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1. INTRODUCTION

Ihe Spanishfirsí ordergravity net REDORAES waseslablishedin 1973
with the measurementsmadeby combinedgroupsfrom Ihe IGN (Instituto
GeográficoNacional, Spain) and Ihe DMATC (DefenseMapping Agency
TopographicCenter,USA).

The gravity datawereprocessedby DMATC andresulíswerereportedlo
INO, (1). Since1974 lo 1977,ascientificcoaperationwaseslablishedbetween
the IGN and Ihe presentInstituto de Astronomíay Geodesia(IAG) whieh
proceedlo the analysisof the REDGRAES,andthe study of the calibration
une and the regional densification trips to gel an autornatieprocedurefor
compulingIhegravity anomaliesin SpainandIheglobal studyof theSpanish
gravimetry, (20).

Recentlytheseresulíshavebeenrevisedlo oblain a databankof gravity
anomaliesto be used, in cooperalion with the «Instituto di Topografía,
Fotogramrnetriae Geofísica»(Milano), in Ihegravimetricgeoid determination.
As resulísof this analysispossibleerrorsin Ihefírsí computationandthelack
of a síatistical analysis have been detected.So, a new adjustmentof the
Spanisbgravily nel has beenplannedusing Ihe IGSN 71 stationssited in
Spain.

2. OBSERVATION DATA

Following theprojectedgraviíy surveyplans,observalionsof REDGRAES
were made in ladder sequenceABCDDCBA, and in sorne cases with
additionalmeasuremenísin reststations.

Four LaCoste&Romberggravimetersmodel G (n. 41, 69, 115, 301) were
usedrnakingconseculivemeasurernentswith alí of them in every station.Por

FLricw de/a T¡err4 núm. 2. 149-203.FW. Univ. Conipí. Madrid, 1990.

CORE Metadata, citation and similar papers at core.ac.uk

Provided by Digital.CSIC

https://core.ac.uk/display/36018623?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1


¡12 M. J. Sevilla, A. J. Gil y P. ‘Romero

eachgravimetertwo visual readingswere noted with the time, but without
dala of atmospheric pressure,alt temperature and orientation of [he
gravimeter.Transporíof gravimeterswasmadeby car in the Peninsula,and
by aircraft in BalearesIslandseonnections.

Síation coordinates were taken off from the available cartography,
heightsareof different classes(indicatedwith a code)caming from precision
levelling [o map interpolation.

Figure 2.1 shows [he Spanishgravimetrie net,stationsare markedwith
squares,every itinerarywilh a circle and IGSN 71 stationswith hexagons.
REDGRAES consists of 72 stations distributed in 32 trips. Number of
observa[ions is 1091, wi[h 729 repeatedstations.The m.s.e. of the meandrift
is W 0.01 mGal, and [he m.s.e.of observationis ‘1’ 0.02 mGal.

We have made a pre-processingdata to detect possibleerrors in [he
coordina[es, in Ihe heightsof stations,in timesor in gravimetricreading.As
control for Ihis analysiswe makeuseof the drift and i[s meansquareerror,
a ebronological control of observations,the regressionbetween free air
anomaliesand heights,cenlrality anddispersionmeasuresof gravity values
and anomalies,and repeatedobservations.

As resul[s of this pre-processingwe gel information aboutthe numberof
stations involved, numberof írips in the network, nurnber of gravvimeters
participating, numberof measurementsdone,numberof revisiting stations
and redundanciesand a eheckof slalions are ah connected.

2.1. Transformationof dial readingsto milligais. Calibration factor

Leí m be a dial reading and ¡ the correspondingmilligal value. The
calibrationfunclion F gives,

hF(m)

The problem is to model this funetiondeterminingils paramelersby the
calibrationof Ihe instrumení.

Severalmodelsfor [he function E havebeenestablished.For LaCoste-
&Romberg gravimetersmanufaeturergives [he calibration table for each
gravimeter. By inlerpolation in this table we can determinefrom m the
correspondingrelativegravity valuez. Ihen, we musí transformthe z value
to a real sealein milligals using [he sealefactor

tahie scale

m -

Also, the scalefactor mustbe modelated.Usually, (7), (13), (26), this can
be donein the form

¡r Z c¡z + Z ajcos(vjz±soj) [1]
¡=1

with polynomialand periodic parts.
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in practice,for sborí rank of measurements,[bis model canbe reducedto
one with a lineal term and two or [bree periodical terrns,

¡“7=f~ ±f(I + zXf)z+ Z aj cos (y, z + y) [2]

Knowing thefactorsin [his formulawecanget [he milligais value. Really,
we only know [he f value(manufacturergives 1= 1 and AJ= 0) which can
havebeenmodified by calibrationin a calibrationunewitb absolutegravi[y
measurements.Ibis procedure enables us to determine sorne periodic
coefficientsLoo.

Afler alí, we have[bree valuesbr the observable¡
1’ real value of observationin milligals, (unknown)
¡“7 Ibeoretical value of observationaccordingto [he scalemodel,
V calculaledvaluewitb a provisional scalefactor,

[3]

being relatedby,

1’ l”7 =f~ f(l + AJ) z + X a~ cos (v~ z + g~)

(~ + AJ l~ + $a. cos (u1 z + y1)
1—’

andwi[hout periodic part

A» [4]

3. SYSTEMATIC EFFECTS.CORRECTIONS

Precisegravity observationsmust be correetedof aH known syslematic
effects of differen[ kind: Earlh lides, polar motion, vertical gradientof [he
gravily (heigbtof gravimeleraboyeIbe benchmark), lefnperaturevariations,
air pressure,influence of Ihe atmosphericpressure on the gravimeter,
variations of Ihe groundwater levet changes in the magnetic azimuth,
variationsin the balteryvoltage,microsismieeffects,longperiod movements
of the crust, mecbanicvibrations,etc.

The modelationand evaluationof sorneof [beseeffecísare complicated,
and Ihe local effec[s are difficull [o s[udy. Neverlheless, for absolute
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gravimelrysorneof them havebeeninvestigated(6), (7), (27). Correc[ions for
absolutemeasurementswhich can be applied to relative measurements[oo,
are reviewedin (4). The more impor[an[ effec[s that canbe correc[ed are:

3.1. Earthlides

A[ presentseveralprecisemetbods-for compulingIhe vertical component
of eartblidesareavailable(8), (9), (12), (24), (25), (34), (35). In our work we
have used [he Cartwrigbt-Tayler-Edendevelopmentsupplemen[ed by [he
International Cenler of Earlh Tides with 505 tidal consti[uents, which
providesa precisionof 0.1 gGaI.

As in Spainwe have[he dataof an Eartbtides nel ‘wilb 19 stationswell
distributed(30), seefigure 3.1, [he 6 and ¡ parametersof the wave groups01,
Pl, K], N2, M2, S2 and M3 havebeeninlerpolatedfrom [he resul[s oblained
in the harmonicanalysis of tide observations;the other waves have been
modified by [he factors calculatedfrom the Molodensky1 model (31).

Ihe direc[ constanípart of Ibe tidal gravi[y effect has been considered
following Ihe resolu[ions of [he InternationalAssocialionof Geodesy,(4).

6g=~4.83+15.73 sin2~’—l59 sin4~t gGa¡.

~pbeing [he geocen[ric latitud.

3.2. Polar Motion

Anolhertemporalvarialion in [he observedgravily is due[o Ihe variation
of Ihe Earth rotation axis. To corTect Ibis efleel -we use Ihe Wahr formula
(32),

6= 1464108w2 a 2 sincp cosq(x cos X—y sin X) ¡sGal,

where x andy are [he pole coordina[es in the JERSsystem,w is tbe angular
velocity of rotation of [be Earth,w= 7292115lO rads -‘, a is the semirnayor
axis, a=6378136m and ~, X are Ihe coordina[es of [he station. (As for
observalionsof 1973 concernedwe havetaken [he CíO System).

3.3. Vertical Gradient

Ihis correctionis [o refer [he gravi[y measurernent[o Ihe benchmark of
Ihesíalion. Weuse[heformula for [heverticalgradientof [he normalgravity,

a~=0.3086Ii pGal,
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Ii being tbe height of the ins[rument in mm, wbich must be known wilh a
precisionof 3 mm. Using[he normalgradientinsteadof Ibe realgradient,[he
error is aboul 20 %.

3.4. Ah pressure

Effec[s of air pressurevariations in gravily measurementsare of two
kinds: atractionof air massesin tbe poin[ síation and crustaldeformalions
duelo [hese masses.Following (10) aud(28), [he correctionis,

8~ =0.39 10~ 6pms’,

wbere,

Fo> being the observedpressureand P~ Ibe normal pressurecalculatedas,

P0=.l.01325l0~ (1—0.0065H/288.15)
5255<

H being[he s[a[ion heighl in meters.Ihis correclionhasnol beenappliedfor
[he 1973 dala.

Othersystemaliceffectsare analizedin (7).

4. OBSERVATIONAL DATA VALUES AND APPROXIMATE GRA-
VITY VALUES FOR STATIONS

Approximategraviíy valuesfor Ibe stalionsof Ibe ne[, wbich will be used
in tbe adjuslment,arecalculatedfrom dial readings.

Correctedand adjus[ed in meanresultsareclassifiedwitb Ihe following
procedure.

First, dial readings m are converled lo his value in milligal t by
interpolating in [he calibration tables supplied by manufacturerand Ihe
availablevalueof Ihe sealefactor. Iben, valuest [3] are [he initial valuesof
observa[ions. By otherband,observation[imes, usually given in date, hour
andminute aretransformatedin frac[ion of year,lo ge[ a continuosseriesof
UniversalTime values.

Wilb Ihese limes and olber data, correc[ions given in section 3 are
calculatedand applied [o Ihe (¡e) values.
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Ah Ibesecorrec[ions are representedby e.
Wiht [hese times and other data, correctionsgiven in section 3 are

calculatedand applied to [he (1) values.
Thus, we havetwo kinds of observations,the calculatedones(numerical

values),from [3],

[5]

and Ibe modelatesones,from [2]

[6]

that in the restricled model [4] are given by,

1 =f0+t+=ft+c~ [7]

4.1. Modelling of gravimeter drift

Instrumentaldrift must be takeninto accountwhen observationsmadeby
[he samegravimeter are accumulated.For sbort lies, drift of LaCoste &
Romberggravimeterscan be consideredas a lineal function of time. More
comphicaled models used [o obtain [he estimated values do not sbow
significativediflerenceswitb [be lineal model (17). Tben, we write,

D(fl=D0+dt, [8]

where D0 is Ibe accumulativedrift up lo í= O, ([be samefor a seriesof
measurements),andd Iherateof [he drifí, takenthe samefor eachgravimeter
and each lrip, lis the time elapsedfrom [he initial time.

Tben, a gravimetric observationat time is modelled by adding [o
expression[7] [be model [8],

¡Cf +lc+AfLc+c+fl +dí [9]

Ihis expressionwill be lakeninto accountfor [be designof Ibe network
adjustmenlmodel.

Nevertheless,in order to calculatewell approximategravity valuesin [he
observationstations,we need[o know a numericalvalueof observationitself,
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which meanstbat we need a numericalvalue of parametersD
0 aud d if we

want lo consider[he drifí. In Ihis caseiterationprocedurein [he adjustment
can be avoided.

Under Ihe bipolbesis that gravimeter drift is the time variation of
correcíedmeasurementsmadein Ihe samestation, we candetermined.

Le[ m,, ¡n be two measuremenismadewith Ihe samegravimeter in Ibe
samestation ami belongingto [he sametrip lii and (‘times respectively,so
from [5] and [9] we haveIhe values,

//=j;+¿+Af/; +D0+dí,,

¡‘~f±l~+Afl~’ + O. + di;,

as 41 is aJmoslzero, and ¡7 very close lo fl.
t and fulbermore1/= ¡‘7 we can

write,

Leí usconsiderm revisiling stations(ls, /~‘observationin times1,, i~ iz 1,
2, .. m), Ihenwe can gel m calculaledvaluesof d. In tbesecondilions our
problemis lo find [be oplimum value of d and jIs correspondingprecision.

.We eslablishIbe following leasí squaresmodel of observationsequaíions.

Q/—¡Jd— (4—4) =

The normalequationfor ihe singleunknown d is (21),

E (í
1’—13

2d — E
i=)

fr-orn this equationwe geú the best lineal unhiasedestimationof [he drift a.
The eslimatedresidualerrors are,

and [he aposteriorivarianceof unu weighl is,

A

Li
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- Now, Ibe cofaclorof =is direclly obíainedfrom [be normalequationas,

qa 1 ¡ E (0—t,V

with Ibis, Ibe varianceof a is given by,

U ~2
~. (t;—t,Y

The ajusledobservalionsare now,

— 1, = (<— í,) J,

and lheirs apos[eriori variances,

u-,, = &~ (í;— ¡)2

4.2. Removingthe síatiedrifí

It hasbeenprovedIhal gravimeterswork in differen[ wayin restof during
transpon,(11), (23). In the firsí case,for instanceduningIhe nigbl in a trip,
we always have a measuremen[ before resí (end of [ransport) and olher
measuremeníbefore [he nex[ transporí(end of rest). In the secondcaseIhe
measurementsare made beíweenstationsand [he behaviorof gravimeter
musí be controled.

To obtain Ibe drifí we considerIhe variations when [he gravimeter is
operatingor in transporíonly. Iherefore,weremoveof Ihe measuremen[sihe
slatic drifí, calculatedwith [be dala of íhe begining and [he end of rest,
subtractingIheir effecl from [he nexí lo [he final observedvalues, Ibe same
lhing is donewilb [he correspondingtime lag.

4.3. CakulatingIhe gravity

Leí G, be Ihe referencegravily of [be initial síalion of Ihe lrip, ¡, [he
observationin Ibis s[alion 1’, in lime í,, ¡1[he observalionin síalion E1 in time
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t~, and d ihe rate of ibe drifí in [he [rip, [ben [he approxima[ed gravity in
síalion 1’,, j=2 n is given by,

aud its correspondingmeansquareerror by,

mj=aá (11—t,).

As referencesvaluesin Ibe initial stationsof [he lrips welakeIhe IGSN 71
graviíy values;wben[he inilial siationdo fol belonglo IGSN 7! we lake Ihe
resulí of a previouscalcul through anothertrip linked lo ihe IGSN 71; this
connectionis alwayspossible.

If we gel several values of gravity in a síation due lo redundancyof
observa[ions, to gel a siglevaluewe lake Ibearithmetic mean,and [he same
is doneif we havemeasuremenísof different gravimelers.The resultingvalues
of Ibis procedurewill be taken as approximale values of gravity in Ibe
network adjustment.

5. ADJUSTMENT MODELS

Wilh the esíablisbmenlof ibe International Gravity Síandardization

Network IGSN 71 and Ibe moderns National Base Nelworks, several
malbematicalmodelsbr adjustmenlof gravimetrie neíworks have been
developed,(2), (6), (11), (13), (14), (15), (17), (18), (23), (29), (33), (36).

Two fundamentalmodelswiíh different oplions lo study[he influeneeof
tbe paramelerswill be considered:the model of observationequalionsami
Ibe mixed model. In Ibe first Ibe observablesare differencesof observed
gravity betweeníwo consecutivestations in Ibe samelrip for every used
gravimeter,andiii [he secondthey areobservedgravitiesin eachsíation.Here
we present[he firsí model.

51. Model of observationequations

In general,[he observedgraviíy al a síalionP, íakenmío account[1], [6],
and [8] canbe written as,

‘7 fi

¡7= Ec,z’-bZq,cos(v1z+<pj)+D~+d¡+c5,
¡=0
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The particularconditionsof ihe observationsof REDGRAESlead us to
considerIhe restricted model [9] with [5],

l/=f+l,+ tt+cÚ+zSft+s~. [II]

wbere s~ is a parameterlo include unknownpossibleadditionalsystematic
effects.

In [he sameway, for anoihersiation Q we have,

k=f + i; + L>,, + di + ¿Xf4+ Sq, [It]

So, tbe differenceof observedgravity is,

1/ —1ff = 1,— 4+ d( 1,— ¡9 + Af( ¡7— 17) + (s,,— s3 [12]

Leí g,,, g0 be ihe gravity valuesof stations E,
equationis written as,

(gp—gq) — (17— 1ff)

Q, [hen [he observation

[13]

If we lake approximatevaluesof gravity<, g3, using [lO] we can write,

g,,=g,~ + 6g,, [14]

gff + ag0

Therefore, with [¡2], [13] and [14] we can establisb ihe niodel of
observationequation in Ihe following way,

[15]

wih,

8,,,
8q systematicparame[ers, p, q = 1

ag,,, 6gq, correcting parameíers[o [he approximatevalues of gravity in
stationsp,q= 1
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dk parameíersof drift, one parameterfor each gravimeterand each [rip,

4—4 [¡me ¡¡ver-val of measuremení,
Al, parameterfor correctioncalibration factor, 1= 1
1, — 4 diferencesof raw observations,
¼— ¼diferencesof observationscorrectedfor known systematiceffec[s,

— g~ differenceof approxima[e gravity values,
y
1 residuals,r= 1,..., ni.

n~ numberof stations,
flg numberof gravimeters,
n numberof [rips,
o- =nhi-

gI 1< 1~

m numberof observeddifferencesof gravity.

5.2. Control equations

Ibe control of agravimetric nel is achievedif absolulesitesareavalaible.
Thesesta[ions, wbich give Ihe gravime[ric referenceto tbe network, will be
consideredas fix stalions or weight referencestations (a[ presení,absotute
rneasuurementsmade in [he samestation witb different instrumentsgive
significative discrepances).Absolute base points are of greal importance
because[he quality of a gravi[y network dependson [he accuracy arid
distribution of absolutebasepoin[s (5).

Por the otherreferencestations (IGSN 71), accordingto Ibe suggested
procedure(16) for readjustingexis[ing sub-ne[s, we introduce[he gravity as
weighted observationsin [he observationequations.Thus, for eacbfíxed
stationwe appliedthe condition¿5g1=O, andfor eacbweigbtedstalionwe add
[he equation,

6g~=v~, R= 1,2,.., niR, [16]

whicb is more or less weigbteddependingbow close[he networkwill be fítíed
lo tbeseni>, points. For largeweight the networkis fit to tbesepoin[s, andfor
small weightthe nelwork is less deformedarid sornecorrec[ions [o reference
gravity valuescomeout.

In any case,excep in [he free network adjustment,a referencesíation
(fixed or weigbted)will be necessarylo avoid the rank deficiencyin origin in
[be designmatrix.

In the final resultsof tbe adjus[mentof [he Spanisbfirsí order gravity riel
we havetaken [he following IGSN 71 weigh[ed stations

MADRID £7 N1032 g~, 97995561,
oBARCELONA J N1013 g8 = 98030623.
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5.3. Reference Gravimeter

The approximate values of correction calibration factor Si of alí
gravimetersare takenequalto zero. II we wantto fix Ihe scaleof thenetwork
by a particular gravimeter we must use [he condition >51=0 for [bis
gravimeter. It is not necessary[he referencegravimeterhas been used in alí
stationsof [he network. Weightedequationsfor alí scalescan be also added
in the form,

ZXIc=V<r Gzzzl ,n<,, [17]

with a weight more or less large according to [he closeness[o each rn0
gravimelerscalewe wan[ he scaleof [he network remains.

lf we haveonly cdnsidereda lix or referencestation, except in [he free
network adjustment,a referencescale factor (fixed or weighted) will be
necessary[o avoid [he rank deficiency in scalein [he designmatrix.

If we takeat leasttwo references[ations, [he scaleof thene[work is given
by [he gravity of [heses[ations, and[he sealefactors of alí gravirneterscanbe
determinedin the adjustment.Particulary, if [hese two stationsare absolute
siteswe [reat witb a realcalibrationof instrument.

The use of differencesof gravity as observationspresents[he following
advantages:[he parameterO,, of drift is missing,we haveremovedas many
parametersas [rip by gravimeternumber, also [he factor];> disappears,in
equalnumberasgravimeters;and stalic drifís are removed.

In [be final results of the adjustmentof [he REDGRAESwc have[aken
as referencescalefactor [he gravimeternumber 115. (SeeSection 5.5).

£4. Matricial Formulation

The adjustmentmodel of observationequationsaceording[o [15], [16]
arid [17] can be written in [he form,

Ax—t=v, [18]

where A is tbe design matrix given by,

rA5 AE -4,, A~, 1
¡o A,, 0 0 ¡ [19]

10 0 0 A,, J
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[he different block being,

o 0

¡ —l

t,—t,0 o

0 0 1,, -1~

1

1

00 0]¡ 1, 0 ~¡nl]

1

1

with dimensions,

dim A, (ni, ng,),

dim AR= (ma, ~

dim AE =(m, ng),
dim A»=(m, ng),
dim A,, = (ni,,, ng),

Ibe paranietervectorx is,

x=(s s,~, bg 6gb, d,,...d,, 41 zXfnJT,

and Ibe constantsof observationsvectorLis,

[4—¡¡—g,,
0+g4’]m, ... o ... of,

witb dimensions,

dimx=(2n~+n~<+n~. 1),

dim±=(m+mR±mO,l),

=

—l

o

lo

00

0]

íd,—l

A,,= [1 —l

00

A,, =

AR=
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Regularnetwork

In this case matrix A is a fulí rank regular matrix aud the number of
degreesof freedom is equalto the numberof equa[ions minusthe numberof
unknowns.It is necesaryat least[o bavefixed onestationandonegravimeter
or to add one equationof íype [16] and anotberof type [17].

Ercenetwork

In [his casewe can have a deficiencyof rankequalto 1 or 2. lf we have
fixed [he scalewi[h a gravimeter[o solve the mathematicalmodel we add [he
inner constrain,

‘7’

E ¿g, O,L ___

in [he secondcase,if [he scalehasnot beenfixed, we also addthe equation,

E 6g,g~=0.«=1

The free adjustment has some advantages,as we do not take any
privileged station(or gravimeter)alí gravity dataare corrected.This kind of
adjustmentwill beusedto s[udy tbe precisionof different observationgroups,
and to detectoutliers.

5.5. Stochastic model

Taking as observablesgravity differences[he apriori covariancematrix
for one gravimeteris (6),

2 0

0 ~ O.

—l 2
2

u< being [he apriori variance.This correlation hasinfluencein [he estimated
variancesfor [he adjustedgravity values. However, due[o it is a small value
in practiceit is nol considered(6), (13), (26), (29). So, we take as weighting
malrix the diagonalmatrix P=ug E> = Q ‘, being Q the cofactormatrix.

By individual adjustmentsof measurementsof eacb gravimeter and
severalsurveyingareasalso, we bavegot [be results given in Table 1.
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TABLE 1

1 II III IV V VI VII VIII IX X XI

301 200 3 1 20 26.4 46.0214 22 53 23 26
115 208 0 0 20 15.2 47.3163 12 24 14 14
69 202 1 1 20 18.7 43.9071 15 38 17 18
41 204 0 0 20 16.8 45.6084 14 35 15 16

1 NUMBER OF GRAVIMETER, II NUMBER OF OBSERVATION, 111 NUMBER OF
REJECTED OBSERVATIONS, IV ITERATION NUMBER, y APRIORI STANDARD

DEVIATION, vi APOSTERIORÍ STANDARD DEVIATION, Vii TRACE OF THE CO-
FACTOR MATRIX OF PARAMETERS, vin MAXIMUM STANDARD DEVIATION OF
PARAMETFRS, IX MAXIMUM RESIDUAL, X MAXIMIJM STANDARD DEVIATION

OF RESIDUAIS, XI MAXIMUM STANDARD DEVIATION OPOBSERVATIONS.(UNITS
ARE gOAL).

Therefore,lo bomogenizethe nelwork we have adoptedtbe following
weigbt faclors

F~ 301=0.574 0.329,
F

11 115=1.7341.0
FR 69=1.1440.659,
F11 41=1.4240.821,

and a priori standarddeviation of unit weigbt of a~= 20 ¡xgal.
For referencestaíions, weigbt is about 1 and for seale factors abou[

25.000.
In [he síatisticalanalysisafter adjustmentIbefollowing assumptionsmust

be tested: 1) Residuatsare normally distributed, 2) The malbemalicalexpec-
talion of y is equalto zero, 3) the apriori varianceof uní weigbt must be
consisteníwi[h the resultsof adjustment.

5.6. Estimatedvalues

The leastsquaressotutionof Ibe mathematicatmodel [18] is givenby, (21)

Sc= (A’PA)’ A’Pt, [20]

[he residuatsare obtainedas,

[21]

127
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Tbe varianceof uni[ weight is,

(2’P2) , [22]
1

where f= ni—rank(A) is tbe numberof degreesof freedomof adjustment.

Arid de covariancemalrix are,

[23]

for parameters,

Q
0<=áff[Q—A(A’PAft A’], [24]

br residuals,and,

E, ¡ = &~ = &~ [A (A’PA)’ A’], [25]

for observatioris.Q,~,,Q~, ~ are Ibe correspondingcofactormatrix.
Tbeestimatedvaluesof the final adjus[ment are shown in Section8.

6. Statistical Analysis

Tbe síatisticalanalysisof adjustmentresults is madein order to,

— check [he bypoíbesisof Ibe Gauss-Markovmodel adopíed,
— detectouíliers,
— sludy the reliability of [he network,
— find [he optimum model.

So, aher tbat [he adjuslment is accomplished,[he following tes[ are
applied (22).

6.1 X
2 — test of norn-zaliíyof residuo/y

We appliedthis lest lo Ibe vector 0 with a classificationof 20 intervalsat
a significancelevel of & = 0.05.

For Ibe fínal resultsof REDGRAES we bave

COMPUTEIJVALUE = 23.876
CHI VALUE = 27.593
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6.2 F-testof Ihe variante ofunU weiglu

We define

r -‘2 2y=max 0o ~o ¡
2’ ~2 -~U~ U~

[he nulí hypo[esis

It: = £4,

is rejectedif

where Fis the Valueof Ihe F-distribu[ion with f arid
al a significancelevel a.

For [he final resulís of REDURAES we bave

APRIORI VARIANCE
APOSTERIORI VARIANCE
Y-STATISTIC VALUE

- F
61, 005

degreessof freedorn

— 0.00040
— 0.00036
— 0.905
— 1.099

6.3. -tesífor systenia¡icerrors

We defineIbe staíisíic,

where J’~,, is themeanvalueof [he standardizedresidualsand~ Iheir mean
squareerror, [hen Ibe hypothesis,

Ihere are not systemalicerrors (E[v] = 0)

is rejectedif,

y> ~

with 1 being [he S[udent-distribution with ni—l degreesof freedom.
For [be final results of REDGRAES we have

Y-STATISTIC VALUE = 0.088
812, ~ = 1.963
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6.4 Popetesí to detecí outliers

We applied [bis test [o the standardizedresiduals,

0 =0/a , [26]

where $ are [he residualsgiven by [21] and a, [he varianceof 0, takenoff
from E [24]. lf

Vj fl’~fl~ ¡‘>2

T being the Tau-distribution (19), the correspondingobservation (two
consecutivegravimeter readings) is rejected,and must be investigatedfor
possibleerrors.lf it is not locate[he errorcause,alternativelyeachgravimeter
readingis eliminated, if H

0 is in both casesrejected,the two measuremcnts
are eliminated.

In the REDGRAES adjustment2 observationshavebeenrejected.

6.5. Reliability parameters

Following tbeory of Baarda(3), we compute[he reliability parametcrs,
Baardacoefficient,

q8q,/q, [27]

External local reliability for parameters,

r = q~ 3.44, [28]
l—q8

Inlernal local reliability for observations,

1
r~zzzzj l—q8 3.44, [29]

Minimum error delectable,

>5~r ,u0 q~
2, [30]
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Effect of Ihe minimum error detectableon a residual,

A,. = (1 —qe) >5,,,, [31]

where q
1 is the diagonal element of [he apriori cofactor matrix of

observationsQ anéq~ the aposterioricorrespondingelemen[ of Q~¡.
Ihe reliability parametersgive us information about Ibe possibility lo

detect outliers. Following Baarda tables, in ordinary cases(AO = 0.001,
B0= 20, X¿

2 3.44) for good controled observalions,0.6 < q ~ < 09,
5<r~< 12, 6.5c$r,< 13. For lower values,observations(or parameters)are
very well controled. This can be used not only for control but lo gel a
optinum desigocriteria of [he network.

The [rip 132 Gra. 301 (3 observations)hasbeenrejectednot by the Tau-
Test, bu[ by its large reliabiliíy parameters(11.457, 10.928).

Thishappenedonly in this casedue[o a falseconnectionbetweenstations,
baving taken[he samemeasuredvalueas initial andfinal values(static drift
include) in contraposition with [he connections made wi[h [be others
gravimetersin [he sametrip. Tbus, it is shown the utility of Ihe reliability
parameters.

6.6 Extremevalues

Por tbecontrol of Ihe different estimatevectorsin Ibeadjus[ment process
[he following valuesare computed:sumeof elements,meanvalue, standard
deviation,maximunvalueand its position, minimum valueand its posilion,
numberof zeros(SeeTable IV).

Por[he final resul[s of REDGRAESadjuslmentseeSection 8.

7. DIFFERENT MODELS

Several matbematicalmodels of adjustment have been considered[o
síudy Ibe influence of different parameters.

Using the sameset of observations(aceptedin [he síatisticalanalysisof
seclion 6), the samestations, [he samedatum arid [be sameunit of weight,
sixteen different modeis witb different number of unknowns have been
adjusted(In TableII, asterisescorrespondlo consideredparameters).

Ihe parametersG (one for eacb gravimeter) bave beenaddedlo Ihe
modelsto takeinto accountsornesystematiceffectsof Ibe gravimelersand[o
have a procedure to standardize [he measurementesmade witb any
gravimeter[o a referencegra’vimeter o set of gravimeters.

Alí [hese modelsare regular,having takenasweigbtedsíationMADRID
C arid as weigbtedscalefactor the graVimeter115 accordingto [16] and [17]
respeclively.
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TABLE II

Adj ustments.

1 2 3 4 5 6 7 8 9 lO IV 12 /3 14 15 16

p
p

* * * * * * * *

5 * * * * * * * *
q

g * * * * * * * * * * * * * * * *

g * • * * * * * * * * * * * * * *

d * * * * * * * *

Af * * * * * * * *

G * * * * * * * *

To compare[he differen[s models,we estabtish
testingin termsof [he linear generalhypoíbesis.
models,[he model fi with Ibe new parame[ers,

[he following sta[istical
Leí A and fi be two of [bese
whicb influence we want [o

cbeck and [ha[ would be equal [o zero if [bey bave not any
significance.We [ake Ibe model B (with ah parame[ers)

ímportant

A n:N—Ln YB>

and [he linear generalhypolbesis,

lix -h0,

where x are [be addedparameterslbat if [hey are zero will be H= 1, arid
h=O
_ Solving [he model B (with alí [he parame[ers) and [he model A (without
[he added parameters)we can compute the quadratie forms (xi’ PO) ~

ff’ I’0t. If we define [he estimate,

(O’ PO) A — (0’ PO) R 1
[32]

5

wherefis Ibe numberof degreesof freedomof [he fi adjustment,ands [he
numberor addedparame[ers; [be nulí hypotbesis,

: The •added parame[ers are no significatives,can be [ested in [be
following way, if

y> F,
1

132
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where F, ~,, is Ihe value of the F-distribution on s andfdegreesof freedom,
Ibe nulí bypotbesxsis rejectedandcanbe concludedthat [he modelA canbe
improved.If the nulí hypolhesisis accepted,[he model A is correctedandat
Ibe significanceleVel a, nolhing succeedby addingnew paramelers.

Table III and Table IV sbow Ibe concerningresulísof Ibe some of [he
different adjuslmentsnumberedin Table II.

TABLE III

AdjusI~nentsnumber 1 3 5 9 13 15

Numberof station 72 72 72 72 72 72
Numberof fixed stations O 0 0 0 0 0
Numberof fixed seales O O O O O O
Numberof weightedreferencestations 1 1 1 1 1 1
Numberof weightedreferencescales 1 1 1 1 1 1
Numberof gravimeters 4 4 4 4 4 4
Numberof trips 125 125 125 125 125 125
Numberof [he referencegravimeter O O O O O O
Numberof systematicunkonwns O O - O O O O
Numberof stationunknowns 72 72 72 72 72 72
Numberof drifí unkknowns 0 125 0 125 0 125
Numberof scaleunknowns 0 0 4 4 4 4
Numberof norrualitationunknowns 0 0 0 0 4 4
Total numberof unknowns 72 197 76 201 80 205
Totalnumberof observations 815 815 815 815 815 815

Adj Num. 1 3 5 9 13 15

1.0452 10839 0.9314 0.9524 0.9327 0.9540
II —21.5974 1.6972 —21.6461 1.7696 —20.9453 1.4150
III —0.4351 0.0992 —0.4363 0.1044 —0.4186 0.0955
IV 811.7459 7260754 641.0784 556.9259 639.3358 5551670
Y 0.5 177 0.4582 ff4376 0.3790 0.4364 0.3777
VI 0.0209 0.0217 0.0186 0.0190 0.0187 0.0191
VII 90.5581 906946 104.7022 104.8407 108.1236 108.3636
VIII 0.0234 0.0243 0.0225 0.0230 0.0229 0.0234
IX 743 618 739 614 735 610
X 3.9782 4.0772 3.9780 4.0830 3.9779 4.0740

1 = Variancefactor.
II = Sumof weigh[ed residuals.
Hl = Sumof residuals.
IV = Sumof squaresof weigbted residuals.



Al. J. Sevilla, A. 1 Gil y E. Romero

Sum of squaresof residuals.
Aposleriori standarddeviation.
Traceof [he parame[erscofactormatrix.
Meanstandarddeviationof parameters.
Number of degreesof freedom.
Tau-Value.

TABLA IV

3

5.875
0.007
0.001
0.OI5( 3)
0005(178)

10,477
0,013
0.004
0.036(814)
0006(456)

5

5,378
0007
0.001
0.013( 1)
0004(294)

9284
0,011
0.003
0.032(814)
0.005(456)

13

5.565
0.007
0.001
0.013( 1)
0.004 (294)

STATISTICAL ANALYSIS OF THE M.S.F. OF OBSFRVATIONS

—2 1.60
0.027
0.998
3.293(774)

—3 .6 lO (2 16)

1.697
0.002
0.944
3.521(774)

—3.259(793)

1.770
0.002
0.827
3.202(774)

—3.101(184)

—21646
—0.027
0.887
2969(774)

—3.185 (669)

STATISTICAL ANALYSIS OF WEIGHTED RESIDUALS

—20.945
0.026
ff886
2.907(774)

—3.034(669)

I.4l5
0.002
0.826
3.l4l (774)

—3.064(184)

—0.435 0.099 —0.436 0104 —0419 0096
0.001 0.000 0.001 0.000 0.00! 0.000
0.025 0.024 0023 0022 0023 0.022
0.115(774) 0123(774) 0.104(774) 0,112(774) 0,101(774) 0,110(774)

—0.089( 25) —0.077(184) —0.087( 25) —0,076(184) —0087( 25) —0,076(184)

- STATISTICAL ANALYSIS OF RESIDUALS

20.690
0.025
0.006
0.036(196)
0.0l5( 3)

19.513
0.024
0.006
0.037(480)
0.010 (8 12)

£8.398
0.023
0.006
0.032(196)
0.013( 81)

17.102
0.021
0.006
0.033(480)
0.009(8)2)

18.374
0.023
0.006
0.032(196)
0.013< 1)

17.075
0.021
0.006
0.033(480)
0.009 (8 12)

STATISTICAL ANALYSIS OF TUL M.S.E. OF TUL RESIDUALS

—23.09
—0.028
0.100
3. 188 (774)

—3.653(216)

2.446
0.003
1.014
3.526(774)

—3.620 (2 16)

—26.058
—0.032
0.997
3.258(774)

—3.675(669)

2.860
0.004
1.004
3.690(774)

—3.476(184)

—25.294
0.03 1
0.998
3.190(774)

—3.536(669)

2.383
0.003
1.004
3.620(774)

—3.439(184)
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y
VI
VII
VIII
Ix
x

15

9.410
0.012
0.003
0.032 (8 14)
0.006(473)
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2945.
3.614
0.136
4.865( 81)
3.468(196)

3273.
4.017
0.513

11.458(814)
3.493(480)

2953.
3.624
0.136
4.685( 1)
3.476(196)
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STATISTICAL ANALYSIS OF THE SIANDARDIZED RESIDUALS

2939. 3265.
3.607 4.006
0.137 0.509
4.865( 3) 11.390(814)
3.468(196) 3.492(480)

INTERNAL LOCAL RELIABILITY FOR PARAMETERS

3284.
4.030
0.516

ll.488(8 14)
3.5 lO (480)

844. [595. 866. 1612. 894. 1635.
1.036 1.958 1.063 1.980 1.098 2.007
0.345 0.802 0.338 0.807 0.231 0.805
3.440( 3) 10.858(814) 3.440( Sl) 10.929(814) 3.440( 1) 10.961(814)
0.436(196) 0.610(480) 0.436(196) 0.603(480) 0.502(196) 0.695(480)

EXTERNAL LOCAL RELIABILITY FOR OBSERVATIONS

The.differen rovvsare: íhe sum,the meanvalue, ihe standarddevialion, ihe
niaximum value and íhe m¡nimum value, respective/y.

Several tests bave been- apptied to check tbe differení models of
adjustment. First, consecutivesodd and even modeis are compared for
sluding if systematicparame[ers for s[ations are present.

TEST CIJECKED MODELS

n. 1

AIMS

1 aid 2 studing if systematicparametersfor stationsarepresent.
Generalstudy without specifyingsystematicpararneters
for stations.

n. 2 3 and 4 idem excepting
n. 3 5 and 6 idem excepting
n. 4 7 and 8 idem excepting
n. 5 9 and 10 idem excepting
n. 6 II aud 12 idem excepting
n. 7 13 and [4 idem excepting
n. 8 15 and 16 idem excepting

ter.

the drifí.
Ihe scalefactor.
syswmatismof gravirneter.
drift audscalefactor.
drift aud systematismof gravimeter.
scaleandsystematismof gravimeter.
drift, sealeandsystematisrnof gravime-

Olber comparisonsmadebeíweendifferení modelsof adjuslmentare

AIMS

1 aud 3 to analysis[he drift with respecíto amodelwithout scale
parameter.

5 aud 9 to analysis[he drift with respectto a model with scale
paranieter.

1 aid 5 lo analysis ihe tecale factorte with respee![o a model
without drift parameter.

TEST CHECKEDMODELS

~1. 9

n.b

n.l 1
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AIMS

3 and 9 to analysisthe scalefactois with respectto a model with
drift parameter.

9 and 15 to analysisihegravirnetersystematismswith respectto a
model with scaleand drift parameteis.

Table Y shows the
adjus[menls.

aims and tbe results of [be analysis of differen[

TABLE y

TEST NULL HYPOTHESIS 5 ¡ STATISTIC E-VALUE RESULT

1-8 Stationsysternatic 72 538 0.512 1.316 ACCEPTED
parametersarenot
significatives

9 Driff parameteisare
not significatives

125 618 0.588 1.245 ACCEPTED

10 Driff paranietersare
not significatives

125 614 0.742 1.245 ACCEPTED

11 Scale parametersare
not significatives

4 739 49.184 2.384 RIEJECTED

£2 Scalepararnetersare
not significatives

4 614 46.621 2.386 REJECTEC

13 Gravimeterparameteis
arenot significatives

4 610 0.483 2.387 ACCEPTED

From TablesIII, IV and V we get Ibe bollowing conclusions

a) Tbe models with sysíemaíic parame[ers of síation (even models)
improve Ihe slochastiebehaviourof Ibe adjuslment(

0TJ~ O, &~ ,etc.) but Ibe
precisionof [he resul[s aredegraded(TR Q~<. ce,,). It is not necesaryto take
theminto aceount;ibobservalionsweresufficientprecisewill be betíer[o take
syslematicparametersrelated lo [ime-síation buí Ihis canbe a problemwith
Ibe solving syslem.

b) Tbe scale factor parame[ers are very significatives in [he adjustment
model arid must be alwaysconsidered.

c) Tbe drifí parameters(oneparameterfor eacbgravimeterarid trip) are
noí signifícalives. Moreover, in the models with drifí parame[ers the
reliability of the observatioriswith largetime interval decrease,so [be large
time interval links in a gravity nel mus[ be avoided. Nevertheless,in Ibe
modelswithout drifí parameters[he sum of weigbted residuals increase
considerably,so we lake tbem into accoun[.

d) The models wilb syslematicparametersof gravimeler produce [he
sameeffect as caseb) bu[ moreatíenuate,

136

TEST CHECKEDMODELS

n.12

n.13
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Poralí thesereasorisin our final adjusímentwe use the model number9
witb gravity, scaleand drifí parameters.

Daíum cornparison

In our gravimetricnelwork we havefour IGSN 71 s[ations, the origin can
be definedfixing ore síation. We havedalafrom 4 gravime[ers andthe scale
canbe definedfixing the scalefactorfor onegravimeter.If we fix two stations
[he origin arid Ibe scale are defined. So, [here are. many possibilities for
defining tbe datum.

IGSN 71 stationshavenot enoughprecision[o defineIbe scale,however,
accordinglo [he analysisof tbe differení gravimetersmade, [he gravimeler
numberlIS canbe used[o define [he seale.

Whenresultsfrom absolutegravimetersbavebeenwarranlied,[hey could
be used [o define [be scale.

After íhat [be seale bas been determined we can investigale the
consistencyof Ihe IGSN 71 referencestations. For this, we use as well [he
linear general hypotliesis.Leí usconsider[be adjustmentmodel 9 wilh one
(no more) references[a[ions fixed, and the hypotbesis

XR = O,

wbere x,< are [be síalionparameters(correctionslo [he approximategraviíy
values)correspondinglo [he remaining1GSN 71 stalions.

Tbe estimateis definedas in [32], takenas model A [he model with alí
stalionsfixed, and as model B witbou[ Ibe stations[o cheek.Now, fis [he
numberof degreesof breedomof model A and s [he numberof síatioris lo
controle. Sorneresultsare shownin Table VI.

TABLE VI

MODEL FIXED STATÍO/VS AM AB Al? AP ~ O í

A MADRID £7BARCELONA J 0 0 —181 57 561.9976 616

B MADRID £7 0 —63 —171 24 556.3229 617

£7 BARCELONA J 63 0 —108 87 556.9259 617

AM=Correction lo IGSN
>5 fi Correctionlo IGSN
/xB =Correction to JGSN
>5P =Correction[o IGSN

7! gravily
71 gravity
71 gravity
71 gravity

value of
value of
value of
value of

MADRID C.
BARCELONA 3.
ROTA K.
MALLORCA J.
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Tesling the moddsA and E (or A and C),

STATISTIC VALUEzzz 5.610
1 ~os VAlUE = 3.854

[he nulí hipo[hesis is rejected: The IGSN 71 reference stations are ¡mt

consistení witb Ihe REDGRAES observations. This can be check by
comparison of Ibe corrections >5M, AB, >5R, AP with [he standard
deviationof [he final adjustmentof Ihe net.

From ah comparisonsmade, we conclude thai the best model of
adjustmen[ of the first order gravity net in Spainis [he model9 (with gravity,
sealeand drift paf-ameters),with gravimeter 115 as a referencegravimiter
(weighled condition) and wi[h the s[ations Madrid C and BarcelonaJ as
weighted reference stations. Tbis is [he model we use which results are
presentedin [he following section8.

8. RESULTS

1. Generalinformation about11w adjustment

Numberof stations 72
Number of fixed stations O
Numberof fixed scales O
Numberof weighled referencestations 2
Number of weightedreferencescales
Number of gravimeters 4
Number of lrips 124
Number of tbe referencegravimeter O
Numberof systematicunknowns O
Numberof sta[ion unknowns 72
Numberof drift unknowns 124
Numberof scaleunknowns 4
Númberof normalitationunknowns O
Total numberof unknowns 200
Total numberof observations 813

II. Table of observations(Only tite lwo firsí trips)

Sta/ion —- Sta/ion - Date Tinie Row Earth Pl Fine
Nwnber Aa,,,,, Date 1ide DaCa

41 102
1032 Madrid C 3 573 8.175 3592.8455! —0.01250 —0.00180 3592,83122
¡035 ManzanaresB 3 573 12.658 3540.64496 0.17940 —0.00180 3540.82255
1012 Bailén B 3 573 16.033 3523.91675 0.03850 —0.00177 3523.95349
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Sta/ion Sta/ion DateNumber Na,ne FineTime Data TideRow Ear;iz Pote Da/a

1022 Granada B 3573
1022 Granada E 4 573
1012 Bailén E 4573
1035 Manzanares E 4 573
1032 Madrid £7 4573

20.167 3290.43430 —0.09610 —0.00177 3290.33644
7.850 3290.42387 —0.06180 —0.00177 3290.36030

11.383 3523.84839 0.13560 —0.00178 3523.98221
14.733 3540.72114 0.14940 —0.00182 3540.86872
18.575 3592.91962 —0.04600 —0.00182 3592.87180

69 102
1032 Madrid £7 3573
1035 Manzanares E 3 573
1012 Bailén B 3 573
1022 Granada E 3573
1022 Granada E 4 573
1012 Bailén B 4573
1035 Manzanares II 4573
1032 Madrid C - 4 573

8.183 354575653 —0.01160 —000180 3545.74313
12.400 349349864 0.17980 —000180 3493.67664
16.100 3476.82045 0.03440 —000177 3476.85309
20.150 3243.25623 —0.09620 —0.00171 3243.15826

7.808 3243.23146 —0.06400 —0.00177 3243.16569
11.317 3476.71932 0.13240 —0.00178 3476.84994
14.633 3493.55901 0.15300 —0.00182 3493.71019
18.550 3545.77665 —0.04460 —0.00182 3545.73023

III. Solutions

Compensación de la red gravimétrica española de primer orden.

Núm. Estación Gravedad inicial Corrección Cray. Compensada EM. C.

1 1001 Almansa B
2 1002 Albacete E
3 1003 Alcañiz
4 1004 Alcaraz B
5 1005 Alcolea E
6 - 1006 Algeciras E
7 lOO! Alicante B
8 1008 Almería B
9 1009 Aranda B

10 1010 Avila B
II 1011 BadajozB

2 1012 Bailén B
13 1013 Barcelona .1
14 >113 Barcelona AP
15 1213 Barcelona UNIV
16 1313 Barcelona NHO
17 1014 Baza B
18 1015 Burgos B
19 1016 Cáceres B
20 1017 Cartagena E
21 1018 Córdoba B
22 1019 Cuenca E
23 1020 Fuente B
24 1021 Gerona B
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979880.570
979885.940
980145. ¡£0
979809.510
979952.850
979750.990
980026. 500
979904.300
980070.730
979923.480
980037.670
979886.680
980306.230
980305. 740
980297. 780
9803 13 .690
979655.960
980 140.390
979999.780
9800 18. 160
979935.160
97988 1.460
9799 12.980
980330.860

0.059
0.038
0.035
0.043
0.040
0.071
0.036
0.061
0.032
0.039
0.025
0.060

-0.022
0.007
0.011
0.0 18
0.120
0.008
0.021
0.040
0.052
0.113

.0.037
-0.002

979880.629
979885.978
980 145. 145
979809.553
979952.890
97975 1.061
980026.536
979904.361
980070. 762
979923 .5 19
980037.695
979886.740
980306. 208
980305. 747
980297.791
9803 13.708
979656.080
980140.398
979999.801
9800 18.200
979935.2 12
97988 1.573
9799 13.017
980330.858

0.018407
0.0 17833
0.OJ5952
0.019647
0.0 15770
0.021732
0.0 [6 149
0.018541
0.0 15833
0.017183
0.0 17006
0.017821
0.0 15409
0.0> 5917
0.016141
0.0 18 232
0.023428
0.0 15670
0.0 16598
0.0 17583
0.0 17966
0.0 17687
0.017873
0.0178 13
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Compensación de la red gravimétrica española de primer orden.

Núm. Estación

25 1022
26 ¡023
27 ¡024
28 1025
29 1026
30 1027
31 ¡028
32 1029
33 1030
34 1031
35 1032
36 1132
37 1232
38 1332
39 1033
40 1034
41 1035
42 1036
43 ¡037
44 1038
45 1039
46 1040
47 1140
48 1041
49 1042
50 1043
51 1044
52 1045
53 1145
54 1046
55 1047
56 1048
57 ¡049
58 1050
59 1051
60 1052
61 1053
62 [054
63 1055
64 1056
65 1057
66 1058
67 1059
68 1060
69 1160
70 1061
71 1062
72 1063

Gravedadinicial

GranadaE
Hellin E
Herrera E
HuelvaB
HuescaE
Ibiza E
León E
Lérida E
Lorca E
Lugo E
Madrid C
Madrid A NP26
Madrid N
Madrid M -

Mahón B
MálagaE
ManzanaresE
MirandaB
Murcia E
OrenseE
Oviedo E
Mallorca J•
Mallorca K
PlasenciaE
Ponferrada E
QuintanarE
RequenaB
Rota E
Rota K
SalamancaE
5. SebastiánB
SantanderE
SantiagoE
S~o de Urgel E
Sevilla E
Soria E
TalaveraE
Teruel E
TortosaB
‘ValénciaE
Valladolid E
ZamoraE
ZaragozaE
AduanaNAP
PortugalNP 47
Deriva 1
AyamonteB
Vila R¿alNP

979653.050
979877.200
979986. 350
979970.390
9802 ¡4.490
9 80 127.210
980159. 180
980250.630
979878.710
980346.490
979955.610
979966. 560
979981.340
979992.480
980229.260
979900.170
979903. 560
9 8025 1. 600
979993.850
980313 .000
9804 15 .740
980163.100
980 161.580
980055 .740
980218 .690
979928. 330
979934. 340
979849.630
979851.310
980046.600
980439.190
980497.330
980401.090
980 135.690
979937.230
980028.560
980029.950
979905.800
9802 17.030
980113.410
980097.300
980139. 550
980223.200
980037.110
980037.220
980428.700
979979.540
979977.420

Corrección

0.087
0.054
0.022
0.054
0.009
0.026
0.022
0.007
0.049
0.019
0.022
0.003

—0.022
—0.018

0.023
0.046
0.053
0.002
0.038
0.004

—0.008
—0.114

0.057
0.0 18
0.030
0.059
0.082
0.068

—0.152
0.026

—0.0 14
—0.028
—0.009

0.014
0.050
0.011
0.044
0.061
0.029
0.049
0.018
0.023
0.021
0.017
0.023

—0.0 10
0.045
0.048

Cray. Compensada

979653. 137
979877. 254
979986.372
979970.444
980214.499
980 127.236
980 159.202
980250.637
979878. 759
980346.509
979955 .632
979966. 563
97998 1.318
979992.462
980229.283
979900.2 16
979903.6 13
98025 1.602
979993.888
980313.004
9804 15 .732
980 162.986
980161.637
980055.758
980218 .720
979928.389
979934.422
979849.698
97985 1.158
980046.626
9 80439.176
980497.302
980401.081
980! 35 .704
979937.280
980028. 57 1
980029.994
979905.861
9802 17.059
980113.459
980097.3 18
980 [39.573
980223.22!
980037.127
980037.243
980428.690
979979.585
979977 .468

E.M.C.

0.02295 1
0.018642
0.0! 6984
0.0183 72
0.0 16578
0.0! 5766
0.016220
0.0 ¡608!
0.0 18487
0.019719
0.0 15409
0.020489
0.024606
0.027839
0.0 16 148
0.0 18883
0.017416
0.0 16698
0.0 16828
0.019695
0.0 19736
0.0 15243
0.0! 7228
0.016703
0.0 18020
0.0 17055
0.017115
0.0 19532
0.02 !098
0.0162 14
0.0 19855
0.02 1263
0.02 1087
0.0 16356
0.0 17827
0.0162 18
0.015580
0.0 17230
O.0 15556
0.0 14970
0.0 15506
0.0 16079
0.0 15876
0.019379
0.0 ¡937 1
0.020977
0.019973
0.023605
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Compensaciónde la red gravimétricaespañolade primer orden.

Itinerario Gravbneíro Deriva EM. C. Itinerario Gro ‘dm etro Deriva

L&R lIs
L&R 41
L&R 69
L&R 115
L&R 301
L&R 41
L&R 69
L&R 115
L&R 30/
L&R 41
L&R 69
L&R 115
L&R 301
L&R 41
L&R 69
L&R lis
L&R 301
L&R 41
L&R 69
L&R lis
L&R 301
L&R 41
L&R 69
L&R 115
L&R 301
L&R 41
L&R 69
L&R lis
L&R 301
L&R 41
L&R 69
L&R 115
L&R 301
L&R 41
L&R 69

0.009797
—0.000951

0.00 1359
— 0.000202

0.009911
—0.000368
—0.00183 1

0.002661
—0.001632
— 0.0003 17
—0.001955

0.004078
—0.003063

0.000292
0.00 1209
0.00 1457

— 0.002870
—0.000550
—0.000857

0.00¡475
0.001362

— 0.002673
—0.003444

0.00 1925
0.002974
0.000201

—0.000264
0.001913

— 0.000003
—0.002778
—0.000315

0.00 1339
—0.002050
— 0.000343
— 0.000446

L&R lIS 0.003277
L&R 301 0.000210
L&R 41 0.001220
L&R 69 —0.000067
L&R 115 0.003909
L&R 301 —0.000995
L&R 41 —0.000273
L&R 69 —0.000840
L&R 115 0.001245
L&R 301 —0.001301
L&R 41 —0.000322
L&R 69 —0.000I0l
L&R lIS 0.001933

0.008918
0.002252
0.002520
0.002040
0.003671
0.002061
0.002294
0.001862
0.00 1952
0.002258
0.002452
0.00200 1
0.003459
0.002044
0.002268
0.00 1843
0.002986
0.002867
0.003200
0.002601
0.004542
0.002300
0.002582
0.00210 1
0.003650
0.002093
0.002307
0.00 1874
0.003285
0.002 173
0.00239 1
0.00 ¡950
0.003408
0.002574
0.002776
0.002267
0.002041
0.002259
0.0025 18
0.00205]
0.003575
0.002557
0.002824
0.002305
0.0040 13
0.005324
0.005958
0.004837

113
114
114
114
114
115
lIs
115
lis
116
116
116
116
117
II?
117
117
1/8
118
118
118
119
119
119
119
120
¡20
120
120
121
121
121
121
122
122
122
122
123
123
123
123
124
124
124
124
125
125
125

L&R 301
L&R 41
L&R 69
L&R 115
L&R 301
L&R 41
L&R 69
L&R 115
L&R 301
L&R 41
L&R 69
L&R 115
L&R 301
L&R 41
L&R 69
L&R 115
L&R 301
L&R 41
L&R 69
L&R 115
L&R 301
L&R 41
L&R 69
L&R 115
L&R 301
L&R
L&R
L&R
L&R
L&R
UrR
L&R
L&R
L&R
L&R
L&R
L&R

— 0.002 126
—0.002686
—0.002833

0.000967
—0.000703
— 0.003604

0.001964
0.0007 16
0.000415

—0.0018 18
—0.000461

0.000496
—0.000524

0.0 14457
0.005534
0.009960
0.009 170

—0.001914
—0.002896
• 0.002329
— 0.001067
— 0.0002 14
— 0.000727

0.00 1634
0.00 1298

41 —0.000737
69 —0.001 ¡94

115 0.002331
301 —0.000187
41 —0.002125
69 0.000453

lIS 0.000251
301 —0.001438

41 —0.005015
69 —0.000584

115 —0.001613
301 0.001254

L&R 41 —0.001929
L&R 69 —0.000584
L&R JIS —0.000788
L&R 301 0.000406
L&R 41 —0.002639
L&R 301 0.003605
L&R 69 0.000718
L&R lIS 0.004140
L&R 41 —0.002854
L&R 69 —0.000660
L&R 115 0.000359

E.Al. e.

101
102
102
102
102
103
103
103
>03
104
104
104
104
los
los
105
105
¡06
106
106
106
107
107
107
107
106
los
¡08
108
109
109
109
109
lío
lío
110
lío
III
111
JI>
III
112
112
112
112
113
¡¡3
113

0.008448
0.002 189
0.00244 1
0.00 1982
0.003477
0.002070
0.002304
0.001863
0.003326
0.00 1982
0.002198
0.001791
0.003251
0.007065
0.008259
0.006483
0.011096
O .002 175
0.002426
0.001956
0.003422
0.00 1702
0.001900
0.00 1549
0.002320
0.00204 1
0.002269
0.001819
0.002788
0.002417
0.002698
0.002188
0.003829
0.003832
0.004266
0.003471
0.0060 19
0.0043 lO
0.004808
0.003925
0.006888
0.003374
0.005354
0.003903
0.003167
0.002216
0.002471
0.002020
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Compensación de la red gravimétrica española de primer orden.

Itinerario Cray/metro Deriva E. M. C. Itinerario Gra,’imetro Deriva E. Al. C.

¡25 L&R 301 0.004363 0.003523 129 L&R 69 0.000004 0.002596
¡26 L&R, 41 0.000020 0.002625 129 L&R ¡15 0000823 0.002104
126 L&R 69 0.000227 0.002918 129 L&R 301 0.002430 0.003651
126 L&R liS 0.004636 0.002375 ¡30 L&R 41 —0.007860 0004201
126 L&R 301 0.004964 0.004099 130 L&R 69 0,004222 0.004683
127 L&R 41 0.000692 0.002683 ¡30 L&R 115 —0.001514 0.003782
127 L&R 69—0.000674 0.003004 130 L&R 301 —0.011591 0.006575
127 L&R liS —0.000838 0.002434 131 l,&R 41 —0.006854 0.007765
¡27 L&R 301 0.007334 0.004243 131 L&R 69 —0.002562 0.008859
128 L&R 41 —0.000813 0.002305 131 L&R ¡15 0.000805 0.006872
128 L&R 69 0.001974 0.002571 131 L&R 301 —0.010711 0.011929
128 L&R lIS 0.000825 0.002078 132 L&R 41 0.005017 0.008644
129 L&R 301 0.006926 0.003643 132 I.&R 69 —0.003344 0.009503
129 L&R 41 —0.000697 0.002311 132 L&R lIS 0.000398 0.007993

Compensaciónde la red gravimétrica españolade primer orden.

Cay/metro Coef finca/factor escala LI MC. Cte. normalización E. Al. C.

L&R 41 —0.00017609 0.000038 S/C
L&R 69 —0.000!6806 0.000039 SIC
L&R lIS 0.00002994 0.000035 S/C
L&R 301 —0.00013938 0.000042 SIC

IV. Statistic of observations

Compensaciónde la red graviniétrica españolade primer orden.

Errores medios cuadráticos de las observaciones Hoja1

• Diferencia Diferencia Peso de la EM. C. de la
N. Obs. /VPE NPV Gravedad Gravedad Diferencia Observación Observación

Observada Compensada

1 1032
2 ¡132
3 ¡232
4 ¡332
5 1232
6 1132
7 1032
8 1035
9 1012

1132
1232
1332
¡232
1132
1032
1035
1012
1022

10.9210
14.7430
11. ¡366

—11.1534
— 14.7637
— 10.9347
— 52.0087
— 16.8691

- 233 .6 ¡70

10.9230
¡4.74 16
11.1360

—11.1540
— 14.7651
— 10.9328
—5 ¡.9933
— 16.8652
233.5944

—0.0020
0.00 14
0.0006
0.0006
0.0014

— 0.0020
— 0.0 153
—0.0038
—0.0226

50.0000
50.0000
50.0000
50.0000
50.0000
50 .0000
45 .3 045
45. 3045
45. 3045

0.0157
0.0157
0.0152
0.0152
0.0 157
0.0 157
0.0120
0.0102
0.0108
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Deferencia
N. Obs. NPE NPV Gravedad

Observada

D<ferencia
Gravedad

Compensada

D

D~ferencw

Peso de la
Observación

F.M. C. de la
Observación

lO 1022
II 1012
12 ¡035
13 1032
14 1035
15 1012
16 1022
17 1012
18 1035
19 1032
20 1035
21 1012
22 (022
23 1012
24 1035
25 ¡032
26 1035
27 1012
28 1022
29 ¡012
30 1035
31 1032
32 1019
33 1044
34 1056
35 1040
36 1140
37 1040
38 1056
39 1044
40 1019

1012
1035
1032
¡035
1012
1022
1012
¡035
1032
1035
1012
¡022
1012
¡035
1032
¡035
!012
1022
1012
¡035
1032
1019
1044
(056
1040
1140
1040
(056
1044
1019
1032

233.6219
16.8865
52.0031

—52.0665
—16.8236

—233.6948
233.6842

¡6.8603
52.0200

— 52.0220
— 16.8943

—233.5892
233.6056

16.87 12
52.0336

—52.1133
— 16.9612

—233.644!
233.5827

¡6.9321
5 1.9988

— 74.0745
52.8684

179.04 14
49.5536
— 1.3562

1.3296
—49.5505

— 179.0496
— 52.8501

74.0780

233.5968
16.8937
5 1.9742

— 52.0994
— 16.7661

—233.7424
233.7315

16.8490
52.0 175

— 52.0273
— 16.9 168

—233.5836
233.6149

16.8691
52.0489

—52.1609
— 17.0067

—233.6188
233.5647

17.0232
52.0072

— 74.0786
52.8769

179.0 (30
49.5707
— 1.3635

1.3095
—49.5666

— 179.03 15
—52.8431

74.0823

0.0251
—0.0072

0.0289
0.0329

—0.0574
0.0476

— 0.0473
0.01>2
0.0025

—0.0053
0.0225

—0.0056
— 0.0093

0.0021
—0.0 153
— 0.0476

0.0454
— 0.0253

0.0180
—0.0911
—0.0085

0.0041
— 0.0085

0.0284
—0.017 1

0.0073
0.0200
0.0 161

—0.0181
— 0.0070
— 0.0043

45. 3045
45.3045
45 .3045
40.5894
40. 5894
40. 5894
40.5894
40.5894
40.5894
50.0000
50.0000
50.0000
50.0000
50.0000
50.0000
28.6793
28.6793
28 .6793
28.6793
28.6 79 3
28.6793
45.3045
45.3045
45.3045
45.3045
45.3045
45 .3045
45.3045
45.3045
45.3045
45 .3045

0.0099
0.0101
0.0111
0.0/26
0.0115
0.0117
0.0 107
0.0>08
0.0 120
0.0 109
0.0103
0.0097
0.0095
0.0096
0.0103
0.0>61
0.0 163
0.0 145
0.0 145
0.0145
0.0150
0.0109
0.0 103
0.0098
0.0089
0.0084
0.0082
0.00 8 6
0.0091
0.0 104
0.0123

IV. Statistic of residuals

Compensación dela red gravimétricaespañolade primer orden.

Errores medioscuadráticosde los residuales Hoja 1

NO NPE NPV Residuo E.Al. C. del Residuosin Pon residuo Tip~cado EMD
E.S.R.QB RX

1132 0.0020
1232 —0.0014
1332 —0.0006
1232 —0.0006
1132 —0.0014
1032 0.0020

0.0/08
0.0 107
0.0114
0.0114
0.0107
0.0108

0./817 0.12
—0.1312 0.12

0.04 0.68 4.99 6.06
0.04 0.68 5.05 6.11

4.58 5.73
4.58 5.73

—0.0531 0.11 0.04 0.64
—0.0531 0.11 0.04 0.64
—0.1312 0.12 0.04 0.68 5.05

0.1817 0.12 0.04 0.68 4.99

0.68
0.68
0.64
0.64

6.11 0.68
6.06 0.68

1 1032
2 1132
3 1232
4 1332
5 1232
6 1132

RT ELE
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ResiduoNO NPE NPV sin Pon E. M. C. del
residuo

Residuo
Tip jficado EMD E.SR. QE RX RT ELE

7 ¡032
8 1035
9 1012

lO 1022
II 1012
12 1035
13 1032
14 1035
15 1012
16 1022
!7 1012
18 1035
19 1032
20 1035
21 1012
22 1022
23 1012
24 1035
25 1032
26 1035
27 1012
28 1022
29 1012
30 1035
31 1032
32 1019
33 1044
34 1056
35 1040
36 1140
37 1040
38 1056
39 1044
40 1019

¡035
1012
1022
1012
1035
1032
¡035
1012 -

1022
1012
1035
1032
1035
1012
1022
1012
¡035
1032
1035
10¡2
¡022
1012
1035
¡032
1019
1044
1056
1040
1140
1040
¡056
1044
1019
1032

0.0153
0.0038
0.0226

—0.0251
0.0072

—0.0289
— 0.0329

0.0574
—00476

0.0473
—00!12
—0.0025
— 0.0053
—0 .0225

0.0056
0.0093

— 0.002 1
0.0 153

—0.0476
— 0.0454

0.0253
—0.0 180

0.0911
0.0085

—0.0041
0.0085

—0.0284
0.0!?!

— 0.0073
—0.0200
—0.O 16 1

0.0181
0.0070
0.0043

0.0172
0.0183
0.0180
0.0!85
0.0 184
0.0178
0.0 198
0.0204
0.0203
0.0209
0.0208
0,0201
0.0 156
0.0 160
0.0164
0.0165
0.0 164
0.0 160
0.0290
0.0289
0.0299
0.0299
0.0298
0.0296
0,0! 79
0.0 183
0.0 ¡86
0.0 190
0.0 192
0.0193
0.0192
0.0189
0.0173
0.0 17 1

0.8921
0.2085
1.25 8 6

—1.3520
0.3908

— 1.6189
— 1.6630

2. 8099
— 2. 3437

2.2667
— 0.5394
— 0. 1245
— 0.3409
— 1.4008

0.3395
0. 5654

—0. 272
0.9586

— 1.6398
—¡.5729

0. 8472
—0.6030

3 .0549
0.2866

— 0.2296
0.4632

— 1.5285
0.8998

— 0.3802
— 1.0361
—0.8337

0.9552
0.3856
0.2507

0.09
0.09
0.09
0.09
0.09
0.09
0.10
0-lo
0.10
0.10
0.10
0-lo
0.08
0.08
0.08
0.08
0.08
0.08
0.14
0.14
0.13
0.!3
0.13
0.13
0.09
0.09
0,09
0.08
2.08
0.08
0.08
0.08
0.09
0.09

0.06
0.07
0.07
0.07
0.07
0.06
0.07
0.07
0.07
0.08
0.08
0.07
0.06
0.06
0.06
0.06
0.06
0.06
0.10
0.10
0.11
0.11
0-II
0.11
0.06
0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.06

0.33
0.24
0.27
0.22
0.23
0.28
0.29
0.24
0.25
0.21
0.21
0.26
0.33
0.29
0.26
0.25
0.26
0.29
0.23
0.24
0.19
0.19
0.19
0.2!
0.27
0.24
0.22
0.18
0.16
0-ls
0.17
0.19
024
0.34

2.41
1.92
2.07
¡.83
1.88
2.14
2.19
1.93
1.99
1.77
¡.78
2.05
2.39
2.20
2.04
1.99
2.02
2.22
¡ .90
1.94
1.67
1.66
1.67
‘.75
2.10
1.94
1.81
1.61
I.50
1.46
1.53
1.66
¡.95
2.47

4.20
3.94
4.02
3.90
3.92
4.05
4.08
3-93
3.97
3.87
3.87
4.00
4.19
4.08
4.00
3.97
3.99
4.10
3-93
3.95
3.82
3.82
3.83
3.86
4.03
3.95
3.89
3.80
3.75
3.74
3.77
3.82
3-95
4.24

0.40
0.29
0.32
0.27
0.28
0.34
0.44
0.36
0.38
0.32
0.32
0.40
0.33
0.29
0.26
0.25
0.26
0.29
0.71
0.74
0.58
0.58
0.58
0.62
0.33
0.29
0.26
0.22
0.20
0.19
0.20
0,23
0.30
0.41

NO number of order, NPE
s[ation, RESIDUO SIN PON
(24), RESIDUO TIPIFICADO
(31), QB given by (27), RX

nuniber of initial station, NPV number of final
given by (21), EMC DEL RESIDUO given by
given by (26), EMD given (30), ESR giver~ by

given by (28), RT given by (29).

Vi. Stochastic characteristíesof [he adjus[ment

VARIANCE FACTOR
.SUM OF WEIGHTED RESíDUALS
SUM OF RESIDUALS
SUM OF SQUARES OF WEIGHTÉD i~=iiIíJ~ALS
SUM OF SQJARES OF RESIDUALS
-APOSTERIORI STANDARD DEVIATION

0.9515
2.3957
0.1289

554.9338
0.3768
0.0190
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TRACE OF TIff PARAMETERS COFACTOR MATRIX
MEAN STANDARD DEVIATION OF PARAMETERS..
NUMBER OF DEGREES OF FREEDOM
TAU-VALUE

VII. Extreme values

Sun MeanValue StandardDeviation Mctximun(Num) Mininium(Num)

Corrections[o
observations
M.S.E. of
observations

—0.129

9.228

0.000

0.011

0.022

0,003

0.077(184)

0.029(277)

—0.113(774)

0.005(456)

Residuals
M.S.E. of
residuals
Stand ardized
Residuaís
Internal Local
Reliability
External Local
Reliabiiity

0.129

17.045

2.504

3258.5

1600.0

0.000

0.021

0.003

4.008

1.968

0.022

0.006

1.003

0.443

0.745

0.133(774)

0.033(480)

3.733 (774)

7.300(277)

6.439(277)

—0.077(184)

0.009(812)

—3.508(184)

3.492(480)

0.600(480)

INTERNAL MEAN RELIAEILITY OF THE NET 0.24
EXTERNAL MEAN RELIABILITY OF TIff NET 0.38
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