
GEOPHYSICAL RESEARCH LETTERS, VOL. 28, NO. 22, PAGES 4211-4214, NOVEMBER 15, 2001

Towards the time dependent modeling of sediment core

data on a global basis
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Abstract. The procedure for the simulation of a time
dependent sediment stratigraphy for 4 different sediment
species with a global biogeochemical ocean general circula-
tion model is presented. In this feasibility study, a sediment
column for the last 131 kyr was accumulated through use
of a variable ocean velocity field (mixed from preindustrial
and glacial ocean time slices in a kinematic approach). The
biogenic components of sediment are entirely a model prod-
uct. Artificial sediment cores were “recovered” from the
simulated stratigraphy. The approach is the foundation for
a systematic comparison of paleoclimate simulations with
the sediment record. Through use of adjoint model codes
the direct 4-dimensional data assimilation of paleoclimate
observations will become possible in the long range.

Introduction

Global coupled atmosphere-ocean climate models can re-
produce the modern climate reasonably well (for example
[Roeckner et al., 1999]). Use of these models in forecast
mode in order to estimate the climatic change due to anthro-
pogenic greenhouse gas emissions requires an additional ca-
pability: the models must reproduce rates of climate change
correctly. A straightforward method for a test of the models’
sensitivity are paleoclimate experiments which are validated
with paleoclimate data from terrestrial records and marine
sediment cores. This feasibility study investigates, whether
it is in practice possible to generate globally a time depen-
dent marine sediment stratigraphy by use of a BOGCM (bio-
geochemical ocean general circulation model) over the last
climatic cycle (from the Eemian around 130 kyr B.P. until
today, kyr B.P. = 103 years before present), which is well
documented by sediment and ice core data. The BOGCM
uses a time dependent velocity field. At each model grid
point, it predicts the sediment composition and accumula-
tion rates. After the simulation, artificial sediment cores are
“recovered” from the accumulated model sediment material.

Model description

Here, the HAMOCC BOGCM (HAMOCC = Hamburg
Oceanic Carbon Cycle) [Maier-Reimer, 1993] is employed in
its annually averaged version ([Heinze et al., 1999]; [Heinze
and Maier-Reimer, 1999]) with modifications as described in
[Heinze et al., in preparation]. The model includes the three
reservoirs atmosphere, water column (11 layers), and bio-
turbated sediment (10 layers) with a horizontal resolution of
3.5◦ × 3.5◦ . The processes ocean/atmosphere gas exchange,
biological export production (organic carbon, CaCO3, opal),
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particle flux, redissolution, remineralisation and depositon
onto the ocean floor, sediment pore water transport and
chemistry, bioturbation, and sediment accumulation are rep-
resented through basic parameterisations. Tracers, which
are predicted in space and time by the model are, in the
atmosphere, CO2 and O2, in the water column and the sed-
iment pore waters, TCO2, TAlk, PO3−4 , Si(OH)4, O2, DOC
(water column only), and finally the solid sediment species
CaCO3, opal, organic carbon, and clay. For biological parti-
cle export production, Michalis-Menten nutrient uptake ki-
netics are used. Opal and organic carbon production are
predicted on the basis of the corresponding nutrient con-
centrations in surface waters. CaCO3 export production is
computed proportionally to the local ratio of opal to organic
carbon production and set to zero if the latter ratio exceeds
a threshold value of 0.7 (on a molar Si:C basis). Instead of
defining vertical redistribution profiles for biogenic matter in
the water column, a revised particle flux scheme is applied
allowing to separate particle redissolution kinetics and set-
tling velocities and to predict local concentrations of partic-
ulate matter for all particle types within the water column.
Close to full equilibration of the model, prescribed input
rates of nutrients and carbon as well as alkalinity from conti-
nents are balanced by burial within the sediment. Compared
to [Heinze et al., 1999], a more realistic global opal accumu-
lation rate of 5.5 teramoles Si yr−1 could be achieved in the
actual model for full equilibration. During a time dependent
model run, transient global disequilibria between continen-
tal input and output by burial can occur. The pattern of the
biogenic sediment accumulation and the local accumulation
rates are prognostic variables. A homogeneous deposition
rate of inert material (clay, weathering product of continen-
tal crust) of 1 g m−2 yr−1 is prescribed. Porewater diffusion
and chemistry are treated simultaneously by use of an im-
plicit numerical scheme using depth dependent porosities.
The water column tracers are advected and mixed by use
of physical input fields (velocities, hydrography, and seaice
cover) from the dynamical LSG OGCM (LSG = Large Scale
Geostrophic) (Maier-Reimer et al., 1993). Here, two differ-
ent velocity fields are used from the work of Winguth et al.
(1999): one for the modern (or preindustrial) late Holocene
ocean and another one for the Last Glacial Maximum (LGM,
21 kyr B.P.). The BOGCM is initialised with constant dis-
solved tracer concentrations in the water column as well as
the sediment pore waters and inert clay sediment through-
out. Besides biogenic export production rates and water col-
umn tracer distributions, the model then builds up its own
biogenic sediment components and pore water distributions.
The loss of material due to sediment accumulation is com-
pensated through an influx of matter at the model surface
layer. The model is computationally efficient (2000 years in
1 CPU hour on one processor of a Cray C-916 system).
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Figure 1. Thickness of sediment column which was accumu-
lated by the model over the entire integration period of 131,000
years from the Eemian until today.

Experiment description

At present, no continuous temporally varying oceanic ve-
locity field over the last climatic cycle is available. There-
fore, such a preliminary variable velocity field was generated
by mixing the preindustrial and LGM time slice computa-
tions in different proportions. This “kinematic” approach
(the velocity fields are combined and and averaged regard-
less of dynamical considerations) yields a time dependent
flow field which has a good chance of at least giving appro-
priate results in the vicinity of the extreme climatic con-
ditions (warm phases, glacial high times). It should be
stressed, that the study presented here does not aim at a
proper reconstruction of the last climatic cycle, but rather
at an example for what will be possible once time depen-
dent velocity fields from fully dynamical computations will
become available. The model experiment was started in the
Eemian at 131 kyr B.P. As initial conditions, the modern

Figure 2. Example for a sediment core which was “recovered”
from the artificially produced sediment column shown in Figure
1. The core is located in the central equatorial Pacific.

Figure 3. Example for a North Atlantic core, which was taken
from the simulated sediment stratigraphy. The core location
is within the deep western boundary current flowing southward
along the east American continental margin. Sediment data are
given vs. time.

velocity field and the corresponding biogeochemical distri-
butions were taken with fully equilibrated sediment. The
mixing of the two velocity fields was carried out by calibra-
tion with the Vostok ice core atmospheric pCO2 time series
from [Barnola et al., 1999]. For pCO2 values ≥ 280 ppm
only the preindustrial field and for those < 194.5 ppm only
the glacial field was applied. In between these threshold
values, the two fields were averaged proportionally to the
corresponding pCO2 value. The experiment was annually

Figure 4. Data for the North Atlantic core as shown in Figure
3, but this time drawn vs. depth in core. On the rightmost panel
the age model for the simulated core is given.
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stepped forward in time from 131 kyr B.P. until 0 kryr B.P.
At each time step and each grid point, the composition of the
sediment being accumulated (weight percentages of CaCO3,
opal, organic carbon, and clay) and the sediment accumu-
lation rates were archived on files. The final data base with
continuous sediment stratigraphy over the last 131 kyr at
3452 wet gridpoints amounts to 27 Gbytes which are stored
in a tape silo.

Results and discussion

The integrated total sediment column which was accu-
mulated by the model over the entire integration period re-
flects primarily upwelling regions (e.g. in the eastern equa-
torial Pacific) and regions of high CaCO3 preservation (e.g.
Atlantic and western equatorial Pacific) (Figure 1). From
this sediment with a formal vertical time resolution of 1
year (blurred by the bioturbation which was modelled in the
BOGCM), sediment cores were “recovered” through extract-
ing the sediment composition, depth in core, and time infor-
mation from the data base (“drilling” into the database). As
a first example, such an artificial sediment core from 3.75◦

S and 98.75◦ W in the central equatorial Pacific (Figure
2) clearly shows the increase of CaCO3 preservation dur-
ing glacial conditions as documented by the experimental
analysis of [Farrell and Prell, 1989]. The core contains also
sizable amounts of opal sediment. Decreased opal weight
percentages during the glacial were deduced from observa-
tions in the eastern equatorial Pacific [Lyle et al., 1988]. In
contrast to the Pacific site, an artificial sediment core taken
in the western North Atlantic (Figure 3) in the region of the
southward flowing deep western boundary current (53.75◦

N, 36.25◦ W) shows a more variable sediment accumulation
(as indicated by “depth in core” in the rightmost vertical
panel in Figures 2 and 3). The Atlantic core reveals the
strong increase of CaCO3 corrosion towards the last glacial
maximum which is well documented by sediment core data
from the real world (e.g. [Balsam, 1983]). In opposite to
the Pacific Ocean core, the example from the western North
Atlantic shows almost vanishing opal weight percentages.
The simulation renders automatically an age model for each
synthetically produced sediment column, which is shown for
the Atlantic core in the rightmost vertical panel (“time”) of
Figure 4. Strong increases in the time gradient with depth
indicate temporal intervals of low sediment accumulation
rates (especially around glacial high times 28-20 kyr B.P.).
Model results can be compared directly with the observed
sediment core data given versus depth in core. Though not
even an age model for the observed core would be needed
for comparison, at least selected age determinations of the
observed data would be desirable in practice.

Summary and perspective

Though details of the simulation in quantitative terms
need to be improved, the feasibility study shows: (1) It
is possible to generated long sediment core data time se-
ries with a BOGCM. (2) The data amount generated by
the simulation can be administrated and artificial sediment
cores can be taken from the simulated record for compari-
son with observed records. (3) Direct comparison of model
results with sediment core observations (even in cases where
no continuous age model for the observations is available)
is possible, because the model generates automatically age

models for each predicted core. (4) The model allows for
“negative accumulation” (e.g., if sediment redissolution ex-
ceeds deposition) and therefore is able to model gaps in the
stratigraphy (hiatus events). (5) The procedure can easily
be extended to further paleoclimate tracers such as δ13C of
CaCO3 and Pa/Th ratios.

In this study, the time for the sediment dating is set when
the sediment leaves the bioturbated zone (at 10 cm depth
below the water/sediment interface). It would be advisable,
however, to set the model sediment clock to the actual time
represented by the model time step when the modelled par-
ticles are deposited onto the sediment. For such a transfer of
time information throughout the bioturbated zone, an ad-
ditional time variable would be required for every solid sed-
iment species. Improvements of the sediment model would
include such a “time transport model” and also refinements
of diagenetic processes (such as the addition of anaerobic
chemistry). At this stage, the need for a compilation of a
comprehensive, readily synchronisable global sediment core
data base (observations) becomes obvious, which should ide-
ally include detailed age information and should be auto-
matically synchronisable for different stratigraphic reference
curves such as time scale given in [Martinson et al., 1987].
On the basis of such a data collection, forthcoming coupled
ocean atmosphere biogeochemistry GCM runs for the last
climatic cycle could be validated. A long-term goal would
be to use coupled atmosphere ocean biogeochemistry general
circulation models in inverse mode, e.g. through application
of the adjoint method. Time dependent sediment core data
from observations could then be directly assimilated into the
model system and step by step enable an optimal simulation
of the past and future global climate evolution.
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