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t 1983, it was

a c d to have a meeting of the working group to
prepare a report for the 10th International Symposium on
t

tember 1985. This meeting took

4

(@

nstitut fir Theoretische Geoddsie™, Univer-
ct. 3.-5, 1984, and Prof. M. Bonatz was our
dating host. The members of the working group and
d colleagues took part, and altogether 21

c
ntists freom 11 countries were present.

The content of this volume covers the topics of our meet-
ing. The ccnclusions drawn are printed at first place, and

they allow an overview over the following papers.
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3.

In order to enable an easy program exchange between
research groups and institutions the following informa-
tion upon used computer programs should be given to the
International Center (ICET): purpose, language, size,
used computer. This information should be distributed
by ICET at request.

Superconducting gravimeter

The working group realizes the progress achieved in record-

ing with this instrument.

4.

Tidal loading computation

Using tidal charts based on a grid structure the true
mass center should be taken into account, esp. approach-
ing polar regions, if a point mass load method is used.

Regarding local cotidal maps, the size of the ocean
cells should be about a fifth of the distance to the
instrument site.

For theoretical load calculations for coastal stations a
local seismic structure should be considered.

The results of theoretical load calculations pubiished
should contain both the mass conservation and the non-
conservation scolutions.

The results of overall loading computations with global
models provided by ICET should be marked when the sta-
tion is closer to the sea than 300 km. Then the results
should be used only with special care.

Data bank

The standard format for earth tide data is extended when
tapes are used as storage medium. Then the firs+t 20 col=-
umns are used as usual, and a record of 12 observations
should be added covering a suitable number of digits
(e.g a resolution of 1/100 gal is also possible).

The data bank should be provided with data from every
station. If that is not possible at least a copy of an
analysis print-out should be made available applying a

compatible method.

The data of the data bank is available to everybody if
permission of the donator is given.
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During the last decade essential progress has been achieved
concerning instrumental performance; in terms of internal pre-

cision gravimeters attain resolutions of 1...0.01 uGal, tilt-
10

meters OY0001 and strainmeters 10 respectively. Unfortunately
the situation is not correspondingly favorable if we are looking
for the absolute accuracy; at least for gravimeters it is still
problematic to get a calibration to better than 0.5%. In this
context it has to be stated, that calibration means determination
of the whole response function of the instrument: intrumental

scale and phase, both principally frecguency dependant.

Beyond a certain instrumental resolution it becomes difficult
clearly to distinguish between instrumental and geophysical per-
turbation effects. This is specially true for tilt and strain
measurements as in both such cases very local influence affect
the coupling of the sensors to the Earth's crust. In addition
when performing high-precision measurements one observes a guan-
tity of different phenomena, not only the tides of the solid

Earth.

The retorded signal can be devided into two categories: signals
dué b imstrumental imperfections and such due to geophysical pro-
cesses (which additionally may also induce instrumental perturbation
effects) . To the first group belong effects caused by variations

of temperature, airpressure, magnetic and electrical field, aging

of matter etc. Geophysical signals are real physical guantities



in the dimension for which the sensor was designed: direct and
indirect tidal effects, influences of tectonical or ckmechanical
procasse of groundwater, airpressure etc.

{amplitude and phase)} using qguantities of celestial mechanic
(angular velocity of partial tides) as basis input. But looking

andomly distributed

It is already since a couple of years that this problematic si-
tuation has been .iécussedaThe way out is called the c
nel analysis". It means that parallel to the "tidal" observation
some other relevant parameters are observed such that the data
analysis can base upon a physically more realistic model taking
into account the whole complexity of the observed physical pro
cesses. As a measure for the cguality of the extended model the
distribution of the residuals after analysis can be regarded,
whether or not they are randomly distributed, respectively to
eg:

which de

Except for some special investigations, there will be no more
essential progress in the future, neither in tidal researc!

{instrumental asg well as interpretation) nor in investigations
concerning such signals which are of tide induced or nontidal

origin, if the problem of multichannel analysis is not solved.

This is what we need at present most urgently.



COMPONENTS AT BUDAPEST STATION

Varga, P., Hegymegi L.
EStvds Lorand Geophysical Institute of Hungary,
Columbusg u. 17-23. Budapest, H - 1145

For recording different Earth tide components a new under-

ground station was esteblished in NW part of Budapest in a

-
e

cave - the total length of which is approximately 2.5 km.

s

A small part of this cave recently - since April of 1981 -
is occupied by the station /Fig. 1./. The instruments
talled in this station are of about 40 meters from the

nst
entrance and also 40 meters under the surface of the Earth.
n
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was designed for two different purposes:
- to carry out absclute gravity measurements
- to record time variations with different kind of
instruments. Until now registrations with gravimeters,
pendulums and extensometer have been carried out
The central part of the station is the so called "absolute
room" where in 1981 and 1983 the absolute gravity measurements
have been carried out. In this room the recording systems -
both analogous and digital - are installed. From this place
can be done the distance regulation of gravimeters and extenso-
meter. In this room are recorded the meteorological factors
/humidity, air pressure/ as well. The absolute room is heated.
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The regulated temperature there is 257C. The temperature of
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17C, the daily variations are cf order
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recording gravimeters are install
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A 21 m long guartz tube extensometer, provided w
capacitive transducer, is also in operation. This instrument
is supplied with an automatic calibration device, which
allows to determine the record scale with accuracy 2.5 %.

It seems, that the most serious difficulty to get reliable
gravimetric Earth tidal parameters is the calibration. ToO
‘overcome this problem we used two different possibilities:
a./ an underground calibration line /[Fig. 1./ of 1 mgal
range within 35 meters has been established. The
favourable feature of this small range line is,
that the measurements can be carried out under

thermostatised conditions



o
gin was only 60-70 microgals. In spite of this
c

time of maximal tidal variations.

To automatize the recording we completed a relative simple:’
data acguisition equipment, which is based on a HP 41 CV
calculator /Fig.3./. This system can collect output of 8

different instruments. Recently only two gravimeters and the
extensometer is connected to this digital data acquisition
system. The sempling rate is 1 minute for every instruments
connected to. this equipment. The HP 41 CV determines for
everv instrument on this basis a hourly value which is

recorded on a digital casette recorder and printed on a line
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The positive feature of this system is, that it is relatively
cheap, works correctly, can be completed with rather simple
knowledge in electrinics. The whole system is reqgulated with
the HP 41 CV which carries out the processing of the
collected data also.

A‘comparison of the calibration of the analogous and digital

records is shown on Fig.4.
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Graz

M, RESIDUALS

Ampl. Phase
Graz 0.06 ugal -179957
sopron 0.51 ugal ~51744
Tihany 0.57 ugal -50973
Budapest 0.25 ugal -45%99
Penc 0.51 ugal -53758
Pécs 1.09 ugal -8%951
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SUMMARY

Infiuences of site air pressure and temperature upon gravimeier observations are
considered.

Two sources of phase shifts of the instrumental signal are investigated: the
response of an analog filter and the creep of the sensor spring.

Finally, 2 simple data acquisition scheme which yields hourly sampies of
enhanced guality is presented.

INTRODUCTION

The fact that the instrumentally observed guantities of tidal gravity differ
from the predictions based on tidal models due to instrumental effects is
understandingly a major point of concern for the experimentators working in our
supject. The objective is to identify, mathematically describe and remove the
signal disturbances and distortions, and this process is to result in an
cbservational time series which allows unbiased inferences to the tidal models.
A& realistic description of the experimental situation might be given in the form

y=C*g + D*x + e

where we want to retain the time variant part of the local acceleration g, or at
least a freguency band limited part of it. The instrument readings vy are
dynamic responses to gravity as well as to a multiple of environmental effects x
tike the bouyancy forces of the sensor mass in the air, the temperature
disiribution over he sensor suspension and electronic circuits, or magnhetic
i T ic pehaviocur is indicated by the convolution operator *, the
racterized by transfer functions C and D. e contains the

s, or in & stronger sense thoss ributions to y which

s
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niace on the tape. Th ity to power
f23? res or respecti buffers of
sufficient an1itya

CONCLUSIONS

Site effect modelling accou
1t

g for air pressure and temperature variations has
not given satisfving resu t

ntin
s vet.
A convenient method for obtaining the phase shift of an analog fiilter was
ocutlined. Accuracies better than 5% can be achieved. Typical analog filters
used as anti-aliasing Tilters before digital data sampling vield significant

phase Suf‘?s in the tidal bands.

Anelastic creep affects upon the response of the ASKANIA gravimeter springs can
be neglected.

Given a low-noise environment in the spectral range between 0.5 and 15 cye/n,
hourly sampies, a rate sufficient for most kinds of tidal analysis, can be
coliected from disjunct weighted averages employing an ordinary personal

computer.
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RECORDING AND PROCESSING OF TIDAL DATA ET STATION PRIBRAM

Bohumil Chan

Geophysical Institute Czech. Acad. Sci., Prague, CSSR

1. INTRODUCTION

Recording of the Earth tides in Pribram has its long tradition.
First observation here realised prof. Khler as early as 1810 at the 32nd
level of "MARIE” ore mine in the depth of 1108 m under the Earth surface.
For the tilt-meter we used the horizontal Z8llner pendulum. After prof.
K8hler retired recording of the Earth tides in Pribram continued under the

v
auspices of prof. Cechura during thz period of 1825-1940.

When the Czechoslovak Academy of Sciences was created in 1953,
recording of the Earth tides in Pribram has been restored by dr. Picha, head
of the gravimetric department of the Geophysical Institute. This time the
measurements were made at the 30tN level of the ore mine_"VDJféCH"/depth
1000 m/. Later on, during the International Geophysical Year of 1358, the
monitoring station was set up the 36N level of the ore mine "ANNA” in the
depth of 1300 m, becoming thus the station in the deepest location of all
the world. Quality and accuracy of results from this station led even to inter-

national comparison measurements.

During years accessto the station was more and more difficult and

finally relocation of the station to a more convenient place was inevitable.

2. PRESENT STATE OF THE STATION PRIBRAM

2.7. Relocation of the station

A suitable solution of all problems has been found in 1877 when Geo-
physical Institute took over a former fan buillding and installation of the ore
mine "PROKOP” with an oblique ventilation level some 170 m long. The length of
o

this tunnel with its gradient of about 25 makes possible to walk directly in-

to the 15t or 279 1evel of the mine / 67 or 91 m below the Earth surface/,
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he computing system directly at the station.

4. OTHER TIDAL OBSERVATORIES

3 3 . . 1 . 0 "- 1
Besides the main tidel station in Pribram there are two other obser-

vatories in Bohemia region

- station LAZEC in Southern Bohemia is located in a horizontal gallery of a
former grafite mine. The tunnel is 300 m long and regardless the fact, that
the recording chamber is only 23 m below the surface, the results obtained
there are of very good guality. This station is equipped with two compensating

tiltmeters.

station JEZERI is in the depth of 131 m below the surface at the end of 400 m
long horizontal gallery in the hill-side of Kru3né hory - mountains. It is in
operation since 1882 and its primary task is to monitor any Earth movements es-
pecially in connection with the coal strip-mining in its vicinity. Registration
is made by four photoelectric tiltmeters of Ostrovski type with the analogue out-

put.

5. CONCLUSION

The Earth tides stations of the Geophysical Institute Czech. Acad. Sci.
are now in midst of a large modernisation effort. Appiications of modern electro-
nics offers bright prospects for continuation of Earth tides measurements in gua-
lity pertinent to our predecessors during past 70 old years. We feel obliged to
continue in the lecng tradition of Pribram station in bringing new gualitative re-
sults which would augment the men's knowledge of our Earth and we sincerely in-

vite you to come to Czechoslovakia and to Join in our endeavour.
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A TAPE RECORDING SYSTEM FOR EARTH TIDES
DATA COLLECTION

Tao Guogiang, Chen Zhenbang, Jiang Xingyi

Institute of Geodesy and Geophysics
the Chinese Academy of Sciences

ABSTRACT

This system is designed for earth tides data collection. It is de-
veloped and enlarged on the basis of TP801 single board computer of model Z80
CPU, matching with hardwares such as A/D converter, microprinter and a general
audio freguency cassette recorder, etc ... With the aid of the degined soft-
wares, a system consisting of a real-time clock, digital printer and tape re-

corder for collecting earth tides data is composed.

The sampling work of this system is done per second and is stored
every two hours on the tape. The clock may display hour, minute and second or
year, month and day and its speed may be adjusted by pushing a key. The printed
output full-hour value and the digital voltmeter on the instrument panel serve

as visual monitoring for the working state of this system.

. THE FUNCTIONS OF THIS SYSTEM

This tape recording system for data collection is a multi-function

real-time control recording system. It's working principle is shown on figure1.

LaCoste ) TP 801 TP 801
Romberg filter A/D — single board ¥ nrinter
gravimeter computer

l..

audio frequency

cassette recorder

Fig. 1. Working principle diagram of the tape recording system for data
collection.
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1. The real-time data collected

Time is a most important factor. In this system, by combining hard-

wares and softwares, a digital clock will be interrupted one time per second
and used to control real time. This clock has great priority and takes overall
plans about the order of each work to be carried out. Six luminous diodes on
the single board computer display hour, minute and second or year, month and

day.

| The sampling will be done one time per second, a datum will be stored
up every 20 second and 180 data may be laid up in the random access memory

(RAM). The records are arranged as follows according to time sequence
15.00 (hour), 21th Feb. 1984

+1236
+0785
+0325
+0041
-0056
-0120
-0832
-1354

180 times

16.00 (hour), 21th Feb. 1384

-1125
-0741
-0212
+0147
+0B658
+1043

180 times

There are altogether 360 data in two hours, which takes up 720 stored
units plus time information transferred and stored up on the audio freguency

casket tape. In this way the work of data collection is completed.

2. Print-out

After one minute of full hour operation in this system, the mean va-
lue of ten time of the sampling data will be printed out by the TP 801 P prin-
ter before and after 5 second of the full hour operation, which (the mean va-
lue) serve as the visual record, the reference value and also the normal work
monitoring for this system. The printing is done one time in an hour and its

form is as follows
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01 hour 21th day 03 month -0005

02 hour 21th day 03 month -0028
03 hour 21th day 03 month -0057
04 hour 21th day 03 month -0156
05 hour 21th day 03 month 07489
06 hour 21th day 03 month -0432
07 hour 21th day 03 month +0021
08 hour 21th day 03 month +0054
09 hour 21th day 03 month +0147
10 hour 21th day 03 month +0845

3. The audio-frequency cassette recorder

Every two hours (hour in even number) the data and time information
stored in the RAM are transferred are stored up on the audio-frequency casket
tape. The transmitting speed is 300 baud. Transfer and store up on the tape
takes about 2 minutes. In the fore-said process many times of sampling need to
be carried out and even one datum should not be left out. Thus it needs better
arrangement of multistage interruption and suitable layout of interruption

programme.

HARDWARES DESIGNED

The hardwares are composed of filter, A/D converter, TP 801 single
board computer, micro printer and recorder. Among hardwares TP 801 single

board computer has been enlarged. Its block diagram is given on figure 2.

1. A/D converter

Gravity information is a slowly changing voltage. After filtering,
the range of its change is * 200 mv. We have adopted double integrating 3%
digits digital meter to serve as A/D converter. Its range is 0 - *188mv and
resolution 100 pv. The accuracy of reading is #0.2 % in full scale and its
input impedance is 100 MQ. Because the change of information is slow, we al-
ways consider that A/D conversion is completed; but when taking the sample, its

code output is BCD code. By adding the bit of sign, it has 14 bits in all.

2. The enlarged single board computer

In accordance with the requirements of the functions of this system,
we have adopted TP 801 single board computer and enlarged it.
(1) To adopt Z-80CPU
(2) A Chip of Z-80CTC serves as transfer and storing of the tape, and another

- chip CTC, of Z-80 as digital clock which may have a time of interruption

1
per second. After dividing the crystal oscillation frequency by two, it is
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41,9968 MHZ. There are two counting channels used in CTC1. The coefficient
of the scaler is 256. In this way we have obtained the second signal.

1986800 256 156 50 = 1C/S

7-80 PIO has two independent 8-bit I/0 part which serves as the passing
in and out for data collection and control. The two parts A and B are all

used for the mode of bit control.
There is a 4KB static reading and writing memory RAM.

There is a 4KB ROM (or EPROM), in which 2KB is used as software programme

for systematic work.

The keyboard has 16 digital keys and 12 command ones. Among them the func-
tions of the six keys A, B, C, B, E and F have been redefined in this sys-
tem. They are used for conveying the time initial value and correcting

the time.

Indicator : There are six LED indicating the time of hour, minute and se-

cond and also date of year, month and day.

3. The audio frequency cassette tape recorder and interface

Under the control softwares, the interfaces of single board computer

and audio frequency casket tape recorder may accomplish series-parallel and

parallel-series conversion by using Z-80-CPU, Z-80-CTC and other hardwares,

i.e. it accomplishes the work of data reception and transmission.

Owing to that Z80-PIO has adopted the mode of bit control, PB7 is

used as the output of the start stop control signal of recorder. This output

signal is passing through the control circuit and the relay which the controls

the power source of the recorder. The -type of the recorder is SANYO-M2405H.

4. TP80IP matrix point printer

After hardware connecting TP801P micro-matrix-point printer with the

TP801 single board computer, it is used as a data output device of hard copy

under the control of CUP. It has an interface logic and driving circuit and a

2KB stationary controlled stamping programme TPMP which takes up the address

bus 2KB of the single board computer. By using programme execution mode and

CALL instruction, we transfer a command with the mode of subroutine and the

required content is printed out.
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THE DESIGN OF SOFTWARES AND THE FLOW DIAGRAM

According to the requirements of the functions of this system, we
use assembly language to write about 1.5KB of software programme which chiefly
includes : the initialized program, keyboard analysis and function execution
program, CTC timing interruption and tape transfer and storing program, and

digital clock program, etc

As for the tape transfer and storing system, we have adopted the
standard of Kansas City and the form of Intel Hex to express the form of data

block record.'

The flow diagram is chiefly divided into three parts : the first is
the initialized one which sets up initial value for the work and flag unit,
puts up the mode of bit control for PIO port and places interruption vector
and scaling; the second is mainly defining the functions of the six character
keys A, B, C, D, E and F; and the third to take the mean value of ten times of
the sampling date will be printed out before and after of the full hour. The
start and stop of the record is done in every two hours, which are transfered

and stored up on the tape. Its flow diagram is given on the figure 3.

CONCLUSION

This data collecting system is designed for the observation of earth
tides with LaCoste Romberg model G gravimeters. Owing to its perfect functions,
small size, light weight and convenient in use, it is the best general-purpose
system, which is also suitable to be used in recording slowly changing guanti-
ties of informations such as the gravity, tilt, deformations, displacement,
temperature, frequency, etc ..., and especially those recorded on the tape are
easy for us to carry out analysis and handling, and to put them back again in

the computer by using the single board computer.
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AN INTELLIGENT TIDAL SIGNAL RECORDING SYSTEM

Gy, Mentes

Geodetic and Geophysical Research Institute

of Hungarian Academy of Scierces /GGRI/ Sopron,
Hur.gary

Abstract

The construction and the working principle of amn
intelligent digital data acquisition system is presented
that can be programmed for recording of the tidal signal,
A filtering method is described that prefilters the

tidal data measured digitally with a high sampling rate
and records only the hourly tidal wvalues.

l. Introduction

The properties of the tidal signals /microseismic
oscillations, spikes, steps, superposed on the curve and
gaps/ cause a lot of problems when digitizing. There are
some attempts to solve this problem by applying a high
sampling rate and making program systems which are able
to preprocess the densely sampled tidal data /Jentzsch,
1981; Plag and Jahr, 1983/. However this method
considerably increases the number of data to be stored,

The development of the microprocessor and the
microcomputer technique enables the construction of
intelligent digital data acquisition systems which
combine the advantages of the digital data recording and
the manual evaluation of an analog record, Such an
intelligent system can prefilter and preprocess the
measured tidal data and yields correct hourly tidal data
without tiresome manual work and need no large storage
capacity for tidal recording.

2. The electric comnstruction of the intelligert digital
data acguisition system
Figure 1 shows the block diagram of the data acquisition
system. It is controlled by a microprocessor MC 6802
from MOTOROLA. The controller program is stored in the
EPROM memory., The RAM memory is used for calculations
and temporary storage cf data as a buffer memory., When
the buffer memory is full, the sampled or preprocessed’
data can be transferred in blocks into the exchangeable
non-=volatile semiconductor memory which may be
exchanged as a cassette, or into the cassette unit, or
the data can be directly transferred via telephone line
into a large computer. The exchangeable semiconductor
memory is more reliabkle under conditions of an Farth
tide observatory thar the cassette unit which contains
moving mechanical parts. The storage capacity of the
exchangeable semiconductor memory is sufficient for

4 Ll Td

about 15 days to store the prefiltered hourly values of
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The predicted value for s(n) from the previous P
smoothed values is

{ 20
S(ﬂ\i = ¥ a sin - k), k= 1,2,cce,D,
e k=1 ¥
where
ak = the linear predictive coefficients

ls{n) =~ slnll > s :
P
d

where S is a prefixed limit for the presence of a step
in the curve and
f
C = C + s(n\}’ -~ s{n)
iS4

5 =

i +1

L = S{n\; ; g: 1527@@ssf€m1

r P
Otherwise

T, = u,

i L+1

A .
r pe S{J’-’—LE ; %;: -}«;zgagagr"“l

The tidal value at the hourly time mark is:

/ hY
- r f r - 1 3
1 3 / i
Y o= e | Pou s
EnE U TR U BT B

where the average valiue is calculated from r smoothed
and step-—corrected values. ‘
The method gives good results for EBarth tide recording
even if we use only three values for the Fox-Schuller
averaging and only two previous wvalues for the linear

prediction.
In this case

) = 2b_ + b Y/b = (u u, + u,)/k
s(n) = (bl + 2b, + 03;/4 sy (hl + 2u 3)/;

and
&1;2 3 Gczzml@

It means that the microprocessor can calculate very
Gulokly the averages and b?c linear prediction by

shifting registers instead of multiplication and
division algorithms which would reguire several hundred
machine cycles,
Because some parts of 1¢ system are still under
construction, the filter method was tested on a computer,
Figure 2 shows:- the simulated input signal. The
eigenperiod of the "simplified" tidal signal /a sinus
wave of one day period/ was 50 s, the spikes and steps
had amplitudes half of ignal. The accuracy of the
method depends on the guality of the linear prediction,
the gain of the system, the sampling rate and the limit
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Digital Data Processing by the Microcomputer System MPS 4944

at the Gravimetric Obsezvatdry Potsdam
by

W. Schwahn, J. Neumeyer, H.- J. Dittfeld

Lcadeny of Sciences of the GDR
Central Institute for Physics of the RBarth

&

DDR-1200 Potsdam, Telegrafenberg A17

The program for the one-line digital processing of the gravi-
ie stration by a microcomputer system MPS 4944 may be
ed Dy & parameter set. These paramebers are

) the sample size of a running mean value,

1
2) the threshold far’thé difference between the single sample
and the running mean (1) to detect anomalous values (events),

(3) the time interval and the number of events for the detec—~
tion of earthguakes and calibration shifts in the registra-
tion on the basis of the occurence of events in (2),

(4) the sample size for an adjustment by a polynomial of second
degree to get representative readings,

(5) the sample size for a further adjustment of the adjusted
values in (4),

(6) the sample size for the on-line drawing of the adjusted
registration.

At present the sampling interval is 10 sec, the running mean
sample in (1) is 7, the sample size in (4) amounts 45, i.e.
every 7.5 minutes we obtain a representative value for the
time points 0.0, 7.5, 15.0, 22.5, 30.0, 37.5, 42.0 and 52.5 min
of an hour, the sample size in (6) is 5, i.e. a smoothed curve
over the last 37.5 minutes.

For the combination of the reconstructed GS 114/R and the

MPS 4944 we gathered for the period fug. 83 = Dec. 83 about
14000 (fourteen thousand) representative readings. After the
Fejection of values influenced by earthquakes this data set

was the basis for the CHOJNICKI-analysis (415K, accuracy estima—
tion based onm residuals). Here are some results (without correc-—
tions) using 12 Wavemgroaps: mean Sguare error m,

m, = & 2.13 jﬁgai and
0, = 1.1546 + 0,003  and M, = 1.1865 + 0.001
a@@,g = —'Gc06 i 63‘258 35.5“12 = ’i@lé‘iz i Qegéée
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£300

Parameters 3a and 3b: Number L of consecutive sampling inter—
vals and number K of evenis choosed for the detection of
earthquakes and calibration shifts, M/4 < L < 14/3, K << M

By the aid of the parameters 3 the decision is possible, whether A
there is an essential new character of the registration or not:
If only a 1ittle disturbance occurs then the curve should be re~
stored. If there are 2 lot of new informations then these new
samples should be accepted.

The algorithm is very simple: If by the aid of the parameters 1
and 2 an event (the p~th) was found then the time point will
be stored. The difference 1_ belween the running number of +*he

preceeding one and That of Bne actual event is calculated:

(2) 1y = By = by

Casgse 1: lp > L (single "isolated® anomalous sample, correction
necessary)

If the number L, within of it 2 next event might be expected,

is smaller than lp, then an anomalous gingle sample 1s detected.

The value isvreplaced by the mean value Ei’ tp~1 is replaced by
%, and the counting of the value kL starts from the beginning
(kL = ).

Case 2: lp £ I (dense sequence of "anomslous” samples)

If the next event occurs within a distinet time interval (inter-
val number L) then the number of events kL is increassed:

and the relation kL and ¥ is proved:

Case 2,18 lp « L and kL £ ¥ (disturbance over a few samples,
correction necessary)

it kL € X, iga.vthe actual number of events is smaller than a

given number, then a gmall disturbance is found. The actual value

is again replaced by the mean valus in (1), the time point tp_1

is replaced by tp, but in contrary to case 1 kL is not changed

Gep # 1D

Case 2,23 1P_£ L and ky > K (earthquake or calibration shift
are detected, po correction applied)

The case kL > ¥ means that in a comparatively short time

(1. £ L) 2 lot of new samples unegual the mean value over the

number N of forerunners was gathered. Since such a sigrificant

number was reasched, this samples are considered as significant

'also and noc rejection takes place.
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Fig, 2: A section of the gravity registration given by the micro-
processor system WPS 4944 combined with the reconstructed
{by Neumeyver and Dittfeld) GS 41 No. 114, The computed re-
presentaetive readings Rﬁ are marked by heyiz?nﬁa Jgfs@
Since an ons—line adjustment over five R_ ‘s (parameter 7,
J=5) is useéﬁ g phase shifit in the smootied curve is ine-
vitable. D {(parameter 2) is given in digits, the gravity
difference between the hours 20 and O amounts 90 ,ugal.
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HANDLING OF EARTH-TIDE SERIES

H.-J. KiGmpel & C. Milkereit

Institute of Geophysics, University of Kiel, FRG

1. General Information

Design CHETS is designed to handie comfortably time-series
of earth-tidal or tide related data. Time-series have not necessarily
to be continuous. Handling includes reading from and writing to data-
files, plotting, filtering, linear transformations, spectral-analysis,

cross—correlations, and other simple operations on time-series.

CHETS does not perform tidal harmonic analyses or other kinds
of regression analyses except simple Fourier-Transformations, nor is

CHETS designed for editing time-series.

Restrictions : fime-series that can be handled by CHETS have

to meet following conditions :

- Series have to be at hourly rate (or at daily rate, but are

-

then internally extended to hourly rate, e.g. daily averages

of signals, or daily rainfall data),

- series have to start at either oluT) or 12(UT) and have

to end at either 11{UT}) or 23{UT},

v

- series are restricted to a maximum length (capacity dependant),
- series are allowed to have a maximum number of datagaps.
For each time-series CHETS performs book-keeping on iis length,
its name, 11s beginning and :1is Tinal date, on its eventual scale-factor,
a

and on iis datagaps.



Command-Siructure : Operations on time-series are calied actions.

Each action consists of a 3-letter-code followed by none, one or two in-

ternal names of time-series {up to 5 characters each]). For instance,
LIN NAMEX

simply subtracts the linear drift from a time-series that is internally

named NAMEX .

internal names wmay be altered by certain actions, especiaily
those that read time-series from datafiles into working arrays of CHETS.
Up to three time-series may be handled simultaneously (if operations
on more than three time-series are planned within one run of CHETS,

series that are actually not needed may be stored on datafiles meanwhile).

For most actions, CHETS wants to know additional parameters,
that describe how an action has to be performed. For instance,

ROT NAMEX NAMEY/ 35.4/
rotates both time-series NAMEX and WNAMEY by 35.4 Degrees, assuming
that NAMEY is in azimuth perpendicular to NAMEX (sense of rotaion is
eastwards, if NAMEY is a signal component 90 Degrees eastwards of WAMEX ).
Prior to the execution of this action, CHETS automatically checks whether
both time-series cover the same interval. The resulting time-series con-

tain eventual datagaps from both original series.

Mode of Dialogue : CHETS allows two modes of entering actions,

names of time-serics, and additional parameters :

- Interactive Mode, i.e. ail dialogue is handled via terminal,
or
- Quasi Batch Mode, i.e. the user given part of the dialogue is

known in advance and is written on a separate command-file;
however, still a minimum interactive dialogue with some plot-

actions is necessary for scaling reasons of amplitude axes.

.

A special service action allows the user to switch between both
modes during execution of CHETS. A succession of recurring commands
can thus be reirieved from a command-file during a run in Interactive

Mode.



Documeniation CHETS echoes completed actions on the terminal

and creates a ‘''minutes'-file where characteristic parameters and useful
information of completed actions are preserved for documentation and

fater verification by the user.

CHETS is a FORTRAN-10 ({similar toc FORTRAN-V of

'

Language

FORTRAN-77} program package of roughly 2500 statements. The FORTRAN

experienced user may easily modify existent actions of CHETS or add

e
. Since plot-routines and file-control statements {like "OPEN"

n

new action
and "CLOSE") are sometimes not compatible among various instaliations,

they might have o be rewritten. Because of its wvolume, CHETS has to

be imple ed as an overlay structure in manycomputers.

Avatlability : To wusers from scientific institutions, CHETS is

available from the authors on delivery of a 9-irack magnetic tape. In-

dustrial users will receive a quotation on request. Delivery of the pro-
gram package includes a manual with detailed description of all actions.
Biock-5cheme :
—
Command orzginal ||
. o H
File Datafiles |}
i i
! i
Quast i
Batch i
Mode U
Y V
o g | Three oo (NAMET) . .
Inter— :
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: f ;ﬂ“i%
. ] 7
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"= Paramet 2. .
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Figure 1: Environment of CHETS : s




North/South- and East/West- tilt signals with

Assume a plot of
rainfall data is reqguired for a specified interval. Linear drift should

be removed from the tilt signals.

Let the tilt signals be written in international format on files
TILTHS and TILTEW  for the period '"August 1977" to ‘'January 1978".
‘and let the rainfall data reside as daily cumulative values of &(UT)-
-measurements on file RAINFALL . This file may contain all data from
years 1977 and 1978. The interval chosen for the plot, however, might

only cover the last 100 days in 1877 (i.e. days 266 to 365).

The following sequence -of action-commands may be entered in
a command-file for a run of CHETS in Quasi Batch Mode. In Interactive
Mode, CHETS asks for those parts of action-commands at a time, that

are separated by slashes (/).

wr
AT

INP TILTN NAMEI/TILTNS/ 266.77, 365.77/

NP TILTE NAME2/TILTEW/ 266.77, 365.77/

INU RATN NAME3/RAINFALL/ 2/ 1.77, 265.77, 365.77/ 1/ 6/
LIE
LIN
GPH RAIN / 0.3333/ 0, 0/ 1/ 6., 10./ ..(title)../
GPH TILTE/ 0, 0/ 1/ 17., 8./
/0
1

GPH TILTN/ 0, 0/ 1/ 25.5, 10./
GPH TILTH/ 1, -1/ 6., 31./
FIN

The first two actions read hourly data from files TILTNS and

TILTEW into working arrays NAMEI and NAME2, addressing them internally

TILTN and TILTE; however, only the interval chosen for the piot is read

£

from the datafiles. INU reads unformated data, that is daily cumulative

(Endicaﬁted by 2. parameter), from file RAINFALL into WNAME3 , naming the
series nNow RATH, Sinée the data is not in international format, the date
of the first value has to be given as well as the interval required for
the plot (3. to 5. parameter}); the 6. parameter gives the scale-factor

tes the hour of

4}

that is used with the data, the last parameter indic
the daily measurements (since it is not equal to zero, the interval needed

+
L

0.

8]

from RAINFALL  starts vy 265 already). Dates in the parameter list

ay

may either be given as DCD.YY or as YYMMDDH {(YY for year minus



1806, MM for month, DD for day in month, H=0 or 2, if the first value

) Y
starts at 0 or 12{(UT}, or if the last value ends. at 11 or 23{UT) ). The
LI —actions subtract the linear drift from TILT¥ and TILTE .

The first GPE -action initiates a plot for several entries, that

i

are all represented with a plot-reduction-factor of 0.3333; the plot will
be overwritten by {titie). . . First, series RAIN is plotted over a

range of 10 units above a baseline at 6 units (with respect to the zero-
line of the pilot), then series TILTE over a range of 8 units above a
baseline at 17 units, then series TILTN over a range of 10 units above
‘a baseline at 25.5 units. The units are centimeters times plot-reduction-
actor, In fact, these values for amplitude ranges and baselines are
the user's proposals; they are fixed interactively when CHETS offers va-
rious amplitude-scales for various proposed ranges. Thus, the user will
achieve standardized scales for different series (e.g. same scales for
TILTE and TILTH ). The scale of the time-axis is controlled by the plot-
reduction-factor. The 2. to 4. parameters of the first GPH~a‘ct§on and

the 1. to 3. parameters of the two following (i.e. 0, 0, and 1) indicate

o+

{(a) another entry to this plot will follow, (b) there is no rectangular
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frame wanted around a single series, and {c) the series are plotted at
hourly rate. The last GPH -action simply closes the plot and adds a
rectangular frame of 31 units height beginning at a height of 6 units.
The FIFN -action causes CHETS to close the minutes-file and to stop exe-

cution.

The plot generated along with this example is shown in fig. 2.

“Il1. Table of Actions

The foilowing list is a short (and necessarily uncomplete) des-
cription of actually implemented actions. Detailed information is available

from the manual.

Time-series with no relations to other series are named
NAMEA and NAMEB in the list; series that are meant to be signal compo-
nents in perpendicular azimuth (preferably North and East) are refe-

renced as HNAMEX and NAMEY .

Read-Actions :

IND WAMEA NAMEB Reads part of a formated datafile into array NAMEB and
names it NAMEA .

INP WAMEA FAMEB Reads total of formated datafile into array NAMEB and
- names it NAMEA .

Iﬁ’U NAMEA NAMEB Reads total or part of an unformated datafile into array
NAMEB and names it NAMEA .

Write--Actions :

OUT HAMEA Writes NAMEA in international format on new datafile.

OUU NAMEA Writes NAMEA on new datafile, unformaied, at arbitrary
multiple of hourly rate.

" Plot-Actions :

GPH NAMEA Plots NAMEA as one of several time-series in a single
plot (axes not labelled}. 7

TIS NAMEA Plots NAMEA as the only series in a plot (labelled axes].

TRC HAMEX FAMEY lots trace of NAMEY and NAMEY (labelled axes).

SPC FAMEA FRAMEB Plots amplitude spectrum of NAMEA as an option (labelled
' axes, NAMEB used as working array).



ROT

TGS

PZv
SMO
WIN

OM
cor
EXT
SFT

COR

MAX
SPC

VAR
VAR

NAMEX NAMEY i.e. azimuth for indivi-

TAMEA JEA.
NAMEA NAMEA = C. - FAMEL + ‘C2 (c,, CZ = constants) .

1 1
NAMEX BAMEY  FAMEX = SQRT { WAMEX® + NAMEY?}, i.e. distance from ori-
gin for individual values of FAMEY and NAMEY .

NAMEX NAMEY  Rotates NAMEX and NAMEY to certain azimuth.

NAMEA NAMEB  NAMEA = NAMEA + -C,g « NAMEB s also more sophisticated
summation (C§=constant).

NAMEEL NAMEB NAMEA = NAMEA /[ NAMEB , 1.e. normalization of WAMEA -
values by NAMEB-values.

Filter-Actions :

NAMEA Filters NAMEA using cosine-weighted running means.

NAMEA Computes weighted running differences of NAMEA.

WAMEA Computes Fourier-Transform of WAMEA for given frequency.

NAMEA Subtiracts specified sine-wave from NAMEA .

NAMEA Computes tidal wvariations in WAMEA from running window
analyses.

NAMEA Subtracts linear drift from NAMEA.

NAMEA Applies-Pertizev-Filter <1> to NAMEA.

NAMEA Smoothes NAMEA for wild values by "3RSS'"-Algorithm <2>.

NAMEA Applies Hanning-Window to VAMEA.

T
H

ime/Length Varying Actions :

NAMEA NAMEB  Attaches NAMEA to NAMEB.

NAMEA Shertens FAMEA to specified interval.
NANEA Extends NAMEA to specified length by adding a gap.
NAMEA Performs time-shift of NAMEA.

Informative Actions :

NAMEA NAMEB Computes crosscorrelation-function between NAMEA and
NAMEB , also more sophisticated correlations.

JTAR

A Returns minimum and maximum values of NAMEA.

2

NAMEA NAMEB Computes Fourier-Amplitudes and -Phases of NAMEA
( WAMEB used as working array).

NAMEA Returns header-information and specified values of WAMEA.
NAMEA Computes variance of NAMEA.

NAMEX NAMEY  Computes variance of SQRT( WAMEY? + NAMEY? ) .



Service-Actions :

FI Terminates execution of CHETS.

GET NAMEA FAMEB  Copies NAMEB to NAMEA.

HLP isis available actions.

NAM Returns actual internal names of time-series in CHETS.

NGP KNAMEA Interpolates gaps in WAMEA linearly.

SWIT Switches from Interactive to Quasi Batch Mode or vice
versa.

Generally, Fourier-Transforms are calculated using the Goertzel-
Algorithm<3>. The algorithm allows exact Fourier-Transforms for arbitrary
frequencies by only one sine- and cosine-computation per frequency. Up

to 85% computer time is saved with regard to the straightforward method.

Sine—-waves in the time-domain are computed using the Orzechowski-
Algorithm <&4>. The algorithm needs only two sine- and cosine-computa-

tions per frequency.
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Tidal observations PO[tJ are obtained, as a rule, in a non-tidal
measure. Thus it is necessary to obtain a calibration curve C(t) defined at
each moment at which an observation was obtained. As is well known, this is

the fundamental issue in tidal measurements.

In observation practice, certain standard routine for determining
the calibraticn curve has bezn elaborated. Discrete values of curve C(t) are
determined by means of a direct calibration at some intervals of time different
than intervals of observations, and %then they are interpolated in different
ways for moments within those intervals. Intervals between calibrations are
different for different instruments and, in general, they are not shorter than
12h but frequently are much ionger. The reason why longer periods between di-
rect calibrations are chosen are technical difficulties of calibration for a
given type of an instrument, lack of automation or the fact that, in some ca-
ses, calibration may disturb the process of continucus observations. The con-

sideration given below, refer to studies in which long intervals between cali-

We can conceive an error of the calibration curve as a sum of two

s
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ot
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parts : that concerning its e. reference to the system of mea-

n

(@]
0]

sures (tidal and of & recording), and the concerning its shape. The first

part of the error causes the same change of the scale of all determined ampli-
factors of tidal waves, and the second part involves a different change of
different coefficients. In the present paper we are dealing mostly with the
second part of the calibration error.
Assuming that the direct calibration has been done correctly, the
error of the shape of the calibration curve results from the inconsisten

results of an adopted way of interpolation with its real course. Of course,
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every incidental error of any direct calibration would increase the error of
shape even more. That error deforming different waves in different ways makes
it impossible to obtain precise results even if in tidal research we restrict
ourselves to studies of relations between individual waves, for example when

we investigate resonance of the liguid core.

Using the least square method for determining tidal parameters x
we adjust observations Po(t] comparing them with theoretical tides PT(t] accor-

ding to the scheme

v(t) = PT(t’XT] - PD(t] . Cr(t]. (1)

If a shape of curve Co(t) is not consistent with the real state Cr(t), equation

(1) will be written as
R(t) = PT[t,xO) - Po(t) . CO(t], (2)

where residuum R(t) will contain, beside an accidental error of observation

v(t), an information on a real variation of the calibration curve CO(tJ.

Denoting a relation of the real anﬁ performed calibrations as K(t)

we can write
CT[tJ PD(t) . Co[t) - r(t)
K(t) = = + T, (3)

C_(t) P (t) . C_(t)
e] o o

where r(t) is residuum without an accidental error, and T deforming function
resulting from the fact that the celibration error does not enter exclusively
in the residuum but also in parameters of adjustment x, as well as to the fact
that during adjustment residuum is minimized according to the least square

method.

As is derived from equation (3), the relation of the tide after
adjustment to the observed one will be an approximation of coefficient K(t).
Neglecting for a while the determination of function T, we have investigated
what results may be obtained when deriving K(t) from formula
P (t) . CO(t) - r(t)

= ]
Kt (%] . C (0 (4)
0 0

by the method of consecutive iterations.

To realize formula (4) in practice, some way of eliminating the
accidental error from residuum should be found. For this purpose, using R(t],
K was calculated as a mean of individual K values calculated in the period from
t o, to tn; the value so obtained represented the moment to. To increase the
precision of calculating K, weights were introduced which were egual to |P0(t]l.

Moreover, individual K values were eliminated where their weight was less than



a limiting minimal valus Pm** determined in advance. Finally we have used for-
Hiby
mula
t \ - 3 o
. n Pg(l, - C (i) - R{i)
i e H
Kit_J = : - (P{i3], (5]
o T |plil)i o P {i} . C_{i) ! .
i=t o o
-n
] R
PG 2P . .

In preliminar practical realization of the above method the follo-
wing assumption were used :
4

- representation moments tq of calculated values of K correspond toc the start

of a day, that is increments of function (5) are egual to one day and n=12h.
- limiting minimal value Pmir is equal to 20 ugal or Z msec.

In computations model cbservations weres used. Each mod contains

el
a period of 2 months of observations of the vertical component at the Warsaw
station. Three models A, B énd C were prepared. In each model the real calibra-
tion curve 1is a straight line

C (£} =1. (8}
™

Diagrams of "observed” (deformed) calibration curves in individual models are

presented in Fig.

All three models were elaborated in eight iterations. Zero itera-

tion denotes the first adjustment of observations obtained for non-correctsad
calibration curve. In each iteration coefficient K{(t) for each day was calcu-
lated and was adopted as a corrected calibration curve for the next iteration.

4

Results of individual iterations are shown in Table 1 in which the following

elements are given :

1. AS - deviations of amplitude factors & from real values for five waves 915

2. mé - a mean square error of determining factor 6 with weight 1 on the basis
of deviations mentioned under 1. Weight of factors were adopted as prepor-

tional to wave amplitudes. A weight equal to 1 was adopted for wave K1i;

3. the mean sguare error of ochservation m after adjustment and mean errors in

frequency bands : diurnal - m, and semi-diurnal -~ Mo s

0]
<
o]
(....J
[
©
0
Q
wh
_h

4, K - the mean from discret function K{t] for B0 days of the cbser-

o T

hange of a general level of the cali-

©

vation period. This value presents a

0

-

ion curve caused by the adopted deformation in the model;

ot

bra

5. m, - The mean sguare error of the mean value shown under 4. This error
™
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is the measure of how a determined calibration curve differs from the real
one after a given iteration. It should be a straight horizontal line that is

its My should be equal to zero.

To simplify cohparisons of results from individual iterations values
given under 1. and 3. (and, conseguently, under 2.) were reduced to the real

level of calibration i.e. they were divided by value given under 4.

In Fig. 1 the dashed line presents also the calibration curve ob-
tained from the zero iteration. The curve from the last iteration in the scale

of the figure is identical with the assumed curve.

From the above results the following conclusions can be drawn

- the iteration process employed here is convergent and it helps to obtain
the real shape of the calibration curve and real values of determined tidal
parameters;

- errors of a shape of the calibration curve result in great deformations of
relations between factors & of individual waves and they appear as great dif-
ferences between mean sguare errors of observations in main freguency bands
of tidal waves;

- already the first iteration essentially corrects calibration errors. Each

successive iteration reduces the error of factors § by a half.

In the presented example the determination of the general level of
calibration was easy because we know that the correct value of curve Cr(tJ at
every moment should be equal to 1. In the case of real observa:ions, it is suf-
ficient to have at least one moment for which a precise value of Cr(ti) is
known. If a shape of this curve is determined by the way given above, it is
sufficient to displace it in the reference system so as it coincides with va-

lue Cr[ti) at moment ti.

To speed up the process of iteration, the first trial of improve-
ment of formula (4) was done. Denoting the real tide as Pr’ amplitude factor
after adjustment as X deviation of this factor due to the calibration error
as Dx, and index of the wave group into which we divide theoretical tides in
adjustment as i, then neglecting errors of phase differences we can write

i i i
P = Z’ Prylxgq * Dxg)  or Po= Z Pri i * z Prg DXy (7)

From this the real value of coefficient Kr(t) will be egual to

i Pos
_ Ti
Kr(t] = K(t) + E Po[t) - Co(t) Dxi. (8)

An approximate value Dxi is calculated from differences between values of am-



plitude factors obtained in individual iterations. In Table 2 the elements are
given identical with those in Table 41 obtained from processing models A, B and
C with consscutive iteretions according formula (8). It is seen that %this way

speeds up the process by one iteration.

The determination of calibration variation as outlined here is not
finally elaborated. It should also be mentioned that the same approach could be
used in investigations of variation of amplitude factors in time, provided we
have observations with faultless calibration because variation of amplitude
factor and calibration curve are inseparable. If we expect that different fac-
tors will change in time differently, individual groups of waves should be se-
parated from observations; for example by filtration, and they ought to be stu-

died independently.

In the last place, results are presented of the discussed way of
‘determining calibration variations as used for real observations. Fig. 2 pre-
sents the calibration curve‘determined as described above for the pendulum and
@ diagram of azimuth variation for that pendulum for two annual series of cli-
nometric observations of Ksiaz. Because of unperpendicularity of the arms of
the instrument base, azimuth changes are correlated with changes of pendulum

sensitivity. The presented figure confirms that fact.
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Tdble 1. Determining the calibration curve according to the forsula /4/.

Itere~ z = 1< &
tion 0 1 2 2 4 »] o ? G

48 Model A
611 +0.1955 1+0.0824 +0.0385 +0.0184 +0.0088 +0.0047 +0.0019 ~+0.00%10 +0.0405
01} -0.C0120 | ~0.0089 =0.0052 =0.0028 ~0.0015 =0.0007 ~0.0003 =0.0001  C.0000
X1 -0.00%0 | -0.0003 =0.0001 0.0000 +0.00017 +0.0001 +C.0001 +0.000%1 +0.0001 ‘
12 1+0.0047 | +0.0008 +0.0004 +0.0003 +0,0002 +0.0002 +0.0007 +0,0001 +0.000%¢ -
52| =0.0234 | =0.0075 ~C.0028 -0.0012 =0.0005 <-0.0002 0.0000 0.0000  0.0000
mg | £0-0286 | +0.0122 +0.0058 +0.0028 +0.0014 +£0,0006 +0.0003 +0.0002 +0.0007 !
moL 47,932 1£0.784  £0.334  +0.157 . +£0.077  £0.039  +£0.022 40,015 +0.072
Mo #34.449 142,954 +1.173  +0.542  +£0.255  +0.1217  £0.059 +£0.030 +0.018
ré +23.515 1+2.727  +1.178 #0.529 +0.243  +0.111  +£0.051 +0.026  +0.015
K 0.9526 | 0.9528 0.9534 0.9538  0.9540  0.9541 0.9542  0.9542 - 0.9542
m, | +0.0032 {+0.0016 +0.0008 +0.0005 +0.0003 +0,0002 +0.0007 +0.0001 +0.0001
LS ‘Model B )
QT =014 [ =0.0817  =0.03564  =0.0163 =0.0074 =0.00%4 «0.0016 =0.0000 =0, 0003
OTE +0.0750 | 00117 +0.0061 40,0055 40,0010 +0.0011 40,0007 40,0004 40,0004
K1| =0.0044 {+0.0006 +0.0005 +0.0004 +0.0003 +0.0002 40,0002 +0.0002 +0.0001
M2} +0.0092 ;-=0,0013 =0.0003 =0.0005 =0.0003 ~0,000% 0.0000 0.0000 :+0.0001
S2} +0.0272 | -0,0019 =0.0023 ~0.0016 =0.0010 =0.0006 -0,0003 =0.0007 0.0000
mgl £0.0524 1 £0.0123 +0.0056 +0.0026 +0.0013 +0.0006 +0.0004 +0.0002 +0.0001
m +8.954 1+0.575 £0.260 +0.729 +0.068 +0.039  +0.025 +0.017  +0.013
my (+38.524 142,226  +£0.978 +0.476 +0.244 +0.132 +0.075  +0.,043 10,027
ré +27.170 £1.987  £0.905  £0.437 +0.223 +0.118 0,065 +0.038 +0.022
K- 1.0001 ) 0.9987  0.99817 0.9978  0.9977 0.9976 0.9976  0.9975  0.9975
e +0.0027 i0.00'Ez‘;' +0,0008 +0.0005 +0.0003 +0.0002 +0.0002 +0,0002 +0.0001
A5 Model C
Q1} =0.1991 {~0.0736 =0.0%23 -0.0145 =0.0064 =0.0029 =0.0013 ~0.0006 --0.0003
01! +0.0148 [ +0.0055 +0.0030 +0.0016 +0.0009 +0.0006 +0.0004 +0.0003 +0.0002
X1{ =0.0045 | +0.0001 +0,0002 +0.0002 +0.0002 +0,0001 +0.0007 +0.0001 +0.0001
M2{ +0.0067 |{=0.0002 «0,0003 ~0,0002 ~0.0001 00,0000 00,0000 +0.50017 +0, 0001
S21 +0,0077 {+0,0026 +0.0005 +0.0001 0.0000 0.0000 0.,0000 0.0000 +0.0001
ne +0.0289 [+0.0106 +0.0047 40,0026 +0.0010 +#0.0005 +0.0002 +0.0001 +0.0001
B +9.193 [+0.353 +0.157 +0.076 +£0.038 +0.021 +0.013  +0.010  +0.008
nS +38.703 1+1.325  +0.571  +0.273  +0.133  +0.067 +0.036 +£0.021 +0.013
m, [+28.730 151.226 ¥0.540 30.250 0.137 ¥0.057 %0.029 30.017 +0.010
X [-1.2588 | 1.2585 1.2582 1.2580 1.2579 1.2579 1.2579 1.2579  1.2579
*n, +0.0021 {+0.0011 +0.0006 +0.0C03 +0.0002 +0.0007 +0.0001 0.0000 0,00C0

v & sk z x s = ek
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Table 2. Determining the calibraiion curve according to the formula /8/.

dtera-
tion 0 1 . 2 3 4 5 6 { &
Ag Model A

Q1§ +0.1955 | +0.0430 +0.0071 =0.0085 =0.0090 =0.0041 +0.0001 +0.0016 +0.0042
01} =0.0120 | =0,0070 =0.0033 =0,0005 +#0.0004 +0.0004 +0.0002 +0.000T0.0000
K1} =0.C030 | =0,0003  0.0000  0.000C +0.0001 +0.00017 +0.0007 +0.0001 +0.000%
M2 | +0.0041 | +0.0008 +0.0004 +0.0002 40,0001 40,0001 +0.0001 40.0001 +0.0001
S21 ~0.0234 | =0,0049 =0.0009 +0.0006 +0.0008 +0.0005. +0.0002 +0.0001 00,0000

mp! +0.0286 | +0.0067 +0,0016 40,0012 +0.0013 +£0,0006 +0.0001 +0.0002 +0.0002

m | £7.932 | +0.656 £0.252  +0.112  $£0.059  +£0.027 +£0.013  £0.071  £0.0%0
M +340449 [ £2.646  £0.970  £0.450  £0.236  +0.701  +0.026  £0.0256  £0.021
my323.515 | £2.378  £0.902  £0.358 £0.182  #0.082 10,026 £0.030  +0.021

K | 0.9526| 0.9523  0.9517 0.9509  0.9500  0.9488  0.9476 0.9465 0.9453
m.| +0.0032 | +0.0014 +0.0006 +0,0003 +0.0002 £0,00071 +0.0001 +0.0001  0.0000;

8 € o
48 Model B

1] =0.2143 | =0.0338 +0.0023 40,0141 +0.0103 +0.0031 =0.0013 ~0.0021 =0.0013
071} +0.0250 | +0.0080 +0.0031 +0.0004 -0.0003 -0.0002 +0.C001 +0.0C03 +0.0002
K1! «0.0044 | +0,0070 +0.0006 +0.0003 +0,0002 +0,0001 +0.0001 +0.0002 +0.0001
M2 +0.0092 | =0.0020 =0.0012 =0.0004 «0.000% 0.0000 +0.0001 +0.0001 +0.0001
S2| +0.0272 | =0.0085 «0.0065 =0,0039 =0.0020 «~0,0009 «=0.0002 +0.0001 +0.0001

+0.0324 | £0.0059 +0.0020 +0.0022 +0.0015 +0.0004 +0.0002 +0.0003 +0.0002

me 3
o .
m | +8.954 | +0.487 +0.228 +0.130 £0.076 +0.035 +0.018 +0.015 +0.011
20 1:38,524 | +1.856 £0.810 x0.451 $0.254 $0.106 30,051 +0.043 10.027
:::2E +27.170 | £1.713  +£0.829  +0.465 +0.261 +£0.7110 +0.045 +0.037 +0.023
‘K 1.0001 0.9990 0.9992 0.9%9% 1.,0008 1.0079  1.0030  1.004 1.0051
‘m,| £0.0027 | 20,0012 £0.0007 £0.0004 +0.0002 +0.0002-+0.0007 £0.0001 £0.0001
Ad Model C
Q1] «0.1991 | =0.0271 +0.0048 +0.0134 +0.0088 +0.0022 =0.0014 =0.0019 =0.0010
01! +0.0148 | +0.0028 +0.0008 =0.0002 =0.0003 0.0000 +0.0002 +0.0002 +0.0002
K11 =0.0043 | +0.0003 +0.0002 +0.0002 +0.000%7 +0.0001 +0.0001 +0.000717 +0.0001
M2! +0.0067 | -0.0004 ~=0.0002 =0.0001 :0.0000 +0.0001 +0.0007 +0.0001 +0.0001
S%{ +0.0077 { =0.2005 =0.0016 =0.0014 =0.0008 -0.0002 +0.0007 +0.0001 +0.0001
el +0.0289 | +0.0040 +0.0008 +0.0019 +0.0013 +0.0003 - +£0.0002: £0.0003 +0.0002
S & = = = = E = =
m §+9:193 | £0.173 20,060 - £0.067 £0.043 :+0.014 +0.010 +0.011  £0.009
20 1+38.703 | £0.665 +0.236  £0.257 £0.159  £0.045 £0.030 £0.035 £0.021
m; £28.739 - | +0.574 i&’}e’i?é +0.220 £0.142  +0.042 £0.025 +0.030 i&'}a{)“{?
X 1.2588 | 1.2565 1.2586 1.2589  1.2592 1.2597 1.2602  1.2606  1.70%0
n_ | +0.0021 | +0.0005 +0.0002 +0.0002 +0.0007 0.0000 0.0000 0.0000 0.000C
e - = - -
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TIME VARIATIONS IN TIDAL ADMITTANCE -
INVESTIGATIONS AT THE CHARLEVOIX OBSERVATORY, QUEEBEC.

John Peters

Oceanography Department

Dalhousie University, Halifax, Canada.

Paper presented at the Working Group on Earth Tides : Data

Acquisition and Analysis, University of Bonn, October, 1984.

ABSTRACT

Tilt observations from two boreholes located in the Charlevoix
seismic zone in Quebec are analysed in conjunction with data from tide
gauges in the adjecent St. Lawrence estuary. Time variations in the tilt
admittance for the M, constituent are found to be related to variations in
the marine tide admittance through tidal loading. A baseline for the
detection of time variant crustal response anomalies, after accounting for

the loading input variations, is established at the 2-3% level for M.

INTRODUCTION

In general, analyses of consecutive short (30-60 day) series of tidal
data indicete that the tidal admittance estimated from observations is not
constant [Schuller, 1877; Baker and Alcock, 1983; Peters and Beaumont,
1984). Although we normelly regard the tidel forcing function as a

stationary process, measurements influenced by & strong marine tidal load
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be affected by the instability of the marine tide. Baker and Alcock
[1983] have described seasonal varistions in the M; tide recorded in tide
gauges around the British Isles and reflected in near-coastal tilt
measurements. They attribute the cause of some of the variations to
modulation by the non-linear interactions MKS; and MSK,. In some areas,
non-tidal energy associated with meteorological influences may contribute
strongly to the total energy in the tidal bands, inducing apparent
modification of the tidal response. In any case, a time varying marine tide
represents & time varying input to the tilt measurement system and
therefore must be sccounted for before the crustel tidel response can be
described.

In this brief account of the Charlevoix tidal tilt experiment, we
discuss the time variant anzlysis of parallel recordings of tilt date from
two boreholes at the Charlevoix Observatory. The relationship between the
marine tidal loading from the nearby St. Lawrence river and the tilt
admittance variations is examined, and & baseline for the detection of
crustal response anomalies established. Such anomalies are expected to be

enerated in seismic zones as & result cf elastic pr‘caerty changes

(18]

associated with hlgh tectonic stresses [Zssumont anc Derger, 1974;

The Charlevoix seismic zone is situated sbout {S0Km north-east of
Quebec City and is one of the most active ersas in eastern North Americ
The observatory site is located on the north shore of the St. Lawrence river
in the centre of the Ordovirian age Charlevoix impact crater which overlaps
the zone of seismicity. The data considered in this study were recordsd
during 1983 by two borehole tiltmsters [Peters and Beaumont, 1584], and
by two tide gauges near the site, St. Joseph de lz Rive end Tadoussac. The
47m deep boreholes are 80m a;:ar*-t and instrumented with Bodenseewerk

borehole pendulums. A separatz analysis of tide gauge dates recorded durin
gc-e

1672 to 1574 at eight stations distributed over the estuary was also made.
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DATA ANALYSIS

The time variant analysis was made using the HYCON tidal analysis
programme of Schuller [1$77]. While the basic algorithm is similar to
that of other standard methods (for example, Chojnicki, [1973]), the
programme is set up to automatically perform a seguential analysis of
overlapping data subsets from which & time varying admittance can be
determined. Two important features are: the application of the Hanning
window to the date subsets in order to eliminate spectral leakage from
unmodelled constituents in neighbouring tidal groups, and the calculation of

errors for each of the subsets on the basis of the residuzl variance in each

In our use of the programme we have reduced the number of
astronomical constitusnts from 505 to 73 which can be detected above the
noise. These are separated into 11 groups in which the admittance is
assumed tc be the same for each member constituent. In addition to the
astronomical frequencies, 9 non-linear constituents known to be prominent
in the marine loading tide were included. A basic interval for the data
subsets of 1440 hours was chosen with a step size of 240 hours for the
overlapping seguence. In combination with the Hanning data window, this
arrangement ensured that there would be no interaction between high energy

levels in adjacent tidal groups.

RESULTS OF THE TIME VARIANT ANALYSIS

Figures ! and 2 show the M, amplitude and phase variations,
respectively, determined from HYCON sequential analysis of the south and

east components of tilt from boreholes { and 2, and from tide gauges St.

i
Joseph de la Rive and Tadoussac in the St. Lawrsnce river nsar the site.

Z

La
he range of the tilt amplitude variations is 8-10% and is clearly well

correlated between boreholes and between component directions.
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There is & marked difference in the absolute and fractional ranges between
the two tide gauge M, amplitude series and also in comparison with the
tilt. Nevertheless, the pattern of the variations is strongly correlated
smong ell the series. The phese variations shown in figure 2 are well

correlated among the two components of tilt, but there appears to be no
sgresment between the tilt and the tide gauge variations or, indeed,
between the two tide gauges. The range of the phase variations is

spproximstely 5 degrees for ell series.

Since the results from the two borehole measurements are in
agresment, we expect that the observed variations are regional. The
sgreement between the twe component directions is expected if the source

=}
of the veriations is marine since both components ere strongly affected by

[ —y

oeding. It is & ent that since the phese variations are different for

ech of the t;d gauges and the tilt, the ] oeding induced variations cannct be

[[|

estimated from observations made by & single gauge.

A seperate study of marine data from eight tide gauges recording
concurrently during 1972 to 1874, and distributed over the whole of the
estus~y, confirmed the coherent M, amplitude varistions in the part of the
estuary nesr the observatory. Alsc confirmed were the spatizlly incoherent
Mz phese veriations. By cc»mparison. thz diurnal constitusnt amplitude and
phase variations were each strongly coherent over the whole estuary. It
sppears that the driving mechanism for the M; varistions is locally
genersted in comparison with the obvicusly large-scale diurnsl effect. It is

possible that timing errors may be significantly affecting the M; results.

Since the emplitude and phese parts of the admittance variations
seem to be physicelly unrelated, it is worthwhile to investigate separately
the tilt emplitude variations after eliminating the time varying input based
on the loeding. The correlation coefficient betwesn each of the tilt
emplitude series end the tide gauge st St. Joseph de la Rive exceeds 0.9.
We can therefore explain most of the tilt amplitude veriations in terms of
th

variations derived from the linear regression of the tide gauge and tilt

M

tide geuge veristions. Figure 3 shows the residual tilt amplitude

emplitude series. Apart from the prominent excursion in the south
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component beginning near day 240, the variations are confined within &
range of 2-3% in both directions. The abovemsanticined excursion is
artificial and is due to a poor interpolation model used in filling & gap in

the tide gauge data.

DISCUSSION AND CONCLUSIONS

The typical G5% error asscciated with each of the 1440 hour tilt M;

-

estimsates has & range of 3% indicating that the observed admittance
variations are significant. Furthermore, the residuzsl amplitude variations
-shown in figure 3 are strongly coherent between the redundant
measurements at & level well below the lesast sguares error range.
Clearly, the errors are not, as assumed, random but contain as yet
unmodelled repicnal signal components. This may not have been recognized
had we not made parszllel observations in two installations. Again, the

importance of performing redundant measurements is confirmed.

Although the connection between the marine tides and the time
varying tilt admittance is established, the mechanism which produces 10%
variations in tilt amplitude, while the sampled tide gauge amplitudes vary

between 2 and 5%, is unclear and needs to be investigated.

Parzllel tidal tilt measurements have been made in two boreholes
located at the Charlevoix Observatory. Time variant anzslysis of the tilt
and nearby tide gauge observations indicates that variations in the marine
tide are largely responsible for the behaviour of the tilt. The amplitude
baseline after removal of the first order marine tide regression model was
reduced to the 2-3% level for M, . This is consistent with the variability
established for strain at the Pinon Flat Observatory which is located in &

locally assismic region of southern California [Agnew, 1979].
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HIGH FREQUENCIES AND THEIR INTERPRETATION
IN THE TIDAL TILT SIGNAL

G, Bartha
Geodetic and Geophysical Research Institute
of Hungarian Academy of Sciences /GGRI/ Sopron,
Hungary

SUMMARY

A horizontal pendulum with capacitive transducer was used
to detect the Farth free oscillation after Farth quakes,
The electric signal was analogously recorded and sampled
in each 23 sec., The power spectra of the time series were
computed by FFT, and some peaks of them were identified
as free oscillation modes,

INTRODUCTION

A Zollner type, metal fibred horizontal pendulum with
capacitive transducer was developped in the Geodetic and
Geophysical Research Institute, Sopron /Mentes, 1981/,
The electric output provides a possibility for an almost
arbitrary dense sampling therefore a chance is given to
investigate the frequencies which are higher than the
tidal ones,

Partly this possibility, partly some earlier works
inspired us to try the detectation of the free
cscillations of the Earth. In 1962 Bolt and Marussi
reported the observation of this pheromenon with
horizontal pendulum after the big Chilean quake, In 1971
Drattler and Block published results about the
observation of the normal modes by means of a vertical
pendulum and the magnitude of the monitored quakes were
7.1 and 6.3, respectively. The last information
cocnfirmed our hope that the free modes could be observed
not only after the infrequent large quakes but after
smaller ones, too.

We monitored two quakes with the home-made horizontal
pendulum in 1983 arnd the first treatment of the records
was reported in the UGGI meeting, Hamburg /Bartha,
Czompbd, 1984/, In the present paper a more detailed
investigation of the power spectra is given. The
theoretical and instrumental background has been
discussed in earlier papers /Bartha and Czompd, 1984;
Bartha, 1984/ therefore only a short summary is given
here in this sense,

OBSERVATION OF FREE OSCILLATION WITH HORIZONTAL PENDULUM
In the classical physics this phenomenon can be
described by the motion equation of the elastic bodies
in absence of the external forces further by the Poisson
equation to take the gravity into consideration:
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$s

S£4-SVV +v£

/1/

ik
vV = -4 Gy (5s) /2/

where § means the density, s the displacements, Fg the
force from the selfgravitation, Tik the elasticity

tensor, v the gradient operator, G the gravitional
constant,

The solution in the Cartesian system for a non rotating,
homogeneous, elastic sphere in absence of the
selfgravitation was giver by Lamb in 1882. It consists
of two groups of oscillations which are the so called
"spheroidal" oscillations /denoted by _ST/ and the
"torsional" ones /denoted by Tm/. The™notations
/proposed by Mac Donald and ™ lNess, 1961/ describes the
pattern of the modal lines in latitude /subscript 1/ and
in longitude /subscript m/ further the radial nodal
surfaces /subscript n/. The simplest modes are shown in
Fig, 1. ’

The solution of Eg.l. and Eg.2. in spherical coordinates
for a non rotating, stratified, elastic, spherical model
was given by Alterman, Jarosch and Pekeris in 1959. The
rotating model was discussed by Backus and Gilbert in
1961 and later by Dahlen /1969/ who involved the
ellipticity into the problem, Later Dahlen /1976/
investigated the effect of the lateral inhomogenity, too,
Recently Sher and Manshina /1976/ and Wahr /1981/
discussed the mentioned model with an embedded fluid core.

The horizontal pendulum is influenced by the free
oscillation effect in two serses, At first it reacts as a
simple accelerometer to the torsional vibrations in the
horizontal plane /accelerometer mode/, at second it gives
a response as tiltmeter to the tilt produced by the
spheroidal modes /tiltmeter mode/. The response

functions in these two modes are shown in Fig. 2., They
were computed from the solution of the motion equation of
the pendulum. In the tilt mode the response function
Q(1/f) is given as ®/¢ where is the beam response to the
tilt described by ¢ = 9, sin 27nft. In the accelerometer
mode the response function Q(1/f) is givenr as X/x where

X denotes the displacement of the beam at the sensor with
respect to the frame, and x = X5 sin 2w ft is the motion
of the frame in the horizontal plane due to the torsional
oscillations.

From Fig. 2. we can conclude that first of all the
detectation of the spherical modes can be expected and
the torsional omnes would only appear at "large" motions
/i.e., after bigger quake/,

SPECTRA OF TIDAI, TILT SIGNAL OBSERVED AFTER QUAKES
In 1953 two quakes were monitored with horizontal pendulum,.
The data of the observed quakes are summarized in Table 1.
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The analogous signals were sampled in each 23 seconds and
the data series were processed by an FFT program., The
computatioral work was carried out by Mr, J. Czompd by
means of the HP 1000 computer of the GGRI. The computed
spectra are shown in Fig. 3. and the identified /or those
assumed as identified, respectively/ peaks are detailed
in Table 2. The periods of normal modes were taken for the
identification from Mendiguren, 1973. In connection with
the spectra it must be mentioned that some instrumental
noise /IN/ of a frequency of 1/1200 - probably due to the
clock system = was superposed to the recorded signal.
Unfortunately it makes distorsions in the spectra at
period of 1200 and at its overtores /i.e. 600, 400, 300,
250 etc, sec./.
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Figure 1,

The simplest normal modes

. 1 {9/9) andx, s)
reapune® et ton in reapuiee Junction in
tidtoviur ooede sicolorometleor mude
30 2 o
9 J )
8 J 0 o
? < <) =
b « =d 9
5 9 =17
& - d
3 4 =4 o
8 L
7 i i = v N M
0 100 80U Ber00 1200 0 oo 300 ‘ 1000 1200

Figure 2,

Responses of the horizontal pendulum
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modes | period from period |amplitude period | amplitude
Mendiguren, Cali- Japan
1973 [sec] fornia [sec]

SLo 212 212 721 212 570
Sag 216 217 592

538 220 222 Ls2 220 542
S3m 224 224 574
S36 229 230 546
535 235 235 357

IN overtone 240 989 240 1156
533 245 247 632

S31 256 257 616 257 1030
529 268 266 1003 269 669
528 275 278 951 278 598
S,6 290 292 1138 289 526
IN overtone 300 1500 300 1326
823 315 316 682

S,o 325 327 609 327 8L41
S,1 336 336 Lol

S,0 347 346 531 343 590
S.8 374 372 716 . 355 325
S1o 389 392 472 390 598
IN overtone 4ol 1516 Lo1 1922
s15 426 430 517 L2s 732
S,y L8 L3 816
s13 4713 L82 916 L6 705
Sl2x 504 517 1013
11 537 553 1053 553 | 1040
IN overtone 599 3716 599 Lhg2
IN normal mode 1189 4398

581 707 721 1515
s7z 812 802 1318
T5 1059 1049 1185
IN normal mode 1209 5337
zj 1718 1784 2672
53x 2133 2162 1520

X from Chilean and Alaskan earthquakes /in Int, Diction
ary of Geophysics ed by Run corn

Table 2.

The identified peaks of the spectra
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PRELIMINARY INVESTIGATION ABOUT A QUALITY FACTOR
OF TIDAL GRAVITY STATIONS

& g k33
R. Chueca, B. Ducarme, P. Melchior.

#  Université Polytechnigque de Madrid

*%* Observatoire Royal de Belgigque.

We have now the possibility to use the Tidal Gravity Data Bank
constructed by B. Ducarme (1383) to make systematic investigations about the

geographical distribution of residue vectors called Y (see Melchior et al.).

It immediately appears that, with more than 200 stations, it is
absolutely necessary to define in an impersonal way a "guality factor” for
each series of measurements. As a preliminary search we have constructed two
different guality factors as follows

g, = —2R (1 . p)

! Ve, e,

0, = :
RIS

where

R : station's efficiency (number of readings/24 x number of days)
*31 : standard deviation in the diurnal band
* €5 ¢ standard deviation in the semi-diurnal band

5(01] : mean sguare error on D1 wave observed amplitude

E[Mz] ¢ mean sguare error on M2 wave observed amplitude

P : Weighing of the series i.e. : P = 0 in case of no separation of

the diurnal group P1 S,l Kq; P =1 in case of a successful separa-

tion of P1 from Kq; P = 2 in case of a successful separation of L2

In doing this, our objective is to introduce to some extent the

external errors and not only the internal errors given by the analysis.

As an example the station's efficiency R depends on the interrup-

tions due to failures and also on the number of rejected data during computation.

* In case the standard deviations are not available,
we use the following approximate relations

= 4 2[01] vn
= 4 e(MZ) vn

€1

2
n : number of observations eqguations.

€
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The weighing factor P reflects the perturbations in the diurnal

band which mainly spoil the waves in the K1 group.

In the least sguares analysis the error on the parameters decreases

as the square root of the number of observations. 02 is thus increasing accor-

ding to this law but not Q1 which increases stepwise with the length of the

series (P can be equal to 1 only if the recording length exceeds & months and

equal to 2 only if it exceeds 1 year). However, as most of the analysed records

are comprised between six months and one year the two factors give similar re-

sults.

We systematically applied these two definitions to 455 series of

data analysed at ICET, by the same Venedikov method. These data come from the

215 stations presently included in the bank.

This application was made according to the instrumental type and

gave the following results.

Instrumental Ng?ber of series Q4 QZ
type Bruxelles Elsewhere | Bruxelles Elsewhere | Bruxelles Elsewhere
Askanie 11, 12 4 33 1.1 0.8 3.3 3.2
Askania 15, BN 8 86 .8 4.2 4.8 9.4
Geodynamics 25 80 4.0 6.2 8.7 10.2
L.aCoste Romperg G, D 34 134 2.9 3.6 4.7 B.5
l.aCoste Romberg ET — 36 —_ 13.1 e 22.1
Superconducting 1 4 60.0 108.2 898.0 200.0

It must be noted that, for a large number of series, the Q factors

are lower at Bruxelles because the instruments were submitted to experiences in

view of improvements in that fundamental station which results in many interrup-

tions. Also the Superconducting gravimeter is disturbed by the trafic on a

nearby reilway line and will be transferred elsewhere.

as follows

Instrument Series Quality
Askania 11, 12 37 1
LCR mod. G/D 168 3
Askania 15 + BN 94 4
Geodynamics 115 B
LCR mod. ET 36 12
Superconducting 5 100

We provisionally conclude that the instruments can be roughly rated
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As defined, the quality factors Q1 and QZ are inversely proportio-
nal to the standard deviations of the measurements in the diurnal and semi diur-
nal bands. The contributions to these standard deviations come from several
error sources; some of them are directly proportional to the amplitude of the
signal as the non linearity and the calibration errors. Others are characteris-
tic of the type of instrument as the resolution, the noise level and the sensi-
tivity to external perturbations (e.g. pressure and temperature). Finally the
guality of the station itself will influence the guality of the results through
the sensitivity of the instrument to the external sources of perturbations that
will perturb either the instrumental stability (e.g. effects of tilt on the
sensitivity of astaticized gravimeters) either the recorded tidal signal (e.g.

diurnal perturbations).

The old Askania GS11 eguipped with photoelectric recording is poorly
thermostatized and exhibits an unstable calibration as well as a low signal to

noise ratio.

The GS15 type and the BN transformed Askania instruments have a
much better signal to noise ratio and a very stable calibration. However the

thermostatisation is not improved.

The LaCoste & Romberg G and D meters (LCR) are well thermostatized
but, being highly astaticized instruments, show large changes of sensitivity
in perturbed stations. It is why sensitivity smoothing procedures‘improve so
much the internal errors. These instruments also require the use of a rheologi-

cal model to correct the instrumental phase lags.

As the GS15 and BN gravimeters were installed in the best condi-
tions, at middle latitude stations, they benefit of sligthly better quality
factors than the LCR meters engaged in tropical and eguatorial zones of the

Trans World Tidal Gravity Profiles.

The Geodynamics (GEO) instruments are very well thermostatized and
less astatized than the LCR. The instrumental stability is better, even in

difficult conditions.

The zero method instruments show higher standards. The Tidal LaCoste
(ET) are generally better than the electrostatically fedback LCR (Harrison-
Sato method). This is mainly due to the improved thermostatisation with a dubble

thermostat system.

At high latitudes the amplitude of the tidal signal decreases very
much and the contribution of the errors due to fluctuations of sensitivity be-

comes negligible compared with the instrumental noise level. It follows that
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the guality factors of the astaticized gravity meters becomes higher in these

areas.

The guality factors, as defined, could be correlated with the lati-
tude or with the distance to the nearby sea and even with the economic deve-
lopment of the country (through the quality of the electric network). This is

now under investigation; results will be presented at the Madrid Symposium.

We think that a responsibility of the working group is also to urge
the people to send their date to ICET for comparative analysis, quality evalua-
tion and inclusion in the data bank (when reguested, such data can be kept
"~lassified” for & time and not distributed without permission). The collection
of data in World Data Centers is a principle of international cocperation set

-up at the time of the IGY.

We do think that isolate data about local tidal parameters are
without real value if they are not intercompared with other stations on a re-

gional or continental basis.
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THE SUPERCONDUCTING GRAVIMETER OF THE ROYAL OBSERVATORY OF BELGIUM

B, Ducarme*, M. Van Ruymbeke**, C. Poitevin **

A superconducting gravimeter is operating at Brussels since the

end of april 1982.

Except for a few days last due to a failure of a power supply there

is no gap in the records.

As the instrument is not calibrated we had to normalize its data

in order to get the accepted value for § [01] in Brussels (Ducarme, 13875) i.e.

é [01] = 1.161

From a preliminary analysis (Ducarme, 1983) we concluded that the
apparent sensitivity is

S = 0.2922 pgal —

An important problem is to determine the transfer function of the

barometric effects. As a first step, we determined a constant coefficient
C = -0.35 pgal mbar—/I
by minimizing the standard deviation in the diurnal band.

Later on F. De Meyer applied its MISO method (1982) to our data and
found that, in the time domain, the correction on the hourly readings can be

represented by the expression
C(t) = -0.2628 p (t) - 0.0779 p (t-1) - 0.0167 p (t-2)
where c is expressed in pgal and p in mbar.

Correcting the raw observations by this algorithm we obtained the
analysis results given in table 1. They are of course excellent and confirm the

preliminary publication (Ducarme, 1983).

* Chercheur gualifié FNRS,
Observatoire Royal de Belgigue.

** Centre de Géophysique Interne,
Observatoire Royal de Belgigue.



€339

However the standard deviations are higher than those obtained in
Frankfurt with a similar instrument (Richter, 1885]). This is obviously due to
the high level of industrial noise at the site and especially to a railway line

located at less than one kilometer from the Royal Observatory.

It is of course interesting to consider also the very long term

behaviour of the instrument.

For that purpose we subtracted from the hourly readings & synthetic
tide computed by using the observed (6 factors and phase differences in the
diurnal, semidiurnal and terdiurnal bands and & theoretical & value (1.16) for

the long period waves. -

A daily value of the drift was then obtained applying the Pertsev
filter. The obtained curve is shown on figure 1. During the first six months
the setting of the insgrument produced an exponential drift followed by a very

long period oscillation.

However no conclusion can be drawn so far as there is still a very

important instrumental correction to apply.

Due to a slight helium leak inside of the gravimeter the heating
power of the thermostat is continuously increasing. After six months operation
the voltage reaches its maximum allowed value (10V) and it becomes necessary
to extract the helium gaz from the inner container by means of & "getter”. This
getter is a ceramic cristal trapping the helium at very low temperature; it is
introduced inside of the dewar and connected with the inner container through
& vacuum line. In less than one hour the operation is completed and the voltage
of the thermostat drops back to its minimum value (4V). This operation has to
be done every six months and produces an instantaneous drift of the gravimeter
by an amount of 3 pgal V—q. We can assume that a similar drift occurs when the

voltage of the thermostat slowly increases during the next six months.

This hypothesis is supported by the aspect of some parts of the
drift as shown by the figure 2. One sees also that the voltage increase is irre-
gular as it is modulated by the helium level in the dewar. When it drops below
fifty per cent the increase stops and below forty per cent we can even see a

decrease. This lag is recovered at the next helium filling.

As the 20 pgal decrease produced by the getter is removed directly
from the observations by the smoothing of the data, we should observe , after
the initial setting of the gravimeter, a more or less monotonous positive drift

of the order of 0.1 pgal daybq

After correction of the influence of the voltagé of the thermostat

on the readings we fitted an exponential to the data to compute the installation
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drift under the form

-t
d = dge /T,

and obtained

100 pgal
150 days

dg

T
0

The remaining drift appears in figure 3.

We then apply a last correction to take into account the changes
of centrifugal force due to the latitude variation of the station and get the

f£inal drift behaviour depicted in figure 4.

One clearly sees an yearly variation of gravity with a total ampli-

tude of 10 pgal.
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THREE YEARS OF REGISTRATION

WITH THE SUPERCONDUCTING GRAVIMETER

_ Bernd Richter
Mitteilung aus dem Institut fiir Angewandte Geoddsie
Richard—Strauss»Allee 11
D-6000 Frankfurt 70

1. INTRODUCTION

The GWR-Superconducting gravimeter TT 40 no. 217 has been
registering continuously at the observation station of the
Institut fuer Angewandte Geodaesie (IfAG) at the castle in
Bad Homburg near Frankfurt (¢ = 50.2285, A = 8.6113, h = 190m)
from may 1981 till may 1984.

Then the instrument has to warm up due to an icing problem
in the dewar, so that up to now no continuously registration

is possible.

In principle, the mechanical spring of the usual gravimeter
is replaced in the Superconducting system by a magnetic field,
generated by the persitent current flowing in two supercon-
ducting coils, which floats a spherical mass. The positicn of
the sphere between the coils is measured by a capacitarc
bridge. To avoid nonlinearities the position is held fixed by

a magnetic feedback system /GWR manual 1981/.

An additional cooling compressor system reduces the gas flow
rate of the 210 1 Dewar, so that the whole system can operate
for more than one year without interruption to supply liquid
helium /Richter 1982/.



since the beginning of the registration three years of hourly
data have been collected /Richter 1983/.

The observation from the first three month have been neglected
on account of irregular drift behaviour resulting from sub-

sidence of the pier and instrument.

2. CALIBRATION

The calibration factor of the company was improved by the
parallel registration with two modified LCR=gravimeters
/Brein 1965/. The LCR-gravimeters were calibrated 1973 by

field measurements on the European Calibrationline.

The comparison of the results of the analysis of these three
instruments show no systematic effect in the amplitude- or

phase relation.

Beginning in december 1983 there was another half-year parallel-
registration with the well calibrated ET-15 gravimeter of the
Institute of Oceanographic Sciences, Bidston. The preliminary
results in tab. 1 show a small phase-lag, which coincide with

the results determined in Brussels.
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§ $ ¥ >
wave| S.C E.T.75] 4 d s.C. E.T.75| 4 *
al 1.140 1.1349 ) -0.31 0.42 0.73
5 7 25 37
01 1.143 1.14%5 2 -0.08 0.02 0.10
1 1 S 6
M1 1.145 1.147 2 0.85 -0.783 -1.64
18 i4 85 73
K1 1.133 1.135 2 0.14 0.37 0.23
1 1 3 6
N2 1.170 1.163 -7 2.01 3.04 1.03
2 2 11 11
M2 1.184 1.188 4 1.65 1.9 0.34
1 1 2 2
82 1.188 1.182 3 0.55 0.81 0.26
1 1 S 4
M3 1.056 1.076 20 =-0.72 =0.82 0.10
23 28 1.38 91
tab. 1 results of the analysis of a half year

parallel registration (s.C. - E.T.15)

The error bounds of the S.C.-gravimeter are in the same range

like the errors of the ET-15 gravimeter, because the data are

used without any filterprocedure oOr driftelimination.

To get a rough information of the timedependance of the cali-

bration factor the three years data set is subdivided in three

parts and analysed. The results are compared with the global

analysis in tab. 2.
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period 1.8.81-1.5.82 2.5.82-1.5.83 2.5.83-1.5.84 1.8.81-1.5.84
wave d * P) % d ¥ S #

01 1.1450(=-0.07 1.1450|-0.08 1.,1449 |-0.06 | 1.1453 -0.08

5 3 8 4q 4 2 5 3

Pl 1.1459| 0.10 1.1445| 0.05 1.1470| 0.05 | 1.1467 0.03

10 7 26 13 15 8 15 8

K1 1.1329| 0.12 1.1333| 0.10 1.1330| 0.10 | 1.1328 0.0%S

5 2 9 a 7 3| e 3

M2 1.1833 1.64 1.1836| 1.65 |1.1837 1.65 | 1.1835| 1.66

2 1 6 3 4q 2 4 2

S2 1.1861| 0.24 |1.1855 0.25 |1.1854 | 0.12 1.1856| 0.24

7 3 12 6 S 4 8 4

M3 1.0640| 0.18 | 1.0550 -0.12 |1.0720| 0.25 1.0610| -0.09

120 | 0.66 300| 1.62 230 | 0.92 200| 0.87

tab. 2 comparison of annual analysis with
the global analysis

In table 2 no significant chance in the calibration factor can
be observed. A more detailed investigation to detected short
variations in the calibration factor will follow.

3. LONGPERIOD GRAVITY VARIATION

For the investigation in the long period range the short period
tidal waves (diurnal and higher) were subtracted and the drift
of the instrument (fig. 1) in the range of 50 ugal/3 years 1is
cancelled out by a polynomial fit. Till now there is no suitable
explination for this drift behavior.

The change of the rotational axis of the earth (polar motion)
introduces a variation of the centralfugal force, which is
direct seen in the gravity signal (fig. 2). To reduce the data
the theoretical influence of polar motion is calculated with

the polar coordinates published by the U.S. naval observatory
and taken into account.



After these two reductions the longperiod tidal waves are

analysed by a harmonic least square procedure /Schiller 1976/ .

The MF and MM waves are corrected by the indirect effect of the

ocean loading.

wave theo.tide estim. parameter corr. parameter
(Wahr model) & x (ocean loading)
SA 0.424 4,060 -67.4
250 1.8
SSA 2.668 1.085 - 1.3
40 2.3
MH 3.029 1.125 Cc.2 1.166 -0.4
40 1.9
MFE 5.735 1.148 0.2 1.176 -0.5
20 1.0

tab. 3 &- and x-factors of some longperiod waves

After subtracting the guadratic drift term, the influence of the
polar motion and the tidal model from the registered data the
residuals are in the range of +/- 2 ugal. The power spectrum Of

these residuals is demonstrated in figure 3.

4. CONCLUSIONS

The analysis of the three years uninterrupted registration with
the S.C. gravimeter demonstrated the high guality and stability
of the instrument. Besides the investigations in the short
period range the data offers the possibility for studies in the
longperiod part of the tidal spectrum as well as the influence
of the polar motion. To use the full information of the instru-

ment an absolute calibration with high accuracy is necessary.
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1. Introduction

The fact that the plumb line deviates from some zero-position has, within

precise levelling, been recognized some forty years (see [2]).

And since all levelling instruments measure with respect to this plumb line
this has given rise to Jensen's well-known formulae which are normally called

Astronomical Correction but which more correctly should be called (earth-) tidal

correction, tc , to levelling.

There is however, (as with every other correction) a fundamental ambiguity
in applying the tidal correction in levelling. Let the tidal correction be called tc,

then tc will equal some sum of theoretical tidal constituents:

h
2 R.cosd ’ (1)

te = i=1 1 1t

where Ri and 0. are the amplitude and phases of the theoretical earth tide (i.e.

some model tide).

In lensen's application then this correction was applied so to say on "the
pp p y

left-hand side" of the observation equation of precise levelling:
- - . 2
2 -1C +V X; xi_1+():s Az )7 (2)

Here n is a parameter which determines the refraction (Zs*Az is a known
coefficient, see [6] and [7] for details), while X, and x, , are the height of the

points Pi and Pi in some suitable vertical system while z is the measured height

1
difference between Pi and Pi—l and v the residual. In (2) we suppose as already
said that we know (or can compute accurately enough) tc (and Zs*Az but that is

another story), while X X and n are parameters which are determined by a Least

i-1
Squares Adjustment.

The fact that some of our colleagues actually measure tc (or other functions
of earth tide)has of course made those of us working with levelling aware that model

computations were just not good enough.

As Melchior [3] has already suggested some years ago this problem could be
(in principle) solved by having a tilt-meter accompanying the levelling instrument

throughout the levelling campagne.

Although one must agree with Melchior's suggestion there are certain formidable

practical difficulties (there simply does not exist as far as the author is informed,



8355

a tiltmeter which can be moved every 5 minutes or less and measuring in between).

Therefore we shall suggest another solution which may be formulated the fol-

lowing way: Let the levelling observations themselves monitor the earth tides.

This we may also say even simpler namely: move tc in (2) from the left hand-

side to the right-hand side!

The New Observation Equation in Geometric Levelling when Earth Tides

2.
are taken into Account.

In geometric levelling we usually measure the same height-difference twice, one

forward and one reverse, that is we have between two benchmarks Pi and I—"i ; two

height-differences:
2, observed at time U
f
z; observed at time U

T

For each of these we can write down (2) (with tc moved to the right-hand

side of the equation):

(3)

+(TstAz)n+ te,

zZ. + V = X. - X.
f i i-1

f
(4)

.= X. Isth
X x1_1+( stAz)n+ te,

™
+
<

]

r

(5)

Az.+Vv. = 1IC_ = IC
1 1 t {

And calling atc e, - tc,

we get from (5):

Az. + V. = AtIC



Now we don't write Atc according to (1), when we perform measurements

to monitor earth tides.

Instead we write (inspired by Chojnicki [1]).

g

= R. v. . . 7
Atc ii R 'chos(d)lt-c»mp l) (7)
so that (6) becomes
. h (
Azi + v, o= iil R; yic:os(q)it +A(pi) 8)

(8) is then our new observation equation for determining earth tidal parameters

through geometric levelling.

In (8) R, and ©. are still the theoretical values of amplitude and phase

while tf is the amplitude coefficient and Lo, is the phase shift both being in prin-

ciple different for each tidal constituent.

Through (8) we can by a Least Squares Adjustment find

This is of course in reality only possible if-

o

R.vy. . Ao.
Z QIYICOS( 9.+ (pl)

regarded as signal can be seen through the noise of our levelling observations Az..

We shall discuss this problem in our next section.

3. Signal to Noise Considerations when Monitoring Earth Tides with Geometric

Levelling

In Melchior's first book [3] on earth tides (p. 291) he mentions that the devia-

tions of the vertical have an amplitude of 0'04. From the context it seems really



E357

that it is the distance from "top to bottom" on the registration paper, soO that

the amplitude of the vertical deviations may be put to
~ (0! 02

This is then the signal which we shall try to convert into a linear displace-

ment of the levelled height difference over the distance of 1km. In radians 002

is of course

02

w| O
()
(@]

|

4

18 radians

(e

For a distance of 1 km this corresponds to a vertical displacement of

T
Tg‘ﬁ 10°m

42
) s
S|

And in mm we find that the vertical displacement is

0.02 s

S = 3200 180 10° 10°mm = 0.1 mm/km

This is then our signal.

Let us now look on the noise in our height-difference-difference bz.. In a
good precise levelling the standard error of the height-difference-difference will be

(see [51)
o{Azi} = c{zi -z } = 0.6mm/Ykm
f T

For a levelling line of L km's length we have correspondingly that the signal

is
s(L) = L x0.1mm

while the standard error is

o(L) = JVLx0.6mm

In order to have conventional significance we must have s(L) > 1.96 o(L) i.e.
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Lx 01> 1.96xvLx 0.6 or

— 1.96 x 0.6 )

JL > —T that is
VL > 11.76 and finally

L > 138.3 km

That is for a levelling network which comprises more than 140 km double-

measured levelling we should be able to compute tidal parameters from the levelling

observations themselves.

However, after 140km we are just able to "see" the total tidal signal. Let us
now try to find out how large a levelling network we need in order to see the five
principal waves Kl’ Ol’ NZ’ MZ’ and SZ:

We have (Melchior [3] p. 76-77) that the amplitudes for these five waves in

Western Europe (assumed to be lying between latitude 40° and 70°) are:

East-West Mean x 0.7
K1 0'005-G'008 00065 00046
O1 0v0035-0"005 00047 000329
Nz O'.'OOZ-OL‘OOI 0v0015 000105
MZ 0v012-0"005 010085 00060
S2 0'005-0v0025 00038 0'00266

North -South

K1 -0'004-0"005 0U00225 00016
O1 -0'002-0'004 0v0015 0v0010
N2 01'001-0v001 0v001 00007
M2 0v007-0v005 0006 0'0042
S 0'003-0v002 0v0025 0v'00175

2
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And supposing (which is completely realistic) that the levelling lines are evenly
distributed in Azimuth we may as amplitude for a levelling line take the mean of
the amplitudes of the East-West and North-South components respectively, giving the
following mean amplitudes for our principal waves which we then convert into mm/km

according to our prior deliberations:

K, 070031 - Q031 01 = 0.0155 mm/km
o,  ov0021 - Qg’r%l-x 0. = 0.0105 mm/km
N, 020009 - 00009 « 01 = 0.0045 mm/km
M, 010051 - 0001 w01 = 0.0255 mm/km
s, 010022 - 00022 « 04 = 0.0110 mm/km

We now make for each wave in decreasing order of magnitude the same .
computation as we did before for the total tidal signal. That is we ask when the

signal of this particular wave rises above the noise of our levelling observations.

We find

MZ:
L x 0.0255 > 1.96VL x 0.6
JL > 46

L > 2116km

i.e. after roughly 2000km's precise levelling we should be able to see the largest

wave MZ'

L x 0.0155 > 1.96/L x 0.6
JL > 76

L > 5776km

i.e. after roughly 6000km's precise levelling we should be able to see the wave Kl‘

O1 and SZ:
L x 0.0105 > 1.96 YL x 0.6
JL > 112
L > 12544
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i.e. afrer roughly 12500 km's precise levelling we should be able to see O1 and SZ"

Nz:

L x 0.0045 > 1.96x VL x 0.6
VL > 261

L > 68121 km

i.e. after roughly 68000km's precise levelling we should be able to see the wave NZ’

Looking on the last number of 68000km by which we should be able to discrimi-
nate the five principal tidal waves Kl’ Ol’ NZ’ MZ’ SZ’ we observe that the so-called
United European Levelling Network (The U.E.L.N.) which covers Western Europe, is
77.000km's! We should in other words be able to compute ¥ - and A¢ - values for Kl’
Ol’ NZ’ MZ’ and S2
over the whole of Western Europe and we should thus most emphatically get rid of

and these tidal parameters will of course be really integrated

"local" effects which otherwise plague tilt observations.

4, An Example from the Second Precise Levelling of Denmark.

As we have said above we can not for shorter distances of levelling network
hope to see the different waves of the tidal signal but we should fairly soon be able

to see the total tidal signal.

Putting in (8) By = BBy = e by = 0
and Y = Y e =y we may rewrite (8)
h
AZ., + v. = Y ZR.cCOs ¢. (9)
I o 1 1t

And calling the model tidal signal Atc  we get:

n (10)
AtCO = ZRI COs (pit 1

- Combining (9) and (10) we find

Azj Vo=, ate_ (11)
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It is this equation (11) which has been used in a primitive regression analy-
sis of 100 Danish height-difference-differences. As bte has been used Jensen's old

so—called "astronomical" (i.e. real = tidal) corrections, not multiplied by 0.8.

The question that was asked was very simply: can we see the tidal signal in

these few levelling observations? The result was somewhat surprising:

We found for increasing levelling distance L:

Y sivy } level of

L diRension- dimeRsion- degree of significance
“km less less freedom %

5 5.54 3.87 17 92
10 6.38 2.83 28 98
15 5.34 3.10 34 95
20 4.68 3.06 41 93
25 5.19 2.98 48 96
30 4.38 2.81 59 93
35 4.78 2.41 73 97
40 4.83 2.34 82 98
45 4.21 2.16 95 97
47 4.23 : 2.14 99 97

Table 1

The same figures are depicted in Fig. 1. The bars are 95% error bars.

We can see several things. First from L = 35 and onward we are beyond the
conventional significance level (95%), but we also note that the tidal signal really is

there already from the 5km-level and this is of course surprising.

We also see that Y is much larger than 1! That means that we are in a
situation with so—called indirect effects (see Melchior [3] pp. 189-201). We note that

the final ‘Yo—value from our little analysis is
Yo = 4.23

In Meichior [3] p. 196 is mentioned a Yo~ 5 SO that we seem to have stumbled

accidentally into a situation with very large indirect effects too in this small analysis.
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It is interesting to compare our findings with those of Zschau [9].

Although no number is given for the size of the indirect effects in N-S direc-
tion ( [91p. 581), Zschau's remarks seem to indicate that he has found indirect
effects in the North-South direction which are in the same order of magnitude as

given by our Y above.

The interesting thing is that practically all the levelling observations in our
little analysis above lie in the North-South direction very close to the east coast
of Jutland going 47km north from the city of Fredericia, i.e. they are lying in the
same distance from both the North Sea and the Baltic as are Zschau's borehole tilt-
meters. And we seem to be able to reproduce Zschau"s effect in the N-S direction

over a much longer distance (i.e. 47km).

To us this indicates that the reason for these large indirect effect in Denmark

and Schleswig-Holstein in the N-S direction still represent an open question.
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METHODS OF TIDAL LOADING COMPUTATION

T.F. Baker
Institute of Oceanographic Sciences
Bidston Observatory

Birkenhead, Merseyside L43 7RA, UK.

SUMMARY

A general review is given of the various methods that have been used for
tidal loading computations. An expansion of the ocean tide distribution into surface
spherical harmonics and then a summation with an appropriate combination of load Love
numbers is useful when only the lowest degree terms are involved, as for example in
calculating the tidal perturbations of artificial satellites or the loading response
due to the oceans at distances greater than about 1500 km. For load calculations at
any distance from the coast, methods have been develoéed which involve calculating
the response of the Earth to loads that are uniform over a limited area or cell.

These cells can be either polygons, templates or discs. These should all give
equivalent results provided that care is taken in choosing the size of the cells, »
particularly for the nearest sea area where the Earth's response, the marine tide (and
the coastal geometry) are all varying rapidly with distance. If a cell has dimensions
of order 2 & , then the load response of the Earth at distances greater than 10 &
from the cell becomes the same as the response due to an equivalent point mass load
acting at the centre of the cell. Thus, if the cell size relative to the distance
from the observation site is suitably chosen, then the computation reduces to the
summation of the effects due to a set of point mass loads. The overall accuracy of

a tidal loading computation is mainly determined by the uncertainties in the shelf

and ocean tide models used (including that arising from the mass conservation problem) .

INTRODUCTION

Since this is the first time that the Working Group has discussed algorithms
for ocean tide loading computation, this paper is intended to give a general review
of the various methods that have been used for tidal loading computation. The methods
that are discussed are normally called :- (1) the spherical harmonic expansion method;
(2) the polygon method; (3) the template (or sector) method; (4) the spherical disc
(or cap) method; and (5) the point load or Green's function method. In methods (2)
to (4) the oceans are divided into a grid of cells of the appropriate geometry and
the ocean tide is assumed to be uniform over an individual cell or area. The response
of the Earth due to a uniform load over a cell is calculated as a function of distance

away from the cell. For any particular point on the Earth's surface, the total load
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can then be found from a summation of the effects due to all the individual cells

covering the oceans.

In method (5) the individual cells are replaced by point masses at the
centre of each cell. The masses are calculated from the area of each cell, the height
of the ocean tide in that cell and the density of sea water, P w" The response of
the Earth to a point mass load as a function of the distance away from the point load
is called the loading Green's function. If the loading Green's function, G, of the
Earth is known, then the loading response L(r) at an observation point on the Earth's

surface with position vector r is given by a convolution integral of the form

o =p, ff Tur-zm T a ' W

oCeans
where Z (Ef) is the height of the ocean tide over the surface area dA at position
vector 5’. In method (5) the evaluation of the integral is reduced to a summation

of the individual responses due to a set of point masses.

In equation (1), it can be seen that the assumption has been made that the
response of the Earth depends only upon the distance between the point mass and the
observation point. This is only true on a spherically symmetric layered Earth. At
observation sites where lateral changes of structure are important, the finite
element method must be used for loading calculations (Beaumont 1978, Asch & Jentzsch
1981) . Fortunately, the effects of a lateral change of structure are only important
up to distances of a few times the depth of the structural change, so that layered

models are sufficient for most loading calculations.

1. THE SPHERICAL HARMONIC EXPANSION METHOD

The spatial distribution of the ocean tide for a particular tidal harmonic

can be expanded in surface spherical harmonics

T(e,2) = L5 (e,

where Z n(e SA) = zn (anm cosm A + bnmsinm7\ )PI;l (cos &) (2) .

m=0

© and A are the co-latitude and east longitude. Since Z is periodic, anm and bnm
are complex coefficients. The gravitational potential at a point (& ,N) due to the

nth degree surface spherical harmonic mass layer is given by

’ _ n+l
W (r,@&,x) =4TTG P a (%) T _(e,n) (3a)
(2n+1)

outside the Earth
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/ n
and W (r,e,))=4WGEWa(r> Zn(e,m (3b)

(2n+1)
inside the Earth

G is Newton's Gravitational constant, a is the radius of the Earth and r is the
distance from the centre of the Earth. Farrell (1972) solved the equations of

motion for a spherical, layered, self gravitating, elastic Earth that is loaded by

an nth -degree surface mass layer. The surface displacements are given by the loading
Love numbers hé and l; and the potential change by the loading Love number k; .
Farrell evaluated these loading Love numbers up to degree n = 10,000. The tidal
loading surface displacements, potential change, gravity, tilt and strain are all
given by certain combinations of these three load Love numbers and W; or its
derivatives.

Pertsev (1970) and Groten & Brennecke (1973) used spherical harmonic
expansions of numerical ocean tide models up to degrees n = 32 and n = 35, respectively,
together with load Love numbers to evaluate the tidal gravity loading at various tidal
gravity stations. Pertsev (1970) showed that for stations greater than 1500 km from
the ocean the spherical harmonic expansion method gave results that were very close
to the results from the spherical disc method (section 4); The truncation at finite
n leads to a remaining spurious tide even in the centre of a continent (Merriam 1980) .
This is particularly important for the evaluation of the Newtonian gravitational
attraction term (Merriam 1980, Pekeris 1978) and Pertsev (1970) found that it was
necessary to evaluate this attraction term directly using a numerical integration

over the oceans.

For stations nearer to the coast than 1500 km a much higher degree spherical
harmonic expansion is required and for this reason the various methods described in
the following sections were developed. The spherical harmonic expansion method is
most suitable when only the low degree terms are important as for example in
calculating the effects of ocean tides on the orbits of artificial satellites using
equation (3a). However, Fang, Hsu, Chen and Yang (1983) have developed a computational
method which uses a convolution integral (equation 1) in the near region and the
spherical harmonic expansion in the far region and which is particularly efficient

in computer time.

2. THE POLYGON METHOD

This method was first developed by Bower (1970). The intersections of the
co-amplitude and co-phase lines on a co-tidal map form a natural grid of polygons
and triangles. Within each figure the tidal amplitude and phase is assumed to be

constant and the spherical polygon is replaced by a plane polygon. Bower then
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calculates the gravitational potential and the components of the gravitational
attraction at the observation site due to each polygon. The Green's function is
then integrated across each polygon using the first two terms of a Taylor series.
The required accuracy is achieved by ensuring that the dimensions of the polygons
are much less than their distance from the observation point. The method clearly
has advantages when the ocean tide data is only available in map form. In addition,
the digitization of the tidal map has to be done once only and it then can be used
for any observation site. The method has been extensively used for loading calcula-
tions in N. America (e.g. Beaumont and Lambert 1972). Melchior, Moens and Ducarme
(1980) also divide ocean tide maps into spherical polygons and triangleé in their

ocean loading computations.

3. THE TEMPLATE METHOD

In this method the observation site P is chosen as origin and the oceans
are divided up into 'templates' using a polar grid i.e. azimuth lines radiating
from P and circles centred on P (see figure 1). The ocean tide is assumed to be
uniform within each template. The use of this polar grid leads to some simplification
since the integration over azimuth for a single template is trivial and the problem
reduces to the integration of the Green's function over distance. One disadvantage
of the template method is that a new grid is required for each observation point,
although this can be largely overcome by automatic generation of the grid. This
method was used by Lambert (1970), Moens (1976) and Zschau (1976) for load calcula-
tions in E. Canada, Spitsbergen and N. Germany respectively. Lambert (1970) pointed
out the importance of calculating the extra component of tidal gravity due to the
vertical component of the Newtonian attraction of the nearby sea due to the height
of the gravimeter above sea level. This can be several microgals for elevated sites
near the coast and it is approximately proportional to the height abcve sea level and
decreases approximately as the inverse cube of the distance from the load. Thus,
it is important to include this height effect in all the various methods outlined in

this paper.

In the above papers, the loading response of the Earth due to a template
with a uniform mass load was found by numerically integrating a Green's function
across the template. An alternative method of calculating the response due to a
template is to use the load Love numbers directly in an infinite series (Goad 1980) .
In figure 1, let © = O be the observation point P and c onsider a template of
width chii in azimuth and bounded by arcs at geocentric angles € . and 152 ¢ The

nth degree gravitational potential at P due to a uniform tide of height .Z covering

the template is



5369

7 ’ 2 i n . 1 . 1
w (&.,©,, Ot ) =G ewa Z)Aoﬁ a [sz_nezl?n (cosez)—51ne'l Pn (Cos@lﬂ

n 1 2
+1 (4)

1 n(n+l) "
where Pn (cos &) is the associated Legendre polynomial of order 1. A summation over

n using the appropriate combination of the load Love numbers h; and k; together
with W; from equation (4) was used by Goad to obtain the tidal gravity loading due
to a template. The Newtonian attraction was found directly by integrating over the

template.

Beavan (1974) calculated the loading strain in Britain using templates. He
found that if the size of the polar grid relative to the distance from the observation
point is correctly chosen, then the computation can be reduced to a summation of the

effects due to point masses at the centre of each template.

4., THE SPHERICAL DISC METHOD

Pertsev (1970, 1976) used the response of the Earth to a spherical disc
(or cap) with a uniform mass load to calculate the gravity and tilt loading at
various stations in Asia, Europe and N. America. 1In figure 1, a latitude and
longitude cell is replaced by an equal area disc D in which the ocean tide has a
uniform height.‘g . The spherical disc subtends an angle of 2 ol at the centre of
the Earth and the load response is required at an observation point P at a geocentric
angle © away from the centre of the disc. The nth degree gravitational potential
at P due to the disc is

7 _ n+l _
Wn (e,d)= 4TTGEW a (a> % [Pn_l(cosé) Pn+l(cosd)] Pn(cose) (5)

(2nt1) *

W; =4WGEW§ _;Jl—cmg)

r
A summation ovei n using the appropriate combination of the load numbers h; and k;
together with Wn from equation (5) was used by Pertsev to obtain the tidal gravity
and tilt loading due to a disc. The Newtonian attraction gravity and tilt were
calculated directly rather than using a series summation. Pertsev calculated the
loading response as a function of distance from the centre of various discs ranging
from a radius of few thousandths of a degree for local loads up to a radius of 2.8°
" for distant loads. He found that provided that the distance from the centre of the
disc is at least 5 times the disc radius then the replacement of a latitude and
longitude cell by an equal area disc caused negligible error. It can be seen that
the use of equation (5) for a spherical disc is analogous to the use of equation (4)
for a template. Due to the axial symmetry of the disc, only the zero order Legendre
polynomials are involved. One advantage of the disc method is that a different grid

is not required for every observation site.
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Farrell (1973) also calculated the response of the Earth to a disc load by
integrating a Green's function across the disc using Simpson's rule. By calculating
the response of the Earth to discs of various radii at several distances, he was
able to construct a table of disc factors which could be used for speeding up global
convolution integrals. Thus a numerical ocean tide model in which the resuits are
given on a latitude and longitude finite difference grid can be replaced by a set
of disc loads. Farrell's disc calculations also show that at distances away from
the centre of a disc of greater than 10 times its radius, the response is within 1%
of the response due to an equivalent point load acting at the centre of the disc.
Thus once again it can be seen that if the grid size relative to the distance from
the observation point is correctly chosen, then the computation reduces to a summation

of the effects due to a set of point masses.

Farrell also pointed out that many of the ocean tide models do not conserve
mass and that this has important effects particularly on tidal gravity load
calculations. Farrell suggested two methods for forcing mass conservation - removing
the PO term in the Green's function or removing a uniform tide from all the oceans.
Goad (1980) followed the first procedure but overall the second procedure has been
more widely used. However, Pertsev (1976) and Melchior, Moens and Ducarme (1980)
have also introduced corrections proportional to the local amplitude of the ocean
tide. Clearly, there is no unigue method of conserving tidal mass since the non-
conservation is essentially a reflection of the inability of the ocean tide models
to correctly resolve the smaller scale hydrodynamics and to model the dissipation
mechanisms. However, Agnew (1983) pointed out that removal of the PO term from the

Green's function is incorrect since this procedure does not, in fact, conserve mass.

- 5. THE POINT LOAD METHOD

The polygon, template and disc methods should all give equivalent results
provided that care is taken in choosing the grid size relative to the distance from
the observing station. This is particularly important for the nearest sea areas
where the Green's function, the tidal amplitude and phase, and the coastal geometry
are all varying rapidly with distance. It has also been seen that the grid size
can be chosen such that these methods can all be reduced to a summation of the
responses due to a set of point mass loads. When the ocean tide model is given in
the form of a latitude and longitude finite difference grid, each cell can be replaced
by the equivalent point mass acting at the centre of the cell. The nearest cells
to the observation site can readily be subdivided in order to check the accuracy of
the loading computation and to fit the geometry of the coastline. With the availability

of faster computers seﬁeral papers using this method have been published over the
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past few years.

The Green's functions can be calculated using equation (5) for a disc load
and taking the limit as the disc radius oL goes to zero. In practice, the Green's
functions are calculated using a disc load of finite radius, but with the distance
from the centre of the disc always being > 10 times the disc radius (Farrell 1972).
One advantage of the use of Green's functions is that they give a physical insight
into the dependence of the response at various distances on the parameters at various
depths within the Earth. This is particularly useful for loading tilt or loading

strain (see e.g. Farrell 1972, Beaumont and Lambert 1972, Baker 1980) .
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FIGURE 1.
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Computing the loading response of the Earth

at position P due to a uniform tide over a
template (sector) S or a disc (cap) D on the
surface of the sphere. The template subtends

an azimuth angle [3cLIat P and is bounded by
geocentric angles ‘e‘ and ©, with respect to P.
The disc D subtends an angle of 2 e at the centre
of the Earth and its centre is at a geocentric

angle €& away from P.



-6374-

OCEANIC LOADING CORRECTION TO TIDAL STRAIN OBSERVATIONS

H.T. Hsu
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ABSTRACT

In this paper we split the loading strain convolutions into two
parts, the effects of adjacent ocean zone and of remote region.
For the former, convolution integrals are carried out as usual.
As to the latter, we have derived a set of'working formulas based
on the coordinate transformation of the spherical harmonic expansion
of tide height, so that it can be directly estimated from the expansion

coefficients and the computation work will be decreased greatly.

In practical evaluation, loading strain model consists of
superposition of the effects of four main waves, Mz, 82, 01 and K1,
and Schwiderski's global cotidal maps associated with the local maps

along the coast of China sea are used.

The effect of oceanic loading to strain observations on the earth’s

surface can be expressed as follows: [1]

$ 4
sa [ Tthceslugt X5 Z'.‘f,zC@A(w@’H Xy Bay) M
' b d '

T is loading strain tensor on the earth's surface, x, y, z are the
coordinates of loading point in local horizontal coordinate system (in

which, the origin located at observation station and x, y, z are taken

p

xy’

P P p . . .

and 6° , 8" , 8" are components of loading strain amplitudes and of
XX Xy Yy

phase lags caused by tide wave p, and wp, Xp are the angular freguency

positives towards the east, the north and upside respectively) tix’ t
=
t

and astronomical argument of wave p, t is universal time. Generally,

it is necessary to consider the effects of eight Schwiderski's global
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cotidal maps, namely MZ’ S N K 0 K P, and Qq, associated with

20 27 T2 T 1
four local maps (M., 82. 01, K1] along the coast of China sea.

From [1], all the components in (1) can be expressed in the form of

following convolution integrals

tf CMS* = S/uH (ﬂ” k)(Amo(E ,,f-t CM“E 1ds
b binby, = guH (<p 2) (8iw' o gyt cof ol E,,) S
tguuéf _J/u HQ(WO(EW E,.) Aol Cosot dS @)
H’ Ain s, - Sfm (4, 2 (B E E,)sincLosods
P 6@43 X/AH C}’ﬂ)(WdEW*/SMD(EMHS
Am% S/{(H (.0 (cosiE +4n o E ) i

where

b
Hf:géosg/?, Hf:}ﬁm 847 (3)

Ep and 6P are tide height amplitude and Greenwich phase of wave p, taken

from the corresponding cotidal maps; W density of sea water, equals to

11
functions, both are the functions of polar distant ¥ (the spherical

1.03; ds differentiable spherical element; Eww, E the strain Green

distance from mobile element to observation station as shown in fig. 1),
and for different U, its values can be cbtained from various earth

interior models:

ﬁ:ﬂ m\p -—ZIZ"" P (cos})

52
"H’ —‘7:{ n=o ™M iz 0'\!/
=
<
L0

4)
Rl L diy3 ¢ e

observation P
station

Fig. 1 System of P mobile element
Geographical Coordinate point
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h%, Ré are the loading Love numbers, m the mass of the earth. The norma-

lized strain Green functions Eww, E are calculated based on Gutenberg-

11
Bullen and 1066A models shown in fig.2, the computation method can be

easily found in [3] [4]

" 2 " 2
EggX 10(a )y Egx10cad ) .
1w |
G—=D10664
— 0 ! s 1 A
G- B -3 2 lgd

G-D 10664

Fig.2 Strain Green Fuetion =637l km  Unit:C.G.S

Therefore, for each tide component, we need to do convolution integral

six times, then substituting it in (1), the loading strain tensor is
obtained, finally, the linear strain of arbitrary direction can be
evaluated too. As convolution (2) needs to carry out numerical integral

in global scope, the computation work is rather arducus. However, ana-
lysing the properties of Green functions Eww, E11, it is easy to find that
their values attenuate rapidly with the increase of Y. Hence, following
the idea given in [5], we can divide the whole convolution into two

parts (adjacent zone and remote region) by a spherical cap wo’ for example

€80 6 =t €4 6,0 1+ 1,080 6 o

Yo L
=S*§
0 1o
Here, for convenience, we omit the upper indices in preceding formulas
and use lower indices I or II to represent the effect of adjacent zone
or remote region respectively. For the former, obviously conventional

numerical integral technigue can be adopted, so here we put the emphasis

on the calculation of the effect coming from remote region.

For this reason, let's expand the tide height (3) into the series of

spherical harmonic function:

MO = TG A0= 3 5 (G tsamA s bytin md) Bl 567) )

HGN) =S HGg )= 5.3 (0l 0825 i) B, (8in)

=o m=p
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H 0 HSn are the expansions of n-order Laplace's spherical function for the
c

cosine, sine components of the tide height.

The expansions (5) are expressed in terms of geographic coordinates.
but on the contrary, in convolution (2) the integral variables (¢, a)
used are coordinates in a polar coordinate system with the origin at
observation station. Thus, it is more convenient to develop the tide

height into the following spherical harmonics:

H = Z Z (A oo kot B ;ZSm&o() Fk(&sm%/)

ke ©)
H= z__ L (An( ook ot B,\& AinRet) P&( casVy)
=0 k—o
The relationship between two sets of coefficients, a_ ., b_ ., a' , b’
nm nm nm nm
and A, , B, A’ B' and their transformation have been discussed in
nk nk nk’ “nk

detail in [6, 7]. From [8] we have

A»;{:i ak A Qoo mAL+ by, SmmA,)

(7)
anvz (anm'ml By i )
for application, it is deeply concerned in values when k=0 and k=2Z.
From [6], we have
( o4
o“h‘m. ) 4 iz EM(CM 90) )
0, = an Q)+ T T (8
nm = - \)(‘n 2) (M=Dn (n+1) (n+:2) &0

2 emaac b g-P (cos0,) - d B (Co5 8.) ]J
bnm = M=Dn(n+)n+2) {‘7% ? am de

where ¢b = 9p°- ¢O is the colatitude of station. Substituting (8) into (7)

we obtain
Aho: Hcm(gw 10) : ‘
= __,___2;___.,_ Y 4 — ﬁchﬂM )
Anz"" + (1’1*[)('\'*2/) Hc,n( (] 19) + (ﬂ*l)l\(’“'ﬂ) (TH-Z,) > 92 . . (9)
B - 2/ C-tj 90 0 ch ( Qq_,lg)__ s 92ch (801 ?\o)

T (nopn(ni)(Me2) Binf, 9N (MEDm(MiVM+2) Ain 6,962

We have the same expressions for A' , A'_, and B'_ but H instead of H_ .
no nz n2 sn cn

From integral formulas
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g bin kocgin'etda= 0
S Airko codedol =0

52‘}“{;0%0(%@ 0
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5 cod kot aim ok dov = {*% 4 k=2
0 o «)( ko and k=2
T U{ k=0
I S k=2

a i.‘f fto and k#2
T k=2
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gcaoguXcmAﬂX$°{=: {

¢

pai
Sin kot dinck cosol d ot = {

it is easy to derive

9 ch

‘t CoA SXX = Z (%chn

"0

txxsﬂ’l S-xx][ i (%\hHS"* z/m(aHSH

’ ‘ZLHCK 3

J("ZCM 6"3’1' Z %m{sme 2000 e"Sin@o’OKj

'h - FHow 2Hspn
w 8‘ P L %znim ‘ AMG:B)BS

J‘:m“” g:;w- Z (g, Hou 2“")3*3:")

ggbm 83\31{ Z (%BHHS" %Zn‘b HSH

7o

equation (10) is the finmal working formula, here f_, f

1

sets of coefficients depending on n and wo:

% rJTR S {(E +'M P( ‘¥)+ )(T\ Z)(E l’:tﬁ)F (09’-"5/)} 5171‘\-}’0“&
e (e Ly (g

(n-Un(n+0(n+2)

7«ij {(EtE )F(co/w()w—)l(-—z) (B B Bl s} din

(\0)

on? an are three

(1

(12)

(13

these three sets of coefficients can be evaluated by carrying out numeral

integral to eguations (11)-(13) based on various values of n and Y respec-

tively. Once these coefficients and the expansion coefficients of tide

height (5) a_ , b__and a' , b’ are known, the loading tidal strain
nm’ T nm nm® T nm
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caused by remote region beyonc wo may be more easily calculated from

equation (10).

The results of gravity tidal observations in China show that
Schwiderski's cotidal map coincides with the actual observation much
better than other maps, but the local tidal effect of sea coast must be
taken into account together. The loading strains at five stations in
China are listed in table 1 which are calculated based on the Green
functions obtained by G-B model and the tide heights used are taken
from Schwiderski's and local M2 cotidal map of China sea.

TABLE 1. M2 loading strain

Shanghai Beijing Huangshi Tangshan Haicheng

£x10" 0 so| tx107%  §° | 0107 &0 | tx107°  s° tx107%  go

TXx 6.43168 -75| 0.8802 +36 | 0.4284 -B67 | 3.5487 -47 | 10.154 -260

TXy 11.924 +16 | 0.3194 -18| 0.9869 +35| 1.2785 -171] 14.140 +B7

Tyy 1.3820 +44 | 0.2609 -100| 1.0230 +24| 3.1120 -240| 14.758 -82

So summing up the effects of earth tides and of ocean tides, the theoretical
strain tides of any stations can be formed as follows:

_¢° 4 $
Zf_j = f@d + % {‘5 Cas (w?{-%- 7(,\,—- S“))

eij being body tides strain, wp, Xp the angular freguency and initial
phase of wave p. In fig. 3 4a, b, theoretical linear strain s (March
16-17, 1983) of body tides and loading tides in Shanghai station (azimuth
NBO°E) and Beijing station (azimuth E 71°2885) are shown. Where loading
effect is superposed by four main tides, MZ’ 82, 01, K1, according to

Schwiderski's definition their phases Xp are

XML: 2(‘ﬂo‘f 50), X,Szz o
%o‘: ﬁ,‘*z/So% 0[0‘/ {}‘/vch ﬁi’* qop

it is seen from fig. 3 that the effect of oceanic loading to strain almost

arrives the same magnitude as those of body tides at sea shore station,
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but the effect will be smaller if the station is far from the open sea,
Fig. 3, 4(c) represents superposition of both earth and loading tide
strain. It méy be seen from this chart, the theoretic model of body tides
strain will be greatly distorted by the effect of ocean loading, especially,
to their phase. Loading effect could be used for different purpose, for
example, if the factor of ecarth tides in somewhere is acquired, we must
avoid the ocean tides interaction as far as possible, on the contrary,

if our interest lies in the investigation of the crust-upper mantle
structure of the earth or of monitoring the precursor of earthquake we
shall try our best to observe the bigger loading strain effect because of
sensibility againstvcrust~upper mantle. Obviously, the linear strain
depends on azimuth of the observation direction, thus we have calculated
the body tide and loading strains at various azimuths and shown in fig. 5.
It can be easily seen that the strain caused by M2 and D1 has guite
different characters for example, both body tides and loading tides,

for M2 the NS component is bigger than the EW component, but for D,l

EW component is a little bit bigger than NS component. On the other hand,
at the same place, the EW component of D1 is bigger than that of M2'

These features result from the tidal character and geographic location.
From fig. 5b, it shows that the strain direction in Shanghai is just
located in the direction which is more sensitive to ocean tides, but the
strain direction in Beijing is located in the direction which is not sensi-
tive to ocean tides, for tilt loading tides the same phenomenon has been

found. Doubtlessly, it provides some geophysical information to us.
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The influence of the grid structure on

the results of loading calculations
by

G. Jentzsch

1. Introduction

The differences between the theoretical 1loads calculated
by the 1International Center of Earth Tides (ICET) and the
program used in Berlin were the cause to examine some poOs-
sible sources. Both calculations based on the same version
of Schwiderski” s maps, and were used to interprete the re-
sults of the tidal gravity measurements along the "Blue

Road Geotraverse" in Norway and Sweden (Jentzsch, 1983).

2. Calculated and observed residuals for 01 and M2

In tab. 1 the calculated and observed loads are compared.
The observed residuals are based on the results of the
final analyses, assuming &= 1.16. The computations of
the theoretical 1load were carried out in Berlin using a
current version of Farrell s program (Farrell, 1972) and
the Schwiderski maps provided by ICET (Schwiderski, 1979;
1980; Ducarme, 1984), where the middle section of the
Norwegian shelf was shifted by -15°,

The results for Ol show a good agreement of the theoretic-
al ampiitudes, but a significant phase shift of ~7°.
Compared to the observations from Nesna and Umbukta the
amplitudes are too small at about 45%,.whereas the errors
of the observations are less than 20% in amplitude and 15°

in phase.

Institut fUr Geophysikalische Wissenschaften der Freien
Universit&t Berlin, Rheinbabenallee 49, D-1000 Berlin 33
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Tab. 1: Observed and calculated load (microgals, degrees)
(station elevation not corrected)

theoretical load from Schwiderski observed
Station ICET Berlin o
original shelf -15
01
NESNA .44 133 .45 138.0 —_— .853 114.65
+ .070 £ 4.70
HEMNES- .43 132 .54 134.1 — .493 134.69
BERGET + .046 £ 5.35
UMBUKTA .35 131 .35 138.7 —— .633 55.04
+ .146 + 13.21
TARNABY .32 131 .32 139.5 — .347 112.89
+ .032 £ 5.28
M2
NESNA 2.75 179 |3.28 178.1|3.16 =172.9}| 2.834 -171.60
+ .056 £ 1.13
HEMNES- | 2.69 177 |5.75 -178.0 | 5.67 -173.81 5.635 =172.65
BERGET + .047 £ .48
UMBUKTA | 1.60 165 |2.05 166.8 ] 1.92 175.8} 1.710 170.58
+ .079 £ 2.65
TARNABY | 1.15 157 |1.56 161.7 | 1.44 170.5 1.429 170.04
+ .009 = .35

Since the effect of the loading of the Rana fjord area is
only small (less than 0.2 pgal for Nesna, and less than
0.1 umgal for Umbukta) errors of the modelling of the local

marine tide cannot be responsible for these discrepancies.

The results for the ane M2 are more significant: Both pro-
grams calculate different l1oad vectors for Nesna, Hemnes-
berget, Umbukta and Tarnaby. It can be shown, that a shift
of -15° of the middle section of the shelf tides provides
a fairly good fit of the theoretical (Berlin) to the
observed load. This phase shift is indicated by recent wa-

ter level records.
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According to these differences and with regard to the unex-
pected high residual from Hemnesberget some possible error

sources are examined in the following.

3. Error sources for the computations

Here only the effects of the M2-ocean tidal input will Dbe
examined, not the algorithms used in the programs

(Jentzsch, 1985).

In the data set for Schwiderski”s maps provided by ICET
the coordinates of the mass center of the 1° x 1° grid are
just the mean values between both longitudes (which is
correct) and both 1latitudes. Since esp. in polar regions
the shape of a 1° x 19 element changes approximately from
a square to a trapezium the coordinates of the mass center
have to be moved towards the equator. For latitude 60°
this means a deviation of only ~1 km, for 80° it is
~3 km. The gravity effect is small, and it depends on the
amplitude of the tidal 1load and on the location of the
station: For Nesna it amounts to 0.2 pgal and 0.60, and

decreases rapidly for inland stations.

Tab. 2 contains the effects of different ocean patches on
the coastal stations, calculated for sea level. It 1is ob-
vious, that the middle section of the Norwegian shelf
tides (about 64° to 70° north) covers more than 65% of the
total load. An error of only 10% in amplitude amounts to
0.1 pgal at T&rnaby, 140 km far from the <coast. This

corresponds to the phase shift of -15° (compare tab. 1).

Near the coast a correct approximation of the coast line
is crucial. The 1° x 1° trapezium of Schwiderski®s map of
this area provides about 0.65 pupgal, which has to be

removed and replaced by the local tidal distribution.

According to these results the estimations of the 1loading
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Tab. 2: Theoretical 1load for M2 from adjacent seas
compared to total load at sea level (microgal, degrees)

Ocean NESNA HEMNESBERGET UMBUKTA TARNABY
Rana fjord .18 -169.2{ .19 -171.0} .02 -172.8] .01 -174.1
(inner)

Rana fjord .34 =-170.1| .21 -172.4}] .12 -174.8}| .07 -175.4
(outer)

North .35 127.7 .36 126.5| .36 124.0f .33 120.8
Norw. shelf

Middle 1.82 -168.5/1.58 =-170.5|1.24 -173.2} .98 -173.6
Norw. shelf

South .18 -143.9| .17 =-145.0} .15 -146.8| .15 -148.0
Norw. shelf

Norw. Greend .52 =114.9| .49 -113.4| .46 =-110.5} .44 -106.7
land Sea

Total 3.00 177.7(2.62 173.711.98 166.2|1.54 161.5

effects closer than 200 km to the coast are influenced to

a high degree by the local grid structure.

The unexpected high amplitude of the observed residual at
Hemnesberget is due to the attraction effect of the tide.
This station was situated on a peninsula in the fjord area
at an elevation of 83.3 m. Due to this fact the ratio of
the normalized Green”s functions of about 6 to 10 (defor-
mation/Newtonian attraction) is changed to about 1.6,
which results in an amplification of the attraction effect

by factor 7: The effect of the elevation is greater than 3

ugal.

4, Conclusions

Since the results were obtained from the interpretations
of the tidal gravity measurements along the Fennoscandian
"Blue Road Geotraverse" (Jentzsch, 1985), they are not re-
presentative for all possible stations. Nevertheless, the

following conclusions can be drawn:
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(1) The coordinates of the ocean cells should be corrected
for the true mass center.

(2) Calculations of theoretical load vectors for stations
closer than 200 km are meaningless, if no improvement
of the grid structure at the coast line is made, and
if no local tidal model is used. Between 200 km and
300 km from the coast one has still to be aware of
possible local effects.

(3) Depending on the amplitude of the load and the form of
the coast line the additional attraction effect of the
marine tide for stations higher than sealevel has to
be taken into account. This is of special importance
for stations within 20 km to the coast, but also sta-
tions up to a distance of 50 km may be effected.
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A DATA BANK FOR EARTH TIDES

B. DucarmeX

International center of Earth Tides (ICET/FAGS)
Observatoire Royal de Belgique, 1180 Bruxelles, Belgium.

A data bank is operational at ICET. For about 250 tidal gra-

vity stations from which data were made available to ICET it can retrieve

- a geographical and geological description of the station with the list

of all operating instruments, and epochs of observations.

- the analysis results concerning the main tidal waves (up to 35 components

depending upon of the registration length).

- the residual vector B obtained by subtracting from the observed tidal vec-

tors the gravity tide of the Molodensky I earth model.

- the oceanic attraction and loading vector L computed from the Schwiderski
oceanic cotidal maps taken as working standards for the waves Qq, 0 P

Kq, N M 82 and KZ"

/l.v /l.v

27 2

- the eight corresponding final vectorial residues X = B - L.

The exploitation programs allow to extract tabulated results for

conventional geographical areas as well as for individual stations.

* Chercheur Qualifié au Fonds National de la Recherche Scientifigue
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