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Abstract Modelling of Late Quaternary paleoceano-
graphy and sedimentation in the northern North Atlan-
tic (NNA) is achieved by coupling the ocean general
circulation model SCINNA (Sensitivity and Circulation
In the NNA) to the sedimentation models SENNA
(SEdimentation In the NNA) and PATRINNA (PAr-
ticle TRacing In the NNA).

SCINNA is based on the primitive equations with
conservation of mass, momentum, energy, heat and
salt. SENNA and PATRINNA are driven by tempera-
ture, salinity and velocity fields derived from SCINNA.
The modelling includes three-dimensional circulation
of the ocean, sediment transport in the water column
and two-dimensional sedimentary processes in a thin
bottom layer. SENNA calculates the erosion, transport
and deposition of sediments, resulting in sedimentation
patterns for specific time intervals. PATRINNA mod-
els the transport paths of single sediment grains corre-
sponding to the ocean circulation.

The NNA reacts in a highly sensitive manner to
small forcing changes, as shown by our sensitivity ex-
periments. From these experiments it is possible to
model specific circulation regimes for glacial and inter-
glacial periods, for melt water events and for the onset
of glaciation. The different climatic stages in the circu-
lation model produce different sediment patterns in the
sedimentation models, which correspond closely to the
sedimentary record.
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Introduction

The northern North Atlantic (NNA) is an ocean area
highly sensitive to climatic changes. Its specific thermo-
haline circulation system, driven by surface heat and
freshwater fluxes, ice cover and wind, is not stable in
time and strongly affects global ocean climatology and
sedimentation (Broecker and Peng 1982; McCave and
Tucholke 1986; Sarnthein et al. 1994).

The sedimentary record of the NNA for the Late
Quaternary is based on more than 100 deep sea cores.
A high resolution isotope stratigraphy was developed
from these cores. In addition, the cores provide data on
sedimentation rates and much proxy data about paleo-
temperatures, paleo-salinities and paleo-productivity
for various basin-wide time slices, which correspond to
short synoptic climatic intervals (CLIMAP 1981; Du-
plessy et al. 1991; Pflaumann et al. submitted; Sarnthein
et al. (1994) issue). This paleoceanographic data led to
different interpretations and occasionally contradictary
concepts of the NNA’s climatic history.

Numerical modeling provides valuable tools to over-
come these problems. Ocean general circulation mod-
els (OGCMs) based on ocean physics calculate typical
circulation patterns from climate-specific model forcing
for different time slices. Sensitivity experiments are
used to test the consistency of physical parameters de-
duced from the proxy data. Sedimentation models cal-
culate the fill of sedimentary basins using sediment
physics and hydrodynamics. Their power increases tre-
mendously by coupling with an appropriate OGCM.

Only a few OGCMs exist for the NNA which extend
beyond 65N latitude. The models of Legutke (1991)
and Stevens (1991) cover the Greenland-Iceland—Nor-
wegian Scas and the NNA from 575N to 82.5N, re-
spectively, with open boundaries to the adjacent areas.
As shown by these workers, the model’s state depends
critically on the positions of the flows across the mar-
gins, as well as their mass, heat and salt transport. For
past time slices, transport estimates from proxy data do
not exist and open boundaries cannot be used for our
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studies. Instead, the boundaries are kept closed. Initial-
ly, this appears even more unrealistic, but placing the
closed walls far away from the area of interest mini-
mizes any unrealistic features. Furthermore, the use of
restoring zones along the closed walls reintroduces the
world ocean’s water mass transformation. Within these
zones, the temperatures and salinities are forced to pre-
scribed values with some given time constant. Thus, for
example, cold deep water entering the restoring area at
the southern closed margin will be upwelled and with
leave it as warm surface water moving northwards. As
paleo-reconstructions of temperatures and salinities are
available, these can be used for restoring purposes
when modelling the paleo-circulation. Therefore, the
closed boundary/restoring approach is well suitable for
paleo-modeling. Such an approach is also used by Au-
krust and Oberhuber (in press) in their model of the
modern Atlantic, which is driven by surface heat and
freshwater fluxes. However, surface flux data have not
been reconstructed for past times. An intermediate nu-
merical model was used by Seidov et al. (submitted) in
combination with proxy data to investigate three major
states of the ocean circulation: modern state, melt wa-
ter event (13.6 ka BP) and last glacial maximum (18 ka
BP). This model is based on the geostrophic relation
and a coarse resolution grid.

Several sedimentation models have been developed
during the last few years to simulate the filling history
of sedimentary basins. Many of these models are two
dimensional and display the sediment fill in vertical
cross-sections which correspond to synthetic seismo-
grams. Model calculations use data on basin geometry,
subsidence, sea-level changes and sediment supply. De-
pending on the model physics, sediment transport, dep-
osition, erosion, compaction and the resulting sediment
body can be simulated (Kendall et al. 1991; Syvitzki
and Daughney 1992). Process oriented dynamic two-
and three-dimensional models are driven by flows and
their transport velocities in the transport medium.
These flows carry sediment particles of various grain
sizes and are used to calculate erosion, transport and
sedimentation (Bitzer and Pflug 1989; Tetzlaff and Har-
baugh 1989; Lee and Harbaugh 1992). Models of this
type are efficient in modelling sedimentation in small
basins where sediment is supplied from punctual lateral
sources, e.g. deltaic sedimentation. However, the mod-
eling of large basins needs an extremely high comput-
ing capacity and is very time consuming. The coupling
of dynamic sedimentation models to relatively simple
OGCMs has so far been successfully performed only in
shallow marginal seas (Erickson et al. 1989; Siinder-
mann and Klocker 1983).

This study of the Late Quaternary paleoceanogra-
phy and sedimentation in the NNA aims to: (1) realisti-
cally simulate the modern NNA circulation; (2) couple
a suitable sedimentation model to the OGCM; (3) vali-
date the simulated modern sedimentation patterns with
the observed patterns; (4) trace individual sediment
particles through space and time; and (5) simulate dif-

ferent ocean circulation modes and the resulting sedi-
mentation patterns corresponding to the paleoceano-
graphic record. Existing models do not fulfill all these
aims. Therefore, the new modeling approach presented
here was developed.

Models and model area

Considering the modelling goals and the specific re-
gional setting outlined above, three numerical models
were developed: (1) SCINNA, Sensitivity and Clrcula-
tion in the NNA; (2) SENNA, SEdimentation in the
NNA,; and (3) PATRINNA, PArticle TRacing In the
NNA.

These models are coupled in the following way: first-
ly, SCINNA calculates the oceanic circulation; the
modelled circulation then initializes SENNA and
PATRINNA to simulate the sedimentary system.

In general, an inverse procedure is used. The solu-
tions of the forward models optimize the matching
of predictions and existing data. SCINNA uses data
based temperature, salinity, ice and wind speed distri-
butions to calculate the oceanic circulation. SENNA
and PATRINNA use the model circulation to calculate
the erosion, transport and deposition of sediments. The
models run multiple times, each time comparing model
predictions with the data and adjusting the models pro-
gressively if the quality of the data is high compared
with the sensitivity of the models. Measured data and
proxy data constrain the models’ solutions. However,
the errors present in the data increase the confidence
limits of the model results. Conversely, the physically
consistent models indicate possible inconsistencies in
the data and their confidence limits. The influence and
validity of single parameters and variables on the mod-
elled system can successfully be proved by sensitivity
experiments.

Model areca

SCINNA, SENNA and PATRINNA use the same grid
and topography, covering the NNA, the Norwegian—
Greenland Sea, the Barents Sea and parts of the Polar
Basin. The coordinate system is spherical, where the
equator has been rotated up to 60°N along zero merid-
ian. In this way, the convergence of meridians is mini-
mized. Conventional geographical coordinates would
yield a very narrow grid spacing in the model’s north-
ern regions and in turn require very short time steps.
With this rotation, a horizontal resolution of 0.5° and 95
grid points in both directions, the spacing is about
50 km everywhere and a time step of 12 hours can be
used. The vertical is split into 17 levels, so that topogra-
phy can be represented in a realistic manner (Fig. 1)
[level, depth (m)]: 1, 50; 2, 100; 3, 150; 4, 200; 5, 300; 6,
400; 7, 500; 8, 750; 9, 1000; 10, 1250; 11, 1500; 12, 2000;
13, 2500; 14, 3000; 15, 3500; 16, 4000; and 17, 5000.
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Fig. 1 Modern model topography

SCINNA

In principle, the state of the Norwegian-Greenland Sea
cannot successfully be modeled without taking into ac-
count the influence of the complete world ocean, espe-
cially its transformation of water masses. However, lim-
ited computer resources restrict the resolution of global
models. Consequently, SCINNA covers only a very
small part of the world ocean, with closed boundaries
and restoring zones where the other parts of the ocean
have been clipped off.

To facilitate the work with different data sets and
time slices, SCINNA allows the employment of: (1) ar-
bitrarily shaped basins, taking into account topographic
variations due to sea level changes and glaciation/de-
glaciation processes; (2) any temperature and salinity
initialization fields; (3) arbitrary temperature, salinity
ice and wind distributions for forcing the model; (4) ar-
bitrary temperature and salinity restoring data; and (35)
a simple thermodynamic prognostic sea ice model in-
stead of a fixed ice cover.

SCINNA is a three-dimensional prognostic OGCM.
It has been developed on the basis of the modular
ocean model (Pacanowski et al. 1991), the newly built
version of the well known Princeton circulation model
(Bryan 1969; Cox 1984).
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Being appropriate for modeling motions on a rotat-
ing sphere, SCINNA is written in three-dimensional
spherical coordinates (refer to the appendix for an ex-
planation of symbols and definitions). It uses the set of
primitive equations, comprising conservation of mo-
mentum, mass, heat and salt (Fig. 2). A non-linear
equation of state is used.

At the lateral boundaries the no-slip condition (the
fluid adheres to the walls) and no-flux conditions (no
heat and salt fluxes across the walls) are applied, the
surface boundary conditions take into account the
momentum transfer by winds and the fluxes of heat and
freshwater. For eliminating external gravity waves —
which require very short time steps and very long com-
puting time — the rigid-lid condition (no sea surface ele-
vation) is used. At the bottom the momentum flux is
given by bottom friction and the tracer fluxes are kept
at zero, as is the case for the lateral boundaries. The
boundary condition for vertical velocity ensures that
the fluid is forced to follow the bottom slopes.

For discretization the Arakawa-B grid (Mesinger
and Arakawa 1976) is used, with a shift of a half-grid
distance between 7-S points and u—v points (Fig. 3a).
For integration in time the leap-frog scheme is used,
calculating the model’s new state at a given time step n
from the state of two time steps earlier (n—2) and the

time derivates of the previous time step (n—1) (Fig.
3b).
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Fig. 2 Integration scheme of SCINNA; see Appendix for expla-
nation of symbols
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Fig. 3 a Model grid; b time discretization

3-D-Model Ocean

2-D-bottom layer

Fig. 4 Two- and three-dimensional components in SENNA and
PATRINNA

SENNA

SENNA is a large-scale dynamic three-dimensional se-
dimentation model for the NNA. It basically consists of
two coupled models, the first modeling the three-di-
mensional sediment transport in the water column, the
second simulating the two-dimensional processes near
the bottom in a layer 1 cm thick. These two models are
coupled by the vertical exchange of suspended sedi-
ment (Fig. 4). SENNA is driven by temperature, salini-
ty and velocity fields derived from experiments with
ocean circulation models such as SCINNA.

Although the bottom topography is represented as a
structure of stairs in the three-dimensional model, this
can be neglected in the two-dimensional bottom layer,
which is kept parallel to the newly computed bottom
shape at any time. In this way, a realistic modeling of
processes parallel to the bottom slopes is possible. A
detachment of the flow from the stairs of the bottom
topography in the three-dimensional model is only pos-
sible with turbulence where the angle of the bottom
slope exceeds 5° (Puls 1981). This bottom slope in the
flow direction is not reached in the model (maximum
£2.65°).

The structure of the model physics is simple so as to
be able to run long-time simulations (Fig. 5). It is possi-
ble to model sediment dynamics based on terrigenous
and biogenic sediment entry within a reasonable com-
puter time. At the same time it is important to be able
to resuspend and redeposit sediments that have already
been deposited. The three-dimensional model essen-
tially contains a three-dimensional sediment transport
equation, and the two-dimensional model is based on a
two-dimensional sediment transport equation. The lat-
eral boundaries are closed as for SCINNA. In the
three-dimensional model the lateral entry of sediments
and the entry of particles, which come from melting ice-
bergs into the upper part of water column, are taken
into account. At the lateral and surface boundaries po-
sitive sediment sources for sediment entry and negative
sediment sources for sediment sinks are prescribed at
the boundaries. The mass of sediments can thus be re-
duced or increased within the model. These changes of
the total mass of sediment in the water column are also
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Fig. 5 Integration schemes of
SENNA and PATRINNA;

Initialization with T, S, u, v, w from SCINNA and grain size, form factor, sediment density,
porosity, sedimentological grain diameter, and sinking velocity

see Appendix for explanation
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envoked by erosion, redistribution and deposition. The
particles that are suspended in the water column are
carried by the currents (Bitzer and Pflug 1989). In addi-
tion to the vertical velocity of the surrounding water,
the sink velocity of particles has to be considered. This
velocity depends on the grain size, density and kine-
matic viscosity of the surrounding water as well as on
particle density, form factor and sedimentological grain
diameter (McCave and Gross 1991; Zanke 1977).

In the two-dimensional bottom model, near-bottom
processes are considered. These include erosion, trans-
port and deposition, which depend on critical velocities
— i.e. critical erosion and suspension velocity — and on
the sediment contents of the 1 cm thick bottom layer, as
well as grain size and form factor (McCave 1984; Zanke
1977, 1978). The near-bottom velocities result from a

reduction in the velocity of the three-dimensional mod-
els’ layer most proximal to the bottom (Siindermann
and Klocker 1983; Zanke 1978). Also, the bottom slope
in the direction of the bed load and the suspension load
transport (Krohn 1975; Puls 1981) is taken into account.
An upward directed bottom slope increases the critical
velocities and at the same time reduces the erosion
rate, and vice versa. The change in the bottom topogra-
phy is calculated from the modeled changes of the sedi-
ment contents in the 1cm thick bottom layer (Puls
1981; Siindermann and Klocker 1983).

To simplify calculations, the combined models are
based on a homogeneous grain mixture with constant
sink velocity (0.05 cms~!) (Stindermann and Klocker
1983). In this instance the grain size can be neglected.
As elementary relations of sediment movements usual-
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ly depend on mechanical processes, and because of the
mostly unknown influence of biological factors on wa-
ters, the following effects are not considered: (1) coagu-
lation by micro-organisms; (2) the roughness of sedi-
ment changes due to organic films; (3) the flocculation
effects of organic sediments and mixtures with sands;
and (4) cohesion. The motion of the sea in the upper
layers is also neglected.

PATRINNA

PATRINNA consists, as SENNA, of two coupled mod-
els. The three-dimensional model calculates the three-
dimensional drift in the water column. The two-dimen-
sional model considers the drift parallel to the seafloor.
Both models were developed for tracing particles. With
PATRINNA the main drifting patterns can be worked
out as well as the residence time of the particles or se-
diment plumes/clouds in different areas or basins, re-
spectively.

PATRINNA uses the same driving fields as SENNA,
together with the topography changes computed by the
latter (Fig. 5). As in SENNA, particles are considered
to move horizontally with the prescibed horizontal ve-
locity (Bitzer and Pflug 1989). The vertical velocity is
calculated by the continuity equation from SCINNA’s
horizontal velocities. The sink velocity of particles is su-
perimposed. This velocity originates from observations
and from empirical equations (Zanke 1977; Gibbs
1985). PATRINNA uses the reduced bottom velocity
of SENNA in the bottom layer (Stindermann and
Klocker 1983; Zanke 1978).

The bottom slope is considered in the same way as
in SENNA. The development of the bottom topogra-
phy within time is not taken into consideration because
changes are insignificant and can thus be neglected due
to the relatively short PATRINNA runs (less than 50
years). Special attention is given to the reconnaissance
of the mean sediment drifts and to the residence time
of particles and particle clouds in different regions.

Interconnection and coupling of the models

SCINNA is initialized with temperatures and salinities
from measurements and/or paleo-reconstructions. With
the application of surface wind, temperature, ice and
salinity distributions, time integration proceeds until
the rate of change of the model’s state is small com-
pared with the rates indicated by proxy data (Fig. 2). At
this point, the temperatures, salinities and velocities are
transferred as initial fields to SENNA and PATRINNA
and kept constant in time. These models in turn calcu-
late the sedimentation processes for the desired time
interval (Fig. 5).

Because the topographic changes due to sedimenta-
tion/erosion processes are negligible compared with
SCINNA’s vertical resolution, a coupling from SENNA
back to SCINNA is not necessary.

Results and discussion

Here the results of two experiments will be discussed,
the first (M) was run to model the modern situation;
the second (LGM) gives the first results for the last gla-
cial maximum (18000 *C years, 21500 calendar years
BP).

Experiment M used the topography shown in Fig. 1
and was initialized with the winter temperatures and
salinities of Levitus (1982) and Dietrich (1969). These
data sets were also used for restoring and thermohaline
forcing (Fig. 6). For thermal forcing, the original tem-
peratures were replaced by —1.90°C below the typical
winter ice cover (Fig. 6a). The wind stress was taken
from the January data of Hellerman and Rosenstein
(1983).

To account for glacial sea-level change, the overall
depth was reduced by 100 m in the LGM experiment.
Within this new topography, the glaciers laying on the
shelves were simulated by removing all regions be-
tween 0 and 200 m depth from the water body (Fig. 7).
With the exception of the Bear Island Trough this pro-
cedure cuts off the Barents Sea and the North Sea, and

Fig. 6 a Modern winter sea surface temperature in ° C and mean
winter ice cover. b Modern winter sea surface salinity in %o
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Fig. 7 Model topography for the LGM experiments

reduces the cross-sectional areas of the straits between
Greenland, Iceland and Scotland. Initialization and
wind forcing were identical to those of experiment M.
For thermal forcing and ice cover the CLIMAP sum-
mer reconstruction was used (Fig. 8a), whereas for hal-
ine forcing a superposition of salinity reconstructions
by Duplessy et al. (1991) and Sarnthein, Seidov and
Weinelt (personal communication, Fig. 8b) was used.
The L.GM winter reconstructions were very poor, so we
first tried to model the summer situation derived from
the available proxy data. These surface forcing data are
by no means consistent with the modern three-dimen-
sional distributions of temperature and salinitiy, so that
the latter cannot be used for restoring. However, recent
three-dimensional paleo-reconstructions (Sarnthein et
al. 1994) have not yet been prepared for model use, so
this experiment was run without restoring.

With the modern forcing, SCINNA produces all
prominent circulation patterns as they are known for
today. Figure 9a shows the resulting stream function —
i.e. the vertically integrated mass transport after 50
years of integration. Values are given in Sverdrups
(1 Sv=10° m*s 1), negative for cyclonal, positive for
anticyclonal motion. The subtropical and subpolar
gyres are apparent, presenting a schematic Gulf Stream
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and Labrador Current at their respective western bound-
aries. The two gyres are separated by the North At-
lantic Current directed north-east from Newfoundland
to Ireland. Its continuation, the Norwegian Current,
enters the Norwegian Sea with a transport of approxi-
mately 1.5 Sv. This inflow is balanced by the combined
outflows of the East Greenland and East Iceland cur-
rents.

In the LGM experiment the absence of lateral res-
toring reduces the transports of the subtropical and
subpolar gyres, and the Gulf Stream and the Labrador
Current are notably less sharp than in the modern run.
The gyres’ shapes, however, remain essentially the
same (Fig. 9b).

The main differences between M and LGM occur in
the Greenland-Norwegian Sea and at the ridges be-
tween Greenland, Iceland and Scotland. The combina-
tion of temperatures around freezing point (Fig. 8a)
and high salinity at the surface (Fig. 8b) causes an in-
tensification of the cyclonal circulation to values of
about 6 Sv in the LGM run, whereas the flows over the
ridges are reduced to approximately 1 Sv because of re-
duced sea level.

It should be kept in mind that the reliability of the
model results is subject to the quality of both the mode!l
and its input data. Firstly, the model has to be physical-
ly correct and, secondly, the input data must be consis-
tent and appropriate for the studied phenomena. Thus,
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Fig. 8 a CLIMAP summer sea surface temperature for the LGM
in °C. b Summer sea surface salinity for the LGM in %o

numerous sensitivity experiments need to be performed
before any successful modeling of a given situation. In
this instance, these sensitivity tests were based on the
modern state of the NNA and revealed a very high sen-
sitivity of the model to even small changes in the forc-
ing fields. Variations of temperature and salinity at the
surface and ice-edge position within ranges comparable
with their respective paleo-reconstruction error esti-
mates can alter the modeled oceanic state significantly.
This is particularly so with respect to the influences of
surface salinity and ice cover.

To illustrate the latter’s importance, the results of
two experiments with SCINNA in normal (i.e. non-ro-
tated) geographical coordinates will be shown here.
Both model runs were initialized and driven by the an-
nual temperature and salinity data from Levitus (1982)
and the annual winds from Hellermann and Rosenstein
(1983). The only difference between the runs was im-
posed by the ice cover, which cuts off the momentum
transfer by the winds and keeps the surface tempera-
ture at freezing point. The heavy lines in Fig. 10 show
the respective positions of the ice edges, together with

Fig.9 a Modern circulation pattern, vertically integrated mass
transport in Sv. b LGM circulation pattern, vertically integrated
mass transport in Sv

the resulting stream functions. In experiment (a), the
relatively narrow sea ice cover does not mantain the
cold and dense intermediate water, causing an unrealis-
tic anticyclonal motion (positive stream function val-
ues) in the Greenland Sea. In experiment (b), a small
shift of the ice edge to the south-east yields a realistic
cyclonal circulation pattern which subdivides into two
cells within the Greenland and Norwegian Seas, respec-
tively.

Local surface salinity changes can also have severe
effects. Figure 11a represents the Denmark Strait trans-
port if the temperatures and salinities are restored to
the Levitus winter values everywhere in the model,
with a time constant increasing from 30 days at the sur-
face to 250 days at 5000 m depth. (This ‘robust diagnos-
tic’ technique is used to calculate the circulation result-
ing from a given tracer distribution and topography.)
The transport over the Greenland-Iceland sill is almost
zero, an indication that the Levitus data set is not con-
sistent with the measured circulation. As is evident
from other data sets, e.g. Dietrich (1969), this inconsis-
tency can be attributed to a lack of freshwater runoff
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Fig. 10 a, b Effect of ice cover changes on the ocean circulation. a
Narrow ice cover; b wider ice cover

from Greenland within the Levitus data sets. A salinitiy
reduction of about 1-2%. down to 33%. along the coast
of Greenland take this runoff into account and gives a
more realistic outflow of approximately 2 Sv (Fig. 11b).
This sensitivity is not confined to the overflow regions.
Similar salinity changes or temperature variations of
about 1-2°C can increase or decrease the basin-wide
mass transports up to a factor of 10.

Owing to the uncertainties and spatial limitations of
the available paleo-reconstructions, inconsistencies are
an inseparable property of paleo-temperatures and pa-
leo-salinities. SCINNA helps to filter out the consistent
features and calculate the corresponding circulation.

Thus the results of the LGM experiment presented
here are subject to further investigation, as the actual
ice extent at 18000 years BP is not known exactly. Even-
tually, there might have been an ice-free region north-
east of Iceland, which would slow down the cyclonal
motion in the basin due to higher surface temperatures.
Further on, the transports over the ridges could have
been cut off completely by a suspected ice barrier be-
tween Greenland and Scotland.

The bottom circulation of the LGM and the M ex-
periment will be compared along with the resulting

70°N

60"y
10w
b 30'w

60'N

Fig. 11 a, b Effect of sea surface salinity on the transport of the
East Greenland Current. a Levitus salinity; b artificial salinity
(33%0)

sedimentation patterns modeled by SENNA and
PATRINNA.

The four experiments (two with SENNA, two with
PATRINNA) are initialized with the output data of
SCINNA. These data sets contain the three-dimension-
al fields of temperature and salinity and the three-di-
mensional velocity field. For both time slices, M and
LGM, the sediment properties — sediment sources,
sinking velocity (0.05 cm s "*=43.2 m d ~'), density of
sediment, grain size and sedimentological grain diam-
eter, form factor of sediment particles and sediment
porosity — are the same to simplify comparison of both
experiments. In addition, the critical velocities for sus-
pended load transport and bedload transport have
been set to the same values in both instances.

The two experiments with PATRINNA, M and
LGM, show the movement of particles parallel to the
two-dimensional bottom layer (Fig. 12) within a period
of 10 years. In both model runs 495 particles are
started, which are equally distributed over the model
area.
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Fig. 12 a Modern particle
traces in the bottom layer, 10
years transport. b LGM par-
ticle traces in the bottom
layer, 10 years transport
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In these experiments the magnitudes of the critical
velocities for bedload and suspended transports are re-
duced to stay below the magnitudes of the horizontal
velocities in the bottom layer. This simplifies working
out the main sediment motions near the bottom. Pre-
viously published critical velocities (e.g. Hjulstrom
1939; Zanke 1978) cannot be used because they are de-
veloped for shallow water conditions rather than for
deep sea regions. In shallow seas, near-bottom veloci-
ties are typically around 10 cm s ~*. In the deep basins
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of the models there are regions with only small values
of about 1ecms™". In all other parts in the deep sea
they are less than 0.01 cms ™%

Figure 12a shows the particle traces induced by the
main currents according to the actual state of knowl-
edge, e.g. the Labrador, East Greenland, Irminger and
Norwegian currents. These circulation and sediment
transport patterns also appear during the last glacial
maximum, but were in part laterally shifted and inten-
sified (Fig. 12b).
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Fig. 14 Modern plus LGM sediment accumulation integrated
over 2000 years

The two experiments with SENNA, M and LGM,
show the amount of eroded, transported and finally de-
posited material (Fig. 13). Both model runs enclose a
period of 2000 years. It is worth noting that both ex-
periments use the same initialization for the sediment
physics, but different initialization for the ocean physics
(temperature, salinity and velocity), which are provided
by the output of SCINNA’s model runs.

Because the three-dimensional distribution of sedi-
ment sources and sinks has not yet been implemented
completely in the numerical model, we assume for
these first experiments that: (1) sediment input only oc-
curs in the uppermost layer; (2) sediments are available
on the seafloor; and (3) lateral input is not provides.
The prescribed sediment flux is about 10~ gecm =25 ~*
(=0.0864 mgm ~%d~*). This value is lower than most
published values (cf. Miller et al. 1977; Honjo 1990). In
addition, the bedload and suspended load erosion
rates, which depend on the bottom velocity, are re-
duced by a factor of 10 ~* and 10 ~*, respectively. These
modifications have been introduced due to the fact that
the most sensitive parameters in the model equations
are, firstly, this erosion rate and, secondly, the critical
velocities for bedload transport and supension load
transport. In this way no small deep gaps in the bottom
topography are produced in small areas with artificial
high velocities.
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Nevertheless, at this phase of development the mod-
el produces realistic patterns of sediment distribution
(cf. McCave and Tucholke 1986). For example, if veloc-
ity and/or depth decrease in the direction of particle
flow, the sediment is deposited. The same process takes
place if there is an upward-directed bottom slope and
when the two critical velocities increase.

The resulting sediment distribution patterns from
SENNA show generally NE-SW directed sediment ac-
cumulations. Sedimentation rates are lower in the mod-
ern case than the LGM (up to 5 versus up to 7 cm per
1000 years). Most of the large sediment drifts in the
NNA between the Greenland-Scotland Ridge and the
Charlie Gibbs Fracture Zone can be identified as high
accumulation areas. The sedimentation pattern of the
modern state (Fig. 13a) is in part laterally shifted from
the LGM state (Fig. 13b) due to the different oceanic
circulation. Some areas yield continuous high sediment
supply during both experiments, e.g. the Gloria Drift,
Eirik Drift and Bjorn Drift, as can bee seen from Fig.
14 where the LGM and the modern accumulations have
been added. The two southern regions of low sedimen-
tation rate (darkly colored) are an artifact of the closed
southern boundary. With the restoring technique used
in SCINNA it is possible to simulate the missing inflow
and outflow of sediment at this boundary to realistically
prescribe the rest of the North Atlantic. This restoring
can be performed by prescribing the sediment sources
and sinks at all closed boundaries to take into account
the terrigenous sediment input.



Conclusions

The NNA has been shown to be highly sensitive to
small forcing changes. Small shifts of the ice-edge posi-
tion can switch the circulation mode from cyclonal to
anticyclonal; local variations of temperature or salinity
by 1-2° or 1-2%. may increase or decrease the overall
transports by a factor of 10; the East Greenland Cur-
rent can be turned on or off by changing the salinity by
1-2%o along the coast of Greenland.

Based on these results, three-dimensional modeling
of circulation changes during the last deglaciation cycle
or melt water events is possible. The available data,
however, are physically inconsistent to some extent.
Thus they cannot be used to initialize and force models
directly without further preparation.

Even the realistic modeling of the modern situation
depends on a critical valuation of the measured data,
but this does not pose unsolvable problems as there are
enough available measurements. The real problem
arises with the paleo-reconstructions due to their limi-
tations in both spatial coverage and accuracy. The error
estimates for paleo-temperatures and paleo-salinities
are as large as or even larger than the variations dis-
cussed here. These errors can in fact cause purely artifi-
cial model results. Thus our aim is not to model past
time slices in detail, but rather to reconstruct schematic
and physically consistent distributions of temperature,
salinity and ice, together with the respective circulation
patterns.

As sediments in an oceanic basin develop together
with ocean currents, a suitable modeling approach must
take into account this strong dependence by coupling
the processes of erosion, transport and deposition of se-
diments to the oceanic circulation pattern. In this way,
our approach intends to base the sedimentation proc-
esses modeled by SENNA and PATRINNA on topo-
graphy, temperatures, salinities and current velocities
of the NNA calculated by SCINNA.

From our model experiments we have clear evidence
that: (1) modeled and observed modern oceanic circu-
lation and sedimentation show similar distribution pat-
terns; (2) the three models and their coupling give reli-
able results for the modern case, and therefore this ap-
proach can be used for modeling the geological past;
and (3) the general sedimentation patterns changed in
time in accordance with the changes in the NNA circu-
lation due to climatic changes, if we compare the LGM
and modern cases.
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Appendix: symbols and definitions

Symbols

a Earth’s radius

g Gravitational acceleration

O, £=2Qsin ¢ Earth’s angular velocity, Coriolis parameter

A b, 2 Longitude, latitude and depth

AN, A, Az Zonal, meridional and vertical grid spacing

H Water depth

At Time step

U,y w Zonal, meridional and vertical components of
velocity

v Stream function (vertically integrated mass

transport)

Upots Upbot

Uscrits VSerit
UBerits VBerit
Wsink

Reduced zonal and meridional bottom velocity
components

Critical velocities for suspended load transport
Critical velocities for bedload transport

Sinking velocity of sediment particles

Temperature, Salinity and Sediment concentra-
Density and mean density of sea water
Kinematic viscosity of sea water

Grain size and sedimentological grain diameter
Form factor of sediment particles

Zonal and meridional wind stress
Zonal and meridional bottom friction

Horizontal and vertical mixing coefficient for

Horizontal and vertical mixing coefficient for

T, C

tion
@, Qo
14
gs, D*
FF
Osediment Sediment density
v Sediment porosity
D» Psurt Pressure, surface pressure
’T)\, T¢'
™ 8
AMHa AMV

momentum
ATH7 ATV

tracers
Definitions

w1 being used as placeholder
for 7T, S, C,uorv

Time derivative

I

rs Mgy Mg Zonal, meridional and vertical
derivatives

Mo Derivative normal to boundary

sec . . .

T = (b[u,u,)A Three-dimensional advection op-

erator
+ (v 08 )]+ (Wi, o ,
sec ¢ Two dimensional advection opera-
Sup = [(up)a tor

+ (vacosl §),]
VZ e =1sec’ ppax
+ sec (g cOS Py
@u = (AMV uz)z
+ %[WH (1—tan’¢)

u—2 sin ¢ sec? ¢v,]
g = (AMVVz)z
+ A;gH [V2y +(1—tan? @)
v+2 sin ¢ sec du, ]

A
D= (Arv ) + aTZH Vi

sec ¢
A= , Ppy=——
i a0o Pr o a@opd)
QWJ‘
%#—
b

Two-dimensional Laplacian opera-
tor
u turbulent mixing operator

v turbulent mixing operator

Three-dimensional tracer diffu-
sion operator

Two-dimensional tracer diffusion
operator

Zonal and meridional pressure
forces

T and S convective adjustment

T and S restoring

Sediment sources



