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Abstract, The and methods
of marine surveying line system adjustment were
introduced in Ko y r u s (1979) and Tang (1991)
According o the

general theoties

characteristics of marine

gravity measurement, this paper presents a new
takes into

influence of

method of combined adjustment which
account both direct and indirect
position errors. The method is
stitable to be used in the

patticularly
post- processing of

marine gravity observation data, With some
practical applications, it is proved to be
effective in improving the quality of marine

gravity data.

1. Introduction

Compated to the land gravity meastrement,
marine gravity measurement is mainly
characterized by the fact that its foundation on
which the surveying instrument is installed is
not so stable as that on land, As a result of
this difference, the Ectvis effect correction and

the influence caused by the position etrors of

the observed point are increased. Position error

affects marine gravity data in two ways: first,
it causes the difference between the observed
position and the true position, and as a result,

thete exists a gravity discrepancy which makes

up the observed errors directly; second, it
catses the heading and speed errors which will
be taken into the EGtvdus correction, and thus

causes the observed indireetly.  Many

researches have shown that the Eotvés correction

errors

error is the errot source of marine
gravity measurement. To obtain the
better than I milligal, the accuracy of speed
and heading must be higher than 0.2 knots and

one degree respectively ( Dehlinger, 1978; Chen,

major
acetracy

1983;  Zhao,  1983; - Bell, 1986) Such
characteristics of marine gravity measutement
require adjusting the position of  the
observation point while filtering the
observation noise of gravity

Marine gravity surveying line system usually

consists of main lines and cross lines. They are

always designed to intersect to make up a
network This means that there exist redundant
observation of gravity at the crossing points

The true position of the crossing point on the
main line is rarely coincident with that on the
cross line because of the influence of the
location errors. The combined influence of the
location and observation ertors will
difference of gravity at the crossing points.
These differences are the basic data for
adjusting marine gravity surveying line system

cause the

2. The Recovety of Sutveying Traces

Generally speaking, the marine gravity
stitveying ship is required to be kept on the
planned surveying line at-a fixed speed.  The

position of the ship is fixed by navigator at
the constant Based on the present
positioning results, the operator can decide the
future trend of the ship at any time. Because of
such as irregular wind,

intervals.

the random factors



current, wave, swell and the power of the ship ,
etc,, the process of fix-adjustment-fix again
-adjustment again will result in a zigzag trace
At present in China, most of the surveying ships
have been equipped with the integrated
navigation systems which usually consist of
satellite (NNSS OR GPS) and radio system, In
order to eliminate the random disturbance, the
data ptocessing program in the navigation system
always has the function for filtering noise
The Kalman filter is used frequently, which can
ptovide an  optimum estimate of the ship
position in real time. The random disturbance in
the location data will mostiy be eliminated
after the above pre- processing . And the
accutacy of the obsetrved data of gravity can be
roughly estimated at that time according to the
results thus obtained. - The purpose of this step
is to assure that the quality of the observed
results meets the requirements of the survey
specifications. If it does , the ship will make
a treturn voyage; otherwise a revision observa-
tion or reobservation will be necessary,
Marine gravimetry 1is a contintous
along lines. The number of the observed points
is  large. The data obtained from field
observation mainly consist of the point
coordinates and the observed gravity
the initial data for post-processing
the model of dependent function among the points
must be first constructed if all of the points
are to be used in the adjustment. The process of
making up the function model is wusually called

gurvey

They ate
Howevert,

sttirveying trace recovery ot trace fit. In order
to keep the initial feature of the data, the
minimum degree of fitfing is required in
practical uses

It is supposed that any regular or irregular
curve can bhe arbitrarily approximated through
the repeated addition of some simple lines. In
this paper, each marine gravity surveying trace
linear combination of gome
base functions which take time as argument

is expressed as a
x(t) = aofo(t) + aFi(t) + ... + aa- Fa_y (t)

(
{ (1)
Y(t) = boFo(t) + b1F1 (t) + ... 4 bn_an_l(t)
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Where X-Y is a local plane coordinate system in
Mercator projection, with its X- axis directed
towatds the north pole, its Y- axis directed
towards the east. And the error equations
corresponding to the observed coordinates of the
discrete points can be made up as follows

v= F - A - L; Pw {(2)
2m 1 2m 2n 2n 1 2m 1 2m 2m
Where
L= (X0%2 o0 ) Zmy Yo Y20 o0y Y T
A= (ao, A1y .y an-l)bO’bli ey bn—l)T
r Fx(tl) 0 "]
1 n 1 =a
Fx () 0
F = 1 n 1 n
0 Fy(tl)
1 n 1 n
0 Py (t)
. 1 n 1 n -l

P. represents the weight matrix of the observed
valies vector; m is the number of the obsetved
points on a certain line; 2n is the number of
unknown parameters.

Define the degree function of fitting
®= VP .V, While letting ® = min, we have

(FTPLF)* F"PL L (3)

P.= (FT PL F) (4)
The fitting coordinates, speed and heading can
also be obtained from:

x{p) = aoFolty) + aFi(ty) + ... + an  Fuy (t,)

{ (5)

J(p) = boFaltp) + byFi(tp) + .. + baiFaly (tp)

Vi (D) = aoFo’ (tp) + a:iFy (tp) + ..
Vy(P) = boFo’ (tp) + b.Fy’ (tp) LA

vip) = v vE(p) + vZ(p) (7))

+ an—an—l’ (tp)
{ (6)
+ bn—an—l' (tp)
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vy (p)
a (p)= arctg
v (p)

(8)

Where F ;(t) is the derivation of Fj(t) and p=1,
2,...,m
At this stage, the (main and cross ) lines
treat
general

polynomial, ot

are independent of each ofher, so we can
each line independently. Any  of

polynomial, otthogonal
trigonometric polynomial can be used as the
base function of fitting trace, It may be some

other function. The conclusions of Huang (1987
and Huang (1988) have shown that the optimal
results of recovery can be obtained if spline
function is chosen as the base function,  The
spline function used in this paper is ( Huang
1987)
i
Fi—4(t)=ZQi—4,j(t'Tj)3 (9)
jei-4
Where : 4!
Oi-4, 3%
Ui o (Ty)
Ui—4 (TJ) = H (Tj - Tk)
k=i-4
ko= j
0 ; t < T;
(t-Tsdd =4
(t-T;)2% 5 t>7T;

T; is the spline node. Using the function above

as fitting function can bring about a good
tesult of recovery and a high numerical stability

as well (Huang, 1987)
3. Surveying Line System Adjustment

observed data, the
marine gravity measurement is notmally designed
and cross lines, At the

In order to evaluate the
with main lines cross-
ing, there exist two observed values of gravity
corresponding to the main line and the cross

line respectively, The condition equation of the

formed. How to wuse the
condition equations to adjust the fitting traces

ctoss-point is thus

again is the second stage of the post-processing
of data in the marine gravimetry

According to the analyses above, the error
of the marine gravity measurement mainly comes
from three sources: the direct and indirect

influences of the position errors and the
observation noises of gravity, Now the gravity
difference is divided into three parts

corresponding to the above three aspects, and
therefore, the condition
established as below:

equation can be

B.-AA +Ba-AA +C -V, -W=0 (10)
Where the first and second terms represent the
ditect and inditect influences of the location
errors respectively; the third tetm denotes the
obsetrvation noises of gravity, AA indicates the
correction vector of unknown parameters of
fitting function, V, is the cortection veector of
the observed gravity, W is the gravity difference
vector; By, B and C are the

matrixes,

coefficient

Regarding AA as a random vector with a prior
weight matrix P.. and solving equation (10)
with the condition adjustment, the followings
can be obtained (Ko y r ua,1979):

AA = P'BT K (11)
Ve = PC7K (12)
K = (B P;BT + C P_ICT) "W {13)
B =B, + B, (14)

Where P, represents the weight matrix of the

observed gravity vector, The result of formula
(11) plus formula (3) is the final
after the surveying line system adjustment,
According to  the new model, the adjusted

and headings can  be

trace model

coordinates, speeds
calculated easily, These adjusted values can be
used further to adjust the Edtvés corrections

Compared to the model wsed in Koyruasa



(1979) and Tang (1991), the model (equation (10))
of sutveying line system adjustment provided in
this paper has the following special features:
(1) in the new model there exists the term of the
inditect influence of the location errors, which
special requirements of marine
gravimetry; (2) in Koyrua ,  the
coordinates of the crossings are wused as the
unknown parameters, so the observed points could
othet

can meet the

with each
matrix of the

be entered into a connection

only through the covariance

crossings and the observed points. In the new

model, the regression parameters of fitting
traces are used to replace the coordinates of
the crossings. And the dependent statistical

dependent function
shows the overall feature

model is replaced by the
model. This

of sutveying line

not only

system adjustment, but also

simplifies the computation of the adjustment
4, The Concrete Form of the

Condition Equation

At each
system, the condition equation corresponding to

crossing of the surveying line

formula (10) can be expressed in detail as

follows:

Bxi5© OXpijt gyi5 - AVpis~ Exi5° DXpyi- Eyaj
A¥piit (AB;i-AEij;) + (Vaii - Veis) - (
gis- 8354 =0 (15)

Where g.i; and gyi; represent the projections of
the horizontal gravity
of X and Y axis near the
P (i, j) respectively, and their values can be
calculated with ( see Koy r ms 1979

gradients in  the

directions crossing

geis=(g:- sina ji- g; - sino ) /sin{oy, ~a 4 )
{ (16 )

gyi5= (g5 - €08 45~ gy €086 ;4) [sin{a;; -a,;)

Where g and g; denote the gravity gradients in
the directions of the main line i and the
line j respectively;

Ctoss
a;; and o ;; ate the
headings of the i-th main line and the j- th
crosg line at the (i, j) cross-over point.
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(15), Axpij;AyPij and Axpji,
cootdinate

In equation
Aypsi: represent, respectively, the
cortections of the crossing on line i and line
correction

j. They can be exptessed with the

vector of the unknowns as follows:

AXpij JAY' W

{ } Di; { ¥ (17)
Aypij Aayi
AXpsi Nax;

{ Y o= Dy Ao } (18)
A¥pii Ay

The coefficient matrixes Di; and D;; are related
to F's in equation (5). Aa’s are the correction
vectors of the unknowns in (5) and (6)

In equation (15), AE;; and AE;; indicate

the corrections of the Edtvos effect values. The

computation formula of the EGtvis effect is

(Dehlinger, 1978; Bell, 1986)

E=17503 -v -sina - cos®+ 0.004 - v2 (19)

Whete v — the speed computed by formula ( 7)
with the unit of knot.
o— the heading computed by formula (8).

@-— the geographical latitude of the
point.
Differentiating equation (19) , ignoring

(when v=15 knots and A v= 0. 2
knots, AE=0.024 nGal) and substituting the
increments for the differential
effect

the second term

elements, the

Eotvos correction can be expressed

as

AE = 7.503- sina
~cos9 - Aa

According to formula (7) and (8), we have

cos® - Av + 7.503 v

- CoB @

{20)

Av = (v - Ave t vy - Avy) [ v

Aoz (v, - Avy - vy, - Avl) [ v2
Where

Ave =D - Aa,

Avy =D - Aay

D’ is the derivative of D
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Introducing the formulas above into formula (20)
, and making some simplifications, we can obtain

ABij= as; - Duy - Aaxs + biy - Dy Aays
(21)
Where
;5 7.503 cos® ;5 ( Vs ' Bi0G 55~ Vyyy
cos ¢ i5) [ Vig
bij= 7.503- cos@ 45 ( Veuy- COBX 154 Vyij-
sin & ;) [ vi;

In the same way, we have

ABji= a5: - D ji- ANax; + by Dgi Aagy
(22)

In equation (15), gijr Vgij and €54y Vgji are,
tespectively, the ohserved gravity and their
corrections at the crossing on line i and line j,

According to formula (17), (18), (21) and
(22}, equation (15) can be rewritten as

Exij - Diy - ANayst gyiy-Dij Nagi- gxij - Dji - A
axi- Byis- Dji- Nayy - a5y Dy Aa xi-
bis - D ay - Aagst a5 Dy Aaggt b ogae

- g51)=0

(28)

Dys- Aayy -veis * Veys - ( gus

Formula (28) is the concrete expression of the
According
to formula (10) and (23), for a surveying line
system with M number of main lines and N number

condition equation at each crossing

of cross lines we have
B Qxll Qy11
Qx12 Qy12

QxlN leN
szl Qy21
Qx22 Qy22

QxZN Qy2N

Qle QyMl

QxM2 QyMz

QxMN QyMN

lel Pyll n

PXZI Py21
Ple Ple
Px12 Py12
Px22 Py22

P xN2 P FN2

leM PylM

szM Py2M

PxNM PyW

AA = (A axli Aaylv ) AaxMy AayMl Alel
-a.yly ey A-a-xNJ A_ayN) T
Vg=(vgll) Vgiy Vegizs Vgiz2y ... Ve Vemn )T

W= (g1 811y Bi2- Biz ) Bmnc- gMN)T
-1 +1
-1 #] 0
C = 0
-1 41
Where

Qxi35 Bxag - Diy - a4y - D4
Qyi5% gyis - Diy - bay - D'y
Pussm ~guas - Diu + 850 D5
Pyss® -Byay - Dy + byu - Dy

(i=11 2;«.-)M;j=1y ZryN)

The symbols with overbars represent those values
along the ctoss lines.

5. A Practical Case

The method provided in this paper began to be
used to process the observed data of marine
gravimetry of China in 1986. The applications in
recent years indicate good effect of the unew
method. The following is a practical case

The worked site is located in the South
China Sea. During the work, the surveying ship
was kept at a velocity of about 15 knots.  The



ship has a tonnage of about 3,000, The marine
gravity navigation took place by GPS in single-
receivet mode, The location errors were between
about 100m and 200m. The marine gravimeter wused
in the work was the type of KSS8-5 made in West
Germany, Its observation accuracy is designed to
be about 1 mGal

The worked network consists of five main
lines and four cross lines. They are about 250
KM and 160 KM long respectively, The main [!ines
are almost orthogonal to the cross lines. There
exist twenty crossings in the network,  The
gravity gradients along the main lines are
listed in Table 1 and 2

Tab. 1  The gravity gradients along the
main lines [Unit: 10E]

A 1 2
i\

1 -0.613 | -1.383 | -0.218 | 2.244 | 3. 333

2 0.932 | -0.9856 | 0.992] 1.913| 0.290

3 -0.849 | -0.907 | 1.832| 2.781 ] -1.691

4 -0.102 | 0.197 ) -1.403 | -0.884 | -6. 544

Tab. 2 The gravity gradients along the
cross lines [Unit: 10E]

\ i 1 2 3 4 5
i\

1 -0.044 | 0.835-0.946 | -1. 742 | -0. 088

2 -0.567|-0.214 | -1.098| 2.197} 0.219

3 0.173 | 0,128 | 0.139| -1.467{ 2.795

4 -0.130 ) -0.440 | 0.316 | -0.445 | -2, 492

After the recovery of the trace, the gravity
differences at the crossings are computed as in
Table 3.
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Tab. 3 The gravity differences before
system adjustment [mGal]

\i| 1 ) 3 4 5
i\

1 -2.34 3.69 -1.54 | 6.08 4.11

2 4.03 | -0 .80 2.34 | 4.53 -3. 50

3 -8. 69 4. 43 -1.42 | 5. 79 -3. 46

4 1. 08 2.53 -4.20 | -0.23 -4. 61

While adjusting the surveying line system,
the accuracy of observation was tregarded as
being equal. Therefore, the noise weight matrix
of the gravimeter measurements Pz in (12) and (13)
was an identity matrix. Then, three groups of
results wete computed, They respectively

correspond to

B = B1 ( 24 )
c. B=238,1+B; {26)

The equations above mean: only the direct
influence of the location errors is taken into
account in model (a) (used in Koy r us (1979
and Tang(1991)); only the indirect influence of
the location errors is taken into account in
model (b); both direct and indirect infldences
of the location ertors are taken into account in
model (c). Aftet having finished the surveying
line system adjustment, we can compute the
gravity differences at the crossings correspond-
ing to the above three models as helow:
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Tab. 4 The gravity differences to
mode!l {(a) [mGal]

\ i| 1 2 3 4 5
i\

1 -0.96 | -0.85 -0.11| 5.41 0.11

2 -0.90 | -1.69 -0.51 | 2.58 | -4.86

3 -1. 55 1. 51 1.26 | -3. 36 1. 11

4 2.87 | -0.21 -0.96 | 1.21 |-0.31

Tab.5 The gravity differences to
model (b) [mGal]

\ i| 1 ) 3 4 5
i\

1 -0.36 | -0.03 0.39 1. 61 0.18

2 ~0. 24 0.52 0. 31 0. 55 0. 04

3 -0. 47 0.72 0.06 | -0.21 1. 35

4 0.09 0.21 | -0.26 0.02 6. 33

Tab. 6 The gravity differences to
model (¢) I[mGall

\Ni| 1 2 3 4 5
i\

1 | -0.31 [-0.02 -0.06 | 0.11 | 0.38
2 | -0.15 | 0.35 -0.09 | 0.07 |-0.05
3 0.07 | 0.14 -0.02 | 0.33 | 0.02
4 0.06 | 0.28 -0.09 .| 0.04 |-0.18

According to the specifications of marine
gravimetry, the accuracy of the observed data of
marine gravity can be estimated by ( Strang Van
Hees, 1983; Huang, 1990)

0 =+ v (wel/ (2K (27)

Where © represents the gravity difference; k is
the total number of crossings, The factor of 2
is due to that o is the difference of two
observation values. The accuracies corresponding
to Table 8, 4, 5 and 6 can be
follows:

computed as

2. 83 (mGal)
1.52 (mGal)
0.40 (mGal)
0.13 (mGal)

a a a q
[}
i

H H +

The results above indicate that the adjusting
effect of equation (25) is markedly better than
that of equation (24). According to the gravity
gradients in Table 1 and 2, it is obvious that
the coordinates of the crossings corresponding
to equation (24) must be moved for several
kilometers in order to adjust the gravity
differences of a few milligals., This does mnot
match the location accuracy { about 200m ). On
the contrary, the response of the equation ( 25)
to the changes of position coordinates is more
sensitive than that of equation (24) . A slight
change of the trace shape can cause a great
change of the speed and heading. Therefore, it
is easy to carry out a teasonable adjustment of
both direct and
indirect influences of the location errors exist
in marine gravimetry. They restrain and
contribute to each other, and neither of them

the differences. In reality,

can be neglected in use. So there is reason to
consider that the more reasonable model in
structure is equation (26), which has been
proved by the computed results above

6. Conclusions
The following conclusions can be drawn from
the above discussions and the practical

applications:

(1) The new method of marine gravity



surveying line system adjustment provided in
this paper, which takes account of not only the
ditect but also the indirect influence of
location errors, 1is theoretically strict and
practically feasible

(2) The years of treatment of the observed
data concludes that the root mean square of the
gravity differences can be decreased from £3~4
milligals to within 1 milligal after the
adjustment of surveying line system This will
play an important role in improving the quality
of marine gravity data in China
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