272

PAPERS
SHORT

AND NOTES

LONG-PERIODVERTICALOSCILLATION OF THEICERECORDED
BY CONTINUOUS GRAVIMETER
MEASUREMENTS FROM DRIFT
STATIONT-3

scribed in the l i t e r a t ~ r e ~(Fig.
. ~ . ~1).It
is caused by periodic smallvertical displacements of the iceonwhich
the
meter stands. To get a representative
value of gravity at a givenplaceitis
necessary to average a series of values
Introduction
over several cycles of the oscillation. In
When a gravity survey is conducted practice, a reading every 5 seconds for
on land, the gravimeter records essen- 5 or 6 minutesismade.
For Arctic
tially static differences in gravitational Ocean gravity studies in general,it is
acceleration from place to place. With
the average gravity value that has been
the exception of earth tide variations used and will be of interest in this diswhich are usuallynegligibleinmost
cussion.The properties of the oscillasurveys, the observed value of gravity tions have been considered in a recent
at a given place is constant. The usual paper5 and shall not be discussed furcorrections made to the observed grav- ther. It sufficesto say that they are
ity to reduce all values to a common observed wherever gravimeter observadatum are also fixed for a given place. tions are made at stations on floating
Thesecorrections,althoughconstant,
ice. They have an average peak to peak
are important because the gravity value displacementamplitude
of about 0.3
observed
is
very sensitive
to
slight
mm. as determined from equation 1 for
changes in altitude and latitude.'
a simply oscillating system:

Fig. 1. Typical
short-period
vertical oscillation
on T-3with
North Americangravimeter
No. 113; January 23,1960.
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SECONDS

As a result of the sensitivity of modern gravimeters toslightchanges
in
acceleration (generally a change of 0.1
milligal can easily be detected) some
interesting effects are observedwhen
gravity observations are conducted from
arctic drifting stations. Here, the gravity observations are no longer constant
with time as they are on land. Whereas
a land station is essentiallyfixed in
space, a station on floating icecan move
easily in all dimensions. The most noticeable effect at drifting stations is the
oscillation of the optical crosshairof the
meter when the beam isundamped.
Thisoscillation ranges in periodfrom
20 to 40 seconds with an average amplitude of 1.0 milligal and has beende-

X = 4dXlT2,

(1)
where X = the displacement of the ice
X = the maximum acceleration
T = the period of oscillation.

Vertical oscillations of the icewith
periods longer than a minute.
Since the gravimeter is so sensitive to
changes in acceleration it should be possible to observe vertical oscillations of
the ice caused by long-period phenomena such as tides or seiches, as well
as the20- to 40-second oscillations mentionedabove. To dothis,manymore
observationsover extended periods of
time will be required.
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Thegravimeter is sensitive to static
changes of acceleration due to changes
of gravity from place to place over the
surface of the earth and to changes in
instrument altitude over a given place.
The change in gravity
with altitude is
-0.3086 mgal./m. Thegravimeter is also
sensitive to dynamic changes
of accelerationcausedby
vertical displacement
of the meter when the period of the
displacementsapproaches
thenatural
period of the instrument. Thus the
gravity meter behaves also like a seismometer. It may, therefore, be used
to study a wide spectrum of vertical

tinually formanydays.Todo
this, a
simple system was developed
to make
continuous gravity recordings autoK-100
16-mm.
matically. A Kodak
camera with its lens removed
was
mounted above the viewing tube of the
North American No. 113 gravimeter
with the eyepiece of the meter removed
(Fig. 3).With this arrangement, the
collimating lens projected an image of
the opticalscale and crosshairon the
film. Thisimagewas
in focus at all
distances. A clockwork mechanism actuated the camera to take the required
readings. Two modes of operation were

Fig. 2. Section of T-3 (Bravo)drifttrack,October

oscillations of the ice by treating shortperiod oscillations as dynamic accelerations around a given gravity value
and long-periodoscillations as static
changesingravity
dueto changesin
altitude. With this in mind, a continuous
gravity recordingprogramwasbegun
on T-3 in January 1960 (Fig. 2).
Method
For this study it wasnecessary to
read a gravimeter at frequent periodic
intervals during each 24 hours con-

1959-July 1960.

used in the study; (1) a reading every
5 seconds continually to examine short
periodoscillation and (2) a series of
17 readings spaced 5 seconds every 15
minutes for longerperiodstudies.
A
shutter speed of one-halfsecondwas
usedforeach reading (Fig. 4).
A sampling every 5 seconds was made
so that the 20-to40-secondoscillation
described earlier could be averaged out.
Although the best value for the gravity
field requires an average of 60 to 72
consecutive 5-second readings, 17 con-
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secutivereadingsrepresent
the best
compromise between a reasonable
average and the capabilities of the homemade clockwork-cam programming
system.
In practice the systemworkedonly
when thestation wasdriftingslowly
ornotat
all. Otherwisetheoverall
gravity field changed too rapidly, and

I

Mode 2: Every 15 minutes a value for
gravity
was
obtained
by
averaging
seventeen 5-second observations (Fig.
6). The frequent separationof adjacent
points is probably due to the 6-minute
oscillation describedabove.
The North American gravimeter No.
113 has a natural period of 17 seconds
and has 0.7 critical damping.

Fig. 3. The K-100
camera set-up to

recordtheoptical
scale of the gravimeter.Themeter
is mountedon
a
pedestal extending
through the floor
of thebuilding.

constant resettingof the instrumentwas
required.Suchcalmperiodsoccurred
at T-3 during January 24-26, February
11-15, and March 11-18,1960.
Mode 1: Inthis mode, an observation
was made every 5 seconds continually
for 85 minutes. This is simply an extension of the visual methoddescribed
above, however, it makes it possible to
look
for
periodicities uptoseveral
minutes in length.
Two-minuteaverages of thevalues
obtainedevery 5 seconds are plotted
in Fig. 5. There appears to be a predominantperiod of about 6 minutes.
to apeak-toThiswouldcorrespond
peak ice displacement of approximately
3 mm. as computed by equation (1).An
oscillation of this nature has been observed on ARLIS I withwater-level
recorders; it has a period of 6 to 12
minutes
with
amplitudes
of 0.1 to
1.5 mm.6. A similar oscillation was also
mentioned by
Hunkins
(ref. 4, pp
2484-5).

Fig. 4. Section of a record taken with the
K-100 camera.
Null-point
is
at 20.
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from a finite time series of gravity obInterpretation
Horizontal movementof the ice, vary- servations, the remaining variations
ing from rates of 0 to 30 mi./day, is by could be ascribed to vertical oscillations
far the greatest cause of the more sig- of the ice, either those recorded as
changes
of acceleration or
nificant variations of gravity. Anomalies dynamic
due to variation in water depth, changes those recorded as static changes.

3

Fig. 5. Two-minute averages of gravity values obtained every 5 seconds plotted versus
time;T-3,January 23, 1960.
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Fig. 6. A typicalrecord of gravityversustimeobservedfrom
T-3. Sampling rate
15 minutes (seetext). Time is Alaska Standard Time.
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in bottom
lithology
and changes in Discussion
latitude all must be taken into account
If the study of vertical oscillations is
when interpreting the gravity observa- confined to periods of less than 26 hours
tions.
in length to exclude anything longer
If the anomalies due to the horizontal than tidal periods and it can be shown
drift of the station could be removed that anomalies owing to all other causes
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have periodsinexcess of this, then a length of the anomalywasmade, exfilter can beconstructed that willestending from
= -2 to $ = +2.
sentially remove these anomalies from Knowing the rate of drift of the station
the desired vertical components.
andthe average water depth, an apThe undesired gravity effects to be proximate valuefor the period of the
removed are:
traversed anomaly can be computed
1. Change of gravity caused by lati- from equation (2)
tude change; this varies from 0.3 to 0.5
T = LIC
(2)
mgal./km. in the Arctic and decreases
where
T
=
period
of
anomaly
in
hours
linearly with latitude in the areasin
L = wave length of anomaly at
question.
The
effect
on
the gravity
observed depth(metres)
record will generally be a linear trend
C = drift rate in metreslhour.
because a drift station on account of its
inertia, movesalong
a straight path
The results of these computations for
over intervals of manydays.Such
a the records presented are shown in
linear trend will be removedby the Table 1. Allanomalyperiods are sigfilter.
nificantly larger than the chosen cut-off
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Fig. 7. The wave form of an anomaly produced by a sphere at depth Z surrounded by
material of less density. (After Nettleton).

2. Change of water depth or bottom
lithology; either change can cause significant variations in the observed
gravity. If, however, the observed gravity change at a given station drifting
across the anomaly has a period greater
than the filter cut-off, this period will
be attenuated with respectto shorter
periods.Theperiod of the anomaly is
a function onlyof the depth to its centre
and the drift rate of the station across
the anomaly.Both factors are usually
known.The relative gravity field due
to a sphere at depth Z can be expressed
as a function of the ratio X I Z , where X
is the distance measured on the surface
from the point directly above the centre
of the sphere to any given point (ref. 1,
pp102-8)(Fig.
7). From this plot, a
conservative estimate of the half-wave

value.
Although
few
anomalies
approach the spherical shape chosenfor
the model, few conceivable models will
produce a shorter wavelength. It is
felt, therefore, that the effect of anomalies due tolithologicor
bathymetric
changes can be greatly reduced.
It might be thought that two distinct
anomaliesclose together wouldcause
a perturbation of the wave-form shown
in Fig. 7. Using adjacent horizontal
cylinders as models (they would approximate a submarine valley) a computation (ref. 1, pp
108-9)
using a
density contrast of 2 would require a
cylinder diameter 100
of
metres to
produce a maximum value of 0.1 mgal;
this is the thresholdsensitivity of the
gravimeter.The bathymetric data for
the January and March records do not
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Table 1. Average T-3 drift rates, water depths, and estimated wavelengths of possible
anomalies during recordings.
Record

Approximate
Latitude
Driftlday
(km.)

1960

1.8

January
February
March

changelday
(minutes of arc)

1

suggest bottom variationsof this nature.
Although only a few depths are known
for the February record it is assumed
that the bottom topography is similar
to that of the March record, since the
twoareasareinthesame
geologic
province.

c

2 km. -c

2 km. -c

2 km.

-

57

525
2400
2400

0.3
84
1
462 0 . 5

5.5

Minimum period
of possible
anomaly
(hrs.)

water depth
(m.1

over 26 hours in length. This was accomplishedbycomputinganaverage
gravity value for every 2-hour-record
6, andthen
segmentasgiveninFig.
subtractingtheaveragegravityvalue
for the 26-hour segment in which the
is located, themid2-hoursegment

0

NEW MOON 0

FULL MOON 0
LASTQUARTER
Jan. 24, 1960
c

5.5 km.

Jan. 25, 1960

2- 5.5 km.

Jan. 26, 1960

-c 5.5

km. -c 5.5 km.

--

0

5.5 km. +

Fig. 8. Plot of relative gravity versus time. Sampling rate = 15 minutes. Periods shorter
than 2 hours and longer than 26 hours have been attenuated by a numerical filter.
Approximate water depths where known are given below the curve. Distances covered
per day are given above the curve.

Removing the anomalies

points of both
segments
being
the
same.
Thisprocessiscontinuedthroughout
Theundesiredanomalieswerere-theseries.Theresultsareplottedin
Fig. 8 asafunction
of time.Theycan
movedfromthegravitydatatime
series with a numerical band pass filter, also be considered as gravity profiles
attenuatingperiodsbelow 2 hours and with the gradient removed, plotted as
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a function of horizontaldistance.An
individualanomalycan
thenbe examined and bymeans of the “halfwidth” method the depth to the centre
of the anomaly can be determined
(ref. 1,pp 122-3). In both the February
and March records even the widest
peaks would have to be caused by mass
anomalies at depths considerablyless
than those observed. It can be reasonablyassumed
then thatat least the
February and March records in Fig. 8
now represent only vertical oscillations
of the ice.
Thewaveformsshown in Fig. 8 are
undoubtedly composed of several components,
including
possibly
both a
diurnal and semidiurnal variation and
a shorter mode around 6 hoursin
period.Apower spectrum analysis of
the Marchrecordshows
clearly this
6-hourperiod and suggests a 3-hour
component(Fig.
9). The energy increase at the long-period end of the
plotmay be causedby
diurnal and
semidiurnal components,however, the
sharper resolution needed to verify this
is not justifiedwith the limited data.
At these periods, the dynamic acceleration due to harmonic motion and computed by equation (1) is considerably
smaller than thestatic change in gravity
due to the change in altitude from peak
topeak.Thus,for
an oscillation of 6
hours involving a 1-metre change in
altitude of the ice, the dynamic acceleration will be 25 times less than the
static change in gravitational acceleration over the same altitude. For a 1 2
hour period it is 100 times less.
Applying the equation used by Thiel
et a2 for measuringtideson
the Ross
and Filchner ice shelves by gravimetric
means, the magnitude of these oscillations
can
be
estimated.?
They
used
h (metres) = 3.7653 g
(3)
(with g in milligals)
This
is
derived from the gravity
gradient in free air, -0.3086 mgal./m.,
and the Bouguer correction, which allowsfor the changing length of the
water column.Fromequation (3) and
Fig. 8 it can be seen that the change in
altitude ranges from 0.5 to 1 m. on the
average.

Conclusions
It seems clear that vertical displacements of the ice have beendetected
with the gravimeter. Whether the displacementsshown
in both theshort
and long period records are truly periodiccannotbe
determined without
more data. With the single
station
described,nothing can be said about
the nature of the motion, whether it is
a travelling waveornot,or
if there
are associatedhorizontalcomponents.
An array of stations on the ice would
be desirable for further studies.
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Fig. 9. Powerspectrumanalysis
of the
record of March 1960 showninFig.
8.

Semi-log scale.
Although
sufficient
data are not
available for a complete powerspectrum
analysis, it does appear that some tidal
components, diurnaland semidiurnal,
together with a 6-hour component, may
be responsible for the observed waveform. The calculated variationin height
is of the order of that observed at Point
Barrow and Mercy Bay.
The
6-minute
oscillation
described
appears to be real and has been previouslyobserved.
The recording method described, although not as convenient as a specially
designedautomatic
gravity meter, is
relatively inexpensive and easy
to
construct.
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