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Universitat Politècnica de Catalunya
c/Jordi Girona Salgado 1-3
E-08034 Barcelona, Spain

Karl Stattegger
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ABSTRACT

A promising approach to reconstruct oceanographic scenarios of past time slices is to
drive numerical ocean circulation models with sea surface temperatures, salinities, and
ice distributions derived from sediment core data. Set up properly, this combination of
boundary conditions provided by the data and physical constraints represented by the
model can yield physically consistent sets of three-dimensional water mass distribution
and circulation patterns. This idea is not only promising but dangerous, too. Numerical
models cannot be fed directly with data from single core locations distributed unevenly and,
as it is the common case, scarcely in space. Conversely, most models require forcing data
sets on a regular grid with no missing points, and some method of interpolation between
punctual source data and model grid has to be employed. An ideal gridding scheme must
retain as much of the information present in the sediment core data while generating as
few artifacts in the interpolated field as possible. Based on a set of oxygen isotope ratios,
we discuss several standard interpolation strategies, namely nearest neighbour schemes,
bicubic splines, Delaunay triangulation, and ordinary and indicator kriging. We assess
the gridded fields with regard to their physical consistence and their implications for the
oceanic circulation.

DATA BASE AND CIRCULATION MODEL

The data used here comprises a set of 133 oxygen isotope ratio estimates for the summer
surface waters of the Last Glacial Maximum 21 500 years B.P., expressed as 0/00 vs. stan-
dard mean ocean water. The sediment core locations are indicated by dots throughout the
figures. Due to the effects of evaporation, precipitation, and runoff, these isotope ratios co-
vary with sea surface salinity and can thus be used as a proxy of the latter. Generally, low



isotope values will result in low salinities and vice versa, and more important, isotope ratio
gradients correspond to salinity gradients that may cause oceanic fronts associated with
intense currents. (For a more detailed description of data sources and relations between
temperatures, isotopes, and salinities, see [4].) To test whether an interpolation is appro-
priate for modelling, it is checked to what extent the salinity field, the modelled current
system, and the glacial sea surface temperature and wind field are physically consistent
with each other.

The ocean circulation model uses a spherical coordinate system, where the North Pole
has been rotated to 180W/30N for the sake of numerical efficiency. The spacing between
the model grid points is 0.5 degrees of rotated longitude and latitude, yielding an almost
equidistant grid covering the area under consideration (Fig. 1). All interpolations were
carried out after transforming the conventional geographical coordinates of the sediment
core locations into this rotated frame of reference. (For comments on geostatistics using
spherical/geographical coordinates, see [5].) Because spatial variations smaller than twice
the model’s grid spacing cannot be represented properly by the model, every interpolated
field shown here was smoothed two times by applying a nine-point moving average prior
to plotting. The contour interval was set to 0.10/00 for each of the figures.

METHODS AND RESULTS

Nearest-Neighbour Scheme

The field shown in Fig 1. was grid-
ded with the GMT-system [6,7] near-

neighbor-routine. According to the re-
sults of the variogram analysis (Fig. 4),
the search radius was set to 16 degrees,
using a single-sector search.

Most characteristic of this field are nu-
merous bands of steep horizontal gradi-
ents. If converted to salinity and used for
model forcing, the model would generate
sharp density fronts along these bands
associated with narrow currents. These
fronts and currents would be completely
artificial for two reasons: (i) They are not
supported by the glacial sea surface wind
and temperature data (not shown here).
(ii) They could not persist in the real
ocean for much longer than a couple of
days, whereas the sediment data repre-
sent averages over 3000 years of stable
glacial conditions.
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Fig. 1: Interpolated oxygen isotope data ob-
tained by the nearest-neighbour algorithm as
implemented by [6,7]. Dots indicate sediment
core locations. Contour interval = 0.10/00 .



Spline Interpolation

Using bicubic natural splines for inter-
polation results in the distribution dis-
played in Fig. 2, obtained with the GMT
[6,7] surface-routine. Again, the search
radius was set to 16 degrees.

In contrast to the nearest-neighbour
method, splines tend to produce isolated
minima and maxima around source data
points with extreme values, here for ex-
ample south and southwest of Iceland.
Driving a circulation model with salini-
ties computed from this field yields a cir-
culation field with small eddies surround-
ing these extrema. Such eddies are physi-
cally inconsistent for the same reasons as
the artificial bands discussed above.
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Fig. 2: Interpolated field obtained by bicubic
splines [6,7].

Triangulation

Fig. 3 presents the output of the GMT
[6,7] triangulate tool. At first glance,
this method generates less inconsisten-
cies than splines or nearest neighbours.
Especially between Iceland and Green-
land, triangulation performs much bet-
ter. Through this channel, the real ocean
can only develop currents paralleling the
coasts like the East Greenland Current,
associated with alongshore salinity (and
oxgen isotope) isolines. The first two
methods fail with respect to this.

The severe problem of triangulation is
the need for an additional extrapolation
technique for the areas with no data. Be-
sides filling in these gaps, the extrapola-
tion must also avoid artificial features at
the lateral limits of the source data re-
gion, like, for example, the sharp bend-
ing of isolines visible near the southern
margin.
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Fig. 3: Interpolated field obtained using tri-
angulation [6,7]. Note the large gaps requiring
further extrapolation.
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Fig. 4: Experimental variogram (dots) of the isotope data and spherical variogram model
(heavy line). Model parameters: nugget = 0.01, sill = 0.16, and range = 16.

Kriging I

The gridding methods discussed so far do
not provide error margins for the interpo-
lated values. These can be estimated us-
ing variogram analysis and kriging. With
the GSLIB [1] program gamv2 we ob-
tained the omnidirectional experimental
variogram shown in Fig. 4, that can be
best fitted by a spherical model with a
sill of 0.16, a range of 16, and a small
nugget effect of 0.01.

Using this model for ordinary point krig-
ing with okb2d (GSLIB) gave the oxygen
isotope field shown in Fig. 5. It is some-
what smoother than the triangulation re-
sult without having the difficulties with
lacking data. However, between Green-
land and Iceland, the same irreal cur-
vature of isolines can be seen as in the
spline-interpolated field.
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Fig. 5: Interpolated field obtained by kriging
[1,2] with the variogram model from Fig. 4.



Kriging II

To mitigate the problem of isolines not
paralleling the coast where the currents
can be expected to be parallel, we first
generated a 0/1 land/water mask for the
model domain. From this mask, a spher-
ical omnidirectional indicator variogram
with a sill of 0.25, a range of 19.5, and no
nugget effect could be derived. By kriging
with GEO-EAS [2] we obtained a field
with zeros over model land points, ones
over ocean points, and a smooth transi-
tion at the coasts [3].

This field was finally multiplied with the
kriged data shown in Fig. 5, thus turn-
ing the isolines in a longshore direction
and lowering the values of the interpo-
lated field at the coasts.
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Fig. 6: Like Fig. 5, but modified at the coasts
using an indicator-kriged land-water-mask.

SUMMARY

The different interpolation schemes may be summarized by the following table:

Method Drawbacks Advantages

Nearest
neighbour

Artificial gradients —

Splines Local extrema Extrapolation
Triangulation Difficult handling of regions with

no source data
Smooth fields,
no irreal gradients or extrema

Kriging Does not work if no reliable vari-
ogram can be modelled

Smooth fields,
no irreal gradients or extrema,
error estimates

To this end, nearest neighbour and spline interpolation could not be used for numerical
circulation modelling because of the artifacts introduced in the gridded data.

Triangulation (plus extrapolation) and kriging turned out to be appropriate tools that
give comparable results. The modelled circulation patterns (not shown here) are quite
similar, except of slightly strengthened currents along the coasts of Norway and Greenland
in case of the last example with additional coastal modifications. Since the isotope data
are representative for summer, the low coastal values could be interpreted as caused by
meltwater originating from the glacial ice caps. However, except for the coast of Norway
where sediment cores have been taken, this is still speculation.
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