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Preface

Sedimentation processes depend on a complex interaction of environmental fac-
tors and react to changes of these factors sensitively. Variations in climatic, oce-
anographic, but also in anthropogenically induced environmental variables are
reflected in the sedimentary record at varying scales. The understanding of
these processes gives way to the reconstruction of the past and is a key to the pre-
diction of future trends .

During the past decades computerized modeling has become a powerful tool
to describe the complicated interrelations between measured data and the dy-
namics of sedimentary systems. Sedimentary modeling and quantitative dy-
namic stratigraphy have become widely known keywords of high acceptance.
Especially in cases where observations are limited and/or expensive, computer
simulations may substitute for the lack of data. State-of-the-art research work
requires a thorough knowledge of processes at the interfaces between atmos-
phere, hydrosphere, biosphere and lithosphere, and therefore an interdiscipli-
nary approach to sedimentary systems by oceanographers, biologists, geoscien-
tists, mathematicians and computer scientists.

In October 1996, about 100 scientists of these special fields from 20 different
countries met in Giistrow, Germany, for an international symposium to discuss
state-of-the-art approaches in the computerized modeling of sedimentary sys-
tems at the invitation of the Baltic Sea Research Institute Warnemiinde. Posters
and oral and software presentations were assigned to specific thematic foci re-
flecting the interdisciplinary character of the conference.

This book, a product of the conference, contains 23 chapters that are allocated
to three main topics. The first topic climatic, oceanographic and biological forc-
ing of sedimentary systems, covers papers on theories and methods describing
particular processes of sediment accumulation. Wind- and current-driven
transport and deposition-forming sediment bodies of various scales are dis-
cussed here. Special emphasis is given to nearshore processes where the system
reacts very sensitively to the variation of the driving atmospheric and oceano-
graphic forces. The biological component is discussed here, focusing on the in-
fluence of biological productivity of the ocean on sedimentation and the benthos
activity on the uppermost sediment layers. The modeling of global changes in
the environment forced by climate changes which are recorded from sedimenta-
ry sequences is used to reconstruct the past and to extrapolate trends for the fu-
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ture. Under the topic trends and periodicity in the sedimentary record as a re-
sponse to environmental change, authors discuss this question with special re-
gard to cyclic processes. Process studies of sediment formation and knowledge
of the process pattern in longer-termed time dimensions as principles of lithos-
phere dynamics also have to be taken into account for the development of space-
time models of the basin fill. Besides chapters dealing with basin modeling, an
outlook is given on the reliability of model results that can be generalized to the
methodology of modeling.

This book is addressed to graduate students and professionals engaged in the
field of sedimentary basin analysis, and sedimentary modeling in general. In the
future, communication between groups of different expertise will become even
more important than today. This includes the discussion and evaluation of an in-
creasing number of models. Different modeling approaches must be assembled
to coupled or nested models, allowing more comprehensive and realistic simu-
lations of natural systems. This book should contribute to force that communi-
cation on quantification of environmental research methods and on the devel-
opment of computer techniques with the general aim of managing and protect-
ing natural resources.

The editors would like to express their thanks to all who have contributed to
this volume, particularly to the authors for preparing the manuscripts but also
to the following scientists who provided their expertise and time in reviewing
the manuscripts: P.L. de Boer, H. Dietrich, R. Endler, B.W. Flemming, F. Grad-
stein, G. Gust, B.J. Haupt, M. Kersten, R.-O. Niedermeyer, C. Schifer-Neth,
M. Schulz, W. Schwarzacher, D. Seidov, R. Slingerland, F. Tauber, J. Tipper,
J. Wendebourg

Special thanks are due to the sponsoring organizations, especially to the Ger-
man Science Foundation (DFG), the International Union of Geological Sciences
(IUGS) and the Scientific Committee of Ocean Research (SCOR), who helped to
lead the symposium to success. Without their support it would not have been
possible to bring scientists from different parts of the world together to share
their ideas during fruitful scientific discussions.

Oktober 1998 Jan Harff, Wolfram Lemke, Karl Stategger



List of Contributors

Agterberg, Frederik P.
Geological Survey of Canada, 601 Booth Street, Ottawa,Ontario K1A 0E8, Canada
E-mail agterberg@gsc.emr.ca

Ainsaar, Leho
Institute of Geology, University of Tartu, Venmuise 46, Tartu EE2400, Estonia
E-mail lainsaar@math.ut.ee

Barceld, Carlos

Department of Informatics and Applied Mathematics, University of Girona,
Av. L1. Santalé s/n, 17071 Girona, Spain

E-mail barcelo@ima.udg.es

Bechstaedt, T. (cf. Leyrer)

Bell, Robert

Centre of Excellence in Coastal Oceanography and Marine Geology, Department of
Earth Sciences, Waikato University Hamilton, and National Institute of Water and
Atmospheric Research, Silverdale Road, P.O. Box 11-115, Hamilton, New Zealand

Berger, W.H.
Scripps Institution of Oceanography, UCSD, La Jolla, California, USA

Black, Kerry

Centre of Excellence in Coastal Oceanography and Marine Geology, Department of
Earth Sciences, Waikato University Hamilton, and National Institute of Water and
Atmospheric Research, Silverdale Road, P.O. Box 11-115, Hamilton. New Zealand
E-mail black@hamilton.niwa.cri.nz

Bohling, Geoff C.
Mathematical Geology Section, Kansas Geological Survey, University of Kansas,
1930 Constant Avenue, Lawrence, Kansas 66047-3726, USA



VIII List of Contributors

Cao, S.
Twange International Inc., Regency Square Tower, 6200 Dr., Ste. 410, Houston,
Texas 77036, USA

Chizova, 1.
Central Research Institute of Geological Prospecting for Base & Precious Metals,
Warshawsky Road 129b, 113545 Moscow,Russia

Davis, John C.
Kansas Geological Survey, University of Kansas, 1930 Constant Avenue, Lawrence
Kansas 66047-3726, USA

Fennel, Katja

Baltic Sea Reserach Institute, University of Rostock, Seestrasse 15, 18119 Rostock-
Warnemiinde, Germany

E-mail katja.fennel@io-warnemuende.de

Fohrmann, Herrmann
SFB 313, University of Kiel, Heinrich-Hecht-Platz 10, 24118 Kiel, Germany

Gorelikova, Nina V.

IGEM, Russian Academy of Sciences, Staromonetny Per. 35,19017 Moscow,
Russia

E-mail ngor@igem.msk.su

Gradstein, Felix M.
Saga Petroleum a.s., Postboks 490, 1301 Sandvika, Norway

Green, Malcolm

Centre of Excellence in Coastal Oceanography and Marine Geology, Department of
Earth Sciences, Waikato University Hamilton, and National Institute of Water and
Atmospheric Research, Silverdale Road, P.O. Box 11-115, Hamilton, New Zealand

Gustavs, Inka
Zum Fohlenhof 4, 18147 Rostock, Germany

Healy, Terry

Centre of Excellence in Coastal Oceanography and Marine Geology, Department of
Earth Sciences, Waikato University Hamilton, and National Institute of Water and
Atmospheric Research, Silverdale Road, P.O. Box 11-115, Hamilton, New Zealand

Hoselmann, Christian

Niederséachsisches Landesamt fiir Bodenforschung, Stilleweg 2, 30655 Hannover,
Germany

E-mail n231hoselmann@rzvax.hannover.bgr.de



List of Contributors X

Hume, Terry

Centre of Excellence in Coastal Oceanography and Marine Geology, Department
of Earth Sciences, Waikato University Hamilton, and National Institute of Water
and Atmospheric Research, Silverdale Road, P.O. Box 11-115, Hamilton, New
Zealand

Kendall, Christopher G.St.C.

Department of Geology, University of South Carolina, Columbia, South Carolina
29208, USA

E-mail kendall@sc.edu

Kruger, Joe
Department of Geology, Idaho State University, Pocatello, Idaho 83209, USA

Lerche, Ian

Dept. of Geological Sciences, University of South Carolina, Columbia, South
Carolina 29208-0001, USA

E-mail black@geol.sc.edu

Leyrer, Karl

Institute of Geology and Paleontology, University of Heidelberg, Im Neuenheimer
Feld 234, 69120 Heidelberg, Germany

E-mail gt7@ix.urz.uni-heidelberg.de

Lou, Jing

Institute of Hydrophysics, GKSS Research Center, Max-Planck-Strasse, 21502
Geesthacht, Germany

E-mail lou@glerl.noaa.gov

Lowrie, A.
230 E.Z. Goss Road, Picayune, Mississippi 39466, USA

Malloy, S.

South Carolina Governor’s School of Science and Mathematics, 305 East Home
Ave., Hartsville

South Carolina 29550, USA

Martma, Ténu
Institute of Geology, University of Tallinn, Estonia pst. 7, Tallinn EE0001, Estonia

Meidla, Tonu
Institute of Geology, University of Tartu, Vanemuise 46, Tartu EE2400, Estonia



X List of Contributors

Morrill, Carrie
Carleton College, Department of Geology, Northfield, Minnesota 55057, USA

Neumann, Thomas

Baltic Sea Research Institute, University of Rostock, Seestrasse 15, 18199 Rostock-
Warnemiinde, Germany

E-mail thomas.neumann@io-warnemuende.de

Oldman, John

Centre of Excellence in Coastal Oceanography and Marine Geology,
Department of Earth Sciences, Waikato University Hamilton, and National
Institute of Water and Atmospheric Research, Silverdale Road, P.O.Box 11-115,
Hamilton, New Zealand

Olea, Ricardo A.
Kansas Geological Survey, University of Kansas, 1930 Constant Avenue,
Lawrence, Kansas 66047-3726, USA

Patyk-Kara, N.
IGEM, Russian Academy of Sciences, Staromonetny Per. 35,109017 Moscow,
Russia

Paul, André
Geosciences, University of Bremen, P.O. Box 330 440, 28334 Bremen, Germany
E-mail apau@palmod.uni-bremen.de

Pawlowsky, V.
Department of Applied Mathematics, Polytechnic University of Catalonia,
Barcelona, Spain

Petersen, K
Unocal Corporation, P.O. Box 4551, Sugarland, Texas 77210, USA

Plakht, J.
Ramon Science Center, P.O. Box 194, Mizpe Ramon, 80600 Israel

Pohlmann, Thomas
Institute of Oceanography, University of Hamburg, Troplowitzstrasse 7,
22529 Hamburg, Germany

Puls, Walter
GKSS Research Center, 21502 Geesthacht, Germany
E-mail Walter.Puls@gkss.de



List of Contributors XI

Ritzrau, Will
SFB 313, University of Kiel, Heinrich-Hecht-Platz 10, 24118 Kiel, Germany
E-mail will@sfb313.uni-kiel.de

Rockenbauch, K. (cf. Leyrer)

Rosenthal, Wolfgang
Institute of Hydrophysics, GKSS Research Center, Max-Planck-Strasse,
21502 Geesthacht, Germany

Rubel, Madis
Institute of Geology, University of Tartu, Vanemuise 46, Tartu EE2400, Estonia

Schifer-Neth, Christian
SFEB 313, University of Kiel, Heinrich-Hecht-Platz 10, 24118 Kiel, Germany
E-mail risto@sfb313.uni-kiel.de

Schwartz, Gregory J. )
Department of Geography, University of Colorado, Boulder, Colorado 80309, USA

Schwarzacher, Walter

School of Geosciences, Queen’s University, Belfast BT7 1NN, Northern Ireland,
United Kingdom

E-mail w.schwarzacher@qub.ac.uk

Seidov, Dan
Earth System Science Center, Pennsylvania State University, University Park,
Pennsylvania, USA

Sen, Animikh
Department of Geology, University of South Carolina, Columbia, South Carolina
29208, USA

Sidaraviciené, Nijolé
Lithuanian Institute of Geology, Deveéenkos 13, Vilnius 2600
Lithunia

Sirotinskaya, Susanna

VIEMS Mathematcial Methods Laboratory, All-Russian Research Institute of
Mineral Ressources, Economics and Mineral Land Use, 3-ya Magistralnaja Str. 38,
123853 Moscow, Russia

Sivtsov, A.
IGEM, Russian Academy of Sciences, Staromonetny Per. 35, 109017 Moscow,
Russia



XII List of Contributors

Streif, Hansjorg
Niedersichsisches Landesamt fiir Bodenforschung, Stilleweg 2, 30655 Hannover,
Germany

Strohmenger, C. (cf. Leyrer)

Siindermann, Jiirgen
Institute of Oceanography, University of Hamburg, Troplowitzstrasse 7,
22529 Hamburg, Germany

Watney, W. Lynn

Kansas Geological Survey, University of Kansas, 1930 Constant Avenue,
Lawrence, Kansas 66047-3726, USA

E-mail Iwatne@pcmail.kgs.ukans.edu

Wold, Christopher N.
Platte River Associates, Inc, 2790 Valmont Road, Boulder, Colorado 80304, USA
E-mail chris@platte.com

Wolf, Thomas
Institute of Hydrophysics, GKSS Research Center, Max-Planck-Strasse,
21402 Geesthacht, Germany

Zhou, Di

South China Sea Institute of Oceanology, Chinese Academy of Sciences,
Laboratory of Marine Tectonics and Geophysics, 164 West Xingang Road,
Guangzhou 510301, P.R. China

E-mail itnhlib@scut.edu.cn



Contents

Topic A:
Climatic, Oceanographic and Biological Forcing of Sedimentary Systems

Lagrangian Modeling Techniques Simulating Wave and
Sediment Dynamics Determining Sand-Body Equilibria

K. Black, M. Green, T. Healy, R. Bell, . Oldman and T. Hume . ............ 3
Modeling Sediment Resuspension in Coastal Areas

J. Lou, T. Wolf and W. Rosenthal . ............. ... oiiiiiiiiiian. 23
Model Simulation of Temporal Variability of Suspended Matter

in the North Sea

W. Puls, T. Pohlmann and J. Siindermanti. . ......coouiineeeeennnon.. 37

Icebergs in the North Atlantic: Modeling Circulation Changes and
Glacio-Marine Deposition
Ch. Schiifer-Neth and K. Stattegger. .. ........cooviieiiiaennenenn.n. 63

Numerical Study of Glacial and Meltwater Global Ocean Thermohaline Conveyor
D.Seidov, B.J. HAUDPE . . ..o oottt it 79

SEDLOB and PATLOB: Two Numerical Tools for Modeling Climatically Forced Sediment
and Water Volume Transport in Large Ocean Basins
B.J. Haupt, D. Seidov and K. Stattegger ...........cooviiiviininininn... 115

Digital Data base of Modern Evaporites and Their Predicted Distribution
Based on Results from an Atmospheric General Circulation Model Simulation
C.N. Wold, G.J. Schwartzand C.Morill. .. ........coiuiriiiiiiinnnn.. 149

A Coupled Physical-Chemical Model for the Western Baltic
K. Fennel and T.A. NeUMANT. . ... o v ettt i e iaie e 169

Field and Numerical Studies of Near-Bed Aggregate Dynamics
W. Ritzrau and H. Fohrmann



X1v Contents

Possibilities of Cause-and-Effect Simulation in the Study
of the System Climate-Ocean-Sediments
SVSIFOHNSKAYA oo vve e e 209

Topic B:
Trends and Periodicity in the Sedimentary Record as a Response
to Environmental Changes

Climate Cycles and Climate Transitions as a Response to Astronomical and CO, Forcings
A Paul and W.Berger. ... .oouue ettt 223

Milankovitch Cycles and Sequences: Two Different Stratigraphic Tools
W Schwarzacher .........ouueiii ittt ieeneannnnnns 247

Scaling and the Paleogeographical Distribution of Stratigraphic Events

FP Agterbergand FM. Gradstein.............cooviiiiiiiniiinnn s, 263
Quantitative Stratigraphy of Sedimentary Sequences

L. Ainsaar, T. Martma, T. Meidla, M. Rubel and N. Sidaravitiené ......... 275
Topic C:

Space-Time Models of Basin Fill

Use of Sedimentary Simulations for Dating Sequence Boundaries and Measuring the
Size of Eustatic Sea-Level Changes: an Example from the Neogene of the Bahamas
C.GSt.C.Kendall and A. Seni . ..o vve ittt 291

High-Resolution Forward Stratigraphic Modeling of Ca2-Carbonate Platforms
and Off-Platform Highs (Upper Permian, Northern Germany)
K. Leyrer, C. Strohmenger, K. Rockenbauch and T. Bechstaedt .. .......... 307

Validation of Sediment Accumulation Regions in Kansas, USA
L.W. Watney, J. Kruger, J.C. Davis, J. Harff, R.A. Olea and G. Bohling . ..... 341

Methods Used in a Mass-Balance Study of Holocene Sediment Accumulation
on the Southern North Sea Coast of Germany
C.Hoselmann and H. SIreif . .. oo e eanee 361

Sedimentological Control Parameters and Compaction — a Complex Model
of Porosity Distribution in Holocene Muds of the Arkona Basin (Western Baltic)
LoGUSTAVS . oo oo e e e e e 375



Contents XV

Classification of Compositioinal Data Using Mixture Models: a Case Study Using
Granulometric Data
C. Barceld, V. Pawlowsky and G. Bohling .. ................ooooiiiin... 389

Statistical Analysis of Dispersion and Geochemical Patterns of
Sedimentary System in the Northern Shelf of the South China Sea
DiZROU et e e e e 401

Computerized Modeling of Rock-Varnish Dating
N. Gorelikova, N. Patyk-Kara, ]. Chizova, ]. Plakht and A. Sivtsov ......... 413

Risk, Uncertainty and Priorities — Quantitative Models
I Lerche, S. Cao, S. Malloy, K. Petersen and A. Lowrie................... 427



TopicA:
Climatic, Oceanographic and Biological Forcing of
Sedimentary Systems



Lagrangian Modelling Techniques Simulating Wave and
Sediment Dynamics Determining Sand-Body Equilibria

K. Black, M. Green, T. Healy, R. Bell, J. Oldman and T. Hume

1
Introduction

Estuarine and continental shelf sand bodies develop states which, in natural un-
steady conditions, equilibrate, transpose, oscillate, decay and regenerate. Dy-
namic adjustments may lead to long-term stability of a feature (e.g. the estab-
lishment of an estuarine flood-tidal delta) or the feature may simply metamor-
phose into another state (e.g. a cross-shore migrating sand bar which welds onto
the shore to become part of an open-ocean or estuarine beach). Traditionally,
the equilibrium and geomorphological features in estuaries have been mostly
explained by tidal circulation alone. However, there are estuarine features which
are governed equally by local wave processes, especially in the intertidal zones.

To be effective, numerical simulations of estuarine sedimentary systems must
therefore treat waves, currents and sometimes their interactions. For the wave
component, the models must consider wave growth in limited fetches and the
transformations in shallow water, while deformation by strong tidal streams
may also be a first-order process.

Wave resuspension of sediment inside estuaries has been mostly neglected in
favour of tidal mechanisms, particularly in comparison to the many studies of
wave-driven sediment transport on open-coast beaches and ebb-tidal deltas. In
this paper, we numerically hindcast measurements made with a self-contained
instrumented tripod in an estuary. As measurements were made on a sand bank
within a much larger physical environment, the data challenges present predic-
tive capacity. The challenge is to predict suspended sediment concentrations at
a location which is within this much larger environment using models only. We
numerically predict all of the forcing parameters; namely height, period and
near-bed orbital motion of wind-generated waves, tidal and wind-driven cur-
rents, sediment reference concentrations and concentration profiles. Locally
measured current and wave data are employed for validation only.

Sand bank emergence/submergence, currents, wave conditions and suspend-
ed sediment concentration must all be simulated at the full estuarine spatial
scales of tens of kilometres in order to predict the sediment concentrations a few
centimetres above the sea bed at a single point. Waves have a profound influence
on sediment suspension on the sand banks and then sediment is transferred into
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the channels by tidal currents. As such, the wave-induced sediment loads con-
found the simple notions of flood and ebb dominance in a tidal channel, when
sediment concentrations may be more a function of dynamics on the adjacent
sand flat than direct responses to tidal currents.

Modelling of such data is not trivial. At the least, it requires a hydrodynamic
tidal circulation model, a wave generation and dissipation model and a sedi-
ment transport model. The “surf zone” in shallow water on the sand bank may
need to be treated as well with a radiation-stress-driven simulation. We adopt
three models in this chapter which are coupled to jointly predict hydrodynamics
(wind and tidal circulation), wave generation and transformation, and suspend-
ed sediment load.

Because of the high spatial variability in factors controlling transport, only
numerical models provide the potential for prediction of sediment dynamics in
such an environment. The aim in this chapter is to test the capacity of numerical
models to determine which physical processes can be predicted effectively and
what remains to be achieved.

2
Numerical models

We chose three computer models: hydrodynamic and advection/dispersion
model 3DD (Black 1995); wave generation model WGEN3DD (Black 1997); and
sediment transport model POL3DD (Black 1996). A surf-zone model 2DBEACH
(2-dimensional BEACH wave transformation and circulation model) (Black and
Rosenberg, 1992a) was also used, but limitations on bathymetry resolution pre-
cluded detailed analysis of the results.

Model 3DD (3-dimensional dynamics) contains four process models in a sin-
gle computer code. These are: (i) 2- and 3-dimensional hydrodynamics, (ii) ad-
vection/diffusion of salinity and/or temperature, (iii) surface gravity waves in
shallow water using a Boussinesq approximation and (iv) ocean/atmosphere
heat transfers. Because of its general capacity, 3DD has been applied to a wide
range of vertically stratified and homogeneous ocean, continental shelf and
shallow water environments (e.g. Young et al. 1993; Middleton and Black 1994;
Black et al. 1996).

The wave generation model WGEN3DD (wave generation coupled to 3DD)
was developed for fetch-limited water bodies and treats plan shapes which
change during the tidal cycle with the submergence and emergence of intertidal
sand banks. WGEN3DD applies the JONSWAP (joint North Sea wave project)
equations assuming pseudo-steadiness and is therefore most useful in small es-
tuaries of up to about 40 km maximum fetch. Since the original version present-
ed by Black and Rosenberg (1992b), the model has been extended to include
depth-limited breaking, shoaling and bed friction in the JONSWAP formulae.
WGEN3DD has been linked to the hydrodynamic model 3DD so that nonlinear
wave-current interactions in the bed friction term can be treated, while coupling
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with a sediment dynamics model provides for calculation of sediment transport
in wave and current environments.

WGEN3DD acts by subdividing the fetch along the wind direction into short
lengths of order 10-100 m. In each segment, empirical formulae for wave gener-
ation are applied to find the theoretical heights and periods. The model incor-
porates linear wave shoaling and then truncates the height if it exceeds the
breaking depth limitation. Steepness limited truncation of the spectrum can be
simulated (Black 1997) but was not applied in this study. The effect of shoaling,
breaking and friction is accumulated in each segment to produce the hindcast
wave heights along the fetch. The frictional dissipation is calculated by adopting
the formulae of Bretschneider and Reid (1954). To obtain bottom orbital cur-
rents from sea surface wave height, the theoretical JONSWAP spectrum is de-
composed into frequency intervals Af and the linear theory wave transform is
applied to each frequency band. A regular time series of bed orbital currents is
reconstituted at 2 Hz by linear summation of the transformed spectral compo-
nents (assuming a random phase for each component). For sediment transport
calculations, the third velocity moment defined by Black and Rosenberg (1991)
is calculated from the reconstituted time series. This is given by:

13
)T
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The dispersal model POL3DD (pollution dispersal coupled to 3DD) (Appen-
dix 1) tracks suspended “particles” to simulate sediment transport or larval dis-
persal. The model includes a range of larval behaviours, an oil spill simulation,
outfall modelling capacity and an estuarine or beach sediment transport simu-
lation. The sediment model (e.g. Black 1987; Black 1994) uses Lagrangian tech-
niques which are particularly useful near sharp concentration gradients com-
mon to sediment suspension cases, as they exhibit minimal numerical diffu-
sion/dispersion because the particle positions are exactly known and particle
advection is calculated directly from the currents (Black and Gay 1990).

All of the models use the same rectangular bathymetry grids to determine
depth, fetches or shape of the estuary. A 200-m square horizontal grid is adopt-
ed. Model 3DD solves the conservation and momentum equations explicitly on
a Eulerian grid to specify in two dimensions the vertically averaged currents and
the sea levels. With WGEN3DD, the same grid is adopted and the model is cou-
pled to 3DD via sea levels transferred to account for the large sea gradients
which occur in the estuary. POL3DD is Lagrangian and is coupled to the other
models via the transferred sea levels, currents and near-bed orbital motion,
which are interpolated within the Eulerian grids of the other models at the posi-
tions of the particles in POL3DD each time step. When using output from a 2-
dimensional hydrodynamic model, a logarithmic shape of the velocity profile is
assumed, having a vertically averaged speed given by the currents from the hy-
drodynamic model. Being Lagrangian, the particles in POL3DD are not bound
to a grid. However, average concentration is obtained by summing the volumes
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and masses carried by all particles within layers, and dividing by the layer vol-
ume V (=200 X 200 x 0.05 m3); a layer thickness of 0.05 m provided sufficient res-
olution for the present study. Examples of the vertical particle distribution from
POL3DD over bedforms are presented by Black et al. (1997).

3
Field Measurements

The field site lies in the eastern sector of the Manukau Harbour, which is a large
(368 km?) estuary on the North Island of New Zealand (Fig. 1). The hydrody-
namic behaviour is dominated by the barotropic tide (tidal range during the
measurement period was 2 m), although local wind-driven circulation is signif-
icant on the intertidal flats. Over fetches of up to 25 km, waves in excess of 1.5 m
height may be generated at high tide. However, around 40% of the estuary is ex-
posed at low tide, which strongly limits generation of wind waves by the prevail-
ing southwesterly winds (Bell et al. 1998). The site has notable similarities with
the southern German Bight where small wind waves have a strong influence on
sediment transport and sediment redistribution (Haupt, pers. comm.).

The instrumented tripod RALPH (operated by the Geological Survey of
Canada) was deployed on the intertidal flat in the eastern sector of the harbour
(Fig. 1), some 500 m from the adjacent tidal channel. RALPH is a 2.5 m-high
tripod equipped with sensors for measuring waves, currents, suspended sedi-
ment concentration (SSC) and bedforms. In this paper, we use data from (i)
two pressure sensors at z=0 and 150 cm height above the sea bed (ii) an Optical

Fig.1 Manukau Harbour
(North Island, New Zea-
land) and simulated cur-
rents near the time of peak
flood.
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Backscatterance Sensor (OBS) at 7 cm and (iii) electromagnetic current meters
at 48 and 97 cm height above the bed. All instruments sampled at 5 Hz and
4400 samples were stored each burst. Data treatment is described by Green et
al. (1998).

Sediment dynamics on the intertidal flat is controlled by waves, which occur in-
termittently (Green et al. 1998; Bell et al. 1998). However, when waves are present,
there is a characteristic continuous variation over the tidal cycle in the controlling
processes. Both the surface wave heights and the bed orbital currents vary consid-
erably over the tidal cycle in response to changing sand bank emergence and water
depth respectively. Wave heights are largest at high tide. However, as depth pro-
foundly influences the penetration of orbital motion to the bed, SSC is much lower
around high tide than at lower tide levels, due to this factor alone.

Green et al. (1998) also noted a change in “kind”, which occurred with the ar-
rival at the measurement site of the “turbid fringe”, the narrow, highly turbid
edge of the estuarine water body. The turbid fringe initially travels with the ris-
ing tide across the sand flat, spreads more uniformly with time and ultimately
leads to an overall increase in turbidity throughout the estuary as storm wave-
energy develops. The turbid fringe exhibited concentrations which were larger
than expected for the measured orbital currents. The precise mechanisms for
this were not isolated, although factors such as turbulence penetration due to
wave breaking in the following winds were considered.

RALPH was situated on the crest of a subtle linear bar, in a field of bars which
emerge from the water at spring low tide. The crests are 0.5~1.0 km long with av-
erage spacing of 50 m and amplitude of approximately 0.05 m. Surface sediments
on the intertidal flat were found by Dolphin (1992) to comprise 96% sand and
4% mud, while anaerobic sediments are typically encountered 1-2 cm below the
surface. The low mud content and constant stirring of the bed allows the bed to
remain non-cohesive.

Sediments at the RALPH site have mean grain size of 0.1 mm which compares
to median grain sizes of 0.2 mm in shallower water further up the intertidal flat
(Dolphin 1992). Muds were observed to intermittently accumulate as a fine ve-
neer, but do not persist (Green et al. 1998). Symmetrical wave-generated ripples
(height 1-2 cm; length 10-50 cm) were frequently observed. The sediments can
therefore be described as predominantly noncohesive fine sands mixed with
small amounts of surficial and interstitial muds. They experience a depth of dis-
turbance of around 1-2 cm (Dolphin 1992); similar to the ripple height, although
greater disturbance depths (up to 8 cm) have been noted in some parts of the in-
tertidal flat (Dolphin 1992).

To examine all relevant processes, a storm was chosen for model simulation.
This was the period consisting of hourly data bursts 2152-2188 from 8:00 on May
9 to 03:00 on May 10, 1995. (Note that a burst number increment of 1 corre-
sponds to a half-hour time interval). To test the model, measurements are com-
pared with model predictions from two adjacent model cells at the RALPH site.
These are cells I,]=(119,95) and (118,96), where I is positive to the east and ] is
positive to the north (Fig. 1).
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4
Model Comparisons

4.1
Water Levels and Currents

No water level measurements were made at the model boundary in the entrance
to the Manukau Harbour during the RALPH deployment. To overcome this de-
ficiency, model boundary levels were generated using water levels recorded
within the estuary at Onehunga (Fig. 1) as follows. First,we modelled the estuary
using Onehunga tides at the open model boundary. The phase lag and amplitude
adjustment was then obtained using a lagged regression analysis of model-pre-
dicted tides at Onehunga and the original measurements. The lag was found to
be 0.58 hours and amplitude factor was 0.784, plus a mean sea level (MSL) shift
of 0.48 m was identified due to superelevation of MSL and a datum shift. These
factors were then used to generate sea level boundary conditions from the One-
hunga records. Winds were taken from the nearby Auckland airport anemome-
ter and were assumed to be spatially-uniform throughout the model grid. To al-
low for land boundary layer effects, speeds were multiplied by 1.1 (a 10% aug-
mentation), although the effect of this factor could not be separated from the ef-
fect of bed frictional resistance, later set by calibration.

Water levels measured at RALPH were found to be in agreement with the
model predictions after a small additional correction was applied; the amplitude
of the sea level oscillation at the boundary was increased by 6% and the mean
vertical shift was lowered by 8 cm from 0.48 m to 0.40 m. The 0.4 m vertical shift
was subsequently found to be a result of a datum shift between the eastern and
western segments of the harbour, as applied by the Navy hydrographer. The spa-
tial variation in the datum shift remains unknown and is later shown to be high-
ly important in the very shallow conditions being simulated. Accentuation of the
overtides (evident in Fig. 2a) is caused by the simple linear regression adopted
to find the relationship between Onehunga and open boundary water levels. In
essence, the overtides are represented twice; once in reality as the tides travel to
Onehunga and then again in the model during the simulation.

To identify any boundary layer velocity gradients, current measurements at ele-
vations of 48 and 97 cm are presented. The currents from the model are mostly in
good agreement (Fig. 2b). The speeds are least well predicted during the windy ebb
phase when the model over-estimates the magnitudes. This may be caused by un-
represented wave-driven currents on the intertidal flat or wind-induced shear
through the water column which is not simulated by a 2-dimensional model. Nota-
bly, the measurements and the model are in close agreement during the previous
two half cycles when waves were not present and the measurements at the two in-
strument elevations are also mostly similar except during the windy ebb phase.

The measured current directions rotate more smoothly than the model but
are generally in good agreement (Fig. 2¢). Small deviations in direction are un-
doubtedly caused by poor bathymetry resolution at the 200 m grid scale adopted
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Fig.2a~e Comparison of the measured tidal levels, current speeds, current directions, wave
height and bed orbital currents with the model from cells (119,95) and (118,96). The solid
lines are the model prediction at the two adjacent model cells and the symbols show field
measurements. 2f, g Comparison of the measured bed orbital peak spectral period and SSC
with the model from cells (119,95) and (118,96). Note that two large values at cell (118,96)
are not included in order to optimise readability. The solid lines are the model prediction at
the two adjacent model cells and the symbols show field measurements

in the model. This is exacerbated by the relative coarseness of the published hy-
drographic survey of the region used to form the model bathymetry and diffi-
culties with the datum. For example, flow directions at the two adjacent model
cells show somewhat different behaviour as would be expected in model runs
with realistic bathymetry (Fig. 2c). This highlights the critical importance of
very accurate bathymetry.

4.2
Waves

We used the same wind measurements and the tides at Onehunga (with a 0.4 m
datum shift in accordance with the 3DD modelling) to hindcast the wave condi-
tions recorded at RALPH. Pressures recorded at both the upper and lower sen-
sors were converted to sea-surface elevations using the linear wave theory trans-
formation for each frequency band in the spectrum. It was found that the two
sensors gave similar (significant) wave heights around low-mid tide, but the low-
er sensor indicated surface wave heights some 10-20% larger than the upper
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sensor at high tide. This error is caused by accentuation of the high frequency
sensor noise in the spectrum by the linear theory transform for the deeper sen-
sor (Hutt and Black 1997). The error occurs when depth is about 2 m for 0.4 m
waves with peak spectral periods of approximately 3 s and would increase for
smaller waves with shorter wavelengths or in deeper water.

Comparison of the measured sea surface wave heights and the model-predict-
ed values indicates a close agreement (Fig. 2d). The deviation at the peak relates
to the three largest “measured” values which are over-estimated heights from the
lower pressure sensor. The model shows good agreement at this time with the
heights calculated from the upper sensor records. The only major deviation oc-
curs around bursts 2156 and 2158. The wind speed was very low (2 ms™!) and so
heights are under-predicted. Possibly, the total variance in the pressure records
used to calculate the “inferred” significant wave height may include variance
from other (non-wind-wave) processes, sensor noise or lower frequency seich-
ing. One of the authors (Green) observed nonlinear solitary waves at the site of
unknown origin. Irrespective of the cause of the deviation, the wave model can-
not generate the inferred wave height, given the very low wind speeds. Because
of the low wind speeds, near-bed orbital currents predicted by the model are
correspondingly low at the start of the period (Fig. 2e). Near-bed peak spectral
periods show good agreement with the measured values, except around burst
2156 when height predictions were low (Fig. 2f).

All processes (winds, sand bank emergence, fetch, shoaling, breaking, fric-
tional dissipation, surface spectral shape and bed orbital transformation) are
calculated directly by the model, but the friction coefficient needs to be calibrat-
ed. Best fit to the measurements was obtained with a friction coefficient C,=
0.025. This value is physically acceptable for the low relief sandy beds experi-
enced in the shallow parts of the estuary, compared with higher values of around
0.06-0.09 obtained on coastal rocky terrain (McComb et al. 1997; Hutt 1997).
The friction is highly important because of the long travel distances in shallow
water, particularly around low tide, and the model indicates that wave heights
are strongly influenced by friction.

4.3
Suspended Sediment Concentrations

In the next phase, the model predictions of currents and waves are used in the
sediment transport model POL3DD. While some deviations between models
and data have been noted, the model predictions are used here rather than actu-
al measurements in order to use numerical models only to predict SSC at the
RALPH site. Pick-up function techniques [used by Black and Rosenberg (1991),
Black (1994), Black et al. (1995)] for the entrainment of sediment under waves
have been applied here without modification and the third velocity moment is
adopted as the “representative” orbital current, in accordance with the
recommendations in these publications. Similarly, the vertical eddy diffusivity
for sediment is taken as constant and equal to 0.0015 m2.s™!. A grain size popu-
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Table1 Fall velocity, equivalent grain size for a sphere with
quartz density of 2650 kg.m™> and layer thicknesses.

Fall vel. Grain size Layer

(m.s71) (mm) (phi) thickness (m)
0.0005 0.0255 5.2944 0.0001

0.0025 0.0580 4.1080 0.0004

0.0078 0.1070 3.2245 0.02

0.0220 0.2014 2.3120 0.001

0.0590 0.4181 1.2582 0.001

0.0005 0.0255 5.2944 0.0001

0.0025 0.0580 4.1080 0.0004

lation split into 7 fractions was simulated with sizes ranging from muds to me-
dium/coarse sands (Table 1). Notably, the grain size and fall velocity distribution
were not measured by Green et al. (1998) and so the sizes were selected to reflect
the dominance of 0.1 mm sands and to limit the mud content to approximate the
observed values (Dolphin 1992).

The model keeps track of the grain sizes at the sea bed in each model cell and
adjusts the size if fine fractions are preferentially suspended. The mean grain
size (D) calculated by the model during operation is used in the formula by
Swart (1974) to calculate the wave friction factor,

0.194
fo = exp{S.ZlS(Z.SD/ah) —5.977}

where a, is the orbital semi-excursion defined as U;T, /2w and T, is the peak
spectral period. (Notably, C;=0.5f,,). The friction factor therefore varies during
the tidal cycle in response to both sea bed grain size changes and depth-induced
changes in orbital currents at the bed.

The availability of sediment is set by allocating initial thicknesses of each sed-
iment fraction as a notional layer on the bed. The model assumes that each frac-
tion is independent but the total thickness of the layers acts as a depth of distur-
bance limitation. By treating the fractions independently, one fraction may be
totally suspended while the others remain “available” for suspension from the
bed. Any settled mass becomes available for resuspension (Black 1996). With the
Lagrangian model, settlement is treated independently of suspension, thereby
allowing for any hysteresis in the entrainment and settlement processes.

For the simulations presented here, the waves and currents are also treated as
independent; the waves determine entrainment concentrations while the cur-
rents are used to specify advection. While wave-current interaction at the bed
would modify the combined friction velocity, it has been shown in the studies
noted above that entrainment on beaches is best predicted by the orbital motion
alone. This is because the suspension process in the wave boundary layer is
mostly driven by turbulence generated by the waves, even though currents and
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current-generated friction velocity remains relatively important beyond the
wave boundary layer. While this current-induced turbulence is important in the
water column, we are dealing with a small elevation above the bed of 7 cm only.
Diffusion is modelled as a random walk and a horizontal eddy diffusivity of
0.015 m2.s~! has been chosen (both along and across the flow streamlines). This
value is ten times larger than the vertical eddy diffusivity in order to incorporate
advective and turbulent processes associated with short-duration current oscil-
lations and wave breaking. The selected value remains uncalibrated but its influ-
ence is relatively small on the model grid of 200 m cells. In the absence of bed-
load transport data for model confirmation, we do not treat bedload in this
chapter.

Model output is compared to the measurements in Fig. 2g which shows pre-
dictions from 2 adjacent cells and a prior run with a slightly altered depth. The
magnitude of the predictions are comparable with the measurements, i.e. 2
peaks in SSC with magnitudes of about 300-400 mg.1"! and a period of low con-
centration of less than 50 mg.1"! around the high tide. The second peak is quite
well modelled, even though adjacent model cells give different results. The first
peak is less well predicted, but this is primarily because of the low wind speeds
around burst 2156, which resulted in a low orbital motion prediction. The results
are highly sensitive to depth, primarily because of the strong dependence of bot-
tom orbital motion on water column attenuation and the interaction between
fetch, bed friction and bank emergence. Green et al. (1998) also found mostly
good agreement between measured SSC and predictions by adopting the same
methods as those applied here. However, they were unable to explain the unex-
pectedly high concentrations in the turbid fringe, which were larger than ex-
pected for the measured orbital motion. With the full spatial model and its ca-
pacity to treat the process of grain size winnowing, changes in roughness length
and horizontal advection, we are able to predict the magnitude and the phase of
peak SSC, even though it does not coincide with peak orbital motion. Secondly,
Green et al. (1998) were unable to explain concentrations recorded around peak
flood tide which were lower than expected for the measured orbital currents
(bursts 2162-2166). The model, on the contrary, predicts low concentrations at
this time which match the field measurements (Fig. 2g). The modelling shows
advection by the flood currents of lower SSC from the deep channel as the cause
of the anomaly noted by Green et al. (1998).

5
Discussion

One must conclude that if the inputs can be specified accurately, effective nu-
merical simulations of currents, water levels, surface waves, wave orbital cur-
rents and SSC are possible in an estuary, even with complex morphology, strong
tidal currents and unsteady wave conditions.

While Green et al. (1998) were able to correctly predict SSC for some stages of
the tidal cycle using point measurements, the numerical models were needed to
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address spatial variability in SSC, advection and changing sea bed conditions.
Several additional critical factors determining SSC have been identified.

First, the advection of less turbid channel water onto the intertidal zone dur-
ing the flood evidently explains anomalously low values of SSC during peak
flood flow. Second, it appears that changes in grain size at the bed, when fines
are suspended, lead to a small increase in the wave friction factor f,. This causes
the Shields stress and entrainment to increase and a feedback to f,, ensues.
Coarsening of the grain size and a corresponding lowering of the mean bed level
is shown in Fig. 3 in a period when fines have been lifted into the water column.

Third, the concept of layer thickness defining sediment availability was of
paramount importance to the success of the simulations. Although the waves are
small, Shields stress is more than adequate to lift fine material into the water col-
umn such that entrainment could have continued if sediment were available. If
suspension was allowed to continue up to the maximally possible sediment
transport capacity of the fluid, the predicted concentrations were much larger
than those measured. The settlement time scales of the fines are long, much
longer than the time scales for wave generation and development of critical bed
shear stress. By imposing a layer thickness of 0.1 mm for the finest sediment (Ta-
ble 1), their entrainment was limited by availability a short time after waves first
developed. The model showed that SSC would have been much higher if more
mud were available at the bed and suspension had been allowed to continue
without imposing availability limitations.

This concept of availability-limited entrainment over beds of mixed sediment
grain sizes is fundamental to the methodology employed in numerical models
and to understanding estuarine sediment dynamics. In the field, it means that
bed sediments must be carefully sampled over the depth of disturbance, while
retaining both the surficial and interstitial muds, if model accuracy is to be im-
proved.

The pick-up function which allows the process. s of entrainment and settle-
ment to be separated (Black 1994) makes it possible in a Lagrangian model to

Fig.3 Mean sediment grain size at the bed and bed erosion/accretion at 4.8 h after 8 am on
May 9. The legend on the left shows mean grain size, while the legend to the right shows bed
level change (x107%)
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realistically simulate hysteresis. The Lagrangian model assigns mass to particles
of exactly known position and so mass conservation is always guaranteed. This
is not always true of Eulerian solution schemes which are mostly not suited to
the modelling of a field of sources and sinks (Black 1987).

With the long settlement times of the fines, the model shows the turbid fringe
initiating in a narrow band parallel with the channel margin of the sand flat near
RALPH where wave orbital currents are at a maximum. This maximum migrates
across the sand flat with the incoming or out-going tide, causing the turbid
fringe to move in synchrony (Fig. 4). Because of their relatively long settlement
times, the suspended sediments (particularly the fines) spread more widely by
diffusion and secondary entrainment. This leads to a broad, low-SSC region cov-
ering the intertidal zone at high tide (Fig. 4 and 17.6 hours) and a transfer of
fines from the banks into the channels (Fig. 4) every tidal cycle when waves are
present for initial entrainment.

Fig.4 Log,, of SSC around the RALPH site at 3.2,6.4,9.6 and 17.6 h after 8 am on May 9.
Note the drop in average concentration at 17.6 h and the tendency for muds to remain in
suspension at this time after the storm has passed. The legends show the log of the concen-
trations C to the base 10. They vary from 10° (=1 kg.m™) to 10" kg.m™3. Note that the max-
imum concentration of 10° kg.m™ at 9.6 h drops to 10> kg.m™ at 17.6 hours.
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Thus, the cause of low mud content on the exposed banks in the Manukau
Harbour is associated with intermittent entrainment of the fines and losses from
shallow banks where wave orbital currents are largest. In general, the distribu-
tion of muds may therefore be in balance with (i) the input volumes and source
locations (river sources are often located up harbour), (ii) settlement time scales
as a function of grain size, (iii) the wave energy levels at each location in the es-
tuary, (iv) tidal current strength and direction on the sand banks (including the
residual current) and (v) the flushing time of the estuary overall. Local wave en-
ergy determines the entrainment rate. Tidal currents and horizontal diffusion
move the fines into the channels while the flushing time determines the amount
of mud expelled through the estuary entrance when waves are stirring the bed
internally. The settlement time scales determine the excursion distance per
event for each grain size fraction. However, the key factor determining mud con-
tent on intertidal banks is wave energy.

To simulate the SSC, it was necessary to firstly generate accurate predictions
of water levels, currents and wave energy. Water levels and currents were effec-
tively predicted at the RALPH site, notwithstanding input data limitations in-
cluding (i) no boundary sea level measurements, (ii) coarse hydrographic sur-
vey data confounded by a spatially-varying datum shift and (iii) no representa-
tion in the 200 m model grid of the meso-scale sand waves observed at the site.
Improved predictions must therefore be possible with finer model grids and
more accurate measurements of sea level and bathymetry. While tidal modelling
is one of the most proven numerical simulations, the use of these models on in-
tertidal sand flats in a storm is less well documented. The need for high-resolu-
tion modelling is highlighted by the findings of Bell et al. (1998) that bed slope
on the intertidal flat, which partly determines surf zone width, is also very im-
portant.

Wave conditions at the RALPH site were also effectively predicted, even
though the waves were considerably influenced by bathymetry during genera-
tion. The smaller heights as the tide drops were shown by the model to relate to
increased effect of bed friction, wave breaking around low tide and shortened
fetches as the banks emerge. The correctly modelled height oscillation at high
tide, for example, is due to an oscillation in the wind strength. Thus, pseudo-
steadiness, as assumed in the model, is evidently adequate at the 1-h time-scale
of the measured winds over the fetches of up to 20 km. The assumption is also
confirmed by the prevalence of single-peaked narrow spectra recorded at the
site. Other oscillations in the wave heights (e.g. 2184 and 2186) relate to changes
in bank submergence and these are being accurately predicted. The only signif-
icant deviations occurred at the start of the model period when wind speeds
were lower than expected for the measured orbital currents. The wave heights,
bed orbital motion and SSC prediction were all then affected by this anomalous
wind strength. The effective height predictions conversely indicate that defor-
mation by tidal currents (which is not being modelled) is a secondary process.

The challenge to model a comprehensive dataset from a site within a complex
estuary was initially established as a test of present numerical modelling capac-
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ity. The results lead us to suggest that the models appear to be operating effec-
tively. Most of the deviations between models and measurements have related to
difficulties with the collection of comprehensive datasets at a broad spatial scale
as well as at the local site. Of the errors encountered, the water depth throughout
the estuary appears to be the most significant. Because of the short wave periods,
depth strongly influences wave generation and bed orbital motion. The biggest
deviation however stemmed from the low measured wind speeds at a time when
measured orbital motion was significant.

Additional processes where more information would have been useful in-
clude wave breaking frequency at the site which could cause average turbulence
levels to vary and fall velocity and grain size spatial variability. Unsteady sea sur-
face gradients in tidal estuaries need to be accounted for but this can be treated
by coupling the wave generation and tidal circulation models (the latter provid-
ing accurate water levels), as undertaken here.

In summary, wave breaking under following winds in shallow water, subtle
changes to skin friction at intra-tidal time scales and preferential entrainment
of sediment fractions within a population will need to be studied further before
numerical simulations are able to model all aspects of SSC time series in estuar-
ies. However, the comparison here, using only numerical models to simulate all
of the processes, has shown that good progress is being made.
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Appendix 1: Lagrangian model POL3DD

For the horizontal advection, a 2nd order accurate scheme is used as described
by Black and Gay (1989). In the Monte Carlo (random walk) diffusion stage, all
particles in the water column move a small random distance horizontally or ver-
tically (AX,) where AX, =R, (6E,At)"* and R, is a random number in the uni-
form range (-1,1), Es is the lateral, longitudinal or vertical eddy diffusivity, and
At the time step. Notably, a different vertical diffusion procedure is adopted for
buoyant plumes. As the position of each particle is specified by its (x,3,2z) co-
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ordinate in a sigma transformed coordinate system, it is possible to apply cho-
sen vertical velocity profiles around the mean (vertically-averaged) current for
those cases when a 2-dimensional hydrodynamic model is used to generate the
flow patterns. Several alternatives are offered but the most commonly-used pro-
file is logarithmic. The speed at any elevation is,

u(z) = U[logw(z /20) /log10(0.37d 1z )],

where U is the vertically-averaged speed, z the elevation above the bed, d the
depth and z, the roughness length.
The vertical particle motion is,

AZ, = R,(6E,At)" +W, At+W,At,

where Wris the fall velocity (positive upward). W, is the vertical current strength
(positive upward) taken from the hydrodynamic model in 3-dimensional simu-
lations and E, is the vertical eddy diffusivity.

Bedload transport is calculated at positions along the cell walls after interpo-
lating gridded arrays for local velocity, bed conditions and grain size character-
istics. By specifying sediment transport on cell walls, mass changes in the two
bounding cells can be calculated directly without any need for interpolation or
averaging. The positions along the cell walls are generated randomly. Thus, with
unbiased locations and many repetitions, the model accounts for horizontal cur-
rent shear along the wall, which strongly influences the sediment loads in the
non-linear sediment transport equations. This is contrary to a Eulerian scheme
which always calculates the sediment load at the cell mid-point only. A user-se-
lected number of positions are generated each time step so that

N
n=l1

where My is the total mass transported across the wall, N is the number of po-
sitions generated randomly, and Q, is the mass flux normal to the wall
(kg.m™'.s71) at each position. The bed level change associated with the bedload
transport in the cells adjacent to the wall is, then

AT, =My /(p,PAxAy),

where p; is the sediment density and P the pore space correction. The losses/gains
of mass from the adjacent cells across the cell walls are calculated and used to up-
date a cell-by-cell erosion/accumulation matrix. For a distribution of grain sizes,
the total load is found by calculating the mass fluxes for each size class in succes-
sion and weighting by the fraction of mass in each class (see below).

When sediment is suspended naturally by currents, the sediment concentra-
tion near the seabed is composed of two independent components: (i) a “source”
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of sediment being entrained in response to instantaneous currents, turbulence
and pressure gradients at the bed, and (ii) a “sink” associated with the settling of
previously entrained sediments In steady flows where bed availability is con-
stant, these two components are equal, but they are often different in non-steady
environments (Black, 1994). Thus, it is physically important and notionally sim-
pler to treat the two as independent.

In POL3DD, suspended sediment entrainment is calculated at multiple posi-
tions within each cell. The model selects random positions throughout the cells
because: (i) cell wall mid-point releases would put the sediment onto particular
streamlines and (ii) random releases on the cell walls only (as for bedload) are
insufficient because SSC can travel larger distances than the bedload, thereby
connecting the walls to the internal domain of the cells.

In the model, entrained particles are released at bed level, each carrying a
concentration equal to the local suspended sediment concentration calculated
after interpolating for local current strength, bed conditions, bed roughness,
grain fall velocity and grain size. The mass carried by each entrained particle is
an equal fraction of the total mass suspended during the time step. Knowing
concentration and mass, the particle “volume” is calculated.

Specifically, a sediment flux boundary condition is applied (Black, 1994). The
mass suspended is,

MT - CzAWSAt,

where A is bed area and C, is a near-bed concentration. Thus, the total mass en-
trained in a time step over a cell with dimensions Ax,Ay is

My = Cyw,(mAt)AxAy,

where C is the near-bed concentration calculated using one of the empirical
sediment suspension formulae (e.g. Nielsen, 1986) and m provides a time split-
ting option and is the number of time steps between simulated entrainment
events. If Ny, is the number of particles entrained within each model cell, the
mass and volume per particle is, therefore

M, =My /Ny V,=M,/C,,
while the bed level change in a model cell is
AZg =My /(p,PAxAY).

As for other aspects of POL3DD, particles are advected by currents derived from
a hydrodynamic model simulation, while the horizontal and vertical eddy diffu-
sivity are modelled as random walks.

Particles near the bed which fall out of suspension are removed each time step
and the mass accumulation matrix is updated. The array storing sediment fall
velocity distribution in each cell is also updated. All particles within a distance
Ad, given by Ad = w, mA¢, are said to have settled.
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To fulfil the sediment flux boundary condition, diffusive random-walk excur-
sions downwards which would carry a particle to the bed are disallowed by set-
ting jump length to zero. This has implications for the entrainment simulation.
During the entrainment phase, particles are placed at bed level with a calculated
mass Mp, as described above. In disallowing downward jumps, a fraction of
these particles remain at the bed level after the diffusion stage and will therefore
fall out of suspension when their vertical advection is calculated next. Such dep-
osition is a numerical artefact as the particles should be remaining in the water
column with the newly-entrained component. Numerically, the problem can be
treated by adding more particles or making a mass adjustment. The following
approach was adopted in POL3DD.

If the eddy diffusivity at bed level is E, the maximum “jump” a particle can
make is

E;=(6EmAt) .

Thus, the particle will jump somehere in the range #Ej for a uniform random
diffusivity. The actual jump size is

E,=R,Ej,

where R,, is a random number uniformly distributed in the range -1<R, <1.

For a particle starting at bed level, all downward jumps will be disallowed. In
addition, all upward jumps which are less than the settling advection distance
(Ad = w.mAt) will still result in particle settlement in the next vertical advection
phase. That is, of the total number of particles released at the bed, all those
which experience negative jumps or positive jumps less than Ad will fall out of
suspension during the following advection stage. Thus, the fraction of mass lost
by this process is

87 =(B;+ad)12E; =—(1+ad /),

where 2E; is the total range of all possible jumps. The mass compensation factor
to be applied to particles remaining after the first time step is therefore 1/S;.

As particles cannot pass through the water surface, a reflective boundary con-
dition is applied at the surface in POL3DD. Numerically, particle jumps through
the surface are simply disallowed by setting the jump length to zero. Jumps onto
land are similarly prevented by shortening the jump length.

The total mass and concentration are determined in each model cell by accu-
mulating the masses and volumes carried by the particles resident within the
cells. The concentration at any elevation is the sum of the mass of all particles
lying in a vertical cell, divided by the cell volume,

C,= iMpi /(dxdydz),

i=1
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where n is the number of particles while dx, dy and dz are the dimensions of the
averaging area.

Grain size classes are selected by the user and defined by median fall velocity
(and the erosion thresholds for bedload and suspended load). An “accumula-
tion” file then specifies the relative abundance of mass in each grain size class in
each model cell at the commencement of the model run. The model updates the
mass in each class as the simulation proceeds so that changes to the grain size
distribution with time are modelled.

Specifically, the model considers the bed to consist of an erodible layer of a
known depth. The fraction of mass for each size class in each model cell is then
specified in the “accumulation” file as a fraction of this total depth with units of
metres. Assuming that the sediment is uniformly mixed, the depths have the
same distribution as the masses in the grain size classes. By treating each size in-
dividually, winnowing, which may cause the fines to be lost leaving an armoured
or lagged surface, is modelled.



Modeling Sediment Resuspension in Coastal Areas

J. Lou, T. Wolf and W. Rosenthal

A quasi-3D suspended sediment transport model under waves and current has
been developed. The nonlinear wave-current interaction has been taken into
account by the changes in turbulent viscosity and enhancement in bottom stres-
ses.The model has been applied in Cleveland Bay, Australia, to study suspended
sediment distribution in January and March 1993 when two high turbidity
events (> 100 mg/l) were observed. The model was able to predict these high
sedimentconcentration events. Swell was found to be the dominant suspension
mechanism in the bay. In addition, the model was improved and applied to the
Oder Estuary, which forms the border between Germany and Poland. The con-
centration levels are clearly related to the higher waves and water depth. The
model results agree with known values and data images in the Oder Estuary.

1
Introduction

Understanding sediment transport processes is of fundamental importance in
coastal dynamics and environmental evolution. Numerical modeling is one
method that may be used to study sediment transport. The research in this
field is still in its infancy and the model results are therefore usually of rather
limited value. Although the vertical concentration structure can be explicitly
taken into account by two-dimensional vertical (2DV) models (Van Rijn 1986;
Celik and Rodi 1988), 2D horizontal (2DH) sediment transport models based
on the depth averaged formula are still widely used (De Vriend 1987; Nairn
and Southgate 1993; Ziegler and Nisbet 1994), with the disadvantage of ne-
glecting the concentration profiles. Since suspended sediment transport in
coastal areas is a three dimensional phenomenon, it should be described by
three-dimensional models. However, most 3D models are expensive to run
and they are thus commonly used to predict short-term sediment transport
only (Koutitas and O’Connor 1980; O’Connor and Nicholson 1988; Miller
1984). An alternative to 3D modeling is the application of a depth-integrated
approach (Galappatti and Vreugdenhil 1985).

This chapter focuses on the development of a quasi-3D numerical model for
suspended sediment transport in coastal waters under wave-current move-
ment. The wave-current interactions and the quasi-3D sediment concentration
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model will be briefly described. The new numerical model was then applied to
Cleveland Bay, Australia, and the Oder Estuary, which straddles the border
between Germany and Poland. In this chapter the model predictions are dis-
cussed and tested against the field data.

2
Wave-Current Bottom Stresses

Bottom stresses required for sediment transport modeling are calculated by a
bottom boundary layer model. The calculated stresses are then used in the
bottom boundary condition for the sediment transport model. The influence
of wave-current interaction on the bottom shear stress is calculated using an
iterative procedure based on the concept of Grant and Madsen (1979). A simi-
lar method was used by Signell et al. (1990), but with a different definition of
wave friction.

The maximum bottom stress tj m,, for wave-current combinations is de-
fined as:

1
Th,max = Efcwp(Ug + u? + 2Usuccoso.), 1)

in which p is the water density, f,, is an unknown effective friction factor un-
der combined wave-current movement, Us is the maximum near bottom wave
orbital velocity which may be determined from linear wave theory, u, is the
current velocity near the sea bed, and ¢, is the angle between wave propaga-
tion and the current direction.

The calculation of the effective friction coefficient f,,, begins by determining
the oscillatory component of the stress t,,, whereby:

1
T = pui, = pfu U3, @

with f,, as the wave friction factor whose value can be obtained by using the
relationship of Jonsson (1966).
With u,,, determined, an iterative procedure is used to calculate f., at the
upper edge of the wave-current boundary layer as briefly described below:
(i) Starting with an initial guess of f,, the steady shear velocity component
U, is obtained by:

Uye = fcwuc' (3)
(ii) The combined wave-current friction velocity u,, is defined as:

Uxew = v tb,max/p (4)

and can be obtained by the wave-related and current-related friction velo-
cities:
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Usew = (Uic + uiw + Zu*cu*wcos¢c)1/2- (5)
(iii) To determine the effective bottom roughness kj:

Usxc

Uscw A6:| (l_u*“’)

ky = ks[24 Us k.

; (6)

where k; is the physical bottom roughness, and A; is the near bottom ex-
cursion amplitude.

(iv) The effective roughness is then used to calculate the velocity profile in the
boundary layer (Signell et al. 1990):

Uy z

(v) Solving for the velocity at a reference level, a new estimate of the friction
coefficient is obtained:

2
K
for= | nsssri) ©

The above procedure (i-v) is repeated until the successive estimates of f,
differ by less than a preset error value (107° in this case).

3
Suspended Sediment Concentration Model

A quasi-3D suspended sediment concentration model based on the advection
diffusion equation has been developed. It starts from the work of Galappatti
and Vreugdenhil (1985), who introduced an asymptotic solution to a 2DV
model under steady current. In this study, a quasi-3D model, developed for
more complicated flow fields, was generalized for application to combined
wave-current movement.

The wave effect is taken into account by assuming an analogy of mixing
profile on a wave-averaged and turbulence-averaged scale and the modified
eddy viscosity coefficient, as well as by introducing an enhanced bed stress.
In cases where the suspended load is the main mode of sediment transport,
an asymptotic solution of the advection diffusion equation is presented. The
vertical concentration profile has been shown to depend only on the vertical
velocity profile and the mixing coefficient. It can therefore be calculated in
advance. The three-dimensional concentration is represented in terms of
depth-averaged concentration and its horizontal derivatives. As a result, the
three-dimensional suspended sediment concentration problem is separated
into two parts: a two-dimensional depth-averaged model and vertical sediment
concentration profiles solved in advance. As an example, the first order asymp-
totic solution is expressed as:
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in which ¢(x, y) is the depth-averaged concentration, # and v are the depth-
averaged velocities in the x and y directions, h is the water depth, w; is the
sediment settling velocity in still water at a specified kinematic viscosity,

= (z — a)/h is a new vertical coordinate, a is a reference level where the bot-
tom boundary condition is applied, a;1(¢), a21(8), a22(2), ax3(¢) are profile
functions determined only by the velocity profiles and the vertical mixing
coefficient. They can therefore be solved in advance.

The model solves the 3D advection diffusion concentration equation with
almost the same efficiency as the 2DH models. To reduce numerical disper-
sions, the second order upwind difference scheme has been applied to the hor-
izontal advection terms. A hybrid Crank-Nicolson and ADI solution scheme
was developed to calculate the SSC results. More details of the model have been
given in Lou (1995) and Lou and Ridd (1997).

Two significant effects of wave-current interactions on SSC distributions
have been taken into account: (i) changes in the intensity of turbulence, and
(ii) enhancement of bottom stresses. The latter has been solved by the bound-
ary layer model. The first effect will be discussed in the following section.

341
Sediment Mixing Coefficient Under Wave-Current

Derived from wave-induced sediment concentration distribution data (Bos-
man 1982), the following three-layer wave diffusion coefficient was proposed
(Van Rijn 1986):

Ewbed = 6.5 X 10—4ab6Diflorb z<$
Esw = 1§ Ewmax = 3.5 x 10720, 22 z>0.5h (10)
Eyw bed T+ (sw,max - sw,bed)ﬁ d<z< 0~5ha

in which 6 is the thickness of the near bed mixing layer (or wave bottom
boundary layer thickness), h is the water depth, H; is the significant wave
height, T is the wave period, D, is a dimensionless particle size parameter,
and «; is the wave breaking coefficient.

The sediment mixing coefficient due to the combination of waves and cur-
rent is assumed to be given by the sum of the squares of the current-related
and wave-related values as suggested by Van Rijn (1989):

g =¢l +¢, (11)

The current-related turbulent eddy coefficient &; . is calculated numerically
from the 3D circulation model. This approach corresponds to the summation
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of kinetic energy of both wave and current motions as ¢ ~ I - E/2, in which E is
the kinetic energy and [ is the mixing length scale.

3.2
Bottom Boundary Conditions in the SSC Model

It is assumed that the location of the fluid-sediment interface has been aver-
aged over the wavelength of bedforms such as ripples or dunes. Let z denote a
coordinate upward normal to this boundary. If the reference location, z = a, is
chosen sufficiently close to the boundary, the normal fluid velocity w can be
neglected. As a result, the upward flux of suspended sediment, evaluated at a
reference distance z = a above the bed, can be given by:

E, = wy(E; — c,cos6), (12)

where ¢, is the near bed concentration of suspended sediment, w;c,cos0 is the
deposition rate per unit bed area due to the fall velocity w,, and E; is a dimen-
sionless coefficient describing the entrainment of bottom sediment into sus-
pension due to turbulence. If the bed slope is small, the net upward flux at
the bed can be approximated by:

Fo = wy(E;s — ca). (13)

To solve the distribution of suspended sediment, it is necessary to specify
the values of E; and c, at the reference bottom boundary.

3.2.1
Entrainment Coefficient

Natural coastal sediments are often not uniformly sorted. In the model, the bed
sediment mixture is divided into N size ranges such that p; denotes the volume
fraction of the bed material of the kth range.Values of p; have been obtained in
practice by measuring the particle size distributions of surficial sediments.
Furthermore, D; denotes the characteristic grain size of the sediment in the
kth range.

Garcia and Parker (1991) developed an empirical relation of the entrain-
ment coefficient. This new relation has been generalized to sediment mixtures
with the aid of field data. It was demonstrated that this empirical fit was super-
ior to other approaches and that it provided reasonable estimates of the en-
trainment coefficient. As a result, a similar approach is adopted in our study:

AZ

Es,k =T A »5°
1+ &7

(14)
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where
u' Dy 0.2
7, = —* RO‘G K , 15
k wsk ¢ \Dso (15)
and

Ry = (s‘—vl)gﬂl)k, (16)

with A being a constant of 1.3 x 1077, Ds, being the median size of bottom
sediment, u/ being the bottom shear velocity, Dy being the characteristic size
of sediment in the kth range, w; ; being the settling velocity of the sediment in
kth range at a specified kinematic viscosity. The suspension rate of class k
should be normalized by the per unit volume fraction content of material in
the kth range on the surficial bed as pEj x.

3.2.2
Bottom Concentration

The suspended sediment concentration at reference level z = a above the bed
is expressed as (Van Rijn 1989):
Dso Ty”

Cqg = 0.015750*—3, (17)
in which T is a bed shear stress parameter, Tg = (T, — Tb,cr)/Tb.cr» Tp 1S the ef-
fective bed shear stress under combined waves and currents, 7, is the time-
averaged critical bed shear stress of Shields (1936).

This is the bottom boundary condition for unlimited bed sediment source.
If the sediment erosion on the bed is limited, the probability function repre-
senting this sediment suspension rate should be multiplied in the above equa-
tion.

4
Model Application to Cleveland Bay

Cleveland Bay is near latitude 19°S on the north coast of Australia (see Fig.1).
On its northwest side is Magnetic Island. The bay is shallow, reaching a max-
imum depth of 15 m at its seaward edge. The main approach for ships entering
the bay is an artificial channel known as Platypus Channel extending north-
wards. Platypus Channel is often dredged to a depth of 12-13m and the
dredged material is dumped in the northern part of the bay near the 10-m
isobath. Tides in Cleveland Bay have a large spring-neap asymmetry, with a
maximum range of about 3.8 m at springs and 0.5-0.8 m at neaps. The waves
in the bay consist of two components: local wind waves and swell. The sedi-
ments commonly show a gradational size distribution from fine silt to coarse
sand.
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Fig. 1 Cleveland Bay and
field measurement loca-
tions. SSC sites are denoted
as N, current sites as C, se-
diment sample traps as S,
the wave recording site as
W, and the tide level site

as T

From 1 January to 30 April 1993, a 4-month field study in Cleveland Bay was
carried out (Comarine 1993). The sediment concentrations at six locations
(N1,2...6 in Fig. 1) were recorded using self-cleaning optical backscatter ne-
phelometers (Ridd and Larcombe 1994) positioned at 30 cm above the seabed.
Waves and currents near the dump site were recorded over the same period.
The wave spectrum was arbitrarily separated at a period of 7 seconds into
“swell” (with periods greater than 7 sec) and “wind waves” (short waves with
periods less than 7 sec) (Lou et al. 1996). The tidal elevation data were obtained
from Townsville Port.

During the 4 months, two high sediment concentration events with peak
SSC data larger than 100 mg/l were observed. The first was between 9 and 11
January, the second was between 12 and 14 March (days 71-73 in 1993).

From 9-11 January, a high SSC event corresponding to a high swell and
spring tide was observed. During this period, a spring tide with a maximum
tidal current velocity of 0.53 m/s occurred between 8-10 January. With increas-
ing swell, SSC levels rapidly increased to greater than ambient values
(>100mg/l1). The SSC peaked at about 1800 h on 9 January with the maximum
SSC level above 200 mg/l, and then decreased to the background value below
10 mg/l. This high SSC event lasted for about 4 days from 8 to 12 January.

A similarly high SSC event was observed between 12 and 14 March (days
71-73) 1993. This turbid water layer also occurred under an increasing swell,
but this time during a neap tide rather than a spring tide. Compared with the
first event, the swell action was weaker and the SSC level in this period was
lower, reading a peak value of about 100 mg/l. This high SSC event lasted for
about 2 days.

Using the SSC model with measured current and wave data, sediment con-
centrations in Cleveland Bay were simulated for two periods: i) 5-15 January
1993, and ii) 6-16 March 1993.
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Fig. 2 SSC model results for
5-15 Jan. Solid line Model
result; dashed line field data

It has been shown by Lou and Ridd (1996) that the most important factor
causing sediment suspension in Cleveland Bay is swell rather than local wind
waves. Therefore, only the swell data measured near the dump site were used
in the model simulation, wind waves being neglected.

SSC data at station N4 (near offshore boundary) and N6 (around southwest
boundary) have been used as the concentration open boundary conditions.

The modeled SSC results from 5 to 15 January 1993 are given in Fig. 2.
These results apply to a height of 30 cm above the sea bottom. Because SSC
data from N4 and N6 were used as boundary conditions in the model simula-
tion, no results for these two sites are shown. It can be seen that the high SSC
event from 9 to 12 January was reproduced by the model. Generally, the pre-
dicted high SSC patterns agree well with field measurements at all four sta-
tions. The differences between simulated SSC results and field measurements
are within an order of magnitude. For the most part of high SSC about 100 mg/
1, the difference between model predictions and field data is less than a factor
of 5. For the background SSC values before 8 January and after 12 January, the
model results are higher than the data. Compared with field data, the model
predictions are essentially smooth, no peaks or troughs in the field data having
been simulated. These peaks or troughs in SSC measurements result partly
from tidal advections near the concentration front where either clear or turbid
waters flow across the nephelometers by flood or ebb tides respectively.

Between 12 to 14 March (days 71-73 into 1993), a period of moderate swell
(with the significant wave height of 0.5 m) occurred over neap tide. During this
period another high SSC event was observed. In this case, the wind and swell
intensity were smaller, and the observed SSC magnitudes were lower and lasted
for a shorter time interval than the first event in January. To simulate this high
SSC event, a 10-day model run from 6 to 16 March 1993 was carried out. A
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Fig. 3 SSC model results for
<7 6-16 March. Solid line
£ b geg by gt b RN Model result; dashed line
R R T v o SR P Vol field data

SSCat N5 (mg 1™

comparison of measurements with model results is presented in Fig. 3. Because
of instrument problems, no SSC data were recorded at N1 and N2 during this
period. Only the results of N3 and N5 have thus been considered. The general
trends of the model predictions at station N5 agree well with the measured
data. For the elevated SSC period in days 71-73, the difference between model
prediction and field data at N5 is less than a factor 4. Before and after this high
SSC event, the model calculations mostly overestimate the data with a differ-
ence within a factor of 5. At station N3, from days 71-74, the model results are
higher than the data. The observed high SSC greater than 10 mg/l at N3 lasted
for 1 day (days 72-73), whereas the predicted high SSC lasted for 2.5 days.

5
Suspended Sediment Distribution in the Oder Estuary

The Oder Estuary forms the border between Germany and Poland (see Fig. 4)
and drains into the Baltic Sea, where tidal effects are negligible. The Oder Es-
tuary, which connects with the Baltic Sea through three straits: Peene, Swina
and Dziwna, is a very shallow bay with an average water depth of about 4 m.
Only the Swina strait reaches depth of 10-17 m. The local wind field is an im-
portant factor for generating an unsteady circulation and waves. Some results
of wave and current modeling in the Oder Estuary can be found in Gunther
and Rosenthal (1983), Winkel (1994) and Wolf and Gayer (1996).

The sediment distributions in the Oder Estuary are non-homogeneous. The
composition of the sediments (granulometric and chemical) varies over a wide
range. Silts and sandy silts cover above 60 % of the bottom and there are high
concentrations of organic matter (14-35 %) in the silts. The sediments in the
western half ofthe estuary (German side) are somewhat coarser than those in
the eastern half (Polish side). The fine sediments (silts and sandy silts) are
mainly located in the inner part of the estuary, whereas the sands are mostly
found close to the coastline. Detailed descriptions of sediment characteristics
in the Oder Estuary can be found in Osadczuk et al. (1996) and Lampe and
Meyer (1995).

As a preliminary model application, suspended sediment concentrations in
the Oder Estuary were simulated for different wave and current conditions. An
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Fig. 4 Location of the Oder
Estuary

Fig. 5 Suspended sediment
concentrations in mg/l in
the Oder Estuary under
calm wave climate

initial uniform depth-averaged concentration of 40 mg/l was assumed for the
whole study area.

Figure 5 shows the SSC model result under a calm wave climate without
currents, a uniform significant wave height of 0.2 m, and a peak wave period
of 3.0 sec. The result indicates that during this calm weather period the wave-
induced bottom stresses did not excess the critical bottom stress and that the
sediment particles would settle down to the sea bed, resulting in clearer water.
It also shows that most of the settling is predicted to occur in the eastern part
of the Estuary (Polish side).

By contrast, with a wave height of 0.6 m and a wave period of 4.0 sec, the
model predicts resuspension into the water column to produce turbid water
(see Fig. 6). In the eastern part, the concentration is slightly higher than the
initial background value; substantially higher suspension was mainly found in
the western part (German side).
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300 " " T ] Fig. 6 Suspended sediment
concentrations in mg/l in
the Oder Estuary under
moderate wave climate
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The concentration levels are clearly related to the higher waves and greater
water depth. Though the model needs further careful calibrations with more
field data, the agreement with known values and data images are very promis-
ing.

6
Conclusions

The new sediment transport model presented in this chapter integrates the
instantaneous vertical structure of the flow, wave-current interaction, and tur-
bulent eddy coefficient changes due to wave/current coexistence. It is superior
to semi-empirical sediment transport models and to most other models which
are based on Bagnold’s energetics concept using vertically integrated equa-
tions. It is more efficient than the fully 3D models, while all kinds of boundary
conditions for a 3D model can be used.

The new model was applied in Cleveland Bay in Australia where the model
predictions were compared with the field data during two high SSC events in
January and April 1993. The following results were achieved: (1) High concen-
tration events of over 50 mg/l were predicted with an error less than a factor of
3. (2) Fluctuations in SSC appearing in the data, probably caused by advection
near concentration fronts, were not predicted by the model. (3) During periods
of low concentration (less than 10 mg/l), the model results were often higher
than the field data.

The preliminary model results of suspended sediment concentrations in the
Oder Estuary agree with known values and data images. However, further
model calibrations with higher quality field data is still considered necessary.

Considering the state of the art of sediment transport modeling (with model
errors of larger than one order of magnitude being quite common), the results
achieved with the new model using real data are very encouraging.
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Model Simulation of Temporal Variability of Suspended
Matter in the North Sea

W. Puls, T. Pohlmann and J. Siindermann

1
Introduction

The North Sea is a shelf sea with maximum water depths of 50 m in its southern
half and between 50 and 120 m in its northern half. Special geographic features
are the Norwegian Trench and the Skagerrak with maximum water depths be-
tween 300 m and 600 m. Figure 1 shows the bathymetry of the North Sea together
with some principal locations.

In the North Sea, the average water circulation resulting from non-linear
tides, from mean wind and from horizontal density differences is anticlockwise,
with North Atlantic water entering from the Orkney-Shetland area and with
English Channel water entering through the Straits of Dover. The water masses
leave the North Sea towards the north along the Norwegian coast. In the south-

Fig. 1 North Sea model do-
main with bathymetry and
some principal locations
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ern and the northern North Sea residual currents are typically in the order of 5
and 1 cm s7}, respectively. Maximum tidal currents are 1.2 m s™!. A comprehen-
sive description of the hydrography of the North Sea is given by Otto et al.
(1990).

The suspended particulate matter (SPM) regime in the North Sea is described
by several authors, e.g. by Eisma and Irion (1988), Howarth et al. (1993) or Dyer
and Moffat (1998). SPM is supplied to the North Sea (a) from the adjacent seas,
above all the North Atlantic (mainly the Orkney-Shetland area) and the English
Channel via the Straits of Dover, (b) from cliff erosion, particularly along the
English coasts of East Anglia and Holderness, (c) from rivers and dumping, and
(d) from seafloor erosion. The major SPM flux out of the North Sea goes north-
ward towards the North Atlantic via the Norwegian coastal current. Major SPM
sedimentation occurs in the Skagerrak and the Norwegian Trench.

In winter SPM consists of terrigeneous material plus detritus (10-20% by
weight). Typical (depth averaged) SPM concentrations during winter are 2-5 mg
"' and 0.2-1.0 mg 1! in the southern and the northern North Sea, respectively.
The approximate line separating the SPM regime of the North Sea into a north-
ern and a southern part is between the Humber in the west and North Denmark
in the east. During summer, SPM concentrations in the northern North Sea may
increase significantly due to phytoplankton production with maximum phyto-
plankton concentrations in the order of 0.5 mg 1. In the southern North Sea
phytoplankton concentrations also increase to about 0.5 mg 1!, but phytoplank-
ton does not become dominant here because terrigeneous SPM (plus detritus)
concentrations are still in the order of 1-2 mg171. The grain size of terrigeneous
SPM in the North Sea is typically in the clay fraction or in the fine silt fraction
(Eisma and Kalf 1979).

The temporal variability of SPM concentrations in the North Sea at a fixed site
and a fixed water depth is due to
- (tidal) advection of an SPM concentration gradient past the site, e.g. Konig et

al. (1994), Jones et al. (1994)

- cyclic resuspension and deposition by tidal currents, e.g. Jago et al. (1993)
- resuspension/erosion (and subsequent deposition) by storm induced waves

and currents (Green et al. 1995)

- production and decay of phytoplankton, e.g. Reid et al. (1990)
- vertical diffusion and settling, e.g. Jones et al. (1994), Puls et al. (1995).

The mostly pronounced variability of the SPM concentration in the shallow
southern North Sea is due to storm events. Konig et al. (1994), for instance,
measured an increase from 4 mg1-! to 20 mg1-! during a storm in the northern
part of the German Bight (sample depth: 10 m, total water depth: 20 m, bottom
sediment: sand).

The erosion of sediment during storms is an important transport mechanism
for particulate bound substances (contaminants) in the sediment. To give an ex-
ample: the content of anthropogenic lead in the (fine) sediments of the German
Bight including the German Wadden Sea is estimated to be 35 000 tons (Puls et
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al. 1997a). This amount has accumulated during the last 100 years. Within the
last decade, the input of lead into the North Sea was substantially reduced; but
there is still a lead impact on the German Bight environment because of the lead
in the sediment, which leads to the question of how long the lead in the sediment
will remain in the German Bight. One reduction mechanism is the erosion of
fine sediment by storms, the following transport with the current over a certain
distance and finally the redeposition of the fine sediment. Stepwise, fine sedi-
ment will be transported further “until it eventually reaches a point where the
base of storm-induced waves will not reach the seabed any more. In the case of
the North Sea this point can be found in the Skagerrak” (cited from Liebezeit
1991).

This chapter deals with the temporal variability of the SPM regime in the
North Sea, especially the southern North Sea. The temporal variability is calcu-
lated (1) for the data collected by the North Sea Project (NSP) of the British Nat-
ural Environment Council (NERC), and (2) for the data computed by a 3-dimen-
sional SPM transport model. The comparison of the model results with meas-
ured data gives an impression of the model's quality.

2
SPM Transport Model

The model domain of the SPM transport model for the North Sea is shown in
Fig. 1. The horizontal grid size, indicated by the zigzagging coastlines, is 20 km.
The thickness of the vertical layers is 5 m from the surface down to 50 m (i.e. 10
layers); below 50 m the layer thickness increases. The maximum number of lay-
ers is 19. The horizontal grid lines subdivide the model domain into 1350 hori-
zontal grid cells. The additional subdivision by the vertical layers results in
13851 single grid boxes. The time step for the model simulations presented here
is 80 min.

The sea bed below each horizontal grid cell has a thickness of 20 cm, it is ver-
tically divided into 43 layers. The thickness of the layers increases from 0.1 mm
just below the sediment surface up to 24 mm in the deeper parts.

Most 3-dimensional models for SPM transport are based on solving a 3-di-
mensional transport-diffusion equation using the finite difference method
where SPM is treated as a continuum (e.g. O'Connor and Nicholson 1988). In
contrast to such an approach, the SPM transport model presented here uses a
stochastic, or Monte-Carlo, procedure. A description of a tracer particle trans-
port method is for instance given by Al-Rabeh and Gunay (1992).

The movement of SPM in the model domain is simulated by the migration
and the random walk of tracer particles (Lagrangian tracer technique). Up to
100 000 particles are used, each being loaded with a certain mass of SPM. The
SPM masses on the single particles must not be identical, each particle can have
a different settling velocity. During a model run these particles are injected at
grid points where SPM input takes place. A particle carries only the mass of SPM
from one single source, e.g. “Rhine river”. When SPM is deposited on the sea
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bed, SPM mass is subtracted from the particles. When there is erosion of fine
sediment, the SPM mass on the particles is increased.

A typical number of particles in the southern North Sea is 100 per horizontal
grid cell. This means a relative standard deviation of the estimated SPM concen-
tration in that horizontal grid cell of + 10 %, resulting from the randomness of
the particle number.

What follows is a brief description of the general concept of the model simu-
lations, of the prerequisites for SPM modelling and of the simulated processes.
For a more comprehensive model description see Pohlmann and Puls (1994).

2.1
General Concept

Sediment transport in waters is induced by near-bed water movements, gener-
ated by currents and by surface water waves. The forces on the sediment bed are
expressed by the bed shear stress T or by the bed shear velocity u. := (1 p™1)%3,
with p being the water density. The relationship between u. and the mean cur-
rent velocity u;yat 1 m above bed is u, ¢ = C u«, with C being a Chézy coefficient
in the order of 15.

In hydraulic engineering, sediment transport is usually quantified by trans-
port formulae, relating u« to the mass of transported sediment. Transport for-
mulae exist for sediment transported near the bed (bed load), sediment in sus-
pension (suspended load) or the sum of both (total load), they are mostly valid
for non-cohesive sediment.

The model presented here deals only with suspended sediment. A transport
formula is not applied because such a formula implies that the SPM mass or the
SPM concentration in the water column is in equilibrium with the local, instan-
taneous bed shear velocity u.. SPM from the North Atlantic, for instance, settles
only 10 m within 50 days. Regarding a time scale of several days, the content of
Atlantic-borne SPM in a water column is independent of u..

The grain size of SPM in the North Sea is typically in the clay fraction or in
the fine silt fraction (Eisma and Kalf 1979; Eisma and Kalf 1987). The North Sea
model simulates the grain size fraction < 20 um only.

In the presented model version, the model simulates terrigeneous SPM (plus
detritus) only, i.e. phytoplankton dynamics are not simulated.

The model is designed to simulate the large-scale,long-term SPM transport in
the North Sea during several years. At present, the years 1976-1995 can be simu-
lated because both wave data and current data are available for this time period.

22
Prerequisites for SPM Modelling

For a realistic simulation of the transport of fine sediment in the North Sea, the
SPM model needs information about (1) bottom sediment, (2) SPM sources, (3)
currents and diffusion coefficients, and (4) surface water waves.
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1.

2.

Information about the content of fine sediment (fraction < 20 um) in the sea
bed sediment is given in Fig. 2.

The input of SPM (fraction < 20 pm) into the model domain is dominated by
the residual fluxes from the North Atlantic and the Straits of Dover. At the sea-
ward model boundaries, the SPM flux into the model domain is the product
of a prescribed SPM concentration (constant in time) and the instantaneous
water flux. The prescribed SPM concentrations are 0.6 mg ™! between Scot-
land and Orkney, 0.4 mg I"! between Orkney and Shetland and 0.3 mg 1! be-
tween Shetland and Norway. This data is mainly based on measurements of
Eisma and Kalf (1987). In the Straits of Dover, prescribed SPM concentrations
are 7.2 mg 1"! in the northern half and 4.6 mg 1! in the southern half, based
on data of Lafite et al. (1997). The residual SPM flux into the North Sea be-
tween Scotland and Shetland is calculated to be 9 Mt a™! as an average of
1986-1993. The SPM flux through the Straits of Dover is calculated to be 17
Mt a”! for the same time period.

SPM supply from the cliffs of eastern England (Holderness, East Anglia) is 4.7
Mt a~!(Odd and Murphy 1992). In order to achieve a good agreement of their
simulated SPM concentrations with measured data, Odd and Murphy (1992)
assumed that 90 % of the annual cliff erosion occurs in the four month period
November-February.

The SPM masses entering the North Sea from rivers and by dumping (sewage
sludge, fly ash) can be taken from Pohlmann and Puls (1994). The input from
rivers and by dumping is comparatively small, the sum is about 2 Mt a™!; the
highest mass flux comes from the Rhine/Meuse/Scheldt with 0.75 Mt a™!.

Fig.2 North Sea model do-
main with the distribution
of fine sediment content
(<20 um) in the bottom sed-
iment
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3. The currents are provided by a separate 3-dimensional North Sea water cir-
culation model (Pohlmann 1996). The water circulation model has the same
grid structure as the SPM transport model. The provided simulated currents
are:

- M2/S2 tidal currents

- daily residual currents, generated by water density gradients and wind.
The water circulation model also provides daily averaged coefficients of ver-
tical diffusion which includes information about stratification (thermocline,
halocline).

4. Simulated 2-h surface wave data is given at 60 points in the North Sea. The
data is provided by the German Amt fiir Wehrgeophysik, Traben-Trarbach
(Helbig 1985).

The near-bed currents and the surface water waves are combined to calculate
the bed shear velocity ux, (Puls et al. 1997b). For each of the 1350 horizontal grid
cells of the model domain, u. is calculated every 80 min.

For a model run starting at the time t;, there is a “hot start” concerning the
distribution of SPM in the model domain and concerning the fine sediment in
the bed. This hot start is achieved by premodelling the time period of 2 years be-
fore t;, using the actual currents and waves of that time period.

23
Simulated Processes

Maximum SPM concentrations in the North Sea are about 100 mg 1-1. This is a
comparatively small concentration which does not affect vertical mixing or SPM
settling.

Erosion of the bed sediment happens if the bottom shear velocity u. increases
above the threshold shear velocity of the sediment. The threshold shear velocity
u.E g is 2.8 cm s7! both for sandy and muddy sediment, which is the result of re-
cent model tunings. The concept for the erosion of a sediment bed is: a surface
sediment layer of the thickness Dg is stirred up; Dy is proportional to u.? -
(u.Ecg)% The present mass of the sediment fraction < 20 um in the disturbed
layer is entrained into the water column, the coarser sediment is not regarded.
Erosion is thus not simulated as a rate (i.e. a time-dependent) process, but as an
instantaneous process. Maximum Dg-values are in the order of 2 cm. The in-
crease of the SPM concentration in the water column during such an extreme
event is in the order of 100 mg 1!

Newly deposited SPM clothes the bed in a thin veneer. This mud blanket is re-
suspended instantaneously (en bloc) if the bottom shear velocity, ux, increases
above the threshold shear velocity of the veneer material. According to the meas-
ured data of Jago et al. (1993) the threshold shear velocity for resuspension
should be in the order of 2 cm s71, but in the present model version the same val-
ue is used as for sediment erosion, i.e. 2.8 cm s

SPM is advected by the currents provided by the water circulation model of
Pohlmann (1996).As a by-product, the spatial gradients of horizontal velocities
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provide for horizontal diffusion. Diffusion of tracer particles is simulated by a
random walk process, such as described in Stronach et al. (1993). The coeffi-
cients of vertical diffusion are provided by the water circulation model, a typical
value near the water surface during stormy weather is 0.03 m? s,

The settling velocity of SPM depends on the SPM's origin. SPM from the
North Atlantic Ocean settles with 2x 1073 mm s™!, SPM eroded from the sea bed
settles with 3 X 107! mm s~!. SPM from the English Channel, from rivers, cliff
erosion and dumping is divided into three fractions with settling velocities of 1
% 1071,2 % 1072 and 4 x 1073 mm s. The information about settling velocities
comes from in situ measurements (Puls et al. 1995), it is deduced from mud ac-
cumulation rates (e.g. Johnson and Elkins 1979) or is obtained by tuning the
model] results via comparison with observed time series of SPM concentrations.

Deposition of SPM takes place (1) by settling and (2) by water filtration by
bottom dwelling suspension feeders. Deposition by settling is possible only if the
bottom shear velocity, u«, is below a threshold shear velocity for deposition
(Krone 1962), which is between 0.8 and 2.8 cm s~!, depending on the SPM's set-
tling velocity. A typical water filtration rate, being valid for sandy bottom in the
southern North Sea (seasonal average) is 100 litres m~2 day~! (Rachor, pers.
comm.).

Most of the SPM deposited by settling forms a mud blanket on the bed sur-
face. If this mud blanket is not resuspended, it is gradually consumed by bottom-
dwelling deposit feeders and stored in the upper 5 cm of the sediment bed, now
being an integral part of the bed. SPM deposited by suspension feeders is imme-
diately stored in the sub-bottom layer 0-5 cm.

Vertical mixing in the sediment bed by bioturbation (0-20 cm sub-bottom
depth) is simulated by simple diffusion (Boudreau 1986). The effective diffusion
coefficient is 10 cm? a™! at the bed surface and decreases linearly down to 1 cm?
a~! with increasing sub-bottom depth.

24
SPM Time Series

To give an impression of the short-term variability of the SPM regime in the
southern North Sea, Fig. 3 shows time series of the bed shear velocity, u., and of
depth-averaged SPM concentrations (total SPM and eroded SPM). The time se-
ries is simulated for December 1988 at “site A” (see Fig. 2), a location in the
Southern Bight, water depth 27 m. The bed shear velocity shows four maxima
per day which reflects the maxima of the M2 tidal currents. During storms, sur-
face water waves generate a substantial increase of u., e.g. on December 6-7,
1988. The semidiurnal variability of the total SPM concentration (on December
1-2 and December 20-22) results from tidal advection of a concentration gradi-
ent past the site. Obviously, this spatial gradient exists only for non-eroded SPM,
because eroded SPM does not show the semidiurnal variability.

When u. exceeds the threshold shear velocity for erosion (2.8 cm s™!), fine
sediment is picked up from the bed by removing the fine sediment (as long as it
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Fig.3 Simulated time series of bed shear velocities u. and depth-averaged SPM concentra-
tions at site A (see Fig. 2) during December 1988. In the lower diagram, the dashed horizon-
tal line is the threshold bed shear velocity for deposition of fast settling SPM and for erosion
of fine sediment (2.8 cm s7!), the dotted horizontal line is the threshold bed shear velocity
for deposition of slowly settling SPM (0.8 cm s™!). The thick curve in the upper diagram is
the SPM concentration of eroded SPM, the thin curve is total (including eroded) SPM

is not exhausted) from the sediment layer which is stirred up by the high bed
shear velocity. The result is an increase in the concentration of eroded SPM and
a corresponding increase in the total SPM concentration.

Deposition of eroded SPM takes place as soon as ux remains below the thresh-

old for deposition, which is 2.8 cm s™! for eroded, fast- setthng SPM, and 0.8 cm
s7! for slowly settling SPM. According to the u. time series in Fig. 3, deposition
of slowly settling SPM seldomly occurs at site A.

The general level of SPM at site A is about 5 mg17!. It is mainly supplied to the
North Sea through the Straits of Dover. The maximum concentration of eroded
fine sediment (thick curve in Fig. 3) is 3 mg1"! on December 7-8 which is small
regarding the high u.-value of 7 cm s7!. The mass of eroded fine sediment is
small because the content of fine sediment is small in the sandy sea bed of the
Southern Bight.

3
SPM Regimes During Extreme Weather Conditions

As examples for the temporal variability of the SPM regime in the North Sea, two
extreme situations are presented: (a) calm weather conditions and (b) stormy
weather conditions. Two dates from the North Sea project (NSP) survey period
(Sect. 4.1) are selected: August 9, 1988 (calm) and February 14, 1989 (storm).
The “extremity” of the two situations can be assessed from Fig. 10 which shows
a long-term time series of u. at site A (see Fig. 2) in the Southern Bight.
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3.1
Calm Conditions

On August 9, 1988, Beaufort 3 (weak breeze) was measured in the central North
Sea, Beaufort 2 in the Southern Bight and Beaufort 1 in the German Bight. The
near bed (1 m above bed) current velocities, calculated by the water circulation
model (Pohlmann 1996), are shown in Fig. 4. The currents are generated by den-

Fig.4 Near-bed current ve-
locities (1 m above bed),
computed by a 3-dimension-
al North Sea water circula-
tion model. Daily average on
09-08-1988 (calm weather
conditions)

Fig.5 Near-bed current ve-
locities (1 m above bed),
computed by a 3-dimension-
al North Sea water circula-
tion model. Daily average on
14-02-1989 (stormy condi-
tions)
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sity gradients and wind only, tidal currents are not shown. Maximum near-bed
current velocities are between 2 and 6 cm s7!; in the southern North Sea they are
below 2 cm s,

The bed shear velocity u. during calm weather (Fig. 6) is generated mainly by
tidal currents. In the Southern Bight, u. is between 2 and 4 cm s™! which corre-
sponds to near bed (tidal) current velocities between 30 and 60 cm s71.

Fig.6 Computed bed shear
velocities in the North Sea,
generated by the combined
action of currents and
waves. Snapshot picture on
09-08-1988,12:00 UTC (calm
weather conditions)

Fig.7 Computed bed shear
velocities in the North Sea,
generated by the combined
action of currents and
waves. Snapshot picture on
14-02-1989,12:00 UTC
(stormy conditions)
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Fig.8 Computed SPM con-
centrations (depth-aver-
aged) in the North Sea, snap-
shot picture on 09-08-1988,
12:00 UTC, calm weather
conditions

The SPM concentration in the North Sea is generally low during calm weather
as it is shown in Fig. 8. In most parts the depth averaged SPM concentration is
around 0.3 mg 1"}, highest values appear in the Southern Bight with concentra-
tions > 6 mg 1-!. Figure 8 presents the spatial distribution of minimum or back-
ground (depth-averaged) SPM concentrations in the North Sea. The comparison
with measured data, however, shows that the computed concentrations plotted
in Fig. 8 are too high. Konig et al. (1994) consider the minimum SPM content in
the German Bight to be 0.5 + 0.2 mg 1%, Puls et al. (1995) measured a back-
ground SPM concentration of 1.5-2.5 mg I"! in January 1993 in the German
Bight. The relatively high modelled SPM concentrations in the southern North
Sea are due to high input concentrations in the Straits of Dover. We will be faced
again with this problem in Section 4.2.

3.2
Stormy Conditions

Weather conditions on February 14, 1989 were severe: there was a prominent
storm field above the North Sea. There was only Beaufort 5 (fresh wind) in the
Southern Bight, but Beaufort 12 (hurricane force) during gusts in the German
Bight and still heavier gusts in the night before in the Orkney-Shetland area. The
wind was from the northwest, there was a storm flood warning for the German
coast. Near-bed current velocities (Fig. 5) in the eastern part of the North Sea
were above 12 cm s~ The bed shear velocity ux (Fig.7) exceeded 7 cm s7! in the
shallow part of the North Sea where the seabed was severely affected by waves.
The contour of the Dogger Bank is clearly visible.
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Fig.9 Computed SPM con-
centrations (depth-aver-
aged) in the North Sea, snap-
shot picture on 14-02-1989,
12:00 UTC, stormy weather
conditions

The SPM concentration on February 14,1989 (Fig. 9) is above 6 mg1~! in most
parts of the shallow southern North Sea. In the deeper northern part, the SPM
concentration does not increase substantially; it is still below 1 mg 1.

The comparison of simulated and measured SPM concentrations during
storm conditions is not straightforward: during storms, also coarse grains
(sand) are suspended in the water column, contributing to the SPM concentra-
tion, while the model still simulates the grain fraction < 20 um only.

4
Comparison of Measured and Simulated SPM Data

The quality of the SPM transport model is assessed by comparing the SPM con-
centrations measured in the southern North Sea during the NSP survey period
with the SPM concentrations simulated by the model for the same time period.

4.1
NERC NSP Measurements

The time period August 1988-October 1989 is selected for presenting the SPM
variability calculated by the model. This time period was the core survey period
of the North Sea Project (NSP) of the British Natural Environment Research
Council (NERC), see Simpson (1994) or Howarth et al. (1993).

Between August 1988 and October 1989, 15 monthly cruises were undertaken
around a network of fixed stations in the southern North Sea, each cruise lasting
about 12 days (Fig. 10). The locations of the NSP stations are indicated in Fig. 11
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Fig.10 Computed time series of the bed shear velocity u. at site A (see Fig. 2) during the
complete NERC NSP period August 1988 - October 1989. The shaded time sections indicate
the 15 NSP survey periods. The dashed horizontal line indicates the threshold bed shear ve-
locity for erosion (= 2.8 cm s7})

Fig.11 Horizontal distribution of depth- and time-averaged SPM concentrations in the
southern North Sea, measured between August 1988 and October 1989 within the frame-
work of the British NERC North Sea Project. The positions of the numbers indicate the loca-
tions of the NSP stations within the grid of the SPM transport model. The number itself
gives the quantity of measured SPM concentrations which enter into temporal averaging at
each single station. The shading between the stations is obtained from inter- or extrapola-
tion. The numbers are plotted as white characters if the shading is too dark for black char-
acters.
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as numbers. SPM samples were taken 2 m below the sea surface, 2 m above the
seabed (in rough weather : about 5 m above seabed) and at about mid-depth. A
total of 4672 water samples were taken (Dyer and Moffat 1998). These samples
were analysed for SPM concentrations by filtering through GF/C glass microfibre
filters.

For having an impression of the intensity of the NSP observations, Fig. 10
shows the survey periods covered by the NSP cruises. This is done in a plot with
a time series of the (simulated) bed shear velocity at site A (Fig. 2).

The SPM concentrations measured during the NSP cruises were used for
comparison with the computed results of the numerical SPM transport model.

4.2
Mean SPM Concentrations

Figure 11 shows the spatial distribution of the temporal means of the depth av-
eraged SPM concentrations collected during the NSP core period August 1988-
October 1989. The plotted data were derived as follows: in a first step, the tem-
poral means of the depth-averaged SPM concentrations were calculated sepa-
rately for each station. The number of vertical means entering into this temporal
averaging procedure is given in Fig. 11 for each station. The temporal averaging
is done in logarithmic terms. The reason for using a logarithmic scale is shown
by an example: In linear terms, an increase from 1 to 2 mg 1! has the same “im-
portance” as an increase from 10 to 11 mg 1-!. For an SPM regime with concen-
trations in the order of 1 mg1-!, however, an increase by 1 mg 17! is substantial,
while for a regime with concentrations in the order of 10 mg 171, the same in-
crease is of subordinate importance. The importance of single SPM concentra-
tions with respect to the general concentration level (i.e. the SPM regime) at a
specific site is more adequately described by using a logarithmic scale than a lin-
ear scale.

After temporal averaging over the NSP study period, there is one depth aver-
aged SPM concentration for each station.In a second step these data are spatially
inter- or extrapolated (in logarithmic terms) in order to obtain a contour plot as
shown in Fig. 11. In larger areas with no data (that means: no stations), the
shown shading is doubtful, of course. This is especially true for the stationless
area in the centre of the southern North Sea and in coastal areas.

The computed data corresponding to the measured data is obtained as fol-
lows. For each measured (depth averaged) SPM concentration, there is the infor-
mation about the time of sampling t and the station number S. When the simu-
lation run passes the time t, the depth-averaged SPM concentration computed at
station S is recorded and stored in a file. After having simulated the whole NSP
period, the file contains for each measured depth-averaged SPM concentration
a corresponding computed value. For the contour plot of computed SPM con-
centrations, shown in Fig. 12, the computed SPM concentrations are handled in
the same way as the measured data.
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Fig.12 Horizontal distribution of depth- and time-averaged SPM concentrations in the
southern North Sea, computed for comparison with the measured NSP data shown in Fig.
11. The numbers are the same as given in Fig. 11; they give the quantities of computed SPM
concentrations at each single station. For each station, the computed SPM concentrations
are averaged in time. The shading between the stations is obtained from inter- or extrapo-
lation.

The comparison of measured (Fig. 11) and computed (Fig. 12) SPM concen-
trations shows: the dominant SPM source for the computed concentrations is the
Straits of Dover. With a depth-averaged SPM concentration of 2-5 mg 1!, the
Dover “plume” extends along the Dutch coast towards the German Bight. For the
measured SPM concentrations, highest values were observed around East An-
glia, where the measured values are above 5 mg 171, Just here, the computed val-
ues remain under 1 mg 1.

In view of the discrepancies between measured and computed SPM concen-
trations, the quality of the SPM transport model is assessed to be unsatisfactory.
The reason for this situation is not assumed to be the wrong simulation of SPM
supply or the incorrect simulation of SPM transport processes, but the insuffi-
cient simulation of currents in the coastal zones of the southern North Sea: the
model's grid is much too coarse (both horizontally and vertically) to be able to
simulate the SPM-typical transport processes (“trapping mechanisms”) in the
coastal zones correctly (Postma 1984). This is especially true for the “coast-dom-
inated” Southern Bight (Eisma and Kalf 1979). A more detailed discussion of the
model results is given in Puls et al. (1997b).
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4.3
Temporal Variation of SPM Concentrations

The temporal variation of measured and computed depth averaged SPM concen-
trations c at each separate NSP station is determined from the same measured
or computed data which are the basis for the mean SPM concentrations shown
in Figs. 11 and 12. The evaluation is done in logarithmic terms log c, resulting in
a mean value mean(log c) and a standard deviation 6(log c). After having taken
the anti-logarithm, the final result, i.e. the temporal variation, is expressed as a
standard deviation factor 10°1°8 ), The mean concentration is then (i) divided
by this factor and (ii) multiplied with this factor, resulting in a concentration
range which is somehow equivalent to a “normal” standard deviation. To give an
example: The original SPM concentration time series is {0.2,2,20} mg1-!.In log-
arithmic terms, the data is {-0.70, 0.30, 1.30}. The mean and the standard devi-
ation of the log-data is:

mean(logc) * O'(logc) =0.30%1.

Taking the anti-logarithm, the mean SPM concentration is 10%3 = 2 mg I},
the std. dev. factor is 10! = 10. The variability range of SPM concentrations is
thus from 2/10 =0.2 mg 1™ to 2% 10 = 20 mg 1'%,

There is a principal problem with the temporal variability of SPM concentra-
tions. SPM concentrations are regarded on a logarithmic scale (see Sect. 4.2).
SPM erosion, however, rather acts on a linear scale, because the increase in the
SPM concentration in the water column by erosion does (of course) not depend
on the SPM background concentrations at the specific site. To give an example:
there are two SPM regimes with background concentrations of 1 mg1~! and 4 mg
I"1. The increase of the SPM concentration during an erosion event is 5 mg1~! in
both regimes. There are three measurements during non-erosion conditions
and one measurement during the erosion event. The time series of SPM concen-
trations are thus {1,1,1,6} and {4,4,4,9} for the two regimes. Now, in logarithmic
terms the std. dev. factors are 2.45 and 1.50, respectively, i.e. there is a substantial
difference. In linear terms the standard deviation is + 2.5 mg ™! for each regime,
which is reasonable because the increase of the SPM is the same for each regime.
The example shows that processing SPM concentrations in linear terms is more
adequate for pure erosion events. For the sake of conformity, however, the tem-
poral variability of SPM concentrations is calculated in logarithmic terms, as it
is done for the temporal-averaged SPM concentrations in Section 4.2. It must be
kept in mind that the use of a logarithmic scale means decreased std. dev. factors
in SPM regimes having high concentrations and increased standard deviations
in SPM regimes having low concentrations.

The distributions of std. dev. factors of measured and computed SPM concen-
trations are shown in Figs. 13 and 14, respectively. Just as in Figs. 11 and 12, the
space outside the stations is inter- or extrapolated. The spatial means of the fac-
tors (simple average of the 477 horizontal grid cells representing the model do-
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Fig.13 Horizontal distribution of the temporal variation of depth-averaged SPM concentra-
tions in the southern North Sea, determined from SPM concentrations measured between
August 1988 and October 1989 within the framework of the British NERC North Sea Project.
The temporal variation is expressed by a so-called standard deviation factor, defined in the
text. For the meaning of the numbers see Fig. 11. The shading between the stations is ob-
tained from inter- or extrapolation

main as shown in the two figures) are 1.76 for the measured data and 1.74 for the
computed data. For a typical mean concentration of 2 mg 17}, the typical varia-
bility range is thus from 1.15 to 3.5 mg 1.

The std. dev. factors exhibit a patchy distribution both in Fig. 13 and in
Fig. 14. On the whole there is an approximate agreement of measured and com-
puted std. dev. factors, except for two parts of the southern North Sea: in the
southern part of the Southern Bight the computed std. dev. factors are too low,
around East Anglia the computed std. dev. factors are too high. As explained
above, this is a consequence of calculating the std. dev. factors in logarithmic
terms in SPM regimes having comparatively high and low SPM concentrations,
respectively.

The temporal variability of SPM concentrations in the southern North Sea is
dominated by successions of calm periods and storms, see also Section 5.3. The
approximate agreement of measured (Fig. 13) and computed (Fig. 14) std. dev.
factors means that (a) the occurrence of surface waves is well represented in the
model, and that (b) the processes of erosion and deposition are modelled fairly
well.
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Fig.14 Horizontal distribution of the temporal variation of depth-averaged SPM concentra-
tions in the southern North Sea, computed for comparison with the measured SPM data
shown in Fig. 13. The temporal variation of SPM concentrations is expressed by a so-called
standard deviation factor, defined in the text. The position of the numbers in the plot are the
positions of the NSP stations. Each number indicates the number of SPM concentrations en-
tering into the determination of the station's standard deviation factor. The shading be-
tween the stations is obtained from inter- or extrapolation

5
Representativity of NSP SPM Data

The measured distribution of the temporal variation of SPM concentrations

shown in Fig. 13 is based on a limited number of stations and on a limited

number of measurements per station. There are two questions concerning the

distribution given in Fig. 13:

1. Was the number of measurements per station (i.e. the frequency of NSP sur-
vey cruises) sufficient for being representative for the whole period August
1988-October 1989 (time representativity)?

2. Was the number of stations and their spatial arrangement adequately chosen
in order to yield a sufficient spatial coverage of the whole area of the southern
North Sea (space representativity)?

In Puls et al. (1997b) these questions were answered positively for the mean
SPM concentration. Here the questions will be answered for the temporal varia-
tion (expressed as standard deviation factors) of the SPM concentrations. In the
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following, the computed SPM concentrations will be regarded only. Finally, the
result for the computed data will be assumed to be also valid for the measured
data.

5.1
Time Representativity

Question no. 1 is answered as follows: for each NSP station (with more than one
measurement), the std. dev. factor of depth averaged computed SPM concentra-
tions is determined, based on the SPM data of the complete NSP period of 15
months. The model time step is 80 min, so more than 8000 computed SPM con-
centrations enter into this determination for each separate station. These std.
dev. factors are shown in Fig. 15 - the values outside the stations are inter- or ex-
trapolated. The positions of the stations are indicated by crosses. The making of
Fig. 15 is thus the same as the making of Fig. 14. The only difference is the data
basis, i.e. the number of SPM concentrations at each station: between 2 and 30 in
Fig. 14, indicated by the numbers within the contour plot of Fig. 14, and more
than 8000 in Fig. 15.

Fig.15 Horizontal distribution of the temporal variation of depth averaged SPM concentra-
tions in the southern North Sea, computed for comparison with the computed data shown
in Fig. 14. At each location indicated by an x (NSP stations), the standard deviation factor
is obtained from the complete time series of computed depth averaged SPM concentrations
between August 1988 and October 1989. The shading between the x-locations is obtained
from inter- or extrapolation
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The comparison of Figs. 14 and 15 shows: the two patterns of std. dev. factors
are nearly identical. Only in the Dogger Bank area, the temporal variability was
insufficiently registered by the NSP cruises. The spatial means are 1.74 and 1.89
in Figs. 14 and 15, respectively. Answering question no. 1, it is concluded that,
withregard to the temporal variation of depth averaged SPM concentrations, the
frequency of NSP survey cruises was sufficient to yield a representative picture
of the complete NSP period August 1988-October 1989.

5.2
Space Representativity

Next, question no. 2 is answered. For this purpose, Fig. 16 shows the complete
temporal and spatial distribution of std. dev. factors (one value for each of the
477 horizontal grid cells of the model domain of the southern North Sea) com-
puted by the SPM transport model. For the assessment of the spatial represent-
ativity of the NSP network of stations, Fig. 16 is compared with Fig. 15.

The std. dev. factors of both Fig. 15 and Fig. 16 are based on complete infor-
mation in time: on more than 8000 SPM concentrations (i) at each separate NSP

Fig.16 Horizontal distribution of the temporal variation of depth-averaged SPM concentra-
tions in the southern North Sea, computed for comparison with the computed data shown
in Fig. 15. The shown standard deviation factors are based on the complete data set (com-
plete with respect to time and space) of SPM concentrations computed between August
1988 and October 1989. There is one standard deviation factor at each horizontal grid cell
of the model domain. Therefore, no “stations” are indicated in this plot, there is no inter- or
extrapolation of data
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station in Fig. 15 (stations marked as crosses) and (ii) at each of the 477 horizon-
tal grid cells covering the model domain of the southern North Sea in Fig. 16.
The difference between the two figures is: in Fig. 15 the std. dev. factors outside
the stations must be inter- or extrapolated in order to obtain a contour plot,
while in Fig. 16 there is already one computed std. dev. factor for each of the 477
horizontal grid cells, inter- or extrapolation is not necessary.

The comparison of Figs. 15 and 16 shows that two areas with high std. dev.
factors are not realized by the NSP network of stations: (i) along the Dutch and
the German coast and (ii) in the central southern North Sea above the Oyster
Grounds. The recording of the near-coast “details” was beyond the scope of the
NERC North Sea Project. The non-consideration of the Oyster Grounds patch
with std. dev. factors > 2.5 in the central southern North Sea, however, is a prob-
lem. It leads to the conclusion that, with regard to the temporal variation of SPM
concentrations, the spatial arrangement of NSP stations does not yield a repre-
sentative picture for the whole southern North Sea. It is “bad luck” that the patch
is located in just that area where there is a “hole” in the network of NSP stations.

It must be kept in mind that the std. dev. factor is a measure for the relative vari-
ation of the SPM concentration. The high standard deviations of the Oyster Grounds
patch are due to (i) a low basic level of SPM concentrations during calm weather and
(ii) a comparatively intense increase of the SPM concentration during storms be-
cause of the high mud content in the Oyster Grounds sediment (see Fig. 2).

53
Conclusion for the Measured Data

The above considerations and conclusions are valid for the computed std. dev.
factors. Regarding the approximate agreement of the measured and the comput-
ed distributions of std. dev. factors shown in Figs. 13 and 14, the above conclu-
sions are assumed to hold also for the measured (i.e. the true) std. dev. factors.

An additional remark concerning the std. dev. factors shown in Fig. 16: the
SPM concentration used for the determination of this plotted distribution has a
time frequency of 18 values per day (time step: 80 min). The spatial mean of the
std. dev. factors in Fig. 16 is 2.37. If the 18 SPM concentrations per day are aver-
aged, and the std. dev. factors are determined from these daily averages, the hor-
izontal mean is 2.29. The small difference of the two horizontal means shows that
the SPM variation within a day (i.e. due to tidal currents and due to the random
number of particles within a horizontal grid cell) plays an insignificant role. The
dominant reason for the temporal variability of SPM concentrations is the suc-
cession of storm events and calm periods.

6
Meteorological Conditions During the NSP Period

This final section answers the question after the representativity of weather con-
ditions during the single months of the NSP period August 1988-October 1989:
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were weather conditions “normal” or were they extraordinary? This considera-
tion also gives an impression of the seasonal variability of storm events. As we
know, the frequency and the intensity of storms directly affect the SPM regime.

The data used for the assessment of the NSP period's weather conditions are
computed time series of the bed shear velocity, ux, at site A in the Southern Bight
(Fig. 2) for the 10 years 1985-1994. The frequency of the u.-data is 72 values per
day (time step: 20 min). In order to suppress the daily tidal variation, daily aver-
ages of u. were calculated. These daily averages are used for producing box and
whisker plots (Figs. 17 and 18).

Figure 17 shows the box and whiskers for each single month (e.g. August
1988) of the NSP period (light shading). For comparison, the box and whiskers
of the nine remaining months between 1985 and 1994 (e.g. all the Augusts be-
tween 1985 and 1994, excluding August 1988) are shown beside it (dark shad-
ing). For each month, the minimum of u. is in the order of 1 cm s~%; this is the
daily average of u. at site A during calm weather conditions, i.e. when there are
tidal currents only. The increased frequency and severity of storm events in win-
ter is obvious from Fig. 17.

Fig.17 Box and whiskers presenting the characteristics of computed u. time series at site A
(see Fig. 2). The data basis are daily averages of the u. time series. The top and the bottom
of each box are the 75% and the 25% quartiles, respectively, the dot within each box is the
median of the u.-sample. The ends of the whiskers are the minimum and the maximum val-
ues of the u«-samples. There are two box and whiskers for each month of the NSP period
August 1988-October 1989. The light-shaded boxes represent the single months of the NSP
period. The dark-shaded boxes aside represent the 9 remaining months of the 10-year time
period 1985-1994. For example: the first pair of box and whiskers stands for August 1988,
representing (a) August 1988 itself (light shading) and (b) all the 9 remaining Augusts from
1985 to 1887 and from 1989 to 1994 (dark shading). The dashed horizontal line indicates the
threshold bed shear velocity for erosion (= 2.8 cm s71)
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Fig. 18 Box and whiskers representing the characteristics of the u. time series (at site A) of
each January between 1985 and 1994. The data basis are daily averages of the u. time series.
The meaning of the box and whiskers is explained in the caption of Fig. 17. The comparison
of the 10 Januaries shows that weather conditions were exceptionally calm during January
1989. The d?shed horizontal line indicates the threshold bed shear velocity for erosion
(=2.8cms™)

By comparing the detailed u« data of Fig. 10 with the box and whisker param-
eters presented in Fig. 17, it must always be considered that the box and whiskers
are computed from daily averages of u«. The maximum u. in December 1988, for
instance, was computed to be 7 cm s! in Figs. 10 and 3, but only 5 cm s~ in Fig.
17. The reason is obvious from Fig. 3: the maximum u. of 7 cm s™! just appears
around midnight of December 6. The daily u. averages of December 6 and De-
cember 7 are therefore appreciably less than 7 cm s7L.

The question is: which months of the NSP period deviate significantly (95%
level) from average conditions, i.e. from the average of the 9 remaining months?
This question is answered by a Chi? median test (Lozan 1992). The test tells that
only 3 months differ significantly from their corresponding 9-month average:
January, February and March 1989. While February and March 1989 were ex-
traordinarily stormy, January 1989 was extremely calm. The exceptional calm-
ness of January 1989 is also pointed out in Fig. 18 which shows the box and
whiskers for u. at site A separately for each January between 1985 and 1994.

The high temporal variation of u. as shown in Figs. 17 and 18 induces a cor-
respondingly high temporal variation of SPM concentrations in the southern
North Sea by erosion and deposition. For a better assessment of the frequency
of storm events, the threshold bed shear velocity for erosion u*ECR (Sect.2.3) is
plotted as a dashed line.

It is obvious that one single cruise cannot give a reliable image of the SPM re-
gime in the southern North Sea - for this purpose repeated survey cruises are
necessary, as carried out within the British NERC North Sea Project in the south-
ern North Sea or within the German so-called TUVAS project in the German
Bight (Heinrich 1994).
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7
Summary and Conclusion

The SPM regime in the southern North Sea is dominated by successions of storm
events and calm periods. For the adequate simulation of this SPM regime, a nu-
merical SPM transport model needs input information about both the current
field and the surface waves. The SPM's temporal variability in the North Sea is
demonstrated by the comparison of two extreme weather situations.

The computed results of the model are compared with the measured SPM data
of the British North Sea Project (NSP). The distribution of mean SPM concentra-
tions in the southern North Sea is not satisfactorily simulated, but the temporal
variation of SPM concentrations is modelled quite well. It is concluded that ero-
sion and deposition of SPM are well simulated by the SPM transport model.

The model results are used to assess the representativity of the NSP data with
regard to its temporal variation. It is concluded that the time frequency of NSP
survey cruises was, in fact, sufficient to give a representative picture of the com-
plete NSP period August 1988-October 1989. The spatial representativity of the
measured NSP data, however, was shown to be imperfect.

Finally a recommendation is given: the planning of future projects with re-
peated survey cruises around a network of stations may include representativity
tests with a numerical model. Such tests will decrease the risk of getting incom-
plete results.
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Icebergs in the North Atlantic: Modelling Circulation
Changes and Glacio-Marine Deposition

C. Schifer-Neth and K. Stattegger

1
Introduction

Meltwater events (MWE) during and at the end of the last glaciation led to
dramatic changes in the oceanic circulation of the North Atlantic combined
with a strong reduction in deepwater formation or even a breakdown of the
conveyor belt (Bond 1995; Bond and Lotti 1995; Broecker 1991; Seidov et al.
1996). These changes depend on (i) the amount of freshwater brought in and
(ii) the locations of freshwater input and its transport path; that means the
conditions to form one or several large freshwater lenses on top of the water
column in the central Greenland, Iceland, and Norwegian (GIN) Seas.

Several episodes of rapid discharge of icebergs triggering MWEs are docu-
mented by the meltout and sedimentation of debris transported within these
icebergs, recognized as coarse-grained ice-rafted detritus (IRD) and building
up the well-known Heinrich layers on the seafloor (Heinrich 1988; Bond et al.
1992; Dowdeswell et al. 1995).

Recent investigations of Heinrich layers claim major iceberg discharge at
the end of the last glaciation (Termination I) mainly from the Hudson Strait
drainage basin of the North American Laurentide ice sheet (Dowdeswell et al.
1995; Andrews et al. 1994; Grousset et al. 1993) and, to a minor extent, from the
breakdown of the Barents ice sheet (Bischof 1994; Rosell-Melé and Kog¢ 1997;
Svendsen et al. 1996; Vorren et al. 1990). On the other hand, numerical experi-
ments demonstrate clearly that a significant weakening of the conveyor belt
predominantly would take place if a major freshwater injection entered the
northern North Atlantic (NNA) from the northeast caused by the breakdown
of the Barents-shelf ice sheet (Schifer-Neth and Stattegger 1997).

In this chapter, we present OGCM-based numerical experiments of the re-
lease, transport and melting of icebergs from various sources along the NNA
margins. Starting scenario is the Last Glacial Maximum (LGM) stage which
has been modelled successfully by Schifer-Neth (1994, 1997; Haupt et al. 1994).
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2
The Ocean Circulation Model

For the experiments, we use SCINNA (‘Sensitivity and Circulation of the
Northern North Atlantic’, Schifer-Neth 1994), a three-dimensional prognostic
Ocean General Circulation Model employing the primitive equations based on
the Modular Ocean Model by Pacanowski et al. 1993). On a rotated spherical
grid where the model’s north pole is located at 180 W/30 N, the model domain
covers the GIN Seas and parts of the neighboring basins (Fig. 3). The horizon-
tal grid spacing is 0.5° (= 55 km) in latitude and longitude, and vertically there
are 17 levels with thicknesses increasing from 50 m at the top to 1000 m at the
bottom of the deepest basins, enabling a realistic representation of topography.
Test runs forced with modern sea surface temperatures, salinities, and wind
stress reproduced the modern oceanography reasonably well (Haupt et al.
1994, 1995). After aiding the paleoceanographic reconstruction of the LGM,
that is, the reconstruction of physically consistent temperature and salinity
distributions, with the associated circulation patterns from the proxy data
(Schifer-Neth 1994,1997), SCINNA is now being applied to study the deglacia-
tion phases since the LGM.

3
Idealized Icebergs

Real icebergs exist in a great variety of sizes and shapes that are too complex to
be implemented in a general circulation model. Instead, to keep the model
code simple and to save computation time, icebergs are implemented as idea-
lized pie-shaped blocks of ice (Fig. 1). The iceberg portion above water is ne-
glected (i) because it is generally small compared to the immersed part, and
(ii) because for typical water and wind velocities water drag is generally the
most important force acting upon an iceberg (cf. White et al. 1980, Eq. (31) for
typical wind and water velocities; Matsumoto 1996). Due to the high ice albe-
do, the iceberg’s heat gain from atmosphere and solar irradiation (below 100 W
m~2; Lemke et al. 1989) is much smaller than the heat fluxes (Fig. 2) from the

Fig. 1 In the model, icebergs
are represented by idealized
pie-shaped blocks of ice.
Explanation of symbols: T
water temperature; u, v hor-
izontal velocities; h, r ice-
berg height and radius; Q
heat flowing from water into
ice; M meltwater runoff
from iceberg to water; z; 3
depths of model layer inter-
faces



Icebergs in the North Atlantic . . . 65

surrounding water (Russel-Head 1980). Therefore the heat exchange at the ice-
berg top is neglected, too.

In the current implementation, icebergs of predefined height k and radius r
(Fig. 1) are released at prescribed locations at fixed time intervals. Once an
iceberg has been generated, its drift and decay are computed as follows. First,
the horizontal velocities are averaged from the model grid over the total ice-
berg height (Fig. 1, shaded boxes to the left) to the current location of the
iceberg. The new position of the iceberg is then calculated by

AN a0\ + time step x 180 i1 cos ¢°d ©
= 1 S —
P ¢ P Earth radius\ 7 )’

where A and ¢ denote longitude and latitude, respectively, and the averaged
zonal and meridional velocities are denoted by # and v. We favour this Lagran-
gian approach because it more clearly reveals how the ocean might respond to
swarms of individual icebergs compared with an Eulerian technique. The latter
would have to be implemented in a fashion similar to one of the commonly
used sea-ice models, using some measure of iceberg coverage as a tracer. This
would require a high diffusion to maintain numerical stability, which can be
expected to broaden the iceberg drift paths and to yield results closer to those
obtained with pure meltwater inputs.

Like # and v, the average temperature T at the iceberg position is computed
from the surrounding model grid points, thus yielding the iceberg’s melt rate
w by the empirical relation from tank experiments:

w=0.018(T + 1.8)!* )

(Fig. 2; Russel-Head 1980). Then the iceberg’s new dimensions are given by

h new h old
( ) = ( ) — time step X W. 3)
r r

Fig. 2 Iceberg decay as
function of water tempera-
ture, after laboratory ex-
periments by Russel-Head
(1980)
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If either height or radius shrink below a certain limit (25 m for the current
study), the assumption of an iceberg predominantly influenced by the sur-
rounding waters is no longer met and the iceberg is completely removed from
the system.

The change of the iceberg volume is proportional (i) to the mass of fresh-
water added to the ocean (Fig. 1):

M = pice n,[(hrZ)ald _ (hrZ)new], (4)
and (ii) the amount of heat taken from the ocean required for melting the ice:
Q = Kice M, )

with the ice density p;, = 0.91 g/cm?® and the heat of fusion ki, = 334]/g.
These heat and freshwater fluxes lead to a temperature and salinity stratifica-
tion in the ultimate vicinity of the iceberg (Foldvik et al. 1980; Ohshima et al.
1994) that cannot be resolved in the circulation model. Assuming that the
meltwater ascends along the iceberg’s sides and spreads at the sea surface, the
fluxes are applied over the entire top level of the model grid box containing the
iceberg (Fig. 1, shaded boxes to the right).

Apart from the water to ice heat transfer, there are many processes that may
deteriorate an iceberg, such as wave erosion, calving of overhanging ice, wind-
induced convection, and heat transfers induced by water flows relative to the
ice (White et al. 1980). These processes that increase the ice melt rate cannot
be resolved by the circulation model used here and must therefore be parame-
terized. For the experiment discussed here in further detail, the melt rate was
computed according to Eq. (2) and (3). To examine the consequences of the
additonal deterioration mechanisms, we repeated this experiment with a ten
fold melt rate increase: u = 0.18 (T + 1.8)'°. Although this is a substantial
change, the resulting circulation patterns and temperature-salintity distribu-
tions did not change very much, except for strengthened density gradients
and intensified currents.

4
Experiments and Results

4.1
The Experiments

Our experiments are based on the reconstructed glacial summer scenario
(Schifer-Neth 1994, 1997), the time slice being best documented by sediment
core measurements. To arrive at this scenario, SCINNA was driven by restoring
to sea-surface temperatures reconstructed from faunal assemblages (Weinelt et
al. 1996; Pflaumann et al. 1996) and estimates of sea-surface salinities derived
from these temperatures and oxygen isotope measurements taken from various
publications. For wind forcing, a glacial wind field was modelled with the EC-
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Fig. 3 Sea-surface tempera-
ture (left) and salinity
(right) for the glacial sum-
mer, reconstructed from se-
diment-core based tempera-
ture estimates and oxygen
isotope measurements
(Schifer-Neth 1994, 1997).
The coastline differs from
the modern one due to the
lower glacial sea level. Con-
tour intervals: 1 °C and

0.1 psu. Heavy black lines
along the southwestern and
northern boundaries indi-
cate restoring zones

HAM T42 atmospheric model (Hoffmann, pers. comm.) using the same tem-
perature data as bottom boundary conditions. With these forcing data sets,
SCINNA was set in motion for some 400 years. The resulting temperature, sali-
nity, density, and velocity distributions exhibit a glacial summer scenario that
is quite similar to modern winter conditions, comprising a relatively warm and
salty surface inflow (Figs. 3, 4, left) from the Atlantic into the Norwegian Sea
that is balanced by outflows via the East Greenland Current and a deep over-
flow over the Iceland-Scotland Ridge (Fig. 4, right), and a formation of deep
water in the GIN Seas (Fig. 5). These three-dimensional fields were extracted
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Fig. 4 Modelled glacial
summer circulation at the
surface (left) and 350 m
depth (right). Only one vec-
tor in two is displayed for
clarity. The currents, espe-
cially the flows into and out
of the GIN Seas, are quite
similar to modern condi-
tions

for initialization and T/S restoring (Fig. 3) at the southwestern and northern-
most boundaries of the meltwater and iceberg experiments.

For forcing the meltwater studies, we used the surface heat and freshwater
fluxes that were diagnosed from the LGM scenario and modified by additional
freshwater sources along the margins of the glacial ice sheets of Labrador,
Greenland, and/or Europe. Depending on the source area of the meltwater in-
put, the ocean reacts in two distinctly different ways (Schéfer-Neth and Statt-
egger 1997): If the meltwater originates from Greenland only, even intense
pulses of 1Sv (= 10°t/s), which are equivalent to a complete melting of the
present-day Greenland ice within about 200 years, cause no major change in
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Fig. 5 Meridional section of
potential density along
Prime Meridian for the gla-
cial reconstruction. At
about 69 N, there is a chim-
ney of dense water with

o, > 28.54 g cm ™ extending
from the surface down to
1200 m. In resemblance to
modern conditions, this
gives clear evidence of deep
convection. Contour inter-
val: 0.02 g/cm’

Fig. 6 After 25 years of inte-
gration with icebergs, both
sea-surface temperature
(left) and salinity (right) are
greatly reduced all over the
Greenland, Norwegian and
Labrador Seas, and a cold
and fresh tongue extends
towards Europe along 50 N.
Contour intervals: 1°C,

1 psu below 33, 0.2 psu be-
tween 33 and 35, and 0.1 psu
above 35 psu. Dots indicate
location of iceberg genera-
tion
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the current system except for a strengthening of the East Greenland Current.
On the other hand, meltwaters from the European coast has severe effects. By
shifting the warm and salty inflow away from Britain over to Iceland, they can
spread over the whole GIN Seas, thereby stopping the deep water formation in
this region and pushing the circulation from its normal cyclonal-antiestuarine
into ananticyclonal-estuarine mode.

Our iceberg experiments extend these meltwater studies and address the
following questions: (i) Do icebergs cause circulation changes comparable to
those induced by continental meltwater runoff? (ii) Can Heinrich events be
simulated with SCINNA, and what are their consequences for the ocean circu-
lation? (iii) Can the IRD deposits in Heinrich layers be correlated with distinct
iceberg source regions?

To summarize the results of numerous experiments with different regions
and intensities of iceberg input, we discuss here one study in which icebergs
were released at the coasts of Europe, Greenland, and Labrador. In this experi-
ment, every 25th day, a huge iceberg of 300 m height and 5km radius was
launched at each of the 32 locations marked by dots in Fig. 6. On average, this
amounts to a 0.29 Sv input of ice. For comparison, height estimates for the
glacial ice dome over the Barents Sea range from 1000 m (Peltier 1994) to
3400 m (Lambeck 1997). Taking 2000 m as a mean value [Saltzman and Ver-
bitzky 1992; Eq. (8)] yields an ice mass of about 3 x 10't, and a melting of
this mass over 2000 years would result in a meltwater input of almost 0.5 Sv.
The lifetime of the icebergs is highly variable, depending on water tempera-
ture. Icebergs entering warmer regions at about 50 N decay within 2-4 years,
whereas those transported to polar regions under freezing conditions may last
for some decades. Of course, the distribution of warmer and colder areas
changes with time, because the icebergs compose a heat sink that is not fixed
in space. After about 20 years, the model reaches a new steady state with al-
most all icebergs drifting to regions warm enough for complete melting, yield-
ing a constant freshwater input of 0.25Sv that is compensated for by the
boundary restoring zones.

4.2
Iceberg-Induced Circulation Changes

This new state is marked by distinctly decreased temperatures (Fig. 6, left)
reaching the freezing point in the Labrador Sea and at the coasts of Greenland
and Norway. The salinitiy is lowered to values of 30 psu in these regions (Fig. 6,
right), and in the central GIN Seas it drops by 0.8 to 34.2 psu. Most prominent
are the front from Norway to Iceland along 67 N and the cold low-salinity ton-
gue pointing from Canada to Europe at 50 N.

The front corresponds to a strong westward current (Fig. 7, left) north of
Iceland. As a short cut of the GIN Seas cyclone (Fig. 4, left), this current iso-
lates the GIN Seas very effectively from the warmer North Atlantic and feeds
an intensified East Greenland Current. In the Greenland Sea, the fomerly exist-
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Fig. 7 Under the influence of
drifting and melting ice-
bergs, the current system
changes drastically in the
GIN Seas. Instead of feeding
a basin-wide cyclone, the
inflow from the Atlantic
turns westward towards Ice-
land (left). The deep outflow
over the Iceland-Scotland
Ridge ceases, and a weak
inflow can be found instead
(right). The circulation of
the North Atlantic, however,
is hardly affected by the
meltwater, except for inten-
sified currents around the
southern tip of Greenland
and in the Labrador Sea

ing cyclone is replaced by an anticyclone. At 350 m depth (Fig. 7, right), the
outflow from the GIN Seas (Fig. 4, right) has stopped and instead a weak in-
flow has been established. This reversal is linked to the salinity reduction at the
surface that causes the deep water formation to stop (Fig. 8). These changes
were found as well in additional experiments with icebergs originating off the
European coasts only, whereas studies with icebergs released only around
Greenland showed essentially unmodified circulation patterns, except for a
stronger East Greenland Current. Thus the eastern part of the GIN Seas can
be regarded as the region most sensitive to massive iceberg generation. In ad-
dition, icebergs from this area seem to be more effective than pure meltwater
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Fig. 8 Meridional potential
density section along Prime
Meridian for the iceberg ex-
periment. The melting ice-
bergs impose a lid of rela-
tively fresh water over the
GIN Seas and stop the con-
vection there. Contour in-
terval: 0.02 g/cm?

inputs of equivalent amount. According to our numerical experiments, a melt-
water inflow of 0.1 Sv hardly affects the circulation, but an equivalent produc-
tion of icebergs clearly does - in the results shown here, only 0.06 Sv come
from the icebergs released near Europe.

The tongue of cold and fresh surface waters corresponds remarkably well
with the distribution of IRD found in Heinrich layers (Bond et al. 1992; Dow-
deswell et al. 1995). In the experiment presented here, the icebergs do not drift
past 30 W, but other experiments with higher iceberg input (above 0.5Sv) in
the Labrador Sea produced iceberg tracks ending at the eastern Atlantic coast.
In these midlatitudes, there is some tendency for the icebergs to focus their
tracks onto a distinct path. This is due to the meltwater release along the track
that reinforces the density gradient which defines the current axis. That is,
given the subtropical and subpolar gyres, the icebergs cannot do anything
but drift eastward along about 50N, regardless of their origin. To illustrate this,
Fig. 9 shows two snapshots of iceberg locations at integration day 3600 (top)
and 8500 (bottom). The positions of icebergs released at four different loca-
tions (colored arrows) are displayed. At day 3600, it is easy to tell which ice-
berg came from which starting point, but at day 8500, icebergs from all start-
ing points have reached 50 N. This is consistent with the results of Robinson et
al. (1995), who reconstructed iceberg paths from magnetic susceptibility. The
iceberg movements are very irregular. Especially near the Barents Sea and
northeast of the Denmark Strait, they sometimes form swarms about the size
of Iceland. Due to the local salinity minimum associated with these swarms,
they rotate anticyclonally, gathering nearby icebergs and releasing them ran-
domly. This randomness becomes very clear when comparing the distribu-
tions of green and yellow points in the lower panel of Fig. 9. As indicated by
the respective arrows, source locations 2 (green) and 3 (yellow) are very close,
but still icebergs from 3 drift in two opposite directions, whereas those from 2
go only to the west. The tracks starting at location 4 (blue) are split into a
westward and a northward branch, too. Gwiazda et al. (1996a, b), who exam-
ined the possible origin of IRD found in Heinrich layers 2 and 3, tracked parts
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TDay G300

Fig. 9 Two snapshots of ice-
berg positions after 3600
(top panel) and 8500 (bot-
tom) days. Model grid boxes
containing icebergs are
marked by light shading.
Dots denote the positions of
icebergs released at four
different locations that are
identified by the colored ar-
rows. At day 3600, the drift
paths are clearly correlated
with the respective source
regions. This is no longer
valid a couple of years later.
Although the icebergs
launched at location 2
(green) still drift towards
Labrador, those starting
nearby at location 3 (yellow)
have developed an addi-

~ tional branch entering the

'~ Arctic. Similarly, icebergs
from the Barents shelf
(blue) can be found every-
where. It should be noted,
too, that icebergs from all
sources reach the tongue at
50N

of the IRD back to even Scandinavia. Thus the chaotic iceberg movements
must be regarded not as a specific feature of the model but as a realistic beha-
viour.

4.3
Sedimentation of Heinrich Layers

From the melting experiments we obtain an average melting rate and fresh-
water influx from icebergs (Fig. 10, left). By adding sediment of coarse silt or
coarser size to the melting ice which sinks down rapidly without much lateral
transport, we can produce IRD layers on the sea floor. The thickness of these
IRD layers is governed by (i) the transport paths of icebergs, (ii) the melting
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Fig. 10 Distribution of stea-
dy-state iceberg melt rates
(left) and deduced thickness
(right) of the IRD layer de-
posited within 250 years
using a sediment concetra-
tion of 1%y . Contour inter-
vals: left 1t m? year™?, right
10 cm below 50, 25 cm be-
tween 50 and 100, and

50 cm above 100 cm. Heavy
dashed and solid lines:

10 cm isopachs of Heinrich
layer 1 and 2 after Dowdes-
well et al. (1995)

rate dependent on seawater temperature, and (iii) the concentration of initial
iceberg sediment load.

The sediment load of an iceberg is concentrated mainly in the basal part
(Dowdeswell and Murray 1990), most probably within the lowermost 10 m.
Here, the maximum sediment concentration may reach up to 10 % of the total
volume, yielding average sediment concentrations of 1% in icebergs of 100 m
height, 0.5 % for 200 m, and so on. However, in the experiment presented here,
the initial height was fixed to 300 m for all icebergs, giving a maximum con-
centration of about 0.3 %. To account for the natural variability, we adopted a
mean overall sediment content of 0.1 % for our estimation of IRD deposition. A
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uniform distribution of IRD within the ice is consistent with the model results
of Matsumoto (1996), who could not appropriately simulate the IRD sedimen-
tation during isotope stage 5e by confining the sediment load to the base of the
icebergs, but had to use an almost uniform distribution. However, the IRD
layer thickness not only depends on the amount and distribution of sediment
within the ice, but also on the duration of a Heinrich event.

Running the model for 250 years of steady state with constant iceberg melt-
water inflow (see notes above on the steady state), that is within the estimates
of Heinrich event durations (Andrews et al. 1994; Manighetti et al. 1995), we
yield the characteristic distribution pattern of IRD shown in Fig. 10. This fig-
ure contains also the 10-cm isopachs of Heinrich layer 1 and 2 from Dowdes-
well et al. (1995) for comparison. The modelled IRD distribution exhibits a
tongue extending eastward along 50N, resembling the natural distributions.
The modelled tongue, however, is quite short, especially compared to H-2. Ac-
cording to our other model experiments with icebergs of different initial
heights, the maximum extent of the modelled IRD belt critically depends on
iceberg height. Higher icebergs can travel far more eastward and eventually
reach the European continent. Thus, good estimates of typical postglacial ice-
berg dimensions are essential for a realistic simulation of Heinrich events. In-
tercomparison of numerical model results and sediment core data will help to
reconstruct typical dimensions of the icebergs that were released during the
Heinrich event.

5
Conclusions

It has been shown that melting icebergs have effects on the circulation system
similar to pure meltwater inputs from the coasts. Especially the different circu-
lation changes caused by icebergs from Europe or Labrador are comparable.
However, icebergs can be more effective than continental meltwater runoff be-
cause they are moving sources of freshwater. They can transport freshwater over
a long distance and subsequently release it within a small area. Thus the region
of meltwater input by icebergs can be more confined than is the case with con-
tinental runoff, yielding a more severe influence on density field and circulation.

These first experiments using freely drifting and melting icebergs gave pro-
mising results for further modelling of Heinrich events. Both extent and thick-
ness of the Heinrich layers could be approximately reproduced. Sensitivity stu-
dies with different iceberg sizes and production rates will yield estimates of
typical iceberg dimensions and freshwater inputs during the Heinrich events.

According to our results, icebergs can drift from a given source region to
almost any place in the North Atlantic. Thus, to fully understand Heinrich
events, it should not only be mapped where IRD was deposited, it is equally
important to determine where the material came from.

Due to the temperature decrease by the icebergs, the heat flux from ocean to
atmosphere must be reduced, and it might be argued that this should be in-
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cluded in the surface forcing fields of the experiments. In the present study, the
heat loss to ice was generally of the same order of magnitude as the surface
heat flux or even larger, and a surface heat-flux reduction would not have had
significant effects. This would be even more the case if additional iceberg de-
terioration mechanisms (White et al. 1980) were included in the model, there-
by causing higher heat loss of the ocean to the icebergs.
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Numerical Study of Glacial and Meltwater Global Ocean
Thermohaline Conveyor

D. Seidov, B. J. Haupt

1
Introduction

The ocean thermohaline circulation is often referred to as a global conveyor
(Gordon 1986; Broecker and Denton 1989; Broecker 1991; review in Gordon et
al. 1992). It is common knowledge that the global ocean thermohaline circula-
tion is strongly controlled by the production of the North Atlantic Deep Water
(NADW).Warm and salty subtropical water is carried to the high latitudes in the
North Atlantic (NA) by the North Atlantic Current. It is cooled there and de-
scends to set forth the deep ocean current system which is believed to be a global
feature, a conveyor. Since the conveyor is mainly driven by latitudinal density
gradients, which in high latitudes are controlled primarily by salinity, the densi-
ty-driven conveyor is also referred to as the global salinity conveyor belt
(Broecker 1991). The intriguing part of the problem is that the driving mecha-
nism of change is thought to be very localized, with the key area of convection in
the northern NA being surprisingly small with respect to the global ocean volume.

Both high-latitudinal salinity and temperature varied dramatically during the
past several hundred years during the major glacial-interglacial cycles, and
many believe that the global thermohaline ocean circulation was radically dif-
ferent at various stages during the Late Quaternary. A strong positive feedback
between a curtailed conveyor and ongoing glaciation or deglaciation may be ex-
pected. As sediment is transported by ocean currents, the conveyor history is
thought to be imprinted in the seabed sediment. Hence, the ocean past circula-
tion can be reconstructed, in principle, on the basis of sediment accumulation
records (Einsele 1992; Hsii 1989). Alternatively, one can try to reconstruct sedi-
ment transport using simulated past ocean circulation. Finally, the two ap-
proaches may be tied together by a Lagrangian approach to compare sediment
transport and water-volume motion. The results of such a multithread approach
to past ocean climatology can help both sedimentologists and oceanographers
to predict future change of the sediment transport and ocean climate in basis of
top analogues given by past circulation patterns.

This chapter reviews some of our recent paleoceanographic modeling and
presents some of our new results on the modeling of the global and North Atlan-
tic paleocirculation and sedimentation regimes. The emphasis is on sedimenta-
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tion and water motion inferred using two specially designed models; a three-
dimensional (3-D) sediment transport model and a semi-Lagrangian water
transport model which are used as add-ons to traditional ocean general circulation
models (OGCMs).

In the following sections we give an overview of the setup of past ocean sea-
surface boundary conditions, a brief description of the numerical models em-
ployed, a short review of the results of our recent regional modeling of the NA
circulation and sedimentation, and a display of some global conveyor simula-
tions at two time slices, these being at and after the last glacial maximum.

2
Time Slices and Data

The global, and even regional basin-scale numerical modeling of ocean circula-
tion necessitates a regular-grid coverage of the sea-surface with hydrological
data comprising sea-surface boundary conditions - a requirement not easily
met in paleoceanographic modeling. In fact only the glacial-to-interglacial cycle
of the last 20 000 years has the sea-surface data coverage that might be seriously
considered as suitable for ocean circulation simulations based on proxy data.
Moreover, only the last glacial maximum (LGM) has a global sea-surface tem-
perature (SST) array compiled by CLIMAP (1981). This data set has recently
received much criticism because it is thought that the tropics are to warm
(Guilderson et al. 1994; Beck et al. 1997; Webb et al. 1997). However, this data
set remains the only global SST compilation currently available.

Thermobhaline circulation cannot be properly modeled without knowing sa-
linity distribution. Hence, sea-surface salinity (or equivalent freshwater fluxes
across the sea-surface needed to maintain the observed salinity), should be
known along with the SST to provide complete thermohaline sea-surface
boundary conditions for computing ocean circulation. Moreover, freshwater
discharges in the high latitudes of the North Atlantic may have enough power to
profound by affect the circulation in this basin and perhaps worldwide. The
freshwater fluxes are therefore thought to have beena major cause of past ocean
climate changes linked to the global salinity conveyor belt operation.

There was a substantial increase of salinity of the World Ocean at the LGM due
to large amount of freshwater deposited in the continental and shelf ice sheets.
Some authors assume values as high as 1 psu (Duplessy et al. 1988; Fichefet et al.
1994). The removal of the freshwater stored in the ice sheets may be considered
as more or less a global feature over large areas because freshwater was mainly
evaporated from the ocean. Therefore the glacial increase of sea-surface salinity
(SSS) may be assumed, although to the first approximation only, as a uniform in-
crease. On the contrary, the deglacial freshwater discharges were tied to high lat-
itudes, mostly in the North Atlantic and perhaps also in the Southern Ocean (as
there are many indications of an interhemispheric synchrony of deglaciations
(e.g., Bard et al. 1997), and therefore cannot be inserted into a model as a homo-
geneous salinity decrease everywhere. Furthermore, the distribution and inten-
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sity of such freshwater fluxes may become the most important paleoceano-
graphic information in computerized studies of ancient ocean conveyors. In es-
sence, the high-latitude SSS data become the major unknown and their absence
would jeopardize any systematic use of an OGCM in ocean paleoclimate studies.

The situation is not so hopeless, however. The conveyor operation is thought
to be hampered by suppression of the deep convection in the northern NA and
in the Nordic Seas because of major meltwater discharges. Fortunately, these ar-
eas are relatively well covered by proxy data and corresponding paleorecon-
structions which provide both SST and SSS for LGM and a subsequent meltwater
event near 13 000 1“C years here abbreviated as MWE. Based on these proxies for
the LGM and MWE time slices, SST and SSS to the north of 40°N were recon-
structed (Duplessy et al. 1988; Sarnthein et al. 1995). These reconstructions pro-
vided a basis for setting up thermohaline sea-surface conditions on a 1°x 1° reg-
ular grid in the entire NA north of 10°N (Seidov et al. 1996). Such boundary con-
ditions were compiled for both LGM and MWE. Seidov et al. (1996) used these
data in their simulations of the NA circulation during these two time slices. To
compare the emerging circulation patterns to the present-day circulation, a con-
trol (modern) run was also carried out. In the control run modern sea-surface
climatology from Levitus (1982) was used. The control run is henceforth re-
terred to as the Holocene/Modern (HM) experiment.

To simulate the ocean circulation one needs not only the thermohaline sea-
surface forcing, but the wind stress data as well. The wind stresses for LGM and
for the control run were extracted from the output of the Hamburg atmosphere
general circulation model (Lautenschlager and Herterich 1991; Lorenz et al.
1996). At LGM this model is driven by the CLIMAP (1981) SST, whereas the
modern run was driven by present-day sea-surface climatology. The MWE
wind was assumed to be the same as at LGM.

Thermobhaline sea-surface conditions and the wind-stress distributions com-
prise the necessary boundary conditions allowing simulation of the past ocean
annual mean circulation. Table 1 gives the sources of the data used to compile
the regional NA regular arrays of boundary conditions.

Based on these regional NA data, global distributions of SST from CLIMAP
(1981) were updated in the northern NA and the Nordic Seas to form LGM and
MWE SST distributions. Present-day sea-surface salinity was increased every-
where by 0.8 psu (to compromise between the upper limit estimate of 1 psu and
smooth connection of the low and high latitudes in the NA; see Seidov et al.
(1996) and the regional NA LGM SSS replaced the modified SSS to the north of
40°N to form the global LGM and MWE SSS distribution. Modern mean annual
SST and SSS are specified from new ocean climatological data sets (Levitus and
Boyer 1994; Levitus et al. 1994), except for the area south of Greenland where
some additional cooling of up to 2 °C mimicking cold spells from Greenland was
needed to obtain present-day annual NADW production.
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Table 1 Surface data sources for different time slices in the numerical experiments

Data \ time Modern/Holocene LGM (18000-15000 *C ~ MWE (14200-13200 '4C
year B.P.) year B.P.)
Wind stress T42 wind stress T42 wind stress calculat- as for LGM
ed using CLIMAP (1981)
surface conditions
(Lorenz et al. (1996)
sea-surface Levitus (1982) and CLIMAP (1981) and LGM CLIMAP (1981) and
temperature  Dietrich (1969) in  data of Schulz (1994) and data of Schulz (1994) in
(SST) the NGS (see text  data of Sarnthein et al. the northern NA and

and Fig.1)

sea-surface

Levitus (1982) and
salinity (SSS)  Dietrich (1969) in
the NGS (see text)

(1992,1995) in the north-
ern NA and NGS

Levitus (1982) south of
40°N and recalculated SSS
using 8'80 from Duplessy
et al. (1991) north of
40°N, and Sarnthein et al.
(1995) north of 50°N in

NGS

LGM SSS and recalculat-
ed SSS using 8'%0 data
of Sarnthein et al.
(1995)in the northern
NA and NGS for MWE
north of 50°N

the northern NA and NGS
for LGM (see Fig. 1)
Abbreviations: LGM last glacial maximum; MWE meltwater event; NA North Atlantic; NGS Norwe-

gian-Greenland Seas. The data in the NA are combined with the modified present-day sea-surface cli-
matology to provide the basis for the global ocean modeling (see text).

3
Numerical Models

The core of our approach is a combination of the traditional, albeit rather
coarse, resolution simulations of the global ocean circulation and the NA circu-
lation with somewhat better resolution using an OGCM together with a new
technique of tracing the water-volume transport based on the output from the
OGCM. This approach was first suggested in Seidov and Haupt (1997) in region-
al NA modeling and then was applied to past global conveyor simulations. An
analogous approach has been advanced recently by Drijfhout et al. (1996), who
traced the present-day conveyor. Another new feature is sediment transport
modeling which takes into account the major conveyor control, that is the deep
ocean convection.

3.1
0GCM

Two different numerical models of the general ocean circulation were used in
the regional NA and global conveyor studies. For the regional NA studies we em-
ployed a planetary geostrophic ocean circulation model especially designed for
coarse-resolution, large-scale ocean circulation studies. The basics of this model
are described in Seidov (1996) and Seidov and Prien (1996). The model uses the
fact that the momentum balance away from the equator is predominantly geos-
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trophic, and therefore it belongs to the “intermediate” or “planetary geostroph-
ic” class of models (Hasselmann 1982; Seidov 1986 1996; Colin de Verdiére 1988;
Maier-Reimer et al. 1991 1993; Zhang et al. 1992). Except for the linear dynamics
inherent to planetary geostrophic models, such models retain all features of the
most advanced primitive equation models (PEM) that are the present-day stand-
ards in physical oceanography (e.g., Bryan 1969, Cox 1984, Semtner 1986). Plan-
etary geostrophic formalism allows some simplifications of the momentum and
vorticity balance equations, and a longer time step, and consequently becomes
computationally more effective. Parallel runs have been made on a coarse-reso-
lution grid using this model and the Geophysical Fluid Dynamics Laboratory
(GFDL) (Bryan 1969; Cox 1984; Pacanowski et al. 1993),a PEM. Seidov and Prien
(1996) have shown that results of this planetary geostrophic model match well
with the performance of the GFDL model. However, since the planetary-geos-
trophic approach may lead to significant discrepancies in the equatorial region,
the global ocean circulation was simulated using the GFDL-Modular Ocean
Model (MOM, version 1.1) (Cox 1984; Pacanowski et al. 1993).

Any OGCM contains a procedure to allow convective mixing that develops
due to hydrostatic instability if denser water is formed (or advected) over lighter
water. This is the key process for deep water production and transport. As done
commonly in an OGCM, this instability is accommodated by mixing water ver-
tically until it regains complete hydrostatic stability (Cox 1984). This vertical ad-
justment takes place as a step process with several successive mixings of adjacent
layers until complete hydrostatic stability is restored. As the water convects, the
particles associated with the mixing volumes exchange their positions vertically,
and hence the convection facilitates deep ventilation.

3.2
Ocean Sedimentation Model

The sedimentation model employed here was designed by Haupt (1995) and
tested in Haupt et al. (1994 1995).1t is a large-scale sedimentation model consist-
ing of two components: (1) a 3-D sediment transport model in the ocean interi-
or,and (2) a 2-D sediment transport model in a thin near-bottom layer following
smoothed bottom topography. The 3-D component models the advection-diffu-
sion of sediment similar to the equations of advection-diffusion of heat and salt
in the OGCM, and includes an added term to compute the settling of sediment
in the water column.

The 3-D component of the sedimentation model simulates the lateral trans-
port and the entry of sediment particles at the sea-surface, including the entry
of ice-rafted sedimentary material. The supply of large-grain sediment at the
sea-surface can be increased or decreased depending on the amount of icebergs
injected into the open ocean due to decay of major ice sheets. The icebergs dis-
tribution over the NA in the past can be inferred from analyses of proxy data
from foraminifera (e.g. Maslin et al. 1995). The mass of sediment covering the
sea floor depends only on the balance of sources and sinks, whereas the spatial
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variation of sedimentation rates depends on the circulation pattern and particle
grain size. The 2-D model is initialized at every time step by the exchange of
sediment between the ocean body and the ocean floor. The sediment in the bot-
tom layer is transported by a corrected benthic flow which is largely a projection
of the OGCM velocity field onto the smoothed bottom layer (1 cm thick). Addi-
tionally, the near-bottom velocities are reduced to take bottom friction into ac-
count (Miller et al. 1977; Zanke 1978; Siindermann 1983).

The impact of convection was not included in the previous version of the sed-
imentation model (Haupt et al. 1994). In the updated version the convection is
incorporated in the form of convection depths from the OGCM (Seidov and
Haupt 1997). Vertical mixing, similar to that employed in the OGCM, is applied
to concentration. The sediment transport model ‘knows’ when to mix water be-
cause we have encoded the convection depths in the velocity field as an addition-
al parameter. When used in the sedimentation model, this information is decod-
ed to enable vertical mixing in the grid points where convection occurs (see be-
low in the discussion of convection patterns).

33
Particle-Tracing Model

The water-volume trajectory-tracing model was developed by Haupt (1995) and
was employed to trace particle drifts in the northern North Atlantic (Haupt et al.
1994 1995). This model exercises a hybrid Eulerian-Lagrangian (or semi-Lagrang-
ian) approach; the velocity components are interpolated to the current positions of
the Lagrangian particles from the nearby grid points of a Eulerian numerical grid.
As in the sediment transport model described above, the Eulerian velocity field is
provided by the OGCM, whereas the coordinates of Lagrangian particles are calcu-
lated straightforwardly, using the Lagrangian velocity along the trajectory.

As we have emphasized above, ventilating convection induced by hydrostatic
instability is included in all three components of our simulations. The semi-La-
grangian trajectory-tracing model of Haupt et al. (1994) was upgraded in Seidov
and Haupt (1997) to facilitate vertical ventilation in convective “chimneys”
(Send and Marshall (1995) show that ventilating convection occurs as water mix-
ing in water columns or “chimneys”). Here the velocity field from the OGCM is
supplemented by the convection depths showing where and to what depth the
vertically mixing volume should be propelled in the turbulent chimney. A de-
tailed discussion of the parameterization of chimney mixing in the particle-
tracing model is given in Seidov and Haupt (1997).

More details of the sediment transport model and the particle-tracing model
can be also found in Haupt et al. (1997; see this Vol.).

4
The Setup of Numerical Experiments

The numerical experiments in both the regional NA and the global circulation
cases were carried out in two steps. First, the OGCM was run using the appro-
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priate boundary conditions. Integration in time was continued for several thou-
sand years in the regional and extended over 10000 years in the global runs to
gain absolutely stationary solutions. Then for both modern and LGM condi-
tions, the steady-state current velocities were used to calculate the trajectories of
the particles that move with the water-volumes. The MWE velocity field is the re-
sult of integration over only 500 years from the LGM steady-state with the LGM
sea-surface conditions replaced by the MWE ones (the duration of this meltwa-
ter event is estimated to be of several hundreds to a thousand years; Sarnthein et
al. 1995).

The regional NA study includes modeling of sediment transport, that is, these
simulations comprise a threefold approach. The global ocean circulation mode-
ling at this stage employs only the OGCM and trajectory tracing models, and
therefore forms a twofold approach to water transport and ventilation problem.

For the regional NA studies we used a 2° x 2° grid with 12 vertical levels. In
view of uncertainties of the past sea-surface conditions, and in order to facilitate
multiple runs extended over 10 years with different parameter settings, we em-
ployed a coarse resolution of 6° X 4° in longitude and latitude respectively with
12 vertical levels. Although all major currents, except for the largely wind-driven
Antarctic Circumpolar Current (ACC), are two to three times weaker than the
observed ones, most of these currents are still clearly seen on the vector maps.
At the same time, the meridional thermohaline overturning, which largely de-
pends on the deep convection and isopycnal outcrop, is modeled far better than
the horizontal flows. For the present-day overturning we have obtained a value
that agrees well with experiments of much finer resolution. The overturning in
the NA, which comprises the NADW production, amounts to 23 Sv (1 Sv=10°
m3s71), for comparison Antarctic Bottom Water (AABW) inflow into the Atlantic
Ocean is about 9 Sv. Since we are mainly interested in the major changes in con-
veyor operation and rely only on the relative changes of the conveyor intensity,
the coarse resolution is legitimate for global paleocirculation studies such as
that presented here. We therefore consider it to be sufficient for the semi-La-
grangian simulations which are the core of our investigation.

In contrast to sensitivity studies which operate with so-called mixed bound-
ary conditions (e.g., Manabe and Stouffer 1994; Rahmstorf 1995), we restore the
upper-layer thermohaline fields to the specified sea-surface temperature (SST)
and sea-surface salinity (SSS). The sea-surface boundary conditions are de-
scribed the in previous section. In our study, the important reason for the cho-
sen approach is the local nature of the freshwater driving. Indeed, the LGM sea-
surface conditions were disturbed by the meltwater invasion only in the small
area in the northern NA and Norwegian-Greenland Seas where reliable proxy
data are available (see above). This restoring technique implies that the freshwa-
ter fluxes were those that maintained the reconstructed SSS in these areas. In
fact, we merely diagnose the circulation regimes which would satisfy the ob-
served sea-surface conditions.
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5
North Atlantic Sediment Transport and Water Motion

5.1
0GCM Results

Here, we briefly review our regional NA modeling. More details can be found in
Seidov et al. (1996) and Seidov and Haupt (1997). The meridional overturning
stream function (Fig. 1) which gives the general impression of the overall ther-
mohaline meridional circulation, conforms to a simple scheme that has emerged
from numerous computer simulations of differing complexity (e.g., England
1993; Toggweiler et al. 1989; Maier-Reimer et al. 1991; Wright and Stocker 1991;
Fichefet et al. 1994; Rahmstorf 1994; Sakai and Peltier 1995; Manabe and Stouffer
1995). Today’s forward or clockwise (as seen from the eastern boundary looking
west through a vertical plane) gyre of the salinity conveyor occupies most of the
ocean from the surface-subsurface layers to a depth of 3 km. This gyre conveys
NADW and is thought of as the main wheel of the modern ocean climate. A
much weaker abyssal reverse (counterclockwise) gyre conveys AABW (largely in
the deepest layer, i.e., below 3 km). Its return (southward) flow joins the south-
ward flow of NADW between 3 and 4 km. In addition, there is a weak, shallow,
wind-driven reverse (counterclockwise) gyre in the mid to high latitudes, in-
duced by Ekman convergence in the subtropics.

Note that although glacial NADW production is 8 Sv, much lower than today's
value of 13 Sv, the intensity of the glacial conveyor is comparable to that of mod-
ern times. If we quantify the southward transport at 30°N, the Upper NADW out-
flow, or forward conveyor branch, does indeed rise to only 8 Sv (also see the in-
ventory of the glacial water masses given by, e.g., Oppo and Lehman 1993 and
Oppo et al. 1995). However, if we take into account the deep reverse branch com-
prising AABW and its mixture with lower NADW still produced in the central
northern Atlantic (see below in the discussion of convection patterns), the total
transport amounts to 12 Sv, which gives almost the same intensity of the deep
water outflow as the present-day North Atlantic combined deep outflow. The in-
tensity of this NADW-depleted conveyor, similar to present-day conveyors’ in-
tensity, seems to fit well the recent finding based on proxy data analysis (Yu et al.
1996). However, the modern overturning strength is too low. A slight cooling of
the sea-surface to the southeast of Greenland and in the Nordic Seas may easily
double the NADW production (see Sec. 5.2). This is because the sea-surface den-
sity taken as averages of summer and winter values is somewhat biased toward
summer values, and therefore the convection is not deep enough to form the vig-
orous observed present-day overturning. Yet we may consider the numbers as a
first approximation, keeping in mind that the glacial conveyor was probably rel-
atively even weaker than our regional modeling indicates. Hence, we believe that
the glacial conveyor was probably still noticeably weaker than the modern one,
in contrast to what is suggested by Yu et al. (1996). The global circulation mod-
eling with sea-surface cooled down by 2 °C to the east of Greenland between 60°
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Fig.1a-c Overturning
stream function showing to-
tal meridional transport in
the North Atlantic (in Sv;
1Sv=10% m3s71).

a Present-day overturning
pattern.

b LGM.

¢ MWE. The patterns within
the sponge layer at the
southern boundary (see
text) are masked. Areas of
negative values are shaded.
Arrows show direction of the
transport. (After Seidov et
al. 1996)
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and 65°N gave 22 Sv NADW production (see below), which is probably too high;
if one mediates the regional and global results there would be about 18 Sv, a
number most appropriate for a coarse resolution study. This would give an LGM
forward conveyor twice as weak but still comparable outflow which would fit the
idea of still intensive glacial thermohaline circulation (Yu et al. 1996; Webb et al.
1997).

As we have already noted, the 3-D conveyor is essentially more complex than
its 2-D image given by the total meridional overturning. The velocity fields are
discussed in great detail in Seidov et al. (1996) and Seidov and Haupt (1997).
Here we briefly overview how the glacial and MWE currents differ from the
modern ones. The present-day, LGM, and MWE simulated velocity fields may be
inspected in Seidov et al. (1996). The most noticeable feature is the deviation of
the paleo-North Atlantic Drift from its modern northeastern path. Strong zon-
ality of the subpolar front indicates a reduced supply of water that can be down-
welled as NADW in the northern North Atlantic and the NGS. Moreover, the
route of the return southward flow in the deep ocean changed radically, a robust
feature emerging in all our glacial experiments regardless of complexity. In the
eastern part of the basin, the incursion of AABW dominates the near-bed trans-
port up to the Faeroe-Shetland Ridge, in agreement with the water mass con-
touring by Sarnthein et al. (1994). The most striking feature of the MWE cur-
rents in addition to the changes found at LGM is the reversal of the Norwegian
Current and the inflow-outflow regime in the Norwegian-Greenland Seas (see
Seidov et al. 1996 for details). Hence the redeposited sediment in the eastern mid
to high latitudes might be of different origin. Today, sediment drifts there trans-
port material largely from northeast to west and southwest. In contrast, during
the LGM some sediment drifts could change direction of transport to redeposit
the grains from south to north and northwest.

Today’s southward deep return current is a deep ocean western boundary
flow forming a strong countercurrent under the Gulf Stream. This western
boundary current is well recognized as the most prominent feature of the ther-
mohaline circulation (Stommel and Arons 1960). Though a noticeably weaker
western boundary current still existed at the LGM and MWE, the descending
branch returned to the southwestern basin largely as a broad zonal westward
flow in the mid latitudes. The glacial countercurrent under the paleo-Gulf
Stream was weaker, deeper, and farther eastward. At the LGM a southward deep
ocean flow originated near the Rockall Plateau at depth of about 2 km, occurring
in the eastern part of the basin, rather than in the western part as today. This
particular feature of the computer model in the eastern North Atlantic is again
in good agreement with the contouring by Sarnthein et al. (1994). Using the tra-
jectory-tracing model below, we demonstrate that the simulated glacial deep wa-
ter indeed moved along the eastern flank of the Mid-Atlantic Ridge. Therefore
as water in the western deep Atlantic contained more AABW at the LGM, the
deep and abyssal water during the glacial time was older than at present.

To understand the mechanism of change of deep water formation, one should
consider changes in the convection regime. The modern deep convection sites
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are found mainly in the NGS, east and south of Iceland, and in the Labrador Sea.
The present-day convection pattern in our calculations is consistent with the
patterns given by Maier-Reimer et al. (1993), Toggweiler et al. (1989), and
Rahmstorf (1995). Shallow convection starts in the Gulf Stream area and marks
a further progression of subtropical water to high latitudes carried by the North
Atlantic Current becoming deeper as it progresses northeastward and westward
around the Greenland coast.

The major feature of glacial convection, as compared to its modern state, was
the far weaker glacial convection in the NGS and the southward shift of the main
convection sites. The maximum ventilation at the LGM occurred in the mid-
North Atlantic between 50° and 60°N. This result is well supported by proxy data
(Duplessy et al. 1988; Sarnthein et al. 1995). A southward shift of both the con-
vection sites and the polar front led to a decrease in the northward transport of
warm and salty water. Hence a positive feedback worked to establish the glacial
mode of circulation. An even farther southward shift of the convection was lim-
ited by Ekman pumping in the subtropics which protected the major anticyclon-
ic gyre from shrinking even more, i.e., providing a negative feedback to balance
the positive one. The MWE convection sites were shifted further southward and
the convection was very shallow, penetrating no deeper than 600 m in the central
North Atlantic. There was no convection to the north of 50°N and the Nordic
Seas were completely convection-free during that time slice (Seidov et al. 1996).

5.2
Sediment Accumulation Rates and Sediment Transport

Total sediment accumulation is governed by the requirement that sources and
sinks balance at the sea-surface and be the same for all three time slices. The spa-
tial distribution of sediment is however different, and reveals two distinctly dif-
ferent circulation modes between present, and at the LGM and MWE. Fig. 2
presents the sediment rates for the three chosen time slices. A very high accumu-
lation rate associated with the Holocene/Modern mode of circulation is found in
the vicinity of Iceland in the Irminger Basin, along the Reykjanes Ridge at both
the south and north sides of Iceland, at the Rockall Plateau, and in the NGS
(Fig. 2a). This is in agreement with the present-day concept of sediment trap-
ping in these areas (McCave and Tucholke 1986; Bohrmann et al. 1990; Wold
1992). We find that the modeled sediment accumulation rates are smaller than
those which have been measured. This is because of the low eolian sediment in-
put and also because of the missing lateral input (Haupt 1995). The sediment is
transported by the deep western southward boundary current with local maxi-
ma near Newfoundland and farther to the south in and near the Caribbean (Mc-
Cave and Tucholke 1986). We note that Iceland and the Caribbean are represent-
ed by seamounts in the model bottom topography; hence the nonzero accumu-
lation rates are artifacts at the exact positions of these islands.

As the glacial North Atlantic Current diverged from today’s northeastern
path, the accumulation rate in the Iceland and Irminger Basins dropped, and
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Fig.2a-c Sedimentation rate (cm/1000
year) predicted by sediment transport
model using the HM (a), the LGM (b)
and the MWE (c) ocean circulation pat-
terns from the OGCM (see text)
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most of the sediment mass was spread over the abyssal valley in the Canary Ba-
sin (Fig. 2b). Note that although the sedimentation rate is far lower there than in
the Iceland Basin, the sediment mass is roughly the same because bottom area
in the latitude-longitude grid cells increases rapidly to the south. A relatively
high glacial accumulation rate is found in the Newfoundland Basin. However, we
do not see continuous southward sediment transport along the American coast,
a signature of all our experiments based on the modern ocean surface climatol-
ogy. Instead, a noticeable southward sediment transport is found at the eastern
flank of the Mid-Atlantic Ridge.

Though an increased northward incursion of AABW at the LGM in the east-
ern North Atlantic is consistent with the contouring by Sarnthein et al. (1994),
the conclusions about an increased reverse abyssal gyre cannot be attributed
likewise to the western part of the basin. Indeed, the southward transport,
though noticeably curtailed, still existed in the western deep ocean. Analysis of
the velocity maps suggests (and trajectory analysis confirms; see below) that in
the west the northward flow of AABW at LGM was probably the same as or weak-
er than today’s. Simultaneously, the eastern flank of the glacial AABW intrusion
(initially through the Vema Fracture Zone) was enhanced considerably. The ex-
change between the eastern and northern parts of the deep North Atlantic was
stronger at the LGM than today.

As the meltwater North Atlantic Current diverged from today’s northeastern
path, the accumulation rate in the Iceland and Irminger Basins dropped and a
significant part of the sediment mass was spread over the abyssal valley in the
Canary Basin (Fig. 2c). Note that although the sedimentation rate is far lower
there than in the Iceland Basin, the sediment mass is roughly the same because
bottom area in the latitude/longitude grid cells increases rapidly to the south.
The sedimentation rate around Iceland decreased by over a factor of two as com-
pared with its modern value (cf. Fig. 2a and b). This is mainly because of the ab-
sence of ventilating convection both in the NGS and in the Irminger Sea. At the
LGM, a relatively high glacial accumulation rate still emerges in the model in the
Newfoundland Basin (Fig. 2b). However, we do not see continuous southward
sediment transport along the North American coast, a signature of all our exper-
iments based on the modern ocean surface climatology. Instead, a noticeable
southward sediment transport is found at the eastern flank of the Mid-Atlantic
Ridge. At the MWE this tendency is increased significantly. The accumulation
rate in the Newfoundland Basin decreased in comparison with the LGM run,
whereas deposition was stronger at the eastern flank of the Mid-Atlantic Ridge.
The area between Newfoundland and the Caribbean is almost totally free of sed-
iment deposition.

5.3
Trajectory tracing

Although most of the features common to the three sediment transport patterns
(the HM, LGM and MWE) can be explained by comparing them with the circu-
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lation patterns, fundamental differences between glacial and interglacial venti-
lation and sedimentation regimes cannot be revealed using the velocity maps
solely. The transport in a transit area of intense ventilation can differ principally
depending on whether convection is taken into account or ignored. Let us hy-
pothesize that a velocity field is not computed using a prognostic circulation
model, but is instead diagnostically calculated from the ocean climatology, e.g.,
using data of Levitus (1982). These climatological fields were formed by all proc-
esses including convection. However, the convection is not present in the data
directly. Moreover, the convection pattern cannot be reconstructed using these
data without running a prognostic model. Hence direct impact of convection on
the water motion is missed from diagnostic calculations based on these climato-
logical data. In other words, diagnostic velocity would contain no information
about convection because hydrostatic instability was removed from the proc-
essed climatological data. This means that the Lagrangian particles whose tra-
jectories were calculated on the basis of the observed ocean climatology instead
of a prognostic model would drift along the trajectories undisturbed by convec-
tion, and therefore these simulated trajectories would be wrong.

In our experiments, the particles illustrating the flow were deployed in differ-
ent areas in the northern NA (Fig. 3 in Seidov and Haupt 1997). In each of the
areas, about 30 particles started to travel through the Eulerian velocity fields in
all three cases - the HM, MWE and LGM. In the following maps (Fig. 3 and Fig.
4) we employ two different techniques to show the trajectories. In Fig. 3 the tra-
jectories are colored to show the depth of a particle. (convection sites are depict-
ed by different shades of gray: the deeper the convection, the darker the shade).
We use the sunlight spectrum colors, from dark red in the uppermost layer
(<100 m) to violet and black in the two deepest layers, to visualize vertical
migration of the water parcels. In contrast, Fig. 4 shows the particles’ path-
ways with both depth and elapsed time shown in small rectangles attached
to the trajectories (only two pairs of the trajectories are repeated in the black
and white Fig. 4). Although the model time in the trajectory-tracing calcula-
tions was over 500 years, only the tracks for the first 100-200 years of the
elapsed time are shown in the maps to avoid confusion.

A striking feature of the trajectory map is the change in the glacial deep ocean
circulation regime which is not so obvious from the velocity maps. This change
is far more complex than a simple increase in the zonality of the surface current,
a well-known feature of the LGM surface circulation (CLIMAP 1981; Ruddiman
and McIntyre 1981; Kellogg 1980).

The deep water production at the LGM is found in the model only in the cen-
tral part of the north central North Atlantic (Fig. 3), which is in agreement with
the convection pattern in Fig. 4b. We note that water descends in the subpolar
gyre in spite of upward motion induced by Ekman divergence. Hence thermo-
haline currents would drive water along isopycnals in the subsurface layers re-
gardless of ventilating convection; i.e., ventilation of subsurface and intermedi-
ate water would occur regardless of deep convection. The pronounced convec-
tive chimney forms an intensive cyclonic circulation around a homogenized col-
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Fig.3 a-c Trajecto-
ries of particles de-
ployed at the HM in
the central part of
the northern North
Atlantic.

a Holocene/Modern.
b LGM.

¢ MWE. The convec-
tion depths are
shown by different
shades of gray. The
first 100 years of the
particles’ history are
shown. Depth is in-
dicated by colors
from the color pal-
ette; as the particle
descends or upwells
the color of the tra-
jectory changes
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Fig.4a-c Two hundred-year
history of pairs of Lagrangian
particles for HM (a), LGM
(b), and MWE (c) from the
assemblages shown in Fig. 3.
Small rectangles show
elapsed time and depth; small
circles indicate starting
points, the arrows show the
direction of motion, and the
bullets indicate the end
points of the trajectories. One
of the trajectories of each pair
is presented by a broken line
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umn of high-density water (Fig. 3b). As particles deployed at the surface during
the LGM became trapped inside this column, they were propelled downward,
forming most of the 8 Sv of glacial NADW (see above).

Fig. 3b indicates that there was some cold intermediate water produced in the
NGS at the LGM. This water, flowing farther into the North Atlantic over the
Greenland-Iceland sill, was not dense enough to subduct under the intermediate
to deep water formed in the central part of the subpolar gyre. It mixed with the
subpolar water and stayed at an intermediate depth flowing along the S-shaped
route at that depth in the north central part of the basin (see in Plates 1d and 2b
in Seidov and Haupt 1997). Most of the deep return flow occurred along the east-
ern slope of the Mid-Atlantic Ridge, though some water still contoured the
American east coast. In contrast, water sinking in the NGS today is dense
enough to descend even deeper after spilling over the sills into the North Atlan-
tic. Together with the portion of NADW formed east of Greenland and in the
Labrador Sea, this water travels southward in the western boundary current
comprising most of the 13 Sv of simulated modern NADW outflow. Most of the
present-day deep flow contours the American east coast, and a smaller portion
is routed along the west slope of the Mid-Atlantic Ridge. We point out that the
curtailment of the forward conveyor in the western part of the ocean was not
complete. This implies that the conclusions based on analysis of the glacial proxy
data assembled along the eastern meridional sections probably are not valid for
the western part of the basin.

Fig.3a and 3b compares present and the glacial trajectories’“spaghetti” in the
subtropical anticyclonic gyre. The modern and LGM trajectory maps conform
to the Luyten-Pedlosky-Stommel (LPS) ventilated thermocline theory (Luyten
etal. 1983) and the computer experiment of Cox and Bryan (1984). The thermo-
cline in the subtropics is maintained by Ekman pumping. Therefore as water cir-
culates in the gyre, it descends and ventilates the thermocline. The water is
brought up to subsurface layers in the western boundary along upward sloping
isopycnals (orange-colored segments of the trajectories in the vicinity of the
western boundary in Fig. 3). Flowing eastward, in the segment of western
boundary current outflow, the water convects because of heat loss to the atmos-
phere (because the specified SST is colder than the outflowing subsurface water
in this outflow zone). This shallow convection is shown in light gray in Fig. 3.
The subsurface water parcels in this ventilation zone come in contact with the
atmosphere. They then start to descend again to repeat the whole ventilation cy-
cle. Those water parcels which flow northeastward below the convection depth
do not contact the atmosphere again and therefore do not ventilate. Yet, at any
given time, new water parcels descend from the surface in the ventilation zone.
However, ventilation is restricted to the central and western parts of the gyre.In
complete agreement with the LPS theory, there is a shadow zone attached to the
eastern boundary, practically unreachable for ventilation. Modern elapsed
times (Fig. 3a) for a single ventilation cycle in the gyre agree well with the esti-
mates of Cox and Bryan (1984); short loops have an advection age of no more
than 3 to 5 years before the water returns to the ventilation zone, whereas the
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longer paths in the subtropical gyre take more than 10 to 15 years to return to
ventilation zone. It is obvious from the colors of the trajectories in Fig. 3 that the
glacial thermocline is far more deeply ventilated than its modern analogue.
There is evidence (Slowey and Curry 1992 1995) that the subtropical thermo-
cline was indeed better ventilated during the last glacial period. As Fig. 4 reveals,
our Lagrangian calculations agree well with these findings.

Figs. 3 and 4 indicate that the speed of the particles in the upper and interme-
diate layers was not lower at the LGM than today. The deep and abyssal glacial
flows, though routed differently from today, were even stronger in the eastern
part of the basin. This confirms the concept that the LGM conveyor was at least
as intense as the present one (Yu et al. 1996; Boyle 1996). However we stress that,
in contrast to a similar or even higher intensity meridional conveyor at interme-
diate depths, the forward conveyor was definitely weaker at the upper to inter-
mediate depths.

The MWE trajectories indicate that at that time slice there was no ventilation
of the deep ocean in the NA (Fig. 3c), although there was still quite intensive ven-
tilation of the subtropical thermocline. The spaghetti form of the MWE trajec-
tories indicate also that the Nordic Seas were rather isolated at that time. The se-
lected trajectories illustrate the collapse of the forward conveyor and delineate
the shallow and slow motion within the upper ocean layers.

6
Modeling of the Global Conveyor

6.1
Convection Regime

The global ocean conveyor is weaker than in the regional NA experiments. The
MWE data, in the amount suitable for setting the data up on a regular grid, exist
only for a small region in the northern North Atlantic and the Nordic Seas (Sarn-
thein et al. 1995). The LGM salinity data over the entire globe are rather specu-
lative if compared to the North Atlantic, where they aresufficient to form a data
set on a regular grid (Duplessy et al. 1988). On the other hand, the global simu-
lations are far more advanced and physically consistent than any regional mod-
eling because they give a continuous hydrodynamics of interconnected oceans
without any need to introduce artificial sponge layers. Hence, it is a question of
tradeoff when one considers advantages and disadvantages of global versus re-
gional modeling based on limited data. One definite advantage of global simula-
tions is the presence of all major sources of deep water. The convection patterns
(Fig. 5 ) clearly delineate key differences in the dominant process of deep ocean
ventilation in the northern and southern hemisphere at present and in the past.
In Fig. 5 the convection depth (the depth to which the convection due to hydro-
static instability penetrates) is shown as vertical bars. The deeper the convec-
tion, the higher the bars (see legend in the diagrams). If multiplied by the area
over which the convection occurred (here the surface of the grid cells), the depth
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Fig.5a,b. Diagrams of convection
a The HM
b The MWE. The heights of the bars are equal to the depth of convection

of convection would represent the volume of convectively mixed water. Fig. 5a
indicates the dipole nature of deep ocean ventilation at present. The southern
deep water sources around the Antarctic and particular in the Weddell and Ross
Seas are counterbalanced by the northern NA source only, that is NADW balanc-
es AABW to form upper-to-deep ocean forward conveyor and deep-to-abyssal
ocean reversed conveyor. Clearly, the LGM deep water production in the central
NA, and reduced but still running convection in the Nordic Seas, led to some-
what curtailed but still running forward and abyssal reversed conveyors. The
most important feature of the global HM and LGM forward conveyor is the co-
herent deep flow starting in the Nordic Seas and northern NA and flowing
around the globe in the Antarctic Circumpolar Current with branches penetrat-
ing to the Indian and Pacific Oceans. Fig. 5b implies that the deep ocean circula-
tion must have changed radically because at MWE the bipolar convection re-
gime was replaced by a regime with only southern deep ventilation. The whole
northern NA and the Nordic Seas were convection-free at the MWE.

Fig. 6 shows the present-day velocity vectors at 150 m (a) and 2500 m (b)
depths. Figs. 7 and 8 depict the same for LGM and MWE, respectively. A com-
parison of the MWE and HM and LGM deep ocean currents (Figs. 6b, 7b, and 8b)
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Fig.6a,b Holocene/Modern velocity vectors at 150 (a) and 2500 m (b). Note different scales
for the upper and deep ocean currents
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Fig.7a,b As in Fig. 6 for LGM
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Fig.8a,b Asin Fig. 6 for MWE
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Fig.9a,b Pairs of trajectories (one trajectory is shown as a solid and the other as a dashed
line) visualizing the deep ocean conveyor

a Modern conveyor

b MWE. Small rectangles show time elapsed after deployment (upper numbers) and the
depth at which the particle is found on the trajectory at that time (see Fig. 4).
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indicates that the major change of the conveyor indeed took place at MWE, as
the consideration of the convection regime implies. Here we concentrate on trac-
ing the conveyor using the Lagrangian particles. As was mentioned above, these
trajectories visualize the true three-dimensional water motion because they take
into account both vertical motion and mixing in the convection chimneys. Since
the vector maps suggest that the dramatic change of the conveyor took place at
MWE rather than at LGM, we present the trajectories for the present-day and
MWE time slices only. Figure 9a shows two pairs of trajectories calculated using
the modern velocity field and Fig. 9b depicts the trajectories calculated using the
MWE velocities. The particles to trace modern and MWE conveyor were de-
ployed in different places. Two different sites were chosen because no deep con-
vection has been found in the northern NA, whereas a site of deep convection
exists southwest of Australia at both HM and MWE. However, only at MWE did
particles deployed in the latter area progress westward and enter the central At-
lantic. First, we briefly overview the OGCM results represented by velocity vec-
tors and then emphasize how the semi-Lagrangian calculation enhances water
transport analysis and understanding of the circulation change.

6.2
0GCM Results

The three-dimensional distribution of the horizontal currents is far more com-
plex than Figs. 6-8 display. The deep inflow of AABW into the central and North
Atlantic is masked in these figures. However, Figs. 6 and 8 give a clear impression
of how different the deep and upper ocean flows are. The present-day deep flows
emerge as a truly global feature. This consolidated current system justifies, to a
certain extent, the term conveyor. The upper ocean circulation system, however,
does not give such an unambiguous impression of a continuous flow system. The
intensive subtropical gyres are indeed connected by their marginal extensions to
form a system that might have been recognized as connected rings of a chain
comprising the upper band of the conveyor. It should be noted that, because of
the course resolution, we cannot hope to model the correct operation of the up-
per band. For example, the Agulhas retroflection, which would extend the leg of
the Indian subtropical gyre into the South Atlantic, can only be resolved in an
eddy-resolving simulation. Nevertheless, one may say that no coherence compa-
rable to the deep ocean conveyor structure can be found in the upper layers.
Moreover, the water traveling in the uppermost levels is strongly modified by
short-term air-sea interactions. The time scale of such interactions is about 2 to
3 months, which is an order of magnitude shorter than the time needed for water
to travel around the globe within this circulation system. Since the water char-
acteristics would change on that short-term time scale, the question of their or-
igin as the conveyors’ water is therefore meaningless.

Because the structure of the glacial conveyor in the NA is not principally dif-
ferent from the modern one, the LGM conveyor is not illustrated here. Yet the
glacial conveyor is characterized by a noticeable (here almost 60%) decrease in
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its intensity and the deep flows, especially in the NA, take different routes. Also,
the NA conveyor branch became shallower than at present. However, as show in
Seidov et al. (1996), the NA conveyor still existed at the LGM. Since there was a
weaker modern conveyor in the cited study, the relative changes are larger here
(see above). The present-day overturning rate (here we ended up with 23 Sv) is
perhaps an overestimate. We tried to obtain the convection in the northern NA
that would penetrate deep enough (deeper than 2 km) by cooling the sea-surface
by 2 °C (see above). The course resolution employed in this study led to an over-
estimate of the convective mixing and to overturning somewhat stronger than in
other coarse resolution studies. The mediating estimate of the glacial to present-
day overturning ratio is perhaps within 50 to 70%.

The major changes took place at the MWE. Although the impact is tied to the
NGS and the northern NA only, the whole deep conveyor to the eastern Austral-
ian coast is affected. The NADW production was completely switched off, and
there is no deep southward flow in the western Atlantic. Moreover, the reversed
deep ocean flow is found in this simulation to the north of a substantially cur-
tailed deep ACC in the Indian and Atlantic sectors of the Southern Ocean. Al-
though our calculations do not unambiguously indicate the reversal of the whole
deep conveyor branch from the Atlantic to the northern Pacific, one may easily
recognize that the deep flow has indeed an opposite direction over rather a long
leg from the eastern Indian ocean to the northern NA. Additionally, a clearly
seen deep southward-flowing western boundary current developed in the north-
ern Pacific (Fig. 8b). This flow, which is absent from the present-day deep cur-
rent system, is a signature of the possibly reversed Pacific branch of the global
conveyor.

6.3
Trajectory Tracing

We have already emphasized above that the horizontal velocity vectors, even if
inspected at each level, may be misleading because they do not show vertical
motion. This is especially true in the areas of convection where water is mixed
vertically and particles may be transferred to the deep ocean. Hence, the true
3-D motion would be essentially different from what the vector maps might
have suggested. To illuminate the deep ocean ventilation and subsequent water
transport by the conveyor, the particles were deployed in the areas where they
can be transferred to the deep ocean within convection chimneys to trace the
deep ocean conveyor leg.

Some of the particles deployed in the NGS and northern NA penetrated into
the deep ocean and traveled southward in the western boundary current (Fig.
9a). Some of these particles pass further into the South Atlantic, although many
remained trapped in the NA subtropcal gyre. Some of those which manage to
travel to the South Atlantic turn backward. About 10 to 20% of all particles de-
ployed in the shaded area in Fig. 5a reached the ACC and were transported fur-
ther eastward in this current. Only 2 to 5% of these particles ever emerged in the



104 D. Seidov - B. ]. Haupt

northern Pacific. Hence, this study indicates that only a tiny fraction of the
NADW can physically travel along the whole leg of the deep conveyor. However,
it does not mean that the NADW water cannot reach the Pacific in significant
amounts. One must consider the duration of the process which can be of several
thousand years of a stable modern-like conveyor. Some additional calculations
that combine the Lagrangian technique with incorporation of geochemical trac-
ers are required to quantify the total amount of NADW reaching the northern
Pacific at the slow rate indicated by our experiments (no more than 1-2 Sv in the
model).

In spite of uncertainties in our present-day calculations due to a rather coarse
horizontal resolution and a somewhat incomplete glacial and meltwater sea-sur-
face climatology, the MWE curtailment of the conveyor and emergence of the re-
versed deep conveyor is a very robust feature. In many additional experiments
with additional disturbances of MWE sea-surface conditions, a switched-off or
even reversed NA conveyor was a permanent feature. All attempts to find a tra-
jectory originating somewhere in the NA and continuing into at least the Indian
Ocean have failed. On the contrary, the particles deployed at the surface to the
southwest of Australia travel far into the South Atlantic. A tiny fraction of the
deployed ensemble was found north of the equator. However, no particles
managed to pass into the northern NA. Hence, although there was indeed a
strong incursion of the AABW into the NA, it upwelled mostly to the south of
50°N, which agrees well with the results of Seidov et al. (1996), who show iso-
pycnal outcrop to the south of 50°N. Such a southward-shifted density outcrop
isolated the northern NA from the rest of the World Ocean. Hence, the main
driving mechanism of the deep ocean circulation during MWE was restricted
to the Southern Ocean.

7
Discussion and Conclusions

The primary task of our chapter is to demonstrate that the major meltwater
events in the NA might have affected the deep ocean branch of the global con-
veyor very substantially and that these changes can be clearly and unambigu-
ously traced in Lagrangian calculations. The characteristics of ocean circula-
tion, such as the ventilation of the deep ocean, sedimentation transport, water
parcel motion, meridional overturning and potential vorticity analysis, all in-
dicate a weakening and some shallowing of the main conveyor at the LGM.
These characteristics indicate a complete collapse after the very localized
freshwater discharge at the MWE occurred. This may be instrumental for un-
derstanding and predicting global climate change on the basis of the top-ana-
logue examples given by the major deglaciations. Our results also demon-
strate, not only in an idealized sensitivity simulation, but based on numerous
proxy data, that the deep ocean circulation is indeed sensitive to localized
high-latitudinal forcing that might be able to destroy water convection in the
World Ocean.



Numerical Study of Glacial and Meltwater Global Ocean Thermohaline Conveyor 105

The Lagrangian calculations help to elaborate the true three-dimensional wa-
ter motion and therefore are the only means by which conveyor modes can be
genuinely visualized. Moreover, the trajectory-tracing technique may indicate
whether specific parts of the global ocean are interconnected via the deep con-
veyor branches, or essentially isolated. For example, the northern NA during the
MWE is characterized by very old nonventilated intermediate-to-deep water
(Sarnthein et al. 1995). Our calculations may shed some additional light on this
problem. If the MWE water in the NA was a mixture of the AABW, originating in
the Weddell Sea and some water sinking in the eastern Indian ocean, it may ex-
plain extreme aging of the Atlantic water, stronger than it would be if only the
AABW ventilated the NA areas.

A combined circulation/sedimentation/particle tracing modeling approach
was employed to understand particular aspects of the glacial-interglacial change
of the North Atlantic and World Ocean circulation which are difficult to address
using single-component models. Primary among those are the ventilation re-
gimes, including the characterization of vertical mixing in convective chimneys
and the advective ages of ventilated water. Circulation studies might focus on the
NADW outflow or deep ocean circulation routing. Most of these questions are
traditionally addressed using geochemical tracers such as 8'%0, 81°C, and A'*C,
which are extremely useful in ocean circulation studies and hence widely em-
ployed. However, the tracers alone cannot provide sufficient constraints over a
simulated past circulation, as has been shown recently by LeGrand and Wunsch
(1995). In their study they showed that there exist an infinite number of states
that would satisfy a tracer distribution aimed at constraining the circulation, at
least for the currently available proxy data sets.

Another problem arising in paleoceanographic investigations is the parallel
analysis of both surface and benthic habitats and/or sediment transport fea-
tures. Commonly, assumed features of a water flow thought to be suitable for ex-
plaining a particular distribution of proxy data are largely based on speculation.
There is no guarantee that this hypothetical flow would satisfy hydrodynamic re-
strictions posed over the ocean by the wind stress, ocean geometry, bottom
morphology, and sea-surface heat and fresh waterfluxes.

Based on only partly known SSS, recently corrected SST, and simulated glacial
wind stress, our results largely conform to current ideas about ventilation and
overturn in the North Atlantic at the height of the last glaciation and during the
subsequent meltwater event near 13 500 C years B.P. The sediment transport
model output contains features that agree well with interpretation of sediment
data in the northern North Atlantic. In Seidov and Haupt (1997) we discussed
the LGM sedimentation pattern resulting from our simulation in comparison
with the observed or inferred data of Cremer et al. (1993) and McCave and Tu-
cholke (1986). It was pointed out that our simulations are in good qualitative
agreement with their findings. Moreover, in our experiments, the sediment load
in the vicinity of the North American coast is lower during the LGM than today,
in agreement with the interpretation given by Boyle and Keigwin (1987) on the
basis of nutrient concentration analysis. The Caribbean water at depths just
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above 2 km was nutrient-depleted during the glacial period. One interpretation
is that there was a lower proportion of northern component water, which, in
turn, means a weaker deep western boundary current and a stronger southern
source water incursion.

In the eastern part of the NA, our sediment model agrees with data that indi-
cate increased flow along the eastern flank of the Mid-Atlantic Ridge. Dowling
and McCave (1993) and Robinson and McCave (1994) provide evidence that the
Feni Drift was substantially enhanced at the last glacial maximum. Generally,
the glacial sediment record indicates an enhanced Holocene bottom current
driven by the Iceland-Greenland overflow characteristic of modern NADW pro-
duction in the Norwegian-Greenland Seas.

Our trajectory-tracing model reveals very different fates of the water-volumes
in the HM and LGM cases, once exposed to the air-sea interaction and then
mixed downward in convective chimneys. NADW production in the center of the
glacial North Atlantic is strongly supported by the proxy data (Duplessy et al.
1988 1991; Sarnthein et al. 1994 1995). In general, the most recent studies indi-
cate enhanced upper NADW production and decreased lower NADW produc-
tion (e.g., Oppo et al. 1995). However, there exists evidence that, despite de-
creased lower NADW production, the glacial conveyor was not, in total, weaker
than today (Yu et al. 1996). This may appear contradictory to the fact that the
glacial northward heat transport was substantially weaker at the LGM. Our tra-
jectory analysis explains this seemingly controversial result. It shows that al-
though the forward conveyor responsible for meridional heat transport became
weaker, the abyssal reversed branch of the conveyor strength increased propor-
tionally to allow the same rate of the southward transport of the tracers in the
deep ocean found by Yu et al. (1996). Mediating the results of Seidov et al. (1996),
Seidov and Haupt (1997) and the global conveyor simulations presented above,
one may give the ratio of LGM to HM conveyor intensity as within 50-70% of
modern magnitude.

Duplessy et al. (1988) argue that during glacial times most of the deep eastern
North Atlantic was filled with southern source water which probably penetrated
up to 45°N. Our experiments, deploying particles in the surface layers in the sub-
polar gyre and in the deep and abyssal areas in the subtropical gyre, are in com-
plete agreement with this conclusion. Moreover, Michel et al. (1995) point to a
steep gradient in 8!°C distribution northward of 30°N in the North Atlantic de-
lineating the border between southern and northern source water at the LGM.
We add that this border probably shifted farther to the north in the eastern part
of the basin during that time period.

Moreover, we point out that the trajectory analysis is in agreement with the
notion of a far better ventilated and deeper glacial thermocline in the subtropi-
cal North Atlantic (Slowey and Curry 1995). These authors provide indications
that the glacial thermocline was shallower than today with its base raised by
about 100 m. However, the water inside the glacial thermocline was up to 4 °C
cooler than today. Our Fig. 3 confirms that the glacial thermocline was better
ventilated and that there was an enhanced production of subtropical mode wa-
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ter. Deeper glacial ventilation, evident in Fig. 3b, implies that the base of ther-
mocline had to rise upward because water pumped into the thermocline was
more than 4 °C colder at the glacial ventilation points (westward boundary out-
flow region; compare Fig. 3a and b). To quantify this effect, the difference be-
tween today’s and the LGM simulated temperature is shown in a meridional sec-
tion of the temperature anomaly field in Fig. 8 in Seidov and Haupt (1997).In es-
sence, Fig. 8 displays a penetration of cold anomalies deep into the thermocline.
It is clear, however, that this penetration is limited to the upper 1 km and that the
lower 500 m of this layer is more strongly cooled than the upper 500 m. This im-
plies that the thermocline base has been raised. A comparison of the tempera-
ture profiles in the subtropical gyres indicates that on average the thermocline
depth was about 200 m shallower than today, which differs from the estimates of
Slowey and Curry (1995). There may be several reasons for this discrepancy.
Firstly, the subtropical gyre is dangerously close to the sponge layer at the south-
ern wall, which might have distorted the behavior of the thermocline base. Sec-
ond, we use the annual mean surface forcing and, therefore, we are unable to
simulate an extreme winter southward migration of the density outcrop inter-
secting the Ekman pumping within the subtropical gyre. Nevertheless, the gen-
eral tendencies sketched in Fig. 1 of Slowey and Curry (1995, p. 717) are evident
in our trajectory maps (Fig. 3b as compared to Fig. 3a). The particles dive deeper
into the thermocline and stay there longer. The northern limit of the subtropical
gyre, marked by the shallow convection along the North Atlantic Drift, is shifted
noticeably southward.

As some findings have indicated (e.g., Sarnthein et al. 1995), the Nordic Seas
were more isolated from the northern North Atlantic at the LGM than today.
This is strongly supported by our Lagrangian calculations. As Fig. 7 displays, the
water from the subtropics probably had a very limited chance to enter the Nordic
Seas, largely because the outflow over the Iceland-Greenland Ridge was reduced
during the LGM.

Based on a threefold numerical simulation of the North Atlantic circulation
and sedimentation and twofold simulation of the World Ocean water transport
we draw the following conclusions:

1. present-day and LGM meridional thermohaline circulation is characterized by
aforward global deep ocean conveyor. At MWE the freshwater fluxes that main-
tain the “observed” high latitudinal sea-surface salinity appear to be sufficient
to suppress this forward conveyor. A reversed deep ocean conveyor replaced the
forward one on the whole distance from NA to the southeast Indian Ocean.

2. The convection regime is the most crucial process for the conveyor dynamics.
At MWE the bimodal convection regime, with both NADW and AADW sourc-
es, was replaced by the regime with only southern deep water source driving
the conveyor. As a result, a reversed conveyor emerged in the Indian-Atlantic
sector of the Southern Ocean. The meltwater North Atlantic was essentially
isolated from the other parts of the World Ocean.

3. Sedimentation in the North Atlantic is non-linearly coupled to the circulation
modes associated with different surface climatology. The LGM and MWE sed-
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imentation patterns differ fundamentally from the Holocene/Modern pattern
in a way that cannot be expected a priori. The major differences indicated by
sediment transport and trajectory-tracing models are summarized in follow-
ing conclusions.

4. The results of sediment transport model suggest that there was almost no sed-
iment deposition in the Gulf Stream area, and a lower rate than at present in
the Caribbean during MWE.

5. The trajectory-tracing model indicates far stronger ventilation of the thermo-
cline in the glacial low latitudes than is observed today. The trajectory-tracing
model indicates complete absence of the deep ocean ventilation at the MWE.
The model reveals disappearance of the deep western boundary current and
westward contraction of the subtropical warm pool. This contraction leads to
collapse of the eastern continuation of the North Atlantic drift and contrib-
utes to formation of the upper ocean reverse conveyor.

6. Concerning the use of numerical models as a principal source of sediment
transport and Lagrangian calculations, it should be stressed that at high lati-
tudes, the sediment transport and water-volume tracing models can only op-
erate with the simulated rather than observed circulation patterns. The water
transport calculations depend critically on knowledge about where the con-
vection occurs and how deep it ventilates.

Acknowledgements

This study could not have been carried out without the efforts invested by the
Kiel group into paleoreconstructions of the glacial-interglacial North Atlantic.
We are especially grateful to Michael Sarnthein for inspiring us to study the
meltwater oceanography using the reconstructions provided by the Kiel group
and Karl Stattegger for the support and helpful comments. We deeply appreciate
Avan Antia’s help on correcting our English. The study was accomplished within
the framework of the German Climate Program and supported by the Deutsche
Forschungsgemeinschaft (DFG) and SFB313 of Kiel University.

References

Bard, E., F. Rostek, and C. Sonzogni, Interhemispheric synchrony of the last deglaciation in-
ferred from alkenone palaeothermometry, Nature, 385, 707-710 1997.

Beck, J. W, J. Récy, E. Taylor, R. L. Edwards, and G. Cabioch, Abrrupt changes in early
Holocene tropical sea-surface temperature derived from coral records, Nature, 385, 705-
707 1997.

Beveridge, N. A.S,, H. Elderfield, and N. J. Shackleton, Deep thermohaline circulation in the
low-latitude Atlantic during the last glacial, Paleoceanography, 10, 643-660 1995.

Bitzer, K.,and R.Pflug, DEPOD: A three-dimensional model for simulating clastic sedimen-
tation and isostatic compensation in sedimentary basin, in Quantitative Dynamics
Stratigraphy, edited by T. A. Cross, pp. 335-348, Prentice Hall, New York 1990.

Bohrmann, G., R. Henrich, and J. Thiede, Miocene to Quaternary paleoceanography in the
northern North Atlantic: Variability in carbonate and biogenic opal accumulation, in Ge-



Numerical Study of Glacial and Meltwater Global Ocean Thermohaline Conveyor 109

ological History of the Polar Oceans: Arctic Versus Antarctic, edited by U. Bleil and
J. Thiede, pp. 647-675, Kluwer Acad., Norwell, Mass. 1990.

Bond, G. C,, Climate and conveyor, Nature, 377, 383-384 1995.

Bond, G.et al., Evidence for massive discharges of icebergs into the North Atlantic Ocean
during the last glacial period, Nature, 360, 245-249 1992.

Boning, C. W., and M. D. Cox, Particle dispersion and mixing of conservative properties in
an eddy-resolving model, J. Phys. Oceanogr., 18, 320-338 1988.

Boéning, C. W, R. D6scher, and R. G. Budich, Seasonal transport in the western North Atlan-
tic: Experiments with an eddy-resolving model, J. Phys. Oceanogr., 21, 1271-1289 1991.

Boyle, E., Deep water distillation, Nature, 379, 679-680 1996.

Boyle, E. A., and L. D. Keigwin, North Atlantic thermohaline circulation during the past
20,000 years linked to high-latitude surface temperature, Nature, 330, 35-40 1987.

Boyle, E., and A. Weaver, Conveying past climates, Nature, 372,41-42 1994,

Broecker, W., The great ocean conveyor, Oceanography, 4,79-89 1991.

Broecker, W. ., and G. H. Denton, The role of ocean atmosphere reorganizations in glacial
cycles, Geochim. Cosmochim. Acta, 53,2465-2501 1989.

Bryan, F, High-latitude salinity effects and interhemispheric thermohaline circulations,
Science, 323, 301-304 1986.

Bryan, F, Parameter sensitivity of primitive equation ocean general circulation models,
J. Phys. Oceanogr., 17,970~985 1987.

Bryan, E,,and W. Holland, A high resolution simulation of the wind- and themohaline-driv-
en circulation in the North Atlantic Ocean, in Parameterization of Small-Scale Processes,
edited by P. Miiller and D. Henderson, pp. 99-115, Hawaii Inst. of Geophys., Honolulu
1989.

Bryan, K., A numerical method for the study of the circulation of the world ocean, J. Com-
put. Phys., 4, 347-376 1969.

Climate: Long-Range Investigation Mapping and Prediction (CLIMAP) Project Members,
Seasonal reconstructions of the Earth's surface at the last glacial maximum, Map and
Chart Ser. MC-36, pp. 1-18, Geol. Soc. of Am., Boulder, Colo. 1981.

Colin de Verdiere, A., Buoyancy driven planetary flows, ]. Mar. Res., 46, 215-265 1988.

Cox, M. D, A primitive equation, 3-dimensional modei of the ocean, Tech. Rep. No. 1, 250
pp.» Ocean Group, Geophys. Fluid Dyn. Lab., Princeton, Univ., Princeton, N.]. 1984.

Cox, M., An idealized model of the world ocean, I, The global-scale water masses, J. Phys.
Oceanogr. 19, 1730-1752 1989.

Cox, M., and K. Bryan, A numerical model of the ventilated thermocline, J. Phys. Oceanogr.,
14,674-687 1984.

Cremer, M., J.-C. Faugeres, F. E. Grousset, and E. Gonthier, Late Quaternary sediment flux
on sedimentary drifts in the northeast Atlantic, Sediment. Geol., 82, 89-101 1993.

Dowling, L. M., and I. N. McCave, Sedimentation on the Feni drift and late Glacial bottom
water production in the northern Rockall Trough, Sediment. Geol. 1993, 79-87 1993.

Drijthout, S. S., E. Maier-Reimer, and U. Mikolajewicz, Tracing the conveyor belt in the
Hamburg large-scale geostrophic ocean general circulation model, ]. Geophys. Res., 101,
22,563-22,575 1996.

Duplessy, J.-C., and N. J. Shackleton, Response of global deep-water to Earth’s climate
change 135,000-107,000 years ago, Nature, 316, 500-507 1985.

Duplessy, J.-C., N. ]. Shackleton, R. G. Fairbanks, L. Labeyrie, D. Oppo, and N. Kallel, Deep-
water source variations during the last climatic cycle and their impact on the global
deepwater circulation, Paleoceanography, 3, 343-360 1988.

Duplessy, J.-C., L. Labeyrie, A. Julliet-Lerclerc, J. Duprat, and M. Sarnthein, Surface salinity
reconstruction of the North Atlantic Ocean during the last glacial maximum, Oceanol.
Acta, 14,311-324 1991.

Einsele, G., Sedimentary Basins; Evolution, Facies, and Sediment Budget, pp. 628, Springer-
Verlag, New York 1992.



110 D. Seidov - B. ]. Haupt

England, M. H., Representing global-scale water masses in ocean general circulation mod-
els,J. Phys. Oceanogr., 23, 1523-1552 1993.

Fichefet, T., and S. Hovine, The glacial ocean: A study with a zonally averaged, three-basin
ocean circulation model, in Ice in Climate System, NATO ASI Ser., Ser. I, 12, edited by
W. R. Peltier, pp. 433-458, Springer-Verlag, New York 1993.

Fichefet, T., S. Hovine, and J.-C. Duplessy, A model study of the Atlantic thermohaline cir-
culation during the last glacial maximum, Nature, 372, 252-255 1994.

Goldschmidt, P., Accumulation rates of coarse-grained terrigenous sediment in the Norwe-
gian-Greenland Sea: Signals of continental glaciation, Mar. Geol., 128, 137-151 1995.
Goldschmidt, P. M., S. Pfirmann, 1. Wollenburg, and R. Henrich, Origin of sediment pellets

from the Arctic seafloor. Sea ice or icebergs?, Deep Sea Res., 372,252-255 1992.

Gordon, A., Interocean exchange of thermocline water, J. Geophys. Res., 91, 5037-5046 1986.

Gordon, A. L., S. E. Zebiak, and K. Bryan, Climate variability and the Atlantic Ocean, Eos
Trans. AGU, 73, 161, 164-165 1992.

Guilderson, T. P, R. G. Fairbanks, and Rubenstone, J. L., Tropical Temperature Variations
Since 20,000 Years Ago: Modulating Interhemispheric Climate Change, Science, 263,
663-664 1994.

Hasselmann, K., An ocean model for climate variability studies, Prog. in Oceanogr., 11, 69-
92 1982.

Haupt, B. J., Numerische Modellierung der Sedimentation im nérdlichen Nordatlantik, Ber.
54, pp. 1-129, Sonderforschungsbereich 313, Univ. Kiel, Kiel, Germany 1995.

Haupt, B. J., C. Schifer-Neth, and K. Stattegger, Modeling sediment drifts: A coupled ocean-
ic circulation-sedimentation model of the northern North Atlantic, Paleoceanography,
9,897-916 1994.

Haupt, B. ], C. Schifer-Neth, and K. Stattegger, Three-dimensional numerical modeling of
late Quaternary paleoceanography and sedimentation in the northern North Atlantic,
Geol. Rundsch., 84, 137-150 1995.

Honjo, S., Particle fluxes and modern sedimentation in the polar oceans, in Polar Oceanog-
raphy, Part B, edited by W. O. Smith, pp. 687-739, Academic, San Diego, Calif. 1990.

Hsii, K. J., Physical Principles of Sedimentology, pp. 231, Springer-Verlag, New York 1989.

Keigwin, L. D., G. Jones, and S. J. Lehman, Deglacial meltwater discharge, North Atlantic
deep circulation, and abrupt climate change, J. Geophys. Res., 96, 1681116826 1991.

Kellogg, T. B., Paleoclimatology and paleo-oceanography of the Norwegian and Greenland
Seas; Glacial-interglacial contrasts, Boreas, 9, 115-137 1980.

Killworth, P. D., Deep convection in the world ocean, Rev. Geophys., 21, 1-26 1983.

Kroopnick, P. M., The distribution of 13C and ZCO2 in the world oceans, Deep Sea Res., 32,
57-84 1985.

Lautenschlager, M., and K. Herterich, Atmospheric response to ice age conditions - Clima-
tology near the Earth's surface, J. Geophys. Res., 95, 22,547-22,557 1990.

LeGrand, P., and K. Wunsch, Constraints from paleotracer data on the North Atlantic circu-
lation during the last glacial maximum, Paleoceanography, 10, 1011-1045 1995.

Lehman, S. J., and L. D. Keigwin, Sudden changes in North Atlantic circulation during the
last deglaciation, Nature, 356,757-762 1992.

Levitus, S., Climatological atlas of the world ocean, NOAA Prof. Pap., 13, 173 pp., U.S. Govt.
Print. Off., Washington, D.C. 1982.

Levitus, S., and T. P. Boyer, World Ocean Atlas 1994, vol. 4, (Temperature; 117 pp.), NOAA
Natl. Environ. Satell. Data and Inf. Ser., Washington, D.C. 1994,

Levitus, S., R. Burgett, and T. P. Boyer, World Ocean Atlas 1994, vol.3, (Salinity; 99 pp.)
NOAA Natl. Environ. Satell. Data and Inf. Ser., Washington, D.C. 1994.

Lorenz, S., B. Grieger, P. Helbig, and K. Herterich, Investigating the sensivity of the atmos-
pheric general circulation Model ECHAM 3 to paleoclimate boundary conditions, Geol.
Rundsch., 85,513-524 1996.



Numerical Study of Glacial and Meltwater Global Ocean Thermohaline Conveyor 111

Luyten, J. R., ]. Pedlosky, and H. Stommel, The ventilated thermocline, J. Phys. Oceanogr.,
13,292-309 1983.

Maier-Reimer, E., and U. Mikolajewicz, Experiments with an OGCM on the cause of the
Younger Dryas, Rep. 39, 13 pp., Max-Plank-Inst. fiir Meteorol., Hamburg, Germany 1989.

Maier-Reimer, E., U. Mikolajewicz, and K. Hasselmann, On the sensitivity of the global
ocean circulation to changes in the surface heat flux forcing , Rep. 68, 67 pp., Max-Plank-
Inst. fiir Meteorol., Hamburg, Germany 1991.

Maier-Reimer, E., U. Mikolajewicz, and K. Hasselmann, Mean circulation of the Hamburg
LSG OGCM and its sensitivity to the thermohaline surface forcing, J. Phys. Oceanogr.,
23,731-757 1993.

Manabe, S., and R.]. Stouffer, Two stable equilibria of a coupled ocean-atmospher model,
J. Clim., 1, 841-866 1988.

Manabe, S., and R. ]. Stouffer, Simulation of abrupt change induced by freshwater input to
the North Atlantic Ocean, Nature, 378, 165-167 1995.

Marotzke, J., and J. Willebrand, Multiple equilibria of the global thermohaline circulation,
J. Phys. Oceanogr., 21, 1372-1385 1991.

Maslin, M. A, N. J. Shackleton, and U. Pflaumann, Surface water temperature, salinity, and
density changes in the northeast Atlantic during the last 45,000 years: Heinrich events,
deep water formation, and climatic rebounds, Paleoceanography, 10, 527-544 1995.

McCartney, M. S., Recirculating components to the deep boundary current of the nothern
North Atlantic, Prog. in Oceanogr., 29, 283-383 1992.

McCave, 1. N., and B. E. Tucholke, Deep current controlled seimentation in the western
North Atlantic, in The Geology of North America, vol. M. The Western North Atlantic
Region, edited by P. R. Vogt and B. E. Tucholke, pp. 451-468, Geol. Soc. of Am., Boulder,
Colo. 1986.

Michel, E., L. D. Labeyrie, J.-C. Duplessy, N. Gorfti, M. Labracherie, and J.-L. Turon, Could
deep Subantarctic convection feed the world deep basins during the last glacial maxi-
mum?, Paleoceanography, 10, 927-942 1995.

Mikolajewicz, U., A meltwater induced collapse of the 'conveyor belt' themohaline circula-
tion and its influence on the distribution of A14C and 8180 in the oceans, Rep. 189, 25
Pp.» Max-Plank-Inst. fiir Meteorologie, Hamburg, Germany 1996.

Miller, M. C,, I. N. McCave, and P. D. Komar, Threshold of sedimentation under unidirec-
tional currents, Sedimentol., 24, 507-528 1977.

Oppo, D. W,,and S.]. Lehman, Mid-depth circulation of the subpolar north Atlantic during
the last glacial maximum, Science, 259, 1148-1152 1993.

Oppo, D. W,, M. E. Raymo, G. P. Lohmann, A. C. Mix, J. D. Wright, and W. L. Prell, A 513C
record of Upper North Atlantic Deep Water during the past 2.6 million years, Paleocea-
nogr., 10,373-394 1995.

Pacanowski, R., K. Dixon, and A. Rosati, The GFDL modular ocean users guide, Tech. Rep.
2, Ocean Group, Geophys. Fluid Dyn. Lab., Princeton Univ., Princeton, N. Y. 1993.

Pfirmann, S., M. A. Lange, I. Wollenburg, and P. Schlosser, Sea ice characteristics and the
role of sediment inclusions in deep-sea deposition: Arctic - Antarctic comparisons, in
Geological History of the Polar Oceans: Arctic Versus Antarctic, edited by U. Bleil and
J. Thiede, pp. 187-211, Kluwer Acad., Norwell, Mass. 1990.

Puls, W., Numerical simulation of bedform mechanics. Mitteilungen des Inst. fiir Meeresk.
Univ. Hamburg, Hamburg, Germany, 147 pp. 1981.

Rahmstorf, S., Rapid climate transitions in a coupled ocean-atmosphere model, Nature,
372, 82-85 1994.

Rahmstorf, S., Bifurcations of the Atlantic thermohaline circulation in response to changes
in the hydrological cycle, Nature, 378, 145-149 1995.

Robinson, S. G., and I. N. McCave, Orbital forcing of bottom-current enhanced sedimenta-
tion on Feni Drift, NE Atlantic, during the mid-Pleistocene, Paleoceanography, 9, 943~
972 1994.



112 D. Seidov - B.]. Haupt

Ruddiman, W. E,, and A. McIntyre, The mode and mechanism of the last deglaciation: Oce-
anic evidence., Quat. Res., 16, 125-134 1981.

Sakai, K., and W. R. Peltier, A simple model of the Atlantic thermohaline circulation: Inter-
nal and forced variability with paleoclimatological implications, J. Geophys. Res., 100,
13,455-13,479 1995.

Sarmiento, J. L., On the north and tropical Atlantic heat balance, J. Geophys. Res., 91, 11,677-
11,689 1986.

Sarnthein, M., K. Winn, S. J. A. Jung, J.-C. Duplessy, L. Labeyrie, H. Erlenkeuser, and G. Gan-
ssen, Changes in east Atlantic deepwater circulation over the last 30,000 years - eight
time slice reconstructions, Paleoceanography, 9, 209-267 1994.

Sarnthein, M. et al., Variations in Atlantic Ocean paleoceanography, 50°-80°N: A time slice
record of the last 30,000 years, Paleoceanography, 10, 10631094 1995.

Schmitz, W.J., Jr., On the interbasin-scale thermohaline circulation, Rev. Geophys., 33, 151~
173 1995.

Schulz, H., Meeresoberflidchentemperaturen im frithen Holozin 10,000 Jahre vor heute,
Ph.D. dissertation, Univ. Kiel, Kiel, Germany 1994.

Seibold, E., and W. H. Berger, The Sea Floor; An Introduction to Marine Geology, 2nd ed.,
Springer-Verlag, New York 1993.

Seidov, D. G., Numerical modeling of the ocean circulation and paleocirculation, Mesozoic
and Cenozoic Oceans, Geodyn. Ser., vol.15, edited by K. J. Hsu, pp. 11-26, AGU, Wash-
ington, D. C. 1986.

Seidov, D., An intermediate model for large-scale ocean circulation studies, Dyn. Atmos.
Oceans, 25/1,25-55 1996.

Seidov, D., and R. Prien, A coarse resolution North Atlantic ocean circulation model: An
intercomparison study with a paleoceanographic example, Ann. Geophys., 14, 246-257
1996.

Seidov, D.,and B.]. Haupt, Simulated ocean circulation and sediment transport in the North
Atlantic during the last glacial maximum and today, Paleoceanography, 12, No. 2, 281-
305 1997.

Seidov, D., M. Sarnthein, K. Stattegger, R. Prien, and M. Weinelt, North Atlantic ocean cir-
culation during the last glacial maximum and subsequent meltwater event: A numerical
model, J. Geophys. Res., 101, 16,305-16,332 1996.

Semtner, A. J., Finite difference formulation of a world ocean model, in Advanced Physical
Oceanographic Modelling, edited by J. O’Brien, pp. 187-202, D. Reidel, Norwell, Mass.
1986.

Send, U.,and J. Marshall, Integral effects of deep convection, J. Phys. Oceanogr., 25, 855-872
1995.

Shanks, A. L., and J. D. Trent, Marine snow: Sinking rates and potential role in vertical flux,
Deep Sea Res., Part A, 27, 137-143 1980.

Shapiro, R., The use of linear filtering as a parameterization of atmospheric diffusion, J. At-
mos. Sci., 28,523-531 1971.

Slowey, N. C., and W. B. Curry, Enhanced ventilation of the North Atlantic subtropical gyre
thermocline during the last glaciation, Nature, 358, 665-668 1992.

Slowey, N. C.,and W. B. Curry, Glacial-interglacial differences in circulation and carbon cy-
cling within the upper western North Atlantic, Paleoceanography, 10, 715-732 1995.

Stocker, T. F, The variable ocean, Nature, 367, 221-222 1994.

Stommel, H.,and A. B. Arons, On the abyssal circulation of the world ocean, II, An idealized
model of the circulation pattern and amplitude in the oceanic basins, Deep Sea Res., 6,
217-233 1960.

Stull, R. B., Transilient turbulence theory, I, The concept of eddy-mixing across finite dis-
tances, ]. Atmos. Sci., 41,3351-3367 1984.

Siindermann, J., North Sea Dynamics, Dynamics, edited by J. Siinderman and W. Lenz , 693
pp-» Springer-Verlag, New York 1983.



Numerical Study of Glacial and Meltwater Global Ocean Thermohaline Conveyor 113

Stindermann, J., and R. Klocker, Sediment transport modeling with applications to the
North Sea, in North Sea Dynamics, pp. 453-471, Springer-Verlag, New York 1983.

Syvitski, J. P. M., and T. M. C. Hughes, Delta 2: Delta progadation and basin filling, Comput.
Geosci., 18, 839-897 1992.

Tetzlaff, D. N., and J. W. Harbaugh, Simulating Clastic Sedimentation, Van Nostrand Rein-
hold, New York 1989.

Toggweiler, J. R., K. Dixon, and K. Bryan, Simulations of radiocarbon in a coarse-resolution
world ocean circulation model, 1, Steady state prebomb distribution, J. Geophys. Res.,
94,8217-8242 1989.

Weaver, A. J., and T. M. C. Hughes, Rapid interglacial climate fluctuations driven by North
Atlantic ocean circulation, Nature, 367, 447-450 1994.

Weaver, A. J.,and E. S. Sarachik, The role of mixed boundary conditions in numerical mod-
els of the ocean's climate, J. Phys. Oceanogr., 21, 1470-1492 1991.

Weaver, A. J., ]. Marotzke, P. F. Cummins, and E. S. Sarachik, Stability and variability of the
thermohaline circulation, J. . Phys. Oceanogr. , 23, 39-60 1993.

Webb, R. S., D. H. Rind, Scott J. Lehman, R. J. Healy, and D. Sigman, Influence of ocean heat
transport on the climate of the Last Glacial Maximum, Nature, 385, 695-699.

Weinelt, M., Verdnderungen der Oberflichenzirkulation im Europiischen Nordmeer
wihrend der letzten 60.000 Jahre - Hinweise aus stabilen Isotopen, Ber. 41, pp. 1-106,
Sonderforschungsbereich 313, Univ. Kiel, Kiel, Germany 1993.

Wold, C. N., Paleobathymetry and sediment accumulation in the northern North Atlantic
and southern Greenland-Iceland-Norwegian Sea, Ph.D. thesis, Univ. of Kiel, Kiel, Ger-
many 1992.

Wright, D., and T. F. Stocker, A zonally averaged ocean model for the thermohaline circula-
tion, I, Model development and flow dynamics, J. Phys. Oceanogr., 21, 1713-1724 1991.

Yu, E.-E, R. Francois, and M. P. Bacon, Similar rates of modern and last-glacial ocean ther-
mohaline circulation inferred from radiochemical data, Nature, 379, 689-694 1996.

Zanke, U., Zusammenhinge zwischen Stromung und Sedimenttransport, Teil 1, Berech-
nung des Sedimenttransports — allgemeiner Fall -, Mitt. Franzius Inst. Wasserbau Kiiste-
ningeneuerswesen Tech. Univ. Hannover, 47, 214-345 1978.

Zhang, S., C. Lin, and R. J. Greatbatch, A thermocline model for ocean-climate studies,
J. Mar. Res., 50,99-124 1992.



SEDLOB and PATLOB: Two Numerical Tools for Modeling
Climatically-Forced Sediment and Water Volume Transport
in Large Ocean Basins

B. ]. Haupt, K. Stattegger and D. Seidov

1
Introduction

The processes of sediment erosion, transport and deposition in large ocean ba-
sins depend strongly on sediment input from various sources and on oceanic
circulation patterns. Most sedimentation models developed during the last dec-
ade are designed for small basins and specific sediment input simulating alluvial
or deltaic basin fill (cf. Bitzer and Pflug 1989; Cao and Lerche 1994; Paola et al.
1992; Slingerland et al. 1994; Syvitzki and Daughney 1992; Tetzlaff and

Harbaugh 1989). In order to simulate large basins we need to couple an ocean

general circulation model (OGCM) with an sedimentation model.

Oceanic thermohaline circulation is controlled mainly by the morphology of

a basin and by climate. Given a specific steady-state oceanic circulation pattern

from an OGCM with its temperature, salinity, velocity fields and convection

depths, one can add sediment characterized by its physical properties to the cir-
culating water volumes. The proper representation of important topographic
features depends on the spatial resolution of the model basin.

With respect to sediments, a numerical model should allow simulation of:

1. sediment distribution patterns on the sea floor, especially accumulation and
erosion of sediments integrated over time intervals long enough to represent
the stratigraphic architecture; and

2. transport paths of water volumes and defined sediment particles from pre-
scribed sources.

Two numerical models, SEDLOB (SEDimentation in Large Ocean Basins) and
PATLOB (PArticle Tracing in Large Ocean Basins) were developed for this pur-
pose. Especially PATLOB is a useful tool to address both sedimentation and deep
ocean ventilation problems. In this chapter, the structure and most important
algorithms of these models are described and applied to the modern North At-
lantic. Earlier versions of the models can be found in Haupt (1995) and Haupt et
al. (1994, 1995).
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2
The Sediment Transport Model SEDLOB

SEDLOB mainly consists of two coupled submodels which are linked with each
other (Fig. 1). The first submodel includes sediment transport in a 3-D water
column (Bitzer and Pflug 1990; McCave and Gross 1991; Zanke 1977b), and the
second two-dimensional (2-D) submodel simulates the near bottom processes
in a 1-cm-thick layer (Puls 1981; Siindermann and Klécker 1983; Zanke 1978).
This 2-D boundary layer is always parallel to the bottom and continuously fol-
lows the dynamic changes of the topography. Although the model is used for the
deep ocean, the 1-cm thickness is chosen for the bottom layer on the basis of ex-
perimental studies of flows in channels. These studies provide detailed informa-
tion concerning the interdependence between temperature, salinity, viscosity,
and velocity. Additionally, the bed and suspension transport are well document-
ed in a set of equations for this 1-cm-thick layer.

2.1
Three-Dimensional Submodel of SEDLOB

The upper 3-D submodel of SEDLOB (Fig. 2) simulates the lateral inflow and
outflow of particles from coastal sources as well as the inputs of eolian dust
(worldwide approximately 60-360 million tons/year), and melting icebergs
(worldwide approximately 100 Mt/year including glaciers) (Allen 1985; Gold-
schmidt et al. 1992; Moller 1986; Pickard and Emery 1988). Moreover, several bi-
ological processes such as dying plankton and fecal pellet production can act as
sediment sources.

2.2
Two-Dimensional Submodel of SEDLOB

The 2-D submodel of SEDLOB simulates the exchange of sediment between the
water column and the ocean bottom. Within this layer, which follows the bottom

Fig.1 Coupling of the two
submodels

3-D-model ocean
:%* SEDLOB, PATLOB

—

2-D-bottom layer
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\ Fig.2 Flow chart of
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v/
r- End of run J

topography, erosion, transport (sliding, rolling, and skipping), and deposition
of sediment is calculated based on the critical shear velocities of the bed load
and the suspension load, the bottom slope, and bottom roughness (bottom fric-
tion) (Anderson and Humphrey 1989; Bogdrdi 1974; Garde and Ranga Raju
1977; Hsii 1989; Puls 1981; Siindermann and Klocker 1983; Zanke 1976; 1977a;
1978; 1982). The change in the bottom topography is calculated from the chang-
ing sediment content in the 1-cm-thick bottom layer (Krohn 1975; Stindermann
and Kl6cker 1983).
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23
Modeled processes depending on scales

Since our knowledge about many geological and biological processes is very lim-
ited, we assume a medium grain size homogenous mixture of sediment (Bitzer
and Pflug 1989; Stindermann and Klocker 1983) and that suspended particles in
the water column are transported by currents (Bitzer and Pflug 1989). In order
to calculate the vertical transport, one should take into account not only the ver-
tical velocity w, but also the settling velocity w, of suspended material. In addi-
tion to the vertical transport by upwelling/sinking water, the settling velocity
relative to the water motion is superimposed on the water motion to obtain the
true particle transport. The settling velocity depends on grain size, density and
kinematic viscosity from the surrounding water as well as particle density, form
factor and sedimentological grain diameter, and gravitational acceleration
(Gibbs et al. 1971; Gibbs 1985; McCave and Gross 1991; Zanke 1977b). It must be
emphasized that the vertical velocities are spatially variable, and are not preset
fixed values, as in many other models. This is significant, considering that trans-
port and deposition mainly depend on the settling velocity, w,, which normally
exceeds the vertical velocity of the surrounding water (Fig. 3; McCave 1984). The
movement of sediment is based on mechanical processes (Dietrich et al. 1975;
Miller et al. 1977; Zanke 1982).

Tectonic processes are not considered here because our sedimentation recon-
structions cover only geologically short time periods lasting from several hun-
dreds to several thousands of years. During such time intervals, the overall
ocean geometry may be considered stationary for the North Atlantic (Wold
1992). Tectonic subsidence or uplift is much slower than the expected sedimen-
tation rate within a range from a few millimeters to several meters over a 1000-
year timespan (Shaw and Hay 1989). As a consequence, tectonic movements and
their effects on topography are negligible (Stephenson 1989).

}— transport length ———>
]

//7/////c//

medium
77777777 77777777

Fig.3 Sketch of different transport length due to different grain size, and different settling
velocity w,. (After Middleton and Southland 1984)
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24
Model Equations of SEDLOB

In the following section, the equations of the 3-D and 2-D submodels are listed
separately. The symbols and units used are listed in the Appendix. For the sake
of clarity, all equations are shown in Cartesian coordinates.

2.5
The Three-Dimensional Submodel of SEDLOB

The 3-D submodel of SEDLOB consists of a transport equation with a source
term Q (Bryan 1969; Dietrich et al. 1975; Eppel 1977/78; Fahrbach et al. 1989;
Gerdes 1988; Struve 1978; Tetzlaff and Harbaugh 1989)

2 _
Jt

and a continuity equation (conservation of mass) for an incompressible medium
(and a continuity equation (conservation of mass) for an incompressible medi-
um ( dpy /dt =0) (Apel 1987; Bryan 1969; Fahrbach et al. 1989; Kurz 1977; Krauf§
1973; LeBlond and Mysak 1978; Pond and Pickard 1986; Tetzlaff and Harbaugh
1989):

. du dv oJw
Viv=—+t—+—.
dx dy Jz
The hydrostatic equation gives the local pressure p (Bryan 1969; Cox 1984;
Haupt 1990):

—V-(Vc)+Q (1)

(2)

0
P(2) = Doy +8[ Prdiz. (3)

The nonlinear equation of state is given by the UNESCO formula (UNESCO
1981; see also Millero and Poisson 1981)

Pr = Pr (T)S)P)- )

The settling velocity w, of a single particle is calculated using the approxima-
tion given in Zanke (1977b)

Wy =ws(v,/.1,d,pF,(p5,FF,g)
Ps—p
12v ( Sppp)g

:d(2.7—2.3FF) e v2

=

(2.7—2.3FF) -1 ©)
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The equation for dynamic viscosity u

u=u(T.S, p) (6)

is approximated by a polynom (Matthdus 1972). The total vertical velocity of w,
is the sum of the water velocity and the particle settling velocity:
We=w+w,. (7)
At the surface, the “rigid-lid” approximation is used:

Wurp =0 for z=0. (8)

The “rigid-lid” approximation eliminates external gravity waves and allows
for a longer time step (At) (Cox 1984; Haupt 1990; LeBlond and Mysak 1978). At
lateral boundaries “no-flux” and “no-slip” boundary conditions are used:

u,v,C, =0. 9)

No bottom friction is used, but rather a “free-slip” boundary condition is em-
ployed at the bottom:

du dv

—,—=0. 10
dz dz (10)
The fluxes through the bottom and lateral boundaries are set to zero:

JdT dS JC

—,—,=—==0. 11
dn dn dn ()

The vertical velocity w at the bottom is calculated using the continuity equa-
tion

w=—(u§—f+v%1yi]. (12)

2.6
The Two-Dimensional Submodel of SEDLOB

In many aspects, the 2-D submodel of SEDLOB is similar to the 3-D submodel.
The sediment transport at the bottom has the form

%:—VH-(V,,MC)+Q. (13)

The submodel uses the same hydrostatic equation for the local pressure p [cf.
Eq. (3)], the same set of nonlinear equations for density [cf. EqQ. (4)] and viscos-
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ity [cf. Eq. (6)]. Similarly, the total vertical velocity, w,, is the sum of the vertical
velocity w [cf. Eq. (2)] and the settling velocity w, of a single particle [cf. Eq. (5)].
Even though the 1-cm bottom boundary layer is quasi-2-D, this vertical velocity
is needed for coupling both submodels.

The critical velocities for sediment transport are approximated by polynom-
inal equations given in Zanke (1977a; Figs. 4, 5). One has to take into account
1. the critical velocities for starting bed load transport

Vemp = vcm,b(vhuid)p}? »Ps ’g)

_ 0.5 v (14)
=2.8 (MJng +14.7—c where c=];
Pr d

2. the critical velocities for initiating of suspension load transport

Vem,s = ch,s(Vx,U:d;PF,ps,FF,g)

@ =

(PS—PF)g
—ga— 12V | 1y oor e S

- d(2.7_2.3FF) ¥ (2.7—2.3FF)—1; (15)

3. the critical velocity for deposition

Vemd = ch,d(V)#adaPFaPs,FF,g)

@ =

(Ps_Pg)g
P SRS LA I P P BNl

d(2.7-2.3FF) 2 (27-23FF)-1|. (16)

Deposition of the available
sediment in the bottom layer

Vin Fig.4 Critical velocities
0 for initiating bed load
Os+9 Bottom and suspension or 1nitiating bed loa
B transport; erosion and suspension load
Vems 1 S S transport (cf. Fig. 5)
Bottom transport and erosion;
R :! transport of suspended particles
Ve m,b 7
‘ no erosion; transport of particles
moved at the bottom and already
suspended material

ch,d_* - -
{111
0
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Fig.5 Critical velocities for beginning bed load transport and suspension load transport
The well-known Hjulstrom (1935) curve is given as reference

The bed load transport and the suspended load transport are calculated using
their dependence on the reduced bottom velocity V,,, in the 1-cm-thick bottom
layer, also called Prandtls boundary layer (Siindermann and Klocker 1983;
Zanke 1978). The formula for calculating the bed load transport is

9 = qB(vs,vc,b,v,u,d,D*,pp,ps,p’,FF,g,p)

1 v2—v? ’ p’ %
==107| 22— D2 | y where D"z( g) d and p=07, (17)

2
P w;

v2

and for calculating the suspension transport is
qs = qS(Vs’Vc,b’vc,s’v’VO’:u’d’D ,pp,ps,p',FF,g,p)

2_ .2 2_,2 1 18
I ) )_( L) "

4 —
h W, P\Vo—V

The total sediment transport is computed by summing Egs. (17) and (18):

4=9p*9s- (19)

The relationship of critical velocities and sediment transport is summarized
in Fig. 4.

A diagram of critical velocities versus grain size is displayed in Fig. 5.
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Fig.6 Modification of sediment transport and critical velocities. The main figure shows the
used functions in a range from -2° to 2°, while the lower left figure shows the range from
-90° to 90°, and the upper right box gives the functions embedded in the model

The set of equations dealing with the critical velocities and the sediment
transport are modified by the bottom slope. A downward flow leads to an in-
crease in the transport capacities and a decrease in the critical velocities de-
scribed above and vice versa. This modification is achieved by multiplying the
transport velocities by an empirical function dependent on the bottom slope
(Haupt 1995; Fig. 6).

The change in the bottom topography due to erosion and deposition is com-
puted using the sediment continuity equation (Stindermann and Klécker 1983;
Tetzlaff and Harbaugh 1989):

oh,,y
—3€2 4V, -g=0. 20
T H'4q (20)
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Sediment can be eroded or deposited according to Gross and Dade (1991) and
Tetzlaff (1989)

ahsed

—3£2 <0 erosion

Jt

) >0 deposition.

ot

(21)

This technique makes the simulation of the process of redistribution of the al-
ready deposited sediment possible (Frohlich and Matthews 1991). Sediment is
neither eroded nor deposited when an equilibrium between the sediment trans-
port and the sediment load exists. The equilibrium is checked at every time step
in our model.

2.7
Coupling of SEDLOB’s submodels

The coupling of both submodels facilitates the sediment exchange between sus-
pension load in the 3-D water column and the bottom layer (Fig. 7). The 2-D bot-
tom layer is initialized at every grid point (i, j) with the data of the 3-D submodel
of SEDLOB. This is achieved by projecting the deepest “water grid point” of the
3-D submodel onto the bottom. Since the projected velocity may belong to dif-
ferent layers, the resulting 2-D velocity field is very inhomogeneous in areas
where steep gradients in the bottom topography exist. To obtain a smoother
flow, the velocity field is smoothed, using a moving average technique. In a large
set of numerical experiments, it was found that smoothing with five to ten passes
is sufficient to obtain an adequate velocity field in the bottom layer. The
smoothed bottom velocity enables the model to run for more than 500 years

Fig. 7 Projection and coupling
of both submodels
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without producing ripples and spikes of sediment transport capacity in the ad-
jacent grid points. Additional smoothing of other fields (bottom topography,
sediment concentration near bottom, etc.) is therefore not required.

2.8
Numerical design

SEDLOB uses a staggered Arakawa-B-grid with a half grid distance’s shift be-
tween T-S points and u-v points (Cox 1984; Mesinger and Arakawa 1976),and a
Cartesian coordinate system with the vertical axis directed downward. The time
integration is carried out using an “upstream differencing” scheme (Mesinger
and Arakawa 1976; Struve 1978). This scheme is known to be rather effective
(Dube et al. 1986), and may become essential for long-term integrations. It
should be noted that this scheme, which is also called the donor cell, upward, or
upwind scheme, is positive definite: positive values, like concentratlon, always
remain positive during integration [“possitivity”; ( C{ >0 for all i) —(C;' >0 for
all i and N)] (Eppel 1977/78; Smolarkiewicz 1983). This is an important feature
for mass transports, e.g., the transport of marine and eolian sediments, vapor,
or gas in the atmosphere all are positive definite. Using second-order or higher-
order integration accuracy schemes can introduce some difficulties because of a
negative solution of the equation results (Smolarkiewicz 1983). Furthermore, a
given disturbance is transported in the direction of physical advection and not,
as in other discretization schemes, in the opposite direction (Mesinger and Ar-
akawa 1976; Struve 1978). Furthermore, the “upstream differencing” scheme is
mass conservative. All these requirements are only satisfied if the Courant-Frie-
drichs-Levy criterion is not violated (Eppel 1977/78; Mesinger and Arakawa
1976; Smolarkiewicz 1983; Struve 1978):

At At
2U—\C, ZV—\yC, 2 W, —, (22)
AT Ay Az

where c,, CysC are Courant numbers (c, iz S < 1).Thus, the maximum time step in

the model is:

dx;; dy;  dz,

b b

At <mi (23)

Vijk

‘“i, jiok

w
&i,jk

Here dx;;, dy;, dz; denote the grid steps. The three velocity components are
by ;4 vijk and Ve ik

Because a normal ¢ upwmd -scheme has a strong implicit diffusion, we mod-
ify it in the 2-D submodel. There are different schemes to overcome the deficien-
cies of the simple upwind formulation. For example, the self-adjusting hybrid
scheme (SASH), or the flux correction technique (FCT) offer better functionality
while retaining the advantages of the upward scheme. However, the usefulness
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of these schemes is rather limited because of excessive computer time required.
In addition, a positive definite solution is not guaranteed. Yet any emerging neg-
ative values are small enough to be neglected (Smolarkiewicz 1983; Struve 1978).
An appropriate numerical scheme is essential for obtaining “sediment fronts”,
produced by sediment slumps, or local sediment clouds, etc. Smolarkiewicz
(1983) introduces an “antidiffusion” with an “antidiffusion velocity” to keep the
fronts sharp in spite of the high artificial diffusion inherent to the upwind
schemes.

The numerical advection scheme is illustrated below for one-dimensional ad-
vection only. In a normal upwind scheme, two terms are in balance: the local
changes in time, and the advective term. Smolarkiewicz (1983) adds another
term with a small implicit diffusion at a low computational cost:

3—f+aix(uc) :%[K"mﬂg_i)’ where Kimpl=0.5(|u‘Ax—Atu2). (24)

normal upwind scheme  implicit diffusion

Thus, for the normal upwind scheme in the 3-D submodel the following dis-
cretization on a staggered grid is chosen:

Crn,i =Chji— {F(Crz,i’cn,iﬂ ’un,p% ) - F(Cn,i—l sChji ’un,i_% )}) (25)
where
F(Ci ,Cin ,u) = [(u + |u‘)Ci + ((u - |u‘)C1~+1 )]Zi—tx (26)

In the 2-D submodel we use the scheme of Smolarkiewicz (1983) with # as an-
tidiffusion velocity. The function F has the same form as in Eq. (26).

Cl* = Cn,i - {F(Cn,i ’Cn,i+1 ’un,i+% ) - F(Cn’i—l :Cn,i ’ un,i—-;- )} (27)
Cn+1,i — CI* ~ {F(C::C;l’ﬁn,i-f%)— F(C;—l 7C;k,ﬁn,i—% )}7 (28)
where
2 * ¥
i (ui% Ax_AtuH;](CiH ~Ci )
Uil = ' (29)

1
2 (c;‘ +Ch +£)Ax

¢ is a small value (here 10"%) to ensure i =0when C,,; =C; =0.
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A growth or decay of the initial signal can be obtained by scaling the antidif-
fusion velocity u by a factor Sc:

Uscale = Scu (30)

The best result was achieved using a scaling factor of 1< S¢ <1.08 after Smo-
larkiewicz (1983). With Sc =0 the above described scheme is identical to the
normal upwind scheme without antidiffusion. Three experiments with different
scaling factors are discussed below. These experiments were carried out to dem-
onstrate how antidiffusion works and to check the program’s overall perform-
ance. Starting from a given distribution of sediment in an anticyclone velocity
field, the calculations are shown for one full rotation around the center (Fig. 8).
The first experiment (I) has been carried out without antidiffusion Sc =0, the
second one (II) with a scaling factor Sc =1,and the third one (III) with a factor
Sc=1.08 (Figs. 9, 10). With a scaling factor Sc =1 we obtain results similar to
those obtained by Smolarkiewicz (1983), i.e., best fit. The horizontal extent and
intensity of the initial perturbation was preserved with good accuracy.

Without antidiffusion (experiment I) the experiment suffers from strong dif-
fusion, which results in the signal being flattened and expanded horizontally.
When the antidiffusion was overestimated, the initial perturbation was de-
formed and new maxima appeared (experiment III). It should be stressed that
mass was conserved in all experiments.

1

Fig.8a-c Sediment distribution of the three experiments I, II,and III as a map view (a) and
as a sectional view (b). The velocity field is circular (c)



128 B.]. Haupt - K. Stattegger - D. Seidov

Fig.9 Sediment distribution of the three experiments I, I, and III as a map view. Experi-
ment I is calculated without antidiffusion (Sc = 0), the experiments II (Sc = 1),and III (Sc =
1.08) are calculated with antidiffusion (Smolarkiewicz 1983)
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Fig.10 Sediment distribution of the three experiments I, I, and III as a sectional view. Ex-
periment I is calculated without antidiffusion (Sc = 0), the experiments II (Sc¢ = 1), and III
(Sc = 1.08) are calculated with antidiffusion (Smolarkiewicz 1983)
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3
The particle-tracing model PATLOB

The semi-Lagrangian (hybrid Eulerian-Lagrangian approach) model PATLOB
(Fig. 11) traces material parcels, e.g., water parcels, sediments, pollutants, natu-
ral or artificial organic material, etc. from their source area/origin until they are
dissolved or deposited. This model is a useful tool to address both sedimenta-
tion and deep ocean ventilation problems. PATLOB was developed in order to
use semi-Lagrangian calculations in combination with SEDLOB, which uses the
output of the OGCM. Thus, the assumptions made for PATLOB are similar to
those made for SEDLOB. Like SEDLOB, PATLOB mainly consists of two coupled
submodels which are linked together. Hence, data flow between two submodels
and the projection of data onto the 2-D 1-cm-thick bottom layer works identi-
cally in SEDLOB and PATLOB. Additionally, PATLOB takes the change in the bot-
tom topography into account, which is calculated with SEDLOB. This is also rel-
evant to particles which have a settling velocity.

Fig.11 Flow chart of

Initialisation with T, S, u, v, w, convection depth, and t h
i u, v, w i epth, and topography PATLOB

from any OGCM and grain size, form factor, sediment density,
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3.1
Formulation of PATLOB

PATLOB uses the same approximation for the settling velocity, w,, the critical
shear velocities of bed load (v, ;) and suspension load (v, ;), and the critical
velocity v,,, ; for a final deposition of the parcels found in SEDLOB. Further-
more, the critical velocities are updated by the bottom slope.

The new location of every particle is calculated from the old position (Gold-
stein 1985; Kurz 1977):

dr

o V. (31)

For the 3-D submodel the equation above is written in Cartesian coordinates as

Vel =V TU; At
Tymel =Ty +V, Al (32)

Tomsl =Ton + Wy, At,
and for the 2-D submodel as

Thot,x,mnel = Thot,x.n + Ubot,r At (33)
rbot,y,n+1 = rhot,y,n +Vot,r At,

where r is used for the location interpolated inside of the numerical grid and n
for the time step. This means that the velocity components provided by the
OGCM are interpolated to the current position of the Lagrangian particle from
nearby points on the Eulerian numerical grid.

4
The vertical convection in SEDLOB and PATLOB

SEDLOB and PATLOB take into account vertical convection. This is an important
feature because convection does not transport water and sediment in the same
way as advection does. Tracers are advected by currents, whereas convection due
to hydrostatic instability mixes water, sediments, and the tracers vertically in
“turbulent” water columns or “chimneys” (Fig. 12). The convection due to hy-
drostatic instability determines the depth of vertical mixing in the ocean. In the
model, the convection depth indicates how many layers participate in mixing,
that is to which layer a particle entering such a turbulent water column is pro-
pelled within the chimney. We use different techniques to introduce this mixing
into the two models. In SEDLOB, the sediment concentrations of vertical grid
boxes affected by the convection depth are mixed to obtain a homogenous sed-
iment distribution in every time step. In PATLOB, a parcel entering a chimney at
the top is propelled downward to the base of the chimney and vice versa. This is
equivalent to the reflection of every particle around the middle depth of a con-
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Fig.12 Sketch of two particles
entering an area with different
vertical convection depths
(Seidov and Haupt 1997)

vection site. If a particle enters a convection site, it is only mixed once. The ver-
tical position remains unchanged if the particle enters an adjacent convection
column having the same convection depth; in a case where the convection is
deeper, the particle is brought to its new depth, either upward, or downward
(Fig. 12). Additional details of this technique for incorporating convection into
SEDLOB and PATLOB are given in Seidov and Haupt (1997).

5
Validation of SEDLOB and PATLOB

The models were originally developed and designed to study sedimentation
processes in the North Atlantic and to be integrated with paleoceanographic
modeling (Haupt 1995; Haupt et al. 1994, 1995). Therefore, the control experi-
ments presented here concentrate on the modern North Atlantic. We review the
results based on model runs with a 0.5°x0.5° horizontal resolution (95 grid
points in both horizontal directions). For calculating the sediment transport
through gateways and cross-sections, e.g. the Denmark Strait, the Iceland-Fae-
roe-Scotland-Ridge, or Barents Sea inflow and outflow, it is important to use a
high vertical resolution which represents the topography in a realistic manner.
Therefore, we use a model topography derived from the ETOPO5 (1986) data set
(Fig. 13) with 17 vertical layers which are 50, 50, 50, 50, 100, 100, 100, 250, 250,
250, 250, 500, 500, 500, 500, 500, and 1000 mthick. The maximum bottom slope
in the direction of flow is less than 2.65°. The staircase-type bottom topography
must never exceed 5° (Puls 1981), otherwise the turbulent bottom flow will de-
tach from the seabed and the equation for sediment transport [Eq. (20)] will no
longer be valid (Fig. 14). We use a spherical coordinate system in which the
equator has been rotated up to 60°N along zero meridian in order to minimize
the convergence of meridians in high latitudes.
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o) ) z Fig.13 Modern model
. g ' bottom topography of
the northern North At-
lantic on a 0.5° x 0.5°
grid with 17 unevenly
spaced vertical layers
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Fig.14a,b Sketch of currents
at the staircase bottom topog-
raphy without a detached

sediment transport (a). In the
case of a detachment, the bot-
tom transport is in the oppo-
site direction (Puls 1981)

Furthermore, a high-resolution bottom topography is required for the better
understanding of the influence that the additional sediment sources near Ice-
land and in the Greenland-Iceland-Norwegian Seas have on the sedimentation
patterns in the northern North Atlantic.

5.1
Model initialization

As outlined above, in order to run the two models, one needs the output of an
OGCM: temperature, salinity, velocity, and convection depths. A detailed de-
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Fig.15a,b Modern velocity:
a at z=25m and b at the
bottom. The bottom veloci-
ty in the 1-cm-thick bottom
is smoothed with a sliding
average with ten passes

scription of the data fields is given in Haupt (1995). Here, we present two exam-
ples of the circulation pattern: the first one shows the circulation of the northern
North Atlantic at 25 m depth (Fig. 15a), and the second one the bottom circula-
tion resulting from the projection of the 3-D velocity field onto the bottom (Fig.
15b). The bottom velocity is smoothed with a ten-pass sliding average. Although
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Fig.16 The North Atlantic
upper ocean circulation
pattern

this experiment uses the closed boundary conditions with artificial walls at
about 40°N, the model output from the OGCM shows the major currents around
Iceland and in the Norwegian-Greenland Seas. These are mainly the West-
Greenland Current, the East-Greenland Current, the outflow through the Den-
mark Strait, the Irminger Current, the North Atlantic Current, the Norwegian
Current parallel to the Norwegian Coastal Current which enters the Barents Sea,
and the West-Svalbard Current, or the Transpolar Drift (Fig. 16).

The sediment content of the 3-D water column in SEDLOB can be controlled
in two different ways: sediment can be manually added to or taken from the wa-
ter by sources and sinks, or alternatively, the exchange of sediment between the
3-D and the 2-D submodels is calculated automatically. Here, the external source
of sediment is prescribed. Sediment sources and quantities inferred from the lat-
eral river input and melting ice sheets are taken from Table 1 (Fig. 17). The lat-
eral river sediment input is restricted to the grid points adjacent to the coastline.
To limit the simulations to the case where sediment sources are known only at
the lateral boundary, internal sources such as sediment derived from submarine
fan deposition or from icebergs and fjords are not considered.

All our experiments were initialized with the same parameters (settling ve-
locity of 0.05 cm s™! = 43.2 m day™! (Shanks and Trent 1980), density of sedi-
ment, grain size, and sedimentological grain diameter, form factor of sediment
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Fig.17 Sediment sourc-

sediment input [Vkméyr]

es prescribed as initial
conditions (see Table 1).
In the case of conver-
sions the sediment den-
sity pg=2.6 cm™ and
the porosity y = 0.75
were used (Zanke 1982)

Table 1 Survezr of used sediment sources. In case of conversions the sediment density

ps = 2.6 g/cm’ and the porosity y = 0.75 were used (Zanke 1982). The lower sediment input
is used in case of a given range (Fig. 17)
Region Area [x10° km?] Sediment input [t/km? yr] Reference
northern n.a 3.156 x 1072 Honjo 1990 /
North Atlantic Miller et al. 1977
East-Greenland  n.a. 6.96 x 1072 Enos 1991
Iceland n.a. 6.1 x 102-1.085 x 107! Enos 1991
Norwegian coast  n.a. 6.06 x 1072-6.93 x 1072 Enos 1991
Elbe 0.13 84 Milliman /
Syvitski 1992
Weser 0.038 33 Milliman /
Syvitski 1992
Seine 0.065 114.2 Milliman /
Syvitski 1992
Loire 0.155 150 Milliman /
Syvitski 1992
southern England n.a <10 Einsele 1992
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particles, and sediment porosity). In both experiments using the sedimentation
model SEDLOB, we employed reduced critical velocities to initiate bed load v, ,
and suspension load v, ;. These were set t0 0.002 cm s™! and 0.02 cm s™!, respec-
tively. In control runs we figured out that a reduction is necessary to obtain re-
alistic transports in the bottom layer in the deeper ocean basins. With these al-
tered initial conditions the model was capable of eroding sediment when the
critical velocities were weaker than the velocities predicted by the OGCM. Con-
sequently, it produces more patchy sediment structures. Both simulations were
run over 500 years. Unlike the OGCM, it is not possible to run SEDLOB into a
steady-state condition. The forward time integration led to continuous changes
of the bottom slope and therefore the critical velocities for initiating bed load
and suspension load also changed. This is equivalent to the sediment availability
which influences the maximum possible sediment concentration and transport
in the fluid, depending on the bottom slope inclination.

6
Results and Discussion

In the first SEDLOB experiment (E1) only the eolian sediment input from the at-
mosphere was taken into account (Fig. 18a), whereas the second experiment
(E2) added lateral sediment input from rivers and icebergs (Fig. 17). The sedi-
mentation rate is given in cm/1000 years. The locations of the main sediment
drifts south of Iceland and south of Greenland are well reproduced (Bohrmann
et al. 1990; McCave and Tucholke 1986). However, the sedimentation rate is af-
fected by the chosen distribution of the sediment supply. Both experiments show
similar sedimentation patterns. They are mostly formed along the margins of
the current axes. Differences can be found especially in regions where strongly
selective river sediment input was added to the eolian sediment portion (e.g.,in
the Bay of Biscay, or in the eastern German Bight). Higher sedimentation rates
occur also in the coastal areas, where currents run approximately parallel to the
shore line. Here the water takes up a relatively low sediment input and accumu-
lates it while moving along the coast. Whenever coastal currents depart from the
coast to the open sea, the speed of the current slows down. Sediment transport
capacity decreases and sediments are deposited. This phenomenon is found es-
pecially on continental slopes with a downward steepening bottom topography.
An example of this is found off Southeast-Greenland where the East-Greenland
Current flows through the Denmark Strait into the deep Irminger Basin. This
feature can also be found to the south-southeast of Iceland and to the west of Lo-
foten, where the Norwegian Coastal Current turns to the east into the Norwegian
Sea. Sediments are also deposited at higher rates on the Vgring Plateau. The
higher sedimentation rates of these shelf areas are in good agreement with the
recorded sedimentation rates from sediment cores.

The high sedimentation rate area in the northeasternmost part of the model
area has a different origin. In both experiments, E1 (Fig. 18a) and E2 (Fig. 18b),
the high sedimentation rates are due to the closed northern boundary and are
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Fig.18a,b Present-day sedi-
mentation rate (cm/1000
years).

a Experiment E1: only the
eolian sediment input from
the atmosphere (1 x 1073 g
cm™2 57! = 0.0864 mg cm™?
day™!) is considered (Honjo
1990; Miller et al. 1977). The
critical velocities for starting
of bedload v,,, ) and for be-
ginning of suspension load
Vem,s are set t0 0.002 cm s~}
respectively 0.02 cm s~

b Experiment E2: additional
sediment sources are ap-
plied; see Table 1 and Fig. 17

Moy

sedimentation rate [cmikyr]
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EEEEE

sedimentation rate [cm/kyr]

therefore an artifact. Figures 19 and 20 show the artificial “return tlow” east of
Franz Josef Land (northeastern Barents Sea). In Figs. 15a, b, 19, and 20, the sed-
iment transport from North Scandinavia by the strong North Cape Current
through the Barents Sea can be clearly seen. The southern model boundaries are
responsible for artificially low sedimentation rate areas south of 50°N. In the
OGCM the inflow of the North Atlantic Current is maintained using a southern
sponge layer where the numerical solution is restored to modern climatology in
a narrow latitudinal belt near this latitude (Seidov et al. 1996). Because of the
lack of information concerning the sediment transport in the water column
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Fig.19 Trajectories of
495 Lagrangian parti-
cles for the 3-D water
motion tracing dur-
ing 2 years. The small
circles show the loca-
tion where the parti-
cles were launched.
The settling velocityis
0.05 cm s~L. The depth
is indicated by colors
from the color palette

Fig.20 Trajectories of
495 Lagrangian parti-

cles started in the

bottom layer. The
small circles show the
location where the
particles were
launched. This experi-
ment was run over 10
years
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across these walls, we cannot arrive at reasonable sediment dynamics in this lo-
cation.

The high sediment input to the English and French shelf areas from southern
England and the French rivers Seine and Loire is responsible for the observed
high sedimentation rates (Einsele 1992). Contrarily, the runoff from the German
rivers Elbe and Weser is not limited to the river mouths. Although most of the
sediment is deposited in the eastern German Bight, some is still transported to
and deposited in the Norwegian Channel and on the southern Vgring Plateau
(63°N, 5°-7°W).

A comparison of the experiments E1 and E2 shows that small local changes in
the sediment supply can affect the sediment distribution in remote areas. Theses
changes are clearly seen in the transport through gateways and along vertical
cross sections. Figure 21a (experiment E1) and Fig. 21b (experiment E2) show
the transport in the water column and at the bottom in tons km~2 year~!. Both
experiments indicate that most of the sediment transport occurs in the bottom
layer. The transport through the cross section increases with the increase of ad-
ditional lateral sediment supply everywhere except for two locations. Whether
the decrease found between Svalbard and Franz Josef Land is a real feature or an
artifact created by the closed northern boundary cannot be answered with this
model. In Experiment E2 (Fig. 21b), the bottom transport over the Iceland-Fae-
roe-Ridge changes from a southward sediment transport (Fig. 21a) to a north-
ward transport. In this region, the currents are generally parallel to the Iceland-
Faeroe-Ridge (Figs. 15b, 20). In a set of several supplementary experiments we
discovered that a small shift of this cross section to the north or to the south re-
sulted in a change in the transport direction.

7
Conclusions

Integrated numerical models of oceanic circulation, sedimentation, and tracing
water volumes lead to a better understanding of the complexity of interactions in
the climatically forced ocean-sediment system. Two 3-D numerical models, SED-
LOB and PATLOB, were developed to reconstruct the sedimentary history of the
North Atlantic. Both models consist of a 3-D submodel for the water column and
a 2-D bottom layer to model the specific features of near-bottom process motion.
The models were tested using different horizontal and vertical resolutions in the
North and northeastern Atlantic. High resolution experiments aimed at the simu-
lation of detailed features of sediment flux through gateways and cross sections
were discussed. The models are initialized using the output of an OGCM and dif-
ferent sediment sources. We supplied material by vertical eolian input from the at-
mosphere and from lateral sediment input by rivers and ice. In all experiments, the
critical velocities for movement of bed load and suspension load were reduced to
arrive at more realistic transports at the bottom in ocean basins. The employed
polynominal equations for the sediment transport and the critical velocities were
modified by an empirical function to introduce the dependence on bottom slope.
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Fig.21a,b Calculated
transport rates for the
three-dimentional wa-
ter column and for the
bottom layer: experi-
ment E1 (a) and exper-
iment E2 (b)
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The simulated sediment distribution fits well the observed location of the
main sediment drifts south of Iceland and Greenland. Additional lateral sedi-
ment input did not change the regional distribution of the high sedimentation
areas. However, these changes in the input did affect the sedimentation rates and
the transport through the cross sections. The increased sediment transport was
predicted by the models both in the main body of water, and within the bottom
layer. In comparison to the distribution within the water column the transport
in the bottom layer showed a weaker response to the addition of lateral sediment
sources. The calculation of cross section transport is a valuable tool in mass bal-
ancing through oceanic gateways.

In both experiments with SEDLOB we found that coastal downward currents
led to reduced bottom current velocities and therefore to a reduced sediment
transport capacity. This effect is especially pronounced in the areas of steep bot-
tom gradients.

Finally, we want to emphasize that both models may be coupled to any OGCM
which provides the adequate input data fields of temperature, salinity, velocity
and convection depth.
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Appendix
Symbols and definitions
CoCyr &y = Courant numbers -
C = sediment concentration in the fluid gcm’
C, = sediment concentration at time step n gcm?
d = grain size cm
dyiir d},,-’j, d = grid spacing 1 cm
D* = sedimentological grain diameter (p_’;g) ’d -
v
FF = form factor -
g = gravitational acceleration gcm 257!
By = change of bottom topography due to erosion, trans- c¢m
port, and deposition
H = water depth cm
ijk = zonal, meridional, and vertical grid indices -
n = time step,n=1, 2, 3,... -
P Pourf = pressure, surface pressure gcm s
q = total sediment transport cm®cm! 57!
dp qs = bed load and suspension load transport cm?em 57!
Q = sediment source term cm? cm! 572
T Ty T = zonal, meridional, and vertical location inside of the cm
Thotx,nm Thotyn numerical grid at time step n
r = location of a particle cm
Lty = time, time at time step 7, starting time s
T = temperature °C
N = salinity %o
uv,w = zonal, meridional, and vertical velocity components  cm s
Upop Vhor = reduced zonal and meridional bottom velocity com- cm s™!
ponents
VsVhot = three-dimensional and two-dimensional velocity cms™!
vector
Wy W, = settling velocity, total vertical velocity cm s
X%z = zonal, meridional, and vertical component of the grid c¢m
At = time step s
Ax,Ay, Az = zonal, meridional, and vertical grid spacing cm
Y = sediment porosity -
V,Vy = three- and two-dimensional Laplacian operator cm!
u = dynamic viscosity of seawater gem™'s!
v = kinematic viscosity of seawater cm?s7!

0] = bottom slope
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Symbols and definitions

Pr Ps = density of sea water and sediment gcm

p = relative density 25 ~PE -

PF




Digital Database of Modern Evaporites and their Predicted
Distribution Based on Results from an Atmospheric
General Circulation Model Simulation

C.N.Wold, G.J. Schwartz, C. Morrill

1
Introduction

Evaporites are probably the most significant of climatically sensitive sediments,
because they form in only regions where the rate of evaporation greatly exceeds
the rate of rainfall plus runoff. Evaporites, coals, carbonates, tillites, and thick
clastic deposits are among some of the climate-sensitive sediments that have
been used as qualitative and indirect evidence for paleoclimatic conditions.

Several authors have used AGCMs and semi-quantitative methods to explain
the distribution of climatically sensitive sediments for the geologic record. How-
ever, only a few models have been based on first principles. Briggs and Pollack
(1967) developed a model to simulate the spatial characteristics of the Late Silu-
rian Salina Formation of the Michigan Basin. Their model had two dimensions
in the horizontal plane, i.e. a Cartesian coordinate map view of the basin. The
rate of evaporation from the surface of the brine was prescribed. They assumed
that water was seeping into the basin radially and were able to simulate a “bull’s-
eye” pattern of evaporites similar to those observed in the Salina Formation.

Pollard and Schulz (1994) developed a proxy formation model for evaporites
that calculated the rate of evaporation over a hypothetical, subaqueous evaporite
basin. In general,a PFM simulates the physical, chemical, and/or biological con-
ditions necessary for the formation of a climatically sensitive sediment (Wold
and DeConto, in press). Pollard and Schulz (1994) applied the PFM for evapor-
ites to the Triassic. The paleoclimate was simulated with GENESIS (Pollard and
Thompson 1995; Thompson and Pollard 1995a; b) using a 4.5° x 7.5° grid for the
atmosphere and 2° x 2° grid for the land surface. The experiment of Pollard and
Schulz (1994) did not predict Carnian (225 Ma; Late Triassic) evaporites in the
proto-Atlantic rift. Wold et al. (1994) explained this by the fact that the rift was
not resolved on either the 4.5° x 7.5° or 2° x 2° grids. Wold et al. (1994) increased
the resolution to better resolve the rift valley and mountain flanks. Using the re-
sults of the Late Triassic climate simulation (Hay et al. 1994; Wilson et al. 1994)
Wold et al. (1994) then ran the PFM for evaporites and found much better agree-
ment with the observed data.

Wold and DeConto (in press) used the PFM for evaporites (Pollard and Schulz
1994) to predict the potential locations of Late Cretaceous evaporite basins
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GENESIS (2.0) was run for 35 years to simulate a mid-Campanian (80 Ma) cli-
mate with a high-stand of sea level. The PFM was driven by monthly-mean me-
teorological data from GENESIS. Wold and DeConto (in press) found that the
locations of all compiled evaporites whose age was known to be either Campa-
nian or Senonian were correctly predicted by the PEM. However, the Late Cre-
taceous evaporites in northeast Thailand were not predicted by the PFM using
mean annual climate forcing from the GENESIS (2.0) simulation.

The evaporite database presented here was used to test the PFM for evaporites
and to help validate the present-day GENESIS (2.0) climate simulation. We an-
ticipate that the digital evaporite database will also be of interest to the hydro-
logic community.

2
Evaporite Database

Lefond (1969) outlined the location and age of the majority of salt deposits on
Earth. He included small-scale maps showing the locations of most of these, as
well as descriptions of those not shown on his maps. Lefond (1969) also included
chemical analyses for many of the deposits. He attempted to show or mention
the location of all known solar salt production operations that existed up to
1969. Lefond (1969) was the primary source of information used to compile the
solar salt operations, included in the new database. Gordon (1975) showed gen-
eral trends in the distribution of evaporites by latitude for the Phanerozoic. The
resolution of his data was limited to 10° latitudinal bands. He noted that the
present-day distribution of evaporites is centered about the subtropical high-
pressure zones near 30°N and 30°S. Gordon (1975) also noted that very few evap-
orites occur along the low-pressure equatorial zone. Cogley (1991) published a
1° x 1° global data set of hydrographically significant terrains. Two of Cogley’s
(1991) terrains that were relative to the present compilation included SLTW (any
type of salt water) and SFLT (salt flats). SLTW included oceans, estuaries, la-
goons and saline lakes on land. SFLT was any type of intermittently dry evapor-
ite deposit on land including non-marine saline pans, saline mudflats, marginal
marine sabkhas, and salinas.

2.1
Non-Marine Evaporites

Non-marine evaporites in this compilation include saline pans and saline mud-
flats (Fig. 1B), and saline lakes (Fig. 1C). The largest perennial saline lakes where
evaporites are precipitating include Lake Chad in northern Africa, Lake Balkash
in Russia and the Dead Sea in Israel. A large portion of the dissolved salt in saline
lakes is often derived from the dissolution of older evaporite deposits by inflow-
ing rivers and groundwater. Saline pans are normally dry, but occasionally be-
come flooded. The water then evaporates and salt is deposited. Examples of two
very large saline pans include Salar de Uyuni in Bolivia and Lake Eyre in Aus-



Digital Database of Modern Evaporites and their Predicted Distribution Based on Results... 151

60" N B, W
+ . P "~
b e R
W 307N X A N e -,
a ! 2 4 "B
-y Y -- >
Equator

60" N b ¥ - A
“ A - - -
b P el e T
W, -30°N " e m. o -
. ¥ b
“u vty ™
Equator e ; -, £t by

J
3

30°S 1 . "o ﬁ\i"
4 .

N =2, -
= ; P e, . W
- . Sl e Al

¥ M. Y .
~30° N . v B

3

Equator ey

30°N ~— R

Equator e : %

30°S

000 010 025 050 100 200 400 600 800 1000 10000

Fig.1a The 1°x 1° distribution of modern evaporites shown as colored squares representing
the percent coverage of 1° x 1° grid cells by evaporites. The present coastlines are shown.
The map is a Mollweide Projection centered on the equator and 0° longitude. The grid spac-
ing between lines of latitude is 30° and 60° between the meridians. b 1° x 1° distribution of
saline pans and saline mud flats. The evaporites in Australia could also be called saline
lakes. ¢ 1°x 1° distribution of saline lakes. d 1° x 1° distribution of marginal marine sab-
khas and salinas. There is some overlap between the 1° x 1° grid cells shown in these dia-
grams because at the resolution of a 1°x 1° latitude-longitude grid, the area of each grid cell

is approximately 10000 km?. This in some grid cells there is more than one type of evaporite
deposit present.
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tralia. Saline mudflats may be isolated or occur along the margins of saline lakes
and saline pans. The amount of inflow to a saline lake can vary by large amounts
annually. If inflow is decreased or stops for a number of years, shallower saline
lakes may dry up to become saline pans or saline mud flats (Smoot and Lowen-
stein 1991).

2.2
Marginal Marine Evaporites

Marginal marine settings where evaporites form may be divided into two
groups, salinas and sabkhas (Fig. 1D). Evaporites form subaqueously in salinas
and in soils above the water table in sabkhas. One of the best examples of a mod-
ern salina is Lake MacLeod (Logan 1987) on the coast of western Australia. Large
regions along the coast of the United Arab Emirates and in Abu Dhabi are cov-
ered by sabkhas (Kinsman 1969; Warren and Kendall 1985). Salinas and sabkhas
form at or below sea level and their primary source of water is the ocean. They
may be separated from the sea by a permeable barrier or form on the coastal
plain just above the tidal zone, however they are not affected by tidal changes.
Salinas may form in tectonic depressions or behind coastal barriers. Sabkhas are
thinner deposits that are more likely to be flooded or subsequently eroded.
Much greater volumes of salt are likely to accumulate and be preserved in salinas
than in sabkhas (Handford 1991).

2.3
Solar Salt Operations

Solar salt operations (Fig. 2) are man-made facilities that use solar radiation to
evaporite seawater or naturally occurring brines. Their purpose is to concen-
trate the brine for commercial extraction of various salts. The present compila-
tion does not include facilities where the brine is heated artificially to extract
salt. Solar salt operations are principally used to extract halite (rock salt) from
seawater for human and animal consumption.

The distribution of 659 solar salt operations that existed prior to and during
1969, are shown in Fig. 2. The solar salt operations do not extend as far towards
the poles as the naturally occurring evaporites (Fig. 1A). There is a greater con-
centration of solar salt operations near the equator than the naturally-occurring
evaporites. This is because humans are able to extract salt from seawater during
seasonally dry months of the year. Naturally occurring evaporites (Fig. 1A) do
not form at these tropical latitudes along coastlines, because they would proba-
bly be washed away during the rainy months.
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Fig.2 There are 659 solar salt operations in the database. They were digitized as points,and
shown here as black dots.

3
Analysis of the Modern Evaporite Database

From Fig. 3A, it is apparent that naturally occurring evaporites (excluding solar
salt operations) are distributed with some degree of symmetry about 30°N and
30°S latitude (e.g. Gordon 1975). We analyzed the data to find the mean latitude
of evaporites in each hemisphere. The Northern and Southern Hemispheres
were treated as separate data sets. The saline lakes in Antarctica are small (total
area of about15 km?; Appendix 3) and anomalous (perennial ice cover) with re-
spect to all other evaporites and were not included in the mean latitude calcula-
tions.
We calculated the arithmetic mean latitude of evaporites

E= xi,

=

]
—

where N was the total number of latitude points and x; was a single latitude val-
ue. The actual number of points within each 10° band was directly proportional
to the total area of evaporites within that 10° band. The mean latitude of evapor-
ites in the Northern Hemisphere was 33.5°N

and the mean latitude in the Southern Hemisphere was 27.6°S. The standard
deviation (o,) was calculated from:

Oy = \/ﬁz(x, ~x)’
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Fig.3a Total land area (km?) covered by naturally occurring evaporites at the present time.
The gray-shaded area shows the standard deviation of evaporites with respect to latitude.
The white line in the middle of each gray area is the mean latitude of evaporites.

b Total present-day land area (km?) in every 1° interval of latitude from 60°S to 60°N.

¢ Percent of present-day land area covered by evaporites. Horizontal dashed lines were
drawn at 1 and 2% of total land area covered by evaporites. The vertical-dashed line in the
center of each diagram is the location of the equator
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and was 11.3° in the Northern Hemisphere and 7° in the Southern Hemisphere.
The mean latitude of Northern Hemisphere evaporites is 3.4° north of 30° N and
the Southern Hemisphere evaporites are 2.4° north of 30°S latitude. The fact that
these are not centered on 30° latitude probably reflects the annual average north-
ward shift of the meteorological “thermal” equator (e.g. Barry and Chorley
1992).

Itis apparent from any map of the Earth, that the majority of present-day land
area is in the Northern Hemisphere. This is shown graphically in Fig. 3B. The
distribution of land area explains to a first approximation, the larger observed
area of evaporites in the Northern Hemisphere (Fig. 3A). When we divide the
area covered by evaporites by the total land area, we can plot the percent of total
land area covered by evaporites (Fig. 3C). This suggests that if the land were
more evenly distributed between the Northern and Southern Hemispheres, then
the evaporites would also be more evenly distributed.

At the latitudes where evaporites occur, they typically occupy about 1% of the
land area (Fig. 3C). In the Southern Hemisphere evaporites reach more than 1%
of land area near 40°, 30°, and 20°S latitude. In the Northern Hemisphere evap-
orites peak over 1% at 15°, 25°, 35°, 40°, and 46°N latitude. The differences be-
tween the left and right sides of Fig. 3C are due to differences in climate, the
land-sea distribution, and the availability of closed drainage basins or land areas
with no surface runoff.

The majority of Phanerozoic evaporites were formed in basins along conti-
nental margins with restricted marine connections. Examples include the Late
Miocene Mediterranean, Aptian South Atlantic, Jurassic Gulf of Mexico and
North Atlantic, Permian Zechstein, and Silurian Michigan Basins. It is interest-
ing to note that based on the geologic record, the present-day evaporites most
likely to be preserved millions of years from now are the marginal marine salinas
and sabkhas and that these are centered near 30°N and 30°S latitude (Fig. 1D).
Although the marginal marine evaporites (Fig. 1D) represent a very small por-
tion of modern evaporites (Fig. 1A), they do closely approximate the mean lati-
tudes (33.5°N and 27.6°S) of evaporite distribution at the present time.

4
The GENESIS AGCM

The GENESIS (Global ENvironmental and Ecological Simulation of Interactive
Systems) version 2.0 AGCM was developed at the National Center for Atmos-
pheric Research (NCAR; Pollard and Thompson 1995; Thompson and Pollard
1995a; b). GENESIS (2.0) includes an AGCM derived from GENESIS version
1.02b that was a highly modified version of the NCAR Community Climate Mod-
el version 1 (CCM1). The AGCM includes a diurnal cycle with solar-radiation
calculations every 1.5 h and uses multi-layer randomly overlapped clouds. The
infrared radiative effects of CO,, CH,, N,0, and chlorofluorocarbons are all
treated explicitly. The AGCM resolutions are a horizontal grid of 3.75° x 3.75°,
and 18 levels in the vertical. GENESIS (2.0) also has a Land-Surface-Transfer
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Model (LSX; Pollard and Thompson 1995) that accounts for the physical effects
of vegetation. The land surface grid has a resolution of 2° x 2°. Up to two vege-
tation layers (trees and grass) can be specified for each 2° x 2° grid cell. Within
LSX is a soil model with the same horizontal resolution and 6 layers in the ver-
tical extending to a depth of 4.25 m. Heat is diffused linearly, soil moisture non-
linearly, and ice is predicted for each soil layer. LSX also includes a snow model
with three layers. Inland lakes, snow cover, and the land-sea distribution can all
be represented as fractional data on the 2° x 2° grid cells. A 50 m mixed-layer
slab ocean model captures the oceans thermal capacity and transports heat
poleward. GENESIS also includes a three-layer dynamic and thermodynamic
sea ice model.

We used the results from GENESIS (2.0) simulation of present-day climate to
drive the PFM for evaporites. The results from the GENESIS (2.0) simulation
were stored as data files on the mass-storage system at the National Center for
Atmospheric Research (Boulder, Colorado). These files were then later retrieved
and used to run the PFM for evaporites.

5
The Proxy Formation Model for Evaporites and its Prediction of the Modern
Evaporite Distribution

The PFM for evaporites (Pollard and Schulz 1994) consists of a 1 x 1 m? column
of water that is 50 m deep and assumed to be well mixed. The PFM is initialized
with a salt-content sufficient to precipitate gypsum or halite. Positive values of
evaporation minus precipitation (E-P) over the brine surface indicate the poten-
tial for precipitation of evaporite minerals. The PFM for evaporites is driven by
monthly-mean meteorological forcing fields including: (1) atmospheric precip-
itation; (2) surface air temperature; (3) upward sensible heat flux; (4) surface-in-
cident solar radiation; (5) air density; (6) surface-incident infrared radiation; (7)
wind speed; and (8) relative humidity over the brine surface. The reader is re-
ferred to Pollard and Schulz (1994) for a more detailed description of the PEM
for evaporites.

When seawater evaporates completely, a typical sequence of minerals precip-
itates. Calcite (CaCO;) precipitates when the brine has been concentrated to ap-
proximately three times (105) the normal salinity (35) of seawater. Gypsum
(CaSO, - 2H,0) precipitates at 5 times (175) the normal concentration of seawa-
ter. Then halite (NaCl) begins to precipitate at 11 times (385) the normal con-
centration of seawater. Finally, the potassium salts precipitate at about 100 times
the normal concentration of seawater (Anonymous 1985; Warren 1988). These
are the four major evaporite minerals that precipitate from seawater. There are
a host of other minerals that precipitate at different concentrations of the brine
depending on the original composition and subsequent mixing with other wa-
ters.

The output from the PFM is the rate of evaporation from water at the Earth's
surface. Two simulations were performed using the PFM, one where the brine
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was initialized with a salinity of 175 (equivalent to 1175 kg/m? = 1000 kg H,0 +
175 kg total dissolved salts), to approximate the onset of gypsum precipitation,
and the other with an initial salinity of 385 (equivalent to 1385 kg/m> = 1000 kg
H,0 + 385 kg total dissolved salts) to approximate the onset of halite precipita-
tion (Warren 1988). The rate of total atmospheric precipitation (mm/day) cal-
culated by GENESIS (2.0) was subtracted from the rate of evaporation in each
2°x 2° grid cell as calculated by the proxy formation model. Because this model
depends entirely on AGCM results, and knows nothing about surface drainage
patterns, it can only predict the potential for evaporite precipitation from a
brine. Positive values for E-P indicated the potential for gypsum precipitation
(Fig. 4) when the proxy formation model was initialized with a salinity of 175.
Similarly, positive values of E-P indicated potential for halite precipitation (Fig.
5) when the proxy formation model was initialized with a salinity of 385.

Figure 4 shows the results of the PFM initialized for gypsum (S=175). The
contours in Fig. 4A show where the model predicts the potential for gypsum to
precipitate based on mean annual climate (12 months of forcing). The greatest
values of E-P on the contours indicate regions with the highest potential. The
PFM predicts the potential for the evaporite to precipitate based only on climate,
the other major factor, land surface morphology, is not considered. The PFM
predicted almost all of the observed evaporites between 30°N and 30°S latitude
using 12 months of climate forcing (Fig. 4A). However, the model did not do a
very good job predicting those evaporites that lie north of 30°N or south of 30°S
latitude.

It then occurred to us that because the majority of modern evaporites occur
in closed basins or in areas with no surface runoff, we should investigate season-
al patterns of E-P. This makes sense because even if the annual average of E-P is
too small to indicate the potential for evaporite precipitation, the fact that those
conditions occur over a closed drainage area means that the water will eventual-
ly evaporate and potentially precipitate evaporite minerals. Fig. 4B is the PFM
driven by three months of forcing for June, July, and August (JJA; Northern
Hemisphere summer) from the GENESIS (2.0) simulation. In this simulation,
where E-P indicates the potential for gypsum formation in the Northern Hemi-
sphere, we find that all of the Northern Hemisphere evaporites were predicted
except for those farthest south in Mexico and those farthest north in North
America (Nevada and Utah, USA). The Mexican evaporites are predicted by the
PFM driven by 12 months of climate data. Those in Nevada and Utah are not
predicted, probably because of the inability of the AGCM to adequately resolve
mountains to the west resulting in a decreased rainshadow-effect and too high
precipitation over this area.

The PFM for evaporites initialized for gypsum and driven by Southern Hem-
isphere summer (DJF; December, January, February) 3-month climate is shown
in Fig. 4C. Note the strong seasonality of the PFM prediction in western and
southern South America. None of these evaporites were predicted for the JJA
forcing (Fig. 4B), and all of the South American evaporites were predicted in the
DJF case (Fig.4C). The greatest potential for gypsum precipitation during the
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Fig.4a Average annual rate of evaporation predicted by the PFM initialized for gypsum (in-
itial salinity = 175) minus the average annual rate of total atmospheric precipitation (E-P)
calculated by GENESIS (2.0). The contours range from 0 to 8 mm-day, e.g. only positive val-
ues of E-P are shown. The most positive values of E-P are over regions with the greatest po-
tential for gypsum deposition. The compiled evaporites are shown as in Fig. 1A.

b PFM prediction of modern evaporites for the Northern Hemisphere summer (June, July,
August).

¢ PFM prediction of modern evaporites for the Southern Hemisphere summer (December,
January, February)
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Fig.5 Same as Fig. 4, but the PFM was initialized for halite (initial salinity = 385).
a Mean annual climate forcing (12-month).

b Northern Hemisphere summer (JJA).

¢ Southern Hemisphere summer (DJF)
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Southern Hemisphere summer occurs over southwest Africa where saline pans
and marginal marine sabkhas and salinas occur, and over western and central
Australia where all types of modern evaporites occur. All of the evaporites in Af-
rica were predicted by the PFM driven by 12-month forcing (Fig. 4A).

The PFM for evaporites initialized for halite (5=385) presents a more focused
picture of E-P than when the model is initialized for gypsum. This is because it
takes more energy to evaporate a brine to the point where halite will start to pre-
cipitate than it does for gypsum. The result in the PFM prediction is that the ge-
ographic distribution of positive E-P contours will focus more on those regions
having the very highest (climatic) potential for evaporite formation (Fig. 5A).
The PFM for evaporites initialized for halite and run for the Northern Hemi-
sphere summer (Fig. 5B) predicts a smaller region of potential evaporite forma-
tion than the PFM did when initialized for gypsum (Fig. 4B) and the pattern of
E-P contours more closely matches the observed evaporite distribution. Saline
lakes in west central North America (Nevada and Utah, USA) and on the Hima-
layan Plateau are not predicted, again due to incomplete resolution of mountain
ranges by the AGCM.

6
Discussion

The new database significantly expands the regions covered by GGHYDRO (Co-
gley 1991). This is primarily due to the different method that we used to compile
the new database. Cogley (1991) used a 1° x 1° overlay with 100 points within
each 1° x 1° grid cell. To calculate the percent coverage of salt, Cogley (1991)
counted only those features that were located directly below one of the 100
points. Thus, smaller salt-accumulating bodies that were located between adja-
cent points were not counted (J. G. Cogley 1995; pers. comm.). In the present
compilation, however, all salt-accumulating bodies that could be identified on
the 1:1,000,000 scale maps (AMS 1934-1965) were digitized. The result is a much
broader distribution of present-day evaporites (Fig. 1). The Cogley (1991) data
(Fig. 6) is primarily a subset of the new database.

To compare the new evaporite database (Fig. 1) with GGHYDRO (Fig. 6), we
plotted the SFLT field, and filtered the SLTW field to exclude coastal points and
oceans. The most notable locations where GGHYDRO indicated evaporites and
the new database did not, were in Brazil, South Africa, central North Africa, and
near the Black Sea. Some of the differences could be because SLTW, may refer to
any water that is more saline than freshwater, but is not necessarily precipitating
evaporites. The Brazilian locations between 15°N and 15°S latitude in Fig. 2 can
be thrown out because these are covered by the Amazon rainforest. There are a
few grid cells in South Africa, central North Africa and around the Black Sea
(Fig. 6) that were not included in the new database. We searched the AMS (1934-
1965) maps for these locations, but found no indication of evaporites. Other-
wise, the Cogley (1991) database representing salt flats (SFLT) and salt water on
land (subset of SLTW) is a subset of the new database.
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Fig.6 The distribution of two subsets of the Cogley (1991) GGHYDRO database. Cogley’s
(1991) SFLT (salt flats) and SLTW (salt water) filtered to remove oceans and inland seas

7
Conclusions

The new database of modern evaporites consists of digitized polygons, points, and
fractional coverage data representing both naturally occurring and man-made
(solar salt operations) evaporites. The new database is a significant improvement
over the previous evaporite database (Cogley 1991) because it more accurately
represents the actual distribution of evaporites, and subdivides them into: (1)
non-marine saline pans and saline mudflats; (2) non-marine saline lakes; and (3)
marginal marine sabkhas and salinas. The mean latitude of evaporites in the
Northern Hemisphere is 33.5°N with a standard deviation of 11.3°. The mean lat-
itude of evaporites in the Southern Hemisphere is 27.6°S with a standard deviation
of 7.0°. This represents a shift of the mean latitude of evaporites by approximately
3° north of 30° latitude in both hemispheres. This is most likely due to a meteoro-
logical thermal equator that lies a few degrees north of the geographic equator.

The majority of large, Phanerozoic evaporite deposits were formed in basins
along continental margins with restricted marine connections. The present-day
evaporites most likely to be preserved in the geologic record are the marginal ma-
rine evaporites centered near 30°N and 30°S latitude. Although the marginal marine
evaporites represent a very small portion of the total present-day evaporites, their
distribution closely approximates the mean latitudes of all modern evaporites.

Most of the observed evaporites between 30°N and 30°S latitude were predict-
ed by the proxy formation model using 12-month (mean annual) forcing from
the GENESIS (2.0) simulation of present-day climate.
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Appendix I: Compilation Methods

An important source of information for the present compilation was Lefond
(1969). His book contained information on the largest saline pans, saline mud
flats, salt lakes, marginal marine sabkhas, and salinas, as well as information on
solar salt and brine extraction facilities. He also outlined the geological history
and locations of the largest pre-Holocene salt deposits. Using Lefond (1969) as a
guide, saline pans, saline mud flats, salt lakes, marginal marine sabkhas, and
salinas were digitized from the 1:1000000 scale maps of the world published by
the U.S. Army Mapping Service (AMS; later called the Defense Mapping Agency)
in the International Map of the World (AMS 1934-1965). Many smaller salt-
forming basins were apparent and/or labeled on the 1:1000000 scale maps and
were also digitized.

The naturally occurring evaporite deposits were digitized as polygons and the
solar salt operations were digitized as points. The solar salt operations were ei-
ther described or shown on much smaller scale maps in Lefond (1969). Solar salt
operations in Mexico were digitized from a 1:5000000 scale map shown on a Bi-
polar Oblique Conic Conformal Projection. All the other solar salt operations
were digitized from the 1:10000000 scale GEBCO (1984) maps shown on a Mer-
cator projection. Some solar salt operations that could not be located on the GE-
BCO (1984) maps were found in the Times Atlas of the World (Bartholomew
1955-1959). The locations of naturally-occurring evaporites were digitized from
the International Map of the World (AMS 1934-1965). There were three map
projections used for the "International Map of the World,” a Transverse Merca-
tor, International Polyconic and Lambert Conic Conformal Projection. The dig-
itized polygons were classified according to one of three categories: (1) non-ma-
rine saline pans and mudflats; (2) non-marine saline lakes; and (3) marginal ma-
rine sabkhas and salinas. The total number of digitized polygons was approxi-
mately 3934 saline pans and saline mud flats, 1176 saline lakes, and 200 marginal
marine sabkhas and salinas, for a total of 5310 digitized polygons. There were
659 solar salt operations included as points in the database. This represents a
minimum estimate of the total number of solar salt operations that exist at the
present time.
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Zerzan (1989) published a FORTRAN program (overlap) to calculate the area
of two overlapping, 2-dimensional polygons. The algorithm was converted to
the C-programming language, by J. Kleypas (NCAR, Boulder, CO) and was re-
vised by CNW to calculate the area of overlap between a digitized polygon and
the present 1° x 1° grid of latitude and longitude.

Appendix II: Regional Aspects of the Modern Evaporite Distribution

The majority of modern evaporite forming environments in the Americas are
saline pans and saline mud flats (Fig. 1B, 1C). These occur primarily in the rain
shadow and intermontane basins along the western margin of the north-south-
trending continental divide formed by the Rocky and Andes Mountains. The
largest concentration of evaporites is in South America (Fig.1). There are alarge
number of saline pans and mud flats in Argentina, Bolivia, and Chile. These oc-
cur predominantly in the rain shadow along the eastern side of the Andes. This
is an example of an alluvial fan-saline pan subenvironment, where saline pans
and mud flats are surrounded by alluvial fans extending from mountain flanks
(Smoot and Lowenstein 1991). The northernmost salt-forming body in the
Americas, is the Great Salt Lake in Utah (Fig. 1C), where there are saline pans,
mud flats and solar salt operations surrounding a perennial saline lake. There
are a few marginal marine salinas around the Gulf of California and on the coast
of the Gulf of Mexico (Fig. 1D). There are also marginal marine sabkhas on the
southeastern margin of Argentina between the Colorado and Parana Rivers
(Fig. 1D). In Central America, the Caribbean and Brazil, salt is produced by the
solar evaporation of seawater (Fig. 2).

All of the present-day salt-producing areas in Europe are solar salt operations
(Fig.2). The majority of modern evaporites in Africa, are saline pans and mud flats
in the northwestern part of the continent (Fig. 1B). These evaporites have accumu-
lated in local depressions between eolian dunes and are fed by ephemeral streams.
The primary source of salt for human consumption south of the equator in Africa,
comes from widely distributed solar salt operations (Fig. 2). The largest evaporite-
accumulating areas on the Arabian subcontinent are marginal marine sabkhas in
the United Arab<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>