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Recent tests of the inverse-square law over geophys ical d istance scales 

have been prompted by the reported results of Stacey and his coworkers 1 and 

F ischbach e t  a l . 2 The first group revived A i ry ' s3 method of determin ing G by 

measur ing the change in grav i ty down a mineshaft and found a s ign ificant lG/G 

1 % ;  the second group reanalyzed the results of the te s t  of the weak equ ivalence 

principle of Eotvos e t  al . 4 and proposed a new mid-range compos i t ion-dependent 

" fifth force . "  Al though the hypothesized " fifth force" is compos i tion

dependent ,  for experiments sens i t ive to its range and strength only , we may 

wri.te the potential energy of two point test masses due to the new force as : 

-r/\ 
e 

v5 = -G M 1 M2 · a �r� ( 1 )  

where >. is the range and a is the strength parameter of the interact ion . 

Assuming this Yukawa parameter izat ion of the puta tive non-Newtonian 

i n teraction the orig inal results of Stacey et al . suggested a , -0 . 007 ± 0 . 004 

and \ - 200 m. Uncertainty i n  the topographic correct ions is one problem which 

has been po inted out by Bartlett and Tew . 5 

Ander e t  al . 6 performed an A iry-type measurement using a borehole in the 

Greenland i ce-cap . However , the advantages of the homogenei ty of the i ce were 

somewhat outweighed by the uncertainty in the dens i ty of the underlying 

bedrock . The results  of this experimen t ,  wh ich at first appeared to g ive 

evidence of non-Newtonian gravity , now seem to be inconclus ive . 

Eckhardt et al . 7 avoided the uncertainties due to dens i ty inhomogenei ties 

and problems associated w i th downward continuation toward bedrock by measur ing 

the var iat ion of grav i ty on a towe r .  J n  this scheme , data from a comprehens i ve 

gravi ty survey and knowledge of the topography around the tower are used to 

pred i c t  grav i ty at each level . They i n i t ially reported an anomaly wh ich could 

have been attribu ted to a Yukawa term with a = +0 . 02 and with a range = 300 m ,  

b u t  also noted that the i r  resu l t  is cons istent with that o f  Stacey i f  a 

theoret ical model with two Yukawa terms is assumed . These results have been 

questioned8 and the most recent work by Eckhardt9 gives results whi ch are 

consistent w i th Newtonian gravi ty .  The experiment of Thomas et al . 10 confirms 

this . 

In August 1 988 we dec ided that an independent experiment would help clari fy 

the s i tuation , and undertook to perform a tower test of grav i ty .  The Erie  

tower ,  a lthough shorter than the WTVD7 and BREN9 towers , is conven iently located 

near our lab . I t  also has temperature and wind speed instrumentat ion at a l l  

e ight levels ,  i s  stable , a n d  stands o n  nearly f l a t  ( out to 20 k m )  and easily

surveyed terrain . 
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Because of concerns about possible systematics due to the effects of tower 

v ibrat ion on the gravimeters , an invest igation of the stab i l i ty of the tower was 

undertaken firs t .  The measurements of t i l t  and hori zontal accelerat ion of the 

tower at w ind speeds of 2 . 4  ms- 1 produce a calculated systematic error of at 

most 2 x 1 0-8 ms-2 in measured gravity at the 295 m level . The precise he ights 

of each tower level ( g iven in Table I )  were determined using an electron i c  

d is tance measurement dev ice ( EDM) which w e  cal i brated ourselves . Measurement of 

the he ights at d i fferen t temperatures y ields the expected thermal expansion of 

the s teel tower ( 1 . 35±0 . 05 )  x 1 0-5 ° c .  Th is expansion coeffic ient was used to 

adjust the grav ity measurements made at d i fferent temperatures to a standard 

heigh t .  

I n  all ,  27 series of measurements ( loops ) were taken o n  the tower during 

August , September , and October 1 988 ; 13 of these were retained . Several ear l i er 

series were rej ected because of the h igh stat ist ical var iat ion due to our 

i n i t ia l  lack of expert i se in making measurements on a tower . Two LaCoste

Romberg G-type gravimeters ( G 1 1 5  and G 1 3 9 )  wi th e lectrostat i c  feedback were 

employed . These meters were cal ibrated us ing seven grav ity stat ions in Colorado 

w h i ch include the range of gravi ty values on the tower . The uncertainty in the 

cal ibrat ion factors led to an uncertainty of 9 x 1 0-8 ms-2 over the range of the 

tower . Th is was obtained from the standard error of the least-squares fit to a 

l in e . 

The raw grav i ty data were corrected for earth t ides and values of grav i ty 

for each tower level sampled within a measurement loop were calculated using a 

least-squares fit  to a l i near d r i ft model . Correct ions were made for cyc l i cal 

screw errors and drift ; together these amounted at most to 20 x 1 0-8 ms-2 . We 

estimate the systematic  uncerta inty due to wind as 5 x 10-8 ms -2 for the 300 m 

gravi ty value and scale the w ind effect w i th he ight so uncertain t ies can be 

assi gned to the values at the lower levels . Th is value for the w ind effect is 

i n  fair agreement w i th the measurements referred to and calculat ions . The 

gravi tational attract ion of the tower and its foundation were adequately 

compensated for by the upward continuation except at 295 m where the attract ion 

of the tower required a 1 x 1 0-8 ms- 1  correct ion . The results for grav i ty 

values relat ive to the tower base for each level are l isted in Table I .  

To take into account the effect of local topography and subsurface dens i ty 

var iations we made a local survey compris ing 265 stations within 8 km of the 

base of the tower ( 1 9 1  were within 800 m and 70 within 60 m) supplemented w i th 

DMA l ibrary gravity data . The relative elevat ions , latitudes and long i tudes of 

the grav i ty stations ly ing within 800 m of the tower were independently surveyed 

by us . I n  total we used about 2 6 , 000 measurements in a 4° x 5° area , 2640 
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TABLE I .  Comparison between measured and Newtonian pred ict ions . 

Observation Measured 6g pred i cted 6g measured-predicted 

Height ( m )  ( 1 0-5 ms-2 ) ( 10-5 ms-2 ) ( 1 0-5 ms-2 ) 

8 .  1 98 -2 . 556± . 009 -2 . 55 1 ± . 0 1 0  - . 005± . 0 1 3  
2 1  . 9 1 2  - 6 . 789± . 0 1 0  -6 . 784± . 0 1 0  - . 005± . 0 1 4  
4 8 . 568 - 1 4 . 986± . 0 1 0  - 1 4 . 994± . 0 1 1 . 008± . 0 1 5  
97 . 323 - 3 0 . 000± . 0 1 0  -29 . 99 1 ± . 0 1 2  - . 009± . 0 1 6  

1 4 9 .  1 36 -45 . 908± . 0 1 1  -45 . 9 1 4± . 0 1 5  . 006± . 0 1 9  
1 97 . 896 -60 . 892± . 0 1 2  -60 . 890± . 0 1 8  - . 002± . 022 
2 4 9 .  7 1 8  -7 6 . 800± . 0 1 3  -76 . 802± . 02 1  . 002± . 025 
295 . 438 -90 . 8 1 6± . 0 1 4  -90 . 837± . 023 . 02 1 ± . 027 

measurements in a 1 °  x 1 °  area and 402 measurements in a 1 0 '  x 1 1 '  area centered 

on the towe r .  

The pred ict ions o f  grav ity at the observing platforms were made in two 

stages : first , the global and regional fie lds were modeled as the sum of 

spher i cal harmon i c  functions , centr i fugal accelerat ion , the earth ' s  atmosphere , 

and the attract ion of po int mass sets . The resolution is of the order of 1 -2 km 

in the immediate v i c i n i ty of the towe r .  Th is representation is adequate outside 

a radius of about 20 km around the tower . The second stage treats the res idual s  

( the d ifferences between t h e  measured field and t h e  global/regional mode l ) 

w i thin the 20 km rad i u s .  

The global/reg ional model starts w i t h  a spher ical harmonic expansion of the 

grav i tat ional potential of degree and order 8, plus cen t r i fugal acceleration due 

to the Earth ' s  rotat ion . Th is model is  refined by the add i t ion of the attract

ions of five mass sets centered on the tower w i th spacings of 5 ° , 1 ° ,  1 5 ' , 5 '  

and 1 '  ( 30" ) for model (model 2) in lati tude and longi tude , at depths equal to 

the i r  hor i zontal spac ing and of horizontal exten ts which get smaller as the grid  

spac ing decreases . These mass sets are determined from deviations of the 

grav i ty field from the standard ell ipsoidal model which are est imated prima r i l y  

from terrestrial gravi ty measurements o n  t h e  North American cont inent and from 

sate l l i te a l timetry over the oceans . The 5°  x 5°  mass set can be considered to 

add detail down to 1 0 °  wavelength , the 1 °  x 1 °  set to refine this deta i l  to 2 °  

wavelengths , and s o  on . The residuals i n  the two cases ( model 1 and model 2 )  

are quite d ifferent but the platform values , computed a:> the sum o f  the model 

plus upward continued surface res iduals ,  are in agreement to w i thin the i r  un

certa i n t i es . Th is provides a check as to whether the granularity used was fine 

enoug h .  The average of t h e  resu l ts of these two models is shown in Table I .  
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In v i ew of the proximity of the Erie tower to the Rocky Mountains , an 

addi t ional compl ication to model ing gravity in mountainous terrain must be 

considered . Anomal ies are est imated at fine ( about 1 km) granularity on the 

topograph ic surface , then continued analyt ically down to sea level , and averaged 

into blocks of d imension appropriate to the granular i ty of the point mass 

sets . The point masses of the global/reg ional models are fitted to these sea 

level averages and g ive an unbiased representation of the average field on level 

surfaces above the topography . Mass sets of granularity finer than 5' are , 

howeve r ,  f i tted to res iduals on the topographic surface . In fac t ,  the Erie 

tower i s  far enough from the Rocky Mountains that these problems , which are 

associated w i th the model ing of gravity in mountainous terrain , g i ve r ise to a 

correction only of the order of 1 3  x 1 0-8 ms-2 to the predicted gravity 

d i fference over the height of the towe r .  

When finding the residual field inside 20 k m ,  the surface field i s  first 

est imated as a grid of values representing averages over 30" x 30" or finer 

blocks . As the topographically-corrected Bouguer anomalies vary more smoothly 

than the field itse l f ,  the irregularly spaced gravity observations are reduced 

to Bouguer anomal ies . These anomalies are in terpolated onto the des i red grid 

and gravity values recovered by reversing the Bouguer correction s .  This i s  

accompl i shed b y  u s i n g  t h e  appropr iate mean topograph ic elevations . These 

elevations are usually obtained from DMA ' s  d i g ital terrain elevation data base 

but w i th in about 2 . 5  km we hand-digitized 3" x 3" mean elevations from large 

scale topograph i c  maps contoured at 10 foot intervals . Even this refined 

topographic model contains s ign i ficant errors and the density of gravity 

measurements w i thin 800 m of the tower is h igh enough that these 

topograph ically-der ived est imates were corrected using our own elevation 

observat ions . 

Values computed from the spherical harmon ic/point mass model were 

subtracted from the gr idded est imates of surface grav i ty . These residuals 

were continued analytically to a plane through the base of the tower using 

Four ier series techniques , 1 1 and then to the platform levels using the Poisson 

integral . Gravity values were then computed as the sum of the spherical 

harmonic/point mass model and the continued res idual field . Uncertainties in 

the upward continuation are based on collocation techniques . 

D i fferences between the measured and predicted gravity intervals are 

g i ven in Table I .  Agreement of the measured values w i th the Newtonian 
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predictions is clearly excellent and the val idity of the inverse-square law 

under the condi tions of the exper iment is confirmed . This agreement i s ,  i n  

fact , rather better than expected from the estimated standard errors . These 

errors are very d i fficult to est imate and our values are evidently somewhat 

conservative . The res iduals of the present experim•�nt are shown together w ith 

those of other tower experiments in F i g .  1 .  

A Yukawa potential of the type in Eq . ( 1 )  would pred ict a d i fference i n  

accelerat ion between a point at height z and a point e n  the ground equal to 

2nGpa A ( e-Z/A _ 1 ) ,  for « rad ius of the earth , where p is the densi ty of the 

earth ' s  surface . F igure 2 illustrates the constraints placed by this 

exper iment on such an interact ion . Also shown are the constraints placed by 

other recent exper iments . 
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Fig . 1 .  The dotted l ine corresponds to the Newtonian pred iction . The BREW 
tower result  is from data in Ref. 9 .  The WTVD tower points are from 
the result in Ref . 7 .  
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Fig . 2 .  Excluded strengths ( a )  and ranges ( \ )  for a s ingle Yukawa model are 
in the area above the curves at the 1o leve l . Shaded regions repre
sent pos i tive results . The log ( a )  graph { a )  is for an attractive 
force , the log( -a )  graph ( b )  i s  for a repuls ive force .  Sol id curves 
labeled A represent this wor k ;  curves labeled B are from data in Ref.  
9 ( note that Thomas et al . use the opposite sign convention for a ) ; 
curves C-G are from Refs . 1 2- 1 6 ,  respect ively ; curve H is from data 
in Ref . 1 .  
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