplitude to produce microseisms so far as the Eastern Coast
of North Amerlca is concerned. Longuet-Higgins realized the
ineffectiveness of this mechanism and stated "that the largest
microseisms are probably due to wave interference in mideocean,
although coastal reflexion may be a more common cause of smaller
amplitude microseisms”., In reglons of steep rocky coasts such
as Jorway, coastal reflexion may be effective in the gmenerstion
of microseisms.
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In our discussion on locating the center of hurricane by
using Rayleigh waves we saw thet microseisms usually come from
the rear part of the hurricene, Secondly they continue to come
from the d irections from which the hurricsasne had moved sway long
time ago., These together with the fact that microselsms gsin In
amplitude only whan the center of the low moves rapiély over
the ocean surface rather than when it is stationary indlceate
that the most effective regilon for the generatlion of standing
waves is at the rear of the hurricane rather than at the center
of it. The actual mechanism may be as followsa:

The winds at the two ends of a diameter through the center
of the hurricane move in opposite directions. For example in
a hurricane travelling Ifrom south to north, the wind on the
northern part moves from east to west while on the southern
side 1t moves from west to sast., When the hurricane moves
rapidly, the wind direction at a place chenges direction
through 180° thus giving rise to standing weves.

The second mechanism by which standing waves can be
fenerated as revealed in the present study is by the renid move=
ment of a cold front if the isobars while crossing the front
change direction by sufficiently large angles,

The third mechanism is by the superposition of waves
coming from two independent sources as observed by Dinger and
Flsher.,

2. DNere existence of a cold front or a barometric low is not
sufficient for the generation of microsisms. For example in

case 2 we observed that micruaeiams did not commence to increase
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in amplitude until 00,30 G.S,T. Lec. 16th although the weather
conditions become well defined by 18.30 (.S.T. of the preceding
day. We also observed in case & that there was no significant
increase in the amplitude of microseisms during the period

Feb. 2lst to Feb. 23rd, 1953, although an intense cold front
swept over the North Atlantie. These clearly indicate that
microseisms are not generated right under a cold front or a
barometric depression as suggested by some authors. They also
negate the mir-water coupling mechanism for tne generation

of microseisms as suggested by Eonnal.

3. It has been pointed out that in intense microseimic storms,
the amplitude of microseisms decays much faster than in the case
of ordinary storms. The amplitude of microseisms generally
depends on two factors (a) effective change in the wind direction
as the cold front travels over the ocean surface. (b) the
intensity of the wind. In general the intense microscismic
storms are usually accompanied by high wind veloeity. On
account of this strong wind, waves comlug from opposite direction
are cuickly suppressed. As a result, the amplitude of
microseisms In such mses drops down rapidly.

4, Ve have seen that mlcroseisms deocrease in amplitude ss the
fronts recede from the recorcing station. This is probably due
to the attenuation of the waves as they travel through under=-
water pstha. But the effect of attenustion on the waves on

the northern side of the Atlantle does not seem to be so

strong as was observed in Guam by DUinger and Fisher who ra=
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ported to have recorded microseisms coming from cistances of only
a few hours wave~travel from the statlon.

5. It has been mentloned that at the beginning of a storm, the
microseisms are usually low in amplitude and very irregular

in character at which times the fronts are usuelly on the shelf

or at the edge of it., As the fronts move into the deep water
regions where the cdepth of water is more uniform, the mlcro-
seisma incresse in amplitude and look like regular pulses.

This shows thet the depth of water ln the generating area has a
significant effect on the nature of microseisms, The microseisms
generated in the shallow water reglons where the depth is very
variable, have a wide frequency range. As a result of super-
position of waves of diverse frequencies, the traces appear
highiy 1rregular. #hen the fronts move into regions of more
uniform depth, microseisms of some favored frecuencies predomimate
due to the effect of rcsonance. Consequently there will be

a shrinkage in the frecuency band., Further the resonating waves
should be of lower frequency because of increassed depth. These
are clearly revealed by the spectrum of microseisms in graphs 9-12
a8 was also observed by Donnzl. More detailed anaslysis should

however be made before we can make any definite conclusinn sbout

it.
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CONCLUSIONS

1. Microseisms are constituted of Rayleigh waves. Waves
having the eharaeteriaties of Love waves that appear on record
may be due to independsent causes or are generated by Rayleigh
waves when they pass from the ocean on to the continent,
2, The present investigation completely negates the possibility
of microseisms being generated by breaking of surf ageinst
the rocky coast,
3., Microseisms are generated by standing waves in the ocean
formed by supsrposition of two systems of progressive waves of
approxime tely the same periods coming from opposite direction.
4., Standing waves can be generated by any* of the following
ways.
(a) When a barometric depression such as in a hurricane
moves over the ocean surface
(b) When a cold front travels over the ocean surface
provided isobars while crossing the front chenge die-
rection through a sufficlently large angle.
(c) When waves from two independent sources superpose
on each other as that observed by Ulinger and "isher.
6. Coastal reflection appearsz to be ineffective in the
mechenism for the generatlon of standing waves so far as the
eastern coast of North America is concerned,
6. The most effective region for the generation of microseisms
is at the wake of the hurricane or a cold front when they
travel over the ocean surface rather than directly below them.
7. The effect of attenuation on the waves when they travel

through underwater paths seemsa to be much less on the northern
- '91“



part of the Atlantic compared to what has been observed by
Dinger and Fisher in the regions of CGuam.

8, The depth of water in the generating area seemnftc have a
significant effect on the nature of microselsms, Léie amplitude
microseisms are generated by standing waves in the deep water

reglone.
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Microseism Spectrum at 20.00 G.S,.T Dec 12, 1952
(Weston Record)

-------------- Wave Spectrum at 21.00 G.S.T. Dec 12, 1952
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Power

T Microselsm spectrum at 12.30 G.S.T. Feb 9, 1952
(Weston Record)

""""""" Wave spectrum at 13.00 G.S.T. Feb 9, 1953
(Gellgo Record)
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Microseism Spectrum at 16.30 G,.S.T. Feb 16, 1953
(Weston Record)

"""""""" Wave Spectrum at 17.00 G,S.T. Feb 16, 1953
(Gellgo Record)

t

PP e it B i et

i i 4

-
\ ‘/' \
\
.,
~, R AL N WP ST 3 L )
L) T T Al

T 5 2 %5 3 .35 & .45 .5 M55 46 65 7 75 18 M85 19 95

Frequency in Cycles per Second
Graph 12



1 ; Dec. 11, 1952 09.30 GST
3‘- li- fl + . T ‘ l |

Map 1.






Map 3.



Map 4.



&
o
8
.
o
.o
-]
0n
.
~
-

Dec. 12

_ Map 5.



Map 6.



-, —
a4
¥ L
I e
L=y, 23 e
and, ; e o
Y . il 2
5, Wy i, £y
13 % ' 1
L} X ‘ . ™ 3
R T ]
3 N . ! § L] ) £
23 iy . -
2, -
——y_ ' S o
° .? "'o.x“. a r
h o :
™ - . "
- ‘ : _4?’—/:
-3 © & e
-3 10 i » : “_l-—
t 3
D008 W,
. - e S
vl —o's
Y %
1 ot
! v e
- 7 >
N/
o A T
prtlre ye $re 1
; i b

Dec. 13, 1952 0e.30 Ger

Map 7.

SN






< ( ' #
) / ﬁ 2ol
<= AP
L e oz\ - "1.\
; g 2% RS
k] - A
. ¥ & 24 Z3 —— _ _._.,——’;r . 5
e 4 . 3
. % )
27 . : 7, 7 J
' ] == I o v
; - /9 4 SIS
- W 1] & 3
' ° ", ” .’ 7 =
(il , -
: . { A
: '-
S s
- o -
° - 4 -
79
&\ ~ '}
/ TR i
. 3 . .,L_ '4
z ‘2
e % i
e - o .
w2 < Y X
Py © a FoR
oy - f k i
b il’ ' A
X/ | g
o - 210/
9% CERN N | 2 al”
'l
. e
\
+— ‘ pDec. 15, 1952 21.30 GST
-\ ‘ - S f \/

Map 9.



"+ |Dee. 16, 1952 00.30 GST

W

Map 10.



Map 1l1l.



), I\‘__ ( ‘), »
YN P \
) - ”' \ :‘V s . 1 \\
— "L{ . y In'f. [ > "ﬁ § 0= \ Q
S A\

Pk
/ . o .
v, * ,@ y
, , g |
' : ‘; ‘1 / 1
T Paasi - A
> 5 . /4 1 < / 1
q L3 0] . ' *
n ] aawn' S Ipu-
i { ' | 3
.aﬁ‘ o oy ver y 4 y
r“,:' 2 ey | ¢ rerr/ : 7
am ' .—L-- : V S r
o Gy - T °. = ? /
T L ° <
N - = .
» "'o.gv. - o\ M S
+ LT v
ﬁ‘”‘.,t p &"l L /|
e o |3 r y ]
-
: L 4 or
19— -—’-“"' ;- , \
BT OC s 2/

e

Map 12.



- — ’&-—— —+— .—7—#—- -

I |

Map 13.



08T

- _J._,..__L———k—*"‘——k—r

1952 06.20

Dec. 17,

-t —

Map 14.



Map 15.



Feb., 8, 1953 09 30 GS8T

ST L

Map 16,



Map 17



Pt

4 N : ‘f
‘u' .
} LAY

\ 4

‘ e
AR Y A

I'd
. Lw
- # {
£ § +
r §

Feb. 8, 1953 21.30 GST




4" ,_ig
: A’Q‘!ﬁ .
7 7T

Map 19,



ik 20

L]
rd’- 9

E
S
3
/2
8

Map 20,



Pall g SEmmany % g

o
#

QU

A,

\

Feb. 9, 1953 1

Map 21.



.
L/

4
v

¥ ‘ "’A‘§< 3 B

| ‘;EEESiESS!S!EEé§E“;ﬁﬁ;jlﬁéﬁ"

— --;"‘;:.-hﬂtp#» g TR SH—niat>
zﬁ‘n :>
RIS M
[ ¥, e N

h \
')l &‘;’0
- \ n
z o i TNy

B s
s A
\ oy
" . . ..

[\

Map 22,



Map 23,



[
¢
o

otelf |\
——fa

-3

d"f

-

¥o 330

N

ST
- "
g ‘.ﬂ-
faexas A
N ,
e / o » ’
% 5 - §
.

-~
il -~
.-w o

E 3 Feb, 10, 1953 09.30 GST

©i

!
|
L . 11
T 1] u-g'!ro o«
(B2 |

Map 24,

[l



Map 25.



Map 26.



M‘Et i'l'ﬂ E‘.\.’

y | ;}g'gym

Map 27.



o

Qg -
P, .
i [ e
) aln
L} ") ‘-
0 i = My
: ‘ A 45
p ) ¥
d  y* :
- ; —J -
- ™

C F\

Map og,




%

‘x

—1

18953 18,30 GST

Feb. 12,

Map 29.




§og |
\.o!

.

f
eﬁ:ﬂ ’
PRy
; 2
£,
ol
e
TR
Sl 3§
= ’./ 5]
o
+ -0
3
é
F
'i_, )
&
arf
s
I
. 4
»r

Feb, 13, 1953 06,30 gsT

| _—T

Map 30.

-



1953 18,30 GST

-
0
-
e

-

Map 31.



Feb. 15, 1953 15,30 GST !'

5 RN T

I‘Tap 32 ®



e Feb. 15, 1953 ' 21,30 GST
| 4

e ,

|

—

i

\
\
\\

o

g

Map 33,



Map 34,



Map 35.



%)

vy S
h._ ¥
N

‘.l‘ . )3 i .M...-.W—. . o0 »
Me.n AN \‘ Wy ¥,
ok PN HBI%o
H# mw—’ o 5 5‘\.. 3

Map 36.



Feb. 17, 1935 00.30 GST

Map 37,



Map 38.



G A0 o S S, W

=R K oAt
N *“"‘ﬁﬁi%iawa
m--mﬂl}, 8o ise k)

N
o X}
A

™

. (muw P e
e mzr‘z;;:rﬂﬁ P /
g P A
@¢7ﬁ L w"i?“”zy

l: 1w »714’"

Rk vz
- ",’“ s 7o i
AT s _
QEL;;- .fiﬁf ’ A‘iai%
2 ,,.... ' . p

“Feb. £1, 1953 15.30 GST -

‘Map 39.



4}

gv

e

2

£—.

;7 of

Map 40.

r]
e
:
C)
I 2
el
K o
v 5 ’
%
Ctd of
Ve Pt
L Yn g,
M
4 n
oA |/
-
o¥7

21.30 GST




Feb. 22, 1953 03.30 GST

Map 41.



M ap 42 .






mv\vmy




‘Map 45.



Map 46,



Map 47.



Map 48,



‘Map 49.



Map 50.



~ & “y X w 5 b
. - . 4 H
‘ “x ‘R’ »‘" oy ( o A e
% gL.’é'l ‘4 u_D | £G4 %‘ ‘ - ,r
.,.'.g, “ g-u*lo H . o J e

|, & |
yﬂv Aug. 16, 1953 00.30 GST -
A AR
r o + +— + u,l?sr . 1|- B . ,-;lr '. .

Map 5l.



