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ABSTRAJT

THE NATURE AND ORIGIN OF IXCROSEIS S
By

KAZI ENAMUL HAQ

Submitted to the Department of Geology and Geophysics on
May 17, 1954 in 'pattiki fulfillment of the requirements for the
degree of 8ootor of Soienoe.

The important literature on the study of microseisms has been
historically reviewed, A detailed investigatgation about the nature
and origin of microseisms has been made by using microseism records
from Harvard and Weston observatories, the swell records from
Woods Hole, Mass., Gilgo, L.I,, LOng Branch, New Jersey, an the ,
surface wave reports from the weathership 4YH located at 36 N, 700 V
and the synoptic surface weather maps from Logan Airport.

In order to study the nature of microseisms 1500 clear and
unsuporposed wave groups were selected 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
cases studied the waves showed the characteristics of Love wave.
The later wave groups were considered to be generated by some
mechanisms not related to the origin of microseisms.

By comparing the amplitudes of microse.sms with those of
ocean waves beatinL against the nearby coast it has been found
that the two phenomena are not directly related to each other.
Similar comparisons with the wave heights in deep water as re-
ported from the weathership 4Ah showed strong correlation between
the microseisms recorded at Westoand Harvard and the swells in
the deep water regions of the North Atlantic. 1y makirnl spectrum
analysis of microselsm and wave records it has been found thoat
the frequencies of ocean waves and the microseisms are related
to each other by the ratio of 1:2 as predicted from theoretical
considerations. These facts led to the conclusion that microseisms
are generated by standing waves in the ocean. Detailed study of
the associated weather conditions led to the following conclusions.

1. Standing waves can be generated in any of the followi-
ng ways.
(a) When a barometric depression such as in a hurric-

ane moves over the ocean surface.
(b) When a cold front travels over the ocean surface

provided the isobars while crossinS the front change
directions through sufficiently large angles.

(c) When waves from two 2 ndependent sources superpose
on each other such as that observed by Dinger
and Fisher.
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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 in-

tensity of which of course varies considerably. This fever of

the Earth as it may be called increases or decreases due to cer-

tain reasons 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 seismological observatories all over the world.

These are natural regular ground oscillations usually known as

microseisms. Their origin is neither due to large scale earth

movements such as in earthquakes nor due to artificial causes

such as dynamite explosions or traffic. These regular ground

oscillations had long been observed by the seismologists and

remained as a puzzle ever since. It is perhaps on account of

their unknown reasons of their origin, they had been differently

named in different countries where they were studied. The

Germans have called them as "Pendulunruhes" "Mikroseismiche

UnruNh "Seismiches Bodenunruche" "Bodenunruhe", "Mikroseismiche

Bewegungen", "Mikroseismische Pulsationen".

The English speaking seismologists referred to them as

"Microseisms", "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",
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"It seems quite certain that microseisms, as such, were

first studied at Florence, Italy, by the Barnabite monk, Timoteo

Bertelli (1826-1905) whom Milne called the "father of systematic

microseismical research". Bertelli spent three years, from 1869

to 1872, making a series of simple experiments and studying the

small spontanious movement of a pendulum suspended in his cellar.

Such movements had been observed some centuries before but

full credit should be given to Bertelli for having made thousands

of observations during this three-year period, for suggesting

the causes of the tremors and for introducing two names for them,

"microseismic", and "moti tromometrica", the latter from trono-

meter or pendulum. At the end of Nov. 1872, he arrived at the

three conclusions "(1) the microseismic movements of an isolated

pendulum often occur contemporaneously with distant earthquakes,

(2) others occur during continued barometric depressions, and

(3) the movements have a maximum in winter and a minimum in

summer". (Ramirezs) 8 3

In Japan the problem was first discussed by Milne7 3 end

later by On~71,78. Prom their observations at Tokyo they

classified these pulsations as they called them, into types q,

Q1 and C2 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-

seisms received an added impetus in other countries especially

in Europe. A group of investigators in Gottingen stressed the

importance of the study of these mysterious pulses observed

4-3-



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 Coast 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). 9 4

Guttenberg3 8 (1912) studied the different types of micro-

seisms recorded at Gottingen. He observed that "there are

microseisms with periods of 1 to 4 seconds connected with local.

storms, the regular microseisms with periods from about 4 to

8 seconds whichshow a strong correlation with the surf in

Norway and the wind direction at the Norway Coast, and finally

irregular motions with periods of j minutes and more if temp-

eratures below freezing prevail. A more detailed discussion

of the microseisms 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 Norway%

He again (1921) 4 0 made a detailed study of the microseisms

with periods from 4 to 8 seconds recorded at a large number of

stations in Europe and noted that "microseisms increase and

decrease simultaneously over a large part of Eurore. 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 stations on re-

cent sediments. There is no clear relationship between the

-4-
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depth at which the instruments are located down to 1000 meters".

He again emphasized that the surf on steep coasts of Western

Europe was the cause of giving rise to microseisms observed at

different stations in Europe.

Gherzi 29 (1923) discussed the different types of microseisms

recorded at Zi-ka-wei, Shanghai. He observed microseisms re-

lated to typhoons. Ie suggested that the atmosoheric vi-

brations caused by the pumping of air due to tynhoons might be

the cause for generating microseisms. The periodic pressure

variation of the surface of the ocean is transmitted to the

bottom of the ocean by some unknown mechanism giving rise to

these pulsatory motions observed on land. He"1 (1927) cited

examples when no appreciable microseisms were recorded in spite

of high waves existing in the ocean near by. He further observed

that microseisms suddenly decreased in amplitude when a typoon

entered the coast and again increased in amplitude when it re-

turned to the sea again.

Matuzawa 7 7 (1927) studied in detail the microseisms observed

at Tokyo. He grouped the waves into three categories with

periods(a) 2 to 4 seconds (b) 6 to 7 seconds and (c) 8 to 9

seconds and indicated that "pulsatory motions are due to the

oscillations of some elastic system proper to each locality,

and that they behave in different ways in accordance with the

varying modes of the disturbances.

Benerjee 3 (1930) reported that a Milne-shaw seismograph

installed in an underground room with constant temperature



recorded microseisms only when there was rough sea conditions

over a fairly large area covering the Arabian Sea or the Bay

of Bengal. By studying those records he noticed three distinct

types of microseisms associated with "(1) south-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 associated with the south-west monsoon were

steady vibrations "having periods varying from 4 to 10 seconds,

according to the strength of the air current over the sea" . He

also observed that "the microseisms associated with storms have

periods ranging from 4 to 6 seconds and show tynical irrerular

variations in amplitude owing to the suer-Dosition of waves of

different periods arising on account of the existence of marked

difference in wind velocity in the storm and the surrunding

areas, They make their appearance in the seismograms as soon

as a storm has formed, and disappear only after it has passed in-

land and ceased to affect the sea".

"During the pro-monsoon and the post-monsoon periods, when

the records are almost free from monsoon microseisms, the form-

ation and the early developments of a storm are easily recog-

nized by the appearance 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 until they passed

inland and ceased to disturb the sea".

I 1 111 11111 1 11 1111 -s 11111111111 111



By a mathematical analysis he tried to shao that the sea waves

generated by wind should produce a pressure variation at the

bottom of the sea giving rise to progressive waves in the ground

which should propagate as Rayleigh waves on reaching the land

where the normal stress is zero. But his analysis can hardly

be defended since the pressure variation due to progressive

waves on the water surface dies down exponentially with depth.

For irrotational motion the solution of the hydrodynamical

equations in two dimensions is given by

0 = a cosh kI ( / h) cos (k x net) (1)171 cosh kh

where 0 is 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 is taken positive vertically

upward with the origin at the surface of the ocean.

Starting from equation (1) he then assumed cosh kc (y I h)
cosh kh

to be eQual to 1 for large h and tried to show the transmission

of pressure variation to the bottom of the sea, This is not

true because for large h

coah k (y J h)
cosh kh - eky

and therefore the actual form of the equation is given by

$ a eky cos (kx Ot)

which shows that the variation of pressure diminishes expo-

nentially with depth.

e07w
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This was pointed out by Gutenberg 4 3 (1931) who also computed

the energy transferred by the breaking of the waves against

steep rocky coasts to see whether it is sufficient to generate

microseism. The energy imparted to the coast by the breaking

of a trachoidal wave is given by

L f r (2)
16T

where L is the length of the wave of height f and of period T.

( is 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 dissipation of energy by friction with

the sands, etc. In order to estimate the magnitude of R he

used the following values. L = 100 m 9 104 cm, H = 5m = 5.102 cm

T = 8 seconds, t a 500 km a 5.107 cm, f = .1 * 10 . Substi-

tuting these values in equation (2), he obtained h to be of

the order of 1017 ergs per sec. Compared to a normal earth-

quake in which the energy liberated is of the order of 1020

to 1024 ergas this computed value is considerably less. He,

however, argued that "we must take into consideration that in

the case this energy is produced every second", which does

not seem to be very reasonable for in an infinite medium energy

can not store at a particular place. It is transferred away as

soon as it is imparted.

By studying the microseisms recorded at Tokyo and the

local meteorological conditions Wadati90 (1935) observed that the

breaking effect of high swells against rocky coasts might be the

-8-

- I I ilYl i I illoo i Ii ' NN =16. li M I



cause for generation of microseisms. He also suggested the

possibility of local microseisms being generated by strong

winds nearby.

Bradford 2 (1956) pointed out that the values assigned by

Gutenberg in computing the magnitude of E in equation (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 5 x 102 cm to be of the order of 3 x 1014 erge per

second which was considerably less than what Gutenberg obtained.

Lee9 6 (1934) also stated "no exact explanation of how the surf

sets the ground into oscillation is given, but presumably

Gutenberg envisages each breaker as a tiny earthouake generatins

surface waves. A difficulty at once confronts such an

hypothesis, for the impact of the waves would not occur simul-

taneously along the whole coastline affected, and consecuently

the agreement between the period of the microseisms and the

sea waves is not explained". As regards the oriQin of microseisms

Bradford however suggested that atmospheric pressure oscillation

due to relatively rapid pumping of the air on the forward side

of low pressure area transmitted to the sea bottom misht be the

cause. He concluded with the statement "If the microbarographs

-9-
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in use at present possessed greater magnification and trace

speed, we should be able to see and study atmospheric oscillations

with periods ranginging from a fraction of a second to as much as

six or seven seconds". Thus we see that microseismsa eluded all

the attempts made to know their real origin and oatno .i +-to

know tbsir real rt4r4# and continued to remain in the realm

of the unknown.

Krug8 1 (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 seismographs at the corners

of an isosceles triangle, the two equal sides being 1400 m

in length. With this special arrangement he determined the

velocity and direction of approach of microseisms at Gtttingen.

For microseisms of periods 4 to 8 seconds he found a velocity

of 1100 t 200 m/sec. His observation of the direction of

approach showed strong correlation between the barometric de-

pression on the Norwegian Coast and the intensity of micro-

seisms at Gottingen.

Rarmirsz 83 (1940) studied the microseisms observed at

St. Louis by means of a special arrangement of seismometers,

the so-called tripartite arrangement, particularly with respect

to their travelling nature, direction of propagation, their speed,

their amplitude, period variation, their wavelength, the motion

of ground particles and their origin. "The following instru-

ments have been used: four horizontal electromagnetic seis-

mopgraphs especially designed for recording microsesmsa, two

-10-



microbarographs constructed with the purpose of studying the

short air pressure oscillations and a special pendulum and

tickler combination for marking sivrals on the records every

six seconds. The four seismographs were arranged in the form

of a network; two L-W component, one at the St. Louis Univer-

sity gymnasium and one 6.4 km almost due west at ashington

University; and two N-S components, 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 was effected from

a single clock by means of leased telephone wires. The Den-

dulum and tickler combination was used to send signals at

shorter intervals than the regular one-minute clock marks and

thus to increase the number of simultaneous observations."

He observed a 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 a 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 well-

defined storms it is 100 p.c."

From the difference in arrival times at the three stations

he computed the velocity of the microseismic waves and found

it to be of the order of 2.67 1 0.03 km / sec.

-11-



To find their possible relationships with the atmosnheric

air oscillation he compared the microseisms and the micro

barometric oscillations recorded with a specially designed

microbarograph for a period of more than a year. He

observed "no direct relationship between the two phenomena

in wave form, group form, period or duration of storms".

As to the nature of the waves constituting the microseisms

he concluded that "the Rayleigh theory and the observed charac-

teristic of microseisms seem to agree fairly well except for

the motion across 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 comouted if the time i tervals

between the arrival of successive groups at the three corners of

the tripartite station are known. The followinp deduction

is due to Macelwane7 2

Let A, B, and C be the known angles of the triangle in Fig. 1,

and let a, b, and c represent respectively the opposite sides

of known length. Let us suppose a wave front of microseisms

is travelling from left to right and reached A. BP and CQ

-12-



are perpendiculars dropped on the wave front from the vertices

8 and C respectively. X indicates the angle QAC between the

wave front and the side B and similarly Y indicates the angle

PAB between the front and the side C. Then it can be shown

cot Y a n tCA . R

(3)

cot X = m tBA .

where

n c cose A

m b see A

R * cot A

tBA " interval between the time for the wave front to

pass through B and A

tCA a interval between the time for the wave front to

pass through C and A

By using this method Ramirez 85 computed the azimuth of the

source from which the waves arrived at St. Louis. He observed

that the direction of approach always pointed towards a strong

barometric low existing in the ocean. In the case of the

New England hurricane of 19,38 which he very carefullystudied,

he observed that the direction of approach of the microseisms

at St. Louis continuously pointed towards the centre of the

storm as it moved up the coast and not toward the area where

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

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

e13



over the surface of the ocean. The amplitudes of microseisms

depend only on the intensity and wide spread 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

contained in several hundred papers. The U. S. Navy feaSah_-

acrona*uto4 started a research project in 1943 under the

technical supervision of Pather J. B. Macelwane to study

the microseisms with a view to determining the possibility of

using these ground vibrations for detecting, locating and

tracking severe hurricanes and typhoons when tYey are far from

land. Under its auspices several tripartite stations were

established in different places both on the continent as well as

on islands such as in Guntanemo Bay, Cuba, Florida, Puerto Rico,

Guam, etc. The results of these investigations often led to

contradictory conclusions.

Gilmore34'37 (1946, 1948) discussed the microseisms recorded

at the U. S. Navy tripartite stations in the Caribbean and

the Pacific. He concluded that "(I) typhoons and hurricanes

always cause an increase in the amplitude of microseisms when

near enough to the recording stations. The same is true for

frontal systems and extratropical lows when accompanied by

sufficient wind. (2) This increase in the amplitude of the

microseisms is, in the Pacific, almost directly proportional to

the intensity and size of the storm and to its distance from

the recording station. The same rule applies to the Caribbean

-elm
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area except that greatly reduced microseismras amplitudes are

recorded when the meterorological condition causing them pass

over very shallow water, over land or over sa other type of

microsetamic barrier. (3) Severe storms in the Pacific can

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

island groups and major fault systems exist".

LeeP (1949) pointed out the danger of laying too much

emphasis on the determination of bearing of the direction of

approach of the microselsmic wave with the help of tripartite

stations as superkposition of waves coming even from the same

direction with some phase difference between then: may yield

wrong bearing unless the stations are provided with three

component instruments to cheek the results of such determina-

tions.

Similar difficulties have also been noted by Donn and

Blaik"6 (195b) who observed that azimuths with trinartite

stations with single component instruments are "obtainable with

angles of error of 20 to 40 degrees".

Relatively few studies were made to know the tyne of wave

or waves that constitute the microseismio osoillation. Lee 6 5

(1935) studied the relation between the phases of the hori-

zontal and vertical displacements, and observed that the phase

differences between the three components, although variable,

definitely showed a predominanoe about a certain value which

is generally expected from surface waves of Rayleigh- type.

Assuming that microseisma are predominantly constituted of

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

"1W
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approach of microseisms can be determined by using the

records from a single station nrovided with three component

instruments. The same method was later on applied by

Kishinouye57 (1947) and Leet (1945) to track storms over

oceans with a view to examine whether mforoseisms originate in

a restricted area such as the eye of a hurricane. Leet also

reported to have identified love waves associated with micro-

seismic oscillations and concluded that "vertical pressures

have served as a common source for both".

By comparing the amplitude of microseisms recorded at

Brkely and the strength of the surfs on near-by beaches

Byerly1 3 (1942) reported that the two phenomena correlate with

each other " quite as well as the observations of surf strength

at adjacent stations correlate with each other. Dring winter

months the correlation coefficient between microseisms and

surf becomes as high as 0.81".

Bernard10 (1941) compared the periods of sea waves on the

coast of Morocco and the microseisms at Algiers and European

stations and observed that the periods of the sea waves were

about tr-i the periods of the microseisms. Similar results

were later on observed by Deacon17 (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



generated in the storm centre.

We have already pointed out that this theory has to face

a serious theoretical difficulty because the pressure

variation due to a progressive wave on the surface of water

diminishes exponentially with depth. Fortunately however

M. Niche7 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 prooortional to

the souare of the height of the waves on the surface. This

pressure variation at the bottom is also independent of depth

and remarkably enough its freuency is twice the foundamental

frequency of the waves on the surface. Longuet-Higgins noticed

that this was exactly what was required to explain the facts

noticed by Bernard and Deacon A shorter proof of Miche's

results due to Longuet-Higgins70 is as follows.

The equation of a stationary wave on the surface of

water is given by (Lamb 1932)

a cos kxcos-t / O(a 2 ) (4)

where " gk tanh kh

Let us now consider a mass of water contained between the

bottom Z s-h, the surface Z : and the two vertical planes

x 0,? where r a--. Let us also suppose that there is no

flow across the vertical planes, so that the mass of water

contains always the same aarticles. The total vertical force

-17-
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on the mass of water is therefore given by

F m 2 9 Potential energy (5)

dt dt

Since the horizontal forces across the vertical plane has no

contribution so far F is concerned, hence we have

F = X(P - Po g- gh) (6)

where P is the mean pressure at the bottom Po,, the constant

pressure at the free surface and A*pgh, a constant force

exerted by gravity. Now for a stationary wave we have by

neglecting the compressibility of water

Potential energy a g 7 2 dx
0

: 4Xpga2 oos2t 0O(a3) (7)
P -P

Hence _ 2 gh - a2 2 00 s 2*t / 0(a3 )

Equation (7) shows that the pressure at the bottom varies with

a frequency twice the frequency of the waves on the surface

and its amplitude is proportional to the square of the amplitude

of the stationary waves on the surface.

On the basis of this result Longuet-Higgins71 (1950) worked

out a new theory for the generation of microseisms. He showed

that interference between trains of waves of aporoximately the

same period travelling in opposite direction may give rise to

a system of stationary waves which should cause the pressure at

-18-
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the bottom to fluctuate in the way shown above. This inter-

ference may occur near the eye of a hurricane or due to reflection

of waves against a steep coast. By a detailed analysis he

also showed that the energy transferred due to this pressure

variation is of the right order of magnitude to give rise to

ground oscillations observed on seismological records due to

microseismic storms.

Derbyshire6 (1950) made a frequency analysis of the micro-

seisms recorded at Kew and the wave records obtained at Perr-

anporth and observed that the periods of the microseisms and

the ocean waves approximately satisfy the 12 relationsip as

predicted by the Longuet-Higgins theory. He even showed that

one can identify the microseisms coming simultaneously from

different source areas by such comparisons of the periods.

Kishinouye58 (1951) studied the microseisms recorded at

Tokyo and the sea waves observed from two weatherships located

at about 39.50N, 1520o and 28.5oN, 1350,. tie reported that

"the periods of swells were not always twice the periods of

microseisms at Tokyo during the same time".

Donn22 (1951) presented case history analysis for four

microseismic storms recorded at Palisade, 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-

anisms 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 atmosphere possibly produced as a result of In-

stability and turbulance in cold air, and from turbulanee only

in the case of warm air moving at very high velocities, i.e.

hurricanes". He (1951) made periodogram analysis of wave records

obtained off Cuttyhunk Islandthe microseisms recorded at

Weston. By comparing the results of this analysis he observed

that "there appears to be no relationship between the period

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

of microseisms recorded at nearby Weston Observatory"*

Gutenberg47 (1953) studied the microseisms with periods of

about six to eight seconds recorded at stations near the

Pacific Coast of North America during November and December

1951. He observed that "in Southern Cplifornia the maximum

amplitudes -- usually conincided with the highest breakers and

waves observed in Southern California".

Linger and Pisher 2 0 (1953) discussed the microseisms re-

corded at the Navy tripartite stations at Guam and the ocean

waves observed with two pressure gages set up on the two sides

of the island, one on the eastern side and the other on the

western aide. They noticed that high microseisms were recorded

only when there were high waves on both sides of the Island.

When waves were high on one side of the island, there was no

significant 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 in-

dependent areas of wind give rise to particularly high micro-
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seismic activity" does not seem to be consistent with facts

because high microseisms were recorded at 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 ocean

sur fa ce.

-21-
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Problems to be Studied

In view of the mystery that still envelopes these pulsa-

tory ground motions and moreover for the possibility of using

them in predicting weather over oceans it has been considered

useful 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 been observed in our preceding review

that relatively few studies were made to understand the nature

of these pulses. Although it is generally held that they are

constituted dominantly of waves of Rayleigh type, there is

still some controversy as to their real nature as some authors

claimed to have identified other kinds of waves such as Love

waves. In the present investigation detailed study has been

made for each individual group of waves which appeared dis-

tinctly on each of the three components making use of the

properties of Rayleigh waves and Love waves as predicted from

theoretical considerations.

(2) Origin: Of the many theories that had been proposed to

explain the real origin of microseisma 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 Wichert in 1910 and ever since suported

and defended by Gutenberg. According to this theory microseisms

are supposed to be generated by beating of the waves against

steep rocky coast. The other is the standing wave theory pro-
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posed in 1950 by Longuet-Higgins which asserts that when two

trains of travelling waves in water of approximately the same

frequency coming from opposite directions superpose on each other,

they set up a 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 seismological 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 studies were made only with one set of meteorological

conditions. Detailed study has yet to be made to put it on a

sure basis if of course this proves to be the right one.

Since by the very nature of the problem no direct experiment

under controlled conditions is 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 micro-

seisms.

(5) Possible uses of microseisms: We have pointed out in

our previous survey that after Ramires made his first study at

St. Louis by using the so called tripartite stations, the work

has been continued under the auspices of the U. S. Naval Research

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 lows

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 authors28 observed waves com-

ing from places as far as 400 away from the eye of the hurricanes.

No explanation for observing waves coming from so far separated

points has been provided. The author however tried to suggest

some modifications in the experimental arrangements to increase

the accuracy of locating the azimuths of hurricanes. In the

light of the origin of microseisms determined from our present

investigation, we shall examine whether such observations of

waves coming from widely separated points are expected due to the

underlying 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.

-24-



Materials Used

In the present investigation, the following materials

were used.

(1) Miaroseism records from Weston and Harvard Observatories.

(2) Swell records from Woods Hole, Mass., Gilgo, L. I. and

Long Branch, New Jersey obtained with the help of under-

water pressure sensitive gages.

(3) Three hourly synoptic surface weather maps from U.S.

meteorological station at Logan Airport.

(4) Water depth chart of the North Atlantic U.S. Naval

Hydrographic office, No. 0955.

(5) Three hourly ocean surface wave reports (M.I.T.

Meteorology Department) as observed from the weather

ship 4YH located at 360W, 700o. The weather ship will

often be referred to by 4TH hereafter.

Specificatxonp of the Seismological Observatories:-

Harvard Observatory

Geodetic coordinates 420 30' 26" North

710 33' 45" West

Elevation 180 meters

Lithologic foundation Micaceous Schist

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

and short period seismographs.

Pendulum mass - 112.7 kg

-25-
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Instrument

ZSP

NSP?

ESP

ZLP

NLP

ELP

Normal Operating- Constants

To Tg Drum 3peed
see see

1.0 0 2 60mm/min

1.0 0.2 60mm/mn

1.0 0.2 60mm/min

1,O 0.2 30On/min

1.0 0.2 30mm/min

1.0 0.2 30rm/min

Weston Observatory

Geodetic Coordinates 420 23' 04.9N

710 19' 19.8W

Elevation 60 meters

Lithologic foundation Metavolcanic

Instruments - Vertical, North-South, and East-West Benioff

long and short period seismographs

Pendulum mass 100 kg

Instrument

ESP
NSP

ESP

NLP?

ELP

Normal Oprating cnstants

To Tg Drum speed
see see

1.0 0.5 60mm/min

1.0 0.25 80mm/min

1.0 0.25 60mr/min

1.0 30.0 30mm/min

1.0 60.0 30mm/min

1.0 60.0 30mm/min
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Presentation of Data

Nature: It is gene -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 appreciable loss

of energy. But the question is yet unsettled whether they are

constitut P of purely Rayleigh waves or a combination of

Rayleigh waves and Love waves as some authors reported to have

identified Love waves also in microseisms. If Love waves do

really exist in microseisma, should we then consider that the

characteristic property of the source which generates microseisms

is such as to be able to give rise to oscillations 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 origin of microseisms we must know their nature

thoroughly because the nature of the waves generated is intimately

related to the force generating them.

Now 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 its way move in such a way

that they describe ellipses in the vertical olane 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 its 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

-27-
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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 either Rayleigh waves provided

they satisfy other conditions which we shall soon indicate or

they are some kind of body waves.

We have noted that the particles along the path of Rayleigh

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 horizontal

and vertical directions should always maintain 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 dis-

placement in the upward direction for the vertical comoonent

and towards the East for the horizontal component. Similarly

Fig. (2c) represents the displacement for a Rayleigh wave

moving from West to East. In the same way we can plot the

displacements of the particles due to propagation of Rayleigh

waves in the north-south direction or in some intermediate

direction. Now Fig. (2b) and (2c) show that if microseisms are

Rayleigh waves then we should observe maximum displacement on

the horizontal component when the vertical component indicates

zero displacement decreasing from positive maximum. It may



be either to the east or to the west depending on the direction

of approach of the waves. In the present study we have used

these criteria to decide whether a particular group is constituted

of Rayleigh waves or Love waves, kLuring a storm the waves however

do not come to the station separately. Several wave groups may

come to the station simultaneously. We have already pointed out

that simultaneous arrival of waves from different directions

may throw the components completely out of phase, Hence we

can not expect to observe the required relations for Rayleigh

waves by measuring any and every group of waves on our record

although they may be constituted of pure Rayleigh waves. Hence

we shall have to choose. Since some kind of choice has to be

made, the following method has been adopted.

In a particular microseismic storm each of the groups of

waves on the rocord was carefully studied. Only those groups

that appeared distinct and unsuperposed on each of the

components in which they were recorded were selected and then

measured to see if they satisfy the above mentioned condition

required for a Rayleigh wave propagation. Particular care was

also taken to see if there were any groups of waves showing

displacements only in the horizontal directions. In this way

fifteen hundred groups of waves were chosen coverinm five storms,

It has been observed that excepting a few, all of them satisfy

the conditions indicated above thus, showing that they are

Rayleigh waves. Cases were, however, observed, which showed

peculiarities. In about 2 p.c. of the cases studied disolace-



ments were only in the horizontal directions 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 causes.

Now the problem arises whether we should consider that the

waves observed having the property of Love waves were also

generated by the same source as all others or by some entirely

different causes. Leet (1947) suggested that they were gener-

ated by the same mechanism as all others although he recog-

nized that microseisms are generated by a vertical force. It

does not seem to be very reasonable to conclude that all of them

were produced by the same mechanism because if the characteristic

of the source which gives rise to microseisms be such as to be

able to generate oscillations in the ground having motions only

in the horizontal direction, then their number would have been

more numerous. Secondly, if microseisms are generated by vertical 1 JE

forces which we shall show later on to be very likely, it is hard !

to see how they can produce Love waves in the ground. Consequently

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 microseisms. Or they may be generated by

Rayleigh waves when they pass from the ocean to the continent.

Although it is not yet definitely known what happens when Ray-

leigh waves pass from the sea into the land, there is reason to

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

major structural discontinuities. In any case they are not likely

0-



to be generated by the same mechanism as all other waves that

constitute microseismic oscillation.
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Procedure of Study

Although the real mechanism by which microseisms are gen-

erated is not yet known, due to continuous study durinz the last

fifty years it has been observed that they aresome way connected

with the sea waves. One group of Seismologists believe that they

are generated by the breaking of the waves against steep rocky

coasts while others consider that they originate from fluctuation

of pressure at 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 directions.

In order to determine which one of the two may be the most

probable cause for the generation of microseisms, we have ex-

amined the problem from the following points of view.

If microseisma are generated by the beating of the marf, then

the amplitude of microseisms should attain the maximum amplitude

simultaneously with the highest waves breaking against the nearby

coast. If on the otherhand they are generated by standing waves

in the ocean, then they should be observed only when a oarticular

type of meteorological situation exists on the ocean surface.

For to have standing waves, two systems of progressive waves

of approximately the same period coming from opposite directions

should supperpose on each other, which will call for saecial types

of wind motion. Therefore high swells in the ocean may not

always be accompanied by observations of high microseisms. Secondly,

if the later mechanism in the generation of microseisms operate,

then an important relationship between them should be observed
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i.e. the frequencies of microseisms should be twice the fre-

quencies of ocean waves. Further if microseisms are generated

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

area should be of considerable importance, for theoretical

considerations show that if the depth of water be ( j ) times

the wave length of compressional waves in water, the amplitude

of microseismas 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 microseisms

and the trace amplitude of wave heights at nearby coasts in time

to see whether they reach their respective maximum at the same

time. If 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 each other,

we shall examine whether the situation can be explained from the

point of view of standing wave theory by studying the wind

motions in different parts of the ocean and 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 analysis of microseisms and wave records to see

if their frequencies are related to each other by a ratio of

2:1 as predicted from theoretical considerations. (3) We

shall also compute the direction of approach of microseisms

assuming that they are Rayleigh 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 regions 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 indicated to plot the

amplitude of microseisms and wave heights in time. Before going

in to actual measurement we have to decide two important points.

(1) How to measure the amplitude? If we take the absolute max-

imum amplitude within a certain period, it will not certainly

represent the microseismic activity during the period. TIf on

the other hand we try to take the mean of all the wave amoli-

tudes, it will mean almost a superhuman task. Therefore we have

to make some choice. 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, five minutes at the end and five

minutes at the beginning of every half hour, was measured with

the help of a square grid each division of which is eouivalent

to .89 mm. From these, five wave groups were chosen having

the largest amplitude. The arithmatic mean of those five

wave groups was considered to be the measure of microseismio

activity during that kolf hour. We have used a slightly

different technique in measuring the trace amplitudes of wave

heights in which case we have records for only twenty to

thirty minutes every four hours. Here we have chosen ten

wave groups with maximum amplitude over the entire length of the

record and taken the arithmatic mean. (Hereafter the term

"amplitude" will refer to "double amplitude").



(2) Next question to decide in measuring the amplitude is the

choice of record i.e. on which component should we measure the

amplitude in order to have a fair representation of the ground

motion.

In our discussion on the nature of microseisms, we noticed that

they are constituted mainly of Rayleigh waves. Now the ground

motion in the horizontal direction due to Rayleigh waves depends

on the direction of propagation of the wave. Hence the displace-

ment on either of the horizontal components can not be c onsidered

to represent the ground motion. The displacement in the vertical

direction on the other hand is independent of the direction of

propagation of the wave. Therefore the amplitude on the vertical

component will be a fair representation of the ground motion as

far as our problem is concerned, If one wants to be too accurate,

one can convert the displacements on each of the components into
A anS lAJ -ftn tS' C.e-rWr Auv" ro I.IN%& ik tf tru aCkQ V^od wthVa

ground motion4 . This will involve a tremendous amount of work

without any great hope for significant gain. Since we are

particularly interested in times of beginning and enAing 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.

Spectrum-anal sis:

To compare the frequencies of microseisms with those of the

ocean waves we must know their frequencies accurately. We may

compute their periods by measuring the distances between two

successive crests or troughs. Since there may be two or more

-35-



groups of waves with different periods superposing on each

other, this kind of measurement is very likely to give erroneous

results. For that reason we have decided to make exact analysis

in order to separate the different frequencies for convenience

of comparison.

There are two methods for making such analysis. One is by

means of machines as described by Klebba 6 0 (1946) and Deacon i 8

(1949). Many people, however, have questioned the validity of

the results of such analyses, for the spectra obtained were

very irregular. The other is the statistical method developed

by N~ Wiener in his study of generalized harmonic analysis of

time series. Here we have adopted the later method, a detailed

exposition of which can be found in references (91,95). For

continuity of discussion we shall briefly indicate the under-

lying basic principle. A secuence, discrete or continuous,

which is generated in time is called a time series, and it can

be represented by a function f(t). If we operate on a time

series as in equation (8), for a sequence of lagsT , than

the resulting function is called the auto-correlation function

of f(t) i.e.
,+T

T(oo -I(t) f(t-) dt
rT

Now it 'as been shown (Viener) that an auto-correlation function

of a sequence or time series nreserves all information regarding

the frequencies of the original function and it is also an even

function. Therefore the auto-correlation function of an

oscillating sequence will be an oscillating function having the
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same frequencies as the original sequence and hence can be

represented by an equation of the form

0

where t(w) is a measure of the power corresponding to frequency

The power corresponding to different frequencies can therefore

be separated by using the Fourier transform fo/ula i.e.

0

where ( ( n ) is the power corresponding to freouencycn. Since

our wave record or the seismic record is essentially a time

series, we can utilize the same technique to separate thV

frequencies. In actual application 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 Tukey86 (1949) and Tukey and

Hamming8 7 (1949). The method has been beautifully summarized by

Wadsworth and his associates in GEOPHYSICS (1953). For conven-

ience the section is cuoted below.

"The unnormalized auto-correlation of a group of data at

equally spaced intervals of time, say xl, x 2 ----- xn are computed

by the standard formulae. The formula which Tukey prefers is

given by

N-P

P Np t IIXip (11)

Here the Rp's are estimates of the unnormalized auto-correlation



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 i- and frequencies

2l a), 4tjw etc. are ecuivalent 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 2r-4L2 into that portion

of the scale where 21r>, . This means of course that on the

scale the distribution of frequencies will now run from a o

to , and we shall confine our attention to this region. By

choosing discrete values of angular frequencyda a (s=,,2,...m),
m

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

rule and write

(if) 3 L (12)

where

L Ro o o R oos " / Cos co0sr (13)

By letting R
j (j 3 O,l,...m) we have

0

L S 1 2 os 0 09 cos S ) (14)
a 2 j m m

An approximate integration of #(o) from - I to fT by the trapezoidal

rule yields



7lt 
m-1

() d CJ Zof ?0 ( ) 0, r-LI 2 Ls (15)

"Because the values of L are subject to systematic error,

they must be smoothed in order to obtain a satisfactory estimate

of the spectral density. After research into feasible smooth-

ing techniques, Tukey and Hamming settled upon the following

simple scheme. The smoothed estimate U of the spectral density

is given by

Us = .25 Ls.e .54L s / .23LL 1 , (s,01,2,...m) (16)

Since Uo and Um respectively involve L. and Lm', which have

not been defined, set L 1 L and L 1  = L Or what

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

U 4 Lo . .46 L1 (17)

U = .54 L / .46 L
m m m-I

Because of the i dentity

m-l mem1
UQ/2 E U (18)

1 8 /u L/ 1 L m

We see that the smoothing process is area preserving." In our

computation we have used instead of ecustion (11) a different

formula for serial product given by

9 : 1 Ti t Xh (19)

for use of equation (i) gives negative power for some frequencies

which has no physcial significance. Use of equation (19) for 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 autoo-orrelation curve for one hundred lags is shown

in graph 8. It has been mentioned that in the computation we

replaced the integral in equation (8) by a sum,Le. the traces

on the wave record and seismogram were approximated by dis-

placements xi at discrete intervals T . Now the problem arises,

how closely should we read the displacements in order that we

may consider the sum a fair approximation of the integral? After

careful considerations, we decided to have at least ten readings

within a complete wave length i.e. between crest to crest or

trough to trough. Since the drum speed of the seismograph is only

3 cm per minute, it was not possible to read so closely. We have

therefore enlarged a section of the microseism records which

we chose for frequency analysis four times, in order that we

could have the desired number of readings within a wave length.

On the enlarged record we read the amplitude of the displace-

ments at discrete intervals with the help of a transparent

square grid graduated at intervals of .89 mm.

Similar technique was also used in the case of wave records

where the 6 isplacements were read with a grid in which the

vertical lines were replaced by circular arcs of the same radius

as that of the stylus 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 aximuth of
"4)-"



the wave lies from the relative displacements on the different

components. Once the quadrant is known, we can c ompute the

direction of a pproach by using the formula

tan - (17)
tanG0

e

Where 0 is the angle between the direction of approach and the

I-S 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
P

individually and chosen only those that appeared to be unsuPpasbed

by examining the displacements on each of the comsonents on which

they were recorded. We then measured the amplitude (double

amplitude) estimating 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 hori7on-

tal components of the Weston Observatory instruments.

It should be mentioned in this connection that the directions

computed by this method can not be considered very accurate be-

cause of the many factors involved. It will, however, Rive

us some idea to see whether the waves were approaching the station

approximately from the right directions.
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Presentation of Case History Analysis

Seven case history analysis of microseisms and hotostatic

copies of synoptic surface weather maps showing the meteorologi-

cal conditions at the same time are presented below. Of the

seven cases presented, the first five cases show the characteristic

frontal microseisms and the associated meteorological conditions,.

Case six has been presented to show that unless some special

meteorological conditions exist, microseisms are not generated

although there may be hig waves near the coast as well as in

deep water. Case seven is a study of microseisms associated with

a strong barometric low over a restricted area such as in a

hurricane travelling over the ocean surface.*

Before 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 equal 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 (anticyclones) are indicated by "Low" and "High". Cold

fronts are shown by heavy lines with wedges pointing in the di-

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 flying with the

wind. Bars on the tail of the arrows show the wind speed;

Note *Copies of the maps are attached only for those times when
the meteorological conditions were considered to be signif-
icant.-



each full bar indicating 10-12 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 mieroseisms, the wave

heights near the coast and at 4Y91. Discontinuities in the wave

height curves in graphs 3-5 are due to the fact that the records

for the period were not available. Amplitude of microseisms at

Harvard are not shown on the graphs because they follow very closely

with those at Weston, as is shown in graph 7 as a sample case.
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Case 1 December 11-13, 1952

The amplitude of microseisms at Weston, wave heights at

Woods Hole and at 4YH are shown in Graph 1 which indicates

a lag between the wave heights near the coast 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 December 11th

when the microseisms at Weston just started to increase. The

microseisms attained the maximum amplitude after about 12 hours

at 09.90 h G.S.T. on the following day by which time the wave

heights near 'Woods Hole decreased considerably. This indicates

that the two phenomena are not directly related to each other.

A study of wave heights at 4YH and the amplitude of microseisms

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 decrease almost simultaneously. Therefore if

microseisms are generated by any wave action in the seae, then

it is due to waves in deep water rather than the breaking of the

surf against the coast. We have mentioned earlier that

microseisma can be generated in deep water only when waves of

equal period coming from opposite directions stuerpose on each

other. This situation should arise when there is a rapid

change in the direction 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.S.T. Dec. llth the cold 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 Woods Hole show a trace

amplitude of 5.5. The microseisms at Weston and Harvard about

that time were at the noise level.

Six 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 5400E. At 4Yh wind at 19-24 miles per hour was

blowing from S20E. Wave heights at Woods Hole and at 4TY Just

started to increase while the microseisms at Weston continued

to be at the noise level. The condition is shown in Map I.

Conditions nine hours later at 18.50 G.S.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 New 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 microseisms. Wind speed at 4YH

increased to 39-46 miles per hour blowing due north. The

wave heights there also increased to 94 ft. Since wind in the

deep water region was continuously blowing in one direction the

waves generated were all travelling in nature.



Map 3 shows the conditions at 00.30 G.S.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 heights reached the maximum, The ampli-

tude of microseisms increased to 5.

The conditions six hours later at 06.#0 G.S.T. are shown

on Map 4. One end of the cold front kept pivoted at the same place

while the other end rapidly moved eastward. The wave heights at

Woods Hole already 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 1300 during the last

21 hours. This change in the wind direction should therefore

give rise to standing waves. The amplitude of microseisms

reached 8.

Map 5 shows that the front became arched as the southern

portion was 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 con-

siderably. At 4YH wind was blowing with the same speed approxi-

mately in the same direction. The wave heights there reached

the maximum and also the amplitude of microseisms at Weston.

An important point to be noticed is 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 course,

microseisms are generated by standing waves. The aximuths

computed by using equation (17) show that this was exactly the

ease. Although the waves continued to come from all parts of

the front in deep water, the generating area continuously ex-

tended towards the north.

Another important point to be observed is that from the

time the amplitude of microseisms started to increase, 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 at least with a high component in

opposite directions, this rapid movement of the front should

be very efficient in giving rise to standing waves. Maps 4,5,

and 6 which indicates the weather conditions for the period

during which microseisms had the highest amplitude clearly shows

this rapid movement of the front.

The conditions at 00.30 G.S.T. Dec. 15th 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 whichw as 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 ocean by 06.30 G.ST. A special feature of the

new front was that the winds on its two sides were blowing almost

in the same direction 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.S.T. Dec. 11th 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 a cold front in

deep water.
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Case 2 Dec. 15th to 17th. 1952

The amplitude of microseisms recorded at Weston, the trace

amplitude of wave heights at Woods Hole, the wave height 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 case has been presented be-

cause it 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 heights at Woods Hole went

hardly beyond the noise level, the maximum amplitude being 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 microseisme at our stations. This also

clearly demonstrates the changes in the meteorological conditions

that are necessary for the generation of uicroseisms. Let us

first examine the weather conditions and the corresponding

changes in the character of microseisms before going into the

discussion of these important points.

On the 15th of December 1952 a cold front started to develop

in the coastal waters extending from Florida to Newfoundland.

During the earlier 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 38oN 670W 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 coast. As off shore wind can 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 2 were recorded

at Weston As a matter of fact these feeble microseisms were

continuously coming ever since the storm in case I ended. They

were very irregular in nature both as 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. It should be noticed that the isobars were breaking at

sharp angles as they crossed the front as a result of which wind

was blowing almost in opposite directions on the two sides of the

front.

Map 9 which depicts the conditions three hours later, 21.30

G.S.T. Dec. 15th, shows 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

its general position remained more or less the same. As a result

of this, the breaks in the isobars along the front became sharper.

The wind direction at 4YH meanwhile changed from due north to

due N70oW. The nature of microseisms at Weston remained un-

changed.

Conditions three hours later at 00.30 Doo. 16th are in-



dicated in Mao 10 which shows that the front had started to

move rapidly towards the east with the center of the low pivot-

ing itself at the same place. Simultaneously with the movement

of the front, the amplitude of mioroseisms at Weston started to

increase rapidly as can be seen in graph 2. This again confirms

our observation in case I. Although the wind speed at 4BY re-

mained constant (i.e. 32-38 m.p.h.) its direction had changed to

N60 . The wave height there also increased to 11 ft. As be-

fore the wind along the coast from Florida to the 1aritime

provinces remained off shore,

Six hours later at 06.30 G.S.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, During the last

twelve hours it moved about 330 nautical miles along the 40th

parallel and about 450 nautical miles along the 355th parallel.

Before this the movement of t ohe ont was almost insignificant,

As a result of this rapid movement of the front, the wind direc-

tion in places swung through almost 1800 as can be seen by compar-

ing its directions at Sable Island in map 10 and 12. Similar

shifting in the wind direction can also be observed at TYD

(32o~ 650 W) 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.



By 18.50 G.S.T. (Map 13) the low had moved over to

Newfoundland. The front was still moving eastward but its

speed had considerably diminished. The amplitude of microseisms

had started to decrease. It should be noticed that in the mean

time a new front was approaching the coast from the land. It did

not however, cause any change in the wind direction along 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 wind was blowing almost in the same direction on its

two sides, nothing changed so far as microseisms were concerned

due to the extension of this new front. They had been steadily

decreasing in amplitude although not as rapidly as when they were

increasing.

The study of the azimuths of the origin of the waves coming

to the station at different time also reveals an interesting

fact. We have seen that at the beginning of the storm, only

a section of the front whose general direction from Weston was

about 3450E had been moving and so became effective 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 Ia.. 0a11t

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 revealed by

this case history 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) Exis-

tence of a barometric low or a cold front over the ocean either

in deep water or in shallow water regions does not give rise to

microseisms. For increase inn the amplitude of microseisms

did not commence until 00.30 G.S.T. Dec. 16th although the

meteorological conditions became well defined by 18.30 G.S.T.

Dec. 15th. (3) Rapid increase in the amplitude of microseisms

as soon as the front started to move strongly suggests that

the movement of the fronts or lows is 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 associated 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

that the microseismic waves ar highly attenuated over oceanic

paths. 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 irftial position of the

front (21.30 G.S.T. Dee, 15th), 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 authorthors thoughtit to

be then the amplitude of microseisms would be much less than

what has been observed.

"e~~ ql



Case Feb 8 - 11. 1955

This case covers a period of four days from Feb. 8th to

Feb. llth 1953. Actually from the point of view of our problem

it represents two cases. One is from Feb. 8th through Feb. 9th

during which time we had an unusually high microseismic storm

accompanied by high ocean waves. The other is from Feb. 10th

through Feb. 11th during which time we had high waves at 4YT

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 5. The meteorological conditions for the period are

shown in Maps 15 to 27. The amplitude of microseisms and the

wave heights at the nearby coast could not be compared during

the early part of the storm as the wave records for the period

were not available. The only records for the coastal waves

available 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 indicate

the time of the maximum wave heights, and this, together with

the weather maps for the period can be used to estimate when

the wave heights at Gilgo reached the maximum amplitude,

since the wind direction at both the places changed almost

simultaneously as 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
-"1.
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at Weston (maximum wave height at Long Branch was at 09.00

G.S.T., Feb. 8th). Graph 3 however, shows a strong correlation

between the wave heights at 4YH and the microseisms at Weston

indicating again a close relationship between them.

The amplitude curve of the microseisms in graph 3 shows

a very peculiar characteristic of the storm under discussion.

It rises very quickly and steadily to its maximum and drope

down almost as fast as it rose although the wave heights in

deep water continued to be as high as 12 ft. We shall come

back to this point later on after discussing the generel weather

conditions.

The weather maps show that on Feb. 7th about a day prior

to the beginning of the storm a stationary front had been

developing almost parallel to the eastern coast of North

America extending from Plorida to New Brunswick several hun-

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. During this period strong wind was blowing

on shore.

At 00.30 G.S.T. February 8th (Map 16) the front was almost

parallel to the coast with one low over Georgia and the other

over 41 eastern pets -of Maine. 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 England changed direction from SE to NW. On the eastern
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side of the front the wind was blowing generally from south to

south-east. In some places it was blowing due east. At 4YH

wind was 39-46 m.p.h. from due south. The microseisms at this

time were very low.

By 3.30 G.S.T. the front had moved further to the ea~b as

a result of which wind in lew England became entirely off shore.

By 6,30 G.S.T it became northerly. The condition about this

time shows that the southern low associated 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.S.T This shows that the front had moved well into

the ocean but it was still in the shallow water except a

small portion of it north of Cape Hatteras bulging off the

shelf. 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

height near the coast should therefore start to decline as is

also shown by the Long Branch wave records. Conditions six houars

later (map 17) shows little change in meteorological conditions

so far as the microseisms are concerned, Only the southern low

associated with the front had shifted slightly to the north.

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

the deep water. The amplitude of microseisms recorded at Weston

had just started to increase.
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After this time the low was moving continuously towards

the north while the part of the front south of the low was

travelling rapidly towards the east. At 21,30 G.S.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 microseisms increased from 4 to 16 on our scale.

This again shows, as we observed in the last two cases, that the

mechanism by which microseisms are generated is related to

the movement of a front on opposite sides of which the wind moves

in opposite direction or with a large component in opposite

direction. if we examine the isobars, we observhethe same

features as in the last case, i.e. they break at a sharp

angle as they cross the cold front. Six hours later 03.30

G.S.T. Feb. 9th, the low was on southern Nova Scotia and be-

came very sharp. The front was moving continuously towards the

east. At 4YH wind was then blowing from N400 W at 47-44 m.p.h.

This indicates a change of 1500 in wind direction during the

last 9 hours. This should therefore give rise to high stand-

ing waves and consequently of high microseisms. Graph 5

shows macimun amplitude for microseisms.

At 09.90 G.S.T. Feb. 9th (map 20) the center of the low

was over the maritime provinces. The rapid movement of the

front was still continued. This clearly indicates that micro*-
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seisms are not generated directly under the low for in that

case there would have a sharp drop in the amplitude of micro-

seisms when the low shifted on to the land. The amplitude of

microseisms at this time shows a slow average decrease. There

may be two reasons for this. First due to continuous blowing

of wind from one direction the amplitude of standing waves

which were formed during the earlier part were being slowly

suppressed. Secondly, the front was probably getting too

far from the recording station. This, of course, does not

suggest the attenuation of the waves of the type as mentioned

by Dinger and Fisher. By 15.30 (map 21) the front reached the

55th meridian still continuing its rapid movement eastward

(compare with map 20). The center of the low remained more

or less stationary. Graph 3 shows a rapid decrease 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 height at Gilgo shows a stesay decline as

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 ft. 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 presented to illustrate

that there may be high waves in the ocean without any corres-

ponding change in the microseisms. Maps 23 to 27 show that

during the period the wind was continuously blowing in one
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direction* The waves generated were all travelling ti

nature and therefore did not give rise to any high amslitude

microselems.

Summarizing we note the following facts.

(1) As previously observed, the present oase again show that

microselsms are generated only when the cold fronts (we are

discussing frontal microseisms) with wind moving in opposite

direction on its two sides travel rapidly across the ocean

surface.

(2) iigh amplitude microseisms are generated only when the

front moves into the deep water.

(3) Microseisms are not generated under the barometric low

or the cold front as we observed in the previous cases.

(4) The attenuation of microselsmic waves does not seem to be

excessively great over oceanic paths.

(5) Microseisms are not related to surf beating against

the coast.

(6) These facts strongly suggest that they are generated

by standing waves in the ocean.



tase 4lFbl ** 1 14 1953

Graph 4 represents the amplitudes of microseisms recorded

at Weston, the wave heights at 4YH and the trace amplitudes

of wave height at Gilgo, L. I. from Feb. 11th through Feb. 14th

1953. The associated meteorological conditions are shown

in maps 28 to 31. Thus graphs 3 and 4 show the continuous

record of microseismic and wave data for seven days beginning

from Feb. 8th through Feb. 14th. We observed in case 3 that

towards the end of the storm the amplitude of microseisms rap-

idly declined to 6 at which it remained more or less constant

(on the average) for the last forty hours, although the wave

heights at 4Yh rose to 19 ft. 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 maps as we did in case 3 we find that the

wave heights near the coast should have reached the maximum

much earlier than the microseisms at Weston.

Graph 4 shows that the wave heights at 4Yh began to
A . 5.T.

decrease at 09.00^Feb 11th 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 increase again

almost simultaneously. Increase in the wave heights at Gilgo

commenced much earlier as they should because the front crossed
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the shore line long before it effected the wind motions at 4Y9.

If we examine graph 4 and the meteorological conditions

during the period concerned we notice the same relationship

between the increase and decrease in the amplitude of micro-

seisms with the moement the moveant ofhe cold front having the same

type of wind motions associated with it.

Map 28 which depicts the condition at 12.30 GS.T. Feb. 12th

shows that a low pressure area associated with a cold front

extending up to the Gulf of Mexico on the south was approaching

the coast. A minor low associated with a warm front oro-

jecting towards the ocean was then lying on the Delaware By,

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 S50IW. Conditions three hours later show

that the fronts had shifted eastward Along the coast the

situation remained unchanged.

Three hours later, 18.30 G.S.T. (map 29) the entire warm

front from antucket Westward changed into a cold front and

joined the old one running NE " SW near Richmond, Virginia.

A new low had developed just south of Nantucket where the

new cold front and the warm front came together. The new

front was then lying off the coast.

Three hours later, the front had moved well into deep waters

between dantucket and Cepe Hatteras. The low was then just

south-east of Aantucket, At 4 YR wind velocity increased to

39-46 m.p.h. with a onseeauent increase of wave heijghts
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there. Microseism 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 rapidly

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 f300W, but its velocity

decreased to 19-24 m.p.h. Conseauently the wave heights there

dropped down to 11 ft. Microseisms about 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.S.T. Feb. 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 Boston. If we examine the nature of the isobars, we again

notice the same peculiarities i.e. they were breaking at a

sharp angle when they crossed the front and the wind was

moving at large angles on the two sides of the front.

During 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.S.T. The

amplitude of microseisms during this time had been mnaximum. This

again shows that the depth of water also plays an important role .

The large amplitude microseisms are generated when the cold fronts

of particular type travel over the ocean surface in deep

water regions.
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Case 5E Feb. 15 - 17, 1955

During the period Feb. 15th to 17th several waves of cold

air 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 at 4 YR. A glance at the graxh at first

gives the impression that microseisms at VWeston agree more

closely with the beating of the waves against the nearby coast

rather then the waves in deen water,. As a matter of fact this

particular case has been presented in order to illustrate that

occasions may arise when beating of the surf against a rocky

coast may seem to offer a good explanation for the origin of

microseisms. A closer examination of the weather condition

reveals the real mechanism by which they are generated,

Observation of such cases may often lead to wrong conclusions.

As we mentioned earlier that the meteorological conditions

during the period 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 w4ch again a warm

front projected eastward into the sea. This was closely

followed by another cold front ending likewise into a barometric

low in the higher latitudes. From this also a similar warm

front was projecting towards the south east.

The conditions at 15.30 G.S.T. Feb. 15th are indicated by
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of wave height at at Gilgo, L. I. became 15 1 at this time.

Weve height at 4YH rose to 19 ft. where wind was 47-54 m.p.h,

blowing from due south.

By 00.30 G.S.T. Feb. 16th the two fronts coalesced

into one and were moving eastward as a single front. Three hours

later the low was over southern Maine. The front at this time

was almost entirely off the coast except near Cape Cod. As

a result the wind all along the coast became off share. The

wave height near the coast should therefore start to decline

from this time. Although microseisms at Weston were increasing

rapidly which they should of course do, but there was yet

quite some time to reach the maximum.

Conditions three hours later at 06.30 G.S,'T. are shown

in map 34, which indicates that the front was moving rapidly

eastward and had already crossed the 4YH. As a result of

this windat 4YH and other places in deep water had changed direc-

tion, If we are guided by our experiences from preceding cases

we should expect rapid increase in the amplitude of microseisms,

Graph 5 shows that the amplitudes of microselsms coming to

Weston at this time were reaching the maximum, Along the coast

south of central Maine where the center of the low was located

at the time trong wind was blowing off shcr e C onditions

six hours later at 12.30 G.S.T. (map 35) show that the two

fronts separated again and were movin eastward as before

independently of each other. Meanwhile 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 froxtt.
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Case 6 Feb. 21 - 2, .1955

Although the period under discussion does not show any

significant microseimic activity, the case has been presented

because it demonstrates more clearly some of the assertions

we made in course of our previous discussion. In the preceding

five oases 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 Hole were hardly beyond the noise 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 break-

ing against the coast are of sufficiently high amplitude.

We also observed in the preceding cases that microseisms are

related to the rapid movement of a cold front on the ocean

surface. Absence of microseaims 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 6 shows the amplitudes of microseisms recorded at

Weston, the trace amplitude of waves at Gilgo, L. I. and the

wave height at 4 YR during the period from Feb. 21st through

23rd, 1953. The associated meteorological conditions are shown

in maps 38 to 44.

Graph 6 shows that towards the end of Feb. 21st the trace



amplitude of waves at Gilgo rose to 27 (on our scale) which

indicates that the waves breaking against the coast at the time

were much higher than they had been at any time we we have been dis-

cussing. If mioroseisms were generated in the preceding cases

by surf action then we should have observed high microseisms
J IS fad- tktt M Itt..Jof Jw&Zy.etvS&1S'#%wat iTke P-1;.IJ

during the period.,was hardly beyond the noise level proves

beyond all doubt that they are not generated by any surf activi-

ty.

A brief survey of the maps 38-44 shows that an intense

cold front passed over the North Atlantic during the period.

As a result of this the waves at 4YH rose to as high as 17- ft.

(graph 6). But the corresponding amplitude of microseisms

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.ST. Feb. 21st with a cold front extending

southward in the form of an are coming towards the east and

a warm front projecting east as far as the 66th meridian.

Wind along the coast was generally from the south ranginn in

velocity from 8 to 24 m.p.h. It was about this time that the

wave height near the coast started to increase and also the

wave height at 4 YH, but not as rapidly as near the coast.

Wind at the later place was 19-24 m.p.h. from 3200 W. The
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proximity of the isobars indicates the intensity of the low

and 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 alone the

coast gained strength; for example at Nantucket its velocity

increased to 25 to 51 m.p.h.

By 21.50 G.S.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

52-38 m.p.h. blowing from 530W. At 4YR its 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 a 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 appreciably. At 4YT the wind was blowing 39-46

m.p.h. from 580WV.

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 in the same

direction. For example at Long Island it was N80W and so also

at 4YH.
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Conditions 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 is interesting to notice that the

isobars across the front became almost straight 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 remem-

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 4YT was

80W, 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 direction was therefore only 600 . It should also be

noticed that the intervals between the isobars in this case as

compared to the preceding ones were sufficiently close te

showing that the intensity of the wind motion was sufficiently

high to give rise to high microseisms.

Map 44 which depicts the conditions at 00.50 .S.T.

Peb. 23, 1953, shows that it was movig very rapidly during the

last six hours.
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0ase 7, Aug. 14 - 1* 1 .

All the microseismic storms we discussed so far were

associated with a particular type of weather conditions i.e. a

cyclonic 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 hurricane 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 is 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 microseisms was to see whether they could be utilised

for predicting the movement of a barometric low travelling over

the ocean surface. If so, how accurately we can locate the

position of the low by using information from a single station

provided with three component instruments assuming that microseisms

are pure Rayleigh waves. This requires that the positions of the

low should be clearly defined so that we may know how accurate

we are. The study of a 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 heights

near the coast with the corresponding amplitudes of mieroseisms

because the wave records for the period 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 amplitude 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 eas-

pecially at the beginning of the storm strongly suggest their

intimate relationship. The microseisms however attained the

maximum amplitude about 5 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 waited for the wind to change direction

through sufficiently large angle at 4YH to set up standing

waves Thidly the microseisms due to the movement of a

localized 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

velocity 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.S.T. on Aug. 14th. At Cape Hatteras wind was blowing

on shore at 55-63 m.p.h. At 12.30 G.S.T, Aug. 14th (map 45)

the eye of the hurricane was right on the coast. Wind near

the center of the hurricane was about 40 m.psh.

Six hours later at 18.30 G.S.T. (map 46) the center of the

low moved into shallow waters just off the Delaware Bay. The

wind velocity at 4YH increased to 39-49 m.p.h. It was 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 OS, 0 G.S.T. Aug. 15th it was right on the

edge of the shelf south of Rhode Island.

The position of the low at 06.30 G.S.T. Aug. 15th was

south of Cape Cod as shown in map 48. As a result of this

movement the wind direction south of the 40th parallel

swung through 1800. It was about this time that microseisms

at Weston and Harvard reached the maximum and were coming

directly from the south.

During the next six hours (map 49) the hurricane moved

well to the east of Cape Cod. Wind in New England became

either parallel to the coast or off shore. Microseisms

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.S.T. (map 50) the center of the hurricane

moved on to the coast of Nova Scotia 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 a cold front to the coast. Micro-
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seisms at this time started to decrease.

By 00,30, Aug 16th (map 51) the front moved into shallow

water but it i 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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Directiona 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 hurricane at different times were measured from

the synoptic weather maps. The results of this computation

show that the generating area continuously shifts as the eye

of the hurricane continues to move, but they always come from

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 cirection from which the

hurricane had long since moved away.

This of course is exactly what we should expect if micro-

seisms are generated by standing waves, because the waves once

generated do not die down immediately. Graph 7 shows that

waves as high as 14 feet continued at 4YH for more than six

hours although the hurricane was continuously moving. This

leads us to conclude that the most effective region for the

generation of microseisms is in the rear part of the hurri-

cane and that they are not generated right below the center of

the low.

This also indicates that the location of the hurricane at

a particular time can not be predicted by determinr 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 aproach for a number wave groups may prove successful.

In order to do that we have tried the following metod. The
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directions of approach for all the pure and unsuperposed

waves were determined continuously in time. The change in the

direction of arrival was considered to be the direction in

which the hurricane was moving. Now to predict the location of

the hurricane at a particular time, we have studied the directions

of approach for all the waves that came before that time. The

furthest point in the general direction of movement of the

hurricane from where a wave group was identified to have come,

was then considered to be the nearest point to the center

of the hurricane. Table I shows the position of the hurricane

thus determined and its actual location measured from the

weather maps.

Table X

Date Time in Determined Actual direction
G.S.T. Direction of of the storm center

the Storm
Center

Aug. 15, 000,0 S 30.2 W S 35 W
1953

06.30 S 0 E S 20 E

12,30 S 67.4 E S 75 E

18.30 S 90 E N 77 E

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 hurricane.
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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 considerations i.e. the frequency of microseisms

should be twice the frequency of ocean waves. Unless this

important relation is verified, all our evidences, however

strong they may appear to be, will always remain inadequate.

Now the question 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

microseisms.

Since there is no means for this identification we shall

have to proceed with the analysis with the assumption that

the freouencies 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 storm or towards the end of

it? Before answering this question 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 frontsusually

form on the land and slowly travel eastward into the ocean.
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The wave height near the coast becomes a maximum when the front

is in the neighborhood of the coast and hence they are gene

erated near the coast. But microseisms increase in amplitude

only when the front moves into deep water. Therefore the

highest waves recorded near the coast 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 frequency rela-

tionship with microseisms, Therefore for analysis we should

choose a section of the wave record where the waves recorded

were generated in deep water region and travelled afterwards

near the coast, for they are the ones that generate micro-

seisms. In making our choice we can use the amplitude fzranb

very profitably. For example graph I shows that at 01.00 G.S.T.

Dec. 12th, 1952, the wave amplitude at Woods Hole was maximum.

The waves recorded at that time were obviously generated near

the coast. Aft3r the front moved into deep waters the wind

along the coast became off shore and the waves generated near

the coast could not have been recorded there, Therefore the

waves recorded after that time must have been generated well

off-shore and travelled later on to the coast to be re-

corded there. Thus if we choose a section of the record

for example at 17.00 G.S.T. of the same day we can be fairly

sure that the waves recorded at that time were generated in the

deep water region.

Before going into the discussion of the results, we want



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 frequencies. Therefore the

frequency for which our computed value show the maximum power

may not coincide with the actual frequency in which the maxi-

mum power in the record is contained. We can however decide

whether the true maximum should be at a greater or lower

freouency by by considering the power contained at two neigh-

boring frequencies i.e. the true maximum must lie between the

two frequencies for which our computed results show the high-

eat values and therefore our limit of accuracy will lie within

half the frequency difference between any two consecutive

points (the frequency difference between any two consecutive

points is th.a a~e in bhe same in each case).

The results of our computation are shown in graphs 9-12.

In drawing the curve no smoothing process has been adopted

except at 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 frequencies of microseisms lie between

.48 to .514. Considering the many uncertainties as we men*

tioned earlier, the results of our analysis clearly indicate

that microseisms and ocean waves do have the freruency re-

lationship as predicted from theoreticzl 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 shows three distinct maxima

at frequencies .21, .247, and at .313. Similarly the wave

spectrum shows three maxima at freouencies .105, .11 and .081.

Corresponding to the frequencies .105 and .11 we have the

microseism frequencies .21 and .247 respectively. But there

is no frequency in the ocean waves which can correspond to the

frequency .313 in microseisms 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 area of microseisms.

Secondly microseisms recorded at a station may come from dif-

ferent places and the waves from all the places 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 a matter of fact this is probably one of the reasons why

the attempts previously made to verify this frequency relation-

ship between the microseisms and ocean waves by rough measure-

ments failed.

In order to compare the periods of ocean waves as reorted

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 each

group by usual method and then took the mean. The results are

-80
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shown in table 3. Here also we observe that during significant

periods two times the periods of microseisms fall well within

limit of the periods of ocean waves as reported from the ship.

This together with the results of our analysis proves it be-

yond doubt that the frequencies of microseisms and ocean

waves art related to each other in the ratio as predicted

from the theory.
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Table 2

Prequency
Record Time Frequency at the maximum of waves/

1 - 3 P requency of
Aicroseisms

Microseism 20.00 OST .2lj .005 .247j .005 .313/.005 .5, .445
(Weston) Dec 12, 1952

a2ves 21.00 GST .1051 .0023 .11 £ .002 .081 .002
oods IHole Dec 12,195

Mic rosei am 1983 .49P
('eston)

Waves 13.00 GST
(Gailgo) Feb ,1953 .097 /. 0025

Aicroseism 17.00 GST .2187j.0066 .2641&0056
(Weston)

Waves 17,00 GST .1125. 0025 08 .514
(Geilgo) Feb 13, 1953 .085

Microseism 16.M 0 GST .185 J.0056 .241 J.0056 28j .0066, 49 .48
(Wesaton) Feb 16,1953

Waves 17.00 ST .005 .09 1 002 115 1.0025
(Geilgo) Feb 16, 1953
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Table 3

Late Time in Mean Period of Period of Ocean
G.S.T. Microseisma in Sec. Waves at 4YH.T in Sec.

Dee 11 15.00 3.4 7-9
18.00 3 7-9
21.00 3.5 7-9

Dec 12 00.00 3.8 7-9
03.00 3.8 7-9
06.00 4. 7-9
09.00 4.3 9-11
12.00 4.2 9-11
15.00 4.5 9-11
18.00 4.6 9-11
21.00 4.5 9-11

Dec 13 00.00 4. 9-11
03.00 4.2 9-11
06.00 4.3 9-11
09.00 4.5 9-11

Dec 16 00.00 3.6 7-9
03.00 3.5 7-9
06.00 3.8 7-9
09.00 3.8
12.00 4.2 7-9
15.00 4 7-9
18.00 4.4 7-9
21.00 4

Dec 17 00,00 4.1 7.9
03.00 4 11-13
06.00 3.8 79
09.00 4 7e9
12.00 4 7-9
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Table 3 (cont.)

Late

Feb 8

Feb 9

Feb 13

Time in

15.00
18.00
21.00
00.00
05.3,00
06.00
09.00
12.00
16500
00.00

12.00
15.00
18.00
21.00

Feb 14 00. 00
03.00
09.00
12,00

Mean Period of
licroseism in Se.

5.5
3.8
4
4.2
4.4
468
4.5
4,7

3,9

4
4.2
5.8
35.8
5.75
3.8
5.6

Period of Ocean
Waves at 4YH in Sec.

9*11
7-9
7-9
5-7
7-9
7-*9
7"9
7-9

7-9

7-9
7-9
7-9
7-9
7-9

709

Feb 15 21.00
Feb 16 04.00

03.00
06.00
09.00
12.00
15.00
18.00
21.00

Feb 17 00.00
03.00
06.00
09.00

3.4
3.5
3.8
3.8
4.3
4.5
4.7
4.5
4.5

4.9
4.7
4.6
4.6

7-9
11-15
11-13
11-13
11-13
9-11

7-9
7-9

11-15
9-11
9-11
9-11
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Table 3 (cont.)

Date Time in Mean Period of Period of Ocean
.S.T. Microseisms in Sec., Waves at 4YH in Sec,

Aug 14 15.00 3.4 5-7
18.00 3i4 5-7
21.00 3.6 5-7

Aug 15 00*00 3.7 5-7
03.00 3.6 5-7
06.00 3.4 5-7
09.00 3,6 5-
12.00 3.5 5-7
15.00 5.4 5-7
18.00 3.6 5-7
21.00 5.4 5-7

Aug 16 00.00 3.4 5-7
05.00 5.5 57
06.00 5.2
09.00 5
12.00 3.1 5-7

5-7
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tiscussion

In our case history analysis we have seen that the waves

near the coast become maximum when the cold fronts are in the

neighborhood expecially on the coast. They gradually decline

in amplitude when the fronts move into the ocean. The amplitude

of microseisms on the otherhand does not start to increase until

the fronts move into deep water. As a result the microseisms

usually attain the maximum amplitude after the waves near the

coast become maximum. Particularly we have observed in case

2 that high microseisms were recorded at WVeston and Harvard

although the trace amplitude of waves at the nearby coast hardly

rose beyond the noise level. Finally no significant increase

in the amplitude of microseisme was observed on the 21st Feb.,

1953, 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 microselsms 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 recorded at Weston and

Harvard with the waves in the deep water regions of the

North Atlantic. Secondly high microseisms were recorded only

when due to ra. id movemernt of the fronts, there was sufficient

change in 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 rela ted

to thostjof microscisms by the ratio 1:2 as we saw from the results
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of our analysis and also by comparing the periods of microseisms

with those of ocean waves as reported from the esathership 4YH

strongly suggest that microseisms are generated by standing

waves in the ocean.

Besides demonstrating the origin of microseisms the present

investigation reveals some important facts about the actual

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. (i) They may be generated by the superposition

of waves reflected from the coast with those travelling towards

the coast. (ii) They may also be generated near the center

of the hurricane where wind may possible move in oposatte direc-

tions.

Now if the first mechanism be effective,we should observe

large microseisms when high waves strike against the coast.

The fact that microseisms do not begin to increase in amolitude

until the front moves into deep water elearly indicates that the

coastal 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 Iorth America is concerned. Longuet-Higgins realized the

ineffectiveness of this mechanism and stated "that the largest

microseisms are probably due to wave interference in mid-ocean,

although coastal reflexion may be a more common cause of smaller

amplitude microseisms". In regions of steep rocky coasts such

as Norway, coastal reflexion may be effective in the seneration

of microseisms.
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In our discussion on locating the center of hurricane by

using Rayleigh waves we saw that microseisms usually come from

the rear part of the hurricane. Secondly they continue to come

from the directions from which the hurricane had moved away long

time ago. These together with the fact that microseisms gain in

amplitude only when the center of the low moves rapidly over

the ocean surface rather than when it is stationary indicate

that the most effective region for the generation of standing

waves is at the rear of the hurricane rather thBn at the center

of it. The actual mechanism may be as follows:

The winds at the two ends of a diameter through the center

of the hurricane move in opposite directions. Por example in

a hurricane travelling from south to north, the wind on the

northern part moves from east to west while on the southern

side it moves from west to east. ihen the hurricane moves

rapidly, the wind direction at a place changes direction

through 1800 thus giving rise to standing waves.

The second mechanism by which standing waves can be

generated as revealed in the present study is by the ranid 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

Fisher.

2. Mere 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 microseisms did not commence to increase
-38. -



in amplitude until 00.30 G.S.T. Dec. 16th although the weather

conditions become well defined by 18.30 G.S.T. of the preceding

day. We also observed in case 6 that there was no significant

increase in the amplitude of microseisms during the period

Feb. 21st to Feb. 23rd, 1953, although an intense cold front

swept over the north Atlantic. 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 air-water coupling mechanism for tne generation

of microseisms as suggested by Do 2nn 1,

3. It has been pointed out that in intense microseimic storms,

the amplitude of microselsms decays much faster than in the case

of drdinary 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 microseismic

storms are usually accompanied by high wind velocity. On

account of this strong wind, waves coming from opposite direction

are quickly suppressed. As a result, the amplitude of

microseisms in such ases drops down rapidly.

4. We have seen that microseisms decrease in amolitude as the

fronts recede from the recording station. This is probably due

to the attenuation of the waves as they travel through under-

water paths. But the effect of attenuation on the waves on

the northern aide of the Atlantic does not seem to be so

strong as was observed in Guam by Dinger and Fisher who re-
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ported to have recorded microseisms coming from distances of only

a few hours wave-travel from the station.

5. It has been mentioned 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 usually on the shelf

or at the edge of it. As the fronts move into the deep water

regions where the depth of water is more uniform, the micro-

seisms increase in amplitude and look like regular pulses.

This shows that the depth of water in the generating area has a

significant effect on the nature of microseisms. The microseisms

generated in the shallow water regions where the depth is very

variable, have a wide freouency range. As a result of super-

position of waves of diverse frequencies, the traces appear

highly irregular. When the fronts move into regions of more

uniform depth, microseisms of some favored frecuencies predominate

due to the effect of resonance. Consequently there will be

a shrinkage in the frequency band. Further the resonating waves

should be of lower frequency because of increased depth. These

are clearly revealed by the spectrum of microseisms in graphs 9-12

as was also observed by Donn 1 . More detailed analysis should

however be made before we can make any definite conclusion about

it.
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CON-LUSIONS

I. Microseisms are constituted of Rayleigh waves. Waves

having the characteristics of Love waves that appear on record

may be due to independent 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 against

the rocky coast,

3. Microseisms are generated by standing waves in the ocean

formed by superposition of two systems of progressive waves of

approxirately the same periods coming from opposite direction.

4. Standing waves can be generated by a,.* 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 change di-

rection through a sufficiently large angle.

(c) When waves from two independent sources superpose

on each other as that observed by Dinger and isher.

5. Coastal reflection appears to be ineffective in the

mechanism for the generation 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 seems 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 Guam.

8. The depth of water in the generating area seems to have a

significant effeot on the nature of microseisms, Lqe amplitude

microseisms are generated by standing waves in the deep water

region.
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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
(Woods Hole Record)
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Microseism spectrum at 12.30 G.S.T. Feb 9, 1952
(Weston Record)

Wave spectrum at 13.00 G.S.T. Feb 9, 1953
(Geilgo Record)
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Graph 10



Microseism Spectrum at 17.00 G.S.T. Feb 13, 1953
(Weston Reoord)

------------- Wave Spectrum at 17.00 G.S.T. Feb 13, 1953
(Geilgo 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
(Geilgo Record)
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