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A C O M P A R I S O N  OF OBSERVED AND P f l ED I CT E D

EART H TIDE 0BSE!~VATI0 1.1S B E T W E E N  ALAS M A AND MEXICO

AND ACROSS THE ZONE OF CRUSTAL TRANSITION

BET W EEN N~ B ItA SKA AND UTAH

by

C. P. ~ool1ard , H .  C. M a r s h  a n d  R. L. L o n g fi e l d

1.0 IN TRODUCTION

1.1 Gene ral Remarks

Al though the impor t ance  of e a r th gra”ity tides has been
recogn ized for many years in exploration geophysics and various
methods developed for computing the earth tide correction (Pettit ,
1954; Longman , 1959; Damr e l , 1951; Goguel , 1954 being the
method s most commonly used), little attention ~•:as pa id a~ to ho~,
the resulting predictions agreed tiitb actual values on a global
bas is prior to International Geophysical Year. Immediately before
and during the IGY, two m a jor  a tt emp t s we r e  m ade to  e:~per inientally
determine earth tide variations on a global scale. The first of
these studies utili zing ~om m er ci al  e::p lor ati on type grav ime te r s
was sponsored by the Shell Oil Co. (Baars , 1953) and the se con l ,
utilizing especially designed high precision recording gravimeters ,
was an official program of the IGY.

Bec au se of ca l ibra ti on u n c e r ta int ies , t r a n s i t  p rob l ems ,
var iations in ambient recording conditions , power supply problems
and oth e r  a d v e r s e  e f f e c t s , ne ither of these global earth tide
pr ograms produced the hoped— for results althoug h they did bring
into focus the nature of the problems that had to be overcome
and the im por t ance  o f the load ing e f f e c t of ocean  t id es on land
tidal observations . See , for example , Harr ison et al. (1963)
and the more  r ecen t stu dies by Kuo and Ewing (1966); Wood and
Kovach (1963); I~uo , Jach en s , Wh ite and i~wing (1969) as we l l  as a
res tudy of the ICY data by Parrel (1970). All of these more
recen t studies have served to emphasize the importance of the
ocea n tide effect . Slichter et a.. (1969) have shown, that contrary
to prediction , there  is a ls o  ~i ~~ prec iable ocean tide effect at
the South Pole.

1.2 Program Objectives

The wri ters ’ interests in global earth tide values originated
through their involveme nt in (a) the ~Ior1d Grav ity Stand ardization
Program , carried out under the auspices of the IUGC and AF
Cambridge Research Labora tories , in which a pr ime objective was
to achieve a global network of gravity bases having a reliability

— • . • I 
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of 0.01 mgal , and (b) the study of secular changes in gravity
over time sp ans as shor t as 10 years. To achieve either objective ,
it was essential to know with what degree of reliability the earth
tide correc tion could be predicted on a global basis , and o f the
var ious prediction methods which involves the least error.

A t the time the work here reported was proposed (1.966),
al though the e f f e c t of the ocean  t ide  on land tidal  m e asu r e m e n t s
was rec ognized , it had not been definitely established that changes
in crustal and upp2r mantle parameters might not als o influence
the tidal response incorporated in gravity measurements. The
p roposa l  subm itt ed , to what was then the Army Map Service , there-
f o re , inc luded two field programs . One was for the simultaneous
observa tion of the earth gravity tide over two lunar cycles at
three widely separated locations covering a large change in
latitude (specifically Mexico City, Mexico; Denver , Colo rado ,
and F a i r b a n k s , A l a s k a ) ,  and  t h e  o t h e r  f o r  a s i m i l a r  se t  of
measuremen ts along essentially the same parallel of latitude
ac ross  an a r e a  kno wn to be u n d e r l a in by a ch ange of a p p r o x im a tely
20 km in c rus tal th ickness  (spec if ic a l l y  N ebr a ska , C o lo r a d o, and
Utah). As all sites (see Figure 1) were t-,ell inland from the
coas t , th e c loses t b e i n g  ~1e~:ico City, 250 km f r o m  the Gul f  of
Mexico, it ‘-ias felt that even though it migh t not be possible to
completely evaluate the ocean tide effect , differences in the
ocean tide effec t at the various sites would not be of such
magn itude as to s e r i o u s l y  b i a s  signi f icance in the exp e r iment s
proposed. This assumpt ion has been justified in the interim by
the resul ts reported by Xuo et al (1969) for their trans-
continental series of measurements across the United States along
the 400 parallel of latitude.

1.3 Instruments Used

The ins truments proposed for the work were the modifIed
North American exploration type gravimeters (TRG tidal gravimeters)
bu ilt by the Ceodynamics Corporation of Houston , Tex a s and as
used by Kuo and Ewing (1966) in their study of spatial variations
in t idal gravity in the eastern United States. These instruments
appeared to have the accuracy required , were por table enough for
a f i e l d  p r o g r a m , and theLr cost low enough to fall within the
budge tary constraints that had to be met .

1.4 Operati onal Plan Proposed

As the instruments i-~ere no t a shelf item , and had  to be b u i l t,
c a l i b r a ted , and tested prior to becoming available , the program
once it was funded with the army Map Service paying for two
instruments and the University of Hawaii paying for the third
instrument , fell into the following phases:
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Phase I: Construction , ca l i b r a ti on , and testing at the
manufacturer ’s plant in Houston , Texas.

Phase II: Evaluation of instrument calibration against an
observa tory type tiial gravicneter (Dominion Observatory of Canada
LaCos te  Tid al G r a v i m e t e r ) .

Phase III: Inter—comparison studies of the three gravimeters
at the same site (Herndon , Va. A rmy Research Labora tory).

Ph ase IV: Initiation of the Fairbanks— Denver— Mexico city
observing program .

Phas e V~ Initiation of the Nebraska— Colorado— Utah observing
program.

Phase VI: Inter—comparison studies of the three instruments
at commo n sites .

Phase V I I :  Da ta reduc tio n and a n a l y s is

1.5 Operationa l Problems Encountered

Although the above indicates a smooth flow from phase to
ph a se , ac tua l  pr og ress was somewh a t e rr ati c fo r  a number  of
reas ons r a n g i n g  f r o m  the perv ers ity of na tu re and man to bud ge t
problems. The origina l time table setup could not be adhered to
because of instrumentation problems , instrumental problems with
the Dominion Observatory LaCoste Earth Tide Gravimeter , a per iod
of ex tended  se ismici ty in Mex ico City wh ich requ i red doubl ing
th e obse rva ti on per iod the re , the loss of Mr. Longfield (who was
doing the field work) in the middle of the program and having
to break in and train a new observer , and finally, but not least ,
inadequate funding to meet all the contingencies that developed
wh ich resulted in zero funds for data reduction and analysis.

Because of the last and not i..~ing ab le  to ge t supp lemen tal
funding, this report is extremely late.

2.0 DESCRIPTION OF INSTRUI~ENT A TI ON

Although the Geodynamics TRC tidal gravimeter system has
been described by Kuo et al. (1969), the salient features will
be described hare because the manufacture r is no longer in
bus ines s  and the r e f e r e n c e  paper  is no t one tha t is read ily
availaI~1e,

As indicated earlier , the basic sensing unit is a North
A m e r i c a n  e x p l o r a t i o n  t y p e , nu l l  r e a d i n g ,  zero  l eng th , s p r i n g
g r a v i m e t e r  w i th  a n a t u r a l  per iod  of about  16 seconds .  As seen

• --- v .- - ———~-
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in Fi3ure 2 the modification to a TRG tidal gravimeter involves
having an attached plate to the mass at ground potential that
is centered in the null position between two fixed plates , e ach
in a tank circuit of very stable oscillators operating at 1 MHz.
These oscillators are solid state and operate from a regulated
voltage su pp ly that is below one volt with the pull in force
being negligible. A difference frequency is obtained and set at
about 50 KPz, and this signal is then discriminated to supply a
voltage that is proportiona l to the mass position. Long—term
stabilization of the system is provided by controlling the
temperature of the instrument to better than 0.005°C wit h an AC
the rmister bridge through inne r and outer heating elements on the
pres sure—tigh t case. The temperature of these heating elements
is monitored using a three- position switch and single meter on
the system contro l unit. The meter also indicates the gravimeter
beam position. Beam position can be controlled with a special
switch which activates a motor which automatically drives a beam
recentering screw to center the beam remotely . Rebalancing in
changing from one location to another or in coming from ambient
temperature is coarse controlled by the reset spring knob on the
top of the gravirneter. An important feature is the built— in
calibrator which provides not only internal but also overall
sys tem sensitivity calibration by electrostatic deflection of
th e mass. This is done by applying a very precise Zene r diode
regulated voltage to the calibration plate mounted over the beam
of the gravimeter (see Figure 2). The force exerted on the t~eam
for this calibration voltage is consistently accurate to better
than 1 pe r cent . By comparing the recorded change in gravity
resulting from a known change in elevation of the whole measuring
sys tem with the recorded change produced by impressing the
precise regulated voltage on the capacitator plate , a sta n d a r d
is obtained for evaluating calibration stability and sensitivity.
Recording is done with a Texas Instrument s gervo/Riter II potentio-
me tric recorder using a 10— inch wide paper strip chart , and the
recording pen is driven by a d iscr imina ted  DC c u r r e n t f ro m the
signal—out terminals, The recorder is modified to provide
sen itivity cont rol and full-scale zero adjustment . A Geodyne
sequence timer is used to provide time marks at the right of the
rec ording chart . For the purposes of this study a chart speed
of one inch per hour was used with the timing mark s applied at
one—hour intervals.

~. ‘ie complete measurin g system can be stored in two carrying
cases that can be loaded into an automobile for transit , and i t
is feasible to keep the gravimeter unit “on hea t ” during trans it
between locations. Another advantage of the Geodynamics instrument
was th e low cost of a unit as compared to other earth tide instru-
ments. A typical record showing the  q u a l i t y  of the  r eco rd ings
ob tained is shown in Figure 3 and as is evident under quiet
conditions the records can be reliably read to within 1 ~ gal.

L _________________________ -- 
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3.0 OPERATIONS NARRATIVE AND COMMENTS ON OPERATIONAL PROBLEMS

3.1 P h a s e  I ( N o r t h — South P r o g r a m )

The i n s t r u m e n t s  u s e d  were  G e o d y n a m i cs  TRG 31 , TRG 61 and
TRG 36. The first of these that was checked out as being ready
f or f i e l d  work w as  TRG 61, and wh i le the o t h e r  two we re bei ng
tested at the manufacturer ’s plant in Houston , TRG 61 was  tak en
by air to Ottawa , Can ada for calibration checks against the
Dom inion Observatory observatory type LaCoste Tidal Grevimeter.

Al though TRG 61 had been very stable on test in Houston , it
developed a hIgh drift rate when set up in Ottawa , and the
situation was further complicated by the Dominion Observatory
instrument becoming unstable. As a result no definitive test of
the laboratory calibration against an independent standard could
be made during the period from November , 1967 to February, 1963
when the instrument was in Ottawa .

3.1.1 Instrumental Drift

The p rob le m o f dr i f t was fou nd to be t roubleso m e w ith a l l
of t he  in s t r u m e n t s , e s p e c i a l l y  f o l l ow i ng  a change  in s i t e .  On
the basis of the manufactu rer ’s bench tests it was originally
though t th at d r i f t would  not ex ceed 10 ~ gal s per  day and tha t
rese ts, because  of dr if t , would  not b e requ ired o f tener tha n once
every 15 to 30 days. However , the actual drift rates after making
a new se tup were as h igh as 50 to 100 

~~ 
gals per day . This could

not be attributed to the systems instruments being new and lack
o f ag ing  of th e sp r ing sys tems as a l l  of the grav ime ter spr ing
systems were from forme r, well aged , exploration gravimeters.
The h igh dr if t appea red  to be re la ted in par t to not be ing  ab le
to--keep the instruments continuously on heat , and in part due to
in— transit vibrations. Both factors have been long recognized
as affec ting the drift rate of gravimeters (see for example
H am il ton and Brule , 1967), and of the two it is not clear which
was the more important in causing the high drift rates which
pers isted in some cases (especially with TRG 36) for months
rather than weeks after making a new setup.

These cha nges in d r i f t  r a t e  are  brough t out  in Figt ’re  4 in
which  obser ved d r i f t  r a t e  is p l o t t e d  as a f u n c t i o n  of t ime  fo r
each i n s t rumen t  over the per iod  of o b s e r v a t i o n s  (November , 1967-.
Octobe r , 1969) .  As seen in F igure  4 , a i r  t r a n s p o r t  (A /C ) appea r s
to have r e s u l t e d  i n h i g h e r  d r i f t  r a t e s  whe n c h a n g i n g  s i t e s  than
whe n car  t r a n s p o r t  was u sed .  As the  s e n s i n g  e l e m e n t  was a lways
i n the a i r c r a f t  cab in  r a the r  than  the baggage ho ld , the  e f f ect
appea r s  to be r e l a t e d  to a i r c r a f t  v i b r a t i o n  r a t h e r  than  a d r a s t i c
change  in tempe r a t u r e  even though  th. e l e m e n t  was o f f - h e a t  and
not  m a i n t a i n e d  at  op e r a t i n g  t e m p e r a t ur e  (44° C ) .  A l t h o ugh i t  is
not c lear  whether  the e x c i t i n g  f r e q u e n c y  t h a t  a f f e c t s  the

- - . 
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subsequent drift rate of a gravimeter is related to the fundamental
vibrating frequency of the plane or the fact that an aircraft
travels in surges through the air that imposes a secondary low
frequency mode on the aircraft , it is an observed fact that
certain types - .f aircraft affect the drift rate of a given
gravimete s - - ‘ttly. A s imilar effect can be correlated with
highway rou 6 using car tranBport .

The h igu ate shown for TRG 86 on moving from Herndon ,
Virginia to ~~~~ ~~~~ Colorado can not be attributed to either of
the above sinc~’ this was by car transport on paved roads and can
only b~ attribute d to low ambient winter temperatures in transit
over a period of several days . Although TRG 31 was also subjected
to th~’ same conditions and subsequently flown to Fairbanks ,
Alaska , the d rift rate change between Herndon and Fairbanks was
no greater for this instrument than that observed between Herndon
and Boulder with TRG 86. It is also to be noted that whereas the
drilt rate for TRG 86 continued to increase after installation
in the Poorma n Mine near Boulder for a period of two months
before It started to recover , tha t fo r  TRG 31 rec overed a lmo st
i m m e d i a t e l y  a f t e r  i n s t a l l a t i o n  at Fairbanks . In this respect ,
both TRG 31 and TRC 61 proved to be superior to TRG 86 which
continued to have an abnormally high , al though decreasing, drift
ra te after mid -April. This persisted for the ensuing six months
but never got below 45 ~ gal/day dur ing the period of simultaneous
observations at Fairbanks , Boulder , and Mex ico City.

The ca use of the h igh dr i f t ra te for  TRG 86 wh ich increased
f r o m 61 ~a gal/day when the meter was installed at the Boulder
s ta tion in Febr ua r y  to 105 ~ gal/day in mid -April is not known,
but the reversal in trend in April coincides roughly with the
reversal in snow load over the mine observ ing site and cou ld  be
r e l a t e d  to t h a t  f a c t o r .

3.1.2 Other  Prob lems

The long observation period of six months for the initial
phase of the work , however , was not dictated by drift considera-
tions so much as the seismic activity experienced at Mexico City.
Th is d is turbanc e was quit e marked , and although the drift rate
of the instrument (TRG 61) installed in Mexico City never
exceeded 25 ~ gal/day (the initial high rate after installation
in April), seismic activity wan near continuous through August
when it was decided to terminate the program of simultaneous
o b s e r v a t i o n s  at  A la ska , B o u l d e r , a nd Mex ico  C i t y :  both becaus e
of bud g e t a r y  c o n s i d e r a t i o n s  and because  Mr.  L o ng f i e l d , who had
been in charge  of the f i e l d  p rog ram , wa s l e a v i n g  the Hawai i
Institute of Geophysics for another job.

This last resulted in a h i a t u s  of s ix  months between the two
phases of the operation . During this time , TRG 86 was left in
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operation at Boulder at the request of Dr. C. Harrison of the
University of Colorado , and TRG 61 was left in operation at
Mexico City under the supervision of Ing. Julio Monges of the
University of Mexico in hopes that the seismic activity experienced
there would terminate over the next few months. TRG 31 was flown
from Fairbanks to Honolulu to be used in training Mr. C. Marsh
as a replacement for M r .  Longfield.

As seen f r o m F igure  4, this change in location of TRG 31
resulted in a high negative drift rate of 40 p gal/day; but this
h igh initial rate was of short duration and followed by a rela-
t ively rapid decrease to a stable value of 5 ~.i g a l / d a y  w ith in
the next six weeks .

As the second pha se of the f ield progra m , wh ich was c a r r ie d
out by Mr. Marsh , d id not s tar t un ti l la te Febr uary  of 1968 , the
first phase resulted in two and a half months of recording with
TRG 61 at Ottawa ; two to three weeks of recording with each of
the three instruments at Herndon , Virginia ; thirteen months of
continuous recording with TRG 86 at Boulder , Col orado; 10 months
w ith TR G 61 in Mex ico C ity ;  s ix mon ths w ith TRO 31 at Fa ir b a n k s ,
Ala ska ; and , in addition , four months of recording with this
instrument at Honolulu. The period of simultaneous observations
in Fairbanks , Bo u lder , and Mex ico City covered six months.

3.2 Phase II (East-West Program)

The program of simultaneous observations to determine if
ear th tides are affected by changes in crustal structure was
car ried in the following regions: (a) the high plains region
of Nebra ska where seismic crustal measurements indicate the crust
is approxima tely 50 km thick; (b) in the Roc ky Mountain region
of Colorado where the crust is approximately 45 km thick , and
(c)  in the B a s i n  and Ra nge area  of U tah and Nevada where  the
crus t is approximately 25 km thick. This program was initiated
in late February of 1968. Mr. Marsh picked up TRG 61 from
In g. Julio Monge s, who had brought the instrument up from Mexico
City to San Antonio , Texa s, and then took th is ins tru men t a long
with TRG 31 to Boulder where he picked up TRG 86 from
Profes sor Harrison . All of the instruments were kept on heat
and driven by car from Boulder to the new recording sites (Lamar ,
Nebraska ; Craig, Col orRdo; and Wendover , Nevada on the Utah-Nevada
border). As seen from Figure 4, TRG 31 and TRG 86 had h igh
initial negative drift rates and TRG 61 a high initial positive
drif t. Although TRG 31 and TRG 61 showed a relatively rapid
recovery to a low drift rate , TRG 86 had a very slow recovery
ra te so that at the end of the observation period , four months
la ter , it was still drifting negative 20 ~x gal/day.

__________ - - I - - -—— - - .—.-- —--————- --—-r ’-~ ~~~~ -
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In July, upon completion of these observations TRG 61 and
TRC 36 we re taken to Craig for inter-comparison measurements
w i t h  TRO 31 ( t h e  m o s t  s t a b l e  i n s t r u m e n t ) over  a f i v e — d a y  p e r i o d .
In order to further strengthen the reliability of the observations ,
TRG 61 and TRG 36 were then both left for inter-comparison
measurements at Craig and TRG 31 moved to the Lamar , N e b r a s k a
site. As is evident from Figure 4 all of the instruments by this
time had become stable , although TRG 86 still had a relatively
h igh (although stable) drift rate of about 25 

~~ 
ga l/ d a y ,  a nd as

Se’~n , ~.ad undergone ~ reversal in sIan 2or drift on being
moved from Lamar to Craig. These observations , the best of both
series , were  term ina ted in Octo ber af ter an oth e r  th r e e  mo nth s
of observations . TRC 61 and TRC 36 were then returned to the
Army Map Service at Herndon , V irginia. TRG 31, the University
of Hawaii instrument , was returned to Honolulu and set up in
the Institute of Geophysics where it is still operating.

The second phase of the project , therefore , resulted in
four months of simultaneous observations at ~Jendover , Nevada;
Cra ig, Colorado; and Lamar , Nebrask a; one week of inter—comparison
of all instrument s at the same site (Craig, Colorado), and three
months of observations with t:-y o instrument s (TRG 61 and 3 6 )  at
C r a i g ,  C o l o r a d o  a n d  one i n s t r u m e n t  (TRG 31) at  Lama r , N e b r a s k a .

The coordinates and elevations for each of the observation
sites along with the name of the collaborating institution or
local observer cooperating on the program eve given in Table I.

4.0 COMMENTS ON FIELD ADJUSTMENTS AND DATA SELECTED FOR ANALYSIS

4.1 Gener al Remark s

In deciding which of the large amount of data collected were
most valuable from the standpoint of the objectives of the study,
it was c l ea r  f rom the ou t se t tha t dr i f t had  to be c lo se ly
mon itored and also that possible causes for drift be identified.
To this end , lo g books were  kep t fo r  each ins t rumen t a t each
obs e rva t ion si te in wh ich were  no ted opera t ing cond itio ns ,
instrument and ambient temperatures , powe r f l u c tua tions , ev idence
of seismici ty, fluc tuations in seismicity (where this could be
obta ined from nearby seismograph stations), resets and leveling
adjustments , calibration notations , and any changes in opera tional
procedure . Tim ing information as obtained from ~JWV si gnals  were
noted d irectly on the recorder charts.

4.2 Field Assessment of Drift Rate

Hand computations of drift rate were also made in the field
throughou t the period of observations , and it was on the basis
of these results , plus study of the log book s, that certain

-
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Ddjustments to the gravimeter and changes in operating procedure
w e r e  u n d e r t a k e n  a t  t i m e s  in t h e  h ope of e ither  lowe r ing the
drift rate or stabilizing it.

Th is study o f the da t a in the f ield a l so prov ided a bas is
for provisionally setting aside certain records as being either
unreliable or incomplete . It also was the basis for extending
the originally planned observational period of two months which
had been established before it was discovered that each move of
the instruments would usually resul t in a high drift rate.

5.0 DATA R E DUCTIO ~I PROCEDURE A iTD ERROR EVALUATION

5.1 General Procedure

The raw da ta , the analog trace on the 10—inch chart from
each r eco rde r , was transferred by a digital measuring system to
pu nched comp ut er  cards  in the fo r m o f h ou r ly  values , measured in
the octal numbering system at 200 Counts per inch . The measuring
equipment used in thus transfo rming the observational data ,
consisted of a Large Area Benson— Lehner Plotting Table , an
electronic memory and interfacing unit manufactured by the HIG
elec tronics staff , and an IBM 029 card punch . Prior to octal
convers ion and key punching, timing mark s were manuall y adjusted
f o r  dev ia tions grea ter th a n  ~ one m inu te in time , and the
magnitude of all calibration intervals established by a best fit
f l e x ible curv e rec on struc t ion of the t race  bef ore and af ter
cal ibra t io n wh ich had  not been d isturbed  by the calibration plate
deflec tion. In general , it was found that it takes .Erom 15 to
30 minutes for the meter beam to stabilize , af ter appl ying the
calibration plate voltage before there is a return to normal
opera ting conditions. The actual length of time required to
reach equ il i b r i um bein g a func ti on o f the sl ope of the cu rve
and the magnitude of the imposed deflection of the beam.

A much more severe beam and track disturbance , h oweve r, was
found for when rese ts were made. These “rese ts ”, wh ich were
necess i ta ted by the drift of the instrument , correct for the
consequent migration of the beam trace across the chart , and
if no correc tion (reset) were applied , would r e s u l t in the be am
t race  going o f f  the char t .

Cu rve f i t t i n g  for  the m a g n i t u d e  of such “ r e s e t s ” , as w i th
the calibration deflection , was accompl i shed by de ter m i n ing  a
bes t— fit to the tidal trace over the several hours immediately
following such a rese t. Similarly, curve fitting was used to
reconstruct the trace through the centers of seismic event
dis turbances . Loss of power of a few minutes up to, at times ,
several hours were also compensa ted for by curve fitting.
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However , such power interruptions seemed to have little effect
on the overall drift rate when considering intervals of more
than 100 hours . The tidal record traces , reconstructed as
described for calibration effects , rese t s and se ism ic d istu rbanc e
are believed to lie within plus or minu s one microga l of where
the undisturbed curves ~,ould have fallen .

5.2 Assess ment of Reading Error

To guard against human errors in reduction , re gu l a r recheck s
of  portions of the punched  card  inp ut da ta wer e ma de , both by
the same operator and by different operators. Repeatability,
in g e n e r a l , was excellent and within one to two octal counts.
Thi s  m e a s u r i n g  u n c e r t a i n t y  is e q u i v a l en t  to  an  a v e r a g e  u n c e r t a i n t y
of 0.5 microgals since the usual calibration magnitude deflection
is around 50 inicrogals per inch . The no-voltage position of the
beam pen trace consistently lay within one microgal of the zero
chart paper position . The timing mark s, as co r r ected whe n
nec essary, yield average deviations of less than one microgal ,
reflecting residual timing uncertainties of about 30 seconds.
The gross combined effect of these three sources of error results
in an R.M.S. error of 1.5 per cent in the final values available
for analysis .

The g ross  e r r o r  in mea su r ing the cal ibr a t ion f a c tor  f o r  each
instrument on the basis of numerous calibration measurements
indicating average relative deviations for the same plate
volt age of only one or two octals is about 0.5 microgals . As
th i s  inc ludes  meas u r ing er ro r , it, in combination with curve
reconstruction error and timing error , indicates that the measured
c a l i b r a ti on fac tors , wh ich average around 100 inicrogals in magni-
tude , co ntain errors less than 1.5 inicrogals , equivalent to a
maximum error of 1.5 per cen t. The largest uncertainty from all
causes therefore should not exceed ~ 2 

~ 
gal  if the ab solu te

instrument calibration factor is not significant ly in error.

5 , 3  .v a lu a tj o n  and A d j u s t m e nt of C a l i b r a t io n  F a c to r s

Bec aus e of the f a ilu re to obt a in a check o n the re la ti ve
and absolute calibrations of the Geodynaaiics gravimeter system
at Ott awa , no statemen t can  be made as to the  rel iab i l ity of the
observed da ta on an absolute magnitude basis; The data is ,
th e r e f o r e , presented in terms of the factory—determined calibration
fac tors plus modifications in the analysis of results as described
below.

To chick the relative calibration reliability of the three
ins trument s comparative evaluation was made during the trilocation
run of five days duration at Craig, Colorado in early .July 1969.
The final 98 hours of data obtained from the three systems , wh ile

— —.. - -
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at th is site , were digitized at 15—m inute intervals and then
c o m p a r e d  in  p r o g r a m  T RI LOC A T , a m o d i f i e d  v e r s i o n  of  L ODE.  T r i a l
correction factors were applied to the data from the three systems
until a best fit between the graphical outputs of the three sets
o f d a t a  was  o b t a in e d .  T T~G 3G , t h e  i n s t r u m e n t  t h a t  h -a d b e e n  in
B o u l d e r  f o r  13 m o n t h s  a~ t h e  Po or tn an  m i n e , was a d o p t e d  as a
reference instrument with its original factory— established
ca 1ib r at i~~n v a l u e . The c o m par i s o n s  i n d i c a t e d  t h a t  t~~e r e l a t i v e
c a l i b r a t i o n  f a c t or  f o r  TRC 31 s h o u l d  be i n c r e a s e d  by 37, and t h at
for TRG 61 by 27.. These adjusted calibration factors were the
ones  u s e d  f o r  t h e  f i n a l  h a r m o n i c  and  F o u r i e r  a n a l y s e s  of t h e
data . Confidence in the validity of these adjustments is
reinforced by the similarity in the comparative results from the
successful 31—day colocation of TRG 61 and 36, made immediately
following the 5-day trilocation.

As the magnitude of the resulting ~ amplitudes appeared to
be consistent ly high when compared with values obtained by other
investigators , section 4 on Instrument Calibration in the TRG
manual ~•zas reviewed . The manufacturer states that the value
for the gravity gradient in an adjacent nine story building used
in  c a l i b r a t i n g  the  i n s t r u m e n t s  is 303.6  ~ g a l s  p e r  m e t e r , as
determined by independent elevator gravity observations. This
gradient is equivalent to 95.296 ~ gala per 30.33 cm (the
laboratory heigh t standard). The manufacturer , how eve r , also
states that the ratio 100.0 ~ ga l s  per  30.83 cm w a s  used in
raising and lowering the instrument on the laboratory calibration
elevator . It therefore appeared that the resultant factory—
furnished calibration factors were too high by about 4.7 per cent.

Because the factory obtained calibration computation thus
appe a red to be in e r r o r , an adjustment factor of 0.953 ~-,as applicd
to the factory furnished calibration values and this plus the
adjustment from the trilocation runs determined the final gravi—
metric factors used in this report. These values , while not
absolute , and he nce prov is io nal , are  bel ieve d to be re l iabl e o n
~ relative basis for the three instruments used.

De tails on the above adjustment including excerpts from the
manufact urer ’s manual are attached at the end of the report as
a special appendi;~.

6.0 DATA PROCESSING

The decks of dig ital punched cards for each observation site
p rovided the  inpu t  d a t a  to  p rogram LODE (see A p p e n d i x ) ,  which
comb ine s the basic features of programs LOCA IUI and DECCON.
T h e r e f o r e , LODE is a general purpose data conversion , theore t i c a l
ti de gene ra t ion , rese t adjustment , calibration , drift correction

— _ _
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and graphical display computer program. (A s a m p l e  of p r o g r a m  LOD E
w i t h  d a t a  p r i n t o u t  and  g r a p h i c a l  d i s p l a y s  is p r e s e n t e d  in Appendi ::
B.) By repeated submission of the digitized decks of observations
to program LODE , usually in 50—day packets containing 1416 data
point s , gross keypunch errors were detected and then corrected ,
reset magnitudes were adjusted to provide smoothed fits of
adjacent portions of data , drift corrections were adjusted to
o b t a i n  ma~:imuin l i n e a r i t y  of  t he  s m o o t h e d  d a t a  and  g r a p h i c a l  dis-
p l a y  ax e s  w e r e  s h i f t e d  to e n h a n c e  v i s u a l  c l a r i t y.

7.0 T H E O R E T I C A L  G RA V I T A T I O N A L EARTH TIDE VALUE S

Theoretical gravitational earth tide values were used both
for prediction purposes in the field program and in the data
a n a l y s i s  p r o g r a m .  P r e d i c t e d  v a l u e s  were  u sed  in t h e  f i e l d  f o r
c o n t r o l  p u r p o s e s , and p r i m a r i l y  in t h e  a s s e s s m e n t  of i n s t r u m e n t a l
drift rate and gaging in advance when resets should be m a d e .
They were essential for t he  a n a l y s i s  p r o g r a m  s ince  tL e  p r i m a r y
objective of Phase I ~ias to assess the relative reliability of
the various earth tide prediction met hods , and in Phase II to
determine pos sible deviations in earth tidal response ~h e r e
there are marked changes in crustal structure in association with
different geologic provinces.

7.1 The Earth Tide Prediction i4ethods Investigated

T h e r e  a r e  s e v e r a l  p r o c e d u r e s  in commo n use  f o r  d e t e r m i n i n g
the theoretical gravitational earth tide response. One is based
on the tables prepared by 3. B. Damrel (1951) published by the
Houston Technical Laboratories , which utilize the “Local Hour
A ngle ” (L.B.A.) and declination data on t he  sun and moon c o n t a i n e d
in the Nau ti cal  Al m a nac , published by the U. S. Naval Observatory .
The accuracy in the predicted values is claimed to be within 10
microgals (0.010 milligals) when using the tables directly, and
within 3 microgals when interpolating between the tabulated value-i .

A seco nd p rocedur e u ti l izes tables  a nd nom ogra m s publ ish ed
annually by the European Association of Exploration Geophysicists
(E.A.E.G.) wh ich are based on the formula of Coguel (1954).
This ca n be written as

C — P + N cos p (cos C? i. sin cp) -:- S cos p (cos p — sin p)

where P is the correction required at either pole and is always
nega tive; N and $ are the corrections at latitudes 4 50  North and
4 50  South respectively; and p is the latitude of the observing
sta tion, Although the tables are calculated for the meridians
15° Eas t and 7 50  tJest of Greenwich and the local times corre-
spond ing to these mer id ia ns, they can also be applied to the 105°
Eas t and 165° West meridians by interchanging the H and S values.

( 
_ _ _ _ _ _ _ _  

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ ____________________  ~
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F u r t h e r  ex t e n s i o n s  to  any  p o i n t  on th e ear th ca n be m ade by
i n c l u d i n g  the appropriate local time adjustments. The correction
tabulations are given in units of 5 microgals . It is claimed by
the authors t h a t  t h e  er r o r  in t he  c o r r e c t i o n  m a g n i t u d e s  r e s u l t i n g
from the largest possible extension in longitude is always less
than 10 microgals . Thus , maximum errors should not exceed l~
microgals . In th is study, all observing stations were located
within 30° in longitude of either the 75° West or the 165° West
longitude lines. It therefore is reasonable to expect that errora
would not exceed 10 microgals using the EAEG system for -any of
the stations occupied.

A third procedure utilizes the mathematical expressions
devel oped by I. !-t. Longman (1959), wh ich were des igned to be
d irec t ly appl ic a b l e  to p r o g r a m m i n g  for  h igh speed elec t ronic
compu tation. The essential formulations are as follows :

For the vertical component of the lunar tidal force:

GM (3 cos 2 0 — 1) ÷ ~ (5 cos 3 
9 - 3 cos o)

where ~ ~ 
~~~~~~~~~~~~~ grav itational constant ; H — mass of the moon ;

r distance from observation site to center of the earth;
d — distance from the center of the earth to the center of the
moon; 0 ~ zen ith a ngle of the  m o o n .

For the vertical component of the solar tidal force :

Cs (3 cos
2 p — 1)

0

where  S ~ the m a s s  of the sun; D — distance f r o m  c e n t e r  of t h e
earth to center of the sun; p — zenith angle of the sun, and

~ 
and r are as above for GM. The total vertical component

therefore is:

GO — CII + CS

The f u l l  deve lopmen t o f a l l  quan tities used in the formulas
above may be found in Longman (1959). The final quantity, GO ,
appl ies to a rigid earth model , so that an elastic response
factor must be applied during the course of computations . The
factor applied on a provisional basis for prelimina ry computation
was 1.20. Longman compared his computer program , developed from

— the full set of equations , with one developed by Pettit (1954)
and found  agree ment  wi thi n “a frac tion of a inicrogal.”

_ _ _ _  • - -- - - - — — - -- --__
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7.1.1 V a r i a n t s of t he  Long m an  Pred iction Me th od Used

P r i o r  to  c o m m e n c e m e n t  of  t h e  p r o g r a m , R . E.  Z i e g l e r  of  the
t h e n  Army T o p o g r a p h i c  Command  kindly furnished predictions for
ea rth t i da l  va lu es using the Lon gm an e qua tio ns f o r  the sever a l
proposed observing sites covering the original anticipated
operating period. These predictions were generated within a
Fortran V computer program (GRAVAS) developed by Zieg l e r  (1967)
and written for the U~1IVA C 1108. When the operationa l duration
of the  e a r t h  t i d a l  o b s er v i n g  p r o g r a m  had  to be ex te nded , and
predictions were no longer available from AM S, Marsh modified
Ziegler ’s earth tide prediction program so it could be run in
Fortran IV on the University of Hawaii’s IBII 360/50 comput ing
sys tem. This modified p r o g r am , LOGAIU4, was the one then used to
generate tidal predictions for the latter part of the observing
progr am . LOGA RM, as de sc r ibed be low , was also incorporated as
a sub—rou tine in related data reduction and analysis programs.
Comparisons of GRAVAS results with other prediction methods cited
by Ziegler (page 13 of A.M.S. Ceod. Ilemo 1617) are : periodic
up to 10 ~ gal with EAEG (co guel) values , -agreement to 3 ~i ga l
with the Pettit equations , a nd a wo r s t  case  of 6 ~i ga l  us ing
cor rec tions ap p lied by the Southwestern Computing Service Co.

A second application of Longinan ’s equations in developing
a computerized tidal prediction program was made in 1962 by
James Walters of the Geophysical and Polar Research Center at
the University of Wisconsin. ~7al ter ’s Fortran IV program , E R T I DE ,
was modified in 1966 by George R. Jiracek of the Hawaii Institute
of Geophysics for use on an IBM 7040 computer. In 1963, Marsh
further modified and converted the ‘ial te r s/ J iracek pr ogr am f o r
use on the IBM 360/5 0 . The resul ting program , LOGUIG , h a s  been
employed in genera ti ng p red ic ted t ida l  va lues  bo th as a n al te rnate
to and for comparison with LOGARU.

A th ird application of Longman ’s equa ti ons was made in
Sub— routine NOILAN contained within EDIT: a general data processing
progr am written by J. C. Harrison OJ. Co1o~) :or ~h e CDC ~‘~00 computc~
at the University of Colorado . Those portions of NOMAI1 concerned
wi th p red ic t ing sol id ear th ti des  were  mod if i ed  by Marsh f o r
use on the IBM 360/50. The resulting program , LOGBOL , h a s  been
used in conjunction with Earrison ’s EDIT (alao modified) as well
as for compar isons with the LOGARM and LOCH IG programs.

During the course of the present study, all five prediction
methods were used . Some effort also was expended on making
intercomparisona among the five methods. The results of these
intercomparisons are presented in the following section.
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3.0 COMPARISO ! OF THEORETICAL ARTH TIDE VALUES WITH
0BSERV i~iJ VA LUES

3.1 Computer Programs Employed

In order to facilitate the comparison of the various tidal
pr s ‘ict ion methods with observed values as well as to intercompnre
the several methods , Harsh wrote a skeletal main program , TIDE ,
for use with the University of Hawaii IBM 360/50 computer. TIDE
controls input-output , esta blishes computing options , and uses
a suite of tidal prediction and data reduction sub— routines.
The main sub- routines used were :

— which accepts punched card input from the Damrel
(1951) table s and the Nautical Almanac , interpolates the tabular
values in both latitude and longitude , and then  pr ov ides p r in ted
and graphical output of the predicted tidal values.

GO CUE L - wh ich a c c ap ts punched  c a rd inpu t f r om the EAE G
(Goguel) tables , interpolate s in longitude , and again provides
both printed and graphical output of the predicted tides.

LOGA RM — which utilizes the Longrnan equations as developed
by Ziegl er in p r ogra m GRA VA S , and mod i f ied by Marsh.

LOGH IG - the second Longmau equation program ; developed by
Wal ters , modified by Jiracek and finalized by Harsh.

LOGB OL - the th i r d Long m an equa t ion p rogra m as deve loped  by
Harriso n in program flOMA~~, and modified by Marsh.

DECCON — the Longfield/zfarsh data reduction and preparation
prog’ram wh ich generates gap— filled , reset—ad justed , c a l i b r a ted ,
axis—translated and drift—corrected tidal values from recorded
observatio ns .

The pr inted and graphical output generated from LOGARM,
LOGH IC , LOCBOL , and DECCON is sim i l a r to tha t f r o m  DANRE L and
GOGUEL. A nominal grav imetric (elastic response) factor of 1.20
was employed in scaling the output from the five prediction
routines.

After the various outputs have been generated by e a c h
success ive sub— routine operation , the main program TIDE computes
individual and mean differences between the corresponding point s
of various da ta sets as well as the maximum values , var iances
and standard deviations within particular data sets. These
values are then printed and the individual differences graphically
presented. (Appendix A contains examples of program TIDE plus
outputs, )
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3.2 Si tes for ~‘1hich There Are Comparative Data

Because key punching of input cards , either for a particu lar
global sector in the case of the Goguel program or for a partic-
ular 2° latitude band for the Damrel p r o g r a m , is an expensive
and time-consuming task , only the da ta for Mexico City and 3oulder ,
Colorado locations were examined in detail for one— and two—month
per iods . However , each me th od (c li f ive pred iction progr am s p l u s
DECCON) was examined in groat detail for a specific five—day
period at Mexico City and Boulder , Colorado and with all methods ,
excep t the Da m rel me thod al so a t Fa ir b ank s, Al aska for the same
period. Since the Longman computer programs require a relatively
sm-all number of input parameter cards , some representative
comput er runs f o r the sa me per iod at the Equa tor and Nor th Pole
wer e al so m ade c a ll ing upon on ly the LOCAR M, LOCBOL , and LOGHIG
sub- routines .

8.3 ~em ark s on the Intercomparisons

A ma jor difficulty in undertaking an intercomparison with
observed values is the determination of, or more accura tely  the
lack of , an absolute standard for the observed values. The basic
approach utilised was to initially establish which prediction
method exhibited a consistent best fit to stable and believed
mos t reliable earth tidal observations. During initial data
e v a l u a t i o n and r e d u c t i o n , it was found that LOGARM and LOGHIG
c o r r e s p o n d e d  about  equally well to the higher quality observa-
tional data from the several stations. LOGBOL predictions seemed
to exhibit slightl y grea ter diurnal sinusoidal deviations. The
D amre l and Goguel  me thods , as was ex pec ted , were c l e a r l y  no t ~s
rel iable as the Lougman method or its modifications. Sinc e LOGARM
utilizes the simplest and most straightforward input , c a l l s  it s
own sub-routines TID and DEGRAD for actual computations and
a ppear s to be the mos t e f f ic ien t program in the use of co m pu ter
time , it was judged to be the eas ies t and mos t ap propr ia te
p rog ra m to m o d i f y  or a l t e r  in the f u t u r e  if , or when , othe r type s
of pre c 4’ tion needs migh t arise. LOGARM was therefore adopted
as the °rela tive standard used for intercomparing values. The
bas i s  fo r these conc lusions  on r e l a t i v e  r e l i a b i l i t y  of the
va r ious  p r e d i c t i o n  methods  are b rough t  out in F igu re s  5 and 6 in
which p r e d i c t i o n  values and observed va lues  are compared fo r
Julian  days  153-154 and 156— 157 at Mexico City. Another reason for
using the LOGARM prediction as a “rela tive ” s tanda rd  is i l lus-
trated in Figure 7 in which preliminary observed values at
Fai rbanks  were found to con ta in  r e s i d u a l  uncor rec t ed  d r i f t  when
th e d i f f e r e n c e s  f rom LOGARM p r ed i c t i ons  were p l o t t e d  as a f u n c t i o n
of the predic ted  va lues .
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8.3.1 Res ults of Intercomparisons of Predicted Values
a t A l l  La tit udes

For the pu r pose of co mpar ing pred ic ti on va l ues , latitudes
0, 20 , 40, 65 , and 90 degrees and the 99-degree West longitude
were used. Representative TIDE computer runs made at southern
latitudes and other longitude quadrants indicate similar results.

Table 2 summarizes those results of interest. The observa-
tional data available for the three middle latitudes (20, £iO ,
and 65 degrees north) are also included for comparative purposes.
Da ta sets A through E show the results of runs made for latitudes
0, 20 , 40 , 65 , and 90 d e g r e e s, over the chosen five-day period :
Julian days 153 through 157, 1968. The LOGARM column contains
pred icted values in microgals. Al]. other columns list the
dev iations from the LOGARU values in microgals for the corresponding
hourly values of each data set. As noted earlier in Section 1,
LOGBOL differences are consistently greater than LOGHIG differences.
Both the LOGBOL and LOGHIC differences decrease in magnitude
toward higher latitudes , and bo th show smaller daily fluctuations
and small er absolute deviations in magnitude from the LOGARM
values than the other prediction iiiethods.

The Damrel d ifferences in values diminish by abou t 30 per
• ce nt in go ing f r o m 20 ° to 4 00  N latitude. However , the EAEG

(Goguel )  d i f f e r e n ce s  show no consistent pattern of change with lati-
tude an ’ ~~~~~~~~~~~~ o~~o ut  p l us  o r  :nin ~is 10 p.e r c e n t  o v e r  t h e
90—degree latitude span. The differences in observed values with
LOG ARM va lu es, however , increase slightly (1.1 to 1.5 ~ gals)
in going from 20° to 65° N latitude . Additional LOGBOL, LO GH I G ,
and GOGUEL computer runs for the intermediate latitudes give
com parable results in all cases.

Da ta sets F and G of Table 2 contain similar summaries of
TIDE runs made for Julian days 153 throug h 182 , a f ull l u n a r
cyc le , f o r  20° N (Mexico City) and 40° N (Boulder , Colorado).
As b e f o re :  the LOGBOL di f f e r e n c es are  cons is ten t ly gr ea ter
than with LOCHIG . The LOCBOL deviations are also greater than
for the 5-day sample , but the LOG H IG r e s u l ts do no t di f f e r f r o m
the 5-day sample. The EAEG (Goguel) results are nearly identical
as before with an increase in Ag LOGARM values between 20° and
40° N l a t i t u d e , and  the Damre]. results reflect the same tendency
as found  b e f o r e  w i t h  a decrease in Ag LOGARM values between 20°
and 40° N latitude. As a further check , add itional runs ,
summa rized in data set H of Table 2 were made for Julian days
183 t h r o u g h  212 , w i t h  ne a r l y  i d e n t i c a l  r e s u l t s  as b e f o r e .

Because of the changing drift characteristics of the tidal
r e c o r d i n g  g r a v i m e t e r s , it was not possible to consider observed
record  segment s  longer  than  f i v e  days as f u r n i s h i n g  m e a n i n g f u l
am p l i t u d e  d i f f e r e n c e  v a l u e s  in the TIDE p rogram.  V i sua l



C I .
> 11.1 .-I ‘4~ a•. C’~I r~~ .0 u’~ C’ in
11 51-s I I I  . . . . . . . . .
O ’ 4  I I I .-I u-I N u-I u-I ~~~ ,-4 (N -~ I S I

l i i  1 1 ?
.0
0

0 -

~~ 51-I (~‘I .4~ c’.i m .~ ~~ 
(‘.

~ -~~ u-I (N N.0 u-I u-I m
C.D .4 • . . . . . . . . . . .
O ~~ 0) 0 0  u-I 00, -~ C) 0 u-i 0 0 0  00 0
.3 —

CS
53
0

a 11
CI 0
o p.4 • ..4
a C) ~ ifl -~~ 11% m N (N ‘0 4 O~ C~ C’ 0 C CC u-4

544 . — • • . . •
11 &~ ~-4 CI C’) •4 (‘1 C’) .4 u-I Cfl .4 N (“I ir, m —C~ —4 C
(5 0 ~~ ~~ -4 p-I u-I p-( p-I
a.
E CSo 4.1
C.) CS

U
CS .-4 .
II 04.1 ~~11 se.~ 0 03 CC (‘1 (N so CC
o £1.4 C’ I I I . . .  I I I I I I
II C’ I I I C’ l 4 N  N~~’ ) C C  I I I I I I

a
‘0N

I-I 4.1
C) u-I 3 .  .,4

.—4 ~~~4.I SD

.0 £3 ~ CI 0’ u-S O (0 0 0% 0’. N -.5 (N C% i-I in’0 0
CC 0 U .4 0 • . • ~ • • ~ ~ •

u-s I.. 0~~~~ .3 C .-4 C’~ 0 ,-IN 0~~~4 C’l C O N  C . O ~~~ 4
544 .4

a

-4 0)
5) ‘0

0 ‘0 C%
SI ‘-I 0 .4~ C ‘0 0% ‘0 0 0  0 N CC 0’ 0 (4

~~ 1-I . . . . . . . . . . . •
<‘4 0 .-I C~ C) (‘1 ~C -4 0 0) (N O~ ~~ C m in

4.4 U CI ~~ in’0 .~~ .S~ in N -4 -~ 0 11% sO 0 (N (N 0)
o 0~~ CS ‘-4 u-i u-i u-I

a
5) CI
u-I CS
14 ‘4
CC ‘-I
U
El 5) b.) . • • • . .

‘0 > ,-I ~.u- 4
(N 5 1 ( 5  0 0  5 1 C C  0 C C  0 0

4’.0 in
.4 4’ u-i CS CS CS CS

I 4 1 . .  0 . .  5 1 . .  0 . .  5 ) . .
a.44 C’1
~~~~O in 4J (5 iJ IS i.a 0

(fl~~~

a -~
o .—. a
a .4 1.

U C) CI
~~~a 0 o ’ 0  0 5 5  S
4.1 11 ( 5 0  0 0  C u--S ‘ft .0 C)
.40 0. N O  45 50 11 0%
‘IX .4 0 ‘4
CC 0 IS CS
.3 U 5)

r
5-.

a
“‘I ~~a ci . . . .
c.~ Ua s n<



-CI
5 ) .

1154.. I I I S S I
5 1 . 4  I I I S S I S
(SC
.0
0

C’) —~ in m ~~
. C’) C’i .4~ 50

=5 4 4  5 - .

0 C~~~~ C C u - 4
0~~.3

a
CI
o
0) 0 51-1 50 N. (N 0% C— C’) in .4 ,-I
.4 ~~~~U.4 • — u . .
11 00 ~r4 C’) .4~ s~ C’) -~~ s~ ~~CC O~~~ p.4 u-I
0. U
U
0
U

a
(C p.4 -
14 01~~44 03 in N C’) ..I (4 (N in -~~1. ~44 • . . . .
0 M -’-I N Cu-I C”. N Cu-) 0’ c-i c’s m
Is ( C O  p-I u-I

0
4J

CIo 0
U 5-4
—5 I-.

‘4 .
N £3 0 9•4 (NO’  0’ 50 0% 03 0% p.4 C’)o ~~~ %1-I — • . • . .

5) 11 U ’-I 0 C (4 0 C’ C’) 0 u-I C’)
‘-4 ‘44 0 0
.0 ‘4
CC 0)

4.1 0) CC
u-I sO 50

51 0% 0.
0) ‘0 u-I u-i
C) s O N - C’ m s o .-4 C’ N

5) . . — . . • (5 .
< ‘4  C-- (N ‘0 0 u-.4 sO >.. C N C)

‘44 U CI CC in (N C) sO C- 0% CC in I— 0o 0 0 0 0 (“1 u-I C) (N
. 3 C C

a CI CI
41 (5 (5

.4 -u-I
11 u-i u-I
cC
U
El 0) • . • —

‘0 (N > u - 4  >u- I  (N >u-4
U) ~~~ O CC 0 ( 5  5 1 ( 5  p-I

‘I.e ‘-I C I C >  C I 0~~ N C C )~~~~‘41.1 I CC CS i
u-i C’) 0) . . 4) - - C’) 5)
0.4.. in r ’ 0 I S  a~
~~~~0 u-i 4 . 1 5 5  4 . 1 C C  u 1.1 (5

-‘ -‘ cn~~~
a a
CI CI
0 0
a a

Cl u-I u-S
‘0 . 0  II
51.1 55 0 0 (5 0
41 14 

~~. 0 0 0. 0
.4 0  U N U CM
“Z  0 0
CS U C.)
‘-3

CC 55
55 0 0
45 4.1
(5 4) 0% • . CS
O if l  (4 U c i

_____________ — - - 
~• 

- -- — ~~~~~~~~ r--



18

inspection of many graphical printouts of 29- and 58-day segments ,
h owever , do suggest that the Longman-based prediction programs
produce a semi-diurnal periodic deviation of several microgals
magnitude from the true tidal forces.

One thing to be noted from the data of Table 2 is that the
magnitude of the differences computed between the various predic-
tion methods exceed in some cases those cited by earlier studies.
Max imum differences of 16 and 17 microgals were found at 40 and
20 degrees of la titude between LOGAR}1 and EAEG (Goguel) values.
Simi l a r l y  d if f e r e n c e s  of 9 and 13 m ic r o g r a l s , res pectively, were
found at these same latitudes between LOGARM and Damrel (inter-
pol ated) values. These discrepancies are verified by the
obs er ved va l ues show n in Table  2 as w e l l  as by the gra ph ical
compar isons in Figures 5 and 6.

Another point brought out in the comparisons for data sets
B, C and D is that the observed values suggest a possible trend ,
wh ich seems to be borne out by examination of the 60-day records
from Mexico , Bou lde r  and Fa irb anks it~ that all prediction m et r ods
show a progressive negative bias in going from low to high
la titudes. This could amount to several microgals between the
equator and the poles. As this trend has the same sign as the
bias brought out by Honkasalo (1964), the effect of this correction

- 
was also investigated .

8.3.2 Effec t of the Honkasalo Correction

Honkasalo (1964) has pointed out that all earth tide
predictions are somewhat in error because they consider the sun
and moon to be a t inf in it y and do no t c ons ider  the fac t tha t
there is a constant low tide at the polar areas and a surplus
tide around the equators. As a result the tidal correction for
high northern latitudes is on average negative . His proposed
c o r r e c ti on, wh ich was adopted for the IUGG gravity standardization
progra m, in terms of the e f f e c t to be a l lowed  for  is:

C 1 
= 0.037 (1-.3 sin

2 ç
~) mgal

where q la titude of the observation site.

Th e e f f e c t s  fo r  d i f f e re n t  l a t i t u d e s  are :

0°  +3 .7  p gal
10 +3.3
20
30 +0.9
35’lG’ 0.0
60 -0.9
50 — 2 .3
60 -4.6
70 -6.0
80 -7.0
90 —7.3
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If  t h e s e  c o r r e ct i on s  u c r e  a p p l i e d  to  t h e  LOGEd~.ii v a l u e s  f o r

~te~~ico City, Boulder anJ Fairban l ;s, the mag nitude of the
corrections uould b~ as s’cioin b2lou :

H o nk a s a l o  C o r r .

Ilexico City (19°N) — 2.5 ~ g a l
B o u l d e r  (40~~N) +0.9  “

Fairban k s (66°::) •:-5.4 ~

That application of these corrections would result in significant 1-:
poorer agreement ujth the observed values is evident from Fi gurc.~
5, 6 and 7 in that the difference curves between observed and
p r e d i c t e d  v a l u e s  w o u l d  be d i s p l a c e d  by t h e  am o u n t  of  t h e  F o n k a s , 1~~
correction in opposite sign. That the Honkasalo correction coes
not appear to apply to the LOGAIU-1 prediction appears to lie in
Honkasalo ’s basic premise that the tidal correction is computed
or the assumption of a simplified formula f o r  the earth tide that
does not concjder that the distance of the sun and moon from the
ecrth are variable as considered in the Longman equations.

~.0 A;~ALYSES OF OBSERVED TIDA L OB EI~V~ T IO 1~

9.1 Harmonic Ana1ys~~s

Follow ing initial processing in program LODE , cer t a in rec o rds
were considered to possess sufficient coherence and stability to
be useful for harmonic analysis. In connection with this phase
of the study, )r. J. C. Harr ison (U. Cob .) kindly furnished us
copies of his two reduction programs : EDIT (mentioned earlier)
and HARIthL 2. 1:owevcr , some substantial modificati ons to both
programs were necessary for conputation on the University o~
H a w aii IBU J~ O/35 and also to eliminate some routines not
d irectly applicable to earth tidal analysis. (Samples of
programs EDIT and 1~ARI-I, with data printouts , are listed in
Append ices C arid D.)

9.1.1 General Descr iption of Program

As modified , progr am EDIT processes up to 1500 hourly values ,
accept s smoothed data generated by program LODE, computes the
theoretical tide over t .e time interval covered by the input data ,
p lots both the rau data an.1 the theoretical tidal values , and
adjusts recorder resets by applying a least squares fit to the
25 o b s e r v a ti ons  be f o re and the 25 o b s e r v atio ns af ter  a l l  such
resets. This program also fills in all rlissing data points by
making a least squares fit to the 100 values before any data
gaps , searches for any possible offsets within such gaps and
corrects for the same by calling a reset adjustment sub— routine .
Finall y, bo th this edited data and the theoretical tide values
are pr inted and punched.

_ _  _ _ _ _
5..- -. .-‘ —~~~~ . - - - —- .—-~ 5.—.—-—. - — 

-
~ —
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Th e punch  ca rd  out put f r o m  EDIT b e c o m e s  t he  i n p u t  to  p r o g r a m
lIAR!-!. Th is harmonic analysis program carried out a coarse powe r
spec t ru m a na l y s is, prov iding the overall shape of the powe r
spec trums of the observed and theoretical tidal values , proc esses
bo th t h e  ed it ed a nd th e o r e ti cal  ti des wi th a tr end removal  f il te r ,
then print s out the resulting filtered tides along with listings
of the filter we ights and responses employed. Lastly, lIAR !-!
d ivides the filtered tides into sets of 671 hourly values ,
performing a classical Fourier analysis on each set individually
f o r  those  h a r m o ni c s w h i c h  c l o s e l y  co inc id e wi th the ma in t i da l
frequencies in the diurnal and semi-diurnal ranges. The program
as u sed perfor ms Fourier analysis on 14 such frequencies and
then prints out tidal amplitudes , amplitude ratios , phases and
phase d ifferences for those frequencies.

9.1.2 Data Used in Analysis

The records tha t were selected for harmonic analysis are
listed and the results summarized in-Table 3. In all cases ,
bu t fo r  those  nu m b e r e d  11 and 12 , 59—day rec ord periods were
utilized in order to provide data from two full lunar cycles
for program 11A1U1. For cases lb and 12, only one such per iod
was available , because of a malfunction in the TR G 61 recording
system. Cases I and 2 cover the same chart recorded data ,
mea sured  a nd r educed  i n d e p e n d e n t ly in 1 by 3. C. Harr ison on
a Benson— Lehne r OSCAR digitizing system at the University of
Colorado , and in 2 by the University of Hawaii. The resulting
smoothed da ta card decks were then submitted to the HA1114 program
80 tha t a c o mp a r i s o n  of the  a n a l y t i ca l  resu l t s co u ld be ob ta ined
for two independent sets of measurements. Cases 3, 4, and 5
are fo r  the three  sta t ions (F a i r b a n k s, Bo u lde r  and Me~cico City)
loca ted at widely differing la titudes but lying in similar
geolo gica l  prov inces. Cases 6, 7, and 8 are for the three
stations (t-fendover , Cra ig end Lamar) located at the same latitude ,
bu t lying in markedly different geological and structural
p r o v i n c e s.  C a s e s  9 and  10 a r e  f o r  t he  a d d i t i o n a l  d a t a  c o l l e c t e d
during the instrument interchange program at Craig and Lamar.
Cases 11 and 12 are for the cobocation program at the most
stable and favorable field station , Cr aig, Colorado. Cases 13
and 14 are for sl ightly overlapping time intervals at Honolulu
represen ting a mid-oceanic volcanic island and are inc luded to
furnish a compar ison with the data taken on the continent . All
nume r i ca l  values are as scaled from the records in octal counts.

9. 1.3 P a r a m e t e r s  D e t e r m i n e d

The four frequencies of prime interest in earth tidal
a n a l y s i s  occur  abou t 14, 15, 29 and 30 degrees per hour:
co r r e s p o n d i n g  to the  

~l (lu n a r ) ,  P1~~j  ( s o l a r  and l un i s ola r ) ,
M 2 ( l u n a r )  and S~ 1t~ ( so l a r  and l u nL s o l a r )  t i d e s.  Table  4 gives

— . - • - ——~~~~ — ——— — — — — r r-~ — - -— - —
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the adjusted amplitude ratios bet~iee n the observe— I and theoretical
t ides for a r i r ~id e a r th af t er  al l o~;in-~ for scale factor differences
in the instruments , t h e  d i f f e r e nce i n s c a l e  f a c to r f o r  the
1:arrison p-~ogram , and after uilterin~~, f o r  each  2~ — d a y sequenc e
(1 and 2) as -jell as the average for the entire 59—day sequences
(a). T~-e avera~~2 value of each 29—day sequ ence pair is believed
to furnish the most meanin gful result.

As indicated in the section on calibra Ion assessment , ad jus t ed
cal ibration factors of plus 3~/. fo r T~ G 31 and plus 2% for TRG 61,
as determin ed from the trilocation run of the three systems , we r e
employed in computing the adjusted gravimetric factors (8).
F i n a l l y ,  all values were multiplied by 0.953 in order to correct
for the apparent error in the factory calibration factor computa-
tions. These two sets of corrected values are also included in
Table 4.

T able  5 lis t s the p h a s e  d if f e r e n c e s  be tween  the p red ict ed
and obse rved tides for each 29-day sequence and also for each
seq uence pair . Positive values denote phase lags (those cases
where the observed tide lags the predicted tide) and negative
values deno te phase leads .

9.2 Crn-I!IEI-!TS 01! flESULTS OF 1~uiALY~~IS

9.2.1 Values of 6 and k for and ti
2

The results from the present study, for the most part , appear
to be self consistent and not significantly b i a s e d by ex per im e nt al
e r r o r  as a s sessed  by the spread in values for repeat observations
at the same sites using th e  same and different instruments.
}‘o w e v e r , the results do differ significantly from those reported
by }:arrison at al. (l9~~3) and  1~uo et a].. (1961) as brough t out
in Figu res 8, 9, 10 and 11. In Figure 8 in which the gravimetric
f ac tor (6 )  f o r  the m a in lu na r  d iu rn a l com p o n e n t  (o r ) is plotted
ag a ins t th e log of the d is ta nce f r o m the  P a c i f I c  co as t , it is
seen t i - a t  whereas there is agreement with the results of 1~Uo
at al. (l96~~) at ‘Tendover , i!evada, the b a s ic r e l a ti on def ined is
a crosscu tting one that gives bett er agreement in the flocky t’Its.—
111gb Pla ins areas with the I~ ? da ta reported by I~arrison et al.
(1~~53) for m id— ccntinent locations . Iloweve:, wh e n  the p h a s e
an gl2 (k) for the main lunar diurnal component Is similarly
eT:amined as a function of distan ce from the Pacific coast (Figurc

~), it is found that e:~cept for the value for 11e::ico City, wh ich
a p p e a r s  to be e r r a t ic , the da ta define an alignment parallel
to and 0.6° higher than that found by !~uo at al.
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The pl ot of 5 for the main lunar semidiurnol component (U2)
as a func tion of the log of the distance from the Pacific coast
(Figure 10), as t-,ith O~ , def ines a crosscutting relation to that
ob ta ined by I~uo eC al. and r~o~ ciar!:odly d if f e r e n t f rom t h a t
obtained ~,ith ICY data by Harrison et al. Again as with Ic (O

~
),

the plot of k for £12 as a func tion of distance from the Pacific
co ast defines a near parallel slope -rith a positive offset of
abou t 0.3° from that de em ed by 1~uo et al. The values k (0

~~
) and

k (‘
~.,) thercforc ~~rce bet t~~r ~.ith ~hosc defined by Kuo et 11, c~~ccçt

for Eeing sl ightly hi gh e r , than ¶-ztth t h e  ICY data , and a l thou gh
the values for 6 (1-12) agree better with the ICY data than with
Kuo et a1.~, th o s e  f or 5 (O

~
) agree w ith neither although there

are  po in ts in co mm on wi th ~oth .

The ca u se of th e s e  d i f f e r e n c e s  is no t c l e a r  bu t it does
appear there is some time dependent factor involved. This is
brough t out in Table 6 t-,here the results from the 1949 Royal
Dutch Shell sponsored earth tide study are compared with the
la ter ICY r e s u l ts and th e s e  in t u r n  w ith la ter  r e su l ts fo r the
same sites.

Al th ough da ta f a c t ors  su ch as dr i f t , da t a r educ ti on a nd
sample do play a role in determin ing wl-at values of 6 (~-12), 8k (d2) a nd k (O i) will be obtained , as t-,as bro ught out b y the
repea t measurem ents at Boulder , Cra ig and Lamar in this study,
it does appear that there is a negative progression in values
of 6 (I4~,) and 6 (0

~~
) at Honolulu which is the one site with the

leas t c~ ange in values and longest h istory of observations of
those for which compara tive observations are readily available.
Th is, however , does not appear to be the e::planation for the
marked d ifference in values obtained by the writers and ICuo et al.
(1969) in traversing the mid— continent reCion of the United
Sta tes along essentially the same track since the t ime difference
a t Bo u l d e r  ~-7as less than a year and at the other stations less
than two years. As I~uo et al give no information concerning
dr i f t o r c a l ibra ti on p r o b l e m s e n c o u n te red , bo th of wh ich the
wr iters found were real problems using the same type of instrument.~and made  by t~ie same m anufacturer , it is no t poss ib l e  t o  a s s e ss
uhe the.~ there is any e~:planation for the differences fr-m these
sources or not. The onl y thing that is definite is that both
I~uo eL al. and the writers appear to have obtained , on the whole ,
cons istent yet significantly different results for values of

~ (O s ), 6 (½)’ ~ 
(0~~) and I’. (I

~2
) as a f u n c ti o n of  d is ta n c e s

from the Pacific c ast.

9.2.2 Values of ~.5 and k f O r  0
1 

and

As there should be cons istent in phase relationships for
change s in value s of 5 and k for the two diurnal components of
the ear th tide (Oi a nd P1~~1 ) ,  the phase  . - r~ e value (

~ ) ~ind
the observed gravime tric values (6) with the last e3:pressea as

— ‘-  - - --—-~- “ — —  - - T ” ~
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Percentages for the difference (t6) relative to a pravim etric
fac tor (6) of 1.16 for these t’-io cor’.ponents are corinared in
Fi~~ure 12. A reference value of 6 1.16 was used since as shown
by Als on and Kuo (l9~ 4), this value appears to be a best representa-
tive value for the seismically defined elastic response of the
earth. It is also the value that was adopted by Kuo et al. (1969)
for theIr transcontinental program of tidal observations . As
seen frori Ficure 12 , except for the first and last occupation series
at Craip , Co1ora~ o ( Cases 7 and 12) an d the P o n o l u lu  ser ies , the
values of ~6 ( O )) are consistently about 1.5 per cent higher than
those for ~6(P 1~~1) relative to the standard values.

The values o f k ( 0
1
) indicate an average lap of :1°, and the

v a lues o f k (P  K1) indicate essentially no deviation , on average ,
fr om zero. T~ e Ronolulu observations , h o w e v e r , indicate k(01) ha s
a lead of 2 .10  and k ( P 1~~1), a lead of 6.1°.

For comparative purposes , the theoretical effect of ocean
ti dal load ing as de duc ed f r or ~ the smoothed pattern of changes
computed by Kuo et al. (1969) are also shown in Figure 12 for
M (0

1
) and k(r)1 ). Al though the agreement with the theoretical

values for 
~

6( ’
~~
) are within ±1 per cent of the theoretical

values , on average , the value for the second occupation of Craig,
C o l o r a d o  (Case  9) app ears  to be an e r r ati c , and de p ar ts abo ut 3
per cent from the theoretical value . There is no obvious explana-
tion for this erratic value , and attention is called to it since
it points u~ the fact that such err— itic values do occur at times ,
and with a sin”le series of observations can result in misleading
conc lus ions -

The comparisons “pith the theoretical values for
indicate a consistent nattern of about 2—degree lag, on avera ge ,
relative to the theoretical values. In this respect , the r e su l ts
are similar to those obtained by Kuo at al. (19~~9).

9.2.3 Val ues of A6 and k for “2 and  S
2
K2

The va lue s  fo r  ~6 and k for the semi—diurnal tidal components
( I  and S

2
K~ ) are plo tted as above in Figure 13. As there is an

obv ious protler. in the data for 6(”-1 2
) in the Alaska  da ta , this

value was omitted. There also appears to be a discrepancy in the
first series of observations at Craig (Case 7) in the value of
6(S ,K2). As the high values for ~6Ci,) and A6 (S2

K
2
) indicated for

lexico City are not out of line with those found in other parts
of the  wo r ld , they  a re accepted as being valid. That the
d i f f e rences  are not  r e l a t e d  to an i n s t r u m e n t a l  f a c t o r  is evident
in t h a t  the i n s t r u m e n t s  used in Alaska  and ~-t ex i co  w e r e  i n t e r c h a n g e d
at Lamar and Craig for independent series of observations , and
all three  i n s t r um e n t s  were i n t e r compared  on a tn — l o c a t i o n  run
to de termine relative differences in calibration and response.

As w i t h  k( ’) 1) ,  the re is a c o n s i s t e n t  lag in va lues  of k ( 9 2 )
t h a t  averages  s l i g h t l y  g r e a t e r  t h a n  2 . 5  d e g r e es .

_ _ _ _ _  _‘~ ~~~~~~~~~~~
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As Kuo at aL’s t~’eoretjcal values of t6(’~~) for ocean tidal
loading are essentially constant between ~Ievada

’and Kansas with a
mean value of :+~).2 per cent , the — ‘ore or less consistent nepative
values of ~— l per cent for M(:L,) found by the writers could be a
consequence of too large an adjüstrvent in the gravime-ter calibra-
tion factors . However , if the factory—furnished calibration
values had bean used t’ithout adju~-t~.ent , there would have bccn
si~~nificantly larger differences and in opposite sign.

For overall comparative purposes , all of the data (&S(0 1)
~6 ( P 1

t
~1), ~~~~~~~ ~6(S2K 2) with corresponding values of hi are

plotted for each observation site in Figure 14. As seen in Figure
14 all val ues of ~6 exce pt f o r  Cas e 3 an d Case  7 ( A l a s k a and th e
first occupation of Craig) , plus the Honolulu serics , wh ich
represent a different situation , define groupings of values that
depart in the sam e sense for each site from the standard value of
1.16.

9.3 RELATI ONS KBLATIVE TO THOSE OBTAINED BY KI~~ ET AL. (1969)

The transcontisenta]. tidal j~ravity investigation by Kuo at al.
(1969) defines a smooth averaged pattern of chan’e in A6(01) ,  k(01),and k(’12) across the continent. In the case of the diurnal

~~~~ 
components , there is very close agreement with that calculated

for the ocean tidal loading effect. In the case of the semi—diurna l
(0 1) components , the a~~re er~ent is much poorer , al thou gh the ge n e r a l
shape of the observed and theoretical curves for AtS (0

1
) and k ( 01)

are somewhat similar. The agreement for theoretical and observed
val ues of Aó (01) while within 0.5 per cent east of ‘

~anha tt an ,
Kansas deviates progressively in going west of ‘~anha tt an so tha t
observed values are significantly greater (:+4 per cent) than
theoretical values (2+1 per cent) at the Pacific coast. In the
c ase o f k ( 0 1) ,  o b s e r v e d  val ues , except at the Pacific coast ,
cons istently lag theoretical values by from 1

0 to 2° with the
grea test differences occurring between the Sierra Nevada Mountains
in California and the Wasatc’-i ~-iountains in eastern Utah (:30),and f r o m  the wes tern  Al le gheny Mo un tains in wes te rn P e n n s y l v a n ia
to the Atlantic coast (47). Although fitting a smooth curve to
the da ta f o r  k ( 0~~) results in no uncertainty in excess of (L3° f o r
the resulting pattern of change in this component in crossin,-
the con t inen t , there  is cons ide rable  unce r ta in ty in the v alues of

wes t of !ianhattan , Xansaa . The devia ti on of o b s e r v e d
values from the smooth pattern of change being approximately ±1
per cent of the standard value for each site vest of t~anhattan .
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The wr it e rs ’ measurements , wh ic h l ie be tween La m ar , Nebraska ,
and Tr endover , Nevada , result in intermediate spaced values for
Kuo et al. ’s observations at Nanhattan , Kansas ; D enver , C o l o r a d o;
Ephraim , Utah , and R e n o , Nevada , with the observation at Boulder ,
Colorado , bein - in effect a reoccupation of the Denver site used
by Kuo at al. As pointed out in connection with the semi—
logarithmic plots of the various tidal components as a function
of distance from the Pacific coast (Figures 8, 9, 10 and 11) , the
writers ’ observations only come close to agreeing with Kuo at al. ’s
observations on their projection through Wendover , Ilevada. At the
only observation point essentially in common (Boulder—Denver), the
writers ’ values for k(01) agrees closely (:0.5° lead) with that
of Kuo et al., b ut the va lue  of 

~
S ( O i) is —0.7 per cent rather

than +~~.5 per cent as determined by Kuo at al,. As a straight—
line projection can be drawn through Kuo et al . ’ s v a l u e s  f o r
Urbana , Illinois , ~anhattan , Kansas , and Ephraim , Utah , and s ince
Urbana lines up with Kuo et al.’s v a l u e s  f o r  Oxf ord , Oh io , and
Carlisle , Pennsylvania , it appears that the Denver value of Kuo
at  a l .  is in s i g n i f i c a n t  e r r o r  f o r  15(0 1) .  T h i s  is u n f o r t u n a t e
both because it is the only site where direct comparisons might
h av e bee n ach ieved , and beca use al l  o f the wr it ers ’ da ta in the
Rocky :!ountain—Pigh Plains region as a result disagree signifi-
cantly with the projected values across the area using Kuo et al. ’s
averaged pattern of change. [See Figure 15 in which values of

~~~~~~~ ~~~~~~~ 
k ( 0 1), and k (~-12) are compared.] This difference

also has a bearing on the reality of any crustal effect on earth
tidal response since Kuo et a~~. conclude from their data that
there is no crustal effect while the writers ’ da ta , on the other
hand , in combination with th~~. of Kuo et al. (if Kuo ~~Denv e r ob s e r v a ti on is d is r e g a r d e d  as be ing an e r r a ti c) sug ges t
that the gravitational earth tidal response is affected by changes
in crustal structure. This is brought out in the following section.

9.4 Ev idence for a Crustal Effect on Earth Tides

Itt Figure 16 changes in the key parameter values encountered
in crossing the continent (geology , gravity, crus tal th ickness and
mantle velocity) are plotted along with the changes in &5(0~~

) and
k ( 0 1) as de termined by Kuo at al. (1969) and the writers. The
theoret ical values for the ocean tidal loading effect as computed
by Ku o e t al ( 1969)  a re  also in c l u d e d  to show wha t is the bes t
est imate of the effect. The values for the Oi com ponent were
chosen  s in ce th is componen t shows the g rea tes t unex p la in ed
depar tures from the theoretical effect of the ocean tidal effect.
If a sup e r i m p o s e d  crus tal e f f e c t is in c o r p o r a ted in the
observed var iations in earth tidal response , it therefore
ap peared  th is migh t bes t be r e f l e c ted in the 01 componen ts.
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/ts seen in Figure 16 there are several geological and
g e o p i-iy s l c a l  q u a n t i t i e s  wh o s e  g r o s s  p a t t e r n  of c h a n g e  in  cr o s s i n g
the continent show a marked break in the mid— continent region.
T ere are surface elevation , the depth of the crystalline rod:
basement comple;~, tt-~e t h icknes s  of o v e r l y i n g  sed im en t s , the
Bou gu e r  g r av it y ano m a l y ,  the depth of the Uoho discontinuity
defining the base of the crust and the velocity of the under lyin- ’
mantle . Of these , however , there are only two , the depth of the
Hobo and mantle velocity, that appear to define a pattern that
bears a close resemblance to that for changes in A6 (01) 

and k(01).

To test whether there is any actual significance in ti-is
resemblance in patterns , the residuals for observed values of

corr ected for the ocean tidal loading effect t~6 ( O 1*) were
plo tted as a function of the depth to the mantle below sea level.
A s see n in F igu re 17 , excep t for 1:uo et al. ’s v a l u e s  a t D e n v e r  a nd
Re no all values fall within an envelope that defines a lineRr
relationship having a slope that defines 91.4 per cent decrease in
values of ttö (01) for 10 km increase in cruatal thickness.

Simi l a r l y ,  values of k(01) corrected for the theoretical
tidal loading effect k(01*) were plot ted as a function of the
depth to the mantl e , and as seen, all values excep t Kuo et al.’s
va]1ue for Point Arenas fall within an envelope having a spread
of about 1.3 degrees which define s essentially a constant lag of
ab out 1.3 degrees .

As a check as to whether these relations are purely fortuit3.s ,
the ob s e r v e d  v a l u e s  of 

~
8(Oi) and k(01) are  a l so  p lo tt ed in Figure

17 as a function of the depth to the mantle. Most of the values
do fall within narrow envelopes as before; hot-zever, the da ta for
three sites fall well outside the envelope for the values of
M(01 ). As before , two of these are Kuo at al.’s values for Reno
and floulder, and the third is that for Point Arenas . In the case
of k ( 01 ), Point Arenas is an erratic as before , and in add it ion ,
the value for Reno appears also to be an erratic . There fore , the
numbe r of a p p a r e n t l y er r a t i c  v a l u e s  and the  more pronounced devia-
tions noted for these erratics in the plots of 

~
6 ( O i

) and k ( 01)
is s ign i f i c a n t ly different from that for the uncorrected values
of 

~~~~~~~ 
These d i f f e r e n c e s , in hav ing fewer erratic values

and smaller dev iations in t he  v a l u e s  c o r r e c t e d  f o r  the ocean tidal
l o a d i n g  e f f e c t , strongly suggest that the apparent crustal effect
is rea l .

A n a d d i t i o n a l  s u p p o r t i n g  l ine  of ev idence  t h a t  c r u s t a l  e f f e c t s
a re rea l  is t h a t  r e p o r t e d  by Me ich io r  (1967) f o r  regional
he terogeneity in earth tidal response in western Europe .  The
anomalous response, which is for the I-i, component for tidal til t
recorded in mine s with quartz horizontal pendulums , is brough t
ou t in the following tabulation of values wh ich correspond to
essen tially an East— tleat traverse of t he  Ar de nne s m a s s i f  i n Bel~~it ~-,
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Northern Traverse 15 N—S 6 E W

Sclalgneaux 50°30’N 5°OPE 0.88 0.88

Rcm oucha mps 50°2 9’N 5°42’E 0.41* 0.85

Vielsaim 50°16’N 5°42’ E 0.42* 0.71

Southern Traverse

Dourbes 50°06’N 4°36’E 0.45* 0.86

~ irmifontaine 48°50’N 5°23’E 0.75 0.77

Luxembourg 49°3PN 6°08’E 0.66 0.82

Durlach 49°03’N 8°28’E 0.36* 0.74

*Anomalous

As seen from the above , th e values of 6(M 2) in the N—S
component are definitel y anomalous at Remouchamps , Vielsaim ,
ar.d Dourbes (all of which overlie the Ardennes massif) in that
there should be under normal conditions some degree of similar—
ity between the values for the N— S and E—W components. It also
is to be seen that the value in the N—S component for Durlach
on t~~e east side of the Rhine graben , and in a different geo-
logical province , is also anomalous.

These results therefore do appear to support the writers ’
interpretation of the results reported here in the western
United States.
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Appc �nd i : :  on C a l i b ra t i o n  A dj u s t m e n ~
for TRC InstruMents Used

/~s indicated in the te::t, it appeared that an adjustment
in inst rumen t caljb-:atjon t i as  needed , a n d  t~~at a rev iet-, of the
m a n u f a c t u r e r ’ s m a n u a l  on t.-e fac tory calibration method indicatcd
that this ~ias justified . T1-~e per tinent pa3es from the manufac—
ture-~- ’ s manual are reproduced on the followIng pates . The
adjustment as worked out for one instrument is sho~ n below .

Calibra tion Gravity Scale
height equ ivalent deflection

_Ldi1__ 
____

Sta n d a r d  30.33 cm 100 ~ ga l  20 .6 divisions

Zenne r vol tage applied 99.5 23.5

Howeve r, the elevator test indicates

Standa rd 30.33 cm 95.20563 ~ gal  20 .6 d ivisions

Zenner voltage applied 94.-C 20.5

On the basis of the above the original and adjusted
cal ibration factors are :

Fac tory value Correction Corrected value

TIW 36 V~~.5 .952957 94.3

61 101.7 .952957 96.9

31 103.9 .952957 103.8

_ _ _ _ _ _ _ _ _  ~~~~~~~~~~~~~~~~~~~~~~~~~~ 
--



Fro m : TRG Manua l

SECTION 14

INSTRUMENT CALIBRATION

The calibration of gravimeters in the microgal region is

well rec ognized as a very difficult operation. Extrapolation of

data in the milligal range down to the inicrogal range could lead

to low accuracy; therefore , wh at is nee ded i s known grav ity  c h a n ges
of microgal magnitude. The calibration method used for the TRG-l

is patterned after the method devised by Dr. John Kuo of Lamont

Geological Observatory. This procedure requires first that

measurements be made to determine the gradient curve in the loca-

tion where the calibration is to be made. Once this is known ,

small elevation changes can produc e the small known gravity changes

that are required. A gradient curve has been obtained for the

laboratory location by repeated measurements in a nearby 9 story

building and by using an elevator for small elevation changes in

t~-.e laboratory . The assumption has to be made that in the linear

rt~~c~ of the curve for the highest elevation range , t h e

gradient is 308.6 micro gals per meter . The top four flosrs of the

building used were found to be in the linear portion of the

gradient curve.

The elevator system used for small elevator changes consists

of a pulley arrangement where the gravimeter can be raised and

lowered while the meter is left unclainped . This arrangement

provides the known small gravity changes that are required. From

this it is possible to establish the volts per rnicrogal sensitivity

value. However , a more flexible procedure has been devised where

a con stant force can be applied to the beam and upon the determina-

tion of the value of this force from the gradient changes , a

bu ilt— in calibration system is provided for future use. This force

is applied by means of a calibration capacitor plate. The force

between two capacitor plates is of the form F = K ( E 2/ d 2 ) where

the plate area has been Included in K since it is constant and d

is plate separation. The plate separation Is made large as

compared to a Ad which is caused by the application of calibration

-

~

r ~~~~~~
- -

~~~~~~~ 
- 

~~~~~~
- -

~~~~~~~~~



• v o l t a g e .  The v o l t a g e  is  s u p p l i e d  fr o m  a Z e n e r  d i o d e  r e g u l a t e d
s o u r c e .  The c a l i b r a t i o n  plat e i s  m o u n t e d  above t h e  be am t o w a r d s
the hin ge and away from the mass.

The f o l l ow ing cop ies of part  of a recor d of an el evat or run
and of a calibration plate run show how the measurement s are made.

Both runs extend over a full tidal cycle in order that sufficient

measurements can be made to provide the accuracy needed.

In using the calibration plate for measurements , it would be

well to have more than one calibration deflection to measure , and

the calibration voltage must be left on at least two hours for

best results. The calibration plate factor for a particular meter

is lis te d at t he  f r o n t  of the  manu al for  tha t m eter .
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