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The method in common use for calculating the gravimetric
terrain and isostatic compensation corrections was introduced
by Hayford about 1910: In pripciple the method is a graphical
integration of the effect at a gravity station of all the ir-
regularities in the éievation of the land and sea bottoms over
the entire surface of the earth. The surface of the_earthlwith
the station as thé center is divided into circular zones and the
zones in turn into compartments. Hayford used fifteen zones from
the station out to. 166.7 kilometers, which he identified by the
letters A‘to 0; and 18 zones from 166.7 kilometers té,the antipodes
of the station, The latter he identified by‘numbers-lé to 1. The
zones between the station and 166.7 kildmeters are usually referred
to as the lettered zones and those beyond as the numbered zones.
The effect of each compartment is found by estimating the mean
. elevation of the land surface within its boundaries and looking
up in a set of tables the corresponding effect of topography and

compensation., The accuracy of the method thus depends on the skill
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of the computer in correctly estimating the mean elevations of all the
compartments, The process is tedious and time consuming. This
difficulty is eépecially true for stations located in mountainous
country where extra care must be taken.

In recent years, a number of investigators have used electronic
digital‘computers to reduce the amount;of work and time required in
the calculations. For example, Heiskanen (1953) has discussed their
use in computing the effect of isostatic compensation; and Bott (1958)
has described a program he developed for computing terrain corrections.

The method described by Bott involves the substitution of a
square grid for circular zones énd compartments; and the calculation
of the effect of the mass underlying each square as if it were con-
centrated along a vertical line at the center of the square. The
squares are made small enough compared to their distances from the
station so that sufficient accuracy is retained. This technique has
been called the mass-line method by Heiskanen (1958).

A fast, reliable method of computing the effect of topography
‘and compensation is needed particularly for gravity surveys now being
done by students of the Colorado School of Mines Geophysics Department
in the mountains of Colorado. Here where large changes in elevation
may occur within a compartment, the accuracy of Hayford's method
rests too heavily upon the judgment of the inexperienced student

computer. Also, the time spent by the student in making the

corrections is out of all proportion to the reward in knowledge and
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experience ggined.

It was, in fact, the tiresome experience with Hayford's method
which stimulated an interest in the problem of devising a computing
program for the LGP-30, the electronic digital computer installed in
the Colorado School of Mines mathematics building.- Work on the
problem was begun in the summer of 1959, and writing and teéting a

workable program was finaily completed in the late fall of 1960.



T-927

GENERAL PLAN OF ATTACK

o The‘prog:am was planned with a particular area in mind, namely,
that paft of Central Colorado for which a complete set of Ti-minute
U. S. Geological Survey quadrangle sheets were available. This area
is enclosed by the parallels of latitude 38952130" N and LO®0O!'0O" N,
and meridians 105° W and 106° W. These maps have a scale of 1;2h,000.
Available also were Army lMap Ser&ice maps having a scale of 15250,000.
The latter were used to obtain elevations needed for the zones reaching
out to 166.71 kms beyond the area covered by the 7i-minute quadrangle
sheets.

Bott's use of square grid with the mass-line method of
computing tﬁe gravimetric effects seemed to offer the simplest
approach to the mathematical formulation of the problem. Formulas
for the attraction of a line mass are easy to derive and are
reasonably simple in form.

It was unnecessary to consider the problem of writing a
program for the numbered zones; since Qureshy's interpolation map

(1958) for the State of Colorado gives these corrections with
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sufficient accuracy. The problem chosen was the lessor but still
difficult one (as it tﬁrned out) of devising a program that would
compute the sebarate corrections for topography and isoétatic
compensation in one series of operations for the area of the lettered
zones. Hayford's division into fifteen'lettered zones was not used.
Instead;‘the ci;cular area of Hayford's lettered zones was divided
into the four areas shown in figure 1:

The outer area or zone was bounded on 'the outside by a circle
of radius_léé.?l kms, and on the inside by a square measuring 80 kms
on a side. The femainimg three inner zones were bounded by squares
with Qut$ide‘dimznsions‘of 80, hO, and 10 kms, respectively. The
grid size chosen for each zone was 5, 2, 1, and 0.2 kms, respectively,
beginning with the outside zone, Two programs were written, one for
the innermost zone and one for the remaining three outer’zanes.

“ In deriving £he formulas for the three outermost zones, the
earth‘s“curvature was taken into account; it was ignored in the
deriv;tion of the formula for the zone containing the station, since
the curvature effect within 7 kilometers of the station is very small.
In what follows the four zones will be identified by the Rom
numerals I, II, III, IV, starting at the outer zone and counting
inward toﬁard the station.

The Airy-Heiskanen system of isostatic compensation was
chosen; with the thickness of the earth's crust at sea level TQBG kms.

This figure, the value used by Qureshy in his isostatic reduction
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gf_H@lmer'é Colorado gravity data, was'considered desirable for use in.

the same sysﬁem in future additions to the Colorado data,
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DERIVATIONS OF THE FORMILAS

Zqﬁe ;V

In figure 2 the (x, y) plane is at sea level, The part of the
prism above ABCD contains the mass between sea level and the surface
of the ground at Q. This mass is compensated by the mass at the
bottom of the prism whose thickness is f and whose ‘depth is T. These
two masses are regarded to be concentrated along the two line segments
at the center of the prism. The poordinates of the station where the
effects of the two line masses aré'tq be computed are S(x , y, e).

The vertical component of the attraction A, at the point
S(x, y, e¢) of the line %?ss is given by

Az =k pau ov .L(e"j')dw / [(u-.-x)z + (y-v)% + (.e-W)2] 3
and this becomes, when the integration is carried out,

AZ = kf AU AV | l/ [ (x-u)2 “+ (y—V)2 + (e"W)z ] % '2 i
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Figure 2. Mass-line method for computing the
corrections without considering the
effect of the earth's curvature.
Setting the upper limit b=-T and the lower limit a=-(T+t)
this gives for the effect of compensation,
1
ho =kpau av | 1/ [(ew? + (yn)2 + (es1)2] 4
1/ [(xe)? + (yn)? + (exret)2 | 3]

Two cases have to be considered for the topographic correction Ap.
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The first is the case where the elevation of the grid point Q(u, v, h)
is less than the elevation of the station S(x, y, e); that is, when
e>h., Here we put the upper limit b=h and the lower limit a=0 to get
Ap = kp Au Av [1/ [(x-»u)2 + (y=v)2 + (e-»h)Z] %
-1/ [(x=u)2 + (y-v)2 + ea]’%
The second case arises when the elevation of the grid point
Q(u, v, h) is greater than the elevation of the station S(x, y, e);
that is, when e (h. That part of the mass above the station would
have an effect opposite in sign to that part of the mass below the
station, For this cése Ay is given by
Ab = kp AV bu [2/ [(x---u)2 + (y-v)2 ] 3
-1/ [(x-w)2 + (y-v)2 + (e-n)2]% - 1/ [(x-u)2 + (y~v)2 + €2 ]%]
For the terrain correction only, the upper limit is b=e, and
the lower limit is a=h., This yields
Ay n‘k)o AV Au [1/ [(x-u)2 + (y=v)2 ]%
-1/ [(x-w)2 + (yv)2 + (e-n)? ]%’J
This formula was used to check the accuracy of Bott's approximation,
which is
Ay = /2 K prav [(em2 / [ s ()2 ] 2]

In the preceding formulas

k is the constant of gravitation,
P is the volume density of the mass,
Au AV is the area of the grid,
T is the sea-level thickness of the earth's crust,
t is the thickness of the compensating layer,
e is the elevation of the station S(x, y, e),
h is the elevation of the grid point Q(u, v, h).
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Zones I, II, and III

‘Wiﬁﬁ referénée to figure 3, the component.of the attraction

Figure 3. Mass-line method for computing the
. corrections with the effect of the
earth's curvature,

in the radial direction Ap at the point S of the line mass element
dn s given by |

dho = kA cosy dr/ R?

s kA [(b-rcos@) dr/ (r%+ b2 - 2brcos@)3/2J ’

where \ is the mass per unit length of the line and b=a+e. Thé effect
Ap of that part of the line between r; and rp is

o Fe
Ap= kA j (b-rcos@) | dr/ (r2-2brcos@+b2)3/2.
ry

Setting rem+bcos®, this becomes

11



T-927

: 2 ‘
Ap= k A bsin0 r dm/(m24b251n29)3/ 2
r
2
~ wk Acoso J’
N

where rp=mp 4 bcos® and ry= m; + bcos@. Upon carrying out the

m dm/ (mz*basinzg) 3/2 ,

integration and reverting to the original symbols, the last equation

may be written in the form
A=k Ao [ np/ (r5 - 2br,
-1/ (r% - 2brjcose- + bz)%] .

cos@ + bz)%

To use this formula for the effect of compensation Ac, set ro=a~T and
‘r1= a~T-t and the result is

Ag = kX, / ate [ a-T / [(a-T)2-2(a-T)(ave) cose+(ase)? | 2

-a-T-t / [(a~T-t)2-2(a-T-t)(a*e)coseﬂ*(a*e)zl %, .

Here a is the average value of the earth's radius, and ,\2 is mass per
unit length of the compensating mass. The value used for a was
6,371.2 kms and for }lz, the value was 0.6 Au A4v.

For the topographic corrections, there are two cases:
¢)h and c(h, When c)h, the upper limit is ry=ash and the lower
limit ry=a. The topographic correction Ay is then given by

Ap =k A /(ase) [ a+h / [(a*h)2+2(aﬂ+h)(a*e)cos@.*(a_ﬁe)a]‘

-a/ [ az—2é(a+e)coseﬁv(aw-e)2 ] 3 ] s

the value used for ll was 2.67 &u ov.

When ¢ ¢h, that part of the mass line which extends beyond ¢

will produce a negative effect at the station S, so that Ap must be

N

12



T-927 13

written
1 1|a+h

2 are
Ay =k A, /b 'r/ (r -2brcos@0b2)z

<k A /b

a

r/ (r -Zbrcose*bz) ¢

a%c
Substituting these limits for r, the expression for Ab may be wrltten
A = k/\l/(a*e) { [a-'-c / [(aoc)zé(afe)2-2(a&c)(a+e)cose ] 3
. -a/ [a»«t(a*e),waa(a*g)coselz]
- [a*h / [(ath).z&(a*e)242(a¢h) (ate)cose ] z
-a / [aP+(ave)P-2a(ate)cos0 ] £ ”
To calc_';ulate the thickness of the compensating layer, a ‘forjmulav
given by Heiskanen (1938) was used. It is
t =An[1+ [eTe(16 A)nl/a + (214 An) [21e(1s 1] /a2
o “1(re ) /a2 - (22 / 322 ] .
Setting A=l.45, Heiskanen value, T=30 kms, and a=6371.2 kms, this
formula may be put into a form better suited for'compu_tin‘g, namely ,
t=[(ahsb)h « C] h,
where A=0.00000197, B=0.00385707, and C=h,L9220336.
Values of the constants occurring in the various formulas which
were used in the calculations are re-—stated as follows:

k is equal to 6.67 lO ctg gm -+ sec"z,

P is equal to 2.67 gm cm
suov is equal to the area of gr1d square in cmz,
T is equal to 30 kms,
a is equal to 6,371.2 kms,
Ao is equal to 0.6 Auav gnm cm"li
A is equal to 2.67 AuAv gm cm™*.

= Kms
- Kwms.
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APPLICATION

Estimating Elevations of Grid Points

Elevations for zone I were ’éstin.ia{";é”d:‘ff'oinﬂ the 1:250,000 Army Map
Service maps at intervals of 5 kilometers along east-west profiles.
The Transverse Mercator plane coordinate system given on these maps was
used to assign plane coordinates (u, v) ﬁo each grid point. The coordi-
nates actually given on the maps were used. The area covered by the.
g'ri'_d is bounded /oln the west and east sides respectively by the lines
u=250 kms and u=680 kms; and on the north and south sideSVrg;peqtivély
by the lines v=L,600 kms and v=ly ,.100'.1"};;;;5-.‘ '_If‘r?ijere*were 1Q;¢;‘;16‘§Sf£§w;€3tﬁf '
profiles, each 430 kms .lon;g.,‘.v , The elevations on each 'prq:‘.;‘ib,lé;g%gfe,
punchéd on tape and identiii_ed_; by the’ coordinates of ttizj -gf:ifr‘::s_t.‘g;_vstatiort
on the west end of the profile. -

Elevations for zone II were estimated at two-kilbmjet&e;i:&:f";;ﬁt'erval‘s
from the same maps. ‘Artot;1 of 131 profiles was put onAﬁapé,ﬂ@ithin an
area bounded on the wésft and east respectively by the lines u=370 knms

and u=630 kms; and on the north and south respectively by the lines

1L
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veli, 470 knms and v=h,210 kns.

iElevations for zones III and IV were takén from U.,S;'Geological
‘Sﬁrvgy;7é-minute quadrangle sheets.  The coordinate system was the same
as that givenbon the Army Map Service maps. For zone 1II, 69 profiles
on.a l-km grid were picked. These\profiles:covered an area bounded by
~the lines u=hL7 - 500 kms and v=hliil - 1,373 kms. A 200-meter grid was
used.for ZOne'IV, and 121 profiles bounded by the lines u=h63-h8h kms
“~and v=li, 419 - 4,395 kms were picked for this zone.

fThé"total"nuMber of points at which elevations were estimated

was 42,500, All elevations were punched on tape, a single profile on

each tape.

Data Storage .
The first problem that had to be solved in writing the computing

program was that of finding an efficient method of making available the

elevation data. Zone I, for example, required 68 profiles with a total

of 5,916 grid points. These grid points with two identifying coordinates

on each profile meant a total of 6,052 data words needed for computing
the gravimetric effects for this one zone alone.

The memory drum of the LGP-30 ha; a capacity of 4,096 words, and
since 1l tracks or’896'sec£ors were needed for storing the program and
‘necessary sub-routines, there were only 50 tracks or 3,200 sectors
available for data storage. This limitation meant that either the

data would have to be fed into memory in a piecemeal fashion ﬁhen

15
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~needed "or two data words would have to be stored in one memory location.
~For-zone I-the last-mentioned method was used and for zones 1I, III,
and IV, the first. |
Thét data on one profile in zone I needed 45 memory locations;
so that with 3,200 memory locations available for data, 71 profiles
could be stored. Thus enough data could be stored to compute the
-gravitational effects at stations lying within an east-west band 15
kms wide.
Thé first and second words on each profile tape were the u and
v coordinates of the first grid point on the profile going from west
‘to east. The total number of grid points on the profile depended on
~thezome-and-grid -spacing. There were 87 grid points on the 5-km
~spaced profilesfor-zone I. The profile tapes for zone I contained, there-~
fore, 89 data words. When these data words were stored on the memory drum,
only L5 locations were required per profile, since two words were placed

in one location, the L5th location containing s> of course, only one word.

' Boundary Grid
in km size Number of .

Zone " Outer » Inner in km Profile S arid; Pgint )
I | 6.7 80 5 | 8 87x6B=5,916
II | 8 Y 2 W8 50xh8=2,400

I 10 [ 1 | 55 56x55=3,080

v 10 0.2 | 0.2 121  106x121=12,826

Table 1. Showing boundaries, mimbér of profiles, and boints
on each zone. '
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The Program.

“Thé program‘andwa"fIUW“chart,-wﬁich gives the function of the
“various parts of the program, appear at the end of this report. The
flow chart contains enough detail to enable one to read through the

"program with an understanding of the purpose-of‘éach group of instructions

17

“-but-has rather too much detail for the main structure to stand out clearly.

The function of the program can be visualized with the help of
~~figure L, This figure shows a circle which represents the outer boundary
““uf”zone_I, which has a radius of 166.71 km. The(square inside represents
~—the inner boundary of the zone. Its sides measure 80 km. The horizontal
lines are profiles crossing the zone. The profiles are 5 km apart; at
S5-km intervals on each profile elevations ﬁave béen read and stored on
~the memory drum, Although only 48 profiles are shown crossing the zone
“~fn~the figure, actually there were 68; 20 ha&e been omitted for clarity.
‘Avertical line mass is located at each S-km grid point on each
profile. The program was written to calculate the gravimetric effect
-at the center of the circle, of the line mass at each grid point which
falls inside ihe circle and outside the square. The effect of each
line mass was éd&ed to that of all the rést, and the sum printed out.
When a data word was called up froﬁuﬁgmony, its coordinates were
tested to ascertain whether the point fell within the zone or outside
it, If the point fell within the circle and outside the square, the
effect of the line mass was calculated; if it fell outside the éircle

or within the square, it was rejected and the next point tested.
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store the coordinates of the station in the
program and calculate the terms which are
constant for one profile
‘ | .
. = -arrange the point counter (<
outside
" W

-

calculéte s (u-»x)2 + (v-y)2 and test for
the outer and the inner bands

'ins ide

calculate cos@, t, and the terms which

contain these, calculate and store Apgs Acg

Y

teét for the last data word

lasgt

test for the last profile

la it

print $Ay , ZA.»,‘ , and the coordinates of
the station

Figure 5. Flow chart to illustrate the
main divisions 6f the program

19
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Figure 5 is a functional chart of the program.

Two counter registerswwereﬂestablished: one to count the -mumber
of profiles computed and another to count the grid points. The latter
‘has been labeled the "point counter® in the program and flow chart.
_The point counter was used to augment the address of the "bring"
instruction whose function was to select a data word from memory.
Since there were two words in one location and since the unit digit in
the sector portion of the address is at a q of 29, 1l at a g of 30 was
added to the address of the "bring" instruction each time a data word
was selected from memory. The notation g is adopted for the location
of the binmary point. Provision of course had to be made for skipping
the address of the sector containing the initial'grid»point coordinates
at the beginning of each profile.

When the data word was brought from memory to the accumulator
register, an Mextract! tommand was used to select the half of the data
»word‘whiéﬁ:was'next izﬁ'line° The point counterﬁwas used to enable the
Mextract" order to make the proper choices. .The.point counter was
-ie;ted,vand if it contained a bit at a q of 30, it would extract the
last half of the data word; but if there were a zZero at a q of 30, it
would extract the other half,

Wherever possible the address part of each instruction was
aRoptimized"; that is, each address was chosen so that access time was
a minimum, Tﬁis process often required inserting an unconditional

transfer instruction where logically it would not be required.

.20
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.\’.v*‘.'*ﬁi&iﬁf"‘@ié{&ﬁg@‘-_were:*vmade' in the program for zones II, III, -an’rd‘ 1vs
~~but-the" mai‘f"fff-st?mctﬁre'v*-z"fem'é:ined ‘the saﬁ;e' for-all zones. ‘-"Fbx"‘ ’--:z‘obnes II
-and IIIandIV,cnedataword ‘instead of ‘two was stored in each ic;»cafi”on'.
Inzone IV "the effect of ‘the earth's curvature was ignored. At the
“boundary of ‘this zone the-angle ©-was so small that cos@ difféfed from
“unity in-the ‘sixth decimal place and by less at smaller distances from

the station,

'-"Accuracy of Mass~Line Method

The accuracy of the uxass=-11ne method and the correctness of the
—program was -checked by‘computing the topographic effect of a uniformly'
thick 1ayer in zone one based on anéther' more exact method. The-v-f‘
~thickness of ‘the layer h and the elevation of the station e was chosen
“to-be 93000 £t.. The ,f'ormt'al'a'for‘ the attraction of a spherical cap of

density P is

Ab=2/3nk p
+cosze =2/3) =bsin@ cos® log (wﬂ»r«-bcos@)]

[(a#h)3oa3/ (aoh) wznkp[w2(1/3 r2/p%e1/3 /b cose

a®h

"*wh'er'e~"'W?(r?§fb2-2brc‘ose)v%, was applied twice to find-the difference |
‘between ‘the“attracﬂti'on of a spherical cap extei?ding ogtto .166.,;?11 km
“and one ext‘éﬁding ou;t, to hO'.km This result exlceweded the atﬁfac’t-i on
of zone I by an amount equal to the attractzon of four times that of
a9 ,OOO-ft.-thick layer having the shape of thé shaded portion of figure
6. .The attraction of the latter was found by a graph;ca_l method,

A comparison between the results of the two methods

21
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Figure 6. Graphical calculation of the attnactidnx
due to the mass of ABC.

shows a difference of less than one tenth of a-milligal. The't09gﬁ;_
graphic’effect by the mass=line method computed by machine was 10$0h‘f
milligals;vwhereas the same effect computed by a combination of |
formula and graph was 9.96 milligals, a difference of,0,08_milligaL&;
The reason the mass-line method'gives a result slightly too large is
‘that the 5~km:prism was considered to be uniform in cross-section
although actually its cross-section diminishes with depth. COrrespondw
ingly the linear density of the line masses would increase with depth
instead of remaining constant. The difference, however, is not great
enough to be considéred,

Whenever a calculation is made from the prepared elevation

profiles, the gravity station may not fall at the center of/ihe

22
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0 [ 1 1 i i ] ] ] A1
0 10 20 30 40 50 60 70 80 90 m
(e-h)

Figure7o . A, vs elevation differences for different
distances from the station to the mass-
line
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Figure?b..A? vs elevation differences for different
d¥stances from the station to the mass
line
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various zones. For zone I, the statidn‘may fall a maximum distance of
2.5 km from the center of the zone. However, no significant difference
in the results was found when the station was displaced from center

of zones I, II, and III. For zone IV, the results were very sensitive
to the position of the station with respect to the grid ppints. Figures
72, b show: the variation of the effect with distancé Qf é'mass line

in the 200-meter grid. This effect is so serious that the method is
not practical without modification for the zone containing the station.
A suggested changekih method for zone IV is that of computing the effect
of the entire mass lying between the station and sea level from an
exact formula. The terrain effect could then be computed by the mass-

line method.

Calc#lations.with and without Corrections for Curvature

_.The topographic and isostatic corrections were calculated at
ten stations in the Ralston Buttes quadrangle with the formulas shich
took the curvature of the earth's surface into account and with those
that did not. The comparison of the two methods is shown in tables
2, 3. In the topographic correction there was an average of 3 milli-
gals difference between the results of the two methods, whereas in the
isostatic correction the average difference was 13 milligals., About
seventy-five percent of both differences arose from zone I. Table 4
shows that there is no important difference in time between the two

methods.
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Elevation Topographic correction calculated Differences

of the with the earth without the earth

station curvature curvature in mgal
(in m) (1) (2) (1)=(2)
1945 202,109 199.7h0 2,669
2106 201.439 199.10L 2.335
2217 235,943 232,690 3.253
2L66 271.Lh2L 268,376 3.048
2357 256.123 253,261 3.162
227hL 249, 7h7 2h6. 245 3.502
2297 250,606 247,213 3.393
21,89 277.326 273,808 3.518
2327 250,402 247,320 3.082
2385 230,205 227,077 3.128

Table 2. The effect of the earth's curvature on
the value Abo

Elevation Isostatic correction calculated Differences
of the with the earth without the earth
station curvature curvature in mgal
(in m) (1) (2) (1)-(2)
1945 194,230 207.L413 -13.183
2106 198.53L 211.532 -12.998
2247 200.730 21h. 24l -13.,51L
2166 203.863 217.955 ~-1l.092
2357 200.863 211,348 -13.485
227 201.7L7 21L.736 -12.989
2297 202.933 216.487 -13.554
2189 200,217 213.368 -13.151
2327 202.239 214,959 -12.720
2385 202.673 216.36L -13.691

Table 3. The effect of the earth's curvature on
the value Ac,
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Computation time for zones Entire
(both corrections) area
I IT I1I Iv
h m h m h m h m h m
With the
curvature ,
effect 2 58 1 25 1 51 1 36 7 52
Without
curvature
effect 2 L1 1 21 1 L6 1 36 7 24
Only the
terrain
correct., 1 L8 - 34 - L8 - 55 L 05
Table L. Computation time spent for the calculations

of Ay, Ay, and the terrain correction at
one station.

Comparison Between the Mass-Line and Hayford's Method of Computing
Terrain Effects

Only the terrain effect was computed out to 166.71 km for the
ten test stations mentioned in the last section. Three methods were
used: 1. the program developed here modified to compute only the
‘terrain effect, 2. the same as 1 except that Bott's approximation
formula was used, and 3. Hayford's method. The effect was computed
with four different inner boundafies for zone IV: 10 cm, 100 meters,
200 meters, and 1000 meters. The earth's curvature was not taken
into account.

As seen in table 5, the results using an inner boundary of 10 cm

in zone IV were not significantly different from those using inner
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boundaries of 100 and 200 meters. Except for the results found for an
inner boundary of 1 km, there was fair agreement with values computed
. by Hayford's method. However, if the machine-computed values are
accepted as correct, then the values computed by Hayford's method

show deviations of as much as 1.2.milligals. Since Hayférd's method
relies on the judgment of the computer in correctly estimating
elevations in fairly large compartments, it is more reasonable to

suspect error here than in the machine-computed values.
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CONCLUSION

The program and methods described in this report do not offer
an entirely satisfactory solution to the problem of gomputing
topographic effects. Although the mass-line method appears to give
satisfactory results in zones I, II, and III, it proved to be
unreliable in Zzone i&. The. trouble in zone IV arose from the fact
that line-mass appréximations to the actual mass distribution do not
give a good approximation to the true effect in the neighborhood of
the station., The very good results obtained in computing terrain
effects suggest that a much more accurate method of computing the
topographic effect would be ﬁrstto compute from a formula the effect
of a spherical cap of thickness equal to the elevation of the station;
and then to correct this value for the terrain effect using the mass-
line method.

Since the masses involved in computing the isostatic effect
are aiways more than 30 km from the station, the mass-line method

gives good results in all zones.
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The failure to reduce computing time to a reasonable value was
a greaf'disappoihtment, An increase in grid size might reduce the
time by one half; but even this time would be much too long. Perhaps
this can only be done with the larger, more elaborate computers.
Computing the topographic and isostatic effects out to 166.71 km by
Hayford's method usually takes between 3% to L hours per station.
As seenmin table L, the time for the program developed was nearly 8

hours per station,
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'FLOW CHART OF THE PROGRAM:

Entry

Y

stbre the coordinates
of the station in the
program

N

increase the initial
address of the
coordinates by 3

Y

store the first address
of the data words in the
program chosen according
to the y coordinate of
the station

initiate and store
the value of the point
counter according to
the first address of
the data words

(first address-1)

calculate and store b2
-2b, (a-T)2, a2+ b2,

k )L /b 10-5, Je Ag/b
10-5" and (a-T)2+

"

store xz0000 to the
locations of the pro-
file counter and the
final Ay, Ac.

R

calculate (v-y) and

(v-y)? using bits after
15th at the first
address of the data
words for v

increase the address

32

portion of the first
data word by U5

[
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—

increase the address
portion of the point
counter by 2 and store
it for the calculations

f

increase the value of
the profile counter

by 1

\

test
(the value of the
profile counter - the
maximum number of the
profiles)

T -

Y

print the final 3Ay;,

TA¢; and the co-
ordinates of the
station

2—e

calcu%ate (u-x and
(u-x)€ using first 15
bits at the first
address of the data
words

[

increase the address
portion of the first
data word by L5

Y

calculate

2 = (u-x)2 + (v-y)2

Y

test
(s2 - 166.712)

+ Ly

X.

add 1 @ q of 30 to J

the point counter

extract the address
portion of the point
counter and store the
address for the cal-
culations

add 5 to the value of
u and store it at the
same location in the

program

test
(u+5) - the
maximum value of u
— Y +

"2

remove the 30th bit
at the point counter

\
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4..._.._._._.‘

4

test the v band for
the inner square

(37.5)2 - (v-y)2?

L
U A
N

test the u band for

the inner square

(u=x)2 - (37.5)2
L)
s— — +

W

extract 1 @ g of 30
from the point
counter

y

subtract 1 @ q of 30
from the point

counter

test
the sign of the

point counter

N

W

using the right side
of a sector calculate
h and (a+h) @ q of 3

\ 4

using the left side
of a sector calculate

h and (a+h) @ q of 3

¥

¥

117

calculate
N7 and N2

4

calculate
t and NB

calculate
Jﬁl and [Ng

+

compute

ath /(g -a /N

1

calculate

c=b /p -a

y

test
h=c

HE T

¥

calculate
NS and“JNS

y

compute

2(a+c /~JN5 -a /I

\ 4

3L
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compute
the final Apj;

compute
Ny, ), and N3

Y

compute

a-T / Nh - a-T-t / \[I-\IB

/

compute
the final A;

5
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THE PROGRAM
Locétion Instruction Contents Notes
621l xb1300 u@qof 8 v @ q of 28
xe033L 0000wWwwwW v @ q of 28
xd0k01 1@qof 15 v @ g of 13
xs0k 3l y @ q of 13 v=y @ q of 13

xhOLkLO v=y @ q of 13
xmOLLO v=y @ q of 13 (v=y)é @ q of 26
6220 xcoll8  (v-y)® @ q of 26

b001L xb1300
%a0820 xz00L5

y001l

xb0331 point counter add. initially 1263
xa0lly7 2 @qof 29
xy03L9 o
xyoL50
xc0331 point counter add,
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6230

6240

6250

xb0539
xa0L01

'xh0539

xs0545
xt0300
xb1059
xRO1LL
xU0132
xz0000
xb1060
xRO1LL
xU0132

xz0000 .

xb1061
xdoL 36

xRO1LL

.xU0132

x2z0003
xb1062
xmOl 37
*XROLLY
xU0132
xz000L

xb1063

profile counter initially xz0000

1 @qof 15

profile counter

68 @ g of 15 number of profiles
to calculations

IAp,@ q of O

print}Ay.

ZAC{@ qof O

printZA_ci

X @ q of 13

l@qof 3 x @q of 10
print x

y @ g of 13

lL@qof 1 y @ q of 1l
print y

e @q of 13

37
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start program

6260

6300

6310

xdO5Lk

xROlhh.

 xU0132

xz0001
xb1200
xhOlll
xc1061
xb1201
xhOl3k

xcl1062

xb1202

xc1063
b0057
xa0805
y0057
b0060
xa0805
y0060
b0063
x20805
y0063
xb1038
xy0300
yoo1l

laegq

print

xb1201

xz0003

xb1202

xz0003

of

of
of
of

of

9

13
13
13
13
13
13
13
13

e@qofl

x21300 or xzl13L5 or xzlli26
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6320

6330

xb1053

-xc0331

xb0339

xa1063

xhO7hL
xmOThk
xmOlli5
xhOTh2
xhoLL6
xmolly5
xc0811
xb0819
xmOl430
xa07h2
xcOLl9
xb0339
xm0339
xmOLL5
xa0Lh6
xc0505
xb07hl
*xm1056
xmOL 37
xd10kl

point counter i

a @qof 13

e @ qgqof 13
b=ate @ q of 13
b@qof 13
l@qgofl
b2 @ q of 27

b? @ q of 27
l@qgofl

b2 @ q of 28

a=T @ q of 13

a=T @ q of 1L
b2 @ q of 27

(a-T)2+b2 @ q of

a @qof 13

a @q of 13
l@qofl

b° @ q of 27
a2+p? @ q of 27
b @qof 13
=l@qofl
2@qof 2

l1@qof 2

nitial value

point counter add.

b=at+e @ q of 13

b2 @ q of 26

b° @ q of 27

b2 @ q of 28

(a-1)2 @ q of 27
(a-T)2#b2 @ q of 27
27

a? @ q of 26
a2 @ q of 27

al#b° @ qg of 27

-b @ q of 14
-2b @ q of 16

-2b @ q of 14
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6340

6350

0300

xc0839
xbi0h1
xd07hs
xh10L7
x¢1057
xbl042
xdOT7hl

uO1L45
xc10l43
xb1058
xh0539
xh1059
xc1060

u001L

xb1300
e0037
m0038
cOL57
b0000
a0520
y0000

bOL5T

-2b @ q of 14

kA, 105 @qof 5

b @q of 13

k2A; /b 1075 @ q of -8

kAy /b 1075 @ q of -8

kA, /b 107 @ q of -8

kA, 1075 @ q of 5

b @q of 13

kA, /b 107> @ q of -8

kA, /b 10‘5@qof -8

xz0000
profile counter
Zhb;

ZA‘C.\

u@qof 8
Wwww0O000
l@qgof5s
u@q of 13
xb [1300]
20045

u @q of 13

v @ q of 28
u@qof 8

u@q of 13
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0310

0320

0330

sOLllL
h0531
'm0531
10012
a0148
h0528
s0129
t0332
b0031

a0l 03

[

hOO31

e0L62
yooL9
y0150
bpOLST
a0102
hokS57
soLol
t0007
b0031
eOh1l
c0031
xub21ly
xz1263

X @ q of 13 u-x @ g of 13
u=x @ q of 13

u=x @ g of 13 (u-x)2 @ q of 26

(v=y)2'@ q of 26
(u»x)z*(v«y)2 =s2 @ q of 26

166.71% @ q of 26 s%-166.71 @ q of 26

point counter
1 @q of 30

point counter

3ww extract add. portion
u @q of 13
5 @qof 13 uts @ g of 13

new u or u+5 @ q of 13

681 @ q of 13 (u¢5)=-681 @ q of 13
point counter
3ww j remove bit @ g of 30

point counter

initial value of point counter

L1
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,0000013 2 1 @q of 30
2 ‘1l @q of 30
WWW
00000000 \Ny; @ qof 9
WWWW
wwwwO000
1000000 lL@qof 5
6383333j a @ qof 13
0340 00000000
0p000000
00000000
00000000
00000000
b0031 point counter
20032 1 @q of 30

s0033 1@gq of 30

t0150
xb [0000]

0350 e0036 wwww  right or odd h @ g of 18
doh23 l1@qgof 5 heq of 13
hoL38 h @q of 13 for Ay, routine
dol39 1 @q of 10 h@qof 3
h0233 h@gqof 3 for A, routine

10056
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0360

0L0o

»0000002

oL10

»0000001

c0135
10059
xz0000
bolL38
a0039
hokko
colik1
b0528
u0201
10000
14,0000
b0118
m0233
a023l
m0135
m0529
a0l130
hol59
hOL60
mOL61
c0562
u0l16
xz0000

200000

h@qof 3

h @ g of 13
a @q of 13 atsh @ q of 13

a+h @ g of 13

a+h @ g of 13

s @ q of 28 begin cosine routine’
1 @q of 15

5 @q of 13

B@qof 0 begin t routine
h@q of 3 Bh @ q of 3

C@qof 3 Bhﬁcv@ qof 3

h @q of 3 t=(Bh#C)h @ q of 6
-1@qof 8 -t @ q of 1l

a-T @ qof 14 a-T-t @gqof 14
a-T-t @ q of 1l
a-T~t @ q of 1k

~2bperquefilh  -2b(a~T-t)p@-qoof 28

~2b(a-T-t)pr8cqo6e228

1@q of 10

L3
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,0000001

oL20

,0000001

,0000021

ol30

b0502
u0l19
Tq636f
ho2L48
u0256
10258
bokL59
mOL60
a0511
a0562
c06l42
10300
k910
31816666

00000000

00000000

00000000
00000000
00000000
10000000
1,0000000

00000000

00000000

Nz.@ q Of 18

B @ q of O

a @q of 13

a-T-t @ q of 14
a-T-t @ q of 1 (a-T-t)% @ q of 28

b2

@qof 28  b2#(a-T-t)2 @ q of 28
-2b(a=T-t) p'@-q-of 28

(a=T-t)2-2b(a-T-t) p +b%=N3 @ q of 28

166.712 @ q of 26
a-T @ q of 1}

y @ g of 13
h@q of 3
1.@qof 3

l@gofl
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oLl

0450

0460

0500

00000000
00000000
00000000
00000000
00000000

- 8000000

00000000
8
QOOOOOOO
00000000
xb0000
u015h
xz0000
h0233
u0156
ho135
mO115
10159
h0oL438
a0518
holLho
cOlly1
b0528
10201

vy @ q of 13
(atc)?4b2 @ q of 27

N, @ q of 18

3
X @q of 13
l@qofh

b° @ q of 27

2.@ q of 29
(v=y)2,@ q of 26
(a-T)2402 @ q of 27

Wiww0000 left or even h @ q of 3

h@qof 3

h@qof 3

l@qof 10 h@gq of 13

h@gqof 13

a@qof 13 ash @ q of 13
ééh»@ q of 13

ath @ q of 13

s° @ q of 26 begin cosine routine

L5
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0510

0520

mOL 30
sOL31
m0232
10206
xz0000
m0528
aol22
d0530
h0638
m0539
hoL61
mOLL 1
aokh2
cOhh3
bOLLly
40638

c0246

boLLO
mOLk1
m0556
aolh3
do2hh
c0502

b0503

1/2la® @ q of -26 1/2h(s/a)2 @ q of ©
1/2_@ qvofVO
1/2% @ q of -25

s? @ q of 26

l1@qof 1 cose=p@ q of 1
l@qgofl pe@qof 0

ﬁ”@ qof O

-2b @ q of 1 -2by@'§ of 1L
-2bp-@ q of 1 |

at+h @ g of 13 -2b(a+h)p @ q of 27
b° @ q of 27 b2~2b(a+h)y @ q of 27
b®-2b(ath) p @ q of 27

b @ q of 13

peqoro  b/p @qof 13
p/h;;@‘:q o

a+h @ q of 13

ath @ qof 13 (a+h)2 @ q of 26

l1@qof 1 (a+h)? @ q of 27

b?-2b(ath) p PecqH8L227
1 érq‘bf 9
(a+h)2~2b(a+h) P +b=N, @ g of 18

a @q of 13

L6
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0530
,0000004

0540

,0000005

moﬂél
a0205
do713
hol50
u0230
10259
1,0000000
6939723
00000000
l47q010£1
a0l21
h0522
c0523
10103
x20000
h0255
10242
c0521
u0L05

100000

14140000
00000000

ooooo

00000000

-2bp @ qof 14 -2abp @ q of 27
2,.2

a%#° @ q of 27

1@qof9
2, 2
a"-2abp +b"=N; @ q of 18

l@aqofl

l/ézb@ q of =25

h@qgof 3

C@qgof 3

a @q.of 13 atc @ q of 13

at+c @ q of 13

a¢c @ q of 13

profile counter initially xz0000
NS @ q of 18

Ng @ q of 18

l@qgof 9

"68 @ q of 15

b/p @ q of 13
a @qof 13

Nz @ qof I8
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0550
,0000002

0560

0600

do721
u02L0
00000000
10000000
-a0759
u0li20
xz0000
cO11l
u0122
u0i23
c072L
bo2L6
s02L7
hosh1
10235
boL50
xR1150
xU1100
c0035
10305
b0o248
*R1150
xU1100

c0139

l@aqof9

l@qof 3

zAbi@ q of 0

Ng @ q of 18

N, @ q of 18

N, @ q of 18
b/y @ q of
a @qof 13

c @qof 13

N, @q of 18

Iﬁl @q of 9

N, @ q of 18

N, @ q of 9

13

c=b/p -a @ q of 13

L8



T-927

50000022

0620

0630

10705
000000600
00000000
00000000
00000000
00000000
00000000
00000000
00000000
00000000
00000000
00000000

00000000

- 00000000

00000000
00000000
00000000
00000000
00000000
00000000

00000000

00000000

00000000

bo3LT

transfer to compute a+h/Jﬁzwa/Vﬁl

(37.5)% @ q of 26

L9
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,0000016

0650

s01L48
tookL5
b0531
m0531
s0352
t0016
u00L5
00000000
00000000
00000000
00000000
00000000
;0000000
00000000
fwjd
00000000
00000000
00000000
00000000
fw b
00000000
00000000
00000000
t0728

50

(v-y)? @ g of 26 37.5%~(vey)? @ q of 26

u=-x @ q of 13

u-x @ q of 13 (u--_x)2 @ q of 26

(37.5)2 @ q of 26 (u-x)2-37.52 @ q of 26

l@qofl

(37.5)% @ q of 26

(37.5)% @ q of 26
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0660

0700

,0000003

0710

,0000006

b0522
mo523
n0231
a01Lé
10362
cO1ll
10400
b0522
uoh1l
00000000
2
££L0000
b0255
xR1150
xU1100
c0532

u0557

xz0000
moL61
a0ll1
u02L9

3wwj

00000000
00000000

51

asc @ q of 13
a¢c @ q of 13 (a+c)? @ q of 26
L@qof 1 (a*c)? @ q of 27

b2 @ q of 27  bo+(asc)® @ q of 27

b2+(a0c)2 @ q of 27
a+c @ g of 13
1 @q of 30

681 @ q of 13
NS'@ q of 18

Jﬁ; @qof 9

-2bp @ qof I -2b(akc)p @ q of 27
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