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ABSTRACT

Geostatistics is a method of analysis and spatial data  t rea tm en t  
developed at the M athem atical Morphology Centre, d irected by Professor 
G. M a t h e k o n . It has been applied to fields as varied as mining, grav im etry , 
meteorology, biology and oceanography to solve problem s such as ore 
deposit valuation, contouring, sim ulation, m ap num bering , etc.

One of the  m ost used techniques in geostatistics is Kriging, and in 
this paper it is p resented  as applied to the Iroise Sea bathym etry ,  from 
sounding  records of the  F rench  Naval H ydrographic  an d  O ceanographic 
Service. F rom  the sam e data  not ju s t  a single m ap  but several different 
m aps can  be d raw n  according to the desired objective; for instance  the 
navigator will pay  p art icu la r  a tten tion  to shoals and  reefs, while oceano
graphers need m aps showing only the m ain  features of the relief.

By taking relief s t ru c tu re  into account Kriging gives a specific solution 
to each aim. The influence of data  density  on the qua l i ty  of the m ap is 
also stressed; for comprehensive (sinall-scale) maps, the sounding record 
is m uch  too rich, w hereas detailed (large-scale) ch a rts  have relatively too 
few data.

INTRODUCTION

The Centre de Morphologie M athém atique  has developed a m ethod  of 
o p t im um  estim ation  w hich  perm its  the best possible represen ta t ion  of a 
terrain  from available data. This m ethod  is called the Kriging m ethod  
after D.G. K r i g e , a m in ing  specialist, and  was orig inally  developed for



assessm ent problem s in the m in in g  industry. The theory  on which  it is 
based, which we owe to G. M a t h e r o n , proves however to be a  very general 
one and  to have varied applica tions : for forestry  assessments, topographic 
depiction, meteorology, g rav im etry , and so on. The present article deals 
with the application of Kriging to bathym etric  charting.

THE PROBLEMS DEFINED

Cartography is a huge subjcct,  s tretching from the survey itself r ight 
up to the p r i n t i n g  of the chart. W h en  dealing w ith  the sea floor a host of 
problem s arise; am ong them  such  questions as au tom ated  m ethods for 
collecting new data, retrieval and  verification of earlier data, quality  and 
accuracy  of soundings, re liability  of the contour lines, m agnitude  of shoals 
and  reefs, storage and retrieval of random  soundings and contour lines, 
up-dating, scale changes, in te rna tiona l coordination, etc. It is obvious tha t 
the Kriging technique does not resolve all these questions; its use is in the 
field of estim ation, which alone raises a num ber of aspects. F o r  a hand- 
d raw n  chart  the cartographer  deals with these while plotting the contours, 
som etim es even sub-consciously. If the plotting of contour lines is to be 
au tom ated, all these points m u st  be foreseen and solutions found  before 
any com puting can be started . The problems can be divided into groups
— those concerning the spatial s t ru c tu re  of the  terrain , the ch a rt  scale, 
the purposes and the accuracy  of the estimation. These will now be 
considered one by one.

The spatial structure of the variable

W hen  plo tting contour lines an  interpolation has  to be m ade between 
the experim ental da ta  —  here  the soundings. W hen  this work is done 
m anually  some in te rpre ta tion  is a necessity, vary ing  according to the 
density of the soundings and  to the degree of regularity  of the variable 
under study. Contour d raw ing  is also a m a tte r  of experience. Fo r  instance 
in m arine  cartography  the ca r tographer  will adopt different approaches for 
an  abyssal plain, a ridge, or a f rac tu re  zone. Although only few data  may 
be available, it is nevertheless possible to establish a reasonable  working 
hypothesis based on s im ilar and  a lready  know n structures. If the object 
is to develop an au tom ated  m ethod  for plotting contour lines, it is essential 
to take the characteris tics of the  s t ru c tu re  of the phenom enon into account.

Chart scale

A single au tom ated  m ethod m ust be suitable for two extrem e cases :
—  for p lo tting of a general aspect chart  based on am ple da ta ;
—  for plotting a large scale chart  incorporating  all k now n  detail.



It goes w itho u t  saying th a t  the evaluation of sounding  density  will 
depend on the scale adopted. If the soundings have a spacing of 1 000 in 
and  the fin ished ch a r t  is to be at 1/1 000 000 then  there  will be ab u n d an t  
in form ation . F o r  a c h a r t  at 1/10 000 it would be less adequate.

It is also quite  obvious th a t  even large scale ch ar ts  can only fea tu re  
a lready  known details. In bathym etry , fo r  instance, if there  is a shoal still 
undiscovered because sounding lines have passed to one side of it, there  is 
positively no m ethod  in au tom ated  car tography  capable of locating this 
shoal —  unless by m ere chance, and th is  in itself would be m ost disquieting. 
Good cartographic  m ethods cannot ac tually  create in form ation  —  they can 
only p u t  existing in form ation  to the best use.

Theoretical aims

W hen  w orking  out a method for au tom atic  contouring  we are  in 
practice obliged to use a regu lar  grid as basis. Provided th is is sufficiently 
fine, the  contouring  proper can be carried  out by a series of simple in te r 
polations. Thus, it m ust be possible a t each grid in tersection  to estimate 
the value of the variable we w ish to chart .  However, before seeking a 
m ethod of estim ating, the alternatives in m ind m u st  be clearly  defined. At 
least four of these can be discerned.

1. Computation of the unknown, real value of th e  variable under 
s tudy; and use of the best possible estim ator.

2. Establishment of a chart which “best fits" the experim ental data. 
The problem occurs w hen  one is dealing w ith  a phenom enon th a t  has a high 
variability  at small scale. The difficulty arises from  the d iscretisation of 
the dom ain  where the estim ation is to be performed. A ssum ing th a t  it will 
be possible to find the best estim ator in the absolute sense, i.e. that yielding 
the real value at each point —  and obviously we are  a long way from  th is
— one might th in k  the  estim ation problem  solved. T h is  would indeed be 
so for a sufficiently regu la r  variable. However, for an  i r regu la r  variable it 
wTould certainly not, since the grid intersections would generally  miss the 
extrem e values. If the  variable is very chaotic at sm all scales, a n d  for 
example exhibits “p e a k s”, then most of these peaks will d isappear. If they 
represent m easu rem en t  e rro rs  or are of no significance th is  does not m a tte r  
m uch; but it would still be better  to em ploy an es t im ato r  th a t  will filter 
them. If, however, (as is often the case in ba thym etry ) the m ain  in terest  
lies precisely in these peaks then  an es t im ato r  providing op t im um  re s t i tu 
tion of the peaks is p referable  to th is  filtering es t im ato r  w hich  rem ains  
nevertheless the best from  the absolute point of view. The peaks are  likely 
to be som ewhat m agnified, but this is only  a by-issue; w h a t  is im p o rtan t  is 
th a t  they should be b rought out. Such an  est im ator  will be referred  to as 
a “security  e s t im a to r”. F igure  1 gives a one-dim ensional i llustration. Here 
it was assum ed th a t  the whole curve w as known. B ut in fact only selected 
characteristic  values were utilised as experim ental data, and the estim ation  
curve was then  p lotted by joining up the  grid intersection points. It is seen



Fir.. 1. — O p t im u m  e s t im a to r  a n d  Security  e s t im a to r .
1. O p t i m u m  e s t i ma to r  g iv ing exact value  : exp e r im e n ta l  v a r ian c e

fo r  e s t im a t io n  <y- — 0.35
--------  cu rve  of th e  r e a l i ty

0  ex p e r im e n ta l  d a ta  
•  g rid  in te rse c t io n  p o in ts  

------- e s t im a t io n  cu rve  deduced  f rom  in te rsec t ion  points .
2. S e c u r i t y  e s t i m a t o r  ; ex p e r im e n ta l  var iance

for  e s t im a t io n  cr =  0.70

tha t  the op t im um  estim ator follows the curve well except where an  extreme 
value is concerned. The security  est im ator  provides a better representa t ion  
of the peaks, a lthough the variance  of the discrepancy between exact and 
est im ated  values is twice as large in the case of the op tim um  estimator. 
If we are  interested in very small fluctuations —  and our knowledge of 
these is poor except along a sounding  profile — a security est im ator will 
be used ; if not, the op t im um  estim ator.

3. Establishing a chart of the drift, or trend, of the variable under 
study. To do this the variable m u s t  first be rid both of small and  m edium  
fluctuations (see figure 2). Such a trend chart  is often w hat is needed for 
a physical in terpre ta tion  (gravim etric  assessm ent for instance).

Fie.. 2. T rend.

4. Simulation of the reality. Drawing a chart  from point d a ta  means 
adapting  a surface to these experim enta l points; this surface is then  usually  
more even than  the actual seabed since it cannot reproduce details not 
revealed. However, for certa in  problem s it m ay be preferable to have a 
chart  somew'hat removed from  the  reality, but which —  since it still 
honours the experim ental data  — will p resent local varia tions resembling 
those of reality  itself. T his  will give an  idea of the chaotic aspect of the 
phenom ena. Thus, the aim is to obtain  one or more variants  of the chart  
of the unknow n reality  —  in o th e r  words to simulate the reali ty  ra ther 
than to estim ate it (see figure 3).



F ig. :i. —  R e a l i t j ’ —  E s t im a t io n  —  S im u la t ion .  
#  e x p e r im e n ta l  d a ta

--------es t im a t io n
--------  s im u la t io n

Accuracy of the estimation

W e m ay plot a chart ,  b u t  this is not enough; we m u s t  also know  how' 
m uch confidence can be placed in it. This is p a rt icu la rly  im p o rtan t  for 
in terpre ting  a chart  where  the data  are poorly d is tribu ted  (widely spaced 
sounding lines, for instance). If a “d o m e ” is showTn up, does this really 
exist, or is it perhaps m erely  due to lack of da ta  a t  th a t  p a r t icu la r  locality ? 
A sim ilar problem is often encountered at the edges of the c h a r t  where we 
can no longer interpolate, bu t are  obliged to extrapolate. Hence a p a ra 
meter is needed th a t  will characterize the e rro r  arising  from  utilizing an 
estimated value instead of the unknow n  real value.

Also connected w ith  th is  problem is how best to position additional 
individual soundings or lines of soundings. The aim  is here  to q uan tify  the 
additional in form ation, i.e. improved density  of soundings, w hich  a fu r th e r  
survey would provide.

PRESENTATION OF KRIGING

The problems of est im ation  and plotting of isolines arc  not new, and 
various m ethods exist for a t tem pting  to resolve them  : least squares, spline 
functions, or polygons of influence, for instance. But a lm ost all these give 
solutions tak ing  no account of the  spatial s t ru c tu re  of the  variable  under  
study; they are moreover not capable of analysing this s t ru c tu re .  The same 
estim ators will thus be obta ined  w hether the variable is fa ir ly  regu lar  (for 
grav im etry  or the b a th y m e try  of an abyssal plain) or on the o ther h and  
very chaotic (for geochem istry  or the b a th ym etry  of a f ra c tu re  zone). In



addition we have j u s t  seen tha t several very different objectives can be 
pursued . Naturally, m ethods which are appropriate  for a single type of 
ch a r t  cannot at the sam e time be suitable for all the o ther aims. In general, 
each will meet only one purpose without, moreover, providing the best 
solution since it takes no account of the s tructure  of the phenomenon. 
Finally , since this s t ru c tu re  rem ains  unknow n the accuracy  of the est im a
tion canno t be precisely quantif ied  w ith  any of these methods. W e should 
note th a t  the residual variance in the least squares m ethod  is completely 
different from  a variance of estim ation; it is smaller, and usually  consider
ably smaller, than  the variance of estimation.

The Kriging theory, however, does take account of the s truc tu re  of the 
phenom enon  by employing a s t ruc tu ra l  function — the semi-variogram — 
which is de term ined  on the basis of the available experim ental data. The 
Kriging theory  thus  f inds the best solution for each of the  various a l te rn a 
tives, defining them  precisely and  also quantify ing the c h a r t ’s degree of 
accuracy  —  since all estim ation is necessarily accompanied by a variance 
of estimation.

It is not intended here to go deeply into the theory  of Kriging; an 
outline will suffice. Interested readers  may refer to the works of G. 
M a t h e r o n  cited in the bibliography.

The basis of the Kriging concept

The phenom enon under  s tudy can be considered as a function Z(x)  
whose values are know n only at certa in  points Zj, x 2 ... x n. The first problem 
encountered  is th a t  of “p u n c tu a l” kriging, i.e. estim ation of the value Z(x0) 
of the variable Z at a point x a by a linear combination

Z* =  £  z <*«)a
of the data. For  the best possible estimator, i.e. the most appropria te  
coefficients X“, it will be necessary to take into account both  the spatial 
d is tribu tion  of the data  and  the degree of regularity  of the variable. The 
random  and yet s t ruc tu red  charac ter  of the Z{x)  functions encountered in 
the ear th  sciences suggests probabilistic  approach. The variable here is 
considered as a realization of a rand o m  function, i.e. as the outcome of a 
chance draw  from a set of sim ilar functions. Two essential characteris tics 
of this random  function  can he defined :

Its mean : m ix) — E[Z(x ) ]
(symbol E =  M athematical expectation)

Its covariance : C(.r, / /)  =  E [Z(x)—~ m(x)  ] [Z (y)— rn (y)]
However, the determ ina tion  of functions m(x) and C(x, y)  from a single 

realization requires additional assum ptions. It can often be assum ed thal 
Z(x)  is s ta t ionary  in the wide sense, i.e. thal m(x)  is cons tan t and C(.r, y) 
depends merely on the  y —x  vector.

E [Z (*)] =  m

E [Z (x + h )  — m] [Z (jc) -  m] = C (h)



In m an y  applications though, these assum ptions are not borne  out. 
Take the  case of coastal regions w here the  depth  of the sea bottom  increases 
progressively with  the d istance from  the  shore. T he m ean  m(x)  of the 
depth  will show a trend  and  can no longer be considered as a constant. 
F u r th e rm o re  it becomes a p p a ren t  th a t  optimizing procedures do not 
dem and  th a t  the  variable itself should  have a s ta tionary  covariance, but 
only  th a t  its increm ents should  have.

In view of th is we shall m ake  the following assum ptions  :
1. The trend  m(x) =  E[ZGr)] is not necessarily constant,  b u t  will be 

sufficiently regu lar  to have a local represen ta t ion  in the form  :
k

m ( x )  = £  a, f  (x)
1=0

The f l are “given fu n c t io n s” (in general m onom ia ls );  the  a, are 
unknow n coefficients. In cases w here the  m ean is cons tan t the only  basic 
function is f “ =  1 : then indeed in(x) =  a(lf"(x)  =  an.

2. The variance of the  inc rem en t Z(x +  h )  —  Z(x)  depends entirely  
on the vector h. W e then define the  sem i-variogram  y(h)  as :

y{h) =  j D “ [ Z ( x +  h ) ~ Z ( x ) ]
(D2 represen ting  the  variance).

This function of vector h reveals the isotropic or anisotropic  ch arac te r  of 
the variable. F o r  a fixed direction it shows how the m ean  q uad ra t ic  
difference of values at any  two points x  and  x +  h is re la ted  to d is tance  \h\. 
A very regular  variable has  a sem i-variogram  correspondingly  continuous. 
Conversely, for a variable d isplaying very strong and  localized irregularities , 
the semi-variogram  will show a d iscon tinu ity  at the origin (the so-called 
“nug g e t” effect).

Kriging

Having defined the basis of Kriging it is now possible to resolve the 
various problems. The f irs t  aim is to achieve o p t im um  estim ation  of Z(x0) 
from the available experim ental data. Am ong the l inear e s t im a to rs  in these 
n know n points

Z* =  X  X“ Z ( x a)
ot

we m u st  find the  one fulfilling the two conditions :
- the m ean erro r  is nil : E [Z *  — Z(.r0) ] =  0;

— the variance of the e r ro r  is m in im u m  : D2 [Z* — Z(.r0)] m in im u m .
Following the assum ption  about the form of the trend  the  f irs t  condi

tion m ay be w ritten  as :
V X“ I  -  X a ,/'(x0) = 0

ce I  Ior
I  l l  f ‘ (Xa ) -  f ‘(Xa )] =  0

i a



As the a, are  unknow n coefficients, th is expression m u st  be nil whatever 
the values of the various a,. T his  requires :

2 X“ / '  ( X j  = / '  (xa ) / = 0 ,  \ , . . . k
a

The variance of the error can tie related to the semi-variogram : 
D2 [ Z * - Z ( x 0 )] = - y ;  £  X“ X0 7  (Xg — xa ) + 2 V W* y { x a - x 0 )

Ot Û
Minimizing this variance under  the A*+l conditions 

S r / ' ( x J = / ' ( x 0 ) / = 0 , 1 , . . . *
OL

we obtain the Kriging system with  A'+l Lagrangian  multi]>liers fii

( 2  X>î + = a  =  1 , 2 , . . . «
) 0 ‘
I £  \ °  f> (Xa  ) =  f ‘ Q ) / =  0, 1, . .  . k
' a

This is a regu lar  system adm itting  of a single solution, except where 
the various f'(x\t) are not linearly independent over the whole set of n da ta  
points. At the op tim um  the estim ation variance is :

D2 [Z* -  Z (x 0)] = 2  X“ y(xa - x 0) + 2  H, P  (* „ )
Oi I

It will be noted tha t  this variance depends only on the  semi-variogram 
and on the A“ and  /xi solutions of the Kriging system, i.e. solely on the 
s truc tu re  of the phenom enon and  011 the pa tte rn  of the  sample points.

We have seen how  to solve this problem for the case of op tim um  
estim ation  (aim 1). If, however, a security est im ator  is p referred  then  an 
es t im ato r  com puted  with a continuous semi-variogram —  e.g. a linear semi- 
variogram  with  |/ij “(0 <  a <  2) —  will be sufficient. F o r  aim 3 — estim a
tion of the trend  —  the m ethod  can be exactly sim ilar  to th a t  used for 
op t im um  estim ation. Aim 4 will be simple to resolve, given a procedure 
for the construction  of sim ulations of random  functions to be achieved 
with a given semi-variogram. This problem has been solved, but will not 
be d iscussed fu r th e r  here.

APPLICATION OF KRIGING TO CARTOGRAPHY OF THE SEA FLOOR

A rec tang u la r  a rea  of the sea floor in the Mer d’lroise off Brest was 
studied  using a 1/20 000 plotting  sheet supplied by the F rench  Hydro- 
graphic  Office. In this area of 14 000 x  18 000 m etres there  were a total 
of fi 265 point dep ths from  sounding lines approxim ate ly  150 or 300 m 
apart ,  according to the area. T he profiles had  been a r ran g ed  so th a t  the 
d istance between ad jacen t  soundings was about the same as that between 
(he sounding  lines. C hart A0 shows these sounding profiles and also the 
contour lines hand -d raw n  as on the original plotting sheet.



F ro m  an analysis of the s t ru c tu re  one m ight deduce th a t  there  w as 
in fact no trend. However, the region is n o t  homogeneous. It was therefore  
divided into 2 000 m  squares and  in each  square  the sem i-variogram  was 
ad ju s ted .  The ad ju s tm en t  is always of a l inear type w ith  the nugget effect. 
The linear semi-variogram  is cons is ten t with a continuous com ponent 
w h ich  is nevertheless fa ir ly  irregu lar . The nugget effect is due to 
m easu rem en t  errors, bu t even m ore  to s t ru c tu re s  of sm aller  size than  the 
d istance between two ad jacen t experim en ta l  points (i.e.1 1 0 0 -2 0 0  m 
according to circumstances). It should be noted th a t  in genera l the  nugget 
effect is very considerable, often fo rm ing  a large p a r t  of the  est im ation  
variance.

T h is  outline of the possibilities of Kriging is confined to the following 
three  aspects  :

— Kriging of the whole area on a 500 m grid for a sm all scale ch a r t ;
—  Kriging at a 40 m grid of two special 2 000 X  2 000 m squares for 

obtaining charts  of the detail. Here Kriging is used for the first 
two aim s : each time two ch a r ts  were d raw n up —  one for the 
op tim um  estim ator, based on the  chosen criterion for the variance 
of estimation, the o ther for a  security  est im ato r;

- -  To evaluate the influence of sound ing  line density, various possible 
line spacings —  approx im ate ly  150 m (i.e. em ploying all data), 
300 in, 600 m and  1 200 in were considered. Charts showing the 
estim ation standard  deviation will allow the influence of the so u n d 
ing density  on the ch a r t ’s accu racy  to be quantified .

Most of these charts  are reproduced  here. They  were plotted from  
a p rog ram  adapted  by M. A l b u i s s o n .

Small scale charts

The aim w’as a chart giving a good idea of the general aspect w ithou t 
reproducing  small details ; depths were thus, in plotting, only est im ated  
a t  the node points of a 500 m grid. T herefo re  an  es t im ato r  m inim izing  
the est im ation  variance was used.

F o u r  charts  were d raw n  up for the different sounding  profile densities 
(charts  A1 to A4) :
— Profiles abou t 150 in ap art  (in some cases 300 m), i.e. all profiles :

6 265 po in ts ;
— Profiles about 300 m ap art  (s ta r ting  from  profile No. 18 200) :

4 290 poin ts ;
— Profiles about 600 m ap art  (s ta r ting  from  No. 18 500) :

2 088 poin ts;
— Profiles about 1 200 m ap art  (s tarting  from  No. 18 500) :

1 053 points.
In addition to the ch art  showing dep ths  one showing the  est im ation  

s tan d a rd  deviation was also draw n u p  (C hart  A5 is the first of these). These 
charts  dem onstra te  tha t :



The charted  area  is not at all hom ogeneous; th u s  strong spatial 
varia tions exist in the accuracy  of the estimation. On the chart  
incorpora t ing  all the da ta  the estim ation  s tand a rd  deviation varies 
between 0.60 m and 2.80 m  (neglecting the border zones w'here the 
s tan d a rd  deviation is large due to lack of data). Note the highly 
uneven area in the NE corner of the  ch a r t  (Chart A5).

AO - The a rea  u n d e r  s tu d y  w ith  th e  o r ig ina l  sound ing  lines 
and  c o n to u r  lines f rom  the o r ig ina l  p lo t t ing  sheets.  
The l im i ts  of s q u a re s  1 and  2 are  show n.

A5 — The e s t im a t io n  s t a n d a r d  dev ia t io n  for  the  above ;irea.
Soun d ing  in te rv a l  150 m. (S ta n d a rd  d ev ia t ion  in deci
metres .  I so line  in te rv a l  0.2 m).





The general aspect shows up  well, even when only a few sounding 
lines are selected (Charts A1-A4). T hus the chart  based on a 600 m 
spacing is very nearly  as good as the one containing all the data. 
However, the p icture s ta r t s  to deteriora te  as soon as the chart  is 
based on profiles 1 200 m apart ,  especially in the  areas where the 
es t im ation  variance is s trongest (particu larly  in the highly uneven 
area  in the NE an d  close to the A rm en shoal in the South West). 
This  is confirm ed by the charts  of the s tandard  deviation : using 
as reference value the s tand a rd  deviation for the ch a r t  incorporat
ing all data, it is seen th a t  on the charts  w ith  300, 600 and  1 200 in 
spacing the s tandard  deviation increases by respectively 3%, 15¾

S o u n d in g  l ine  in te rva l  1.S0 m.
0 200 400m

142 Square  1. O p t im u m  chart .
S o u nd in g  l ine  in te rv a l  300 m.

S o u nd in g  l ine  in te rv a l  600 in. Sou nd in g  line in te rv a l  1 200 in.
(Depths in m e t re s ;  isoba th  in te rval  2 m)



Cl —  S q ua re  2. O p t im u m  c h a r t .  C2 —  S q ua re  2. O p t im u m  c h a r t .
S ou n d in g  l in e  in te rv a l  300 m. Sound ing  l ine  in te rv a l  600 m.

0 200 400  m

C3 —  S q ua re  2. O p t im u m  c h a r t .  C4 —  S qu a re  2. Secu r i ty  cha r t .
Sound ing  l ine  in te rv a l  1 200 m. S ou nd in g  l in e  in te rv a l  300 m.

(D epths  in  m e t re s ;  i so b a th  in te rv a l  2 m)

and 35 % approxim ately ; the increase is small in the  f irs t  two 
cases blit s ignificant for the 1 200 m spacing.

Large scale charts

The objective here is a ch art  w ith  the m ax im um  degree of accuracy 
incorporating  all available in form ation . The chart  has th u s  been d raw n  
up using estimations a t  the  nodes of a 40 m  grid. For  the  purposes of our



B5 — S q u a re  1. E s t im a t io n  s t a n d a rd  devia-  B<> — S q u a re  1. E s t im a t io n  s ta n d a rd  dev ia 
t io n .  S o un d ing  l in e  in te rv a l  150 m. t ion .  S ou nd ing  l ine  in te rv a l  .Î00 m.

0 200 400 m

B7 —  S q u a re  1. E s t im a t io n  s t a n d a r d  dev ia -  B8 —  S q u a re  1. E s t im a t io n  s ta n d a rd  d e v ia 
t ion .  S o un d ing  l in e  in te rv a l  600 in. t ion .  S o un d ing  l ine  in te rva l  1200 m.

(S tanda rd  d e v ia t io n  in d ec im e tre s ;  iso line  in te rv a l  0.1 in).

study  a c h a r t  of the whole p lo tting  sheet area was not necessary, and  thus 
we confined ourselves to tw7o 2 000 m squares — one the most highly 
i r regu lar  square, for it is precisely in such areas that the various carto
g raph ic  m ethods are best d ifferen tia ted ; and the o ther more typical of 
the  average topography.

F i rs t  of all op t im um  charts were d raw n  up for the estim ation  variance 
(aim 1). Here again charts  were established for the different sounding 
densities, i.e. for lines 150, 300, fiOO and  ! 200 in apart (Charts B1 - B4 
for the  first square  and  Cl - C3 only for the  second square, as the profiles 
there were ru n  300 m  apart) .  It is part icu larly  apparen t  tha t for these



0 200 40 0 m
B9 —  S q u a re  1. S e cu r i ty  c h a r t .  S ou nd ing  

l ine  in te rva l  150 m.
(Depths in m e t re s ;  i so b a th  in te rva l  2 m j

charts of detail a lack of inform ation  im m ediately  leads to large errors, 
even in the relatively regu lar  area of the  second square  (see ch arts  Cl 
and  C2). On charts B1 to B4 of the f irst square  it is seen tha t the  principal 
shoal is increasingly badly positioned and  takes a progessively more 
rounded  form as fewer profiles are taken  into account, and  on C hart B4 
where one in eight sounding lines were used this shoal has completely 
d isappeared . On these same charts the 70 m isobath, for instance, changes 
aspect completely from  chart  to chart . On Chart B2 in p a r t icu la r  a slight 
shoal in the NW  corner is artificially given prominence. T h u s  it is clear 
tha t  for charts  of detail one cannot have too m any  soundings. As was feared 
from  the  outset, the  strong  nugget effect conveys the  existence of f lu c tua 
tions of lesser dimension th an  the grid.

C harts of the estim ation standard  deviation were also d raw n  up  for 
the first square  (Charts B5 to B8). The f irs t  is obviously fairly  unreadable , 
since the distribution of the data  is regu lar  and the  s tan d a rd  deviation

Sounding line 
spacing 

(m)
Square 1 Square 2

mean
(m)

maximum
(m)

mean
(m)

maximum
(m)

150 2.78 2.95 — —
300 2.91 3.07 1.17 1.26
600 3.15 3.46 1.31 1.46

1200 3.60 4.09 1.59 1.85
l:Hr. 4. — E s t im a t io n  s t a n d a rd  d ev ia t io n  r e la t ied  to  so u n d in g  l in e  spacing. 

(Sounding  l in e s  in S q ua re  2 s ta r te d  a t  300 m  spac ing).



is p rac t ica lly  constan t (between 2.70 and  2.90 m ); on the o ther charts the 
experim en ta l data  used for the estim ation show up clearly. Indeed in 
the im m edia te  vicinity of each point the estim ation  s tandard  deviation 
becomes m in im um , indicated  by  two or three concentric lines around  
these points. These charts  are shown m ere ly  by way of il lus tra tion ; w hat 
should  be noted is the m agnitude  of the  s tan d a rd  deviation (cf. figure 4). 
Relatively small increases in the m a x im um  s tandard  deviation (i.e. tha t 
of po in ts  falling between two profiles) are  nevertheless associated with 
very d ispara te  charts.

As a lready  noted, these op t im um  c h a rts  filter out topographic ir reg 
u larities  of sm aller d im ension  th an  the spacing of the  data , i.e. less than  
abou t 100 m. Moreover, it would usually  be misleading to a ttem pt to 
rep resen t  small f luc tua tions w hen the soundings are not very dense; the 
few peaks th a t  are know n will show up, bu t  it is obvious th a t  the chart  
can no t  d isp lay  the far  greater  n u m b er  of so far  unlocated  peaks. Never
theless in b a th ym etr ic  car tography  of the sea floor it is often im portan t  
to d raw  up a chart  showing all known shoals, even if o thers exist in fact. 
Security  ch a rts  are then  requ ired  (aim 2), and  these have been established 
for both  squares utilizing all available soundings (Charts B9 and C4). 
T he ch a r ts  a re  en tirely  d ifferen t in aspect from  the op tim um  charts, for 
here  pa r t icu la r  a t ten tion  is paid  to encircling each know n shoal with  a 
series of concentric  lines. The shoals are  th u s  certain ly  extended, but they 
are nevertheless depicted. The principal shoal in the f irs t  square therefore 
s tand s  ou t  very clearly. At th is  p a rt icu la r  spot the op t im um  chart  and 
the security  ch a r t  d iffer  by 10 m. However, it should be borne in m ind 
th a t  such  a ch a r t  m erely  represen ts  k now n  shoals; and  as a result the 
c a r to g rap h er  when he  is dealing w ith  areas of irregu la r  topography simply 
shows charac te r is t ic  soundings and  does not aspire to a fa ith fu l rep resen ta 
tion of the  bottom  topography  by m eans of contour lines.

CONCLUSION

Kriging techniques, since they take acoun t of the  s t ruc tu re  of the 
phenom enon  under  study, enable a specific solution for each part icu la r  
problem  to be found. Here we have described the technique employed for 
d raw ing  up  both  op t im um  ch a rts  and security  charts. The possibility of 
d raw ing  up trend  ch a rts  m u st  not, however, be forgotten, i.e. charts  
depicting  only fa irly  large s t ru c tu res  of over a kilom etre  in size. At the 
o ther  end of the scale it would be possible to m ake conditional simulations 
which, w itho u t  being the ac tual reality , would nevertheless give an 
excellent idea of the small i rregu larit ies  of the sea floor.

Let it be rem em bered  too th a t  every estim ation  has its own part icu la r  
es t im ation  s tan d a rd  deviation characteriz ing  its accuracy. This is most 
im p o rtan t  w hen  it com es to assessing w h a l  degree of confidence to place 
in the  ch a r t  —  or to deciding w he ther  to ca rry  out a new7 survey  campaign, 
since the s tan d a rd  deviation ch a rt  will indicate  which areas are  the least



well known. F u r th e rm o re ,  the sites for new soundings can be worked 
out, and  the resulting  s tand a rd  deviation calculated. The potentia l  yield 
in ex tra  in form ation  from such new soundings can th u s  now be quantified .

Finally , we m ay observe th a t  the im plem enta tion  of th is theory  does 
not dem and  an  excessive com puting  tim e; and thus a ch a r t  d raw n  up 
from p ro g ram s developed at the Centre de Morphologie M athém atique is 
no m ore costly than  the classical au tom ated  scribing of contour lines.
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