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Abstract. Modeling of sediment drifts in the northern North Atlantic is achieved
by coupling the ocean general circulation model sensitivity and circulation in the
northern North Atlantic (SCINNA) to the sedimentation models sedimentation
in the northern North Atlantic (SENNA) and particle tracing in the northern
North Atlantic (PATRINNA). SCINNA is based on the primitive equations with
conservation of mass, momentum, heat, and salt. SENNA and PATRINNA are
driven by temperature, salinity, and velocity fields derived from SCINNA. Sediments
are supplied from the surface and from the continental margins. The modeling
includes three—dimensional sediment transport in the water column and two—
dimensional processes in a thin bottom layer. Sediments are allowed to resuspend
repeatedly, thus offering the possibility of stepwise transport. SENNA calculates
erosion, transport, and deposition of sediments, resulting in sedimentation patterns
for specific time intervals. PATRINNA models the transport paths of single
sediment grains corresponding to the ocean circulation. Sensitivity experiments
for the modern state and for the last glacial maximum show differences in the
large sediment drifts between the Charlie Gibbs Fracture Zone and the Greenland-
Scotland Ridge for these two time slices. The sediment supply changes with the

differing circulation modes and is strongly constrained by topography.

Introduction

Sediment waves and sediment drifts are prominent
features used in recognizing deep water circulation from
deep-sea sediments. Sedimentation rates and mass—age
distributions of sediment drifts are also used to recon-
struct paleocirculation patterns from the sedimentary
record.

The thermohaline circulation system drives the sed-
imentary system of erosion transport deposition in oc-
eanic basins. Therefore numerical modeling of the
oceanic circulation coupled with a sedimentary system
model should prove useful in simulating basinwide sed-
imentation patterns, following the path of sediments
from the input to the ocean (terrigenous) or production
in the ocean (biogenic) to the place of final deposition.
Medium-to-large—scale sediment drifts are particularly
likely to be realistically simulated from three—dimen-
sional velocity—temperature—salinity fields of a suitable
oceanic general circulation model (OGCM), consider-
ing preexisting topography, sediment supply, grain size,
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and bottom friction in the sedimentation model. Such
models must be able to operate (1) in a basinwide
range of several thousands of kilometers; (2) with high—
resolution topography; and (3) for long time intervals
covering several thousands to millions of years of the
sedimentary system after reaching a quasi—equilibrium
state in the oceanic circulation.

In the northern North Atlantic (NNA), large-scale
sediment drifts include the Feni Drift, Hattar Drift,
Bjorn Drift, Gadar Drift, Snorri Drift, Eirik Drift, and
Gloria Drift [McCave and Tucholke, 1986; Wold, 1992;
this issue] (Figure 1). These sediment drifts between
the Charlie Gibbs Fracture Zone and the Greenland-
Scotland Ridge result from the equatorially directed
thermohaline deepwater circulation deflected to the west
by the Coriolis force. The currents of this circulation
system are intensified and further modified in their di-
rection by topographic highs. Such contour currents
erode and transport sediments at higher velocities de-
pending on the grain size and deposit them as drifts
where the velocity decreases.

During the Late Quaternary the circulation pattern
in the NNA changed several times due to varying cli-
matologic forcing, as reconstructions from proxy data
[Sarnthein et al., 1992] and from numerical modeling
[Keir et al., 1993] show. Different modes of the oceanic
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Figure 1. Sediment drifts in the northern North Atlantic. GLD, Gloria Drift; ED, Eirik Drift;
SD, Snorri Drift; GD, Gadar Drift; BD, Bjorn Drift; HD, Hattar Drift; FD, Feni Drift.

circulation generate different modes of the sedimentary
system with different patterns of sediment drifts. These
features should show up in numerical models. This
study concerning sediment drifts in the NNA aims to (1)
realistically simulate the modern NNA circulation; (2)
couple a suitable sedimentation model to the OGCM;
(3) validate the simulated modern sedimentation pat-
terns with the observed ones; {4) trace individual sedi-
ment particles through space and time; (5) conduct sen-
sitivity tests for the development of high—accumulation
areas (sediment drifts); and (6) simulate different ocean
circulation modes and resulting sedimentation patterns
corresponding to the paleoceanographic record.

Existing models do not fullfill these aims. In particu-
lar, the coupling of OGCMs and sedimentation models
to simulate sedimentation processes in a large oceanic
basin has not been attempted for a real ocean so far.
The new approach presented here is thus chosen to give
a better understanding as to the origin and evolution of
large sediment bodies such sediment drifts.

Models and Model Area

Considering the modeling goals and the specific re-
gional setting outlined above, three numerical models
were developed: (1) SCINNA, sensitivity and circula-

tion in the northern North Atlantic; (2) SENNA, sedi-
mentation in the northern North Atlantic; and (3) PA-
TRINNA, particle tracing in the northern North At-
lantic.

These models are coupled in the following way: First,
SCINNA calculates the oceanic circulation. The mod-
eled circulation then initializes SENNA and PATRIN-
NA: SENNA simulates the general sedimentation pat-
tern governed by erosion, transport, and accumulation
processes, whereas PATRINNA simulates the transport
paths of single sediment grains.

In general, an inverse procedure is used. The so-
lutions 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 with the re-
sulting velocity fields to calculate erosion, tramsport,
and deposition of sediments. The forward models run
multiple times, each time comparing model predictions
to the data and adjusting the temperature—salinity re-
constructions progressively if the quality of the data is
high compared to the sensitivity of the models (Fig-
ure 2). Measured data and proxy data constrain the
models’ solutions. However, the errors present in the
data increase the confidence limits of the model results.
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Figure 2. Inverse method for reconstructing the ocean’s state.

Conversely, the physically consistent models point out
possible inconsistencies in the data and their confidence
limits. The influence and the validity of single parame-
ters and variables on the modeled system can success-
fully be proved by sensitivity experiments.

Model Area

SCINNA, SENNA, and PATRINNA use the same
grid and topography, covering the northern North At-
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lantic, the Norwegian—Greenland Seas, the Barents Sea,
and parts of the Polar Basin. The coordiante system is
a spherical one, similar to normal geographical coordi-
nates, where the equator has been rotated northward by
60 deg along zero meridian. As a minor complication,
the coriolis force depends on both latitude and longitude
in this system. On the other hand, the convergence of
meridians is minimized by the rotation. Conventional
geographical coordinates would yield a very narrow grid
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Figure 3. Modern model topography.
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spacing in the model’s northern regions and in turn re-
quire very short time steps. The rotated coordinates are
quite inconvenient to recognize. Therefore we present
our results in a more familiar equal area projection.
With rotation, a horizontal resolution of 0.5 deg and
95 grid points in both directions, the spacing is about
50 kilometers everywhere, and time steps of 12 hours
for tracers and 30 min for velocities can be used. The
vertical is split into 17 levels, so that topography can
be represented in a realistic manner (Figure 3):

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
17 5000

SCINNA

In principle, the state of the Norwegian—Greenland
Seas cannot successfully be modeled without taking into
account the influence of the complete world ocean, es-
pecially it’s transformation of water masses. However,
limited computer resources restrict the resolution of
global models. Consequently, SCINNA covers only a
very small part of the world ocean, which necessitates
the introduction of artificial boundaries where parts of
the ocean have been clipped off.

There are essentially two ways to incorporate the ef-
fects of the discarded regions:

1. these boundaries can be modeled as open bound-
aries, allowing both inflow and outflow, which must be
carefully specified. The model’s state depends criti-
cally on the positions of the flows across the margins, as
well as their mass, heat, and salt transports. This has
been shown recently by the work of Stevens [1991] and
Legutke [1989]. For past time slices, transport estimates
from proxy data do not exist, and open boundaries can-
not be employed in this manner.

2. the boundaries can be kept closed. Initially, this
appears even more unrealistic, but placing the closed
walls far away from the area of interest minimizes any
unrealistic features. Furthermore, the use of restoring
zones along the closed walls re-introduces the world
ocean’s water mass transformation. These zones com-
prise 300 km wide bands along the artificially closed
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boundaries, the North Sea, the Baffin Bay, and the coast
of Novaya Zemlya, where the temperatures and salin-
ities are forced to prescribed values with some given
time constant. Thus, for example, cold deep water en-
tering the restoring area at the southern closed margin
will be upwelled and leave it as warm surface water go-
ing northwards. This technique is used in SCINNA and
yields realistic results for the modern circulation and
water mass distribution in the Norwegian—Greenland
Seas. On the other hand, paleoreconstructions of tem-
peratures and salinities are available and can be used for
restoring purposes when modeling the paleocirculation
[Duplessy et al., 1991; Sarnthein et al., 1992; Pflau-
mann, 1985; U. Paumann et al., SIMMAX, a trans-
fer technique to deduce Atlantic sea surface tempera-
tures from planctonic foraminifera— the ”’EPOCH” ap-
proach, submitted to Paleoceanography, 1994]. There-
fore the closed boundary/restoring approach is well
suitable for paleo-modeling. Such an approach is used
as well by Aukrust and Oberhuber [Modeling of the
Greenland, Iceland and Norwegian Seas with a coupled
sea ice — mixed layer — isopycnal ocean model, submit-
ted to Journal of Geophysical Research, 1994] in their
model of the (modern) Atlantic, which is driven by heat
and freshwater fluxes. However, flux data have not been
reconstructed for past times, so SCINNA is forced by
sea surface temperatures and salinities deduced from
the proxy data.

To facilitate the work with different data sets and
time slices, SCINNA allows the employment of (1)
arbitrarily shaped basins, taking into account topo-
graphic variations due to sea level changes and glacia-
tion/deglaciation processes; (2) any T and S initializa-
tion fields; (3) arbitrary T, S, ice, and wind distribu-
tions for forcing the model; (4) arbitrary T and S restor-
ing data; and (5) a simple prognostic sea ice model in-
stead of a fixed ice cover.

SCINNA is a 3-D prognostic ocean general circu-
lation model. It has been developed on the basis of
the modular ocean model [ Pacanowsks et al., 1993], the
newly built version of the well-known Princeton circu-
lation model [Bryan, 1969; Coz, 1984].

Being appropriate for modeling motions on a rotating
sphere, SCINNA is written in 3-D spherical coordinates
(refer to the appendix for an explanation of symbols
and definitions). It uses the set of primitive equations,
comprising conservation of momentum:

t
Uy = —Eu—{-fv-{-w—P/\-}-’D“, (1)
t
v, = —Ev—fu—w——’]?¢+D”, (2)
0
p(z) = psurf+g/pdz; (3)
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conservation of mass (continuity equation):

w, + [ux + (veosg)y] = 0, 4)

acos ¢

conservation of heat and salt:

T, =
St:

~LT+CT +RT, (5)
—LS+C% + RS, (6)

and a nonlinear equation of state (the complete writeout
may be found in the appendix):

p=pT,S,z). (7

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:

u,v,7,,5, =0. (8)

The surface boundary conditions take into account
the momentum transfer by winds:

POAMV(um'Uz) = TA)T¢7 (9)
and the fluxes of heat and freshwater:

Arv(T,,S,) o surface heat and freshwater fluxes.
(10)
For eliminating external gravity waves, which require
very short time steps and very long computing time, the
rigid-lid condition (no vertical motions at the surface)
is employed:
(11)

At the bottom the momentum flux is given by bottom
friction:
(12)

and the tracer fluxes are kept zero, as it is the case for
the lateral boundaries:

w= 0.

A
pOAMV(Uz,vz) =Tg, Tgv

7,,5, =0. (13)
The boundary condition for vertical velocity,
u v
= — Hy,—--H 14
v acos ¢ AT (14)

which ensures that the fluid follows bottom slopes, is
automatically in effect because of the used discretiza-
tion scheme.

For discretization the Arakawa—B-grid is employed,
with a half grid distance’s shift between 7-S points and
u-v points (see Figure 4).

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 steps previous (n—2) and the time
derivatives of the previous one (n — 1), or, symbolically
(see Figure 5).

Numerous experiments based on the modern state of
the northern North Atlantic have revealed a very high
sensitivity of the model to even small changes in the
forcing fields. Variations of 7', S, and ice edge position
within ranges comparable to their respective paleore-
construction error estimates can alter the model’s state
significantly [Keir et al.,, 1993]. This is particularly the
case with respect to the combined influences of surface
salinity and ice cover. For example, salinity changes
of 1-2% can strengthen, cut off, or even reverse the
East Greenland Current. Conversely, the wind’s influ-
ence is less important, since the thermohaline forcing
is dominating the circulation system. The model’s re-
sponse to forcing changes is very fast: it takes only
a couple of decades to adjust. Rapid changes of this
timescale in the real ocean have been recognized from
high-resolution stratigraphy of the sedimentary record,
so this seems to realistic.

The sensitivity experiments also uncovered inconsis-
tencies and ambiguities in the climatological tempera-
ture and salinity data sets [Levitus, 1982] for the north-
ernmost modern Atlantic. By incorporation of data
representing the northern Atlantic’s typical conditions
much better [Dietrich, 1969], these contradictions can
be avoided. For example, the East Greenland Current
is not present in the Levitus, [1982], but in the Dietrich,
(1969] data. Driven by consistent data, SCINNA repro-
duces the modern circulation patterns and water mass
distributions well.

Because of the uncertainties and spatial limitations
of available paleoreconstructions, inconsistencies are an
inseparable property of paleotemperatures and pale-
osalinities. SCINNA helps to filter out the consistent
features and calculate the corresponding circulation.
For 18,000 B.P., first experiments have been made using
the CLIMAP summer temperatures [CLIMAP Project
Members, 1976] in combination with a superposition (D.
Seidov, personal communication, 1993) of salinity re-
constructions for this time slice.

SENNA

SENNA is a large—scale dynamic three—dimensional
sedimentation model for the northern North Atlantic.
It basically consists of two coupled models, the first one
modeling the three-dimensional sediment transport in
the water column [Zanke, 1977; Bitzer and Pflug, 1990;
McCave and Gross, 1991], the second simulating the
two—dimensional processes near the bottom in a layer 1
centimeter thick [Zanke, 1978; Puls, 1981; Sindermann
and Klocker, 1983]. These two models are coupled by
the vertical exchange of suspended sediment (Figure 6).
SENNA is driven by temperature, salinity, and velocity
fields derived from experiments with ocean circulation
models.

Although the topography is represented as a struc-
ture of stairs in the 3-D model, this can be neglected
because the coupled bottom layer is kept parallel to the
newly computed bottom shape at any time. In this way,
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Figure 4. Spatial discretization of SCINNA.

a realistic modeling of processes parallel to the bottom
slopes 1s possible.

A detachment of the flow from the stairs of the bot-
tom topography in the 3-D model is only possible with
turbulence where the bottom slope is greater than b deg
[Puls, 1981]. This bottom slope in flow direction is not
reached in the model (maximum < 2.65 deg).

The structure of the model physics is simple so as
to be able to run long time simulations. It is possible
to model sediment dynamics based on terrigenous and
biogenic sediment entry within a reasonable computer
time. At the same time it is important to be able to
resuspend and redeposit sediments that already have
been deposited.

The 3—D model essentially contains the 3-D sediment
transport equation

Ci=—LC+8, (15)

and the 2-D model is based on the 2-D sediment
transport equation:

Ci=—LuC+S. (16)

The lateral boundaries are closed as for SCINNA.

In the 3-D model the lateral entry of sediments and
also the entry of particles, which come from melting
icebergs into the upper part of water column, are taken
into account.

At the lateral and the surface boundaries positive sed-
iment sources for the sediment entry and negative sed-
iment sources for the sediment sinks are prescribed at
the boundaries. The mass of sediments can thus be re-
duced or increased within the model. These changes of

Old State + 2AtxDerivatives = New State

| | |
—— (O

i T 1 T
n—2 n—1 n

Time Step

Figure 5. Leap frog time stepping.

the total mass of sediment in the water column are also
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
addition to the vertical velocity of the surrounding wa-
ter, the sink velocity of particles has to be considered.
This velocity depends on grain size, density and kine-
matic viscosity of the surrounding water as well as on
particle density, on form factor, and on sedimentolog-
ical grain diameter [Zanke, 1977; McCave and Cross,
19911:

Wsink — wsink(y) gs, D*)p:pseda FFyg) (17)

In the 2-D bottom model, near bottom processes are
considered. These include erosion, transport and depo-
sition which depend on critical velocities, that is, critical
erosion and suspension velocity, and on the sediment
contents of the one centimeter thick bottom layer, as
well as on grain size, form factor etc. [Zanke, 1977,
1978; McCave, 1984].

Uscrit = uScrit(ubota Ubots V5 45, D*,P» Psed> FF, g) (18)

VSerit — chrit(ubota Vbhots ¥, 45, D*a P Psed> FF: g) (19)

(20)
(21)

The near-bottom velocities result from a reduction of
the velocity of the layer most proximal to the bottom
[Zanke, 1978; Sundermann, 1983]. Also, the bottom
slope in 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. For example, if the veloc-
ity decreases or if the depth grows, in the direction of
particle flow, the sedimentation material is deposited.

UBcrit = uBcrit(ubot) Ybot: V5 45, P5 psed)

YBcrit = UBcrit(ubota Ubots Vs 45, P, psed)
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Figure 6. The 3-D and 2-D coupling in SENNA and
PATRINNA.

The same process takes place if there is an upward di-
rected bottom slope and when the two critical velocities

increase.
For the 2-D model the change of bottom topography

is calculated from the modeled changes of the sediment
contents in the one centimeter thick (near) bottom layer
[Puls, 1981; Sindermann, 1983].

In order to simplify calculations, both combined mod-
els are based on a homogeneous grain mixture of a
medium-sized sedimentological grain diameter [Siénder-
mann, 1983].

Since elementary relations of sediment movements
usually depend on mechanical processes, and because
of the mostly unknown influence of biological factors
on waters, the following effects are not considered: (1)
the coagulation by microorganisms; (2} the roughness
of sediments changes due to organical films; (3) floc-
culation effects of organic sediments and mixture with
sands; and (4) cohesion. The motion of the sea in the
upper layers is also neglected.

PATRINNA
PATRINNA works out the main drifting patterns

as well as the residence time of particles or sediment
plumes/clouds in different areas or basins, respectively.

It consists as SENNA of two coupled models: the 3-D
model calculates the 3—-D drift in the water column. The
2-D model considers the drift parallel to the seafloor.
Both models were developed for tracing particles.

PATRINNA uses the same driving fields as SENNA,
together with the topography changes computed by
the latter. As in SENNA, particles are considered to
move horizontally with the prescibed horizontal veloc-
ity [Bitzer and Pflug, 1989].

From the horizontal velocities the vertical velocity is
calculated by means of the continuity equation. The
sink velocity is additionally superimposed. This veloc-
ity originates from observations as well as from empiri-
cal equations [Zanke, 1977; Gibbs, 1985].

From a particle’s given position and the velocity field
at this point the new position is calculated by

/\new = /\old + “ At
a cos ¢
v
qsnew = ¢old + ;At
Znew = Zold + WAL (22)
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PATRINNA uses the reduced bottom velocity of
SENNA in the bottom layer [Zanke, 1978; Sindermann,
1983]. The bottom slope is considered in the same way
as in SENNA. Special attention is given to the recon-
naissance of the mean sediment drifts and to the resi-
dence time of particles and particle clouds in different
regions.

Interconnection of the Models

SCINNA is initialized with temperatures and salin-
ities from measurements and/or paleoreconstructions.
With application of surface wind, temperature, ice, and
salinity distributions the time integration proceeds un-
til the rate of change of the model’s state is small (lower
than 1° C respectively 0.1 % per 500 years) compared
to the rates indicated by proxy data (about 3°-5°C
respectively 1 %o per 500 years) (Figure 7a). At this
point, the temperatures, salinities, and velocities are
transferred as initial fields to SENNA and PATRINNA.
These in turn calculate the sedimentation processes for
the desired time interval (Figure 7b).

Because the topographic changes due to sedimenta-
tion/erosion processes are negligible compared to SCIN-
NAs vertical resolution, a coupling from SENNA back
to SCINNA is not neccesary.

Results

Here the results of two experiments will be discussed,
the first (M) was run to model the modern situation,
the second (LGM) gives first results for the LGM 18,000
years B.P.

Experiment M used the topography shown in Figure
3 and was initialized with the winter temperatures and
salinities of Levitus [1982] and Dieilrich [1969]. These
data sets were used also for restoring and haline forcing
(Figure 8a and 8b). For thermal forcing, the original
temperatures were replaced by -1.9 ° C below the typical
winter ice cover (Figure 8a). The wind 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,
accompanied by selectively clipping off all regions shal-
lower than 200 m, thereby simulating shelf glaciation
(Figure 9). With the exception of the Bear Island
Trough this procedure cuts off the Barents Sea, and
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 employed (Figure 10a), whereas
for haline forcing a superposition (D. Seidov, personal
communication, 1993} of salinity reconstructions by Du-
plessy et al. [1991] and M. Sarnthein et al. (personal
communication, 1993) (Figure 10b) was used. Combin-
ing these two data sets is, of course, inconsistent, since
the salinities were calculated with an ice-free Greenland
and Norwegian Sea, in contrast to the ice cover recon-
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Figure 7. Integration schemes and coupling of SCINNA, SENNA, and PATRINNA.

structed by CLIMAP. We ran several experiments using
different ice—~free areas in the Greenland and Norwegian
Seas. However, because of the very high salinity recon-
struced for this region the density field and the circula-
tion showed only minor changes. We therefore present
only the results from the ice—covered model run. On the
other hand, these surface forcing data are by no means
consistent with the modern 3-D distributions of tem-
perature and salinitiy, so that the latter cannot be used
for restoring. However, recent 3-D paleoreconstructions
[Sarnthein et al., 1993] have not yet been prepared for
model use, so this experiment was run without restor-
ing.

Our principle goal is to compare the modern with the
LGM state, in this special case modern and LGM win-
ter. However, our knowledge about the past is still very
limited. Therefore we rather must attempt to find out
the characteristics of past time slices and start with the
data being at hand. The LGM winter reconstructions
are very poor at the moment, so we first tried to model
the summer situation derived from the available proxy
data.

With the modern forcing, SCINNA produces most
prominent circulation patterns as they are known for
today. Figure 11la shows the resulting stream function,
that is, the vertically integrated mass transport. Val-
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Figure 7. (continued)

ues are given in sverdrups {1 Sv = 10° m®~!), negative
for cyclonal, positive for anticyclonal motion. (For the
deepwater flows, refer to the PATRINNA results shown
below.) The subtropical and subpolar gyres are appar-
ent, presenting a schematic Gulf Stream and Labrador
Current at their respective western boundaries. The
two gyres are separated by the North Atlantic Current
directed northeast from Newfoundland to Ireland. It’s
continuation, the Norwegen Current, enters the Norwe-
gian Sea with a transport of approximately 1.5 Sv. This
inflow is balanced by the combined outflows of the East
Greenland and East Iceland Currents.

In the LGM experiment the absence of lateral restor-
ing reduces the transports of the subtropical and subpo-
lar gyres, and the Gulf Stream and the Labrador Cur-
rent are notably less sharp than in the modern run.

The gyres’ shapes, however, remain essentially the same
(Figure 11b).

The main differences occur in the Greenland-Norweg-
ian Seas and at the ridges between Greenland, Iceland,
and Scotland. The combination of temperatures around
freezing point (Figure 10a) and high salinity at the sur-
face (Figure 10b) causes an intensification of the cy-
clonal circulation to values of about 6 Sv, whereas the
flows over the ridges are reduced to approximately 1 Sv
because of reduced sea level. Both results are subject
to further investigation, since the actual ice extent at
18,000 years B.P. is not known exactly. As already men-
tioned, there might have been an ice-free region north
of Iceland, which slows down the cyclonal motion in
the basin to some extent due to higher surface temper-
atures. Further on, the transports over the ridges could
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Figure 8a. Modern winter surface temperature, in degrees celsius, plus mean winter ice cover.
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Figure 8b. Modern winter surface salinity in in parts per thousand.
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Figure 9. Model topography for the last glacial meximum experiments.
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Figure 10a. CLIMAP summer surface temperature for the last glacial maximum, in degrees
celsius.
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Figure 10b. Summer surface salinity for the last glacial maximum in parts per thousand.
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Figure 11a. Modern circulation pattern, mass transport in sverdrups.
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Figure 11b. Circulation resulting from the last glacial maximum forcing, mass transport in

sverdrups.
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Figure 12a. Modern particle traces in the bottom layer, 10 years transport.
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Figure 12b. LGM particle traces in the bottom layer, 10 years transport.

have been cut off completely by a suspected ice barrier
between Greenland and Scotland.

The bottom currents of both experiments will be
compared along with the resulting sediment drifts mod-
eled 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 3-D fields of tem-
perature and salinity and the 3-D velocity field. For
both time slices, M and LGM, the sediment proper-
ties (sediment sources, sinking velocity (0.05cms™! =
43.2md~1), density of sediment, grain size, and sed-
imentological grain diameter, form factor of sediment
particles and sediment porosity) are the same in order
to simplify comparison of both experiments. In addi-
tion, the critical velocities for suspended load transport
and bed load transport have been set to the same mag-
nitudes in both cases.

The two experiments with PATRINNA show the mo-
vement of particles parallel to the 2-D bottom layer
(Figure 12a and 12b) within a period of 10 years. In
both model runs, 495 particles are started which are
equally distributed over the model area.

In these experiments the magnitudes of the critical
velocities for bedload and suspended transports are re-
duced in order to stay below the magnitudes of the hor-
izontal velocities in the bottom layer. So doing simpli-
fies working out the main sediment motions near the

bottom. Although Zanke {1978] and Hjulstrom suggest
values for critical velocities, their magnitudes cannot
be used because they are developed for shallow water
conditions, rather than for deep—sea regions. In shal-
low seas, near bottom velocitis are typically around
10cms™!. In the deep basins of the models there are
regions with only small values of about 1 cms™!. In all
other parts in the deep sea they are below 0.01cms™!.

Figure 11a shows the main currents according to the
actual state of knowledge, for example, the Labrador,
East Greenland, Irminger, and Norwegian Currents.
These circulation patterns also appear during the last
glacial maximum, but shifted to other regions (Figure
12b).

T)he two experiments with SENNA show the amount
of eroded, transported and finally deposited material
(Figure 13a and 13b). Both model runs enclose a period
of 2000 years. It is worth noting that both experiments
use the same initialization for the sediment physics, but
different initialization for the ocean physics (tempera-
ture, salinity and velocity), which is provided by the
output of SCINNA’s model runs.

Because the model input concerning the 3-D dis-
tribution of sediment sources and sinks has not yet
been completed, we assume for these first experiments
that (1) sediment input only occurs in the uppermost
layer; (2) sediments are available on the seafloor; and
(3) lateral input is not provided. The prescribed flux

is about 1.0x107'3gem™?s7! (= 0.0864mgm~2d~1).
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Figure 13a. Modern sediment accumulation after 2000 years.
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Figure 13b. LGM sediment accumulation after 2000 years.
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This value is lower compared to most values known from
the literature [Miller et al., 1977; Honjo, 1990]. In ad-
dition, the erosion rate, which depends on the bottom
velocity, is reduced. These modifications have been in-
troduced due to the fact that the most sensitive param-
eters in the model equations are firstly this erosion rate
and secondly the critical velocities for bed load trans-
port and supension load transport. In this way no small
deep gaps in the bottom topography are produced in
small areas with artificial high velocities.

The resulting sediment distribution patterns from
SENNA extend mainly in the NE-SW direction. Most
of the large sediment drifts in the NNA can be rec-
ognized as high accumulation areas, yielding up to 5
respectively 7 cm of sediments per 1000 years. Es-
pecially in the western and central part, the modeled
high—accumulation areas fit well the distributions of the
Gloria Drift, Eirik Drift, Bjorn Drift, and Hattar Drift
{compare Figures 1 and 13a). Snorri Drift is shifted to
the west. Only Gadar Drift east of the Reykjanes Ridge
and and Feni Drift southeast of the Rockall Plateau
are not adequately represented. This is probably due
to small—scale topographic effects which can not be re-
solved by the model topography but influence the cir-
culation pattern, and due to the neglection of lateral
sediment input. In the LGM experiment (Figure 13b},
Gloria Drift, Eirik Drift, and Bjorn Drift are high sedi-

60 OW

40°w

VW 0w oow

20°'W 0

10°W 0
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ment accumulation areas again. The fit of Gadar Drift
is much better compared to the modern case. The other
sediment drifts yielded less sediment due to the differ-
ent ocean circulation. This partly changing sediment
supply is shown in the accumulation map adding both
the modern and the LGM state (Figure 14} where we
find continuous high-sediment supply for Gloria Drift,
Eirik Drift, and Bjorn Drift.

The two southern regions of low sedimentation rate
(darkly colored) are an artifact of the closed south
boundary. With the restoring technique it is possible to
simulate the missing inflow and outflow of sediment at
this boundary in order to realistically prescribe the rest
of the North Atlantic. This restoring can be done by
prescibing the sediment sources and sinks at all closed
boundaries to take into account the terrigenous sedi-
ment input.

Conclusions

Since sediment drifts in an oceanic basin develop to-
gether with ocean currents, a suitable modeling ap-
proach must take into account this strong dependence
by coupling the processes of erosion, transport, and de-
position of sediments to the oceanic circulation pattern.
In this way our approach intends to base the sedimen-

tation processes modeled by SENNA and PATRINNA

Centimeters/ky

0 6.0
54

5.3

5.2

4.5

3.6

2.9

Figure 14. Modern plus LGM sediment accumulation after 2000 years.
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on topography, temperatures, salinities, and current ve-
locities of the NNA calculated by SCINNA.

From our model experiments we have clear evidence
that (1) modeled and observed modern sediment drifts
show very similar distribution patterns; (2) the three
models and their coupling give reliable results for the
modern case, and therefore this approach can be used
for modeling the geologic past; (3) the general sedi-
mentation patterns changed in in time in accordance
with the changes in the NNA circulation due to climatic

shear dependent turbulence to vary the bottom veloc-
ities. With this technique it will be possible to model
underwater sediment storms and sediment slides and
slumps more realistically. In addition, other transport
formulae are to be tested in SENNA for the modeling
of sediment transports by deep—sea currents.

Table A1l. Reference values of T, S, and p

changes, if we compare the LGM and modern cases; and k T]?, °C 52, 0/00 pz, gcm_3
(4) some sediment drifts in the NNA yielded continu-
ous sediment supply in the LGM and the modern case, 1 13.4965263 32.75  1024.6883
especially in those areas where topography did strongly 2 13.4895577 32.75  1024.9119
constrain the ocean currents. 3 13.4825610 32.75  1025.1353
At the present state it is possible to model the main 4 13.4755362 32.75 1025.3584
sediment drifts of specially chosen time slices includ- 5 8.4736287 35.15  1028.4758
ing the changes of topography. For this, different data 6 8.4628420 35.15  1028.9283
sets of sediment sources and sinks are required. Ad- 7 8.4519207 35.15 1029.3799
ditionally, we need more detailed informations about 8 5.9443101 34.90  1030.3609
paleotemperatures, salinities, and ice cover. SCINNA 9 44303652 34.90  1031.7045
requires these data for the surface and lateral bound- 10 3.9124148 34.75  1032.7904
ary conditions. SENNA needs information about sed- 11 2.9010129 34.75  1034.0563
iments transported by ice, which are suddenly set free 12 2.8688735 34.75  1035.7548
when the ice melts. Moreover, the calculated data must 13 2.8225733 34.80  1038.0375
be compared with core data and measurements of sedi- 14 2.7727705 34.80  1040.2573
ment traps. Throughout all these steps, it is necessary 15 2.7194480 34.80  1042.4537
to improve the models continouosly. One of the next 16 2.6627227 34.80  1044.6271
tasks will be to implement stratification and velocity 17 2.5715099 34.80  1047.8446
Table A2. Coeflicients ¢ , of the Equation of State
k k1 Ck,2 Ck,3 Ck 4 Ck,5
Ck.6 Ck,7 Ck.8 Ck,9
1 -2.019687e-4 7.729232e-1 -4.913364e-6 -2.020104e-3  3.167594e-1
3.602500e-8 3.770801e-3  3.600313e-5  1.609162e 0
2 -2.028857e-4 7.725897e-1 -4.898396e-6 -2.015116e-3  3.160942e-1
3.5683541e-8 3.755316e-3  3.591824e-5  1.608385¢ 0
3 -2.038018e-4 7.722565e-1 -4.883436e-6 -2.010123e-3  3.154241e-1
3.564550e-8 3.739838e-3  3.583343e-5  1.607620e 0
4 -2.047167e-4 7.719237e-1 -4.868485e-6 -2.005125e-3  3.147493e-1
3.545527e-8 3.724369e-3  3.574869e-5  1.60686%¢ 0
5 -1.614386e-4 7.826868e-1 -5.279012e-6 -2.318765e-3  4.664893e-1
4.415495e-8 4.584355e-3  4.312038e-5  1.509887e 0
6 -1.635944e-4 7.819692e-1 -5.243779e-6 -2.307124e-3  4.496478e-1
4.374243e-8 4.542186e-3  4.291617e-5  1.507958e 0
7 -1.657448e-4 7.812532e-1 -5.208582e-6 -2.295472e-3  4.324421e-1
4.332827e-8 4.500098e-3  4.271221e-5 1.506078e 0
8 -1.42767le-4 7.85734le-1 -5.473062e-6 -2.479082e-3  3.130163e-1
4.917646e-8 4.919470e-3  4.700753e-5  1.566492¢ 0
9 -1.323861le-4 7.875783e-1 -5.587350e-6 -2.579612e¢-3  1.293001e-1
5.230482e-8 5.064699e-3  4.937115e-5  1.592754e 0
10 -1.326774e-4 7.868882e-1 -5.559262e-6 -2.587721e-3 -6.486547e-2
5.262983e-8 5.028338e-3  4.973295e-5  1.607013e 0
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Table A2. (continued)

k Ch,1 Ck,2 L3 Ck 4 Cr,
Ck,6 Ck,7 Cr,8 Cr,9
11 -1.27971be-4 7.875341le-1 -5.607799e-6 -2.648123e-3 -4.305191e-1
5.445939e-8 5.044215e-3  5.11307be-5  1.623649e 0
12 -1.375271le-4 7.846205e-1 -5.449187e-6 -2.594500e-3 -1.514955e 0
5.259628e-8 4.823367e-3  5.015014e-5 1.615151e 0
13 -1.502227e-4 7.807921e-1 -5.236764e-6 -2.522783e-3 -3.678225e 0
5.003982e-8 4.530014e-3  4.884512e-5 1.601324e 0
14 -1.625888e-4 7.769931e-1 -5.028772e-6 -2.451867e-3 -5.035793e¢ 0
4.747688e-8 4.245158e-3  4.755b586e-5  1.592347¢ 0
15 -1.747446e-4 7.732404e-1 -4.823038e-6 -2.381379e-3 -6.526288e 0
4.487895e-8 3.965792e-3  4.627676e-5  1.584609¢ 0
16 -1.866815e-4 7.695347e-1 -4.619862¢-6 -2.311413e-3 -8.143281e 0
4.225161e-8 3.692253e-3  4.500860e-5  1.578051e 0
17  -2.041582e-4 7.640661e-1 -4.320545e-6 -2.207649e-3 -1.079161e 1
3.826822e-8 3.293581e-3  4.312873e-b  1.570426e 0
Read -1.866815e-4 as -1.866815x 10~
Equation of State where k indicates the model level (= 1, 2, ..., 17),

For each model level, the density p is calculated from
T and S by a third—order polynomial approximation to
the UNESCO [1981] equation of state of sea water:

p=ri + lexa+ (cka+cr7SP)St
+(cr,3 + ek 85k +en s T0) TR T

+ [C}g’?, -+ (Ck,5 + ckygS,’;)SZ]S;;,

Appendix: Symbols and Definitions

10, SY, and p? denote the reference temperature, salin-
ity, and density of level k, and Ty = 7 — T and
S; = (S - SY — 35)/1000 give the 7" and S departures
from their respective reference values, the latter being
expressed in model salinity units for higher accuracy.
The T, S, and p reference values may be found in Table
Al, and the polynomial’s coefficients are listed in Table
A2.

Symbols

a Earth’s radius.

q gravitational acceleration.

Q,f =20sin¢ earth’s angular velocity, coriolis parameter.

Ao,z longitude, latitude, and depth.

AX A, Az zonal, meridional, and vertical grid spacing.

H water depth.

At time step.

U, v, w zonal, meridonal and vertical components of velocity.
¥ stream function (vertically integrated mass transport).
Ubots Ybot reduced zonal and meridional bottom velocity components.

UScrit, Uscrit
U Berit, VBerit
Wsink

7.5 C

P Po
14

gs, D*
FF
Psed

Y

D Psurf
T, T¢

critical velocities for suspended load transport.
critical velocities for bed load transport.
sinking velocity of sediment particles.
temperature, salinity, and sediment concentration.
density and mean density of sea water.
kinematic viscosity of sea water

grain size and sedimentological grain diameter.
form factor of sediment particles.

sediment density.

sediment porosity.

pressure, surface pressure.

zonal and meridional wind stress.
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3, rg zonal and meridional bottom friction.
(set to zero in the experiments presented here).

Apu, Amv horizontal and vertical mixing coefficient for momentum:
Aprg =5 x 10%em?s™ 1, Ayry = lem?s™1t.

Arg, Arv horizontal and vertical mixing coefficient for tracers:
Apg =5 x 10%cm?s™! , Ary = lem?s L.

Definitions

1 being used as placeholder for 7, S, C, u, or v.

1 time derivative.
Uy, He, Mo zonal, meridional, and vertical derivatives.
L, derivative normal to boundary.
1

L{p) = [(up)a + {vppcos @)g] + (wu), three—dimensional advection operator

acos ¢

1 .
Lr{p) = [(up)s + (vpcos ¢)y) two-dimensional advection operator
acos ¢
, 1 o :

Vip = ———pn + —(,u¢ cos d)g two—dimensional Laplacian operator.

cos?¢ s ¢

Apm 2sin ¢
2 2

Du = (AMVUZ) + [V (1 — tan ¢)u C052¢ ]

u turbulent mixing operator.

2sin ¢

DY = (Apmvvs)s + H[Vzv+(l—tan2¢>)v+

u
cosZg

v turbulent mixing operator.

TH

A . o
D= (Arvp.). + — Vu three—dim. tracer diffusion operator.
a

A . e

Dy = T2H Viu two—dim. tracer diffusion operator.
a
1 1 .1

Py = %, Pg=—ps zonal and meridional pressure forces.

apg cos ¢ apo
cH T and S convective adjustment.
RH T and S restoring.
S sediment sources.
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