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ABSTRACT

Darbyshire, J., 1990. Analysis of twenty microseism stormsduring the winter of 1987—1988 and comparisonwith wave
hindcasts.Phys.Earth Planet. Inter., 63: 181—195.

In this paperan attempt is madeto establish a quantitativerelationship betweenthe spectraof secondarymicroseisms
recordedatMenai Bridgeand theparentsea-wavespectrain the seaareasin thewesternapproaches.Secondarymicroseisms
havedoublethe frequencyof theparentwaves.Thesea-wavespectrawereobtainedfrom a hindcastingmodel. Theproblem
was simplified by restricting theconsiderationof themicroseismicenergyto that associatedwith periodsof 7 s or over and
relatingthisto theenergyspectraof seawavesof period 14 s orover. In this way only thestrongeststorms(usuallyonly found
in theNorth Atlantic) were taken into account.The hindcastingmodelgivesa completefrequency-directionaldistributionof
thesea-waveenergyandsoin coastalareastheenergymovingnormalto thecoastcanbeascertained.In theevent,a workable
relationshipwas found betweenthe microseismspectraand thosefor wavesin the Bristol Channelareaand also the area
boundedby thenorth coastof Ireland andthe south-westcoastof Scotland,including the North Channel.From the theory
dueto Longuet-Higginsit waspossibleto calculatethecoastalreflectioncoefficientsfrom therelationshipby putting in the
areasfor thesetwo regions.Thesewere foundto be between0.15 and0.25, which are too high for thesecoastalregions.It is
probablethereforethat thesetwo regionsact as monitorsfor largerseaareas.

An investigationwas alsomadeinto the existenceof primary microseisms(thesehave the samefrequencyas the parent
waves).Theresultsconfirmeda previousfinding that, with theverticalcomponent,theenergyis about100 timeslessthan that
of thesecondary.

1. Introduction Although many instanceswere found where
coastalwave spectrawere very similar to corre-

It hasbeenknown for a long time that thereis sponding microseism spectra at double the
a close connection between microseisms of frequency(see, for example, Darbyshire, 1950)
frequency 1—0.1 Hz and sea waves causedby and it is often possibleto identify the onsetof a
oceanstorms.Thiswasnoticedby Wiechert(1905) microseism storm with a particular depression,
and in 1941, Bernard found that there was a neverthelesstherehashardly beenany work done
two-to-onerelationshipbetweenwave and micro- to establishexperimentallyquantitative relation-
seismperiods.A soundtheoreticalbasis wasgiven ships between the microseism spectra and the
to the relationshipby Longuet-Higgins(1950)who parent wave spectra.This is due mainly to the
showedthat the microseismswere formedby the relative paucity of wave spectral measurements
pressureset up at the sea bottom by the inter- comparedwith those of microseisms.Indeed, to
ferenceof waves moving in oppositedirections, makea meaningfulcomparison,it is necessaryto
This could happenin the middle of a stormarea know the wave energy distribution over both
where the wind could changein direction or by frequencyanddirection.Suchwavemeasurements
reflectionoff coasts. have been very rare up to the presentbut no
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doubt they will be madein the futureby satellite Although both a vertical and a north—south
techniques.In the meantime,recoursehashad to seismographwas available, all the observations
behadto the hindcastingof wavespectrafrom the were takenfrom the verticalone.
wind dataas given by meteorologicalcharts.Vari-
ous hindcasting (and forecasting) models are
availablebut the author has developeda model 3. Analysis of microseismicstorms
that canbeeasilyprogramedevenon amicrocom-
puter. It has beendescribedby Elliott (1987). It Records were taken continuously from
convertsa grid of wind speedsand directionsinto February 1987. The outputs were recordedon
a similar grid of wave frequency-directionalspec- magnetic tape. Thesewere read and the results
tra. Thelength of the grid squarecanbechosento analysedwith a FastFourier Transformprogram
meet particular circumstancesbut it is usually with a micro-computer.The recordswere usually
takento be 100—300km. Theresultenablesoneto only analysedat twelve-hourly intervals but this
see immediately if there are any wave energies interval could be reducedto six or three when
moving in oppositedirectionsin the squarescover- there were interesting developments.There was
ing the stormareaandalso enablesoneto resolve little activity of interestuntil September1987 but
thewave energyperpendicularto a coast. after this there were several interesting storms

With this method,it wasdecidedto investigate right up to March 1988.
every microseimstormduring the autunm—winter Before anyinvestigationof the origin of micro-
of 1987—1988where the energyassociatedwith a seisms,it is necessaryto obtain refractioncharts
periodof 7 s and aboveexceededa certainvalue, for their propagationacrossthe N. Atlantic. The
The periodlimit waschosenso thatweakerstorms basis for these charts has been described by
could be ignoredandso easethe identification of Darbyshire(1987), the microseism velocity being
the sourcestorm.Themicroseimswererecordedat dependenton the oceandepth.Charts for 7 s and
Menai Bridge,Anglesey. 8 s microseismsare shown in Figs. 1 and 2 and

apply to microseismsapproachingthe British Isles.
The rays are made to propagateoutwardsfrom

2. The measuringsystem the recording station at equal angular intervals.
When the angle betweentwo adjacentrays ex-

Microseimshavebeenrecordedat MenaiBridge ceeds the initial angle there is divergenceand
since 1982after a lapseof someyears.The seismo- whenit is less thereis convergence.By the princi-
graphswere moved to a new site a few hundred ple of reversibility, microseismsoriginatingin the
metresaway in February1987 as the previoussite converginganddivergingzoneswould accordingly
hadbecometoo noisy. The seismographsusedare convergeor divergeat the recordingstation.
of theWilimore type whichhavebeenmodified to In studying the onset of microseisms,it was
recordmicroseims.The responseis constantfrom decided,as mentionedabove,to limit the investi-
10 to 0.1 Hz, dropping to 97% at 0.05 Hz. It is gation to microseismswith energy in the spectral
therefore constantover the range of frequencies band between 7 and 10 s period (0.14—0.1 Hz
under investigation. The instruments measure frequency).Shorter-periodmicroseismstend to be
ground velocity and the K factor is 490 V rn’ presentat all timeswith varying intensitiesandso
s’. The signalis fedto an amplifierof gain 5 and it is very difficult to isolatetheir origin. Further-
then to an analogue—digitalconverter.The output more, the investigationwasfurther limited to cases
of this is such that one unit correspondsto 2 x where the energy above 7 s was 100 or more on
i03 V and thereforecorrespondsto 8 x i0~m the digitizer scale, (3.2 X 10—12 m2 ~2). In the
~ Usingvarianceas a measureof energy,1 unit event this quantityvariedfrom 100 to 2000. Plots
of variancethen correspondsto 0.5X 64 x ~o14 of the energiesfor eight different time sequences,
m2 s 2 (The number 3.12 x iO~which will be involving twenty distinct storms, are shown in
usedin Figs. 3—8 is the reciprocalof this.) Figs.3—6. It will beconvenientto discussthoseof
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Fig. 1. Refractionof 7 smicroseismsapproachingtheBritish Isles.

Fig. 2. Refractionof 8 s microseismsapproachingthe British Isles.



184 J. DARBYSI-IIRE

September—November1987 and December correspondsto 1/700m4. The secondsectionap-
1987—January1988 separately. The results are plies to the North Channelandhere1 unit corre-
shownin Figs. 3—8, which havethreesections.The spondsto 1/900 m4. The top sectionshows the
lower one shows the wave activity in the Bristol microseismic energy and 1 unit correspondsto
Channel area and 1 unit on the vertical scale 1/3.12x 1014 m2 s2. The divisor for the third
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Fig. 3. Comparisonof microseismenergiesand thesquareof hindcastwave energiesfor Septemberand October1987. (Microseism
energies for 7 s andabove. Wave values for 14 s and above.) The broken line in the top sectionshows the sum of the values in the
other two sections.
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sectioncorresponds,as statedabove,to the sensi- in both lower sections,this sum is shown by the
tivity. The other two divisors havebeenadjusted broken line in the top section for comparison.It
to obtain a bestfit betweenthe sumof the values will be more convenientto use the units without
in the two bottom sectionsand the value in the the divisors for reference purposes as is done
third overall the examples.Where thereis activity above.
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Fig. 4. Comparisonof microseismenergiesandthesquareof hindcastwaveenergiesfor November1987. (Microseismenergiesfor 7 5

andabove.Wave values for 14 s and above.)The broken line in the top sectionshowsthe sumof the values in the other two sections.
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3.1. Stormsof September—November1987 interestasit was the first onsetof any appreciable
activity after a longperiodof inactivity. It was, in

The first stormthat satisfied the requiredcon- any case, very interesting as the intensity in-
ditions occurred on 28—30 September(Fig. 3). creasedvery rapidly and then diminishedjust as
Although the storm was not so marked as were rapidly so that the intensity—timecurvehada very
most of the succeedingones,it aroused special sharpshape.
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Fig. 5. Comparisonof microseismenergiesandthe squareof hindcastwave energiesfor December 1987. (Microseismenergiesfor 7 s
and above. Wave values for 14 s andabove.)
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It was decidedto comparethe observationsof to-trough height off the coast of Iceland.It was
this and succeedingstorms with hindcastedsea- originally thought that thesegaverise to the ml-
wave energy values for various regions of the croseismsobserved.The coastof Icelandis, how-
N.Atlantic. The hindcasting model already de- ever, in a divergentzone(Figs. 1 and2), and the
scribed was used.For the Septembercase there peak wave activity precededthat of the micro-
was a very intense storm starting at about 1000 seismsby 12—24 h. The storm,however,gaverise
km southof Icelandandmoving northwards.The to very high waveson the west coastof Scotland,
hindcastingmodel gave wavesup to 30 m peak- which although not so high as thoseoff Iceland,
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Fig. 6. Comparisonof microseismenergiesand the squareof hindcastwaveenergiesfor January1988. (Microseismenergiesfor 7 s
and above.Wavevaluesfor 14 s andabove.)
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Fig. 7. Comparisonof microseismenergiesand the squareof hindcastwave energiesfor January—February1988. (Microseism
energiesfor 7 s andabove.Wavevaluesfor 14 s and above.)Thebroken line in thetop sectionshows thesum of thevalues in the
other two sections.

would be more effective becauseof the shorter be generatedby the simultaneoustransmissionof
distanceto the recordingstation. wave energy in two oppositedirections. In the

The microseismsare clearly secondaryonesas deepoceanthis could happen,for instance,when
the periods are abouthalf the wave periodsand, wavesformedby the winds in thenorthernsector
accordingto Longuet-Higgins(1950), could only of a storm meetothersproducedin the southern
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sectorof anotherstormwhosebearingto the first coveredby this investigationtheseconditionswere
has a westerlycomponent.Moreover, the winds not met. The other possiblecauseof such wave
and the fetch in both storms would haveto be interferenceis reflection off coasts.The western
strong enoughto produceappreciable14 s waves coastsof bothIrelandand Scotlandare very mdc-
and the areaof wave interferencewould haveto ntedandany incident waveswould, in general,be
be in a non-diverging zone. During the time reflectedin all directionsandtherewould be only
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Fig. 8. Comparisonof microseismenergiesandthesquareof hindcastwaveenergiesfor March 1988.(Microseismenergiesfor 7 s and
above. Wave values for 14 s and above.) The broken line in the top section showsthe sum of the values in the other two sections.
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Fig. 9. Map of the westernpart of the British Isles showing theareasandthe directionsusedfor wavehindcasting.
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a small proportionreflectedbackin the opposite good for the Septembercase.Theintensitiesmatch
direction to that of the main direction of mci- better,on the whole, than the timesof maximum
dence.A look at the mapof the British Isles does, activity wherethe variation is between0 and 12 h
however,suggesttwo possibleareasof reflection, before and after. Seven incidents are considered.
Onewould be the passagenorth of Ireland to the For four of thesethe energycamefrom theNorth
southof the island of Islay leading to the west Channel,for two it camefrom the Bristol Channel
coast of Kintyre and then south to the North andonewas a joint effort.
Channel. Kintyre has a relatively straight coast During the period coveredby this part of the
which faceswest. This areawill, for convenience, investigationthereoccurredthe devastatingstorm
be called the North Channel. Another possible of 16 Octoberwhich causedgreathavocin South-
reflection area is the Bristol Channel.Although em England. The storm, however,was not very
the coast is not so smooth, the general shapeis interestingfrom the point of view of microseisms.
that of a funnel with a closed end.Taylor (1921) Theeffect of this stormreachedits peakon the 16
has compared the effect of this area on long Octoberat 09.00h whenthe energy above7 s was
waves,such as thoseof the tide, to that of a horn 26 units andthe totalvariancecameto 1300 units
on soundwaves. For long waves therewould be with a dominatingperiod of 4.5 s. The low value
considerablereflectionbut this would be consider- for the high period energycould be explainedby
ably reducedfor the shorterwaveswe aredealing the stormcrossingthe Atlantic andonly intensify-
with. There is, additionallyin our case,the lossof ing whenit reachedthe Bay of Biscay,which is in
energy due to breaking. Even so there may be a divergencezone.Thestormthentravelledlargely
enoughenergy sentback to producemicroseisms. over land,crossingthe EnglishChannelandon to

Figure 9 showsa mapof the westernpart of the the North Sea. There were no high winds in the
British Islesandthe two areasare indicatedbound North Channel area and those in the Bristol
by the coastlinesand dotted lines. The seawave Channelwerenotso high as thosein areasfurther
energiesare hindcastedfor theseareas.The values to the south-east.
obtained apply to the open seaoutside and no
accounthas beentaken of the effect of bottom 3.2. StormsofDecember1987—March1988
friction and sea wave refraction insidethe chan-
nels. In the caseof the North Channel,the wave The sametechniqueswere used for the later
characteristicswere calculatedover two direction storms but these were much more intensive, re-
intervals of 22.5°from 67.50 to 112.50 and for aching about 700 units in December and over
the Bristol Channel for two direction intervals 2000 in January comparedwith the previous
extendingfrom 90° to 135°.Thesedirectionsare highest value of 400. Most of this activity came
measuredin ananti-clockwisesensefrom the north from stormsapproachingfrom the south-westand
and are indicated in Fig. 9. The wave energies the reflecting areahad to be the Bristol Channel
were found for period intervals of 13.5—15.5, as therewasnegligible activity in the North Chan-
15.5—17.5, and 17.5—19.5 s. These values were nd during DecemberandJanuary.The resultsare
squaredandaddedtogether.Theresultsare shown shownin Figs. 5—8. The Decemberexample,shown
in Figs. 3—6 andmultiplied by 900 for the North in Fig. 5, has two distinct peakson 25—26th and
Channelresultsand by 700 for the Bristol Chan- 28—29th. The correspondenceis not very good in
nd, asdescribedabove.Thehindcastswerelimited thesecases,the time for the occurrenceof peak
to thesetwo channelsbut this doesnot, of course, activity varying by as much as 24 h in both
exclude the possibility of reflection from other instancesand the energy at the secondpeakap-
coastalareascontributing to the activity, and it pearsto be too low comparedwith the sea wave
would be more realisticto regardthesetwo areas activity. The microseismactivity was evenhigher
as monitors, in Januarybut the agreementwith the wavehind-

The hindcast values and microseismobserva- castsis better.For the first two peaksduring 2—4
tions agreereasonablywell and are particularly January,the wavesagreereasonablywell for both
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onset times and intensities but for the second good agreementfor 8—11 February,but it is notso
incident on 13—14 January,although the intensi- good for the period 29 January—4February. In
tiesmatchreasonablywell, the timesfor the peak Fig. 8, theagreementis againverygood for all the
activity differ by 21 h. Agreementwith both time examplesin March.
and intensity is reasonableagain for the third While it is not the main objectof this investiga-
exampleon 24—25 January.In Fig. 7, thereis very tion, it was thoughtthat the large coastalwaves
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Fig. 10. Comparisonof vertical spectraatdifferent times for March24, 1988.
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during this period should produce significantly 4. Evaluation of results and comparison with
large primary microseisms.A previous investiga- theory
tion (Darbyshire and Okeke, 1969) had shown
that the value for the primary energywas about As already indicated, better agreementwas
two ordersof magnitudebelow that of the sec- found by multiplying the North Channelresults
ondary. In view of the successof Bath and by 900 and those for the Bristol Channelby 700
Kulhánek (1987) and Gordeev(1990), it was de- and then comparing thesevalues directly with
cided to reinvestigatethe matter. In the eventthe microseismenergiesin digitizer units. The corre-
resultsconfirmed the previousfinding. A typical spondingresultsare plottedon a logarithmicscale
exampleis shownin Fig. 10. in Fig. 11. A logarithmic scaleis preferredasthere
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Fig. 11. Comparison of wave and microseism peakvalues.
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TABLE 1 The resultsindicate that microseismsrecorded

Errorsin the prediction of theoccurrenceof peak times at Menai Bridge can nearly always be relatedto

Differencebetween the wave activity eitherin the Bristol Channelor
waveand microseism the North Channelor both. This result would be
peaktimes useful not only for predicting the onsetof micro-

September28—29 0 seismsat Menai Bridge but alsofor estimatingthe
October 6-7 —3 wave conditionsin these.two areasandindeedthe
October 8-9 —12 whole of the western approachesfrom the ob-
October 2526 + 9 servedmicroseismresults.
November 12—13 +6
November 16-17 —12 From the work of Longuet-Higgins(1950), one
November 19—20 3 can derive a formula for microseismgeneration
December25—26 +21 from coastalreflection. It turns out to be
December28—29 —15
January2—2 _3 62 1.02x 10~5(A/r)~(a~R2/4)
Januaryl3—14 —21 dT’dO
January 24—25 —3
January29 0 where 82/2 is the variance of the microseism
January30 0 variation(squaremetres), a~/2is the varianceof
February 1—2 —6 .

February8—11 0 thewave vanation(squaremetres),R is the reflec-
March 15—16 0 tion coefficient, A is the reflecting area(square
March 19—21 —15 metreS), r is the distanceof the reflecting area
March 24—25 0 from the recording station (metres), dO is the

Ignoring signs, the table indicates that 11 examplescome direction rangeusedfor the calculation(radians)
within 0—3 hours,3 exampleswithin 6—9 h, 4 exampleswithin and dT is the period rangeused(seconds).
12—15 h and2 exampleswithin 18—21 h. For the Bristol Channel case, A = 1.04 x 1010

m2, r=2X105 m, dT=2 s, dO=22.5°=0.39
rad. Thesevaluesgive

is a wide rangeof intensity from 100 to 2000 and 62 6.55 X 10’1R2~a~
thereis a better indication of the relative error. ~ = 4 (1)
The scatteris thus shownto be roughly the same
for the whole rangeexceptfor the secondpeakin For a comparisonwith the observations,one
Decemberwhich is shown by a different marker. has to use the absolutesensitivity of the vertical

The correspondingtimes for the peaksvary seismograph.Thus
from —24 to +24 h, a negativevalue indicating . 12 2 —2

that the waves precededthe microseisms.These 1 umt = 0.0032x 10 m s
timesare shownin Table1. At a radianfrequencyof 1 (i.e. 2sr s period),

It will be appreciatedthat the wave energy the vertical displacementis numericallyequal to
valueshavebeenhindcastedfrom wind valuesand the vertical velocity. This is approximatelythe
directions derivedfrom weatherchartspublished case for the microseismsconsideredhere. With
by the British Meteorological Office. The wave this sensitivity, the third highest peak-to-trough
prediction model is liable to some error due to displacementduring 24—25 January was 15 ~t

inaccuraciesin the wind parametersandthis is the (velocity 15 u s1), integratedover all the spec-
more pronouncedas only part of the spectral trum.
energy is hindcast and these values are then For the Bristol Channel,using this sensitivity,
squared.Neverthelessthe accuracyof the results oneobtains
comparesfavourablywith that obtainedin com-
paringhindcastwave characteristicswith thoseof 82 = 2.24x 10-12 ~ (2)
observedwaves(see Elliott, 1987). 2 4
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This hasto becomparedwith thetheoreticalresult From the theory, the relationshipwould require

in eqn. (1). This gives R2 = 0.034 and thus R = coastalreflection coefficientsof about0.15—0.25,
0.185. which are higherthan onewould expectfor these

For the North Channelwe replace700 by 900 areas. It must be inferred therefore that they
in deriving eqn.(2) and r is takento be 2.8 x iO~ monitor similar wave activity in otherareas.
m with A the samevalueasbefore. ThenR comes The resultsalso confirm a previousfinding that
out to be 0.25. primary microseismenergyfor thesecoastalareas

The reflecting areasare taken from the narro- is about1/100that of the secondarymicroseisms.
west point to where the channel meetsthe open
seaand so the areasusedare less than the areas
indicated in Fig. 8, which were used for wave References
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