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Fig. 6. Theoretically cal
gravity gradient

Contour interval

. -
culated distribqtionﬁof the horizontal -

above the model of the main Ledoyo pillar.

10 E.U.

(see fig. 3). One point is located at the centre of the considered
space volume on the main pillar’'s surface, the second one - at the
edge of this pillar and the third one — at the centre of the other
nearly located pillar. The observed gravity differences were
approximated with the second degree polynomial, resulted dependences
are shown on fig. 7.

The most interesting results are the following: 1) above the point
located at the centre of the main pillar the vertical gravity
gradient increases with height but above the point located at the
edge of this pillar it decreases with height that is more naturally,
2) the value of the second vertical gravity gradient above the second
pillar is at least three times larger that above the point at the edge
of the main pillar.

We have carried out also special measurements of gravity gradients
according to described techniques above all three points during the
daytime and nighttime (with the time interval about 12 h). This
experiment was repeated 1 month later. The short-period variations of
the vertical gravity gradient were registrated in both cases at
all points and are about 2 - 3 mcGal/m. The long period variation is
statistically significant only for the point at the center of the
main pillar and is about 4 mcGal/m (see fig. 8).

We believe that the reason for this phenomena may be in variations
of hidrogeological conditions in the near vicinity of observation
points. This guestion' must be very good understood in order to make

the space reduction with an precision about 1 mcGal really possible.

3. About the possibility to observe horizontal gradients variations

To our opinion, in this context it may be of interest to make the
permanent recording of horizontal gravity gradients variations inside
of absolute gravimetric laboratories. We have modernized for this aim
early manufactured in USSR simple field quickly operated torsion
balance gradiometer. We have developed the original 4-channel optical
system of registration on the base of CCD-scales and Spectrum-—
cbmputer. We have achieved in stationary conditions the accuracy about
0.1 E.U. in 10 min. of observations and have carried out calibration
and detailed investigations of sensitive systems dynamical
properties. After the complete analysis of data we plan to begin the
next step of our work -~ the construction of new multi-aimed device
with the help of our chinese friends. It will be used both for

stationary observations with ¢.1 E.U. precision and for field
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FLOOR-GRAVIMETER SYSTEM RESPONSE WITH JILAG-4

F. J. Klopping and G. Peter
National Geodetic Survey, Charting and Geodetic Services,
NOS, NOAA, Rockville, MD 20852

Abstract:  Floor-gravimeter system response affecting free-fall absolute gravimeters, such as
the types developed at the Joint Institute for Laboratory Astrophysics (JILA), reduces the
ability of these devices for making high-precision measurements. Quantification and removal
of the floor-gravimeter system response components from each individual drop accurately
corrects for this effect. Based on over seventy site occupations, it was found that at sites, which
are:characterized: by thick floors orfloors connected to bedrock, the majority of the floor-
gravimeter system response errors were under 5 gGal. However, it was also seen in one case,
that observed gravity from two consecutive setups at a given site can differ by close to 40 yGals
due to this effect. - The magnitude of the errors and their successful reduction using the
corrections. developed by Klopping et al. (1990) is discussed and demonstrated on JILAG-4
results.

Floor .rebound or floor recoil has been described as one’ of the potentially troublesome
systematic errors: affecting the JILA-type absolute gravimeters (Niebauer, 1987). It causes
systematic variations of the optical path length in one of the arms of the interferometer due to
vibrations of the interferometer and the dropping chamber. In addition to the floor rebound
characteristics, the instrument setup (such as dropping chamber tripod rigidity, tripod-floor
coupling, .and vibration dampening techniques employed) can also significantly influence the
amplitude and frequency of these vibrations and the resulting systematic error. Because of this
additional role of the instrument, the use of the term "floor-gravimeter system response” is
preferred in discussing this phenomenon. 3

The position-errors of the falling corner
cube retroreflector due to systematic
vibrations caused by floor-gravimeter
system response appear as the sum of
decaying sinusoids in the least squares
residuals (Figure 1). An introduction
dealing with -the potential magnitude of
this problem,-and with a method that
allows for . its- correction ‘was given in
Peter et. al, (1990); detailed explanation
of  the -mathematical filtering’ method,

nanometers
<

-3
which quantifies and removes these ! ! I T
sinusoids (including tests of the method), 0.00 0.03 0.10 0.15 020
was given in Klopping et al. (1990). seconds

The . potential problem that floor- Figure 1. Systematic floor-gravimeter response signal
gravimeter system response may -cause in the cumulative least squares residuals of 250 drops
and the effectiveness of: the filtering before (thin line) and after (thick line) removal of the
method was highlighted in a recent data dominant sinusoids.

set obtained at an absolute gravity station

in Bergen Park, Co, U.S.A.." Shortly after

the beginning of the measurements it was noted that the observed absolute gravity values were
close to 30 pGals higher than the previous value obtained at this site. Because this difference
was larger than that expected due to environmental effects, and because another site nearby was

occupied just a few days earlier with close Bergen Park, 1990 ( sets 1-12 & 13-30)
agreement with the previous gravity ’

value, the performance of the instrument
became suspect. The measurements were
stopped after the 12th 250-drop set, and
following a series of checks, realignments, o}
and tripod adjustments, the
measurements were restarted. At this
time the drop set mean gravity values "
were about 10 pGal lower than the o \,{“H%
expected value, which was within MB%QW
acceptable limits, considering the size of -}

the usual environmental corrections that
were to be added. 2

nanometers
3

~~Borles 9 Baries 2

. . . : ) . . . .
0 26 650 76 100 125 160 175 200 225 250
TIME { msec. )

Serios Res. Correction Froquencies
1 -%3 uQal 13, 24, 33
2 +13 udat 11, 26, 40

Figure 2 shows the floor-gravimeter
system response signals in the least
squares residuals before and after the
adjustments. These responses are
considerably  different from those
obtained customarily before 1990 (Figure
1), because beginning this year vibration Figure 2. Systematic floor-gravimeter system response
dampening pads are used under the feet signals in the least squares residuals before and after
of the tripod and the interferometer. instrument adjustment.

"Series 1" in Figure 2 refers to the

averaged floor-gravimeter system

response for the first 12 drop sets; "Series 2" is the same for drop sets 13 to 30. The mean
dominant frequencies and mean corrections for the two setups are indicated.

Figure 3 shows the distribution of the drop set means for the two halves of the measurements
without and with the correction of these data for floor-gravimeter system response. As shown,
the 36 tGal offset in the original distribution has been eliminated by application of the filtering
process (Klopping et al., 1990).

These results imply that gravity values obtained with two absolute gravity instruments with
different floor-gravimeter system response characteristics could disagree significantly when
occupying the same site. While large amplitude and low frequency oscillations in the least
squares residuals could alert one to a serious potential problem, the magnitude and sign of the
error cannot be obtained without the detailed analysis and removal of the disturbing signals.
The problem in Bergen Park was noted by the observers only because the previous absolute
gravity value was known at the site, and because the observed gravity difference between this
and the previous occupations was larger than what could be expected due to the changes in‘the
environmental conditions at this site.

Without the ability to quantify the gravity error due to floor-gravimeter system response,
disagreements with previous gravity values are often blamed on instrument biases and changed
environmental conditions. This is particularly common when station reoccupations are years
or decades apart. The results above suggest the need.to reexamine these disagreements and,
where possible, to add corrections for floor-gravimeter system response.

Computations using synthetic gravity data indicate that 1 nm (nanometer) amplitude sine waves
simulating floor-gravimeter system response could cause a maximum error between 40 pGal and
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50 pGal between 5 Hz and 10
(Klopping et al., 1990; Peter et al., 19'
In real data thus far only a
occupations showed dominant sysi
response frequencies in the vicinity o
Hz. The amplitude and ph
relationships were such in these c:
that the errors (or corrections) w
between 8 yGal and 23 pGal, much lo
than the potential maximum. At
majority of the sites occupied thus far
lowest dominant frequency was abov:
Hz, and even with a common amplit
of 3 nm, the corrections rarely reachec
nGal.

An analysis of about seventy
occupations revealed that at 5% to 1
of the sites, the combination of non-ri
floors and/or slight imperfections in
tripod to floor coupling have caused
in observed gravity. At approximately
gravimeter system response errors we
85% of the errors were under *5 pt
different reoccupations of gravity sta
for floor-gravimeter response errors

The mean gravity value (transferred t
Park is 979 469 128.3 uGal, with a sc
The June 1990 occupation, with the -
corrections applied to the appropriat
Corrections for system response fo
determined from 100-drop time-dista
station occupations. These correcti
respectively. The uncertainty estimat
1Gal, and 4.6 pGal for 1987, 1988, an

Another gravity value was obtained in
This value was rejected, however, bec
station occupation, and 2) the charact
throughout the measurements, and w
and last) 100-drop time-distance dat
system response corrections was indi
obtained by this (rejected) measurem

Based on the JILAG-4 station occupat
response be determined and correct
Absolute Gravity Basestation Netwo
monitoring of temporal gravity variat

; 4]
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Figure 3. Distribution of drop set mean gravity values

site  without (Series 2) and with (Series 1) the corrections

J?S for floor-gravimeter system response.

4t

the

ip to +20 Gal floor-gravimeter system response errors
50% of the sites, which were on solid bedrock, the floor-
e under 2 pGal. For all site occupations thus far, about
sal. Differences among gravity values obtained during
iions have been substantially reduced, when corrections
vere applied.

o the floor mark) based on three occupations at Bergen
tter (standard deviation from this mean) of *2.4 uGal.
3 #Gal and + 13 pGal floor-gravimeter system response
> drop sets, gave a gravity value of 979 469 130.7 uGal.
- the 1987 and 1988 Bergen Park occupations were
ce data sets collected at the beginning and at the end of
ns were -2.8 fGal and -2.2 uGal for 1987 and 1988,
:s of the individual gravity values were +4.7 pGal, +4.3
d 1990, respectively.

Bergen Park in 1988, with the instrument raised by 2 cm.
wse of 1) excessive temperature fluctuations during the
r of the floor-gravimeter system response signals varied
rre different from that seen in the two available (initial

sets. Therefore, while the need for floor-gravimeter
:ated, these could not be computed. The gravity value
2nt was 979 469 135.3 uGal, £6.6 pGal.

lons, it is recommended that the floor-gravimeter system
ed for all instruments measuring at the International
k (JAGBN) sites, and at sites used for high-precision
ons.
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A TOWER GRAVITY EXPERIMENT: PAST, PRESENT, AND FUTURE

by

/wnestis J. Romaides
Air Force Geophysics Laboratory, Hanscom AFB, MA, 01731

Paul Kasameyer
Lawrence Livermore Nitional Laboratory, Livermore, CA, 94550

ABSTRACT

Previously reported results from the AFGL tower gravity experiment conducted on a 600 m
television tower in Clayton, NC, indicated a departure from Newton's inverse-square law of
gravity. The departure was of the forin of an attractive non-Newtonian component to gravity
modeled as the derivative of a Yukawa potential, and asymptotically approached -540 uGal at the
top of the tower. Refined analyses inclu ling the addition of high frequency terrain information and
additional gravity data in the upward continuation algorithms led to the disappearance of the
supposed non-Newtonian effect. AFGI. now finds no conclusive evidence for a non-Newtonian
force with a scale length, 1, on the orde; of several hundred meters. The results, when combined
with those of the LLNL experiment peiformed on the BREN tower, put tight constraints on the
possible Yukawa coupling coefficient ar d scale length parameters of e and 2. AFGL is planning a
follow-up tower experiment, near Green/ille, MS, that should provide even tighter constraints.

INTRODUCTION

It has been known for some time using satellite and planetary orbit determinations that the
inverse-square law accurately describes gravity over very large distances. Also from laboratory
experiments it is known that the inverse-square law holds over very short distances. But for the
range 10 m to 10 km there was a dearth of data, comparatively speaking, and over this range it was
conceivable that the Newtonian gravitational constant, G, could differ from the laboratory value by
as much as 1%. Inrecent years many experiments have been performed to determine if in fact the
inverse-square law holds over the intermediate range between the laboratory and satellite ranges
known as the "geophysical window.” Most of these early experiments known as Airy-type
experiments involve measuring gravity in mines and boreholes as a function of depth, and
comparing the measurements with predictions of gravity based on Newton's law. Frank Stacey at
the University of Queensland in Australia had been performing these type of measurements for
some time. He made several measurements of gravity down a 1 km mine shaft and compared the
measurements with the predictions based on a layered-earth model. The measurements
consistently disagreed with the predictions (by 0.7%) suggesting that perhaps gravity is not as
simple as Newton envisioned it. Stacey's results could be explained if the gravitational potential
equation were modified to include the effects of an intermediate-range force which operates to
counteract gravity over short distances (Stacey et al., 1981). The modified potential would be of
the form

A =- M1 + qe-rlh)

where the first term is the Newtonian gravitational potential of infinite range and the second is a
limited-range Yukawa potential with parameters a, the coupling coefficient, and 4, the range. Just
such a force had been postulated by Fuji (1971) who set the force parameters as a=0.33 and 1=
10 - 1000 m. Clearly if these results were correct they would rock the very foundations of
Newtonian physics. Consequently, they were not taken too seriously until 1986 when Ephraim
Fischbach published the results of a reanalysis of the EStvds torsion balance experiment. What
Fischbach found in the analysis was a correlation between gravity and baryon number (which is
equal to the number of protons and neutrons in objects). This composition dependence to gravity
was consistent with a short-range repulsive force (the "fifth force") with = -0.007 and 2=200 m
(Fischbach et al., 1986). The results implied objects of different composition would fall at
different rates contrary to the fable about Galileo dropping two different sized cannon balls off the
tower of Pisa. A flurry of experiments ensued in an attempt to investigate the possible existence of
a fifth force in nature (also referred to as non-Newtonian gravity). The experiments fell along two
lines: One set of experiments was searching for a compositional dependence to gravity (e.g.,
Boynton et al.,1987; Thieberger, 1987; Stubbs et al.,1987, Adelberger et al.,1987). The other set
comprised the geophysical experiments which merely sought to examine a possible breakdown of
the inverse-square law (e.g., Stacey and Tuck, 1984; Holding er al.,1986; Hsui, 1987). In
measuring gravity down a mine or borehole one must accurately know the density of the
surrounding rock; any unmodeled inhomogeneities could easily mimic non-Newtonian gravity.
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We at the Air Force Geophysics Laboratory (AFGL) and Lawrence Livermore National Laboratory
(LLNL) reasoned it was far better to measure gravity up a tall tower where the density of the
surrounding air was much easier to model. Also since air is much less dense than rock, any
modeling errors would be minor in nature.

THE EARLY RESULTS

In 1987 AFGL performed an experiment in Clayton, NC, where gravity was measured at
various elevations on a 610 m television transmitting tower. The tower was the WTVD-TV station
in Durham, NC. Also an extensive array of gravity measurements were made on the ground in the
vicinity of the tower (< 5km). The ground data were then merged with existing surface data in that
area, provided by the Defense Mapping Agency (DMA), creating a data base of gravity values that
extended to about 200 km from the tower. The surface data were upward continued using two
independent techniques (Romaides er al., 1989). After eliminating all possible sources of error in
December 1987 AFGL announced the results which indicated a significant departure from the
inverse-square law asymptotically approaching -500 pGal at the top of the tower. After several
months of open discussions at conferences with physicists and geophysicists it was felt best to
publish the results (Eckhardt et al., 1988) and allow the debate to continue in the scientific
literature. " In the subsequent year as more data both on the ground and on the tower were collected,
and the upward continuation calculations refined, the effect grew to about -540 nGal. Using the
Yukawa potential we obtain a model of the observed discrepancy given by

9o(2) - gm(2) = 27Gpad(e-Zr- 1)

where go(2) = observed gravity and g;(2) = measured gravity. Performing a least-squares fit to
the WTVD results using p = 2.67 g/cm3 and z = elevation above tower base, obtains the force
parameters o= 0.023 and 1 = 283 m. Note the « in the results is positive thus yielding an
attractive force versus a repulsive interaction posited by Stacey and Fischbach. Although this
supposedly was the final AFGL result, we continued to be our own worst critic by searching for
possible unsuspected errors. We also shared our data with all other individuals or agencies who
were interested in examining our results.

In late 1988 David Bartlett of the University of Colorado at Boulder analyzed the terrain in
the vicinity of the WTVD tower and claimed that the surface data did not do an adequate job of
modeling the local topography. Bartlett's claim was that the terrain within 1 km of the tower forms
a local-hill which if not properly modeled neatly explains the non-Newtonian effect (Bartlett and
Tew, 1988). Examination of this claim eventually led to the discovery that the surface data (mostly
beyond 2 km) used in the upward continuation did not accurately represent the topographic features
in the area. Most of the AFGL data, as well as the data in the DMA data base, were taken near
roads which are easily accessible but higher in elevation than the surrounding local terrain. In
other words the surface data were biased towards the higher elevations. In an effort to remove the
bias the tower site was revisited, and some additional surface data at several selected low-lying
areas was collected. After including the new surface data in the upward continuation, the
discrepancy between observed and predicted was reduced to about -340 pGal. Even this addition

of data did not totally correct the problem, however, as there we still biases in the data (Figure 1).
One could easily see how these remaining biases could reduce the effect down to the noise level of
the data thus yielding a null result. The only way to remove all the terrain biases was to terrain
correct the surface data prior to upward continuation then add the terrain back at altitude.

THE TERRAIN CORRECTION

Obtaining quality digital terrain data and performing the terrain correction to the data turned
out to be the most tedious and time consuming portion of this experiment. There are two aspects to
the terrain correction procedure, The first is the removal of the high frequency terrain information
from all the gravity measurements. Once this is done, the remaining. gravity field should only
possess long wavelength components and thus be adequately modeled by the existing survey. The
second involves upward continuing the effect of the terrain and adding it to the upward continued
gravity at altitude yielding consistent gravity predictions which can then be compared with the
observations.

Ideally what one would like to have when performing an upward continuation is gravity
information at every point on the Earth's surface. Obtaining gravity everywhere is clearly
impossible but detailed terrain information is readily available from large scale topographic maps,
and provides an excellent substitute for high frequency gravity information, The terrain in a 10 km
radius about the WTVD ‘tower was digitized using 7.5 arc-minute US Geological Survey (USGS)
topographic maps. The accuracy of the elevations on the maps. were quoted at half a contour
interval or 1.5 m. Prior to implementing the digitization we provided USGS with the survey data
whose elevations were known to 2 cm. - Vince Caruso of the USGS compared the elevations with
those of the topographic maps and found that 71% of the map elevations were within half a contour
interval of the data points. There were some outliers, however, with some differences as high as
3.4 m. Using the computed differences between the data points-and map, the digitized elevations
were adjusted to agree with the surface data; after which three nested grids were constructed. The
innermost grid was of 5 m spacing and extended +165 m from the tower. In constructing this grid
a two step procedure was employed: First the adjusted digitized terrain was gridded and the values
of the grid intersections were printed out to determine how well they compared with the survey
data (within 165 m of the WTVD tower there were a total of 40 survey points). Due to the
imperfect nature of the gridding, the adjustment was not good enough given the fine structure of
the grid that was being used. So the grid was manually modified to fit the data better, and then
using both the modified grid and the elevations of the survey points a new and final grid of terrain
elevations was constructed. The middle grid was of 33'm spacing and extended #2574 m from the
tower. This grid was first digitized by AFGL but later Marc Zumberge the University of California
at San Diego provided us with a similar grid which he had obtained with the aid of an electronic
digitizer. (Zumberge used the grid in a paper he and Robert Parker were writing on ideal bodies.)
Although this grid only differed from the other grid by an rms of 2 m, it was deemed to be the
more accurate and was the one finally used. The outermost grid was of 99 m spacing and extended
19999 m from the tower. In all the digitizations that were done the WTVD tower which was
shown on the USGS map was used as the origin of the coordinate system. Unfortunately this was
not the actual tower but an older tower 23 m to the east which had been taken down prior to the
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construction of the new tower in 1979, Because of this, all of the grids had to be shifted for the

elevations to be consistent with the pos.
Using the three nested grids the

tions.
terrain was modeled as a series of right rectangular prisms.

Formulae for computing the gravitatic nal effect of such prisms exist (Forsberg and Tscherning,
1979) and were used to remove and ¢dd terrain information mathematically. The mean of the
digitized clevations (89.455 m abovi. mean sea level) served as the datum plane for all the

calculations. Each survey point out to

™

where Agp = Bouguer anomaly, Agr=
the density p = 2.67 g/cm3, and the th

0 km was Bouguer corrected as follows:

gb = Agy - 2xGp(hy-h)

free-air anomaly, G = Newtonian gravitational constant,
ckness of the Bouguer slab is the difference between the

elevation of the survey point, fi,, and ihe mean elevation of h =89.455 m. For points inside 5
km a terrain correction was applied resiilting in terrain-corrected Bouguer anomalies given by

Agp =

where Ag:is the terrain correction. I

Agr- 2nGplhp-h) + Agy

this scheme all the hills above the mean elevation were

mathematically removed and the valley s below this elevation were mathematically filled. Because

of the mathematical removal of mass, i
of always positive as in the classical :
long-wavelength content suitable for u;

is possible for the terrain correction to be negative instead
ense. The end result was a very smooth gravity field of
sward continuation. Employing the same formulae used in

the terrain correction, the gravitational attraction of the terrain at the various tower elevations was

computed.

THE FINAL RESULT

The data set used in the final ujyward continuation consisted of terrain-corrected Bouguer

anomalies out to 5 km, simple Bougue
km. The Bouguer anomalies were upw
that was removed (< 10 km) was subse
terrain corrections were only performes
for the effect of the terrain out to 200 ks
were biased towards higher elevations
they are all in the same area, namely
correcting out to 10 km, some rudime
What was found is that indeed the bias
Taking into account the computed bias¢
m from 18.6 to 200 km, a small add
obtained. When all the corrections we
with the measurements, almost the ent
appears to be some residual curvature |

anomalies 5 to 10 km, and free-air anomalies out to 200
ard continued, and the gravitational attraction of the terrain
quently added back at the various tower elevations. Since
within 10 km of the tower, some estimate had to be made
n. Given the fact that the near-tower gravity measurements
it was logical to assume all of the data were biased since
the North Carolina coastal region. Despite only terrain
itary terrain calculations out to 18.6 km were performed.
does continue out to 18.6 km at an average of about 6 m.
s from 10 to 18.6 km and assuming the bias is a constant 6
tional correction to the upward continued anomalies is
¢ taken into account, and the final predictions differenced
re non-Newtonian effect disappears (Table 1). There still
«ft (Figure 2) but it is hardly suggestive of non-Newtonian

gravity. Thus we find no conclusive evidence for non-Newtonian gravity for a scale length of
several hundred meters.

The final result is in good agreement with that of the LLNL experiment which was
performed on the BREN tower and got a null result (Thomas ef al., 1989). Although neither
experiment can totally rule out the existence of non-Newtonian gravity the results can be used to
put tight constraints on its possible range and magnitude. In constraining the Yukawa potential
parameters of a and 2, it was discovered that one must include correlation effects which if
neglected make the constraints seem stronger than they actually are (Kammeraad et al., 1990).
This arises from the fact that there are correlated errors that have a significant effect on the final
constraints. In general, measurements of gravity on the tower made at different times are
independent. There is some correlation between gravity measurements made in the same loop, but
generally readings taken in different loops are uncorrelated. In the prediction of gravity, however,
the same surface gravity data were used for each prediction and hence the predicted values are
highly correlated. The total variance of the observed minus predicted values on the tower is given
by the matrix

Zpirr= Zyc + Lrow

where Zyc is the variance matrix of the upward continued gravity anomalies, and Lrowis the
variance matrix of the gravity measurements on the tower. Because the tower measurements are
uncorrelated Trowis diagonal, but Zycis not, and does contain off-diagonal elements which
significantly affect the results. We merged the results of the WTVD and BREN towers taking into
account the effects of correlated errors, and obtained constraints on @ and 1. Figures 3 and 4 show
the allowed regions for any possible non-Newtonian forces for the WT'VD and BREN towers
respectively. After merger of the two data sets the constraints on e and A become slightly tighter
(Figure 5). Note the z2 = 5% line is slightly smaller after the merger. It is difficult to see how
further improvement can be achieved without either reducing the errors or collecting additional
data. LLNL continues to work on the upward continuation by using isostatic anomalies which
have a small truncation error but are much smoother than the free-air anomalies used here;
however, these data represent the final AFGL results for the WTVD tower.

THE FUTURE

At this point one could make an argument for concluding the experiments on non-
Newtonian gravity. After all, a null result has been obtained which is what most physicist have
looked for all along. Furthermore, improvements in the current experiments will be difficult to
achieve especially given the meticulous care taken. But physics does not end when an expected
result is achieved or improvements in experimental methodologies prove difficult. Examination of
Figure 5 shows that there are still zones of allowance for non-Newtonian gravity. (Further
constraining possible non-Newtonian gravity in these zones is of more significance to physicists
than geodesists and geophysicists.) We plan to investigate these regions to determine if there could
still be some additional undetected force albeit much weaker than previously expected. We still
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believe tower experiments are the best way to investigate possible non-Newtonian forces with scale
lengths of several hundred meters. Another tower experiment in a more advantageous area should
resolve any lingering problems. Ideally we would obtain more accurate results which could be
used to further constrain non-Newtonian force parameters.

The two major problems in North Carolina were the inaccessibility of certain areas and the
lack of good terrain information. These are two problems AFGL hopes to avoid in the next tower,
After a comprehensive search of all tall towers in the U.S., we narrowed the field down to three:
A 610 m tower in Greenville, MS, a 628 m tower in Fargo, ND, and 2 610 m tower in
Tallahassee, FL.. We decided on the tower in Greenville, MS, as the best possible site for the next
experiment with the other two towers serving as backups. This tower is the WABG-TV television
transmitter constructed by Stainless Inc. and has several advantages: 1) The area surrounding the
tower consists mainly of plowed fields and is therefore very accessible with the exception of a few
trees and streams. 2) The local topography is free of major hills and valleys (Figure 6) mostly due
to the fact that the tower is only about 40 km east of the Mississippi river. 3) There is an
abundance of existing gravity on the surface surrounding the tower with the data being very
uniformly distributed throughout the area; and the gravity field being rather featureless. 4) There
exist high quality digital terrain data which can be used in the necessary terrain computations of the
entire data set. 5) Finally this tower does not contain a great degree of communication equipment
and should be very stable.

Why should this tower be any different than WTVD or BREN, and what more do we hope
to gain from another experiment? When the ground survey for the new tower region is done, GPS
will be used to position the points. This should provide extremely accurate vertical and horizontal
positioning superior to the data in North Carolina. The availability of quality digital terrain data
and the benign nature of the local terrain should provide much more accurate terrain-corrected
Bouguer anomalies. As a test of smooth gravity field in this area, we attempted to perform an
upward continuation just using the data that were available. We selected a data set circularly
symmetric about the tower and extending to 200 km (Figure 7), then rotated our data selection
template 4.5 degrees and selected another data set from the existing data. We upward continued
both data sets which consisting of free-air anomalies using the Fourier-Bessel/Numerical
Integration method. The results (Table 2) show that at the top of the tower the two sets give
identical results which lends confidence to the future results where much more accurate data close
to the tower will be available. Naturally the error estimates are high due to the fact that the only
existing data are of 1 and 2 mGal accuracy, and sparsely distributed near the tower. Once a
detailed regional survey is completed, the proposed error budget for the Greenville tower is

Error Source Error [uGall
Upward Continuation Error 25
Measurement Error 14
Scale Factor Error 9
Drift Correction Error 5
Tide Correction Error 3

6

Position Error

which results in a total rss error of 31 pGal at the top of the tower. If achieved, this represents a
25% improvement in the error estimate from the WTVD tower., More importantly, the flat terrain
will insure a lessening of the systematic effects such as biases in the terrain. Finally, in the latter
days of the tower experiment we constructed a temporary platform that we used to clamp to the
tower and place the gravimeter to take a measurement, the reason being there were elevations that
we wished to collect data where there were no platform gratings upon which to measure gravity.
As it turned out, this platform was much more stable than the existing platform gratings that we
previously used, and our aim is to use this platform for all the measurements in the second tower.
All these factors combined with greatly improved upward continuation algorithms (Jekeli et al.,
1990; Romaides er al., 1991) should enable us to achieve results with smaller error estimates than
those of the WTVD tower. The final step will be to take all of the tower results and merge them’
with some other geophysical experiment, such as a reservoir experiment (Stacey and Tuck, 1984),
which is only sensitive to shorter ranges (10 - 50 m). In doing so we should be able to further
constrain any possible non-Newtonian force parameters within the geophysical window, and
perhaps close the chapter on this very interesting period in gravitational physics.
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FIGURE CAPTIONS
Table 1. Observed Minus Model Differences and Associated Errors

Figure 1. The bias in elevations out to 18.6 km from the WTVD tower. The solid line consists of

azimuthally averaged elevations digitized off 7.5 minute USGS topographic maps after the map Elevation Above Fourier-Bessel/ Estimated Least-squares  Estimated
elevations had been adjusted to our control points. The boxes connected by a dashed line are mean Tower Base ~ Numerical Integration Error Collocation Error
elevations of our survey data out to 5 km. Beyond 5 km the numbers are the mean of existing [m] [nGal] [nGal] [nGal] [nGal}
DMA data.
0.69 -14 23 -3 20
Figure 2. The final observed minus predicted values with their associated errors. The error bars 7.58 24 23 14 21
contain all known errors including the effect of terrain bias beyond 18.6 km. The diamonds are the 9.38 28 23 19 21
Least-squares collocation method and the boxes are the Fourier-Bessel/Numerical Integration 23.07 21 25 15 23
method. 45.93 1 26 0 23
68.76 -19 28 -17 24
Figure 3. Allowed regions for aand A for the WTVD tower (12 degrees of freedom) with 93.92 -6 29 -2 25
correlated errors of the surface data taken into account. Any particular set of 2 contour lines 192.17 8 35 15 30
represents the probability of exceeding the observed 32 statistic as a function of different model 283.58 -22 38 -13 34
parameters o and A. The one-sided 95% confidence interval for these parameters is represented by 379.54 -28 38 -17 35
the 5%. The 32 = 30% contour line represents the one standard deviation. 473.24 -18 42 -5 40
562.27 17 43 32 43

Figure 4. Allowed regions for aand 4 for the BREN tower (11 degrees of freedom) with
correlated errors of the surface data taken into account. The 72 = 30% contour line again
represents the one standard deviation.

Figure 5. The constraints on « and A for the combined WTVD and BREN tower data (23 degrees Table 2. Greenville Tower Upward Continued Anomalies

of freedom). Note how the one standard deviation line is brought in after the merger yielding a

slightly smaller allowed region. Elevation Angle =(° Angle = 4.5° Error Estimate
[m] [mGal] [mGal] [mGal)

Figure 6. The topography within 40 km of the Greenville, MS, tower as obtained from elevations

of gravity stations in the existing DMA data base. The data used to construct the contour map are 50 10.157 10.099 1.750

fairly uniformly distributed throughout the area with no preponderance of data in any given 100 10.159 10.111 1.487

direction. 150 10.154 10.113 1.354
200 10.137 10.102 1.266

Figure 7. The surface data that were used in the upward continuation. The figure depicts 2189 250 10.114 10.086 1.199

points (selected from 50292 available) contained in 40 spokes separated by 9°. The rotated data set 300 10.087 10.065 1.146

{not shown) contains 2166 points and also consists of 40 spokes but rotated 4.5° from the first set 350 10.057 10.039 1.102

creating a set of spokes that fall exactly between the first data set, 400 10.025 10.011 1.065
450 9.990 9.979 1.032
500 9.952 9.945 1.002

550 9.915 9.911 0.975

600 9.877 9.877 0.950
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THIRD GENERATION GYR
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Gerald L. Shav
Air Force Geophysics La

The Third Generation Gyro (TGG)

gyroscope (Figurel). The wheel i

hydrodynamic gas bearings and is driv
cylindrical float (Figure 2) is fully flc
fluid provides rotational damping and
flotation fluid volume over temperatur:
It is of some importance that the
housing cavity. A flotation error will
of radial accelerations and orientatior
which directly perturb the gyro. Fo
anomalous weight reductions reported
Hayasaka and Takeuchi reported
down orientation, that is linearly pro
angular frequency. For a rotor 2.26 ¢
rpm they observed an apparent weight
of such a weight shift (which would

) -- NO EVIDENCE FOR ANOMALOUS
T REDUCTION

by

¢ and Anestis J. Romaides
soratory, Hanscom AFB, MA, 01731

is a single degree of freedom floated rate integrating
suspended in the float by two hemispherical
en by a two phase, dual hysteresis spin motor. The
ated in a concentric housing. The viscous flotation

changes.

loat be neutrally buoyant and centered within the
esult in radial motion of the float; and, in the event
i changes, these float motions cause fluid torques
» this reason the TGG should be sensitive to the
»y Hayasaka and Takeuchi.

weight reduction, only in the spin vector pointing
sortional to the rotor mass, radius of gyration and
1in radius, weighing 175 g, and spinning at 12000
reduction of about 11 mg. The predicted magnitude
appear as a buoyancy shift in the TGG) can be

determined from the gyro's operating parameters. Using an equivalent wheel radius of 1.6

cm, a spin rate of 32000 rpm and a whe
of about 6 mg. The capability of the T
magnitude better than this. During te
oricntations (including spin up and sp
have been reported refutes the claim th
the rotational sense about the vertical aj
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el mass of 56 g gives an expected weight reduction
3G to sense buoyancy shifts is nearly two orders of
ting and calibration the TGG is operated in several
in down). The fact that no such anomalous shifts
t weight changes will be experienced depending on
is.

allistic Missile Office and Warren Fitzgerald of the
the detailed information on the Third Generation

buoyant support and a bellows assembly maintains
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1. Majorana’s Proposed Mc¢
F=G

h i
p isdet

dification of Newton's Inverse-Square Law'

hMer2 exp(- [np dr) (1)

; Majorana constant.
sity along integral path.

2. Effect on Ratio of Gravitati

P
a

'Q. Majorana, “On Gravitat
Philos. Mag. 39, 488-504 (19
tania, Sicily, was an ltalian pt
with the renowned ltalian the
who was also born in Catania.
names that the (Quirino) Majo
cy than it warrants.

2Henry Norris Russell showec
this expression, it is the apprc
Theory of Gravitation”, Astroph

ynal Mass to Inertial Mass for Spherical Body?

is density of body.
is radius of body.

on. Theoretical and Experimental Results”,
0). Quirino Majorana (1871-1957), born in Ca-
ysicist and engineer. He is not to be confused
oretical physicist Ettore Majorana (1906-1938)
It is, perhaps, because of the identity of their sur-
ana theory has been accorded far more legitima-

that, with a factor close to 3/4 on the RHS of
priate equation. H. N. Russell, “On Majorana’s
/s. J. 54, 334-346 (1921).

3. The Heliocentric Viewpoint

Newtonian Physics: The Earth and Moon travel around
the Sun at the same mean distance, Ap, the same mean
angular rate, n, and consequently, in the same mean
orbit with the same mean acceleration toward the Sun,
n? Re. Although they perturb each other, both instanta-
neous orbits are always concave toward the Sun.

Majorana Shielding: The Weak Equivalence Principle is
violated, so the centripetal acceleration of the Earth is
slightly less than that of the Moon. Because the mean
rates are locked to each other, §(n2 Re) = n2 6Re.

4. The Geocentric Viewpoint

Newtonian Physics: Because of solar perturbations (not
to mention other sources), the orbit of the Moon around
the Earth is complex. Nevertheless, the orbit can be mod-
eled and measured precisely.

Majorana Shielding: The constant heliocentric offset, 5,
manifests itself as §r = R, the amplitude of a (synodic)
monthly perturbation in the Earth-Moon distance.
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5. Order of Magnitude Estimation of Effect on Earth-Moon Orbit
lpale > [pal

é’_(I~[M@} - M@] ~h
Ao M I [M/e po&o

o, is amplitude of monthly perturbation of orbit.
R is distance to Sun (about which both the Earth and Moon orbit).

7. Geophysical Estimates Based on Earth Tides
HarrisonS: h < 107'% cm2/g

Slichter etal®: h < 8.3x10 "% cm?2/g (50% confidence)
h < 26x10™cm2/g (95% confidence)

6. Order of Magnitude Calculation

pe = 5.5 g/cm3

ag = 6.4x10%cm

Ao = 1.5x108¢cm
o <4cm@

h < 10"2cm2/g

Detailed Analysis*
h £ 1.0x10°2 cm2/g

34. G. Williams, R. H. Dicke, P. L. Bender, C. Q. Alley, W. E. Carter, D. G.
Currie, D. H. Eckhardt, J. E. Faller, W. M. Kaula, J. D. Mutholland, H. H. Plotkin,
S. K. Poultney, P. J. Shelus, E. C. Silverberg, W. S. Sinclair, M. A. Slade, and D.
T. Wilkinson, “New Test of the Equivalence Principle from Lunar Laser Rang-

ing”, Phys. Rev. Lett. 36, 551-554 (1976).

4D. H. Eckhardt, “Gravitational Shielding”, Phys. Rev. D. 42, 2144-2145
(1990). This calculation uses dr = 0+4 cm from Reference 3, so it is at the 68%
confidence level. This is a conservative estimate because the lunar laser rang-
ing experiment has since narrowed the uncertainty to about +1 cm.

8. Conclusions

For detecting Majorana shielding, analysis of lunar laser
ranging data is approximately one million times more sen-
sitive than analysis of earth tide data.

To a very high precision, there is no Majorana shielding.

Moreover, Majorana’s theory is physically untenable with-
out major modification. The reason for this difficulty and
an approach to overcome it are given in the Appendix.
Then the altered theory conforms, more or less, with the

recepts of classical field theory even though it is ungain-
y, intrinsically barely plausible, and observationally un-
substantiated.

SJ. C. Harrison, “A Note on the Paper ‘Earth-Tide Observations Made during
the International Geophysical Year”, J. Geophys. Res. 68, 1517-1518 (1983).

6L. B. Slichter, M. Caputo, and C. L. Jager, “An Experiment Concerning
Gravitational Shielding”, J. Geophys. Res. 70, 1541-1551 (1965).
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9. Appendix: Majorana Shieldin
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F = - (F/r )F whose dive

V.F-
Because Equation (2) re
forced to be the gradient o

also be modified for the e¢
way of doing this is to mak

and

Thus (2) becomes V2¢ =
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versal constant. With the ¢
&)
is now suitable over all spa
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2 r from a source of mass M. According to
the magnitude |F| of a radial vector
jenceis

1d -
L8 (12F) = hpF. )

yresents a non-conservative field, if F is
a potential on the LHS, then the RHS must
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i:':-vqb

F= ¢¥ =M/r2=|V¢| =F

- hp¢® M which can be made marginally
/ and proffering « rather than h as a uni-
ddition of a source term,

= 4mp- apy?
ce. The Lagrangian density of the field is

‘6 -4mpo+ ap 93,

jin the Procrustean Bed of Classical Field Theory



MicHEL DENIS
DOMAINE DE LA BATAILLE
7. RUE GUSTAVE-CHARPENTIER
78370 PLAISIR
TéL. 30.54.23.43

EXFERIMENTS ON GRAVIT
DURING THE TO AR E
IN FINLAND ON 23 JULY 1990

ABSTRACT

Author has recorded significant gravity anomalies by use of
a short response time relativ gravimeter. This apparatus is
derivated of an industrial dynamometer, it uses high gain
optical ‘amplification.

Gravity bursts:have been highlighted from 16 minutes-after
the -begining of the eclipse until 8 minutes after the maximum.
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Video recording can be shown on SECAM television set.
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EXPERIMENT WITH THE PARACONIC PENDULUM DURING
THI: TOTAL SOLAR ECLIPSE
JULY 22, 1390 IN REGION OF BIELOMORSK

L.A. Savrov, R.A. Kashcheev, F. Pedrielli

State Stern! ierg Astronomical Institute, Moscow USSR
. Kazan University, Kazan USSR
Ferrara University, Ferrara Italy

Abstract. The behaviour of the faraconic pendulum before and after eclipse is characte-
rized by the permanent chan;ze of the azimuth of the plan of oscillation of pendulum as the
analog of Foucault effect. Th 2 computer control and the photorecording are shown that the
behaviourof pendulum durin 3 the eclipse distinguishes qualitatively from usual. The results
have to be analyze carefully.

The idea of experimen: is to study the motion of the paraconic pendulum during the
solar eclipse like it was in e:;periments of prof. M. Allais /1/. Our group took part in the
international scientific expecition organized by State Sternberg Astronomical Institute in
the region of Bielomorsk-city in North Karelia.

The construction of the pendulum made by L. Savrov (fig. 1) was this time different
from previous /2/ : the niob um cylinder body instead of bronze lens body, the rod and
stirrup were made of titnium 1 0 avoid the electromagnetic influence. The mass of pendulum
is 376 gramm, and the length is 20.5 cm, it was suspended by steel ball 3 mm in diameter,
the support was made from high-carbon polished steel (fig. 2). The laboratory of Pr. F.
Pedrielli provide us by spec.al photoelectric sensor linked directly to PC-286 to control
the start of pendulum (Fig. Z 3).

Automatic starting mechanism was placed under pendulum (Fig.3). The construction
has bef,n put in the steel vacuum camera (Fig. 4), the pendulum was started by remote
control,

The beam from a source of light reflected by the small mirror F]aced on the top of
pendulum forms a spot on the surface of sensor. The oscillations of pendulum give the
vertical lightline on the surface of sensor and the change of azimuth of the plan of oscillation
has to be shown on the surface of sensor as an analog of periodic curve.

Each start of pendulum was imaged immediately on display of PC, we could see the
curve with its essential characteristics (form, period, harmonics and s.0.). After some time
the spot was gone from the surface of sensor, and the recording continued on photofiim.
InFig. 5 one can see the pictures of photofilms before during and after eclipse. Even these
rather bad images give the possibility to state that the picture during eclipse distinguishes
from pictures before and after. The lightsource worked in permanent regime, so we received
the films without traces of curves but with different kind of blackness of their surfaces.
The degree of blackness corresponds the velocity of the change of oscillation plan of
pendulum, less slowly the azimuth changes, more black is the film.,

Conclusion. It takes a time to analyze and interpret all datas especially that in memory of
PC. We consider our installation as a first model and experiment as a first step. Now we
have the possibility to construct a new instrument and hope that the future experiment will
advance us to the solution of this problem.

References

/1/ MF.S. Allais, Should the laws of gravitation be reconsidered ? AERO/SPACE
Engineering September, October, November 1959, Vol. 18,n° 9, 10, 11.

{2/ L.A. Savrov, Paraconic pendulum : proposal to detect the gravity screening effect
during the full solar eclipse. Il Nuovo Cimento, Settembre-Ottobre, 1989, Vol. 12C,
N°5.
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Since then, most empirical investigations of gravity absorpﬁion
have brought null results, i.e., no detectable absorption. The
outcome is then a bound on the absorption coefficient A, based on
the estimated accuracy of the experiment. Three main types of
observations have been used: laboratory experiments, variation in
apparent gravity (magnitude and direction) during solar eclipses,
and the motion of celestial bodies. Gillies (1987) gives an ex-

tensive bibliography.

In laboratory experiments, Majorana (1920) found a positive
effect, A = 2...7 x 10°12 g-lcm?, depending on the material of
the shield. The latest laboratory-scale measurement is apparently
that of Braginsky and Martynov (1968), yielding a null result
A <1 x 10-12 g-lcem?,

If the absorption law is valid, the moon acts as a shield during
an eclipse and the attraction of the Sun decreases in the zone
where the Sun is at least partially obscured. Were the whole
Earth wuniformly subjected to the same decreased attraction, the
earth-bound observer would only see the effect in the solar tide.
It would be modified in the same proportion as the solar attrac-
tion, i.e. extremely little in absolute terms. However, since the
decrease hits a relatively small slice of the Earth, to first
order the plain decrease itself should be observed (excluding
e.g. secondary atmospheric attraction effects due to temperature
changes) . This should work independently whether the Sun is below
or above the horizon of the observation site. So far all experi-
mental work seems to have been done with "visible" eclipses. Then
gravimeters should show a increase in gravity. The plumb line
(down) should be pushed away from the sun, whether below or above

the horizon.

To give an idea of the magnitudes involved: One pgal is about
1.7 .x 106 of the total solar attraction. For the February 15,
1961 eclipse Slichter et al. (1965) calculated that the decrease
8a (in pgal) in attraction towards the Sun at totality and the
absorption coefficient lambda (in g-lcm?) were related by

A = 1.42 x 10-15 %a
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80 in order to constrain A below 1 x 10-15 g-lcm? it suffices to
constrain gravity change below 0.7 nugal for a zenithal (ox
nadiral) eclipse, or to constrain the change in plumb line below
0.14 milliseconds of arc for an eclipse close to the horizon.

Tidal gravimeters were first used by Brein (1957) and Tomaschek
(1955) during the June 30, 1954 eclipse. Results from the
February 15, 1961 eclipse were reported by Caputo (1962, 1977),
who found A < 0.6 x 10-15 g-lcm?, by Sigl and Eberhard (1961) who
only state that A is certainly below Bottlinger’s value
3 x 10-!'5 g-lcm?, and by Tomaschek and Groten (1963) who give
A < 0.7 =x 10715 g-lem?. They all wused horizontal pendula.
Dobrokhotov et al. (1961), Slichter et al. (1965), and Venedikov
(1961) wused tidal gravimeters. The most detailed analysis seems
to be that by Slichter et al. (1965), who found for the vertical
component da; < 0.471 pgal on the 95% level. The elevation of the
Sun was 15° which put only 26% of the attraction on the vertical,
80 A < 2.6 x 10-15 g-l1cm? on the 95% confidence level.

Arnautov et al. (1983) show a plot of absolute gravity measure-
ments during the July 31, 1981 total eclipse in Novosibirsk, but
do not comment it. The standard error is about 2 pgal, and no
special effect can be seen.

In a different vein (no eclipses), Harrison (1963) noted that
shielding of the Sun’s attraction by the Earth itself should show
up in the tidal amplitude at the period of the solar day, and be
discernible in observations made close to the equator, where the
tide at this period is very small. His null result was that the
amplitude is less than 2 pgal, or A < 1 x 10-15 g-lecm?. With the
wealth of tidal observationss accumulated since it should now be
possible to improve considerably on that.

The tightest bounds for A come from observations on the movements
of celestial bodies. Russell (1921) pointed out that because of
self-shielding the ratio of gravitational to inertial mass would
not be the same for the Earth and the Moon. This should show up
as an influence of the Sun on the Earth-Moon system. Eckhardt

(1990) wused the results of lunar laser ranging to show that
A= 0.0 % 1.0 x 10-21 g-lem?,

I report here briefly on absolute gravity measurements made in
Finland during the July 22, 1990 total solar eclipse. The eclipse
was not favorable for gravimetric observations: it took place at
sunrige. The altitude of the Sun at totality was only 4.7° at the
obgservation site. That was about the highest one could get in
Finland. On the other hand, two permanent tidal stations with
clinometers were in the zone of totality. Their results will be
published elsewhere.

2, The experiment and results

The absolute gravimeter JILAG-5 of the Finnish Geodetic Institute
belongs to the series of six instruments built by J.E. Faller and
his associates at the Joint Institute of Laboratory Astrophysics
(JILA), National Institute of Standards and Technology and
University of Colorado, Boulder (USA). For a description see
Faller et al. (1983), Niebauer et al. (1986), Wiebauer (1987),
Zumberge et al. (1982).

The approximate eclipse statistics are shown below:

Observation site lat = 62°40’ N, long = 30°56’ B, h = 160 m
First contact at 01:02:04 UT

Totality from 01:52:45 to 01:54:11 UT

Maximum at 01:53:28 UT

Altitude of the Sun at maximum 4.7°

Fourth contact at 02:46:50 UT; duration 1 h 44 min 46 s

At totality only 8% of the Sun’s attraction is on the vertical. I
have not calculated the shielding effect for the present eclipse.
Using the value of Slichter et al. (1965) for the February 21,
1961 eclipse as an estimate, the absorption coefficient A (in
g-lcm?) and apparent gravity increase da;, {(in ngal) at totality
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to ring down. This latter event seems to

have caused a Jjump in the results (Figure 1,c). Possibly the
spring had already drifted outside its proper working range

before adjustment.

After the variations at the diurnal and at the semidiurnal period
and the jump are eliminated, the residual standard error of one
set mean is 2.5 pgal (Figure 1, d). Neither Figure 1, (d) nor the
enlarged section (t+ 12 hours around the eclipse) in Figure 2 show

any anomalous gravity variation during the eclipse.
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relative accelerations are small, much smaller than the 8.81 EE we

s
experience on our spaceship - the Earth - relative to its center of

mass. The accelerations are smaller by 10°7 to 10™° at 1 m from the
center of mass. They have their cause in the fact, that each point in
space senses the gravitational attraction of the Earth in a slightly
different manner, the main effect coming from the Earth's almost
spherical mass. But also its flattening and all mass Inhomogeneitles
inside the Earth and on its surface contribute to the relatlive accele-
rations. It is therefore only logical that one reverses this reasoning
and tries to determine the structure of the Earth's gravitational
field from the preclise measurement of the relative motion of two or
more adjacent proof masses in free fall. This is the principle of

satellite gradiometry.

2. Gradiometry and Geometrv.

Let us view this situation from a slightly different angle.
Newton, when working on his law of gravitation, was Inspired by a
falling apple. Referring to the theory of gravitation as the tale of
the falling apple, it would be appropriate to view gradiometry as the
story of two falling apples. In their famous book on gravitation
Misner, Thorne and Wheeler (1973) made thls point clear. In one of
thelr examples It s shown, that measuring the relative distance
between the shortest paths taken by two ants walking on the skin of an
apple, from two adjacent begin to two adjacent end points, the
geometry of its curved surface can be derived. Translated to our case,
shortest path means geodesic or free fall of two test particles
(apples), from the relative motion of which the geometry of the curved
space can be inferred: curved by the gravitational field of the Earth.
It was Einstein, who interpreted gravity in terms of geometry, but one
could as well call 1t a truly Italian view on gradiometry, because
Marussi (1985)., inspired by the famous Italian school of geometry,
showed, that when measuring {n a point all nine observable gradient
components, the complete local geometry of the gravitational fleld is

obtalned (see also (Rummel, 18987)):
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vhere V,,, gravitational tensor, V_ = ——, a.s.o. the tensor comp-
14 XK ax2 .

nents, which are the second derivatives of the Earth's gravitational
potential, g, gravity, k1 and k2 the N-S and E~W curvature of the
equipotential surface V = const., tl, torsion, H, mean curvature, and
f1 and fz. N-S and E-W curvature of the plumb line, when expressed in
a local Cartesian (N, E, Up)-triad. The geometric view blends nicely
with the physical one taken e.g. in (Bertottl, 1878). Out of the nine
tensor components only flve are independent in empty space, from the
remaining four attitude information can be deduced. Two functions of
the five independent components are even invariant with respect to the
orientation of the measurement frame in space, compare (Sacerdote &
Sanso, 1988).

One could probably directly observe the relative motion of
adjacent proof masses in free fall, but it is more practical to
constrain their relative motlon by highly sensitive springs and
measure instead the tension and compression of the springs, see e.g.
(Falk & Ruppel, 1973, § 4B). This is equivalent to saying that a
gradiometer can be realized by a coupled system of highly sensitive
micro—accelerometerg. A gradiometer of this kind is envisaged for

ARISTOTELES, see (Bernard, 1988).

3. ARISTOTELES - Difficulties or Challenges.

Naturally to put for the first time ever a gradlometer into space
poses a variety of rather difflicult problems. A few examples may make
this clear:

- Because of the envisaged low altitude of only 200 km the satellite
is heavily affected by air drag In the along track direction. The
Iinear acceleration due to drag exceeds the gravitatlonal differential
acceleration by a factor of ten. As a consequence, the acceptable
dynamic range of the accelerometers !s exceeded and no accelerometer

components shall be measured In this direction. The gradlometer shall

be restricted to the normal plane (= (y-z)-plane). Instead of =2ll nine
only four components shall be delivered.

- Because all individual accelerometers, of which the gradiometer s
composed, Wwill never be exactly identical, the common mode rejection
principle shall be violated. (Common mode rejection = skin forces,
acting on the satellite, cancel out during the process of differencing
because they affect all parallel accelerometers in the same way.) As a
result, drag fluctuations (Barlier, 1988}, compare FIGURE 2, may

disturb the cross track components as a second order effect.
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FIGURE 2: Percentage of Density Variations with respect to the Hean
at altitudes between 270 km and 320 km {by Barller, F. &
C. Berger).

-~ Since the gradiometer cannot be sufficliently calibrated on Earth and
might somewhat change 1ts characteristics during the mission, blases
and drift cannct be completely avoided. As a consequence the very long
wavelengths part of the measurement spectrum cannot be observed

reliably (< 5-107° Hz or A > 1500 km).
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- In order to keep the spacecraft in Its low orbit corrections have to

be applied periodically. Due to the fuel consumption during these

correction manouevres, the gravitational fleld of the spacecraft

itself changes. This

effect can hardly be distinguished from the

terrestrial gravitatlicnal signal.

Each of these difficulties poses a challenge in itself. Special design

of the fuel tanks,

50 as the avold sloshing, proper symmetrical

arrangement and carefiil modelling of the gravity effect of fuel con-

sumption should suifice to solve the problem of changing

self-gravitation. The
must become avallabl

mission goals serlous

solve this problem, a

of non-linearities of
Some claim movable f

cross-track drag effe

fluctuations reach cri

long wavelength part of the gravitational fleld
», in order not to Jeopardize the oceanographic
y. A GPS-receiver on board of ARISTOTELES would
shown e.g. by Colombo (1988]. The consequences
the differential accelerometers are still open.
aps on the spacecraft would take care of the
>t. However it is still uncertain whether drag

tical levels and whether they cannot be measured

and corrected for. Finally, the restriction of the gradiometer to the

cross-track plane |is
accurate spacecraft

diminishes, however,

delivering the complet

in the gravity recover

4. Science and Applic:

no major obstacle, as long as sufficiently
attitude determination can be ach}eved. It
somevwhat the beauty of the mission, in terms of
e local geometry, and asks for some modification

y procedures.

tion.

For a pure theore
of curved space with
planned by HASA for a:
gradiometer by Palk
geometry and allow t¢
the results of ARISTC
gradiometer technolog
effects (see (Soffel
geometry could be mez
these three missions

Unfortunately the lat

tician ARISTOTELES shall dellver SPACE geometry
1lgh precision and resolution. A second mission,
ound 2000 and equipped with the super-conducting
& Richard (1986) shall provide {improved SPACE
detect variations in TIME, when compared with
TELES. Finally, if one would succeed to improve

y even further, so as to detect relativistic

Gill, Ruder & Schnelder, 1887)), SPACE-TIME
sured for the first time. (Appropriate names of
could be ARISTOTELES, CALILEI, and EINSTEIN.

er two were given already to other experiments.)

These three experiments would form 2 highly attractive mission
program. |

To measure the global space-geometry may be a convincingly enough
argument for theoreticians, but there are various science-application
arguments as well. Before we give them, let us look into the question
{n what ways gravity manifests itself. Naturally gravity makes us
stick to the Earth, obviously without flattening us all too much.
Gravity also tells us what s up and down. Hence it results in a
natural definitfon of heights, which permits to build e.g. bulldings,
streets, and canals in 2 sensible way. Gravity also fully determines
the space trajectory of any object in free fall, whether it is the
proof mass of a free fall gravity apparatus, a missile or a satellite,

see FIGURE 3. All mass anomalies, inside the Earth or on its surface,

FIGURE 3: Free Falling Bodies {(from Newtons "De mundi systemate”
(1715)).

like mountains, result in gravity anomalies, where we define gravlty
anormaly as the difference of cbservable gravity and the gravitational
attraction of some ldeallzed body. Anomaly !s synonymous to imbalance
and imbalance to dynamics. Everything that gets imbalanced 2s a result
of dynamic processes inside the Earth, in particular heat transfer, is
tried to be smoothed out by gravity, compare (Kaula, 1977} or (Rumne 1,
1984). Finally in the complete absence of winds, storms, and surges
etc. the ocean surface would bte completely level, a level! or

equipotential surface called the geoid. When comparing the geoid with



[4¥4

e.g. & rotating, Inhomogeneous fluld of the same mass and angular
velocity as the Earth one would observe that the two surfaces deviate
by up to 100 meters, compare FIGURE 4. The deviatlion of the geoid from
such an ldealized surface or simply from an ellipsoid is denoted geold
height. Agalin the existence of geold heights reflects the presence of
various dynamic processes inside the FEarth. The deviation of the

actual surface of the Earth from a level surface are the land

-180 +180
©90 ¢-n . ~90

- 90 - - 90
~180 +180

FIGURE 4: Worldwide Geold as derived from the CRIM-L1 potentlial

coefficlents.

topography of up to 8000 m and the dynamlc ocean topography of 1 to 2
meters. Thelr presence results on the one hand in ocean circulation
and on the other hand, in continental areas, in everything that might
be circumscribed in the widest sense as erosion.

Of course, we have already knowvledge of the Earth's gravitational
fleld, from terrestrial gravity measurements and indirectly from the
analysis of satelllte orbits (= proof masses in free fall) and satel
lite altimetry, but not with sufficlent accuracy and spatial resolu
tion, see e.g. (Rummel, SESAME) or (Lambeck. 1989). As far as gravity
is concerned satisfactory information 1s only avallable in North
America, Europe and most of Australia, see FICURE 5. Since the geold

heights are computed from gravity anomalies by Stokes {ntegral formula

R
= e d
AN ing I st{ylag do
o
errors in areas dutside those mentioned above are propagated into

geoid errors all over the globe of between 0.5 to 5 meters.

In conclusion: Gravity is known in some parts of the Earth satisfac-
tory, the geold nowhere.

Above 1t was explained in which ways gravity manifests itself. Let
us now, along the same 'line, give flive examples, that should demon-
strate very desirable applicatlons of the gravitational information as

obtained from ARISTOTELES

| &
X
L]

180 200 220 N0 260 280 00 20 o o 20 40 &0 a0 104G 120 e 160

FIGURE S: 10 x 10 Gravity Anomallies with a Preciston of better than

5 mgal (from (Rapp, 1880}).

Example 1: Geodesy

Accurate helghts are needed for civil constructions, mapping and
exploration. They are obtalned by geodetic levelling, a very time con-
suming and expensive procedure. Ourdays geometric helghts can be
obtatned fast and efficlently from space positioning, e.g. GPS. The
geometric heights can be converted to levelled helghts by subtracting

the geold, see FIGURE 6. Hence from a combination of GPS and a precise

100
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FIGURE 6: GPS based

leveled (¢

geoid levelling can eil
those areas vwhere go
ARISTOTELES will elimi
in unsurveyed areas, (

quality helght informa

Example 2: Satellite O

For any positionin
metry, the uncertainty
factor. ARISTOTELES wi
tainties in satellite

altimeter satellites &

or ERS-1. See also (Re

surface

iNA geoid
™~ ellipsoid

on geometric heigths h, geold helghts N, and
irthometric) heights H.

her be controlled independently or replaced. In
d gravity information 1is avallable already,
rate all medium and longwavelength distortions,
PS together with ARISTOTELES will provide high

.ion at the 10 cm level.

‘bits.

1 from space, in particular for satellite alti-
in the orbit of the spacecraft {s the limiting
1 eliminate basically all gravitational uncer-
orbits and bring the radial error of future
o below the 20 cm envisaged for TOPEX/POSEIDON

igber, same issue).

Example 3: Solid Earth Physics.

An excellent account of all possible contributions of ARISTOTELES
to soiid earth physics 1s given in (GRAVITY WORKSHOP, 1987) and
(Lambeck, 1989) and needs not to be repeated here. Let me mention
only two aspects. For the first time in history we shall get full
coverage of the gravity field in the polar regions. Second, the
gravity anomaly field coming from the ARISTOTELES gradiometer has its
origin mainly in mass inhomogeneities of the continental and oceanic
lithosphere. Together with height information and regional tomography,
e.g. (Spakman, 1888) a much deeper understanding of tectonic processes
should be obtainable. If one would even succeed, so to say, In
striping off the lithosphere part of the gravity field, global selsmic
tomography together with the remaining long and medium wavelength part
of the gravity field would represent two completely independent global
data sets that will provide invaluable constraints on modelling core

and mantle processes.

Example 4: Physical Oceanography.

Probably the most fascinating applications of the results of
ARISTOTELES are obtained in the fleld of physical oceanography.
Satellite altimetry proved to be very successful for measuring the
variations of the ocean surface. Altimetry in combination with a
precise geold - és derived from ARISTOTELES - will be even more
powerful. It shall deliver global dynamic ocean topography. From it
global surface circulation and its variations in time can be computed.
This results in a completely new dimension of ocean modelling. Had in
the past circulation to be derived from sparsely scattered ship
measurements, it !s now avallable globally, and with a high repetition
rate. Circulaticn allows the determination of transport processes of
e.g. plankton or polluted material. But, even more important, it also
maps surface heat transport. Heat transport and exchange is still not
well understood but of =ajor Importance for understanding climate
processes, compare e.g. (IAPSO, 198S) or (Hibbs & Wilson, 1883}. This

leads us to our last example.
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Example 5: Earth Systen.

There Is a growing awarzness of global environmental problems,
whether it is the CO2 question, the rapid decrease of rain forests, or
global sea level changes. More and more it is agreed upon that the
Earth has to be viewed upon as one complicated system, with sophisti-
cated and not yet understood interactions of the dynamic Earth with
its oceans, lice, atmosphere, and biosphere. What Is the role of
ARISTOTELES in this context? ARISTOTELES does not, for instance, tell
us whether sea level rises or falls. This has to be studied from long
records of tide gauges measurements, linked into one monitoring
system, see (Wyrtkl & Pugh, 1884), but {t {s essential to bring them
into one system and make sea level records comparable in different
parts of the world. In combination with altimetry it will also, so to
say, establish a global fleld of tide gauges at the open sea, from
which the redistribution of water masses can be derived. In short, as
part of the complicated system, called Earth, the gravitational fleld
and the geold can be viewed as an almost static reference for many
rapldly changing processes and at the same time as a “frozen picture”

of tectonic processes that evolved over geological time spans.
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INVERSION OF AN OVERDETERMINED BOUNDARY VALUE

PROBLEM
THEORY AND RESULTS

F. Migliaccio, F. Sanso, M. Brovelli
LT.M., Milano, Italy

AtITM several problems have been considered to set up a possible line of reduction
of data taken by an orbiting gradiometer (Aristoteles) following the traditional geodetic
approach to B.V.P. : these problems have led us to confront difficult theoretical questions,
as well as, specially in the last part of the contract time, to perform simulations
demonstrating the predicted behaviour in the estimation process.

More specifically the following questions have been addressed :

®
1A)

1B)

@

2A)

how to treat the attitude problem :

the possible use of invariants has been proposed, in case a full components
gradiometer is available, with particular regard to the singularity of linearized
equations in the spherical approximation case ;

an error analysis has been assessed to prove that with existing gravity models
one can hope to have information on o, at the level of accuracy of 2 E.U.
roughly ;

how to treata B.V.P. with more data than necessary (e.g. more than one tensor
component) :

it has been proved that the correct theoretical tool is the analysis of
overdetermined B.V.P., which is a very recent theoretical achievement,
presupposing that data are affected by a white noise, possibly varying from

/

2B)

3)
3A)

3B)

30

point 0 point ; the method allows for the simultaneous treatment of several
components, particularly T, T,, ; the structure of error degree variances has
been derived under simple hypothese ;

a r;\mu'ticnlar care should be taken when treating boundary
which are not diagonal in the spherical harmonic representation, like the T,
case ; in this case the new concept of biorthogonal sequencies seems to be
the most appropriate ;

comparison and numerical experiments ;

atheoretical comparison between the B.V P, approachand a pure least squares
approach with a truncated model has been set up, giving arguments that allow
topredict for the latter a certain degree of bias in the estimates of the potential
coefficients, due to higher coefficients not accounted for in the model ; the
B.V.P. approach on the contrary should not be effected by the same
phenomenon ;

anumerical experiment of least squares adjustment up to degree 89 (only odd
degrees) for a field generated with odd degrees up to 101, has proven that the
effect indeed takes place, in the quadratic average affecting significantly only
degrees 85,87 ; however for specific particular orders the bias can be ve
significant down to degree 71 and we still find individual coefficients whic
are strongly biased for order zero and very small degrees ;

a numerical experiment of gravity field reconstitution from T, 2t 200 kin has
shown a significant agreement with the theoretically predicied errors. Figure
1 shows the theoretical cumulative error on the geoid height, to be compared
with the empirical error computed from the numerical experiments (Fig, 2
and 3 - on figure 2 the theoretical curve is shown multiplied by a factor of
1.4 which is the ratio between the theoretical noise and the one actually used).

value operators

To conclude we can say that the B.V.P. approach has been shown to be a handable

tool to treat

gradiomeiric data, under certain simplifying hypotheses, among which the

most intriguing is probably that the whole surface of a sphere (at satellite altitude) has been

surveied,
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METHODS OF GLOBAL RECOVERY OF HARMONIC
COEFFICIENTS FROM SGG IN THE GENERAL CASE

G. Balmino, J.P. Barriot
Burean Gravimétrique International, Toulouse, France

The effort was aimed at the global recovery of a large set of coefficients of the Earth
gravitational potential expanded in series of harmonic functions, from real (simulated)
measurements of some components of the gravity gradient tensor in satellite axis, with no
peculiar geometry nor regular temporal distribution. Compared to the semi-analytical
approaches described in the other workpackages of this task, this is a "brute force"
technique, very costly in computer time and resources.

Recognizing the dependence of the instrument accuracy on the bandwidth, it is first
proposed to take account of along wavelength reference model of the best available quality
to cope with the low frequency errors of the gradiometer, also to use calibration areas with
dense reliable gravity informations.

The strategy is then to write one observations equation for each measurement, which
relates the observable (one or several components of the gravity gradient tensor) in satellite
axis, to the spherical harmonics to be determined (in practice above the cut-off frequency
of the reference model). The solution of this large system is obtained in the least squares
sense.

To do so, we form the normal equation (by blocks) and use a special implementation
of the Cholesky algorithm to solve the sysiem. Optimizing techniques based on the
vectorization of operations (whenever possible) were used and specific sofiware developed.

Many tests were performed on a C.D.C. Cyber 992 of the french space center, which
validated the whole process.

The big simulations were conducted on a CRAY-2, which required to transport and
adapt the software in view of some operational constraints.

The largest simulations performed used a one month, 160 km mean altitude orbit
generated by very accurate numerical integration, and aimed at the recovery of a full (100
x 100) spherical harmonic model (Fig. 1) from the sole measurement of the radial
component of the tensor, assuming a 1™ E (10™ s%) random error and an orbital error in
the range of a few meters (largest at 1 cycle/rev. frequency). The gravity field is shown to

~ berecovered with an r.m.s. error of 2 mgals (2.10° ms™) for 1° x 1° average values (Fig.

2), which is very consistent with other simulations. The dependence of the solution quality
on the data coverage was also studied, as well as the numerical stability of the normal
system.

This simulation, which involved more than 80 000 equations and about 10 100
unknowns, was quite costly and that is why it was not possible to derive a full (180 x 180)
model. However we are confident, from our analysis, that the same algorithms and software
will works as well on larger systems and that computer time in the future will be drastically
reduced thanks to the constant progress in computer design and architecture,
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: : ; i icients for terms of - . L i .
Fig. 1- Decimal logarithm of degree variances of difference coefficients fo Fig. 2- Histogram of 1° x 1° gravity differences (min. = - 23 mgal, max. = 21,7 mgal, r.m.s.

degree > 3, (100 x 100} field recovered from 82944 observations. = 2.0 mgal).
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