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Abstract

The Hydrographic Service of the Royal Netherlands Navy is developing a method to extract seabed
dynamics from bathymetric archives. Severa gridded soundings of an area and their variances are used to
estimate the kind of dynamicsin an area, and its size. Hereto, various hypotheses are set up, for analyses
per grid point, and for the whole area at once. These hypotheses suppose a static behaviour, an outlying
sounding, atrend, or general unstable behaviour, for depth, dope and sand wave phase and amplitude. The
combination of hypotheses that fits best to the data is accepted as the most probable. The method is
illustrated by an example of a part of atraffic separation lane near the port of Rotterdam.

1. Introduction
The stochastic character of soundings of the seabed makes an analysis on its evolution difficult: even
modern multibeam surveys in shoal seas revea the depth of the sea floor with an accuracy of afew
decimetres [International Hydrographic Organization, 1998]. Geodetic techniques like deformation
analysis [Caspary, 1987] can deal with stochastic data; geodetic deformation analysisis applied in e.g.
terrestrial levelling campaigns. The application of this method to the morphology of the seabed can
distinguish between measurement noise and true deformations here as well, including sand wave
migration and growth [Dorst, 2003]. An input of representative points on the seabed, severa depths for
every point and their accuracies are required. Accuracies can e.g. be obtained by the a-priori estimation of
variances of every sounding [Hydrographic Department, 1993] using metadata, i.e. a description of the
survey: tidal reduction technique, positioning accuracy, etc.

In case of limited seabed coverage this step is followed by geostatistical interpolation [Chilés and
Definer, 1999], as shown in figure 1. The spatia variability of a stochastic quantity is described by its
variogram. This function can be calculated from a data set, and used for the determination of interpolation
weights and for an indication of the wavelength of periodic featuresin the data, like maritime sandwaves.
Kriging is an interpolation technique that uses the variogram to estimate interpolated values, and their
interpolation accuracy; it is used here to obtain both depths and variances for the representative points,
usudly inagrid. This paper focuses on the last step of the process of figure 1. the statistical correct
comparison of gridded seabed datain time.
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Figure 1 — process for the estimation of seabed dynamics from soundings and its metadata.
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2. Method

The method assumes a seabed as sketched in figure 2: a sand wave pattern in one direction, superimposed
on aplane. Of course, the seabed has a more complex shape in redlity, but one should keep in mind that
the aim is not to estimate the shape of the seabed at a single moment, but to detect changesin time. As
long as changes are detected well, the model is sufficient. To avoid large errors between the true and the
modelled seabed, the area size has to be limited with respect to the scale of the seabed variations.

|“~ - S

Figure 2 —amodelled shape of the seabed a t| me t=0, and modelled chang&s at t=1: on the left changesin
the sand wave, for amplitude and phase; on the right changes in the plane on which the sand wave is
modelled, for height and dope.

2.1 Static estimation
This seabed model is expressed as.

d, :a+xp>ax+yp>ay+A><cos(leixxp +i). (@

This expression relates a depth dj, at the position (X, Yp) to the depth of a representative point d , the
dopes a in x- and y-direction, and the amplitude A, phase f and wavelength | of the sand wave pattern. In

case the wavelength is assumed constant, and the parameters u=A-cos(f ) and v=A-sin(f )replace
amplitude and phase, the relation between the depths and all the seabed parametersis linear:

d, -d+x |ty A, +cos(2p><x ) XU - sn(prxp)xv. 2

The amplitude and phase can be deduced from uand v: A=+u? +v?;j = atan Y. Formula (2) is
u
called the 'seabed formula from here on.
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When these depths are measured, the measurement process adds observation noise e to the
depths: d,, = dy+e,. (Stochastic quantities are underlined.) The collection of the unknown seabed
parameters of formula 2 in a vector x, and their relations with the observations in amodel matrix A, gives:

d=A%+e (3
d is the vector containing all observations d,, e collects the noise scalars e, The variances s,” are collected
on the main diagonal of covariance matrix Qq. If it is assumed that the observation noise has a normal
distribution N(O,spz), adjustment theory [Teunissen, 2000] states that the Best Linear Unbiased Estimators

(BLUE-s) X of the seabed parameters can be calculated as the |least squares solution:

X=Q ATQ, 'd, ©
having the covariance matrix Q; of the BLUE-s defined as:

Q =(AT QAL (B
(Aninverseis denoted *, and atranspose '.) The variances of the seabed parameters can be found on the
main diagona of Q; .

2.2 Dynamic estimation

If depth observations at p are available from several surveys, d isfilled with observation vectors d,[ s
instead of single observations d, for every p, wheres indicates the survey during which an observation at p
was made. If the seabed is stable, the vector of seabed parameters does not change. However, in case of an
outlying seabed during one survey, the seabed formula should be restated as:

d,[s] =d+i [s]>XDds +x,Xa, +i,[s] *Da,,)+y,xa, +i[s] xDa,)

6
+cos( oo, (u+i,[ 8] )00, )- (o, ) v+ i [5] 00, ©

The outlying observation during s is identified by assigning the s-th element of ig[s] the value one, and the
other elements the value zero. The ? in front of the new seabed parameters denotes the difference with
respect to the genera value.

In case of general seabed instability, (2) should be restated as:

d,[s] =ds, +2d[s] +x,Xa,, +?a,[s])+y, {a,, +?a,[s])

Zy

+cos(T><xp)><(uSO +?u[s])- sin(zl—p><xp)>(vSo +?v[s]).

7

S isthe reference survey, and the new vectors, denoted by ?, show the differences with respect to this
value. Element s, of such a vector is zero.
And in case of atrend, (2) should be restated as:

T o Dd 5 Da, R Da,
d,[s] =ds +?t[s] XE+X" a,, +7t[s] XF)+yp><(ay,SO + ?t[ s] XF)

Zy

(8
+oos( L, )o(u, + 21 ] %)- s'n(zlixxpp(vsg £ 2t[ 5] %)_

DEt is the speed of the trend for every seabed parameter, and ?t[s] is the vector of time

differences with regard to the reference survey, ?t[ s =0.
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The modd extensionsin (6), (7) or(8) can be added to equation (3) as [Teunissen, 2001]:
d=A%+B,N.t+e ©)

B is amatrix that contains the new model parts, and N (pronounced 'nabla) a vector that contains the new
seabed parameters. Model (3) is called the null hypothesis Ho, and model (9) the dternative hypothesis H,
for model extension B,. The new seabed parameters can be divided into two independent sets. the three
that describe a movement of the plane, and the two that describe a movement of the sand wave. A
hypothesis describing a sand wave movement can therefore be formulated independently of a hypothesis
containing a planar movement. Formula (6) can be hypothesised for every survey s, this makes (s+2)-2
hypotheses for possible extensions of the mode.

Now, a choice has to be made which hypothesis, or combination of hypotheses, fits the best to the
data. Thisisdone by calculating atest statistic T, for every H, :

T, :N_aaT 'Qd_l'Qé'Qd_lN_aa;
N_aa = Ba >( BaT 'QF 'Ba )_1'BaT i’
E:Qd_l'(_d' AX);

Q =Qy"(Qq - AQ-AT)Q
These test statistics have a 7(q,0)-distribution if H, istrue, and a ?2(q,?)-distribution if H, istrue. g
is called the number of degrees of freedom, and ? the non-centrality parameter. E.g., q equals three for the
planar trend hypotheses, as there are three new model parameters, and two for the sand wave trend
hypotheses. The value of the test statistic is compared to a critica vaue Ka: Ho isrgected if T, islarger
than k, —i.e. the differences between surveys are too large to likely be caused by measurement noise, and
therefore indicate sea floor dynamics. If Hy istrue however —i.e. the seafloor is stable, till T,>kg with
a% probability, due to the mideading influence of the measurement noise. In other words: a isthe
probability that H, is accepted if in fact Hy is true; this probability is called the level of significance. A
smdl a isdesirable, but it implicates alarge probability Rthat H, is accepted if in fact H, istrue. The
optimal choice for k, therefore depends on the risk of a‘false darm’ compared to the risk of a 'missed
aarm'.

If severa aternative hypotheses are compared to a null hypothesis, the one that has the largest
quotient Ta/Ka 4 is accepted as true, if this quotient is larger than one. Hereafter, the model is extendend,
and the remaining alternative hypotheses are tested again, until the largest quotient is smaller than one.
The various hypotheses can be adjusted to each other by tuning the probabilities a: alarger percentage
corresponds to a smaller value for k, and thus to afaster acceptance of an aternative hypothesis, and vice
versa.

One might ask the question now: how large should a change in the seabed be to be detected? This

question can be answered by calculating minimal detectable biases [N|:
o I
INl - T -1 T -1 '
B >Qd (Qd - A'Q& A )'Qd B
Often, ?is specified such that the probability 1-R of detecting a true change with size [N| is 80%. Larger
changes can be found more probable, smaller changes less probable.

(10)

(11)
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3. Results

The Roya Netherlands Navy has defined ‘critical areas around the shallowest parts of the Selected Track
to the port of Rotterdam. The 'critical area G' in atraffic separation lane near the port of Rotterdam is
taken as an example. A Matlab toolbox, developed by the author, has performed the calculations and
visuaizations of the deformation analysis. For the interpolation, the Kriging toolbox of the University of
Quebec was used as well [Gratton]. The representative points are chosen in agrid in the direction of the
highest variability, and have a spacing of 100m. The results of the interpolation of the survey in 2000 are
presented in figure 3: depths and their standard deviations. It is obvious that one grid point at the boundary
cannot not be estimated as well as the others, because there are only depths available in one direction, and
therefore it has a worse standard deviation. Surveys are available for the years 1991, 1995, 1998, 2002 and
2003 as well. The calculated grid points and their standard deviations are comparable. The origin of the
grid is 476358E/5750881N in UTM31-ETRS89 and the azimuth of the x-axisis 40°. The wavelength as
estimated from the variogram is 814m The chosen levels of significance are: 10% for trends, 5% for
genera instability and 1% for outliers.
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Fig. 3 —gridded depth under MLLWS and their standard deviations [m] for the survey in 2000. The
vertica axis of the first graph was exaggerated hundred times.

The deformation analysis can be applied to this area as a whole, but also to every grid point individually.
The seabed formulae loose dl their parts that describe a dope or the sand wave then. Table 1 showsthat a
lot of change will be invisible when analyzing per grid point. The advantage of this approach is the
indication of what is happening inside an area: resolution is gained, but accuracy is lost. Therefore the
combination of point analysis and area analysis gives an optimal insight into the dynamics of an area.
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type of outlying trend in outlying trend in

analysis | mean depth [m] | mean depth [m/yr] | amplitude[m] | amplitude [m/yr]
per point |1.87 0.16 - -
perarea |0.17 0.01 0.22 0.02

Table 1 —minimal detectable biases that can be detected with 80% probability for critical area G for levels
of significance of 10% for the trends and 1% for the outliers.

The outcome of the point analysisis as follows. 45% of the points shows a trend (10% upward; 35%
downward), and 23% of the points has outlying depths, possibly in combination with atrend. The
maximum upward speed is 0.29ma year, and the maximum downward speed 0.35mayear. The outliers
can mainly be found on the crest, and so can the points that show the largest trends. The trough at the right
shows a downward trend, and the back side of the crest an upward trend.

The more precise area analysis shows in the graphs of figure 4 that the points tend to subside with
0.04m/yr on average. Further, the positive dope in x-direction is becoming steeper, and the positive dope
in y-direction less steep. Positive dlopes mean that the depths get larger on average when the coordinates
get larger. The trends indicate that the points having large x-coordinates subside faster, and the points
having small y-coordinates as well. Thisis confirmed by the results of the point analysis. The standard
deviations show that the trends in the slopes are hardly relevant however.

The only sand wave dynamics that have been found are an outlying situation in 1991 an
amplitude that is 0.1mlarger, and the position of the wave crest is0.07p rad further in x-direction, what
corresponds to 179mfor this wavelength. A comparison with the standard deviations in the graphs shows
that the change in amplitude is not relevant, but the phase changeis. A closer look at the shape of the
seabed in 1991 confirms the migration of the sand wave pattern.

Note the size of the standard deviations as well: an outlying parameter value cannot be estimated
as well asthe stable values. Vauesin atrend can be estimated best in the middle of the time interval.

4. Discussion

Detection of dynamics and the choice for the kind of dynamics depends on the choice of the levels of
significance. They can be adjusted for the specific purpose of the analysis: is detection of trendsin the
seabed behaviour the most important, or maybe the detection of outlying surveys?

The measurement and interpolation noise is thought of as being uncorrelated: the influence of
stochastic deviations on one observation is independent of their influence on other observations. In
practice, thisis not the case. The covariances between the depths, that have a place in the covariance
matrix, have been neglected for smplicity. The effect of this neglect should be studied.

The method tries to distinguish measurement noise from seabed dynamics. When the levels of
significance are chosen too high, or the variances are chosen too small, measurement noise can still be
misinterpreted as dynamics of the seabed too often. Especialy in case of one outlying survey, it is
impossible to decide from the deformation analysis only whether malfunctioning of equipment has caused
an artefact, or that areal seabed disturbance has happened.

Wavelength is deduced from the variogram estimation. More accurate wavel engths can be obtained from
estimating it as a BLUE for the seabed formula. A disadvantage is that there is no linear relation between
depth and wavelength, so a linearization is necessary, at the cost of computing time. An advantage is the
possibility to alow for the same kinds of dynamics for wavelength as for the current five seabed
parameters.

A jump in the phase of the sand wave causes an estimation of an amplitude that is too small. This
should be kept in mind, especialy when defining an areafor an analysis. When the variability of the
seabed is not periodic enough, no proper wavelength can be estimated anymore, and therefore only a
planar analysis can be performed.
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Fig. 4 — dynamics of critical area G.
The dots show the results of area analysis, and the plusses the standard deviations.
Upper and middle row: planar behavior; lower row: sand wave behavior for a wavelength of 814m
Time in years since 1991.
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Geodetic deformation analysis can be used to perform several other actions on surveys of an arealike the
usage of the results of the point analysis for the prediction of depths. Not surprisingly, extrapolation of
trends results in unlikely depths, as indicated by their high variances. A prediction to the moment of the
last survey is very useful however: it provides more accurate depths than the last survey itself. The
measurement and interpolation noise can be diminished by including information of past surveys. If no
dynamics are discovered at al, every survey shows an image of the seabed that isjust as current as the
others. The null-prediction then smplifies to an accuracy-weighted average of the surveys, what seemsto
be the most logical choice.

5. Conclusions

The application of geodetic deformation analysis to a seabed enables the precise estimation of average
dynamics of the bed form and depth in an area, and a rough estimation of dynamics within this area, that
can e.g. be utilized in research on migration and growth of sand waves. The method is now being
compared by the Delft University of Technology to another method for detection and prediction of seabed
dynamics, as developed by the North Sea directorate of Rijkswaterstaat [Menting, 2003].
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