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Chapter 8 CONCLUSIONS

Between the idea
and the reality
Between the motion
and the act

Falls the shadow

Between the conception
and the creation
Between the emotion
and the response

Falls the shadow

Between the desire
and the spasm
Between the potency
and the existence
Between the essence
and the descent

Falls the shadow

This is the way the world ends

Not with a bang but a whimper.

T.S. Elliot

(fragment from The Hollow Men)
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This research thesis was carried out with the main aim of testing, on a
shelf/slope domain, the capabilities of two spatial data analysis methodologies.
The first, based on the combination of empirical orthogonal functions (EOFs)
and a 2D successive corrections algorithm (SC), provides a 3D analysis that
takes into account both the horizontal correlation (through the SC scheme) and
the vertical correlation (through the EOFs) between observations. The second,
more standard, technique consisted of obtaining the 3D grid values as the

superposition of 2D analysis obtained using the SC scheme.

The potential of the EOF-based method to extrapolate profiles
downwards has also been tested, with the ultimate aim of estimating dynamic
height (and therefore the geostrophic circulation) in shallow areas of the
domain. Finally, another goal was to test the potential of using vertical modes
derived from historic data (in opposition to single oceanographic cruise data) to

reproduce the data from oceanographic campaigns.

For these purposes, we used CTD data from four oceanographic
campaigns carried out in the Ebro Delta region and which were expected to be
representative of different conditions: FANS | for autumn conditions, FANS Il for
winter, FANS Il for rather well established summer conditions and MEGO 94, a
previous winter campaign, for atypical winter conditions (open ocean dynamics
that differ significantly from the shelf dynamics). The latter campaign has been

useful to outline some of the limitations of the methods.

The most relevant features regarding the EOF-based analysis of

observed variables (q,S,s,) have been sorted out according to the different

methodological options and targets:

- Option of using EOFs derived from single cruise data to approach

only deep (complete) casts:

Considering the deep casts only, the total variance explained by
the leading EOFs was rather similar for both, the non-standardized
and the standardized approaches, although the first approach

always provided slightly higher values.
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In general terms, the non-standardized analysis provided a faster
convergence to actual data at upper layers, while the standardized
one converges faster at deeper ones (an obvious consequence of
the different weight given to upper and lower level variances by
the two approaches). The selection of one or another method
should therefore depend on the objectives of each particular case

study.

For the FANS cruises, the fraction of density level variance not
explained by the leading EOFs reached maximum values for the
non-standardized density analysis, but always at depths greater
than 200 m. For the MEGO 94 cruise, the largest fractions of
unexplained density variance were obtained at upper (but not

surface) layers, namely between 40 and 80 m.

The EOF-based analysis always converges towards actual profiles
as the number of modes included in the analysis increases, and
this is true at all depths. As a consequence, the fraction of non-
explained level variance relative to total level variances (hereafter

referred to simply as “error”) is never higher than 100%.

All the above points derive naturally from the EOFs basic formulation,
when applied to the same data from which they were derived. The only
exception is the similarity in the total variance explained values considering six
leading modes. The larger variability contained in the upper layers that is
explained by the non-standardized analysis is compensated by the largest
depth range that is resolved by the standardized analysis, thus rendering similar

overall accumulated explained variances.

- Option of using EOFs derived from single cruise data to approach

all casts:

The ability of the method to reproduce shallower shelf conditions
depends on different aspects, such as the distinctive shape of the different
modes (weather or not they represent the shelf conditions), and also on the
assumption that the sequential fitting captures the data variability in the first

modes. An additional factor which explains the peculiar behaviour of the error
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profiles might be the fact that, for shallow casts, the orthogonality condition of
the modes is not necessarily fulfilled. The complete set of vector modes may
not necessarily reproduce the shallow casts profiles, and the variability at a
given depth might not be independently explained by different modes, for they

are not necessarily uncorrelated.

The extent to which open-sea dynamics can be representative of shelf
dynamics (a key hypothesis underlying the use of the EOF-based method) can
be checked comparing the mean and standard deviation profiles obtained from
a set of open-ocean stations with those obtained from shelf stations (or with

those obtained considering all available data at a given depth).

When also shallow profiles are intended to be approached by
EOFs, the fraction of non-explained level variance can
occasionally increase when additional modes are considered. As
expected, such occasional, local increases are always
compensated at the end, when adding further modes. In any case,

errors can occasionally be higher than 100%.

As when considering only deep casts, the largest fractions of level
density variance not explained by the leading EOFs are obtained
at deep layers with the non-standardized analysis. Also as before,
MEGO 94 has larger errors at intermediate depths, but now with
larger values. The latter is a consequence of the fact that open
ocean conditions encountered during MEGO 94 do not reflect the
shelf conditions, as revealed by the basic statistics profiles. Some
of the larger errors also coincide with very low variance values in
the data.

- Option of using EOFs derived from historical data (to approach

either only deep casts or all casts):

The influence of the vector modes shape, their non-orthogonality when
fitting shallow profiles and the sequential fitting assumptions are also relevant
when dealing with historic eigenvectors. The shape of the historic data
eigenvectors is fundamental, for they basically reflect open-ocean conditions

from a wider geographic domain within the Balearic Basin. The historic statistics
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are also different from the cruises ones, particularly during winter. The historic
density average profiles also reveal heavier waters at equivalent depths. All

these factors account for the following points:

For this option, error values are usually higher than those obtained

with the single cruise eigenvectors (with a few exceptions).

The density profiles, specially when they are estimated via
standardized analysis, render very high error values at upper
layers when only the first leading modes are considered. These
values decrease as the number of modes increases. MEGO 94 is
the only campaign for which errors do not decrease below 60%
even with 24 modes (at 50-60 m).

With the non-standardized analysis, the largest errors are always
lower than those obtained from the standardized analysis, and
appear normally at deep layers (they also tend to decrease as
more modes are considered). The only exception is FANS I, for
which the largest errors are obtained at intermediate levels, and

24 modes are not enough to lower them below 30%.

When the 3D grid is to be obtained, the interpolation of the
estimated profiles has revealed to be more appropriate than
interpolating the amplitudes associated with the corresponding
vector modes. In particular, on-grid standardized density
distributions resulting from the amplitude interpolation is highly
unreal, particularly as depth increases and regardless of the
number of modes considered. The reason is that amplitude values
corresponding to shallow stations may differ from the ones at
deeper areas in one or two orders of magnitude. These can
translate into unrealistic values at lower levels which, despite
being in principle located below the bathymetry, have also a

negative impact onto nearby locations above the bathymetry.

The fact that MEGO 94 shows atypical winter conditions (in
addition to not being representative of the shelf dynamics) justifies

the poor results obtained for this campaign. The same holds for
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FANS I, which cannot be considered to be represented either by

summer conditions nor by winter conditions.
- Dynamic thickness and geostrophic circulation:

As mentioned earlier, the success of the EOFs for the estimation of
dynamic height on the shelf depends on the shape of the corresponding vector
modes. A key question is to what extent the statistics of the open ocean might
reflect the conditions on the shelf. If the distributions are very different, the
approach to the profiles might generate highly unrealistic values below the
bottom depth, as was shown in the density distribution profiles from MEGO 94.
Another relevant aspect is weather the vector modes have significant
fluctuations at depth, for that would also generate thickness fluctuations which
would in turn reflect in the dynamic thickness profiles. While additional modes
do tend to approach the shallow data thickness profiles, this does not mean that

the extrapolated values below the bottom depth are “reasonable”.

The application of Csanady's integration path to the Ebro Delta
shelf/slope bathymetry renders spurious velocity components with
high along-transect speeds in the upper shelf. A test with an
analytic thickness distribution has revealed that the contours tend
to bend along the transect direction as soon as the bathymetry
becomes shallower than 500 m. With actual data, this behaviour is
somehow hidden by the actual distribution at deep layers, but the

effect must be quite the same.

For the geostrophic currents estimated with the EOFs
methodology, six leading modes seem to give nearly as good
results as the method can provide. Considering further modes
does not necessarily improve the recovery of open-ocean
structures, and neither increases the capability of recovering the
shelf dynamics from statistics inferred from the open-ocean

dynamics (in some cases it can even worsen the results).

Regarding the data to be used as input for the spatial interpolation
process, the differences between taking all the profiles of the

domain (through the amplitude interpolation option) and taking
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only those located where the bottom depth is deeper than 100 m
(profile interpolation), are significant. The second method has
been shown to provide more realistic geostrophic currents on the

outer shelf/slope domains.

Despite the above considerations, the EOF-based method is still a
better option than Csanady’s method to obtain dynamic height

distributions over the shelf.

As for observed variables (or better, a clear consequence of the
latter), the use of campaign eigenvectors usually renders better
results than historical ones. The only exception (the amplitude
interpolation option applied to MEGO 94) is by no means

significant.

From all the above points, it seems reasonable to state that the EOF-
based methodology has a considerable potential when applied to a shelf/slope
domain in which the number of deep casts is as low as for the presented case
studies. The best option to be used (non-standardized vs. standardized
analysis) definitely depends on the goals of the particular research. If the upper
layer needs to be resolved then the non-standardized analysis is a must, while if
an overall three dimensional field is required, then the standardized one might

be a better option.

When historical eigenvectors are used to approach the data, a larger
number of modes might be required, though the data profiles are finally well
approached. The results with FANS I, on the other hand, point out the possible
need to consider more than just two seasons. The advantage of breaking the
historical data set into four seasons might be a better set of vector modes for
the transition periods of spring and autumn; the obvious disadvantage would be

that less profiles would be available to derive the seasonal EOFs.

Another important result refers to the best performance of interpolating
the profiles in front of the option of interpolating the amplitudes. This was at
least the case of the density profiles obtained with the standardized analysis

with the historic eigenvectors. The results justify the higher number of
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operations of this option (one interpolation per level in front of one interpolation

per leading mode).

A last remark should be made on Csanady’s method, which in
combination with the sharp bathymetry of the Ebro Delta shelf/slope, renders
spurious along-transect geostrophic velocities. This clearly limits its applications
to sharp shelf edges. Conversely, despite the results produced by the EOFs
method are far from being good, they can provide some insight on the shelf

circulation, even if only from a qualitative point of view.

Another fundamental aspect to be considered regarding the Ebro Delta
shelf/slope domain and the above results is the effect of the topography.
Csanady’s method (Csanady, 1979)) has been successfully used to estimate
the dynamic height distribution in many shallow shelf domains, without reports
of the along-transect velocity components. Through the analytic distributions it
became clear that the abrupt shelf/slope, in which the depth transition from 500
m or more to 100 m takes place in few kilometres, seems to account for this
effect. The reason might be the fact that the assumed dynamic height
contribution below the bottom becomes more important than the actual on-shelf

values.

On the other hand, vertical density distributions (Haney and Hale, 1995)
and geostrophic currents (Pedder and Gomis, 1998) have both been
successfully determined through EOFs analyses in other geographic domains,
where a certain number of casts did not reach an assumed reference depth. In
those cases there was a significantly larger percentage of deep casts, and none
of the domains consisted of a shallow shelf with an abrupt slope, where the
local forcing mechanisms can have very important effects on the dynamics,
such as the Ebro outflow. Just to exemplify, we believe that the good results
obtained with FANS Il in all cases are due to a well established thermocline,
which gives stability to the water column, to the low river outflow and to little

mesoscale activity.

In our opinion there are at least two aspects that deserve further
research. They should be tested in the same geographic domain of the Ebro
Delta shelf/slope, and results could be compared with those presented in this

research thesis:
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One is the possibility of using historic data eigenvectors from four
seasons. As mentioned before, this might improve the results for campaigns
carried out under transition conditions between the summer and winter

seasons.

The second is the need to test these methodologies in combination with
a multivariate analysis scheme with high quality ADCP current data. This would
allow gquantitative results on the shelf geostrophic circulation, which in turn
would allow an estimate of the ageostrophic contribution to the shelf/slope

dynamics.



209

Chapter 9 BIBLIOGRAPHY

Arnau, P. 2000. Aspectos de la Variabilidad de Mesoescala de la
Circulacién Marina en la Plataforma Continental Catalana. Tesis de
Doctorado. Departamento de Ingenieria Hidraulica, Maritima vy
Ambiental, Universidad Politécnica de Catalufia. Barcelona, Espafia.

Bratseth, A. M., 1986. Statistical interpolation by means of successive
corrections. Tellus, 38(A), 439-447

Cressman, G., 1959. An operational objective analysis systems. Monthly
Weather Review, 88, 327-342.

Csanady, G. T., 1979. The pressure field along the western margin of the
North Atlantic. Journal of Geophysical Research, Vol 84, No C8, 4905-
4915.

Daley, R., 1991. Atmospheric Data Analysis. Cambridge University Press. pp.
457

Durrieu de Madron, X., Radakovitch, O., Heussner, S., Loyle-Pilot, M.D. and
Monaco, A., 1999. Role of climatological and current variability on
shelf-slope exchanges of particulate matter: Evidence from the
Rhone continental margin (NW Mediterranean). Deep-Sea Research |
46 1513-1538.

Espino, M., Sanchez_Arcilla, A. and Garcia, M.A., 1998. Wind induced
mesoscale circulation off the Ebro delta, NW Mediterranean: a
numerical study. Journal of Marine Systems 16, 235-251.

Font, J., 1990. A comparison of seasonal winds with currents on the
continental slope of the Catalan Sea (Northwestern Mediterranean).
Journal of Geophisical Research, 95, 1538-1546.

Font, J., Garcia-Ladona, E. And Gorriz, E.G., 1995. The seasonality of
mesoscale motion in the Northern Current of the western
Mediterranean: several years of evidence. Oceanologica Acta 18 207-
2109.

Garcia Ladona, E., Tintore, J., Pinot, J.M., Font, J. and ,Manriquez, M., 1994.
Surface circulation and dynamics of the Balearic Sea. In: La Violette,
P.E. (Ed.), The Seasonal and interannual variability of the Western
Mediterranean Sea. Coastal and Estuarine Studies, 46, 73-91.

Garcia, M.A., Herrera, M.D., Puigdefabregas, J., Flexas, M., Sanchez-Arcilla,
A., Palanques, A., Puig, P. And Rippeth, T.P., 2002. Observed low-
frequency current variability on the Ebro shelf and slope. Continental
Shelf Research, submitted for publication.

Gill, A. E., 1983. Atmosphere-Ocean Dynamics. Academic Press. pp. 662.



210

Gjevik, B., Moe, H and Ommundsen, A., 2002. Idealised model simulations of
the barotropic flow on the Catalan shelf. Continental Shelf Research,
22,173-198.

Haney L. R. and R. A. Hale, 1995. Estimating Subpycnocline Density
Fluctuations in the California Current Region from Upper Ocean
Observations. Journal of Atmospheric and Oceanic Technology, 12, pp:
550-566.

La Violette, P.E., Tintorée, J. and Font, J., 1990. The surface circulation of the
Balearic Sea. Journal of Geophysical Research, 95, 1559-1568.

Lépez Garcia, M.J., Millot, C., Font, J. and Garcia-Ladona, E., 1994. Surface
Circulation Variability in the Balearic Sea. Journal of Geophysical
Research, 99, No. C2, 3285-3296.

Maidana. M. A., Jean-Jacques Naudin, M. Espino, M. A. Garcia., and A.
Sanchez-Arcilla., 2002. Feasibility and usefulness of diagnostic
calculations of the mean circulation in the vicinity of the Ebro
mouth. Model tests against field data. Continental Shelf Research, 22,
229-245.

Millot, C., 1999. Circulation in the Western Mediterranean Sea. Journal of
Marine Systems, 20, 423-442.

Pauley, P and X. Wu, 1990. The theoretical, discrete and actual response of
the Barnes objective analysis scheme for one- and two-dimensional
fields. Monthly Weather Review. 118, 1145-1163.

Pedder, M. A., 1993. Interpolation and Filtering of Spatial Observations
using Successive Corrections and Gaussian Filters, Monthly
Weather Review, 121, pp 2889-2902.

Pedder, M. A., D. Gomis, 1998: Application of EOF Analysis to the spatial
estimation of circulation features in the ocean sampled by high-
resolution CTD samplings. J. Atmos. Ocean Tech. 15, No. 4, 959-978.

Pickard, G. L. and Emery, W. J., 1990. Descriptive Physical Oceanography,
an Introduction. Pergamon Press. 5" Enlarged Edition. pp. 320.

Pinot, J.M., Tintoré, J. and Gomis, D., 1995a. Multivariate analysis of the
surface circulation in the Balearic Sea. Prog. Oceanogr. 36, 343-376.

Pinot, J.M., Tintore, J., Lépez-Jurado, J.L., Fernandez de Puelles, M.L. and
Jansa, J., 1995b. Three-dimensional circulation of a mesoscale
eddy/front system and its biological implications. Oceanologica
Acta, 18, 389-400.

Pond, S. and Pickard, G. L., 1978. Introductory Dynamic Oceanography.
Pergamon Press. First Edition. pp. 241.

Salat, J. and Font, J., 1987. Water mass structure near and offshore the
Catalan coast during the winters of 1982 and 1983. Annales
Geophysicae, 5B, (1), 49-54.

Salat, J., 1995. The interaction between the Catalan and Balearic currents
in the southern Catalan Sea. Oceanologica Acta, 18, 2, 227-234.



211

Salat, J., Garcia, M. A., Cruzado, A., Palanques, A. Arin, L., Gomis, D., Guillén,
J., de Leon, A., Puigdefabregas, J., Sospedra, J. and Velasquez, Z.R.,
2002. Seasonal Changes of Water Mass Structure and Shelf Slope

Exchanges at the Ebro Shelf (NW Mediterranean)., Continental Shelf
Research, 22.

Simpson, J.H., Sharples, J. and Rippeth, T.P., 1991. A prescriptive model of
stratification induced by freshwater runoff. Estuarine, Coastal and
Shelf Science, 33, 23-35.

The Open University Course Team, 1998. Ocean Circulation. The Open
University Press. pp. 238.

Thiebaux, H. J. and Pedder, M. A. (1987). Spatial Objective Analysis.
Academic Press. London. pp. 299.



APPENDIX 1

212

Reference figures for FANS lll. Potential temperature (a-b), salinity (c-d)

and density (e-f).
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Reference figures for FANS Il. Potential temperature (a-b), salinity (c-d)
and density (e-f).
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Reference figures for FANS I. Density (a-b).
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