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1. Introduction

The airborne Gravity Gradiometer Survey System (GGSS) took the first test flight in the
Texas/Oklahoma area, and the first results were published by (Brzezowski et al., 1988). The data
released by the Air Force Geophysics Laboratory (Jekeli, circular letter 5, 1989) includes the
gradients of the gravity of the earth measured along the east-west or south-north direction in 19
tracks. The GGSS gradient data are the reduced gravity gradients. The gravity gradients were
measured by the GGSS and then the mean values of the measurements of each track were
subtracted. It will be shown later that these reduced gravity gradients are the second-order
derivatives of the disturbing potential plus biases. Therefore it is important to remove the biases in
the GGSS gradient data, before they are used for recovering the gravity disturbance.

The GGSS flew along the east-west (west-east) or south-north (north-south) direction in the
test area. This mission supplies the crossover discrepancies of the gravity gradients. These data
are useful for the determination of the biases in the GGSS gradient data. Like the determination of
the bias in the satellite altimeter data for each arc, the relative bias in the GGSS gradient data can be
determined by adding some constraints to the crossover discrepancy. After the adjustment, the
biases between the tracks are removed.

The recovery of the first-order derivatives of the disturbing potential from the second-order
derivatives is in principle an integration procedure. In this procedure the absolute bias in the
GGSS gradient data need to be removed, but not only the relative bias. The absolute bias in the
GGSS gradient data can be determined, provided tie point values of the gravity gradient are given
at the flight altitude. Actually no such tie point values are available, so the absolute bias cannot be
determined and removed from the GGSS gradient data. Furthermore, the GGSS data varies quite
fast in the area, therefore the crossover discrepancy are sensitive to the positioning error of the
GGSS. Based on the above consideration we would say that the crossover discrepancy adjustment
is not suitable for the removing of the biases in the GGSS gradient data. But this adjustment has
another application: it indicates the accuracy of the measurement of the GGSS gradient data. This
will be shown later in the paper.

In this paper we use linear integration to transform the components of gravity gradient Txy,
Ty, into the vertical derivative of the disturbing potential. Then the tie point values of the free-air
anomaly on the ground are combined in a crossover discrepancy adjustment for the determination
of the bias and tilt of each track. Finally, the vertical derivative of the disturbing potenual is
determined on the ground by using the fast Fourier transformation (FFT) and least squares
collocation (LSC). The results are compared with the 4 km x 4 km point free-air gravity anomaly
in the test area (Rapp et al., 1988).

2. Variation of the gradient of the normal gravity in a local area

The gravitational potential of the earth W is usually split into the normal and disturbing
potential (Heiskanen and Moritz, 1967, p. 82):

W=U+T (D
where U is the normal potential and T is the disturbing potential.

The local coordinate system xyz (North-East-Down) is often used for the GGSS. The gravity
gradient Wj; is measured in the xyz coordinate system and has the form:

Wij=Uij+Tij ,j=1,2.3 (2)




where the subscripts i, j denote the derivatives of the potential and the numbers 1, 2 and 3
corresponding to the coordinates x, y, z respectively, e.g.,

32W
=Wyzs
oxdz (3)

Wi3=

and so on.

Because the GGSS measures only the gravity gradient Wijj, we need to know the normal
gravity gradient Uj; and this can always be done by taking account of the reference gravity field.

The reference gravity field is chosen as a normal gravity field (ibid, section 2-7):

2
U=V+-;-0) rzcosze
4)

where V is the normal gravitational potential; @ is the angular velocity of the earth's rotation; r is
the distance between the computed point and the geocenter of the earth and 6 is the polar distance
of the computed point from the north pole (cf. ibid., p. 18, Figure 1-7).

As an approximation we can take the normal potential as follows (cf. ibid, eq. (2-92) or (2-
134a)):

1y 1 .22 2
4—)+-2—mrcose

2
_kM a |3
U——r—"Jszr—s‘ICOSZO‘F

(5)
where k is the gravitational constant and M the mass of the earth.

In the spherical coordinate system we have the derivatives of the normal potential in the first
order:

2 2
U,=-—kI;1+3J2kMa—(%cosze +% +© rcos>0
r r4
2 2
Up= %Jsza—}-%m rz)sinze
r
Uy =0, (6)

and the derivatives of the normal potential in the second order are given by:

2
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9 a2
Upg=- EJZkM—4+a) r}sin 20
r

a> 2,
U66= 3J2kM—3~Cl) r }cos 28

r

Up =0

Ugr =0

U =0 (7N
Usually, the airborne flight is at an almost constant altitude above the sea level, and the flight

area is not exceeded by a few degrees of latitude and longitude. Thus, the second-order derivatives
of the normal potential can be written in a linear form:

Up=US+USAr+ U A0
U= Ung+ UogAr+ Ul A8

Ugo= Ugg+ U Ar + Ugga A0

Ua=0

Uga =0

U =0 ®)
where Ar =r - rg, A = 0 — 8¢, rg and B¢ are the coordinates of the inertial point which can be
defined as any point at the beginning of the GGSS mission. The superscript "0" denotes the

values of the derivatives of the normal potental at the inertial point.

The non-zero third-order derivatives of the normal potential are given by:

2
Um=--6¥+6012kM16-

r r

3 1
7 °os 260 +4—

2 2
U,,9=-(- 1812kMa—5+co )sin26
r

2 2
Uge= -(9]2kM3;+2m r)cos 20
r




a> 23
U999=- 6]2kM—3-20) r’|sin 20
r

9)

The relationship between the local coordinate system xyz (which has the inertial point as the
origin) and the spherical coordinate system rfA is given by

x=r0(6 - 90)
y=rocose(l-lo)

Z=Trp-T (10)

where (rg, 60, Ag) is the coordinate of the inertial point.

Because the differences AA = A — A9 and A® = 0 — 8g are small for a local area, we have
approximately

If we choose A8 < 3° = 0.05 rad, then the last term in (11) can also be omitted, and eq. (10)
becomes:

x=10(6 - 8,)
y =T Cos 90(7\.- KO)

Z=TIp-T
0 (12)

From (12) we have immediately

2 2
0 1 Jd 4 1 0

3 N2 22
ok rocosBydy 5y [rocos 8,) Ay

(13)

By using eqgs. (8), (9) and (13); we get the variation of the gradient of the normal gravity in a
local area:
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where we have used z=rg-r=- Ar.
Eq. (14) shows that the gradients of the normal gravity do not change with longitude (y). But
they vary with the latitude (x) and the altitude (z).

Now we give a concrete example to demonstrate the variation of the gradients of the normal
gravity in a local area. Taking the values of the parameters (Moritz, 1988, p. 355):

J,=108263x 107

a=6378137m

kM = 3986005 x 108 m3 §-2

@ =7292115 x 10-!1 rad §-1, (15)

and assuming that rg = a + 1000 m, 8g = 30°, Ao = 0, then we have

U = 1.44x 107 Estvos/m

Upe=-2.13x 10" Edtvos




Utpe=-3.39 x 10’ Eotvés . m

Uggo=2.13x 10" Edtvés . m’

(16)
Putting eq. (16) into eq. (14), we obtain
AUyy=0
AU, =0
AU,,=0
-7 -8
AU,,=834x10 z+891x 10 "x
AU ,=3.34x10°2+8.34x 107
3 -6
AU,,=1.44x1072-334x10 "x a7

From eq. (17) we can see that the gradients of the normal gravity change a very little in a local area.
For example, let z = 300 meters, x = 300 km, we then have

U, =2.67 x 10" Estvos
AU, =2.50x 10" Ebtvos

AU, = - 0.57 Eotvés (1)

From eq. (18) we can see that only AU,; has a little change in a local area, and other gradients of
the normal gravity can be considered as constant.

Now we discuss some practical aspects. The test flight of a GGSS was taken in a local area.

If the gradient data are collected for each track and the mean value is subtracted from these data,
then we have the reduced gradient data as:

0 ——
Tij= Wij- Wy, (19)

where the overbar denotes the mean values of the gradient of the gravity for a track, Wj; is the
observed gravity gradient and Tj; is the reduced gradient of the gravity.

Based on the above discussion we have approximately

Uij=Uj,

(20




then we obtain

0
Tij=Wi;-{Ui+ Tyj
=W;;-Ujj- T
=Tij- T 1)

Eq. (21) indicates that the reduced gradient data 1%, is different from the real second-order
derivaties of the disturbing potential T;; by a constant TJ.J Normally, the global average of the
disturbing potential and its derivatives sixould approach zero, but the mean value of the Tj; of each
track will not always be equal to zero. This is one of the causes of the bias in the GGSS gradient
data.

3. Relationship Between First-order and Second-order Derivatives of the
Disturbing Potential

The relationship between the first-order and second-order derivatives of the disturbing
potential is given by (cf. Moritz, 1971, p. 13):

P
Ti=T0+ [ (Tadx+ Tyidy + Tudz) i=1,2,3
Po (22)

Here 'I? is the initial value of Tj at the point Pg and Tj refers to a current point P. Obviously, the
constant bias in the gravity gradient data plays an important role. If we have a bias c in the data
Tyi, then from eq. (22) we have

p
8Ti=f cdx=c.x
Po (23)

where x is the change of the x-coordinate of the curve Pg P. Eq. (23) means that a bias in the
gravity gradient data becomes a tilt in the gravity disturbance. Because the bias is different for each
component of the gravity gradient data measured on each track, the gravity disturbances obtained
by using the linear integration have different tilt. Before we put the gravity disturbances on each
track together to get the gravity disturbances on the ground, the tilt of each track has to be
removed.

4. Crossover Discrepancy Adjustment for Processing Aerial Gravity Gradient
Data

A crossover discrepancy adjustment has been used for processing satellite altimeter data. At
first glance it seems that the crossover discrepancy adjustment can be directly used to the gravity
gradient data for removing the bias in the data. As in processing the satellite altimeter data, if only
the crossover discrepancy and some constraints are used, the relative bias in data can be
determined. The relative bias determination is useless for gravity gradient data. The gravity
gradient has six components. If only the relative bias is removed from each component of the




gravity gradient for each track, there are still different biases in components of the gravity gradient
data. The reduced data cannot be combined together to recover the gravity disturbance on the
ground. Of course the absolute bias in the gradient data can be detcrmined, provided other data can
be used, e.g., the tie point values of the gravity gradient at the flight altitutde, but this kind of data
does not exist at present. Therefore the crossover discrepancy adjustment is not practical for the
elimination the bias in the gradient data.

The bias in the gravity gradient data is a serious problem for recovering the gravity
disturbance. In order to solve this problem, we transform the second-order derivatives of the
disturbing potential into the first order. The absolute bias and tilt in the first-order derivatives of
the disturbing potential can be removed by using the crossover discrepancy adjustment and the tie
point values (gravity anomalies, deflections of the vertical, etc.).

In the following we consider using two components of second-order derivatives of the
disturbing potendal, Txz and Tyz, to recover the vertical component of the gravity disturbance.

The test flight of the GGSS were taken along south-north (x) and west-east (y) directions.
By using eq. (22) we have

X
To{x, y)=Tolxo yj + j,: Ty(x',yj)dx’
0

y
T, (x;s ¥)= To{x;, yO)+f Ty2l%; y)dy’
Yo (25)

where the subscripts i, j denote the tracks along west-east or south-north direction, respectively.

Assume that there are random errors and a constant bias in the gravity gradient data. Then
egs. (24) and (25) become:

Ty} Viey)= Tafro vj+ f Talt.y)ac+bpyjix-xg
T, (xi y)+ V(x;, ¥) = T,{x; ¥ +fyy Tyz(xi» y)dy' +b(xj{y -y

where V and V” are the errors in the T caused by random errors in the gravity gradient data, b ( yj)
and b (x;) are the bias in the gradient data.

Denote
x Ri
b= [ Tafryjex
Xo
v Y,
];j= : Tyz(xiv )’)d)’,

Yo




bi = b (xj), bj =b (y;
al = TZ (Xi, YO). aj = TZ (x01 )’j). (28)
then egs. (26) and (27) have the values at the point (x;, y;):

B+ V' {co )= i- Tafxo y) + bify;- vo (29)

15+ V{xy v) = 8- To{x; y) + b;{x; - X} (30)

Eqgs. (29) and (30) can be considered as observation equations. The "observed" quantities I;

and 1j, can be obtained directly by using the numerical integration of the components of the GGSS
gradlcnt data Txz and Ty, Subtract (30) from (29), to obtain the crossover discrepancy:

d;; +V--ly l,j—a aj+ bi{y;j- yo - bj(xi- xq G1)

with Vijj = V' (x;, yj) - V (x;, YJ)’ dj; = 1|_| - ll

Eq. (3 f) is the basic equation or the crossover discrepancy adjustment. The crossover
discrepancy dj; is given, the parameters aj, a;, bj, and bj will be determined. Like the crossover
discrepancy adjustment for altimeter data, cq @31 dcscnbcs an indeterminate problem, because
there is no track fixed. In order to remove the indeterminancy the tie point values are introduced.

Now we consider how many tie point values are needed for the crossover discrepancy
adjustment. If there are only biases in eqgs. (29) and (30), i.e., bj and b; are equal to zero, in
principle one tie point value of the T is needed for the determination of absolute bias of each track.
If the bias and tilt are determined for each track, three tie point values whose locations are not on
the same line are needed at least. This is the same as the theorem of the determination of a plane:
Three points not on the same line determine a plane.

We have assumed that the tie point values are errorless. In practice it is not the case.
Therefore using more tie point values is more reliable than using merely necessary tie point values.

If we put the tie point values at the beginning and end of the tracks along south-north
direction, by using eq. (29) we get:

Kk
di + Vi =a; + bi{yx- yq
i=1,2,3..; k=1,2 (32)

with

df =(T ).+ B, V= V' [x, yi)- Vixs yid (33)

where (T;); is the tie point value, Vj is the measurement error; yi is the y-coordinate of the tie
point.




The parameters aj, aj, bj, bj can be determined by using least squares adjustment by using eq.
(31) and (32) together.

Egs. (31) and (32) can be written in matrix form:

D+V=AX 34 )
where
'
Fd”- -vll- _ -
g Vig 100...-1 0...
12 100... 0-1...
D=| " |, V= , A=| ¢ .
4 vi 000... 1 O..
d; vl .
| P i ) )
)
a,
X = b,
b,

A least squares solution is given by

R=-[aTP A)-IATPD (35)

where AT is the transpose of the matrix A and P is the weight matrix. P is chosen as a dlagonal
matrix which has the elements of the reciprocal of the standard error of the discrepancy d;j and d¥.

5. Downward Continuation of the Gravity Disturbance from the Flight Altitude to
the Ground by Using FFT and Least Squares Collocation

Suppose that the bias and tilt of the vertical derivatives of the disturbing potential are removed
by using the procedure from section 4, then the reduced vertical component of the gravity
disturbance has to be downward continued to the ground. For the downward continuation we can
use the fast Fourier transformation (FFT) or least squares collocation (LSC).

The basic formula for the upward continuation problem is the Poisson's integral. In a planar
approximation it is (cf. Heiskanen and Moritz, 1967, p. 240):

T _—ff ———dxdy

(36)

10




where H is the flight altitude of the GGSS, d is the distance between the current point on the
ground and the computed point at the flight altitude. T and T are the vertical components of the
gravity disturbance at the flight altitude and on the ground, respectively.

Applying the Fourier transformation to eq. (36), we get
-2rmH .
F(T,)=e F{r:) 37)

where

1’ 2 2
W=Yyu +v ,u,v

are the frequency variables; F { } denotes the Fourier transformation.

From eq. (37) we have
. 2wH
F{Tl}= ™" F (T, (37%)

Eq. (37*) describes the downward continuation of the T; to the ground, and it is used often for
determining the vertical component of the gravity disturbance on the ground. In order to reduce the
effect of the high frequencies of the error in downward continuation, some kinds of smoothing or
filtering should be used.

Least squares collocation‘is used in two aspects. First, there are only a few tie point values
given on the ground. They are often too sparse to use eq. (36) to be upward continued to the flight
altitude. This can be done only by using least squares collocation.

Second, least squares collocation can also be used for the downward continuation of the
derivatives of the disturbing potential from flight altitude to the ground. The basic formula for least
squares collocation is given by (Moritz, 1980, p. 102):

- 1
5= Cgi[C+ Cd (38)

where t is the observation, Cg, is the covariance between the computed quantity s and the
observation t, Cy; is the covariance between the observations, Cy, is the covariance of the
measurement €rTor.

It is reasonable to choose the covariance function for the vertical component of the gravity
disturbance as (cf. Moritz, 1971, p. 36; and 1980, p. 179):
Cob2(z+2 +b)
) o 372
o} +(z+z +b) (39)

C(P,Q:

where b is a constant, P, Q have the coordinates (x, y, z) and (x’, y’, 2°), p is the distance between
the points (x, y, 0) and (x’, y’, 0), the variance Cy is the value of the covariance function C (p, Q)
forP=Q.

11




The airborne flights are at a constant altitude, so we have z = 0, 2’ = constant. Eq. (39)
becomes:

Cob2(z’ +b)
372

[P2+(Z'+ b)] (40)

The covariance function will be used for the upward and downward continuation of a harmonic
function above the sea level.

C{P,Q=

6. Practical Consideration and Computation Procedure Description

The GGSS data were measured along the tracks oriented west-east and south-north. The
mathematical study of this procedure is given in section 2 and the conclusion is that the data can be
considered as the second-order derivatives of the disturbing potential plus a bias. Therefore, the
most important problem in processing the GGSS gradient data is the bias problem.

By using the crossover discrepancy adjustment the relative bias in the components of the
gravity gradient can be determined. If the absolute bias is to be determined, at least one tie point of
the gravity gradients at the flight altitude is needed.

If there are different biases in the components of the second-order derivatives of the disturbing
potential, we cannot combine all six components together to recover the gravity disturbance
because the biases make the gradient data inconsistent for this recovery. On the other hand, the
crossover discrepancy indicates the accuracy of the data. Usually the measurement error (e.g.,
positioning error, instrument error) can be split into systematic and random parts. In the same
manner the errors in the gradient data can be split into systematic error which consists of the
systematic measurement error and the bias for each track (cf. section 2), and random error. After
the crossover discrepancy adjustment, the bias and the systematic measurement error are reduced,
then the new crossover discrepancy djj is equal to the difference of the random part of the
measurement error in the gradient data:

ij= € ij 41)

where erfjs €8 j W are the random part of the measurement errors of the gravity gradients along tracks
oriented to north-south and east-west directions, the subscripts i, j denote the values and are
located at the crossover of the tracks i and j.

N

Assume that the random measurement errors €] S and eF}}V are uncorrelated, then the RMS

value of the discrepancy djj is equal to

o) Lo +le5 @

where o S and O’Ew are the standard random measurement errors of the tracks along north-south

and east- wcst dm:cnons 0“,‘j is the RMS value of the crossover discrepancy between tracks i and j.

12




Therefore, the RMS value of the crossover discrepancy indicates the measurement accuracy of the
gradient data.

In Table 1 we give the statistics of the crossover discrepancy for the GGSS gradient data
before and after the crossover discrepancy adjustment. This table shows that the accuracy of the
GGSS gradient data is around 10 Edtvés.

Table 1
Statistics of the Crossover Discrepancy of the GGSS Gradient Data
Unit E6tvos

T; Txy Txz Tyy 1y, T

mean -3.8 -4.4 -2.4 -3.6 -0.2 7.
vefore max 37.5 35.2 28.3 38.8 38.0 58.6
adjust. | min -36.9 -32.1 -36.1 -48.3 -55.6 -40.5
RMS 14.4 13.1 12.1 16.6 17.9 19.4
STD 13.9 12.3 11.9 16.2 17.9 17.9
mean -0.0 -0.0 -0.0 -0.0 0.0 0.0
after max 34.6 41.7 27.9 30.6 549 329
adjust. | min -28.6 -29.5 | -26.1 -32.0 37.7 -32.4
RMS 12.2 11.2 9.7 12.6 13.9 14.2
STD 12.2 11.2 9.7 12.6 13.9 14.2

Usually the gravity anomaly rather than the gravity disturbance is given in an area. The
relationship between the free-air anomaly and the vertical component of the gravity disturbance is
given by (Heiskanen and Mortiz, 1967, p. 89):

2T
Ag=T, -=—
g "R (43)

Notice that the axis z is in the opposite direction of the radius vector r. As first approximation we
ignore the last term in eq. (43) and do not distinguish the free-air anomaly and the vertical
component of the gravity disturbance.

Tn the test area (Texas/Oklahoma) 4 km x 4 km point free-air anomaly data are available.
Therefore we transformed the components of the gradient data Tx; and Ty into the vertical
component of the gravity disturbance T, by using the linear integration. Then the tie point values
of the free-air anomaly were used to determine the bias and tilt in the T, for every track. The
computation procedure is described as follows.

a. Taking linear integration of the components Ty, and Ty; along south-north (x) and west-east
(y) directions, the formulas (24) and (25) were used;

b. The 4 km x 4 km point free-air anomaly are given in the test area. Let the tie points have the
coordinates (xj, yi, z0), i = 1, 2,... 20, and z9 = 1 km. Here x;, y; are the coordinates of the tie
points located at the beginning and end of the tracks along the south-north direction in the square
area (cf. Figure 1). The 4 km x 4 km point free-air gravity anomaly was interpolated at the points
which have the coordinates (x;, yi) by using the bicubic spline function, then was upward
continued to the flight altitude by using least squares collocation. The covariance function used is
given by eq. (39).
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c. Using the tie point values of the free-air gravity anomaly and the crossover discrepancy to
determine the bias and tilt for each track; the least squares adjustment (eq. (35)) was used;

d. Using the bicubic spline function to interpolate the adjusted T; at the flight altitude into a 2 km
x 2 km grid interval, then fast Fourier transformation was used. As a comparison least squares
collocation was used.

7. Results

The abridged airborne GGSS tracks are drawn in Figure 1. The data used for the analysis are
constrained in the square area circled by thick lines. There are 19 wracks in which 9 tracks are
along the east-west direction and 10 tracks are along the south-north direction. After the linear
integration of the Tx; and Ty, along the south-north (x) and west-east (y) directions, ¥ j» l’.'j (cf.
egs. (24) - (28)) are given along each track. By combining the tie point values of the free-air
gravity anomaly and the crossover discrepancy the absolute bias and tilt were determined for every
track.

In the least squares adjustment solution, eq. (35) the weight matrix P has the elements (102
mgal2)-! for the crossover discrepancies and (22 mgal?)-! for the tie point values. The statistics of
the crossover discrepancy are given in Table 2.

Table 2.
Statistics of Crossover Discrepancy of the T,
Unit mgal
max min mean RMS STD
Before adj. | 82.56 -403.60 -109.13 157.39 113.39
After adj. 16.62 -17.55 -0.00 7.75 7.75

From Table 2 we can see that the crossover discrepancy is reduced enormously after the
adjustment. Based on eq. (42) one can assess the accuracy of the T as about 5-8 mgal.

After the crossover discrepancy adjustment, T, is given at the flight altitude. It can be
analytically downward continued to the ground by using the fast Fourier transformation or least
squares collocation. As a comparison both methods were used and the results are given in Table 3
and the following figures.

For the FFT computation a 2 km grid interval was used, then the results were averaged into 4
km x 4 km mean block values. For the least squares collocation computations the 4 km grid
interval was used, and in the LSC solution 230 data points were used for the W-E tracks and 260
data points for the S-N tracks.

Table 3 shows the statistics of the differences between the free-air anomaly Ag and the vertical
derivatives of the disturbing potential T, which is recovered by processing the GGSS gradient
data. This comparison may be somehow questionable, because the free-air anoamaly and the T,
are not the same quantities. Even so, the difference between them (the last term in eq. (43)) is
small in comparison with the free-air anomaly and Table 3 can still give us a general idea about the
quality of the recovering of the T, from the GGSS data.
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Table 3
Statistics of the Differences Between Ag and T, in Test Area
Unit mgal

method max min mean RMS STD
Ag-T,(W-E) | FFT 36.95 -17.54 2.47 8.60 8.26
LSC 17.92 -18.93 0.85 8.04 7.99
Ag - T2 (S-N) FFT 27.76 -20.19 2.27 8.75 8.45
LSC 23.71 -19.65 2.29 7.96 7.62
Ag - T; (all) FFT 24.14 -20.46 -1L.77 7.70 7.49
LSC 14.73 -16.93 1.49 5.94 5.75

In Table 3 the T, (W-E) and T, (S-N) are the T, obtained by using the data on tracks along
west -east and south-north directions, respectively; Tz (all) is the T, obtained by combining all T,
data on the flight altitude together.

Table 3 shows that both methods FFT and LSC are given almost the same results. The results
are better if least squares collocation is used. The reason is that least squares collocation gives a
smoother result than the fast Fourier transformation does. This will be clearly shown in the
following Figures.

Figure 1 shows the abridged GGSS tracks. The data used for the analysis are confined inside
the square area.

Figure 2 is the contour map of the free-air anomaly based on the 4 km x 4 km grid in the test
area. The free-air anomaly varies significant along direction south-west to north-east.

Figure 3 and 4 shows the T, recovered by using the T, data on the tracks along west-east
directions. Figure 3 is the FFT solution and 4 is the LSC solution. Obviously, the LSC solution
is smoother than FFT solution.

Figure 5 and 6 are the contour maps of the T, obtained by using the T data on the tracks along
south-north direction.

Figure 7 and 8 show the T; recovered by using the T, data on the tracks along west-east and
south-north directions. Obviously, they are the best results.
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Figure 1. Location of the GGSS Tracks and the Test Area
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Figure 2. Contour Map of the Free-air Anomaly in Test Area
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Figure 3. Contour Map of the T, (W-E) FFT Solution
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Figure 4. Contour Map of the T, (W-E) LSC Solution
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Figure 5. Contour Map of the T, (S-N) FFT Solution
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Figure 6. Contour Map of the T, (S-N) LSC Solution
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Figure 7. Contour Map of the T, (all) FFT Solution
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Figure 8. Contour Map of the T, (all) LSC Solution
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8. Conclusions and Recommendations

Because there are biases in the GGSS gradient data for different components of the gravity
gradient and different tracks, this data cannot be directly used for recovering the gravity
disturbance on the ground. In order to remove the bias in data, the crossover discrepancy
adjustment and constraint equations can be used. By using the crossover discrepancy adjustment
and constrain conditions, the relative bias in the data can be determined and removed. Even so the
gradient data are difficult to be combined together to recover the gravity disturbance, because the
different biases exist in the components of the gravity gradient after the crossover discrepancy
adjustment and they make the data inconsistent for the recovery of the gravity disturbance.

In this study we used the linear integration to transform the second-order derivatives of the
disturbing potential Tx; and Ty, into the vertical derivative of the disturbing potential T, then the
crossover discrepancy and the tie point values of the free-air anomaly were used to remove the bias
and tilt in the T,. The best result agrees with the free-air anomaly in the test area at the 6 mgal level
(RMS difference). In comparison with the accuracy of the GGSS gradient data (the crossover
discrepancy indicates that the GGSS gradient data could have the accuracy about 10 E6tvés), the
accuracy of the Ty is reasonable.

In the computations, the FFT and LSC method were used; both gave almost the same results.
The LSC solution is smoother than the FFT solution and agrees a little better with the free-air
anomaly in the test area (cf. Table 3).

The weakness of the computation procedure is that only two components of the GGSS
gradient data were used. In the crossover discrepancy adjustment for the T, there were 20 tie point
values used.

In principle, one tie point (one tie point has six components of the gradient data) is needed to
determine the absolute bias in the gradient data. If such tie point values are available, the absolute
bias in the gradient data can be determined and removed. The reduced gradient data can then be
combined together to recover the three components of the gravity disturbance. Normally, there are
measurement errors in the tie point values. More tie point values can also improve the results of
the crossover discrepancy adjustment by using least squares adjustment. In the future, if we get
the tie point values of the gravity gradient, then the gradient data can be used together to get better
recovery of the gravity disturbance.

If the second-order derivatives of the disturbing potential are transformed into the first order,
then the bias and tilt have to be determined for each track. In principle, three tie points (every tie
point has the Tx, Ty and T three values) are needed to remove the bias and tilt in the gravity
disturbance data. If the accuracy of the gradient data is poor, as is the case in our computations,
more tie point values are needed to improve the computation accuracy.

By the way, the GGSS is still in development. The accuracy of the measurements will be
improved. One can hope in the future that one can get accurate gravity disturbance on the ground
by processing such kinds of data. If the GGSS measurements are accurate enough, only a few tie
point values are needed and this makes the GGSS more efficient and useful.
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