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FOREWORD 

Spent fi>2l or «igh-level radioactive waste is now produced in many 
countrie? d? « vesiit of the generation of electricity by nuclear reactors. 
The lcrig periocs ;t time over which this type of waste remains potentially 
hazardous rec^re a disposal method based on its capability to provide 
long-term isolation. Burial beneath the ocean floor in geologically stable 
3ediment format\orr his been studied because of its potential for long-term 
isolation. 

Sin^a 1977- countries conducting research on ocean-floor burial of 
high-le^el wr.s>e often called sub-seabed or seabed disposal, have cooperated 
and exchanged uric» mation in the framework of the Seabed Working Group estab
lished under t e Kadioactive Waste Management Committee of the OECD Nuclear 
Energy Agency, ambers of the Group are: Belgium, Canada, France, th* Federa': 
Republic of CerT.'iiy, Italy, Japan, the Netherlands, Switzerland, United 
Kingdom, United Scales, and the Commission of the European Communities (C£C). 

The ob active of the Seabed Working Group is to provide scientific and 
technical information to enable international and national authorities to 
ass«:is tLe safely and engineering feasibility of seabed disposal. As none of 
the participating countries intend to use seabed disposal in the foreseeable 
future, the v^rk of the Seabed Working Group should essentially be seen at 
thi„ stage is -; scientific contribution to the identification and assessment 
of potential rr.f-thods for radioactive waste disposal. 

An Ey.-.itive Committee guided the overall direction and policy of th • 
Set bed Woikin.-/ Group in this research. Its members represented their 
reactive national programmes, made financial commitments and coordinated 
nu'ional po^.rions in order to permit the Seabed Working Group to pursue it.; 
overall obje .ivei, A large number of scientists have contributed to the 
research which comprises the present body of knowledge relating to seabed 
di-posai of ?dioactive waste. 

Thi • <orume is one of a series of eight volumes assessing «eabed dis
posal baseJ on vesrarch carried out by the Seabed Working Group «.ver the last 
ten years. Volume 1 provides an overview of the research and a summary of th 
results. olumes 2 to 8 consist of technical supplements v/hich provide a mor 
detailed dr>s ripticn of radiological assessment, geosciance characterization, 
engineering jt.dies and the scientific basis upon which the radiological as-
SrfJSiPent io built. Although lepal, political, and institutional aspects arc-
essential to possible future use of seabed disposal, they are not being con
sidered in ihi • series. 

This report represents the views of the authors. It commit*, neither 
the Organisation nor the Governments of Member Countries. 
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PREFACE 

This is the final status report of the Physical Oceanography 
Task Group (POTG) of the Seabed Working Group (SWG). It repre
sents the contributions of many different national delegates 
and participating scientists since the inception of the POTG in 
1976 (originally called the Water Column Working Group). The 
delegates and participants at each meeting are listed in Appen
dix C. Collectively, they helped to formulate the objectives 
and work plan that the POTG has pursued over the past 12 years. 

The early POTG program was initiated under the guidance of 
Mr. Harry Hill, MAFF/UK, who served as lead correspondent. His 
contribution in focusing the work was instrumental. In 1982, 
the task group leadership passed to Professor Allan R. Robinson 
of Harvard University, US. His leadership guided the group 
through the writing of the work plan, its partial execution, 
and the series of four POTG annual interim scientific working 
meetings. 

The work reported herein was performed collectively by 
scientists from the different national programs. It was coordi
nated through four interim scientific working meetings. This 
final status report was assembled by extracting, editing, and 
updating material from the reports of those four meetings, 
various institutional reports, scientific publications of POTG 
national programs, and articles and papers from the scientific 
literature. Therefore, the report is largely a result of work 
conducted or coordinated by the POTG scientists who participated 
actively during the work-plan period (1982 to 1987). These 
scientists are: 

Dr. Alain Cavanie, France 
Prof. J. Kirk Cochran, US 
Dr. Paul Gurbutt, UK 
Dr. Melvin G. Marietta, US 
Dr. Ekkehard Mittelstaedt, FRG 
Dr. Yoshiyuki Nozaki, Japan 
Dr. Francois Nyffeler, Switzerland 
Dr. Kelvin Richards, UK 
Prof. Allan R. Robinson, US. 

Each reviewed various drafts of the report. Dr. P. Saunders 
(UK) reviewed the final draft, as did the other task group 
leaders and the coordinating bureau. Their efforts are 
acknowledged and appreciated. 

The authors wish to thank: Dr. D. R. Anderson for his sup
port, encouragement, and careful review; Mr. Daniel P. Garber 
for editing the document; and Mrs. Molly Lumping for typing it. 

M. G. Marietta and W. F. Simmon 
Woods Hole, Massachusett 

30 June 198 
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EXECUTIVE SUMMARY 

The work of the Physical Oceanography Task Group (POTG) 
focused on development of a realistic and credible methodology 
to describe the oceanic dispersion of radionuclides for risk 
assessment calculations. The task was judged feasible, but 
would require assembling a state-of-the-art modeling capability. 
The POTG set out to develop that methodology. A work plan 
(Appendix B) was devised that consisted of 

• Development of realistic models 
• Acquisition of field and historical data 
• Verification of model physics 
• Validation of each model with observed data. 

Since it was also necessary to provide the Radiological 
Assessment Task Group (RATG) with an ocean transport model for 
use in the overall systems model, the POTG agreed to extract 
simplified versions of its modeling methodology for RATG 
purposes. These simplified versions were intended only as 
temporary expedients while more realistic models were being 
developed. They were regarded as adequate for preliminary risk 
assessments, pending completion of the POTG's planned work. 
Because the program was terminated before the POTG's work could 
be finished, one of these simplified models, the Mark A, had to 
be used for risk assessments in the final documentation of the 
Seabed Working Group (SWG). In the opinion of the POTG 

• The Mark-A formulation and underlying circulations are 
scientifically acceptable. The radionuclide concentra
tion ranges calculated from it should also be accept
able, provided acceptable calculations of known tracer 
distributions can be made by the Mark-A model 

• The ocean transport modeling component (Mark A) of the 
overall systems model used by the RATG for this risk 
assessment is the best simplified model available at 
this time. 

The P^TG did not validate its assessment models as original
ly planned. In fact, the required models and data are still not 
completely assembled, the work having been cancelled before it 
could be finished. This report presents the status of POTG 
work upOw termination: What was intended, what was completed, 
and what remains to be done before reliable and credible assess
ments for specific sites can be performed using validated 
models. 

The understanding of ocean processes related to subseabed 
disposal has advanced impressively during the last ten years, 
in part because of widespread scientific interest stimulated b 
the deep-bottom source problem. Important advances in bot 
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modeling and field-data acquisition were made by POTG members 
within their national programs. Through these advances, and 
other scientific studies focused on deep processes, a great 
deal more is known today than was ever known before about the 
deep circulation, its modeling, and deep ocean processes in 
general. 

Before basin-scale general circulation modeling can be per
formed, various historical data must be synthesized into a des
criptive understanding of the overall basin circulation, in
cluding interconnections with neighboring basins. Such a des
criptive circulation is then used as a basis for preliminary 
evaluations of model performance. A description of the global 
general circulation, with emphasis on deep fluxes in and around 
the North Atlantic, has been written for POTG purposes. It is 
summarized in Chapter 2 of this report. 

A series of workshops* was held early in the program to 
identify important oceanic processes that bear upon the problem, 
to outline required research programs, and to devise and catalog 
process parameterizations and simple process-oriented dispersion 
calculations. The criterion for inclusion was that they could 
be worked out straightforwardly. These workshops influenced 
the POTG work plan and approach. Thus, relatively simple 
theoretical models embodying modern concepts of ocean physics 
were applied, and observational and experimental data bases 
were utilized. All known physical processes relevant to the 
dispersal of dynamically passive, conservative and nonconserva-
tive t-racers were included. Broad numerical estimates of the 
amplitude, space, and time scales of dispersion were made for 
various mechanisms that control the evolution of dispersal as 
material spreads from a bottom point source through small-, 
meso-, and global-ocean scales. An updated process description 
is given in Chapter 3. 

Although simple models are invaluable to the development of 
mechanistic concepts, they do not generally produce reliable 
results. Therefore, the POTG devised a complex and interrelated 
modeling system to simulate evolution of a tracer in the ocean 
(Chapter 4). The system was then used (Chapter 6) for studies 
to characterize vertical and transient circulations in basin-
scale simulations. The first fully spun-up, steady-state 
simulations for basin-scale problems were carried out. New 
dynamical models were developed by POTG members specifically 
for this problem including 

* Marietta and Robinson, 1981; Mullin and Gomez, 1981; GESAMP, 
1983; Robinson and Kupferman, 1985. GESAMP is the Group of 
Experts on the Scientific Aspects of Marine Pollution of the 
IAEA, IMO, FAO, IJNEP, UN, WHO, WMO, and UNESCO. 
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• A baroclinic regional-scale open-ocean model 

• A turbulent two-layer bottom boundary-layer model 

• A primitive equation ocean model with turbulent boundary 
layers and topography for both basin- and regional-scale 
applications 

• A coarse-grid world ocean model. 

The program models were assembled logically into a hier
archical series of coupled and/or nested models that treat the 
small, meso, basin and global scales of dispersion. The 
approach is complex and motivated primarily by the simultaneous 
need for high resolution and large domain, but with limited 
computing capacity and limited funding. It has the advantages 
of modular design, meaning models can be exchanged or upgraded 
as improvements are made. However, it is not a simple plug-in 
process. Modeling methods have since improved, and faster, 
larger capacity machines will soon be available. Thus, alter
nate, improved numerical approaches such as boundary-fitted 
coordinates and domain decomposition are discussed. A methodo
logy was developed for assimilating real-time observations into 
models that produce immediate regional eddy-resolving forecasts. 
It was tested, and verified at sea. The method is described, 
together with field surveys used for the verification work 
(Chapter 7). Other related verification studies are also 
included. The simplified box model used by the RATG and its 
relaHnn to the modeling hierarchy are described in detail 
(Chapter 6). Throughout the recent POTG work there has been 
some overlap with NEA CRESP ocean modeling. In fact, the RATG 
used CRESP data instead of the unvalidated hierarchy simulations 
to provide flows for the Mark-A box model. This too is des
cribed. Also listed are important studies from the work plan 
that were not started due to POTG termination. For example 

• Shelf/slope models, though important, were not added to 
the hierarchy 

• Geochemical models are untested 

• Models are not validated against known tracer distribu
tions 

• Only idealized North Atlantic simulations are available 

• The realistic North Atlantic simulation is incomplete. 

Field surveys of the three SWG study locations—Great Meteor 
East (GME), the Kuroshio Extension location (£2), and the 
Southern Nares Abyssal Plain (SNAP)—were carried out to provide 
data for assimilation into the models and for required charac
terizations of specific sites. Such surveys seek to identify 
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local processes relevant to the deep radionuclide dispersal 
problem and to provide relevant baseline data for site evalua
tions. In order of completeness of the acquired data bases, the 
status of this work is 

• GME Initial characterization is complete, but data 
are still being analyzed. Data are insufficient 
fo;: model verification and validation. 

• E2 SWG-dedicated characterization was never started, 
but data available from low-level and other 
independent studies allow a preliminary charac
terization. Data are insufficient for model 
verification and validation. 

• SNAP Minimal scaling data are available. The modeling-
dedicated field program designed to provide suf
ficient data for model verification and valida
tion was cancelled before the first data could be 
analyzed. 

Each of these site surveys is described and available data are 
summarized (Chapter 5). Historical data are synthesized and 
integrated into these regional descriptions to give the most 
complete and up-to-date characterizations available. 

A modeling-dedicated, high-resolution set of field surveys 
separated in time to allow comparison between dynamical model 
forecasts and evolving field observations is critically impor
tant for model verification. Such a combined data-acquisition/ 
modeling study was performed in the Northeast Atlantic. The 
field survey and status of data analyses and modeling studies 
are included (Chapter 7). In this case, the data are sufficient 
for many verification and validation studies, but the work is 
still unfinished. This study is called the Northeast Atlantic 
Monitoring Program (NOAMP). For this field survey 

• Combined field/modeling site characterization is complete 

• Data analyses and model verification are ongoing 

• Some tracer data are available for possible validation. 

As stated in each POTG scientific report, the ideal plan 
would have been for the POTG to provide the RATG with a geo-
chemically and physically verified Mark A. The RATG would then 
have run sensitivity analyses on the overall systems model. 
Radionuclides from the inventory that are important for risk 
assessments would thus have been identified by the RATG. The 
POTG could then have simulated the dispersal of these few 
radionuclides using the full hierarchical series of complex 
multidisciplinary models. The spatially- and temporally-varying 
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distributions would have been forwarded to the RATG, and the 
dose-to-man calculations for these critically important radio
nuclides would have been repeated using the very best verified 
and validated dynamical models. These would have been the most 
realistic calculations, and the most efficient use of program 
resources. The POTG still believes that is the most responsible 
approach, should interest in seabed disposal be renewed. As 
outlined in this report, the methodology is nearly in place and 
ready for validation. With recent POTG advances in numerically 
efficient modeling and the availability of larger, faster super
computers, this POTG plan remains both possible and economically 
feasible. 
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CHAPTER 1: INTRODUCTION 

1.1 Purpose and Function of the POTG 

The Physical Oceanography Task Group (POTG) of the Seabed 
Working Group* (SWG) is responsible for developing and verifying 
transport models apr icable to studies of ocean dispersion from 
bottom and other sources. The work is focused on risk assess
ments for subseabed disposal feasibility studies, and includes 
studies of dispersal from accidental releases of radionuclides, 
as well as releases from properly emplaced canisters. The POTG 
is also responsible for providing reduced or coarsened models 
to the Radiological Assessment Task Group (RATG) for system-
analysis studies and concentration fields or transport models 
to the Biology Task Group (BTG) for pathway and ecosystem cal
culations. Certain geochemic?l and particulate processes are 
important in transport and dispersion estimates, and their 
modeling is also the responsibility of the POTG, as is the for
mation of both physical and geochemical data sets for process 
studies, parameter evaluations, model verification, and trans
port determination. Such data sets require dedicated field 
experiments and utilization of existing data, including data 
sets collected for other scientific purposes. Thus, data 
acquisition and analysis also fall into the POTG purview. 

1.2 Nature of the Problem 

Given the vastness of the oceans, the complicated nature 
of oceanic mixing and dispersion processes, the seriousness of 
potential health hazards associated with high-level radioactive 
wastes, and the time scales relevant to radioactive decay, SWG 
assessments must be based on reliable, realistic, credible, 
high-resolution models that treat all applicable processes and 
interactions correctly, and that can converge statistically to 
stable circulations on presently-available computing systems. 
With only slight exaggeration, that amounts to forecasting all 
ocean behavior for all time, a clearly impossible task. 

Thus, the POTG's first task was to divide the problem 
into smaller components, balancing critical requirements against 
available resources, to construct a practical modeling system 
that would be adequate and achievable. 

A prominent trade-off that emerged early in the delibera
tions involved complexity versus timely attainability. Using 
extremely simple models, containing the very simplest and 

* Formerly, the NEA Coordinated Program to Assess the Subseabed 
Disposal of Radioactive Waste. 
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admittedly incomplete scientific considerations, it is possible 
to construct systems that include some physics, some geochemis
try, some biology, and are easily solvable. Although answers 
can be thus obtained in a relatively short time, those answers 
are of dubious reliability. For example, are results believ
able if they derive from a long-term prediction by a physical 
model that contains no physics beyond mass and heat conserva
tion, and that coarsens the entire world ocean to a few tens of 
grid points? Such box models and simple analytical solutions 
provide insight as pointed out by the Group of Experts on the 
Scientific Aspects of Marine Pollution (GESAMP, 1983), but given 
the serious nature of the SWG assessment problem, the POTG 
judged them insufficient for realistic and thorough assessments. 
After due consideration, the POTG decided to consider scientifi
cally correct and correspondingly sophisticated systems and 
approaches that could be validated using observed data for 
selected tracers. In so doing, it was willing to accept reason
able development delays and initially limited capability. Thus, 
hard and all-encompassing answers would not be immediately 
forthcoming. However, they were thought attainable within the 
original time-scale of the SWG program. This was judged to be 
worth the effort and delay. 

1.3 Research Approach 

The POTG set out to develop a versatile global transport 
model that included geochemical and particulate interactions, 
was fully integrated with biological process models, and was 
reliable, realistic, and applicable to hazard assessments. 
Practicality and economy dictated that such a global transport 
model be designed as a coupled hierarchy of multiscale models 
rather than as a single all-encompassing model. Each component 
model of the hierarchy is a state-of-the-art special purpose 
model relevant to a specific subset of the overall range of 
space-time scales of variability in the ocean. Generally, the 
component models are interconnected by simple physical coupling 
assumptions, rather than by tight computational linkages. The 
principal components of the POTG-designed hierarchy are: (1) 
regional eddy-resolving models (REMs) with associated bottom 
and surface boundary layer (BBL and SBL) models for high-resolu
tion, site-specific dispersion analyses; (2) general circulation 
models (GCMs), in which REMs may be embedded, for basin and 
global-scale dispersion simulations with coarser space-time 
resolution; and (3) box models (BXMs) for very long time-scale 
and minimal spatial resolution analyses. Box models are suit
able for RATG systems analyses. They are extremely coarse an 
very simple models that contain virtually no physics. But, 
they can be hurriedly assembled and integrated, and althoug 
scientifically naive, they are adequate for parameter and sen 
sitivity studies. Clearly though, their results are tenta 
tive. Confidence would be derived through parallel studie 
carried out using GCMs in areas singled out by the box models. 
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Each modeltype is designed to have an associated geochemical 
and biological component. 

Inherent in the research philosophy of the POTG is the 
concept of development through continuing evolution. Each 
component model is regarded as a module that may be replaced by 
an improved version if necessary and/or possible. The same is 
true of the coupling mechanisms. Thus, the best hierarchy 
possible is assembled and used for applied studies, but is 
simultaneously improved by a gradual parallel development of 
the components and coupling assumptions. 

Models are made credible by quantitative and qualitative 
establishment of their error characteristics, structural limita
tions, and inherent dependencies on computational and physical 
parameter values. Data are required for model development, 
applications, and verification. Because the different subcom
ponent models relate naturally to different data types, a 
mechanism is provided to tune the coupled model hierarchy to 
available data. However, REMs require spatially- and 
temporally-intensive data sets consisting of real-time hydro-
graphic and velocity data, complemented by statistical data 
that characterize local scales of variability throughout the 
water column. Such data come from CTDsa, XBTs", moored 
current meters, SOFARc and related floats, satellite-borne 
sea-surface radiometers and altimeters, etc. and are generally 
not plentiful. When geochemical and biological models are 
interfaced, nephelometric, nutrient, and other tracer data are 
required. An important aspect of the data collection problem 
is site characterization. It establishes a baseline data set 
that supports the modeling effort, and also provides the neces
sary inputs for model calibrations. The field data acquisition 
and modeling programs are necessarily interrelated and itera
tive. GCMs and BXMs relate to similar data sets, but also 
require distribution on geographical scales. Such large-scale 
fields include hydrography, geochemistry, nutrients, various 
natural (equilibrium) and anthropogenic (transient) tracers, 
and long-term averaged circulations and transports. 

1.4 Programmatic Considerations 

The part of the overall systems model (RATG, 1987) that 
the POTG must address starts with transports from the sediment 
(subbottom) interface or from an on-the-bottom source (in the 
case of accidents), and extends to locations where pathways to 
man are important (BTG, 1987). These transport models must 

' CTD—An in situ instrument thattsamples conductivity, 
temperature, and depth. 

* XBT—expendable bathythermograph. 
e SOFAR—sound fixing and ranging. 
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trace the evolution of a hypothetical plume of released material 
from short time scales (~30 d for hypothetical pathways and 
biota doses) to very long time scales (-10* yr for the 
longest-lived radionuclides), and from source to global spatial 
scales. Over this range of scales, the POTG's job is to 
describe the distribution of released radionuclides in space 
and time in terms of their partitioning between dissolved and 
particulate phases, where suspended, bottom, and subbottom 
(from settling) particles are included. This information would 
provide the BTG with geographical locations and concentrations 
as functions of time for pathway-to-man and dose-to-biota 
calculations. Ideally, levels of confidence would be attached 
to this information, in order that the RATG may perform sensi
tivity analyses of the overall systems model and subsequent 
risk assessments in a deterministic mode. For probabilistic 
analyses, which the RATG must also conduct, distributions and 
ranges for the input parameters are required. 

The POTG problem then is to predict where in the ocean 
the released material goes, when it gets there, how much gets 
there, and how confident we can be of the prediction. The POTG 
outlined a detailed work plan for addressing these issues, and 
was executing the plan on schedule when the program was termin
ated. The plan, work completed, remaining effort required, and 
the confidence that can be placed in the present methodology 
for the feasibility risk assessment are the subjects of this 
report. However, it is important from the very beginning to 
delimit reader expectations in regard to what is realistically 
possible in making oceanic predictions and to state clearly 
that 2000-year forecasts having long-term skill and accompanying 
error fields are not realistic, but that long-term statistical 
distributions based on models that are verifiably correct, 
quantitatively validated, and have known error fields are 
realistic. Levels of confidence must be read in the context of 
adequacy for the intended application (in this case, risk 
assessment). 

Ocean modelers are presently forecasting successfully in 
highly energetic areas such as the Gulf Stream, and in hydro-
graphically and topographically complex areas such as the Gulf 
Stream Extension zone in the Eastern Atlantic. These are the 
best forecasts available to date. The former are reliable from 
10 to 14 d, while the latter are reliable up to 30 d. The 
difference, as described later, depends upon regional dynamical 
differences and the quality of available initialization and 
update field data. These are true forecasts. Based upon 
information from today, one predicts what the local oceanic 
flow field will be next week or next month at a given location. 
Thus, they are actual flow realizations, and they have been 
carried out by members of the POTG. They are important for 
verification of model physics and for the experience of learning 
how to validate models and/or local data bases. They are also 
potentially important for the design of monitoring surveys for 
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local predictions of how materials disperse from an accident 
site. But are such predictions, which are our best and most 
accurate to date, required on the much longer time scales for 
our main feasibility task of risk assessment? The answer is 
yes, but that they are only part of the answer. For feasibility 
and risk assessment calculations, one must project far into the 
future to estimate eventual doses to man resulting from hypo
thetical releases. A number of possible release scenarios, both 
realistic and hypothetical, are given by the RATG (1987). To 
provide a methodology to estimate probable oceanic distributions 
resulting from one of these release scenarios, it is not pos
sible or necessary to predict accurately the fluid fields and 
radionuclide dispersal patterns 1000 years (depending on the 
half-life) into the future. Plausible pathways, statistical 
fields based on validated models, and distributions similar to 
those we observe in the ocean are needed. Physics important to 
ocean dispersal from bottom sources must be included correctly, 
and we must be able to verify that we are getting the right 
answers. Consequently, we must identify all the important 
processes, parameterize them, and verify that the models are 
mathematically correct and that the important currents, water 
masses, and other flow features are reproduced as they have 
been observed. In that way, we can verify that the physics is 
included properly. Demonstrating that we can reproduce known 
tracer distributions validates the model for this application. 
Only then can we have confidence that the radionuclide trans
ports being used in risk assessment calculations are credible. 

The POTG has worked toward these goals and the status of 
its progress is reported here. The attainment of a believable 
forecast ability is a large step forward, but the job as a whole 
was large and the work plan remains unfinished. Therefore, it 
is necessary to evaluate very carefully the credibility of 
present capabilities, and in particular to state whether the 
ocean transport part of the RATG's risk assessment is credible. 
Using the POTG's definition of credibility, we can say only 
that it may be. The work plan was prematurely terminated and 
tracer distributions have not yet been adequately reproduced. 

Appendix B shows the POTG's complete work plan. Ignoring 
the program and task group interactions listed there, the three 
main scientific categories are 

1. Regional Studies (models; data and field work) 

2. General circulation studies (models; data and field 
work) 

3. Box Models (models, data). 

Regional studies focusing on geographical domains of 
limited extent (~1000 km) are of two kinds: repository study 
locations and other scientific study locations. The former are 

-25-



defined in the SATG (1987) report. Their environmental descrip
tions are included here. These studies are important for site 
characterization and model calibration. The development of a 
methodology and optimal approaches for this work are outlined 
in this part of the work plan. The latter are included because 
the high cost of required multidisciplinary field surveys pre
vented POTG members from carrying out an adequate site study. 
Instead, work had to be carried out at other study locations 
through collaboration with other scientific investigators. The 
predictions mentioned above were actually performed at three 
such sites. Because their results are important dynamical model 
validations, they are included. Ironically, the very best data 
set for model calibration focusing on deep dispersion is from 
one of these non-SWG study locations. Thus, its description 
and modeling are an important part of this report. Regional 
stvdies are included in the plan for (1) site characterization 
of SATG study locations; (2) model calibrations useful as 
assimilators and dynamical interpolators of the field data; 
(3) use in development of a demonstrable predictive capa
bility for both verifying model physics and monitoring: and 
(4) eventual numerical embedding of the study location within 
the context of general circulation in the basin. 

General circulation studies focus on entire basins that 
contain smaller SATG study locations. Modeling capability here 
falls into the ocean-like simulations described above for risk 
assessment, rather than true forecasts. Data acquisition centers 
on assembling an extensive historical data base, including the 
existing tracer data mentioned above for an ocean basin. The 
POTG's data work in this area relied almost exclusively on 
collaboration with other projects and investigators, which are 
referenced throughout the report. POTG members carried out 
several process studies that relate directly to the questions 
of setting a regional study location description in the basin 
context (e.g., slope to abyssal plain variations, topographic 
effects and subsequent tracer distribution variations from a 
study location, western boundary undercurrent entrainment, 
etc.). Such studies and results are briefly described. Of 
course, some important field studies were not carried out, and 
now must be handled through model simulations. 

GCM modeling work thus focuses on reproducing known 
currents and water masses in the basin, assimilating real data 
through regional study location embeddings, and showing that 
large-scale tracer distributions in the ocean can be reproduced. 
This provides a credible capability for describing the evolution 
of radionuclide distributions in a basin on time scales useful 
for the RATG (except critical pathways, which are based on 
regional studies). 

Box model studies focus on specific requirements that 
are unique to the overall systems-modeling approach and typical 
of risk assessment work. As described by the RATG (1987), 
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transports from source to man must be traced for different 
scenarios, and sensitivity analyses covering the whole system 
must be performed. That requires simple fast-running component 
models. The POTG decided that such simplified models should 
not be developed independently from the above approach, but 
should derive directly from it. In this spirit the model for 
RATG use was developed as a coarsened version of the general 
circulation model. It was meant to be driven by flows extracted 
from circulations resulting from the work in categories 1 and 2 
above. In this way, known and acquired field data are directly 
assimilated through the general and regionally calibrated 
modeling methodology into dynamically consistent circulations 
from which coarsened flows are extracted to drive the systems 
component model used for risk assessment. Then, once RATG 
studies identify important radionuclides, dispersion studies 
carried out with the modeling methodology from categories 1 and 
2 would be consistent with the coarsened systems calculations. 
This is an important philosophy of POTG work, and is the main 
purpose of category 3 in the plan. It is an essential feature 
of this report that the regional and general circulation studies 
feed the box modeling effort used in the systems analysis 
approach to risk assessment. It is through this methodology 
that the use of the box model gains its credibility. Therefore, 
the status of progress in model categories 1, 2, and 3 is essen
tial to this report, to the evaluation of present capabilities, 
and to the assessment of what remains to be done if the seabed 
disposal option is ever reopened. 

1.5 Structure of the Report 

To acquaint the reader with the intricacies of the ocean 
dispersion problem, we have included general introductory 
material on ocean flow and variability, risk assessment 
measures relevant to the SWG problem, and processes and scales 
associated with ocean dispersion. The discussion of processes 
and scales is organized in terms of a bottom-source dispersion 
problem, and should be regarded as the very simplest, back-of-
the-envelope estimate of dispersion pathways, scales, and ampli
tudes. Nevertheless, it includes many of the pertinent ideas 
and is thus a useful zeroth-order introduction to the principal 
topic of the report. This information is given in Chapters 2 
and 3. 

Chapter 4 introduces the models that are the key compon
ents of POTG dispersion studies. Being an introduction, it is 
brief and without detail, giving only general descriptions, 
purposes, and characteristics. 

Models are initialized, driven, updated, and verified by 
real oceanic data. Correspondingly, Chapter 5 focuses on some 
of the necessary data by describing the physical character of 
selected study areas. The absence of a single site decision, 
and the fortuitous availability of useful data from different 
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programs located in non-SWG regions made it advisable for the 
POTG to consider several sites. That was done. However, the 
sites described in Chapter 5 include only the principal SWG 
study locations, namely Great Meteor East (GME) in the eastern 
North Atlantic, the Southern Nares Abyssal Plain (SNAP) in the 
western North Atlantic, and E 2 in the western North Pacific. 
In addition to physical aspects, the site descriptions include 
geochemistry, particulate matter, and bottom boundary layer 
information as availability permits. 

In realistic dispersion studies, the requirements for 
resolution and accuracy vary, generally diminishing away from 
the site in a manner that depends upon local flow features in 
the particular region (i.e., whether there are any strong bottom 
currents nearby). For that reason, POTG scientists kept abreast 
of and used results from a number of studies near the SNAP 
including Gulf Stream forecast studies, MODE" and POLYMODE" 
studies, and other studies on the continental rise. 

Chapter 6 is a thorough review of modeling work that 
relates directly to risk assessment. The coarsening of the 
hierarchical series of complex models to the Mark-A box model 
is described. The extraction of the interbox transports used 
to drive the Mark A from simulations of the idealized North 
Atlantic test problem is also discussed. Correspondingly, the 
test problem is defined, and related modeling studies are out
lined. The descriptive circulation that provides a comparator 
for the simulated test problem circulation is also presented 
briefly. It is taken from the NEA Review of the Continued 
Suitability of the Dumping Site for [low-level] Radioactive 
Waste in the Northeast Atlantic (NEA, 1985). Due to program 
termination this descriptive circulation was used by the RATG 
rather than an unvalidated simulation. 

Field verification and validation were an important POTG 
activity throughout, and the overall status of this effort is 
reviewed in Chapter 7. Much of the work has focused on a non-
SWG study location in the Northeast Atlantic. Work on it was 
performed by scientists from France, Switzerland, and the US in 
collaboration with host scientists from the FRG. The program 
is called the Northeast Atlantic Monitoring Program (NOAMP). A 
regional site description and the related modeling verification 
work status are reviewed. 

Chapter 8 discusses the carryover of POTG methodology to 
the design of monitoring programs. 

8 MODE—mid-ocean dynamics experiment. 
b POLYMODE—combination of POLYGON (Russian for "array") and 

MODE. 
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Chapter 9 summarizes the final status of the POTG work 
plan. 

1.6 Summary and Conclusions 

The POTG set out to provide models suitable for the 
physical and geochemical basis for RATG assessment studies and 
for related (BTG) modeling studies. 

Timeliness versus reliability constituted an important 
programmatic constraint. Prompt results were possible, but 
questionable. Reliable results were also possible, but only 
after considerable development. Nevertheless, the overall 
modeling task set before the POTG was judged feasible within 
the original programmatic time frame. 

The modeling approach made use of a closely-interrelated 
collection of eddy-resolving, general-circulation, regional and 
coarsened models aimed at deterministic, as well as statistical 
forecasts. Verification and validation of model results through 
interrelatability and critical use of field observations were 
vital programmatic issues. 

Because the program was multifaceted and designed for 
parallel (as compared to serial) development, premature termina
tion meant no one aspect of the plan could be completed, and, 
most importantly, that verification and validation of results 
could not be firmly established. This point is strongly 
emphasized. 
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CHAPTER 2: INTRODUCTION TO OCEAN FLOW AND VARIABILITY 

2.1 A Primer 

The physical processes that affect ocean dispersal occur 
over a broad range of scales, from mm to 103 km and seconds 
to centuries. If one includes the decomposition time scales of 
all radionuclides of interest, the temporal domain expands to 
thousands of millenia. To model dispersion effectively, the 
dominant processes operating on this range ~>f scales must be 
identified, understood, and modeled effectively, including all 
pertinent interactions. The physical processes thought most 
important to dispersion are introduced in Chapter 3. This 
chapter treats the very basic concepts of ocean circulation and 
describes some of the larger scale flows that provide the 
context in which the dispersion phenomena of Chapter 3 are set. 

Two distinct circulations dominate the large scale flow. 
The first, thermohaline circulation, derives from direct thermo
dynamic forcing at the ocean's surface. There is cooling at 
the poles and warming at the equator with a related north-south 
surface distribution of precipitation and evaporation. A 
latitudinal distribution of buoyancy flux results. Polar waters 
are denser than average and tend to sink, generally to the 
bottom. To conserve mass, the dense waters flow equatorward, 
but because of dynamical effects associated with the earth's 
rotation and sphericity, the route is indirect. The initial 
spreading tends to be in narrow, relatively intense bottom 
currents that hug the deep western boundaries. Shallower flows 
are wind-driven, and tend to be divided into north-south gyres 
that follow the distribution of the winds and span only a few 
tens of degrees of latitude. However, the deep flow is longi
tudinally unrestricted. It could cross the equator, and in 
fact, water properties can usually be traced in layers from the 
Arctic to the Antarctic and vice versa (Figures 2.1, 2.2, and 
2.3). Whether these smoothly varying and contiguous tongues of 
water properties represent mean meridional flow, mixing, or 
both is still contested. In any case, once the deep water has 
spread meridionally via boundary currents, it spreads zonally 
(east-west) in broad, diffuse flows that fill the deep ocean 
basins with water of about 3°C. To conserve mass, a gentle 
vertical upwelling of deep water toward the surface is required. 
It too is broad and diffuse and quite sluggish (a few m/yr). 
The upward advection of cold water is opposed by a downward 
diffusion of heat, which results in a nearly universal vertical 
temperature distribution. An example is shown in Figure 2.4. 
The region around the turning point in Figure 2.4 (about 75 
Dbars) is called the main or permanent thermocline. It is 
often characterized by large amplitude (baroclinic) vertical 
displacements. 

Because the global distribution of evaporation, precipi
tation, and freezing is wholly responsible for the salinity dis-
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Figure 2.1. North-South Sections through the Western Basin of 
the Atlantic Ocean. Salinity is perhaps the best delineator of 
the principal water masses. Antarctic Bottom Water, the deepest 
and densest, flows northward under the southward-flowing North 
Atlantic Deep Water, formed in the Norwegian Sea northeast of 
Iceland. Ocean physics requires intensification toward the west. 
Deep water is important at the SNAP study site, since it would 
be the first water contaminated in a hypothetical accident 
there. 
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Figure 2.2. North-South Sections of Temperature, Salinity, an 
Dissolved Oxygen through the Pacific Ocean Showing Traditional 
Water Types and Descriptive Estimates of the Flow Directions 
(Sverdrup et al., 1942). 
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Figure 2.3. East-West Sections through the Southern Ocean 
Showing Traditional Water Types and Descriptive Estimates of 
Flow Directions (Sverdrup et al., 1942). 
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Figure 2.4. Potential Temperature (°C), Salinity (°/00), 
and Relative Optical Transmissivity (bits) Versus Depth (Dbars) 
at 23°12'N, 63°32*W During September 1984. The main thermocline 
occurs between 500 and 800 m (1 Dbar - 10 m). The relative 
maximum in salinity at 1200 m is associated with the Mediterran
ean outflow (Figure by E. Laine [1985] from SNL Nares Plain 
cruise aboard R/V Endeavor). 
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tribution, but only partly responsible for the temperature 
distribution, and because there are mechanisms at work that mix 
heat and salt at different rates, the deep salinity distribution 
usually differs markedly from the deep temperature distribution 
(Figures 2.5 and 2.6). Temperature variability in the ocean 
spans some 30°C, while salinity varies by only a few parts per 
thousand. Thus, temperature tends to control the large scale 
distribution of density, except at high latitudes. Because 
cold, high-density water occurs at the ocean bottom at all 
latitudes, and at all depths at high latitudes, the surfaces of 
constant density must be largely concave upward north to south 
(relative to the earth's sphericity). This is an important 
property of the ocean, as mixing along surfaces of constant 
density is much more vigorous than mixing across surfaces of 
constant density, and is the basis of the upper heat balance in 
ventilating the thermocline. Both mixing processes occur, 
however, and are important to the dispersion process. Indeed, 
because of these mixing properties and the fact that deep water 
is formed at widely separated geographical locations with 
differing ambient water characteristics, long tongues of deep 
water of slightly different densities, temperatures, and salini
ties can be traced one below the other across the entire globe. 
An example from the Atlantic Ocean is the very dense Weddell 
Sea (Antarctic) water that underlies the slightly less dense 
Norwegian Sea water and extends over the north-south length of 
the Atlantic (Figure 2.1). 

The second distinct large-scale ocean circulation is due 
primarily to large-scale wind-driving at the surface. These 
are mean zonal winds, such as the westerlies from 30°-50° 
latitude and the easterlies or trade winds from 15°-30° 
latitude. Other similar systems operate at other latitude 
bands. The wind forcing, together with the land barriers, 
breaks oceanic circulations into gyres according to the sign of 
3t x'3y, where tx is the east-west wind stress and y 
is toward the north. The flow is anticyclonic beneath the 
westerlies/easterlies system and cyclonic both north and south 
of it. Because of the sphericity of the earth's surface and 
its daily rotation about its polar axis, these circulations are 
asymmetric with relatively narrow, intense currents at the 
western boundaries and broader, more diffuse, return flows 
throughout the remainder of the gyres (Figure 2.7). Examples 
of poleward-flowing western boundary currents are the Gulf 
Stream in the North Atlantic, the Kuroshio in the North Pacific, 
the East Australia Current in the South Pacific, and the Brazil 
Current in the South Atlantic. To these must be added equator
ial currents, which tend to be zonal (east-west), and the 
Antarctic Circumpolar Current which, in the absence of a land 
barrier, encircles the globe continuously and is the largest 
zonal current system. Seasonal current systems such as the 
Somali Current are associated with seasonal winds (the summer 
monsoons), but are no less intense. Similarly, deep water 
formation varies seasonally, with maximum formation during local 
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winter. Although it is convenient to think of these two forc
ings, wind and buoyancy (heat/salt), separately, their effects 
cannot be separated dynamically. That is one of the most 
confounding features of ocean dynamics. It derives from the 
inherent nonlinearity of the dynamical system. Often one 
effect dominates the other, but generally both play important 
roles. Wind forcing effects are, understandably, more intense 
closer to the surface. However, in rotating systems, the 
effects of forcings at boundaries in the plane of rotation are 
not limited to boundary regions. They can penetrate throughout 
the interior of the domain. 

The average flow picture is complicated not only by 
seasonal variability, but also by many major, energetic vari
abilities on shorter time scales. For example, Norwegian Sea 
water does not flow steadily through the Denmark Straits, but 
comes in intense oneor two-day bursts followed by quiescent 
periods of several days. Similarly, large scale currents such 
as the Gulf Stream bend and meander energetically on the time 
scale of several days, and the interiors of circulation gyres 
are closely packed with c'eep, chaotic mesoscale eddies that 
have time scales of weeks (these are dynamically analogous to 
the cyclones and anticyclones that comprise mid-latitude 
atmospheric weather systems). Their kinetic energy is one to 
two orders of magnitude greater than the mean. On larger 
scales, eddies tend to diffuse dissolved or suspended materials. 
On smaller scales, they strain and deform the mass field, 
causing material to disperse without significant dilution 
(streaking). On even smaller time scales, inertial-internal 
waves, shear dispersion, doubly diffusive instabilities, tides, 
and small scale turbulence all come into play in determining 
the circulation, dispersion, and dilution of materials through
out the ocean (Figure 2.8). Introductory discussions of these 
processes and their effects on ocean dispersion are given by 
Robinson and Kupferman (1985), and in GESAMP (1983). A brief 
summary is given in Chapter 3. 

2.2 General Circulation 

Direct measurements of ocean flow have not been available 
in quantity or with accuracy until the last few decades. They 
are now feasible in low to moderate current regimes, although 
it appears that time series of several years may be required to 
determine statistically stable means. 

Correspondingly, oceanographers have developed indirect 
methods to deduce the general (mean) large-scale patterns of 
flow that occur in the various basins of the world's oceans. 
Collectively, those patterns make up the general circulation. 
To describe the general circulation, oceans are usually divided 
vertically into three regions (deep, intermediate, and upper 
water) and into horizontal domains determined either by topo
graphy or by observed flow characteristics (i.e., western 
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boundary currents). To deduce the general circulation patterns 
in broad terms, oceanographers have relied upon descriptive 
methods (e.g., Sverdrup et al., 1942). Basically, large volumes 
of water, called water masses, are traced from one point to 
another by following the smooth spatial changes in their 
physical properties. Temperature and salinity were the first 
properties used, since they are dynamically significant, but 
oxygen, nitrate, phosphate, silicate, '4C/C ratios, and other 
geochemicals were added as methods for sampling and analyses 
became available. Regrettably, the problem is difficult because 
mean flows over most of the volumes of the world's oceans are 
very weak (a few cm/s) and lateral mixing is strong (eddy diffu-
•jivities from 10* to 10' cm2/s), particularly in regions 
where mesoscale eddy energy is high. Thus, one can never be 
absolutely sure whether stable variabilities in property fields 
are due to actual mean flows, horizontal mixing, or a combina
tion of the two. Examples of property distributions in the 
Atlantic, Pacific, and Southern Oceans are shown in Figures 
2.1, 2.2, and 2.3. 

In the early 1960s Stommel and Arons (1960a and -b) and 
others who followed (Kuo and Veronis, 1971 and 1973) began to 
apply simple but very insightful dynamical ideas to the deep 
circulation. These affected the anticipated patterns of the 
deep flows in rather dramatic ways, and led to the discovery of 
various important features of deep flow. They also became the 
foundation of presently accepted ideas about the structure of 
deep circulation. 

Stommel was also responsible for the identification of 
the B-effect as the critical physical factor responsible for 
the asymmetry of wind-driven circulation. He produced the 
first widely accepted explanation of the wind-driven Gulf 
Stream (Stommel, 1948). It served as the physical basis for 
more realistic models (Munk, 1950) and for other modern 
theories of the Gulf Stream (e.g., Fofonoff, 1981). 

The mid-water sphere connects the upper water and deep 
circulations. A myriad of thermocline theories have endeavored 
by various means to balance the downward turbulent diffusion of 
heat against the upward advection of cold bottom water (e.g., 
Pedlosky, 1987). There have also been more descriptive 
endeavors to explain the mid-depth general circulation itself 
(Reid, 1981). 

It is useful to discuss the individual ocean basins 
separately, but as they all interconnect and communicate with 
one another, it is also useful to discuss the general circula
tion by levels. This section is not intended to be a comprehen
sive review of the subject (see Warren and Wunsch, 1981 for 
that), but is rather a drawing together of the facts that seem 
most relevant to questions of dispersion from deep ocean 
sources. Information is taken from Warren and Wunsch (1981), 
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Broecker and Peng (1982),and NEA (1985), without further 
reference. The ideas are a mix of descriptive analysis, 
analytical modeling, and large scale numerical modeling. 

There are two principal sources of deep water in the 
world's oceans: a northern component formed in the Norwegian, 
Greenland, and Labrador Seas and a southern component from the 
Weddell Sea. The water from the Greenland Sea overflows through 
the Denmark Strait and flows south down the western Atlantic 
after being joined by deep water formed in the Labrador Sea. 
It is generally known as North Atlantic Deep Water (NADW). 
Water from the Norwegian Sea overflows the Iceland-Scotland 
ridge, moves down the eastern flanks of the Mid-Atlantic Ridge, 
and turns west into the western basin through the Gibbs Fracture 
Zone (Figure 2.9). Deep water formed in the Weddell Sea is 
denser than NADW and is found beneath it from Antarctica north
ward to well beyond the equator (Figure 2.1). The deep eastern 
Atlantic appears to be ventilated mainly through the fracture 
zones (Romanche and others) from the western Atlantic, as the 
Walvis Ridge blocks water flowing directly northward from the 
Antarctic. 

Using Stommel's idea of balancing planetary vorticity 
against vortex stretching while using mass conservation, one 
derives the curious result that the deep flow must be poleward 
(i.e., toward its sources). That result led Stommel and Arons 
(1960a) to postulate that the first stage of the spreading flow 
away from the source was via some dynamical process other than 
mean spreading. They postulated deep internal western boundary 
currents. It is then the second stage of the flow that is 
accomplished through slow, diffusive (horizontal) eastward and 
poleward spreading away from the boundary currents to the rest 
of the communicating basin(s). The final stage is vertical 
advection as the basins fill. A simple, flat-bottomed, world-
ocean, deep-flow field calculated by Kuo and Veronis (1973) is 
shown in Figure 2.10. Water from the Atlantic is taken by the 
circumpolar current to the Indian and Pacific Oceans, where it 
flows north and generally upwells before returning in the upper 
part of the water column via the Circumpolar Current and the 
Aguhlas Current to the southern Atlantic. The water becomes 
incorporated in the equatorial current system where it flows, 
via the Antilles Current, into the Gulf Stream and, via the 
North Atlantic Current, into the Arctic. 

Turning now to specific flow estimates for the North 
Atlantic, Crease (1965) estimated the overflow across the 
Wyvi lie-Thomson ridge and in the Faroe Bank Channel to be 
approximately 1x10s m3s"', whereas Steele et al. (1962) 
gave the total volume of water crossing the whole Iceland-
Scotland ridge as 5x10s m 3s _ 1, of which 3xl06 m3s'1 is entrained 
Atlantic waters. Lee and Ellet (1965) detected this overflow 
water as far south as 47°N in the eastern basin, but most of it 
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flows into the western Atlantic through the Gibbs Fracture Zone 
(Shor et al., 1980; Dickson et al., 1980). 

From the Greenland Sea, the flow through the Denmark 
Strait, which tends to pulsate, has been estimated from geo-
strophic calculations at 5x10s m1s"1 (Swallow and 
Worthington, 1960). From heat flux considerations, Labrador 
Sea water, characterized by a salinity minimum and an oxygen 
maximum at a potential temperature of 3.5°C (roughly 1500 m 
depth), has been estimated to be formed at about 3.5x10* 
m3s~l (Wright, 1972). North Atlantic deep water is also 
characterized by a high oxygen content and a low silicate 
concentration. 

5x10* rr.3s_1 enters the deep western basin of the 
Atlantic from the Arctic, and this is coupled with a general 
down-welling in the lower part of the region. This water 
leaves mainly to the south toward midlatitudes. 

A deep western boundary current, a feature of all the 
major oceans (Warren, 1981), carries the overflow water south 
with a volume transport of 10x10* m3s"1 (Swallow and 
Worthington, 1960) in a region 200-300 km wide. Near Cape 
Hatteras (35°N), current meter and neutrally-buoyant float 
measurements suggest that the flow is 24x10* m3s"1, and 
by the Blake-Bahama Outer Ridge it has diminished to about 
22x10' m3s"1 (Amos et al., 1971). At 23°N there is still 
evidence of continued southward flow. 

In the South Atlantic, the NADW can still be identified 
by its high salinity, low silicate, and temperature inversion. 
The width of the zone of influence increases to 500-1000 km 
because of mixing. Wright (1972) indicates that the transport 
in the NADW is approximately 9x10* m3s~l. Below this, 
Antarctic Bottom Water (AAB'v>T), characterized by low temperature, 
salinity, moderate oxygen, and high silicate, is observed to 
flow north at about 6x10* m3s"' in midlatitudes, decreas
ing to about 2x10* m3s~' at the equator. The AABW comes 
mainly from the Weddell Sea at a potential temperature of less 
than -0.7°C and its rate of formation has been variously esti
mated at 2x10* m3s~' (Gill, 1973) and 2-5x10* m3s"' (Carmack and 
Foster, 1975). 

In the eastern Atlantic, the coldest waters north of the 
Walvis Ridge have a potential temperature of less than 1.7°C, 
and they occur at the equator. This minimum temperature 
increases poleward, suggesting that deep water may enter the 
eastern Atlantic near the equator through the Romanche Fracture 
Zone. No estimates ha/e been made of the flow through the 
Romanche Fracture Zone. Flow through the Vema Fracture Zone at 
11°N is also a possibility. Dickson et al. (1985) observed a 
general northward flow in the deepest part of the northeastern 
Atlantic, with the suggestion of a return flow along eastern 
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flanks of the mid-Atlantic ridge. There is also a small leakage 
through the Walvis Ridge at 7°W (Connary and Ewing, 1974). 

The Indian Ocean's many basins and ridges tend to be 
ventilated from the south. A salinity maximum at 2500 m in the 
southwest is thought to be a remnant of the North Atlantic Deep 
Water. The values of the maximum decrease further northward 
until about 15°N, where influences of the Red Sea Outflow are 
seen. 

In the Pacific Ocean, a western boundary current flows 
northward along the New Zealand and Tonga-Kermadec Ridge, with 
the coldest water below 2500 m. Floats have indicated that the 
flow is about 13xl06 mïs"1. In the Samoan Passage (9°S 
and 169°W) there is a northward flow below 3800 m and a 
southerly flow above. At 3500 m in the Central North Pacific 
the temperature is slightly lower than in the South Pacific, 
which Knauss (1962) interprets as deep upwelling, although that 
does not fit well with dynamical ideas of the Stommel-Arons 
model (1960b). 

Deep outflows from the Atlantic are estimated at 7x10* 
m3s"' flowing round the Cape of Good Hope into the Indian Ocean 
and an additional llxlO6 m3s"' leaving the southwest 
Atlantic into the deep Circumpolar Current. 

The mid-depth circulation is a little more difficult to 
quantify. It is approached mainly from isopycnal water-mass 
analysis. Reid (1981) summarized the mid-depth circulation, 
loosely defined as below 1 km and above the abyssal water 
(approximately 1-3 km deep). Reid and Lynn (1971) tracked the 
relatively warm saline water from the North Atlantic, through 
the South Atlantic and the Circumpolar Current, to the Indian 
and Pacific, and back to the southwest Atlantic. Buscaglia 
(1971) found that intermediate (low salinity) water was not all 
along the South American coast as Wust (1935) supposed. Rather, 
it goes to 40°S with the Falklands current, then turns east 
around an anticyclonic gyre with an axis at roughly 35°S. 
ivers (1975) found that most salinity features in the North 
Atlantic could be explained by lateral flows and mixing, with 
the exception of vertical mixing induced by flow over sills and 
where density surfaces outcrop at the ocean surface. 

The Mediterranean Sea has a significant influence on the 
salinity of the North Atlantic down to as much as 3000 m 
(Saunders, 1982). Outflows are generally estimated to be on 
the order of 1x10' m3s"' (Worthington and Wright, 1970; 
Sankey, 1973; Wust, 1961), but they entrain a further 9xl06 

mJs"' of Atlantic water as they descend to about 1200 m. 
Reid has followed the influence of Mediterranean Water north
ward up the eastern Atlantic into the Norwegian Sea. 
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Nearer the surface are the strong current systems, parti
cularly on and near the equator and in western boundary currents 
such as the Gulf Stream. Iselin (1936) estimated the flow in 
the Florida current at about 12x10* m 3s _ 1, whereas Niiler 
and Richardson (1973) gave volume transports at Miami varying 
from 25.4x10' ra]s"' to 33.6xl06 m3s~', about half 
the variability being associated with the annual cycle. The 
Gulf Stream leaves the coast at Cape Hatteras with significantly 
enhanced transport. The part of the transport greater than the 
30-36x10' m3s_1 required by the wind-stress-curl circula
tion may be thought of as part of the re-circulation. South of 
Cape Cod the flow has been estimated at between 100 and 150x10* 
m3s"1 (Fuglister, 1963; Warren and Volkmann, 1968; Knauss, 
1969). Stommel et al. (1978) suggested that most of this 
transport is recirculated in the Western Atlantic, and that 
there is a net transport eastward of only 38xl0*m3s"1. 
Worthington (1976) postulated two anticyclonic gyres after the 
North Atlantic Drift leaves the Grand Banks, but Mann (1967) 
and Clark et al. (1980) support Iselin's (1936) idea that the 
stream splits. 

2.3 Summary and Conclusions 

The mean flows in the world oceans are driven primarily 
by buoyancy (heat/salt) effects associated with the meridional 
distribution of surface heat/precipitation and by wind-driving 
effects. Both flows are asymmetric and more intense to the 
west. Mixing due to smaller-scale processes plays an important 
role in redistributing water properties, confounding simple 
interpretations of the deep mean circulation through water-mass 
analyses. 

Ocean variability has many causes, scales, and forms. 
The most energetic are the western boundary currents and meso-
scale eddy fields, which are 10 to 100 times more energetic 
than the mean. 

Deep water formation is limited to the Atlantic; however, 
the deep and intermediate waters are eventually circulated 
through the three major ocean basins via the Circumpolar 
Current. Deep topography plays an important role. Numerical 
estimates of deep mean flows are available, but generally vary 
by factors of two or more. 
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CHAPTER 3: INTRODUCTION TO DISPERSION PATHWAYS, 
PROCESSES, AND SCALES 

This chapter treats, at a very elementary and simplistic 
level, general procedures for estimating the rate of dispersion 
of a dissolved contaminant hypothetically released from a point 
source at the seafloor*. It includes a few order-of-magnitude 
estimates, based on various plausible pathways and using the 
best data and simplest process models currently available. The 
contaminant source is assumed to be on the seabed at the water/ 
sediment interface. It is dissolved and has no perceptible 
influence on seawater density. The contaminant is traced as it 
disperses into and across the bottom boundary layer (BBL), 
enters the interior water column above the BBL (where it is 
mixed and expanded by small-scale processes), and is stirred 
and mixed both horizontally and vertically by small and 
mesoscale eddies. It moves along and slowly across isopycnal 
surfaces and eventually spreads to gyre and global scales. 
These topics are treated sequentially with an attempt at 
geographic generality. When observational information is too 
sparse to allow geographical generalizations, data from 
specific sites in the deep North Atlantic and/or North Pacific 
Oceans are discussed. 

Time and space scales for ocean dispersion are calculated 
using observation-based and -derived estimates of horizontal 
advection velocities in and near the BBL, vertical advection 
speeds, horizontal and vertical diffusivities, and simple 
process models for the interior. With these, plausible numeri
cal estimates of dispersion characteristics are constructed for 
situations of interest. When uncertainties are great, efforts 
are made to bracket quantities by least and greatest expected 
values. The estimates here are simple working estimates. 

3.1. Definitions: Stirring, Mixing, and 
Domains of Occupation 

Understanding the concept of a domain of occupation (D 
of 0) is fundamental to a clear understanding of much of the 
material in this report. Therefore, it is explained separately 
at the outset. First, however, it is necessary to distinguish 
mixing vs stirring and individual realizations vs ensemble 
averages. 

Mixing involves intermingling of contaminant and water 
molecules so that the concentration of contaminant is everywhere 

* SWG penetrator and drilling designs involve emplacement into 
deep sediments below the seafloor. Thus, discounting acci
dents, a point source on the bottom is unrealistic, but useful 
for thought experiments. 
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less than its value at the time of release, and the volume of 
fluid containing the contaminant is correspondingly increased. 
In the ocean, molecular diffusion is considerably intensified 
by small-scale turbulence. Eddy diffusivities many orders of 
magnitude greater than molecular diffusivities are commonplace. 
Furthermore, in the presence of horizontal shears and/or 
stratified flows, small-scale turbulence can actually sharpen 
concentration gradients in selected local regions, while 
obliterating such gradients in other regions. This is quite 
distinct from the action of larger-scale geostrophic 
"turbulence" due to mesoscale eddies. Rather than mixing, 
mesoscale eddy processes produce stirring on eddy length 
scales. Stirring involves distortion of a tracer path by the 
velocity shear field of the eddies without significant co-
mingling of tracer and water molecules. Through this process, 
it is possible for threads or patches of the original tracer 
cloud to be dispersed rapidly throughout a large water volume, 
but in such a way that each thread or patch contains a tracer 
concentration that is high compared to the average in the over
all region of dispersion. Other water in the region of disper
sion can contain almost no tracer. The net effect is a marbled 
region of fluid with intermingled strands of high and low con
centration water. The simple envelope enclosing the volume 
over which most of the tracer is dispersed by stirring and/or 
mixing following a given release event is called the domain of 
occupation of the tracer (Kupferman and Moore, 1981). Eddy 
stirring during an individual realization expands the domain of 
occupation without necessarily reducing tracer concentrations 
of the dispersed threads and patches within the domain. Mixing 
does both. 

There is an important distinction between an individual 
release (i.e., single realization) in a turbulent fluid and the 
ensemble average over many such releases. In the latter case, 
the concentration field of a dissolved tracer is often estimated 
using the advection/diffusion equation with eddy diffusion 
coefficients replacing molecular diffusion coefficients. This 
approach is applied because it is relatively simple and produces 
acceptable results in many cases of interest. However, the 
distribution of tracer that results from a single subseabed 
release event may be quite different from the ensemble average 
over many releases. Thus, its development is better modeled by 
single realizations from an ensemble. For a single release, 
the usual domain of occupation is relevant. However, the 
concept of a domain of occupation may be extended to apply to 
ensemble averages (Garrett, 1983). The ensemble domain of 
occupation (EDO) is the simple envelope of the volume over which 
most of the tracer is dispersed in an ensemble average where 
the average is calculated with respect to the point of release, 
which is not necessarily the mass center of the dispersion 
cloud in each individual realization. In this report, domain 
of occupation will apply to a single realization unless other
wise specified. The length scale of the domain of occupation 

-49-



will be denoted by O. The corresponding length scale for an 
ensemble average will be denoted by o. 

The space scale chosen for averaging can affect the 
delineation between mixing and stirring. If the averaging 
scale is sufficiently small, fine structure such as occurs in 
stirring will not be smoothed. Averaging over larger scales 
will smear fine structures and lead to a mixed appearance, as in 
large-scale eddy mixing (Csanady, 1980; Chatwin et al., 1985). 

The distinction between ensemble-averaged tracer concen
trations and concentrations in a single realization of an 
ensemble is perhaps not that critical where low-level concentra
tions of contaminants are involved. However, when the threads 
and patches contain sufficiently high concentrations of material 
that a single exposure could be injurious, the distinction 
becomes crucial. If Fickian methods are used to estimate 
concentrations in a single realization, it appears as though 
lower concentrations are distributed smoothly throughout the 
domain of occupation. In reality, much higher concentrations 
would obtain in those regions containing a patch or thread of 
the contaminant, and contaminant-free regions would obtain 
elsewhere. The mean dose to the population encountering the 
domain of occupation will be the same in both cases; however, 
in the second case, most of the dose is delivered to those 
individuals who encounter threads or patches. This is an impor
tant distinction since it is not yet possible to estimate with 
assurance the contaminant's rate of mixing in the dispersed 
threads and patches. The mixing time of a stirred region is 
thought to be on the order of years or longer. 

3.2. Plausible Dispersion Pathways for 
Bottom-Released Material 

In this section, a simple, plausible dispersion scenario 
is put forward to describe the evolution of a localized short-
term release of contaminant from its inception at the ocean 
bottom to its terminus at the ocean surface. Figure 3.1 is a 
schematic overview of the evolution in terms of a sequence of 
principal stages, each stage being dominated by different 
dispersion phenomena. The principal physical processes thought 
to affect the transport and spreading of the material are 
summarized in Figures 3.2 and 3.3. Tables 3.1, 3.2, and 3.3 
list qualitative and quantitative information about these 
processes. 

The discussions of processes are organized around the 
dispersion stages in which those processes are important. 
Paragraph headings below refer to processes and stages for easy 
cross referencing to the figures and tables. The principal 
stages are as follows. During Stage 1, the material disperses 
within the BBL and emerges into the deep ocean. In Stage 2, 
the tracer field is enlarged by small-scale mixing processes 
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TABLE 3.1. BOTTOM BOUNDARY LAYER PROCESSES—STAGE 1 

Known Process Mechanism Examples Time Scale 

1. Dispersion, transport, 
and mixing in the BBL 

Vertical 

Horizontal 

Molecular diffusion 
Boundary-generated turbulence 
Organized motions 

Ekman pumping (see below) 

Tides and inertial oscillations 
Differential advection 
Mesoscale driving 
Steady boundary and density 
currents 

Shear dispersion 

2. Exchange with Interior Ekman Pumping 
(convergences and divergences) 

Spin up/down 
Detaching blobs 

Interfacial mixing 

Benthic fronts 

3. Exchange with Sediment Viscous sublayer 
Differential sedimentation 

Viscous sublayer 
Bottom mixed layer 
Burst sweep cycle 
Roll vortices 
Divergent interior flow 

BBL front 

Norwegian Sea 
Overflows, Western 
Boundary Undercurrent 
BBL shear instability 

Mesoscale 
Topographic 

Interior transients 
Mesoscale Pumping 
Topographic wakes 

Internal wave focus 
and breaking 

Frontogenes is 

Bioturbation 

lOOv/UÎ 1 s 
Air/f ~2 d 
5h/U -15 m 

2wh/0.1U ~1 hr 

1 d 
100 d 
100 d 
100 d 

hours 

30 d 
Length of Feature 

speed 

10 d(?) 
Length of Feature 

speed 
N~l to f"1 

Unknown 

lOOv/UÏ 



TABLE 3.2. SMALLER-SCALE MIXING PROCESSES, PARAMETERIZATIONS, 
AND RATES 

Vertical Mixing (Across Isopycnals) - Stages 2, 3,4 

Processes: Internal Wave Breaking 
possibly enhanced near bottom 

Double Diffusion 
relatively slow process, conditions favorable in deep Atlantic; unfavorable in deep 
Pacific except at intrusions 

Mixing at Boundaries 
bottom boundary layer detachment 
lateral boundary mixing 
mixing by seamounts 

Evidence: Indirect Measurements 
tracer monitoring on basin scales 
tracer monitoring in narrow passages 

Direct Measurements 
oceanic microstructure in the upper waters to the thermocline, now feasible in the 
deep ocean as well 

Modeling: Recommended Values of Kv 

10"8 to 10"5 m2 s"1 thermocline 
10~6 to 10"3 m2 s"' deep ocean 

Horizontal Mixing (Along Isopycnals) - Stages 2,3 

Processes: Shear Kh = (S2/u>2)Kv u — freq. of S ose. 
Internal 

Waves Kh = (NVfJK, N = Brunt-Vaisalà freq. 
K h ~ 1 0 ~ 2 m 2 s _ 1 f — Coriolis parameter 

Salt Fingers at Interleaved Intrusions 

K„=fT'/TJ|Kv 

K„ ~ 10' m2 s-

Fronts unexplored 

TJ ,TJ - mean squared vertical and 
horizontal temperature gradients. 
The process is intermittent and 
geographically selective 
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TABLE 3.3. INTERIOR DISPERSION PROCESS, DILUTION, AND EXPANSION 

Stage - 2: Small-Scale Process (Table S.2) 

D ~(l-10 2m) 
T — 0 (weeks) Diffusive Growth 
dD/dt ce K„ = const, as 10" V At D ~ 102 m, process 

is overtaken by eddy straining 

Stage - 3: Mesoscale Eddy Straining/Stirring 

D - (0.1-102 km) 
T - 0(1 year) 
dD2/dt a D2 =» exponential growth 

Stage - 1 : Mesoscale Eddy Diffusion 

D ~ (lOMO4 km) 
T - 0(1-102 year) 
dD/dt oc KH = const. ~ 102m2s\ 

i.e., K H > > K , , 

Area of Streak = Lc L, = A, 
Lc = const. 
dA,/dt a A, •* exponential growth 
At D — L„,dy, streaks have wrapped up in eddies, overlapping 
occurs, streaks become close-packed and thus indistinguishable. 
Ultimately, the process terminates and eddy mixing takes over. 

When D > Ltddy, diffusive growth returns, at a much increased rate. 
At the same time, vertical mixing and large scale vertical advection 
move the material up and expand the vertical scale. 

Stage - 5: Large-Scale Spreading Along Isopycnals 

After reaching ~ 3000 m height, the material can spread along isopycnals and outcrop at the surface in 
an additional few decades. 
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until it reaches a scale large enough for dispersive processes 
by mesoscale eddies to begin. During Stage 3, mesoscale strain
ing and streaking are dominant. By Stage 4, the tracer cloud 
is larger than an eddy, and further dispersal to basin and 
larger scales occurs by eddy diffusivity. Throughout Stages 2, 
3, and 4, the material is also dispersing vertically and slowly 
rising. At the start of Stage 5, the tracer is high enough in 
the water column to be found on isopycnal surfaces that are 
ventilated, that is, surfaces that outcrop at the sea surface 
at higher latitudes. 

3.2.1 Dispersion Within the Bottom Boundary Layer—Stage 1 

Boundary-generated turbulence disperses material released 
on the ocean bottom vertically (Kv ~10"

J to 10"2 mzs_1) through 
the entire bottom boundary layer (height 5 to 150 m) in a matter 
of days to weeks. Shear dispersion due to vertical shear of 
horizontal ocean currents, together with vertical mixing, acts 
to disperse the material horizontally within the BBL, but at 
greatly increased rates, depending upon the strength of the 
shear. If vertical shear of the horizontal current in the BBL 
is intense [0(10~3s"')], and it often is, considerable 
horizontal spreading and mixing can occur within the BBL 
contemporaneously with vertical dispersion (horizontal eddy 
diffusitivities K„ up to 103 K„). 

3.2.2 Exchange With the Deep Ocean Interior—Stage 1 
(continued) 

Processes that transfer material from the BBL to the 
deep interior of the ocean are Ekman pumping (vertical inflow 
to or outflow from the BBL induced by topographic and/or 
mesoscale eddy divergences), the tendency for flow along iso
pycnal surfaces, BBL detachment, internal wave breaking, and 
mixing at topographic features. Some of these processes are 
widespread and more or less steady. Although comparatively 
weak at any time, they are persistent and eventually transfer 
considerable volumes of material. Others are strong, isolated, 
and intermittent, such as the dramatic transfer by BBL detach
ment of fluid "blobs," typically 10 km in size, but sometimes 
up to 100 km. They subsequently move along isopycnals into the 
ocean's interior. The time scale for topographic pumping is 
typically days (i.e., length/speed) and, for mesoscale pumping, 
weeks to months. Time scales for leakage along isopycnal 
surfaces depend upon gradient strength at the top of the BBL 
and can be days to many months. Detachment events are thought 
to occur at periods of about 100 days, but supporting data are 
very sparse. Topographic effects depend upon the amplitude, 
scale, and extent of the feature(s) and can span all of the 
above scales. 
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3.2.3 Small-Scale Vertical Mixing—Stages 2, 3, and 4 

Once the material is in the interior, vertical spreading 
continues by abyssal advection driven by thermohaline circula
tion and abyssal mixing. Internal wave breaking and double 
diffusion come into play in the interior to mix and expand the 
domain vertically. If specific processes are ignored and the 
overall interior is treated in terms of a vertical advective/ 
diffusive balance, the value Kv ~10~4mzs~l seems to 
apply» it being cited more commonly than other values. Corres
pondingly, typical vertical ascension rates would be on the 
order of a kilometer per century in mid-ocean with considerably 
enhanced rates in special, smaller geographical regions (e.g., 
high-latitude, deep-convection regions; continental rises; 
slope canyons; and, closer to the surface, equatorial and 
coastal upwelling). 

3.2.4 Small-Scale Horizontal Mixing—Stages 2 and 3 

Through the action of BBL processes, material that 
reaches the interior may already be laterally extended when it 
enters the interior. If not, internal wave shearing in the 
interior increases local gradients that, together with internal 
wave breaking and vertical shear of deep interior currents, 
lead to enhanced horizontal mixing by means of shear dispersion 
[Kh ~0(10zm2s~')]. Thus, a parcel of material quite 
limited in horizontal extent (a few square meters) entering the 
deep interior could be spread to the 0(10z m) in a matter of 
days. 

3.2.5 Mesoscale Eddy Stirring and Streaking—Stage 3 

Once a material parcel is 0(102 m) in diameter, it 
becomes susceptible to stirring by mesoscale shearing (rms 
values ~10"6s-1), which is thought to increase the 
lateral extent of the domain of occupation without significant 
dilution. The domain of occupation becomes marbled with thin 
filaments of contaminated water. After a few months, the 
streaks have wrapped up sufficiently so that they begin to 
overlap. Straining continues, and after about a year, the 
domain reaches 0(10z km) in diameter. At this point, stirring 
has so marbled the contaminant throughout the eddy that small-
scale processes can begin to smooth out the concentration field 
to form a more uniform and cloud-like distribution (time scale 
months to years). 

3.2.6 Mesoscale Eddy Diffusion—Stage 4 

Once a material parcel grows to 0(10z km) in diameter, 
mesoscale processes begin to act in a more or less Fickian 
manner with KH ~10z mzs~', until the cloud reaches 
gyre and ultimately basin size. This process probably occurs 
more along isopycnals than horizontally. Thus, it can also 
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move material upward. The time scale for spreading to basin 
size is centuries, which is also the time required for vertical 
processes to have mixed the contaminant upward to a height of 
3000 m above the bottom. This process competes with advection 
by mean currents and gyre-scale heterogeneities. 

3.2.7 Large-Scale Isopycnal Spreading—Stage 5 

Once materials have reached a height 3000 m above the 
bottom, they can come into contact with isopycnals that outcrop 
at the sea surface at higher latitudes. Deeper isopycnals 
outcrop at still higher latitudes; however, the net transport 
along them is thought to be downward. Thus, the highest latitude 
outcroppings of the warmer-water sphere are favored. The mean 
thermohaline circulation along these isopycnals could lead to 
outcropping at the surface from mid-depths in time scales as 
little as 30 years. Small-scale cross-isopycnal processes 
continue to act throughout this process. 

3.2.8 Alternative Pathways and Processes—Stages 2, 3, and 4 

If the diffusing material is entrained in a discrete 
eddy (0[10-102 km] in horizontal scale, also called a lens, 
generation process and statistics unknown), it could be 
transported relatively undiluted for thousands of kilometers 
before being absorbed into its surroundings. Still other 
processes may come into play. For example, a quite different 
pathway would occur for releases near western boundaries (e.g., 
near the Gulf Stream), where mixing, eddying, shearing, and 
both deep and shallow mean flows are considerably more energetic 
(up to several hundred times) than their mid-ocean counterparts, 
but in comparatively confined (i.e., long, narrow) zones. 

Additionally, material present at depth in a region just 
prior to an intermediate or deep water formation convective 
event would be mixed directly to the surface on the time scale 
of days. However, such events occur only in very limited 
regions located far from proposed sites. They are rare and 
usually involve considerable dilution. Similarly, boundary 
regions (e.g., coasts, seamounts) are suspected of supporting 
localized and relatively rapid vertical transport processes. 

No single set of processes has universal applicability. 

3.3. Dispersion Processes and Mechanisms 

3.3.1 Bottom Boundary Layer 

Some of the general characteristics and variations of 
bottom boundary layers are discussed below, based on various 
sets of currently available data. 
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The benthic (or bottom) boundary layer is the water 
adjacent to the deep-sea bottom in which the vertical gradient 
of potential temperature is significantly smaller than in the 
deep ocean interior (Figures 3.4, 3.5, and 3.6). Comparisons 
of the vertical structure of water properties in the BBL with 
those in the water above the interior region indicate that it 
is a region of relatively intense vertical mixing (Amos et al., 
1971; Biscaye and Eittreim, 1974; Armi and Millard, 1976; 
Sarmiento, 1978). 

Boundary-generated turbulence, together with differen
tial advection, is responsible for dispersion within the BBL. 
In the past, these regions have been modeled as turbulent Ekman 
layers with eddy diffusivities usually chosen to agree with a 
selected physical parameter, such as the height of the BBL. 
This approach is not entirely consistent with observations, 
particularly in regard to velocity structure and veering; 
however, objections have usually been discounted and the model 
accepted as a gross estimator. BBL models that employ second-
order turbulence closure schemes have yielded more realistic 
BBL velocity and veering structures. These models have the 
additional feature of predicting both eddy diffusivities and 
boundary layer thicknesses, the latter showing good agreement 
with observations (Richards, 1982; Weatherly and Martin, 1978; 
Peggion, 1984). 

Observations in the last decade have indicated the 
occurrence of a hierarchy of specialized processes, including 
roll vortices, frontogenesis, BBL detachment and ejection into 
the interior, enhanced mixing caused by topographic interac
tions, and BBL leakage from sloping bottoms along local interior 
isopycnal surfaces (Figure 3.2). For reference, some of these 
processes and their characteristics are listed in Table 3.1. 

Exploration of these phenomena is relatively new. Conse
quently, there are no data sets thorough enough to elucidate 
the controlling dynamics, or long enough to characterize the 
statistics. Thus, most comments about these processes are 
based on a few isolated measurements and cannot be taken as 
representative. Layer heights, vertical diffusivities, detach
ment times, and advection speeds can be estimated, but only at 
selected geographic sites and under specific hydrodynamic 
regimes. For this reason, Table 3.4, a compendium of observed 
BBL characteristics from selected sites, is included. 

By its very nature, the BBL is dominated by small-scale 
turbulence capable of mixing fluid vertically in the BBL on time 
scales that are small compared to those in the interior. Direct 
measurements of 222Rn suggest the internal mixing time is of 
the order of a few days (D'Asaro, 1982a and 1982b). Inferred 
estimates based on plausible mean eddy diffusivities (e.g., 
10"J m2s~' < Kv < 10"

2 mzs"') vary from days to weeks. In either 
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Figure 3.4. A Typical BBL Profile of Potential Temperature 
(0) and Salinity (S) from the Hatteras Abyssal Plain. The 
dashed line suggests the BBL was formed by thoroughly mixing 
the bottommost 50 DB of water (1 DB ~1 m). Two traces are 
shown, corresponding to lowering and raising the profiler (Armi 
and Millard, 1976). 
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Figure 3.5. BBL Profiles of Temperature (9), Salinity, 
Optical Transmissivity, and Potential Density (a), Showing an 
Approximately 70-m Mixed Layer at the Bottom. Note the density 
step at the top of the mixed layer, and the sequence of nearly 
uniform potential density layers above the bottom layer 
(Weatherly and Kelly, 1982). 
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Figure 3.6. Typical Variability of BBL Potential Temperature 
Profiles. All profiles are plotted relative to the bottom in 
four groups. From left to right, they are: the Hatteras 
Abyssal Plain; near 28°N, 69°40'W; near 28°N, 60°40'W; over 
topographic relief along 28°N, but east of 68°W (Armi and 
Millard, 1976). 
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TABLE 3 . 4 . BBL SITE CHARACTERISTICS 
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1 U (RouKhneas can increaae the M M 
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* a U i / f «here a is an empirical comtant. The studi 1 of Busineer and Arya (1974) luegei 

Sprular 
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?" (speed _ 

.1 cm it ') 
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4 c m » ') 
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10 

• of the drag coefficient to 

l*i»wble Mechanism*). 

Site*. «* Time Scale* 

Seek* lf> for Richange 

With Interior 
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4 d (radon drntribution) 

I monta) {presence at 

detached layers) 
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Detachment at Benthic 

F ronU- (1 week)'" 

(X1 week), (Transit time. 
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Length of Feature 
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at 18-50 
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fora planetary boundary layer to depend on lU and f i n 
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• ! x 10 , t l ' 

(2) Breciye. P. V, and S I.. P.ittreim (1974) 
(.1) Kupferman. S. I. and D. G Moore (1981) 
(4) FronU pane at 18-50 day intervala. 
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case, the time scale for vertical mixing is essentially instan
taneous compared to scales for the subsequent processes. 

Additionally, the BBL is characterized by vertical shear 
of the horizontal current which, when combined with vertical 
mixing, leads to enhanced horizontal diffusion. Thus, horizon
tal mixing is also intensive in the BBL. At selected places 
and times, such mixing may be more intensive in the BBL than in 
the deep interior flow above it. 

3.3.2 Bottom Boundary Layer/Interior Interface 

Vigorous mixing is the norm in the BBL. However, a 
mixing, density, and property front is often present at the top 
of the BBL and can inhibit exchange with the interior (Figures 
3.5 and 3.6). Thus, mixing processes across this front are 
important considerations. 

By its geometrical configuration, the deep interior flow 
can require fluid to be pumped (Ekman pumping) out of or into 
the BBL. In fact, any process that brings about divergence of 
the interior horizontal current will result in pumping. Deep 
mesoscale eddies and underlying topographic features produce 
such divergences and thus result in significant BBL/interior 
transfers. The pumping process also occurs for the general 
circulation, but is weak, as are most large-scale vertical 
exchange processes. However, this process is ongoing almost 
everywhere in the deep ocean and leads to considerable vertical 
exchange. 

Internal waves tha' exist on the interface can break and 
transfer material. In regions where the isopycnal topography 
intersects the bottom topography, material from the BBL can 
leak out along constant-density surfaces into the interior. 
Reliable rate estimates are not available, but the process is 
thought to be ongoing in selected regions. Over still more 
limited regions, where topographic features are more pronounced 
(e.g., continental rises; seamount chains, clusters, or isolated 
features; canyons; etc.), BBL characteristics are locally 
altered, leading to intensified mixing and detachment. It is 
difficult to place bounds on these interactions except to say 
they are energetic, but limited in geographic extent. 

BBL detachment is a newly observed phenomenon character
ized by ruptures in the BBL, massive ejections of BBL fluid 
directly into the deep interior, and formation of a new BBL at 
the bottom. Events are thought to occur as frequently as every 
100 days at some sites, but data are sparse. The length scales 
of the detached fluid bodies have not been determined, but are 
thought to be significant (0[100km]). 
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3.3.3 Interior Dispersion 

Within the interior of the ocean, motions having horizon
tal scales between those of salt fingers (0[10~2 m] ) and the 
general circulation (0[107 m]) occur. These motions disperse 
contaminants both vertically and laterally, diluting them and 
significantly expanding their volumes of contamination. They 
can also transport a contaminant to the vicinity of lateral 
boundaries or the free surface where other, even more vigorous 
mixing and transfer processes occur. In the sections that 
follow, we will focus on mid-ocean dispersal because it is very 
widespread. Boundary mixing processes may be vigorous, but 
they are also limited in extent. There is much yet to learn 
about boundary mixing processes. 

The rate at which a patch of passive contaminant 
disperses and deforms is determined by the physical processes 
responsible for the dispersal and/or deformation. These 
processes occur in three distinct regimes: (1) small scale, 
where mixing is on scales of a centimeter to a kilometer and 
the processes are usually parameterized as eddy diffusive; (2) 
medium scale, where deformation by mesoscale eddies dominates; 
(3) large scale, where diffusion by mesoscale eddies dominates. 

The simplest way to discuss interior dispersal is in 
terms of an instantaneous release of contaminant from a deep 
point source in the interior (i.e., the BBL has already been 
penetrated), where "point" means a few square meters in area. 
Continuous sources may be treated as a temporal sequence of 
instantaneous releases. 

Dispersal will be quantified in terms of 

• The position of the patch center 

• A length scale (D) that characterizes the horizontal 
scale of the region around the patch center where 
significant contamination is found during a single 
realization (the domain of occupation) 

• Another length scale (a) that is a diametric 
measure of a hypothetical contaminant cloud formed 
by ensemble averaging over many individual realiza
tions (the ensemble domain of occupation) 

• The vertically integrated concentrations of contamin
ant per unit area (Q). 

Our purposes are to estimate 

• How the patch-size measures, D and o, evolve in 
time after an instantaneous release 
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• How well the contaminant is mixed within a given 
patch 

• The result of a continuous release regarded as a 
temporal sequence of instantaneous releases. 

3.3.3.1 Small Scale—When D is small (assuming the 
initial patch is only a few meters square), the primary causes 
of eddy dispersion are related to smaller-scale motions, such 
as those of the inertial/internal-gravity wave field. This 
dispersal is generally modeled as a classical eddy diffusive 
process, 

dD2 a K 
dt (3.1) 

where K is a suitable eddy diffusivity. Vertical and horizontal 
diffusion occur at different intensities, reflected in Kv << 
Kh. For some processes, such as salt fingering, Kv may be 
estimated analytically. Support for these estimates and others 
often comes from laboratory experiments, but the traditional 
estimates are empirical. There are also empirical methods tc 
evaluate Kh, and it is sometimes possible to derive values of 
Kh from other processes. For example, vertical mixing induced 
by internal wave breaking, double diffusion, or interaction 
with rough topography can, in the presence of vertical shears, 
lead to intensified horizontal mixing, where the degree of 
intensification depends directly upon the rate of shear. In 
such cases, values for Kh up to 10"' m

2s~l are expected. 

In very limited regions near fronts, and possibly only 
in the upper water, values of Kh -10 m2s"' associated 
with doubly-diffusiv«» interleaving are anticipated. Such 
intense small-scale mixing is thought to be intermittent and 
limited in areal extent. 

Another small-scale dispersion possibility worthy of 
note is that governed by the Richardson law 

dD2 - const D*'3, 
dt (3.2) 

which can be expected to hold in the inertial-range scales of 
fully developed three-dimensional turbulence. There is no a 
priori reason to expect this law to apply to oceanic dispersion, 
yet many observations of dispersal on scales large with respect 
to the turbulent three-dimensional inertial range show that the 
Richardson law does apply. Thus, solely empirically, we might 
anticipate a D 4 / 1 dependence, where the constant of propor
tionality, which depends on the environment, is left to be 
determined. 
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Small-scale mixing processes are summarized in Figure 3.3 
and Table 3.3. 

3.3.3.2 Mesoscale—Adequate descriptions of mesoscale 
dispersal are elusive for at least three distinct reasons: 

• We have very little direct experience with these 
phenomena, and the available experimental data are 
recent and sparse 

• Because ocean turbulence differs from classical 
turbulence, traditional theories must be extended or 
new theories developed. Oceanic turbulence is 
simpler in some ways than classical turbulence 
because it is largely two-dimensional, but it is 
also more complicated, being statistically nonsta-
tionary, geographically inhomogeneous, anisotropic, 
and physically inseparable from the complicating 
effects of buoyancy and large-scale circulation 

• For individual realizations, we are obliged to 
characterize the dispersal of a substance on the 
same scales as the dispersing agents (i.e., the 
mesoscale eddies). 

Given these difficulties, our scenario is created piece
meal by drawing on: extant observations, including Langrangian 
statistics of SOFAR floats in general and particularly the 
behavior of closely set pairs of middepth floats which seem 
most relevant for depicting instantaneous releases; simple 
analytical ocean-turbulence models based on general principles 
of turbulence theory; experience gained in recent computer 
modeling of oceanic phenomena with eddy scales resolved. 

For D ~102 m, the primary dispersing agent is deformation 
caused by quasigeostrophic motions on the mesoscale, that is, 
motions within horizontal scales of 0(100 km). 

For D ~0(100 km), the patch size may be characterized 
by the rms distance between fluid particles originating within 
the original patch. Thus, at time t after the patch is released 

dD2 - 2 J,Uu(t)5u(t')df 
dt (3.3) 

where 5u(t) is the velocity difference between particles 
originating in the initial patch. 

To the extent that Lagrangian time rcales are independ
ent of particle separations, it may be expected that dDVdt 
will depend on D roughly as the velocity structure function 
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< I u(x) - u(o) I 2> (3.4) 

evaluated at | x | » D. 

A theoretical conjecture from two-dimensional turbulence 
theory suggests the rate of transfer of "enstrophy" (vorticity 
variance) from larger to smaller scales may control the dynamics 
of the mesoscale eddy field. Denoting the enstrophy transfer 
rate by n, the dispersal law governed by n takes the form 

dDVdt - const n1/3D2 (3.5) 

where the constant is 0(1). Thus, D is expected to grow expon
entially over the intermediate range. Although this conjecture 
derives from a highly idealized model, both SOFAR floats in the 
ocean (with D ~30 km) and balloons in the upper atmosphere 
seem to exhibit a range over which pair separations appear to 
grow exponentially. 

Another illuminating way to look at medium-scale growth 
is to note that straining caused by the mesoscale eddy field 
leads to stretching rates of roughly YL> where 

Y - <uS + vl)l/1 (3.6) 

is the rms rate of strain and L is the length of a material 
line of fluid. For 

L i <K h/Y)"
2 (3.7) 

the rate of growth by straining exceeds the rate of growth by 
small-scale eddy diffusion. This equation defines a critical 
length scale Lc - (Kh/y)

1/z as the scale where transi
tion occurs from a small-scale diffusive regime to a medium-
scale straining regime. The rule for stretching stated above 
leads to 

dDz - a, Y D? 

dt (3.8) 

which agrees with the enstrophy transfer rate formulation. 
Integration gives 

Dz - Llexp a, Y(t-t,) (3.9) 

where at is an 0(1) numerical constant, and tt is the time when 
D - Lc. Using u • 0.1 m/s and x - 100 km gives Y • 10"' s"1. If 
Kh - 10"' m

2s _ 1 (a typical value), then Lc - ( K „ / Y ) " 2 - 100 m 
is the critical length that separates the small- and medium-
scale domains. 
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An interesting aspect of dispersion by mesoscale eddy 
deformation is the possibility of streaky contaminant fields 
(Garrett, 1981 and 1983). This process is not at all like 
Fickian diffusion. Rather, wisps of undiluted contaminant are 
entrained in the deformation field and are drawn out into fila
ments which can be quite long, thin, and sinuously convoluted. 
Initially, they are relatively undiluted, so the local con
taminant concentration can be anomalously high. As the fila
ments elongate, concentration within them diminishes, but not 
as rapidly as it would in a turbulent mixing process. The domain 
of occupation is thus characterized by tangles of thin strings 
of highly contaminated fluid marbled within wider regions of 
uncontaminated fluid. Diffusion plays a role, but, it is 
thought, only to prevent the contaminated filaments from becom
ing too thin (i.e., not thinner than (Kh/Y)

1/Z) and in 
the final stages, when the domain is almost completely marbled, 
to «"nooth small-scale irregularities in the concentration 
field. 

The possibility of streakiness leads to another note
worthy time scale: The time when contaminant streaks "paint 
out" the domain of occupation. The volume covered by streaks 
is roughly L (Khy) (i.e., streak length times streak width 
squared). Since Khy (streak area) is a constant, streak 
volume increases as exp a2yt through its dependence on L. 
Because streaks cannot be expected to grow at the same rate in 
orthogonal directions, and because they can bend back on them
selves, the domain of occupation is not expected to increase as 
the cube of the length, L (i.e., ai 4 3a2), but at a value some
what less than 3<x2 . The domain of occupation grows then as 
exp alyt while the streak volume grows as exp a2Yt where a2 < 
ai < 3a2. Thus, the streak volume grows at a slower exponential 
rate than the domain of occupation. Once the domain of 
occupation reaches the eddy scale (in about a year), its growth 
rate slows to that of a diffusion-like process, but with 
diffusivity >> Kh. The streak area, however, continues to 
grow exponentially, and so can catch up to the domain of 
occupation. Eventually (i.e., a little more than a year), the 
domain of occupation becomes painted out by contaminant streaks, 
which is thought to end the phase where streakiness is 
important. These processes are summarized in Table 3.3. 

The streak model offers advantages in that it is easily 
visualized and thereby stimulates intuitive speculation. 
Because it can be solved analytically, the model provides 
relatively simple expressions for critical scales, as well as 
showing interrelationships among flow parameters. In part, 
that is why we discuss it here. Note that the objective 
identification of a material line may become difficult as D 
approaches the eddy scale, as streaks begin to kink, fold, and 
mushroom (Holloway, 1982). Should this occur, streaks might 
persist beyond the time predicted for their being painted out; 
how ,/er, their concentrations will have been considerably 
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diminished. Numerical experiments aimed at discovering suitable 
eddy diffusivities for dispersion by mesoscale eddies have been 
carried out by Haidvogel et al. (1981), Haidvogel and Keffer 
(1984), and Holloway and Kristmannsson (1984). 

Mesoscale eddies can usually be traced over several 
characteristic time scaxes while they propagate, usually to the 
west. The eddies are, in some cases and to some extent, wave
like rather than advective, in that eddy velocity and pressure 
fields can propagate, but the water cannot. However, a totally 
advective discrete eddy or "lens" was reported by McDowell and 
Rossby (1978) and other examples have since been found. Dis
crete eddies are isolated mesoscale patches of water that 
propagate, together with their local velocity and pressure 
fields, over large distances (0[103 km]) and undergo little 
mixing or exchange with surrounding water. Little is known of 
their properties or statistics, but these patches are of 
considerable interest since they can transport a water mass 
isopycnally over great distances without significant dilution. 
Recent measurements suggest lifetimes of several years are 
possible. 

3.3.3.3 Large Scale—It is thought, but not conclusively 
proven, that the energy density of mesoscale eddies decreases 
at scales significantly greater than the internal Rossby radius 
of deformation. If that is true, when D greatly exceeds that 
scale (i.e., after about one year), exponential growth is 
expected to cease. The eddies would then begin to act as 
turbulent mixers for the larger-scale field, and an eddy-disper
sive regime is expected to resume (i.e., dDVdt a KH, 
where KH is a mesoscale eddy diffusivity, and KH >> Kh 
[typically KH ~103 mzs~l; see Table 3.3]). This 
regime is expected to hold for D ~100 km to gyre scales. 

A remarkable supporting result from SOFAR float disper
sion is the discovery (Rossby et al., 1983; Price, 1984) that D 
grows linearly with time in an eddy-dispersive regime. This 
observation implies eddy diffusivities proportional to eddy 
kinetic energy levels. In the Northwestern Atlantic, the 
predicted values of eddy diffusivity would range from 102 to 
104 m 2s~\ 

Océanographie flows on these larger scales have been 
studied for a long time in general circulation studies. They 
include large-scale water movements that disperse material 
throughout ocean basins and between oceans, and that ultimately 
bring contaminated water to the ocean surface. The primary 
concern for SWG studies is to determine where material from a 
given bottom source is most likely to reach the surface, how 
long this process will take, and roughly what concentrations 
can be expected. To determine these reliably, it is necessary 
to understand the processes by which water from the deep ocean 
is transferred to shallower levels, the rate of these processes, 
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and the extent of dilution. Thus, information on the nature of 
the flow in the deep ocean, the processes that transfer water 
between layers and gyres, and the rates of this transfer is 
required. Unfortunately, knowledge of these processes is 
limited. 

There is a qualitative notion of large-scale general 
circulation based on the distribution of certain conservative 
and nonconservative characteristics, such as temperature, 
salinity, oxygen, and density (see Chapter 2). The large-scale 
distributions of such properties suggest that a dissolved 
material generally circulates along surfaces of constant 
potential density. This, together with very elementary model
ing of vertical diffusion in the deep ocean and information on 
the oceanic distribution of l4C, a long-lived natural 
radioisotope, permit one to make crude estimates about where 
and when material released from the deep-sea bottom would reach 
the surface ocean. Common estimates, that can really be 
considered only as a basis for discussion, are that material 
released at the bottom in the Northern Pacific Ocean will 
surface at high southern latitudes after several hundred years. 
Material released in the North Atlantic will surface in about 
the same time, at high southern or northern latitudes, depending 
upon the rate of cross isopycnal transfer by vertical diffusion. 
These estimates are summarized in Table 3.5. 

Other roughly similar estimates are also possible. For 
example, in the interior of the ocean, isopycnal surfaces are 
sufficiently close to horizontal that there is essentially no 
difference between horizontal and isopycnal mixing. However, 
at higher latitudes, these surfaces tilt more steeply and out
crop. The shallowest density surfaces outcrop first followed 
by the deeper ones, as illustrated by the GEOSECS" section 
through the western basins of the North and South Atlantic 
(Figure 3.7). These isopycnals, tilting upward to the north 
and south, are the principal pathways along which surface waters 
may communicate with and ventilate the deep world ocean. The 
deep water (< 2°C) along the western Atlantic GEOSECS section 
is essentially the product of mixing between the northern and 
southern source-waters. From anomalies (due to radioactive 
decay) in the 14C versus salinity relationship in this deep 
water, Broecker and Peng (1982) estimated the mean ventilation 
time of the deep western Atlantic to be about 180 yr. 

Further afield, Broecker and Peng's views of the 
generalized spreading pathways for the deep water of the world 
ocean are illustrated schematically in Figures 3.8 and 3.9. 
This spreading is generally believed to be accomplished via 
narrow deep western boundary currents. The patterns shown are 

9 GEOSECS—Geochemical Sections, a US research program. 
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TABLE 3.5. COMMON TIME SCALES FOR LARGE-SCALE CIRCULATION 
RETURNING MATERIAL TO THE OCEAN SURFACE 

Northern N. Pacific 

From Bottom to 2000 m depth 300 yr 
Along Isopycnals to Outcrop in Antarctica 50 yr 

(11,000 km @ 1 cm/s) 350 yr 

Nares Abyssal Plain 

From Bottom to 2000 m depth 200 yr 
Along Isopycnals to Outcrop in Weddell Sea 30 yr 

(outcrop could be in another basin; i.e., 230 yr 
Labrador or Norwegian Seas) 

Great Meteor Table Mountain 28°N, 28°30*W 

Time Scale and Possible Locations of 
Outcrops May Not be Significantly 
Different from Nares Abyssal Plain 
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30°S 10°S 

Figure 3.7. Isopycnals in the Western Basins of the North and 
South Atlantic. 



60*W 20"W 20°E 60°E 100°E 140°E 180°E 140°W 100°W 

Figure 3.8. Flow Patterns at a Depth of 4000 m. The major 
inputs are North Atlantic Deep Water (NADW) and Weddell Sea 
Bottom Water (WSBW) as indicated. 
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Figure 3.9. A Global Flow Pattern of Deep (Solid Lines) and 
Surface (Dashed Lines) Water Flows. Open circles indicate deep 
water formations. Black circles represent distributed upwelling. 
Wavey lines in the vertical section indicate particulate fall
out. Thinner lines represent the vertical circulation of the 
water. 
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of course oversimplifications; as Broecker and Peng point out, 
if one followed any single water molecule, one would find its 
path highly tortuous. It would be found moving upstream and 
across stream about as much as it moved downstream. Neverthe
less, it is possible to estimate the ventilation time for 
world-ocean waters deeper than 1500 m at about 670 yr. Though 
uncertainities remain (principally regarding the rate of 
formation of "southern component" deep water), this result 
appears consistent with current meter results from key gaps and 
passages through which the deep circulation must pass. 

For still further comparison, Figure 3.10 gives the 
relative age (with respect to the source) of ' 4C in the deep 
oceans of the world, calculated using the abyssal circulation 
model of Kuo and Veronis (1973). In this model the relative 
intensities of advective and diffusive processes have been 
adjusted to yield an oxygen distribution similar to that 
observed in the deep ocean. The results are clearly of a 
similar order to those of Broecker and Peng, even though they 
derive from an idealized ocean model, rather than from direct 
observations. In general, agreement by a factor of 2 or 3 
among the various estimates is regarded as good. As was said, 
these are back-of-the envelope calculations. 

3.3.3.4 Continuous Sources—The result of a continuous 
release of contaminant can be treated as the net effect of a 
series of smaller, instantaneous releases that occur sequen
tially. The cumulative domain of many similarly aged particles 
may occupy a larger area than any typical patch, since the 
centers of the various patches need not necessarily coincide. 
Indeed, as the number of independently displaced superposed 
patches becomes large, the resulting concentration field 
approaches the probability density function of single particle 
displacements. Thus, the superposed field could become smooth, 
even though individual patches did not spread laterally. 

If T E is the Eulerian velocity correlation time at 
the release site, then a release of duration T tends to resemble 
n « T/XE statistically independent releases. Observed 
statistics of concentration for positions "not too far" may be 
expected to tend toward a Gaussian distribution by the Central 
Limit Theorem (i.e., the occurrence of contaminant at any 
position and time may result from a number of statistically 
independent events or pathways). At greater distances, fewer 
pathways are available and convergence toward normality is 
expected to be slower. 

3.4 Applicability to Specific Sites 

The oceanic dispersal of dissolved materials from an 
instantaneous point source on the bottom has been outlined in 
preliminary form, and the results summarized in Figures 3.1, 
3.2, and 3.3 and in Tables 3.1, 3.2, 3.3, and 3.5. Although 
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the basic scenario is tailored to be readily applicable to 
mid-ocean sites in the North Atlantic and North Pacific, the 
material presented may be applied to other sites in the world's 
oceans. To do so, one must ask: (1) What are the BBL character
istics at the site? (2) What are the most likely BBL/interior 
exchange mechanisms? (3) What small-scale processes are 
operative and how strong are they? (4) What are the deep-eddy 
kinetic energy levels? (5) Is the region quiescent, diffusive, 
and/or advective? (6) Are there any intensive currents or 
other processes nearby? (7) What are the dominant upper water 
processes? One can then select the most likely set of pathways 
and trace the material, process by process, from the bottom to 
the surface. Care must be taken to consider those alternative 
pathways that, although improbable, are either particularly 
efficient or that have the potential of directing contaminants 
toward densely populated regions of the ecosystem. 

3.5 Risk Assessment Measures for Various Pathways 

Risk assessment is a specialized and unique discipline 
in its own right. SWG risk assessments fall into the general 
purview of the RATG, which will carry out its calculations on 
the basis of specific quantitative information provided by the 
POTG and other SWG task groups. To help illuminate the purpose 
and function of these POTG inputs, it is useful to consider in 
a very general way how risk assessments are formed. 

There are three risk assessment calculations of basic 
interest to the ocean modeler. All three calculations estimate 
the amount of radioactive material or dose that individuals or 
groups can be expected to receive, given specified source 
characteristics. They are distinguished by the three different 
types of pathways along which released material might reach the 
individual or group. Each case is described below. 

3.5.1 On-Site (Regional) Pathways 

This is a worst case estimate; that is, given that a 
source exists in deep water on the ocean bottom, what is the 
most direct route to man? It is not required that the route be 
plausible, only that it be possible. Such pathways are usually 
referred to as "hypothetical." Ingestion of seafood is the most 
direct route, although other pathways such as mining could be 
considered. It is assumed that bottom-dwelling creatures become 
contaminated due to a hypothetical release. Radioactive material 
is ingested on-site by deep scavengers and predators. After a 
one- or two-step food chain, they are ingested in quantity by a 
hypothetical consumer such as a deep-water biologist who decides 
to devour this unusual and very expensive catch. As the entire 
process takes place within a few hundred kilometers of the 
source, a source-centered REM analysis with sedimentary and 
biological interfaces is sufficient to provide local concentra-
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tions for these hypothetical pathways. Such an analysis is 
shown schematically in Figure 3.11. 

3.5.2 Off-Site (Remote) Critical Pathways 

This is again a worst case analysis, but this time only 
plausible pathways are considered. Given a deep-sea source on 
the bottom at a specified location, and given actual oceanic 
conditions (modeled) for that environment, what are the path
ways (also modeled) that result in the highest level of poten
tial contamination? For example, given that commercial 
fisheries do not exist in the deep ocean, how does the con
taminant spread throughout the ocean and when does it arrive at 
places where it is likely to contact humans or be taken up and 
introduced into products used commercially for human consump
tion? These are the kinds of estimates made in Section 3.3. 
However, for responsible risk assessments, much more reliable 
models would be required. Assuming a site in the stable geo
logical formations of the North Atlantic, it would be necessary 
to embed a regional eddy-resolving model locally over the site 
to account accurately for the initial dispersion, and to charac
terize the source appropriately for the coarser model. The GCM 
provides coverage for larger-scale mean flows with parameterized 
eddy dispersion, and again high-resolution models can be embed
ded regionally at places where consumption, by whatever means, 
is likely to take place, and to include appropriate geochemical 
and/or biological interfaces in these embeddings, depending upon 
the needs. This calculation is depicted schematically for the 
eastern coastline of a North Atlantic-like model in Figure 3.12. 
Deep wastes disperse to the west, cross the boundary current, 
enter the food chain of an active commercial fishery, and are 
consumed by members of a coastal population (the critical 
individual and/or group is assumed to have a very high seafood 
consumption rate). 

3.5.3 Collective Doses 

Having singled out plausible worst cases and hypothetical 
worst cases, it is also important to trfat the mean or average 
case. This case is similar in océanographie circumstances to 
the previous case, but here we exclude unrealistic seafood 
consumers or high external dose possibilities and evaluate the 
dose considering average consumers from all groups. In this 
case, the burden is spread over the population as a whole, so 
it is important to include effects of all known sources of 
deep-ocean contamination simultaneously, as well as all plaus
ible pathways to man. Such a numerical model calculation is 
depicted schematically in Figure 3.13. This case requires 
accurate estimates of the resultant global distributions of 
released materials. 

These three pathway calculations pertain to deep-water 
sources (i.e., releases from properly emplaced canisters or for 

-80-



Geophysical Processes Biological Processes Modeling Strategy 

J7I 

Human Dose: Fisherman 

Catenas anrf Consumas 

Fish on Sit* 

(Further Processes 
InconstquentSaT) 

Stirring Without Mutton 

Patchlness 

Dispersion • Dilution: 

Small-Scale Mixing 

Lead to 
Direct «Food Chain 

Doses to Deep Predators 

• Scavengers 

Rapid Diffusion Into 

Bottom Boundary Layer: 

Partitioning 

Leads to Direct ft Food Chain Doses 

to Mobile Oetrttal Feeders 

NudkJe Diffuses Into 

Bfoturbated Sediments 

Leads to 
I 

Contaminated Sediment 

A Bottom-dwelling Fauna 

1 Regional Eddy Resolving M o d e l / 

{with Goochemlcal Component 

Embedded 
Blogeochemkal 

Deep-feeding 
predators 

(eg., rattall) 

Deep-feeding 
, scavengers 

E(e.g., squid) 

Embedded 

/ 

7 7 7 7 7 7 7 7 

400-
lOOOhm 

/ 

7 7 7 7 7 7 7 7 7 7 ? 
Bottom Fish Trap: 

Source Possible Direct 
Pathway 

Figure 3.11. On-Site (Regional) Critical Pathway (Figure by M. 
Marietta and W. Simmons). 

-81-



Contaminant Plum* Adverted 
by Mean Currants and Expanded/Diluted 
by Internal Mixing Procassas 

GCM, Wind and Tharmal Forcing 
With Coasts and Topograpy, Biogeochamlcal 
Intartacas and Embadded REMs 

REM (wtthTBL, coastal 
Interface, ft coastal 
Mogaochemlcal components). > 

Located on productive 
Ashing site , 

• REM with TBI 
BentMc and Blogaochemlcal 
Component (sea onslte 
critical pathway) 

Source 

Biological Processes (respiration, 
Ingestion, egestlon, retention, CFs) 
Lead to Contamination of Benthlc 
Fauna and Nekton 

Food Chain 

Geochemlcal Processes Partition 
Contaminant: DlsolveoVSorbed A 
Suspended/Bottom-deposKed 

Physical Processes Spread, 
Expanded, ft Mute Contaminant 

Fisherman Catches and 
Consumes Contaminated Fish 

Figure 3.12. Off-Site Critical Pathways. A pollutant plume 
from a hypothetical deep ocean source is shown with a regional 
eddy-resolving model embedded at the source. The average plume 
is shown meandering northward, encountering a deep current sys
tem, and being swept southwestward, expanded, mixed vertically, 
and diluted. The diluted plume encounters a shallow current 
traveling in the opposite direction as the affected region 
enlarges geographically (Figure by M. Marietta and W. Simmons). 

-82-



GCM (including sit»- and sink-embedded REMs 
and coastal Interfaces) predicts spreading, 
dilution, space & time scales, amplitudes and 
partitioning -* marine ecosystem doses 

Fish Harvest 
Data 

Seaweed Harvest 
Data v_z 

Usage 
Data 

00 
00 

Human Consumption 
& By-Product Data 

Population Dose 

Georges Bank 
Fishery 

Low-Level 

- - " ^ * 
^ Great Mo'eor East 

— s 

North Sea 
Fishery 

$5 
African 
Fishery 

Falkland Shelf 
Fishery // W 

1 

Figure 3.13. Collective Dose Calculations. Pollutant plumes 
from several hypothetical deep ocean sites are shown in plan 
view. Their combined effects spread throughout the basin 
following mean current patterns (Figure by M. Marietta and W. 
Simmons). 



deep-water accident scenarios). Accidents in the shelf/slope 
region cannot be treated using present POTG models. Such 
releases require special dynamical models specifically designed 
for shallow water and shelf/slope physics. Such models exist, 
but the POTG program was terminated before the capability could 
be included. 

It is well to keep these definitions and figures in mind, 
as they form the basis for many of the modeling decisions and 
field data acquisition. 

3.6 Summary and Conclusions 

Although definite laws governing dispersion on small, 
intermediate, and large scales have been put forward, it must 
be emphasized that they are preliminary and intended only to 
focus thinking and planning, that there is no universally 
accepted quantitative theory to predict dispersion in any of 
these regimes, and that measurements are too few to be defini
tive. Thus, we do not know that five distinct dispersion 
regimes exist, or that there are simple, reliable quantitative 
estimates of dispersion within them. Further, we cannot predict 
reliably how dispersion varies geographically or when or how it 
is expected to be significantly anisotropic. Nevertheless, the 
equations and ideas given here are useful and are the best 
simple ideas available at this time. Basically, they say that 
time-scales for bottom to surface dispersion are roughly two to 
twenty centuries, that outcrops at high latitudes and/or regions 
of high local eddy energy are plausible, and that dilutions are 
difficult to estimate simply with certainties worth recording. 
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CHAPTER 4: MODELS FOR OCEAN DISPERSION STUDIES: AM OVERVIEW 

Since the principal ocean basins of the world are inter
connected and exchange water, dispersion models for risk assess
ments must be fully global to at least some resolution and 
accuracy. Small-scale resolution and global domains are not 
possible at the same time on present day computers. Therefore, 
a careful balance must be struck between adequate forecasting 
detail, reasonable computational running efficiency, and the 
accuracy requirements of the forecast. To strike such a balance 
within the framework of known and accepted models, POTG modelers 
outlined in their work plan (Appendix B) the development of a 
series of nested ocean models for applications from source to 
global scales. The primary aim was to develop three-dimensional 
regional-scale and large-scale models with boundary layers that 
could be interfaced in a physically realistic way to trace the 
evolution of waste material from a hypothetical localized 
release at the bottom through increasing space and time-scales. 
The nested model domains reflect the process-oriented dispersion 
scenario presented in Chapter 3. However, the models solve 
numerically discrete approximations of the governing initial/ 
boundary value problems, producing three-dimensional flow fields 
and tracer distributions that are stepped forward in time. The 
models can also be applied, individually or together, to any of 
various related problems involving realistic physical configura
tions of the ocean. 

This chapter describes the models included in the present 
hierarchy. Their development philosophy is discussed in the 
introductory chapter. It is important to remember that the 
modeling hierarchy is also used to assimilate and interpolate 
observational data and to provide the underlying circulation 
that drives the Mark-A box model used for risk assessments. 
Further, using rich data sets, the regional forecasts serve as 
important validation exercises to verify that physical processes 
and parameterizations used in the models are sufficient for the 
intended applications. 

Because the models and the interfaces between them are 
modular, any one of them can be removed and replaced by an up
dated version without causing serious redesign problems in the 
hierarchy as a whole. This is a principal feature of the modu
lar hierarchical design, but there are other advantages. Because 
each module of the hierarchy has its own special data require
ments, all types of physical océanographie data are brought 
into the problem (i.e., current meter time series, hydrography, 
floats, satellite imagery, etc.) and interrelated by it. In 
addition, the hierarchy itself serves to couple geochemical and 
biological process models to the physical models in an inter
active, integrated way and with them come the assimilation of 
geochemical, particulate, and biological data to form a com-
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plete interfaced system. Thus, the model structure serves as a 
data assimilator and interpolator, and as a predictive tool. 

The method brings together current knowledge of ocean 
processes and synthesizes this knowledge through numerical 
models. The processes and therefore the models are inherently 
complex. Careful and detailed sensitivity studies of computa
tional ana physical parameters are required, followed by statis
tical studies of model fields from dynamic calculations, 
release simulations, and process studies. These identify and 
characterize the important processes that bear upon evolution 
of material released from specific deep-sea sources. 

4.1 Elements and Interfaces of the Ocean Modeling Hierarchy 

The names of the present elements (models) of the model
ing niera :y are listed below. The remainder of the chapter 
is composed of brief descriptions of the various models, their 
interfaces, and the data that support them. The water column 
physical models are 

• Regional eddy-resolving models (REMs) and the Ocean 
Descriptive/Predictive System (ODPS) 

• General circulation models (GCMî) and world ocean 
models (WOM), including a new SNL primitive equation 
GCM called the Sandia Ocean Modeling System (SOMS) 

• Box models (BXM). 

The special process models and interfaces are 

• Turbulent and bulk boundary layer models (TBLMs), 
both surface and bottom 

• Coastal processes models (CPMs) 

• Geochemical processes mod' is (GPMs) 

• Biological processes models (BPMs) 

• Embedding and other important interfaces. 

The supporting data are 

• Historical 
• Process 
• Study location 
• Simulated. 

The elements, principal interfaces, and interrelationships are 
shown schematically in Figure 4.1. 
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4.2 Regional Eddy-Resolving Models 

An eddy-resolving, open-ocean, guasigeostrophic (QG), 
regional-scale model (REM) has been developed that includes: 
(i) a surface boundary layer component with thermal and 
mechanical forcing; (ii) a bottom boundary layer component with 
realistic topography; (iii) particulate scavenging and other 
geochemical processes. This model operates on computational 
domains up to 2xl03 km on a side and uses a spatial grid of 5 
to 15 km. Smaller-scale processes are parameterized in the 
interior flow, but can be resolved in the fully turbulent 
boundary layers, where the model resolution can be greater. 

The model in present use is an open-ocean (boundary 
conditions allow fluid and tracer to move freely across domain 
boundaries), regional-scale numerical model (1000-km domains 
with 5- to 15-km grid sizes) that simulates in detail real-ocean 
variable eddy and/or current fields. The field equations are 
baroclinic and quasigeostrophic, and the model accommodates 
realistic topography within the QG assumption. Rotational 
effects are included through a variable Coriolis parameter, 
whereas buoyancy effects (except for internal waves) are 
included through the Boussinesq approximation. The vorticity 
equation is time-stepped level-by-level, and the streamfunction 
is derived from a Poisson equation. Charney-Fjortoff-von Neuman 
boundary conditions are used: that is, the streamfunction is 
prescribed for inflow and outflow, while the vorticity is 
prescribed for the inflow only. A finite-element formalism is 
used for spatial integrations, which are fourth-order accurate 
in the horizontal. Finite difference or collocation is used in 
the vertical and is second-order accurate. Temporal integra
tions are also second-order accurate. The horizontal structure 
is described by Haidvogel et al. (1980). Applications are given 
by Robinson et al. (1985, 1987a, and 1987b) and Marietta and 
Robinson (1986). The vertical structure is described by Miller 
et al. (1983). A simple, physically-motivated presentation of 
the overall model is given by Robinson and Leslie (1985). 

Eddies are particularly important (Section 3.2). Not 
only can they interact with one another and with the mean flow, 
but they can also reach to seafloor topography. In the open 
ocean, they can efficiently transmit energy (but not fluid) 
from shallow water to deep and can drive deep, large-scale 
circulations. 

Horizontally, the eddies carry both water and dissolved 
or suspended material. The latter may be drawn out and made 
streaky without being diluted by internal deformation fields. 
Gradual mixing across frontal boundaries eventually dilutes the 
streaks. Eddies are also thought to be the primary mixing 
agents for the larger gyre-scale flows. 
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The computational parameters for the model are the 
spatial (horizontal) and temporal resolution and the number of 
levels. To control the enstrophy cascade and, thereby, the 
calculational stability, the fields must be filtered. This is 
done using a Shapiro filter (Shapiro, 1970 and 1971; Haidvogel 
et al., 1980). The filter introduces new numerical parameters, 
namely the order of the filter, the number of iterations per 
application, and the number of time steps between successive 
applications. To understand how to apply the filter correctly, 
detailed sensitivity studies had to be carried out on these 
parameters. These studies are discussed in detail by Robinson 
et al. (1987b) and Marietta and Simmons (1987a). 

If real-time, site-specific data are available, they are 
analyzed objectively and used to specify initial and boundary 
conditions for the model runs. This is the preferred mode and 
is employed when doing real predictions as described in the 
introduction. In the absence of real data, a linear combination 
of Rossby waves (4 or more) with scales characteristic of the 
region can be used as drivers. In this case, only interior 
points of the simulated domain are used and generally only 
statistically. With initial and boundary conditions specified, 
the nonlinear field equations develop an eddy-dense flow field 
in the interior of the computational domain. Updated boundary 
conditions are required from time to time and the field evolves 
accordingly. The time history of the flow field is retained 
and tracer plumes or particle releases are introduced at differ
ent points in space and time and allowed to disperse throughout 
the flow history. This modeling effort is directed toward site-
specific, realistic simulations of open-ocean domains of 
potential importance, as sites embeddable in the hierarchical 
system, as study areas for model development (e.g., NOAMP, 
California Current System [CCS], and SNAP), as sites for model 
validation and verification (e.g., NOAMP), or as regions of 
critical impact such as fishing grounds or other high productiv
ity near-shore zones. 

For assessment applications or monitoring in an opera
tional mode, REMs would be located on the basis of increased 
resolution and/or accuracy needs. For monitoring, these would 
be in anticipated radionuclide source and sink regions (Figure 
4.2). However, for model development and verification, data-
rich and critical process regions have been selected. Potential 
and actual study locations include those shown in Table 4.1. 

The REMs presently in use are based on the Harvard 
University Open Ocean Model (Haidvogel et al., 1980; Miller et 
al., 1983) with turbulent boundary layers developed at Sandia, 
in collaboration with Dr. G. L. Weatherly. Two models have 
been used for process studies outside of the hierarchy. One 
was developed by Dr. D. Haidvogel and applied to POTG-related 
problems in collaboration with Dr. P. Gurbutt. Another, 
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TABLE 4.1.POTENTIAL AND ACTUAL STUDY LOCATIONS 

Coordinates 
Name (Nominal) 

NEA Study Locations: 

Great Meteor East (GME) 30°N 28°W 
Southern Nares Abyssal Plain (SNAP) 23°N 64°W 
Kuroshio Extension Region (E2) 30°N 150°E 

Other POTG Study Locations: 

Polymode Region 28°N 70°v< 
NordOstAtlantisches Monitoring 

Program (NOAMP) site 47°N 19°W 
Hatteras Abyssal Plain (HAP) 30°N 70°W 
Gulf Stream Region (GEOSAT data) 40°N 60°W 
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developed by Dr. K. Richards, was dedicated to bottom boundary 
layer problems (specifically, waste disposal) and is also 
discussed in Chapter 7. 

4.3 General Circulation Models 

General circulation models (GCMs) are generally not 
quasigeostrophic, but solve the so-called primitive equations 
(e.g., conservation equations for mass, momentum, and energy). 
Their domains are usually expanded to basin, hemispheric, and 
even global scales. To keep them computationally manageable, 
their grid sizes must be expanded correspondingly (from 100 to 
200 km at mid-latitudes). Consequently, mesoscale eddies, 
which are important in dispersion processes, can no longer be 
well-resolved. Instead, their effects are usually accounted 
for by subgridscale parameterizations. A modeling goal is to 
develop a GCM numerically efficient enough to run eddy-resolving 
simulations in a basin. Progress in that area has been made 
through the Sandia Ocean Modeling System (SOMS), and is 
reported herein. 

The present GCM (Byran, 1969; Semtner, 1974) is a 
geometrically simplified model (Figure 4.3) of the North 
Atlantic designed primarily for a systematic investigation of 
the sensitivity of computational and physical parameters, 
particularly focusing on vertical velocity calculations and the 
transient nature of prognostic calculations (Figure 4.4). In 
this configuration, it is called the POTG test problem (see 
Chapter 6). Thermodynamic and wind forcing are idealized 
(Figure 4.5). The model preserves the important water masses 
(e.g., model counterparts of Norwegian Sea Water, Mediterranean 
Sea Water, and Antarctic Bottom Water) and predicts the princi
pal currents (e.g., the Western Boundary Current and Western 
Boundary Undercurrent). It has been successfully converged and 
intercompared on an international basis (Robinson and Marietta, 
1985; Marietta and Robinson, 1986). 

The basic test problem has also been modified, one item 
at a time, to include Mediterranean basins, a South Atlantic 
basin, a mid-Atlantic ridge, realistic coasts and topography, 
and high resolution studies. The strategy is to gain under
standing of each of these effects individually before super
imposing them to convert the test problem into a realistic 
model of the North Atlantic. 

The goal in the wo^k plan was to develop a realistic 
North Atlantic model for dispersion of the important radio
nuclides, as determined by RATG sensitivity analyses, and also 
to coarsen the grid to form a box model, for the RATG that would 
in turn be driven by flows extracted from the GCM. This wor 
was not completed and, in fact, the idealized test problem was 
used to provide driving flows to compare with the NEA (1985) 
flows used in the RATG's calculations. 
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Figure 4.3. Box Configuration for the POTG GCM Test Problem. 
The level surface is 50° wide east-west, and 40° long north-
south, from 15°N to 55°N. There are six levels in the vertical, 
which are from top to bottom: 50, 200, 500, 800, 1000, and 1200 
m thick. A western boundary current (WBC) and undercurrent 
(WBUC) arise naturally in the calculations, as does a dee 
water formation zone (DWF) which corresponds to the Norwegia 
Sea Water (Figure by W. Simmons). 
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Figure 4.4. Level-by-Level DTEMP (Change in T between Succes
sive Time Steps Normalized by Level Volume), Above, and Energy, 
Below, for the Revised GCM Test Problem (Figure by E.S. Hertel). 
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Figure 4 .5 . Surface Driving for the POTG GCM Test Proble 
(East-West Wind Stress , xx , in dynes/cm2; Temperature, T, 
in Degrees C; Sa l in i ty , S, in °/00) (Figure by E. S. Hertel 
and W. Simmons). 
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4.3.1 New GCMs 

4.3.1.1 The Sandia Ocean Modeling System (SOMS)—The 
Sandia Ocean Modeling System (SOMS) is a system of three-dimen
sional, fully-conservative, partially-implicit numerical models 
based on primitive equations and a staggered Arakawa "C" grid. 
A thin-shell bottom boundary layer submodel coupled to a free-
stream submodel resolves boundary layers with realistic topo
graphy. Both submodels use stretched vertical coordinates and 
an optional Mellor-Yamada level-2.5 turbulence closure. Rigid 
top pressures are determined by vertical integration of the 
conservation equations using a hydrostatic approximation. The 
SOMS reproduces previously published results, but with notable 
advantages in speed and economy (Dietrich et al., 1987; 
Dietrich and Marietta, 1987; Roache and Dietrich, 1987). 

4.3.1.2 The French GCM—In September 1985, V e Commis
sariat a l'Energie Atomique (CEA) began working r>r a French 
contribution to the GCM test problem intercomparis n for the 
POTG. The French general circulation model has been adapted to 
the test problem and is now operational. 

The initial test problem was designed as an inter-
comparison among several versions of the Bryan-Semtner model. 
However, the French model is different in several numerical 
features, including an Arakawa "C" grid instead of a "B" grid, 
an enstrophy-conserving, momentum-advection scheme instead of 
an energy-conserving scheme, and an Asselin time filter instead 
of Matsuno time stepping. Consequently, the intercomparison 
exercise was reconsidered, and new studies were designed. 

4.3.2 World Ocean Models 

World Ocean Models (WOMs) are GCMs whose domains have 
been expanded to global scales. In this report, the term GCF 
will be used without restriction as to maximum domain, and 
therefore will supplant the term WOM. 

A dedicated world ocean model has been developed at the 
Deutsches Hydrographisches Institut in Hamburg (Bork et al., 
1983). It represents the océanographie component for a theo
retical investigation of the ocean-atmosphere interaction or 
climatological time scales. The response of the ocean tc 
temporal and spatial climatic variations takes place over large 
time periods. Consequently, a drastic minimization of comput
ing-time requirements is necessary. This is accomplished bi 
eliminating waves that have rapid propagation speeds and b> 
simplifying the remaining equations for barotropic and baro-
clinic Rossby waves. The physical reasons for these reduction: 
in the equations of motion are explained by Hasselmann (1982) 
and Meier-Reimer et al. (1982). 
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4.4 Box Models 

Box models (BXMs) treat domains similar to those of 
GCMs, but with absolutely no dynamics other than those contained 
implicitly in the averaged transport patterns that are external
ly imposed. Grid sizes are typically 103 km or more in the 
horizontal and 10* to 103 m in the vertical. Volumes of 
water of order 10IS m and more are thus characterized by a 
single temperature, single salinity, and single concentrations 
of other chemical constituents. This extreme physical simplic
ity is intentional to assure rapid, low-cost, easily-run simula
tions suitable for sensitivity or other repetitive studies 
carried out by the RATG. 

The box model used in the present risk assessment is 
called the Mark A. It subdivides the North Atlantic into four 
three-layer boxes completely congruent with the POTG test 
problem domain (Figures 4.6 and 4.3). The polar zone is a 
single two-layer box that corresponds to the high latitude zone 
of the test problem. The South and Equatorial Atlantic Oceans 
are a single three-layer box, and the remaining world ocean 
waters are a single two-layer box. Lass-conserving box-to-box 
transports, extracted from the GCM test problem simulations, 
are imposed on the Mark A, and the associated ordinary 
differential equations to conserve heat, salt, and other 
chemical constituents are written. These govern the time 
evolution of the dispersion. Advection, diffusion, and 
recirculation are the principal exchange mechcnisms. Each 
physical box may be overlaid by geochemical and particulate 
(scavenging) process models having (presently) six boxes from 
the surface to the deep sediments (Figure 4.7). Ultimately, 
biological process boxes should be added. 

4.5 Turbulent Boundary Layer Models 

Turbulent Boundary Layer Models (TBLMs) are specialized 
models whose dynamics effectively treat the transition zone 
between interior flows and the surface and bottom boundaries of 
the domain. Because of the high shears encountered, these 
regions are generally turbulent and therefore well-mixed by 
small-scale processes. TBLMs can be interfaced with both REMs 
and GCMs or run separately at very high resolution for special
ized process studies. 

The Sandia Turbulent Boundary Layer (TBL) Model includes 
transport equations for the turbulent eddy kinetic energy (E) 
and the product of the eddy length scale and turbulent kinetic 
energy (e). The latter is used to determine the turbulent eddy 
length scale, 1 - e/E, which is needed in turbulent closure 
relations between turbulent eddy kinetic energy and the eddy 
diffusivity in the mean-flow equations. This determination is 
perhaps the weakest part of the TBL model, because of the non-
conservative nature of the length scale. However, observations 
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boxes within the large-scale boxes, shown at the Nares Abyssal 
Plain (NAP) and GME dumpsites, treat BBL (innermost box) and 
eddy dispersion processes (circumscribed box) (Figure by W. 
Simmons). 
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Figure 4.7. Geochemical Component of the Mark-A Box Model. Of 
the larger particles (~50 ym) formed in the surface waters, 
about 10% survive below 1000 m depth, the other 90% being dis
solved or decomposed in the upper 1000 m. Between 1000 and 
4450 m, processes can both enhance and diminish particle size. 
Of the large particles reaching the BBL, about 90% are thought 
to dissolve in the lysocline. The remaining 10% are transmitted 
to the bioturbated sediment layer, where they are broken u 
mechanically. Except for resuspension, small particles 
accumulate as sediment. Particle solution interactions occur 
throughout the water column, indicted by a Kd in each bo 
(Figure by K. Cochran and W. Simmons). 
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can help alleviate this problem. The Sandia TBL model, as 
originally conceived, consisted of a primary model that adjusts 
to interior ocean conditions and resolves topographic effects, 
and a turbulent sublayer model that adjusts the bottom stresses 
or velocities and other bottom transfer processes to match 
prescribed bottom conditions (Figure 4.8). Coupling is accom
plished through continuity conditions at the common interface 
between the two models. The model is fully four dimensional 
(xyzt), with horizontal and vertical advection and a Mellor-
Yamada Level-2.5 turbulence closure scheme with associated ver
tical turbulent diffusion. Pressure is integrated downward 
hydrostatically from prescribed values at the top of the 
primary model. 

Numerically, a staggered control volume formalism is 
used. Time integration combines features of leapfrog and 
trapezoidal schemes and is not prone to time splitting. 
Coriolis terms are integrated analytically. Turbulent dissipa
tion terms are integrated implicitly, as are vertical diffusion 
terms in the sublayer model. A log-linear stretched vertical 
coordinate is employed in the sublayer. Mass, energy, momentum, 
and chemical species are conserved exactly (algebraically) by a 
finite difference approximation to the convective transport 
terms and by the exchange between mean flow kinetic energy and 
turbulent kinetic energy. Finally, fluxes are calculated 
level-by-level and temporarily stored in "moving window" 
scratch arrays. 

This model, in a modified version, is also being applied 
to the surface boundary layer. Here, coupling to the similarly 
formulated atmospheric boundary layer model (Yamada, 1981) is 
possible, but not considered important for this application. 

The UK Institute of Océanographie Sciences (IOS) BBL 
model is a process model applied to a 500-km2 region of ocean 
(Figure 4.9). The flow is assumed to be periodic in both 
horizontal directions so that an eddy traveling out of one side 
of the box comes in on the opposite side. In the vertical, the 
model is divided into three horizontal layers. The upper two 
layers model the ocean interior. Their depths (Hi and H2) 
and densities (pi and p2) are chosen so that the 
dynamics of the model approximate the dynamics of the real 
ocean. The lowest layer is the benthic boundary layer. An 
eddy field is prescribed in the uppermost layer. This field 
interacts with the second layer, which in turn interacts with 
the boundary layer. Various statistics of the flow, such as 
eddy speeds and sizes and mixed-layer height, are predicted. 
The model is described in full detail by Richards (1984a). 
Applications are discussed in Section 7.1.3. 
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Figure 4.9. Regions of Flow in the IOS BBL Model (Figure b 
K. Richards, IOS). 



4.6 Coastal Process Models: Modeling Related to Dispersion 
from Continental Shelf and Slope Sources 

At the ninth SWG meeting (held in March 1984), the RATG 
notified the POTG of their need for an adequate transport and 
dispersion model to study releases from accidents occurring on 
continental shelves and slopes. The POTG discussed this at 
their annual scientific meeting (Neuchatel, Switzerland, January 
1985) and at the tenth annual SWG meeting (Halifax, Nova Scotia, 
May 1985). These discussions included RATG and BTG representa
tives. 

Models relevant to shelf and slope region accidents can 
be developed, but will require a substantial effort. Shelf and 
slope processes are numerous, complicated, and geographically 
inhomogeneous. For example, exchanges with the deep water can 
take place by upwelling, Gulf-Stream ring-like edge pumping and 
sloshing, tidal currents, mesoscale and smaller frontal insta
bilities, and so forth. Special biological vertical-exchange 
processes are known or suspected to occur at shelf edges. Slope 
and shelf-break processes are particularly challenging to model. 

There are coastal process models (CPMs) available for 
use. Possibilities include: (1) a modified Bryan-Semtner GCM 
that is high resolution and handles coastal topography (Carton 
and Philander, 1984; Carton, 1985); (2) a North Sea Model 
dedicated to the disperson of pollutants (Miiller-Navarra and 
Mittelstaedt, 1985); (3) a general ëstuary/coastal model utiliz
ing boundary-fitted coordinates (Spaulding, 1984; Spaulding and 
Beauchamp, 1983; Spaulding and Pavish, 1984); (4) shelf and 
North Sea models (Davis 1983a and b) ; and (5) a shelf/estuarine 
model that has been applied to the Columbia River Basin, 
Beaufort Sea, and elsewhere (Onishi et al., 1985a and b) . 

There are many models from which to choose. The Inter
national Atomic Energy Agency (IAEA) in Vienna is presently 
reviewing coastal modeling requirements for pollutant dispersal. 
The POTG had planned to hold a workshop (Robinson and Marietta, 
1986) to perform a similar review and acquire, modify, and/or 
devise models recommended for SWG needs. Funding reversals 
prevented this workshop. Consequently, there is no realistic 
coastal modeling ability within the POTG for assessment of 
coastal/slope accidents. For risk assessment calculations that 
require estimations of shallow water concentrations resulting 
from deep-ocean releases, simple addition of coastal boxes to 
the coarse-grid Mark-A box model is regarded as sufficient. 
However, for accidental releases in shelf/slope regions, realis
tic dynamical models such as the examples cited above ar 
absolutely required. The POTG considers the coarse box models 
used for simple plume calculations inadequate for analysis of 
accidental releases on the shelf, shelf-break, or slop 
(Robinson and Marietta, 1987a). 
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4.7 Geochemical Process Models 

The geochemistry of dissolved and particulate matter is 
vital to accurate treatment of vertical transport phenomena. 
Particulate matter can remove certain constituents from the 
dissolved phase by adsorption and carry them vertically downward 
at enhanced rates, since particles can sink rapidly through the 
water column. Typical oceanic particles can sink through the 
entire water column in days to months, depending upon their 
size. For certain chemicals, the burden sorbed onto particles 
can dominate the dissolved burden, even though oceanic particu
late concentrations are miniscule (e.g., typically one part in 
10* by volume). 

The overall process is complex. Once introduced at or 
near the surface, biogenic and/or terrigenic particulate matter 
is influenced by many biological, geochemical, and/or physical 
interactions that affect decomposition, dissolution, and/or 
physical growth of the particles during their traverse of the 
water column. In general, these occur at levels that differ 
from those delineating the principal water transport processes. 
In box modeling this may laad to revised box configurations 
(see Figure 4.7) and, correspondingly, to revised transport 
schemes. Geochemical models were developed in collaboration 
with Professor J. K. Cochran of the POTG (see also GESAMP 
[1983], and Marietta and Robinson [1981]). 

Similar biogeochemical process models are also being 
interfaced with the REM and GCM. However, with these higher 
resolution models, the physical and biogeochemical levels can 
be matched more conveniently and more accurately. 

4.8 Embedding and Other Interfaces 

The coupling of one model from the hierarchy with another 
(in particular the embedding process) is the most important 
feature of the hierarchy in terms of converting it from a loose 
collection of methods to a coherent modeling system. The REM/GCM 
coupling, called an embedding, is the most important example, 
as discussed in the Introduction. The idea is to enhance 
resolution, process detail, and/or accuracy of a GCM simulation 
at specific, geographically-limited sites by embedding REMs at 
the places in question (Figure 4.2). The problem is to match 
the model transports over their common boundaries, given that 
the resolutions and therefore field properties will differ. 
Generally, outputs from the GCM are used together with field 
data, if they are available, to intialize and set boundary 
conditions for the REM. In the absence of field data, this 
amounts to root mean square driving. Once the REM is run, its 
output is coarsened and used to upgrade the GCM locally. The 
procedure proceeds iteratively (Figure 4.10). The local eddy 
field, which is well resolved by the REM, is used to compute 
local eddy diffusivities using simulated float dispersion 
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REM embedded in GCM 

Figure 4.10. A Schematic View of a Regional Eddy-Resolving 
Model with Bottom Boundary Layer Model and Surface Boundary 
Layer Model Embedded in and Driven by the GCM Test Problem 
Model. Also indicated (dashed lines) are the boxes of the 
Mark-A model, suggesting the three-way interdependence these 
models share (Figure by W. Simmons). 
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calcalations, and these in turn are used to upgrade the GCM 
parameterization. This technique helps to span the enormous 
range of variability scales in a scientifically acceptable way. 
When real field data are available, the REM can function more 
as a dynamical data assimilator and interpolator, and embedding 
proceeds as before. 

There are important alternatives to the embedding of 
different models. One is to use 2-D mesh generation techniques 
in the GCM by introducing a mesh-accumulation point over the 
study location. This generates a high-resolution region in the 
coarse grid that is solved as the GCM's equations (transformed 
to logical space) are marched forward. This technique is now 
available in SOMS. Another alternative being developed in SOMS 
is the use of domain decomposition with interpolation between 
coarse and fine grids. This is similar to the embedding, but 
the same primitive equation model is applied to both the coarse-
and fine-grid regions. Solutions in the two domains are computed 
in parallel, and interpolated to communicate boundary condi
tions. This method has the additional advantage that the fine 
grid can be made to move across the coarse grid to track 
phenomena such as a dispersing pollutant plume. 

The POLYMODE region is regarded as a principal embedding 
site because it is relatively data-rich. A 20-year simulation 
has been rerun there with mean fields added from the GCM. A 
second embedding site is the model-oriented, data-rich NOAMP 
region. This field survey/modeling program (Mittelstaedt, 1986) 
is dedicated to deep dispersion research and is the study site 
for the mesh generation and domain decomposition work. 

4.9 Supporting Data 

Both GCMs and BXMs require low-resolution hydrographie 
and geochemical data (e.g., nutrients, transient tracers, etc.) 
for initialization and validation. REMs require the same data, 
but sampled more synoptically and with higher resolution. They 
can also accommodate current meter and float data if such data 
are available. GCMs require, in addition, wind stresses and 
surface thermodynamic fluxes to force them. For intercomparison 
and tuning purposes, BXMs can be initialized by and tested 
against GCM simulations, and GCM research can, in turn, be 
steered by BXM sensitivity studies. 

In order to perform site-specific simulations of critical 
study areas, well-designed, model-oriented field programs are 
required. The ocean data resulting from such programs, includ
ing bathymetry, remotely-sensed infrared and altimetry, current 
meters, hydrography, and floats, would be used to drive the 
locally-embedded REMs. The assimilation of real data into an 
ocean forecast is a recently achieved modeling advance by POTG 
members (Robinson and Leslie, 1985; Robinson et al., 1984; 
Robinson and Marietta, 1985; and Marietta and Simmons, 1987b 
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and 1987c). Through the GCM/REM embedding, the acquired field 
data are incorporated with the synthesized historical data into 
the basin scale mean circulation. Because this interplay is so 
critical, field data can be used to do shipboard regional simu
lations that can then be used by field investigators to design 
the next survey (Robinson and Marietta, 1986). This is 
especially important for monitoring applications. 

Thus, for fullest eificacy, modeling and observational 
field programs must be closely coordinated, interactive (the 
hierarchy), and iterative. The field work must be optimized in 
terms of its influence on model parameterizations, specific 
process studies, resolution requirements for measured parameter 
ranges, etc. POTG field work has proceeded according to this 
coupled modeling/field survey philosophy. 

Figure 4.11 depicts many types of physical and geochemi-
cal measurements that are presently employed. 

The scales of applicability of component models overlay
ing the physical scales of important oceanic processes are 
shown in Figure 4.12. 

4 .10 Summary and Conclusions 

Because computational capacities and program funds are 
limited, the POTG designed a hierarchical system of intercon
necting models of varying complexity, domain, and resolution. 
Each model has specific purposes, and the roles and functions 
of the various models all interrelate with one another and with 
the various ocean data sets. The principal dynamical modeling 
components are 

• GCMs, which provide scope and domain, but treat the 
mesoscale parametrically 

• REMs, which provide regional detail, but are them
selves limited in domain; they may be embedded in 
GCMs 

• Boundary layer models, which provide very detailed 
simulations of very limited but dynamically important 
regions bounding deep water models; they may be 
attached to GCMs or REMs 

• Geochemical process models, which overlay all 
physical models and treat geochemical, particulate, 
and biological processes important to dispersion. 

The principal non-dynamical models are 
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• BXMs, which provide scope, simplicity, and great 
economy, but use very coarse resolution and by 
themselves have little theoretical foundation. 

This approach was timely and promising, and allowed the 
possibility of updating through its modular design, although 
that possibility is not always straightforward. Because 
numerical modeling methods (i.e. codes) have evolved greatly, 
and new, faster, larger-capacity computers will soon be 
available, other approaches have been devised. The Sandia 
Ocean Modeling System (SOMS) and French GCM are examples. 

The system requires intensive and extensive data sets 
for initialization, updating, verification, and validation. 
These are important elements of the overall hierarchical systerr 
and are fully-interrelated with it. 
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CHAPTER 5: GEOGRAPHIC CONSIDERATIONS AND SITE DESCRIPTIONS 
OF SW3 STUDY LOCATIONS 

The POTG observational program, designed wholly for SWG 
purposes, was aimed at producing model-oriented descriptions of 
physical aspects of the flow and variability in several selected 
geographical locations. These included locations recommended 
by the Site Assessment Task Group (SATG), where dedicated SWG 
observational programs were carried out, as well as locations 
selected and explored by other programs for other purposes, but 
where data were especially useful and abundant. The three 
sections in this chapter treat water column and bottom boundary 
layer characteristics at SATG-selected locations. Fundamental 
measures of the mean and variable flows and associated scales 
are given where possible. Discussions of the larger-scale flow 
in the Atlantic and Pacific are included in Section 2.2. 
Discussions of other sites appear in Chapters 6, 7, and 8, and 
in the POTG interim reports. 

5.1 Great Meteor East 

Data and results reported in this section derive from a 
physical océanographie research program at Great Meteor East 
(GME) conducted by the Institute of Océanographie Sciences 
(IOS), Liited Kingdom. The results are presented in a series 
of IOS reports (Saunders, 1986a and -b [currents]; Saunders, 
1985 and 1986c [CTD]) and summarized in a final report 
(Saunders, 1987). Most of this text is drawn from the final 
report with later data analyses and interpretations added by 
Dr. Saunders. 

The Great Meteor East study area lies between 30.5°N and 
32.5°N, and 23.0°W and 26.0°W. Numerous IOS cruises have been 
devoted to site assessment studies in the area. Preliminary 
biological results have been given by Roe et al. (1986), and 
geophysical results by Searle et al. (1985). Both of these 
reports will be updated during 1987. Summarized results are 
contained in Volumes 3, 6, and 7 (BTG [1987], SBTG [1987], and 
SATG [1987]). The physical océanographie studies were carried 
out on Discovery cruises 144 and 162, and the Charles Darwin 
cruises 1/85 and 9A/85. They spanned the period January 1984 
to September 1986, an interval just short of 3 years. 

5.1.1 Moorings 

Near bottom currents have been measured at three closely-
spaced sites in the NE Atlantic over the roughly three-year 
period noted above. The sites selected were on top of a small 
abyssal hill, 400 m high, on its flank, and 30 km distant from 
it on the abyssal plain (Figure 5.1). The positions are given 
in Table 5.1. 

-Ill-



32° N 

31 "N 

30°W 20°W 10°W 

2S"W 25"W 24°30' 

Figure 5.1. GME Study Site Showing Mooring Locations. Number 
in parentheses indicate number of successful recoveries. 

-: 12-



Site 

Plain 

Hill-Foot 

Hill-Top 

GME Box 

*Mooring not 

TABLE 5. 

Mooring 

365 
391 
400 

366 
389 
399* 

367 
387 
401 

yet recove 

1. 

red. 

GME MOORING 

Latitude 
(N) 

31°31.3' 
31°30.2' 
31°28.8' 

31,31.1* 
31°30.4' 
31°32.4' 

31°29.7' 
3i°29.2' 
31°29.4' 

31°14.9' 

LOCATIONS 

Longitude 
(W) 

24°05.4* 
24045.2* 
24°43.8' 

25°01.1' 
25°03.1' 
25o01.0, 

25°09.6' 
25o08.4t 

25°08.5' 

25°26.6' 

Depth 
(m) 

5438 
5438 
5444 

5398 
5433 
5444 

4999 
4989 
5055 

= 450 

Current meters were moored 10 (or 100) and 1000 m above 
local bottom and recorded speeds, directions, and temperatures 
at hourly intervals. The experiment mean currents are shown in 
Table 5.2 and in Figure 5.2. 

Site 

Plain 

Hill-Foot 

Hill-Top 

•Components 
error. 

TABLE 

Height 
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MEAN CURRENTS 

Speed 
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0.73 
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0.82 
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Di 

— 

1.35 

magnitude 

irection 
(°T> 
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268 
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098 
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Duration 
(days) 

919 
963 
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570 
960 

the 
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Figure 5.2. Mean Currents at GME over the Length of the Dat 
Record. Solid vectors are 10 m above bottom and dashed vector 
are 1000 m above bottom. 

-114-



The magnitude of the mean currents 10 m above the seabed 
at all three sites was 1-2 cm, but the directions were quite 
different, reflecting the presence of a clockwise vortex 
trapped over the hill. On the plain, the mean flow direction 
was to the west, directly opposed to that furnished by an 
analysis of the density field (Saunders and Dolan, 1987). 

The variability of the currents was also determined 
(Table 5.3). 

TABLE 5.3. VARIANCE OF LOW-PASSED CURRENTS AT GME (CMZ/S2) 

Ht. above 
bottom (m) Plain Hill-Foot Hill-Top 

10 East 4.28 3.18 3.64 
North 4.14 (3) 3.90 (2) 1.77 (3) 

1000 East 2.76 3.71 3.12 
North 2.74 (3) 2.71 (1) 2.04 (2) 

Numbers in parentheses are successful deployments. 

For periods greater than 120 days the current variance 
is concentrated in the east-west component (Figure 5.3), and 
for periods of 50-120 days the variance is concentrated in the 
north component (Figure 5.4). Current fluctuations propagate 
westward at speeds of 1-10 cm/s, but are more complex than baro-
tropic planetary waves. Estimates of the integral time-scale 
of these motions range from 6-14 days and, taken with the 
variance measurements, yield horizontal diffusivities of 
between 1 and 5 x 102 m2/s. 

5.1.2 CTD Stations 

Light transmittance measurements (over a 1-m path) were 
made from many CTD lowerings within the Canary Basin. Evidence 
for resuspended sediment is found at most sites (Figure 5.5). 
The standing crop of this resuspended sediment is quite small, 
only 1-2 gm/m2, about equal to 1 year's accumulation of 
sediment. 

5.1.3 Moored Light Transmittance 

Measurements of light transmittance at 3 m above the 
seabed were made for about 1 year at the current meter site on 
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the abyssal plain. Sediment traps and a tide gauge were also 
moored there for about 1 year. The light transmittance fluctua
tions were small and corresponded to an increase in particle 
concentration by a factor of only 3; the increases were uncorre
cted with local current speed. 

5.1.4 High Speed Currents 

Currents in excess of 10 cm/s occurred infrequently on 
the plain (about 0.3% of the time), but four times as 
frequently on and around the hill (see Table 5.4). 

TABLE 5.4. SOME STATISTICS OF HIGH SPEED CURRENTS AT GME 

Plain Hill-Foot Hill-Top 

No. of hours in 
which speed exceeds 10 m.a.b. 71 335* 284 
10 cm/s 1000 m.a.b. 95 40* 26 

Max speed 1st deployment: 12.2 cm/s 15.3 15.2 
recorded 2nd deployment: 11.6 12.1 12.7 
10 m.a.b. (cm/s) 3rd deployment: 11.3 - 11.1 

Fifty-year return value 
(10 m.a.b., cm/s) 14 si 18 ±1 18 ±1 

* normalized to 23000 hours 

By noting that current speeds have a Weibull distribu
tion, estimates of the highest speeds achieved on average once 
per 50 years are derivable. They are found to be less than 20 
cm/s. This value is also found as a conservative estimate of 
the critical speed required to erode sediment in the area. 
Thus, very infrequent erosion around GME, and especially on the 
hills, cannot be excluded. More probable is the advection of 
sediment from distant sites on the margins where bottom currents 
have been observed to exceed 20 cm/s. 

5.1.5 SOFAR Floats 

The objectives of the float program are the direct 
measurement of dispersion of a cluster of neutrally buoyant 
floats at subthermocline depths over a long (up to two-year) 
period. 
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The floats and listening stations were deployed at the 
positions shown in Figure 5.6 (Gould, 1983). The free floats 
were ballasted for 3500 m; the moored floats were at 4000 m 
(near the center of the Tillier Listening Station [TLS] array) 
and at 3500 m (the southern float). The array was deployed in 
early July. The moored floats and listening stations were 
recovered on Discovery Cruise 141 in November (McCartney 
et al., 1984). 

Float trajectories were calculated assuming a zero clock 
drift on the floats and constant sound speed. The tracks are 
shown in Figure 5.7. Clock drifts on the two moored floats 
were in one case zero and in the other 8 s, the latter equiva
lent to a position error of 12 km. 

The floats launched with an initial north-south separa
tion of 10 km moved steadily northward at mean speeds of over 2 
cm/s throughout the four-month experimental trial. Toward the 
end of their trajectories they were turning eastward, perhaps 
due to blocking by the east Azores Fracture Zone. 

A further experiment was performed with a cluster of 
nine SOFAR floats deployed from the Charles Darwin (Cruise 
1/85) in February 1985. The floats were ballasted to a depth 
of 3000 m and released close to 24°W 32°N, somewhat NE of the 
site of the IOS current moorings. The floats dispersed princi
pally to the north, but due to lack of available manpower the 
analysis of their dispersion is presently halted. At the time 
of writing (May 1987), the floats are still being tracked. 

Four other laboratories are involved in SOFAR float work 
in the NE Atlantic. Close liaison is maintained with all of 
them. The objectives of the experiments differ, but all will 
contribute to an improved knowledge of dispersion and mean 
circulation in the NE Atlantic. The other projects and their 
relation to the IOS work are summarized below and in Figure 5.8. 

Centre Océanologique de Bretagne (COB) (France) scien
tists are conducting an investigation called TOPOGULF of the 
cross-Mid-Atlantic Ridge circulation south of the Azores. An 
array of four Tillier Listening Stations (TLSs) '/as used to 
track a 15-float cluster deployed at 700 m depth near 35°N 40°W 
in July 1983. This deployment position is along the edge of 
the western flank of the Mid-Atlantic Ridge, and the floats are 
expected to move eastward into the north Madeira basin. One 
year later the TLSs were renewed and a second float cluster was 
deployed nearby, but this time along the eastern flank of the 
Ridge. The following year (summer 1985) the TLSs were again 
renewed and in summer 1986 the experiment was completed. The 
data have been analyzed under the leadership of Alain Colin de 
Verdiere (COB) and results are due to appear during summer 1987. 
Preliminary results indicate that of the 15 original floats 

-120-



30°W 25°W 20°W 15°W 
40°N 

35°N -

30eN -

25°N 

• 5 > -
Azores 

• ^ 

« 

TLS + 
11 

GME 

— 

' 

I 

- TLS 
•• (Lost) 

A 2 Free Floats ^ 
" 1 Moored (4.000 m) . . _, , 

Madeira 

J . TLS 
12 

O 1 Moored Float (3500 m) 

I 

40° N 

30"W 

- 35°W 

- 30"N 

25'N 
25°W 20°W 15"W 

Figure 5.6. Float and TLS Deployment Positions During Summer 
1983. 

121 



26°W 
35°N 

25 °W 24'W 

34° N -

33°N -

32 "N 

23'W 
35° N 

- 34°N 

- 33°N 

26°W 25°W 24°W 
32 "N 

23°w 

F i g u r e 5 . 7 . SOFAR F l o a t T r a c k s , 
wes t e rn t r a c k i s s h i f t e d west by 
5520 c o r r e s p o n d s t o 5 J u l y 1983. 

Design dep th i s 3500 m. 
1° l o n g i t u d e for c l a r i t y . 

The 
Day 

-122-



30°W 2S°W 20°W 15"W 10°W 5°W 0° 

45* N -

40°N -

35°N -

30°N _ 

2S"N -

20" N 

-

- « ? • 

X 

0 

-

j 

« 3 

« 

0 
GME 

o 

o 

— J — i 

+ 
+ 

•+ 

+ 

© 

o 

i A i 

— I 1 — 

) 

{ / 
X-~^ 

) Key 

/ + IOSTLS 

• MAFF Floats 

Q WHOIALS 

X COB TLS 

/"-\ WHOIandlOS 
*<s Float» 

(Provisional) 
_l 1 

'- 45" N 

- 40-N 

- 35°N 

_ 30"N 

- 250N 

20"N 
30°W ÎS-W 20°W 15°W 10'W 5°W 

Figure 5.8. Float and Listening Station Deployments for Al 
Experiments in the NE Atlantic, Starting October 1984. 

-123-



deployed on the western side of the Ridge, 14 worked properly 
and of them only one crossed into the eastern basin. The 
others remained on the western side, suggesting that the 
influence of the Ridge as a barrier extends well above its 
crest depth. The floats launched on the eastern side of the 
Ridge seem to have remained on the eastern side. 

Woods Hole Oceanograghic Institution (WHOI) scientists 
launched floats at a depth of 1100 m in October 1984 to observe 
low-frequency currents in the Canary Basin and to learn how 
advection and diffusion by these currents act to determine the 
shape, amplitude, and dispersion characteristics of the core 
(i.e. the salt tongue) of the Mediterranean Water southeast of 
the Azores. They are being tracked by an array of four autono
mous listening stations (ALSs) in the Madeira-Canary basin. 
The array is in its final deployment at time of writing. These 
ALSs will also be used to provide tracking coverage for the IOS 
floats. Only the first year's data have been analyzed. The 
most striking result is that westward flow within the salt 
tongue was found to be confined to a rather narrow jet (roughly 
150 km in meridional extent) that had a mean flow speed of 
about 2 cm/s. Northward and southward of this jet, the flow 
was much weaker and to the east. This suggests that internal 
currents associated with the salt tongue itself (rather than 
the gyre-scale circulation) may be most important for determin
ing the salt distribution. 

The WHOI salt-tongue group above, in collaboration with 
scientists from the University of Rhode Island (URI), deployed 
four floats in one of the intense "blobs" of Mediterranean water 
(sometimes called "meddies") in an attempt to observe its 
migration and dynamical characteristics (Armi and Stommel, 
1983). This deployment allowed oceanographers: (a) to return 
to the meddy easily on four subsequent occasions; (b) to be 
certain it was the same meddy; (c) to make surveys of the 
evolution of its characteristics as it migrated slowly across 
the basin. The deployment began in fall of 1984 under the 
leadership of Laurence Armi (Scripps Institution of Oceano
graphy [SIO]). Four floats were launched into the Meddy and a 
thorough CTD survey was conducted. Armi returned to the lens 
in the fall of 1985 for a second CTD survey. Thereafter, a 
Canadian group, led by Barry Ruddick of Dalhousie University, 
visited the lens and performed detailed microstructure surveys 
with a special-purpose instrument they had constructed. These 
data were intended for use as a basis for a Ph.D. thesis at 
Dalhousie. In the fall of 1986 the WHOI group returned to the 
same Meddy. Two floats remained in it, one near center and one 
at the periphery. A best-effort CTD survey was conducted and 
revealed that the structure had eroded considerably, but not 
uniformly. The maximum salinity anomaly was about the same; 
however, the region in which it occurred had decreased (e.g., 
by stirring). There were intrusions of exterior water to the 
center of the lens, and the profiles were strongly stepped in 
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the vertical. The shape of the eddy was loosely described as 
ragged. US scientists gave their data to the Canadian group 
(i.e., Dalhousie), which will analyze the joint data as a whole 
and report on it in late 1987 or early 1988. 

In pursuit of studies of mixing and longer-term circula
tions in the Iberian basin, the Ministry of Agriculture, Food 
and Fisheries (MAFF) Laboratory (UK) launched a cluster of 
floats in September 1984 near 42°N 14°W. Additional data 
collected during the experiment consisted of guasi-synoptic CTD 
and XBT arrays, and a nine-mooring current meter array of 317 
days duration. Six SOFAR float tracks were obtained. Based on 
the first listening station deployments, four of the tracks 
were 410 days in duration and two were of 270 days' duration. 
The current meters were deployed in June 1984 during R/V 
Cirolana cruise 6/84, while the SOFAR floats were launched in 
two groups—the first in early October 1984 during R/V Cirolana 
cruise 8/84, and the second in mid-February 1985 by the 
Institute of Océanographie Sciences (IOS), Wormley. The CTD 
and XBT stations were occupied during an eight-day interval 
spanning the first float-launch period. The SOFAR floats were 
still being tracked through November 1986. 

Figure 5.9 is a bathymétrie chart showing float-launch 
and ALS positions on the Iberian Abyssal Plain. The mean water 
depth is 5350 m, and the topography is generally flat. However, 
there are several small seamounts within the area and more 
prominent topography lies to the south and west. 

The positions of the CTD stations of October 1984 are 
shown in Figure 5.10. As indicated, there are three full-depth 
stations and six at mid-depth (2500 m). A calibrated Guildline 
Model 8705 CTD was used. The data were latch filtered, and 
salinity and density were derived using United Nations Educa
tional, Scientific, and Cultural Organization (UNESCO) algo
rithms (Fofonoff and Millard, 1983). The data were then 
linearly interpolated to integer 2-dB intervals. Only data 
from the depth range 10 to 2500 dB are discussed, this being 
the range covered by the majority of the casts. 

The XBT station positions are shown in Figure 5.11. 
There are 72 stations in all; 62 are based on the T7 XBT 
(750 m) and 10 on the T5 (1200 m). 

Nine current meter moorings were deployed, but only 
seven were recovered (Figure 5.10). Each current meter recorded 
speed, direction, and temperature. Speed and direction were 
converted to east (u) and north (v) components of velocity, and 
these, together with the temperatures, were low passed using a 
Gaussian filter with a half-power level at 0.25 cpd. That gave 
an effective energy cutoff at 0.5 cpd. The series were then 
subsampled once per day. Each mooring had a meter located at a 
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nominal depth of 2450 m to coincide with the target depth of 
the SOFAR floats. Discussion here is focused on these meters 
and on the full-depth central mooring. 

The central mooring included five current meters, the 
top, middle, and bottom of which were of the Aanderaa RCM5 
type. The remaining two were VACMs belonging to the Belgian 
Ministerie Van Volksgezond leid En van Het Gezin. There were 
fairly large percentages of stall speeds (approximately 30% for 
the bottom two m). Aanderaa stall speeds were replaced by the 
threshold velocity (1.5 cm/s), while VACM stall speeds were set 
to zero. Thus, one cannot compare the kinetic energies from 
the two different meter types. For that reason, results are 
presented only for the Aanderaa current meters, pending repro
cessing of the VACM data. 

The SOFAR floats were launched in two groups: the first 
group of five in early October 1984, and the second group of 
four in mid-February 1985. Ony four floats from the first 
deployment and two from the second functioned well. Float 
signals were recorded by four autonomous listening stations 
provided, launched, and recovered by IOS Wormley (see Figure 
5.9). The ALSs were recovered and redeployed in May 1985 and 
again in November 1985, both times in their original positions. 
A final ALS deployment was recovered in November 1986. The 
SOFAR float data presented here cover the first two deployments, 
spanning 410 days. The data for the second ALS deployment have 
been processed and will be described elsewhere. 

5.1.5.1 Water Masses—Figure 5.12, a composite T-S plot 
for all nine CTD stations, shows three main water types present 
in the upper 2500 ra. The first two are: Northeast Atlantic 
Central Water with a clear, guasilinear T-S relationship 
between approximately 13°C, 35.75 ppt and 11.0°C, 35.5 ppt; an 
intermediate salinity maximum, due to Mediterranean Water, with 
a maximum salinity varying between 35.8 and 36.1 ppt across the 
array. The salinity maximum occurs at a temperature of 10.5°C, 
which corresponds to a depth of 1000 m, but there is an increase 
in the depth range of the salinity maximum from east to west 
across the array. The third water type is the deep layer, 
which displays a very tight T-S relationship with both T and S 
decreasing with depth. 

5.1.5.2 Temperature Distribution—Figures 5.13 and 5.14 
show the contoured depths of the 12 °C and 13 °C isotherms 
determined from the XBT data. The most notable features ar 
that: (1) the field is dominated by the mesoscale; (2) th 
zonal scale is greater than the meridional scale; (3) th 
isotherms lie deeper to the south. 

5.1.5.3 Current Meter Analysis— 
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• Vertical StructurelThe vertical distribution ôT" 
kinetic energy at the central mooring shows a strong surface 
intensification. This is common and is mirrored by the struc
ture of the first vertical empirical orthogonal function (EOF). 
The first EOF accounts for 52% of the available energy. The 
second, which is quasibarotropic, accounts for 30%, and the 
third for 13%. 

The frequency dependence of the vertical structure 
was examined using cross-spectral analysis between the zonal 
and meridional velocities at the central mooring (Blackman and 
Tukey, 1959) with 100 lags. The frequency range covered by the 
analysis is 0.5 to 0.005 cpd (periods of 2 to 200 days). The 
lower two levels, located below the main pycnocline, are 
coherent at the 95% level in the range 18 to 200 days for both 
the zonal and the meridional components. Coherences at higher 
frequencies are significant only for the meridional component 
and only for periods between seven and 11 days. Motions 
coherent at the 95% level throughout the water column are 
limited to the lowest two frequency bands (40-200 days) and to 
the zonal component. There is no coherence between the top and 
either of the two lower levels in any frequency band for the 
meridional component. 

These results suggest that much of the energy is 
concentrated above the main pycnocline, with only the lowest 
frequency energy being coherent throughout the water column. 
These results are in agreement with preliminary findings from 
the Tourbillon Area in that only the lowest frequencies are 
coherent across the main pycnocline. 

• Horizontal Scales: Spatial correlations were computed 
for the transverse and longitudinal velocity components and 
temperature at the 2450-m level. Although all the transverse 
velocity correlations are negative, a zero crossing of approxi
mately 42 km can be extrapolated. This value compares reason
ably with the value of 32 km at 3000 m for the Tourbillon Area 
(Le Group Tourbillon, 1983), and 100 km at 600 m for the 
POLYMODE Local Dynamics Experiment (LDE) region (Owens, 1985; 
Owens et al., 1986). The zero crossing for the temperature 
correlations is much greater (approximately 90 km) than for 
velocity. As noted by Owens (1985) and Owens et al. (1986), 
this is consistent, given a low vertical mode structure and 
quasi-geostrophic dynamics. 

The internal Rossby radius of deformation, defined by 

/°(N(Z)/f0)dZ (5.1) 
- H 

where N(Z) is the Brunt-Vaisala frequency, f0 is the Coriolis 
parameter, and H is the ocean depth, was calculated from the 
mean Brunt-Vaisala profile (determined from 9 CTD casts). It 
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was found to be 80 km. This compares with values of 50 and 100 
km at the Tourbillon and POLYMODE LDE areas, respectively, and 
is consistent with the transverse velocity correlations. 

• Time Scales: Eulerian autocorrelation functions 
were computed for the zonal and meridional velocity components 
for lags up to 100 days. All seven meters at the 2450-m level 
were used. The zero crossing for the meridional component is 
40 days, while that for the zonal component is 69 days. This 
is in agreement with SOFAR float data for the first ALS deploy
ment, where the zero-crossing of the u component was greater 
than that of the v component. However, the Eulerian auto
correlation functions have zero crossings twice those of the 
Langrangian. This s ..me trend was found in the Tourbillon area, 
where Langrangian integral time scales were much smaller than 
Eulerian. 

5.1.5.4 Dynamic Heights—Figures 5.15 and 5.16 show 
subjectively contoured plots of dynamic height for the 500- and 
1500-m levels calculated from the 2 dB CTD data referenced to 
2500 m. At 500 m there is a cyclonic circulation around the 
center of the array, with a smaller, stronger, anticyclonic 
cell immediately to the south. At 1500 m the pattern has 
changed somewhat; although there is still a low in the center 
of the array with its associated cyclonic circulation, there is 
also a strong flow to the west and north, again in a cyclonic 
sense. 

5.1.5.5 SOFAR Floats—Analysis of the SOFAR float 
tracks and associated statistics is still in progress. 
Therefore, only initial float tracks and related preliminary 
observations are shown (Figure 5.17). 

Comparison of trajectories from the first group of 
floats with current vectors determined from current meter data 
at the 2450-m level for the 10-day period that brackets the 
float launch in October 1984 (Figure 5.18) shows consistency 
between the SOFAR floats and current meters. However, more 
detailed comparisons are planned through objective maps of the 
streamfunction field at 2450 m at 10-day intervals for the 
whole period that the floats remain in the current meter array. 

There is evidence for a cyclonic eddy in the area. That 
is most clearly described by float 26, which exhibits consistent 
high speed and cyclonic direction of rotation for over 200 days. 

The target depth of the SOFAR floats was 2500 m. 
However, due to an error in ballasting, the first group of 
floats descended only to approximately 1900 m. Pressure/ 
temperature telemetry indicates that the floats are slowly 
sinking to target depth, due to the effects of creep. 
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It is clear from current-meter records and SOFAR float 
tracks that a great deal of low-frequency variability of 
relatively small spatial scale exists in the Iberian Abyssal 
Plain. Eddy kinetic energy estimates obtained are smaller than 
those from the Tourbillon area in the eastern North Atlantic, 
and also from a global minimum in KE (Dickson, 1983, p. 324). 
Length scales and possibly time scales are longer than those of 
the Tourbillon area to the north. This agrees with the idea of 
Mercier and Colin de Verdiere (1985) that the scales of meso-
scale motions are linked by some kind of weak turbulent disper
sion relation. It is evident from estimates of the transverse 
velocity correlation function that any attempt to map the 
streamfunction field objectively at 2450 m depth would result 
in large uncertainties, due to the low spatial correlation at 
the minimum mooring separation of 40 km. It is, therefore, 
difficult to make comparisons between current meter and SOFAR 
float tracts, although the limited comparisons made thus far 
show generally good agreement between floats and current meters. 

5.1.5.6 Current Measurements South of GME—Two regions 
in the Cape Verde Basin were studied by the Centre Océanologique 
de Bretagne (COB), France. Early in the SWG program, these two 
regions, denoted CV1 and CV2, were candidate study locations, 
but were later downgraded (SATG, 1987). Nevertheless, the 
general circulation to the south of GME is important for the 
GME regional description and a brief summary of the Cape Verde 
Basin current measurements is included. 

Regions CV1 and CV2 are each approximately 30 x 30 km 
and centered at about 24°54'N, 25°05'W and 19°18'N, 29°45'W, 
respectively. Mean depth is 5200 m at CV1 and 4900 m at CV2. 
Vertical profiles made with a CTD probe were collected down to 
the bottom (Table 5.5). 

The 9/S diagrams show a linear part corresponding to 
the North Central Atlantic Water, below which an increase in 
salinity indicates the influence of Mediterranean Water. 

Two moorings were deployed for about one year and 
recovered in April 1981. Current meters were located at 10 and 
100 m from the bottom. The sampling rate was 1 hour. 

At 10 m from the bottom (CV1), a strong northern 
component was measured from October 28 to the end of December 
and again in February. During January, very low speeds were 
observed. During the last two months (February and March), the 
mean current appeared to rotate slowly counterclockwise and was 
directed southward when the mooring was recovered. Mean speeds 
of 2 to 3 cm/s were observed in that record. The maximum speed 
recorded reached 7 cm/s. 
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TABLE 5.5. J. CHARCOT CVl AND CV2 CTD STATION LOCATIONS 

Latitude Longitude Depth Distance to 
Station (N) (W) (m) Bottom (m) 

CVl 

5 
6 
7 
8 
9 
10 

24°59.74" 
24°45.31' 
24°48.97' 
24°59.40' 
24054.74• 
24°43.70* 

24°51.58' 
24°51.25' 
24°59.60' 
25°07.03" 
24°59.43' 
25°06.82' 

5180 
5181 
5198 
5210 
5197 
5210 

6 
1 
3 
1 

3-4 
4 

CV2 

1 
2 
3 
4 
11 
12 
13 

19°12.48' 
19°23.51p 

19016.57' 
19°08.32' 
19°20.27' 
19°14.89' 
19°24.75' 

29°54.84' 
29°38.36' 
29°40.97' 
29°43.28' 
29°45.37' 
29°46.75' 
29°50.39' 

4720 
4745 
4735 
4720 
4995 
4950 
4730 

7 
4 
3 
3 
4 
1 
3 
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At CV2, the two progressive-vector diagrams obtained at 
10 and 100 m were very similar. They indicated a southwestward 
component that seemed intermittently interrupted by a north
westward component (December 1 through IS and February 18 
through 20). Mean speeds had similar values; e.g., 2 cm/s at 
CV1. Maximum recorded values reached 10 to 13 cm/s. 

On these three records, no correlation appeared between 
the change in direction of the flow and the recorded temperature 
values. Power spectra (unsmoothed data) show the importance of 
periodic oscillations at the M2 tidal period and at inertial 
periods equal, respectively, to 28 hours 33 minutes and 36 
hours 29 minutes at CV 1 and CV2. 

Table 5.6 gives values of the eddy and mean-flow kinetic 
energies for the three available records. 

TABLE 5.6. EDDY KINETIC ENERGY PER UNIT MASS (KE) AND 
KINETIC ENERGY PER UNIT MASS OF THE MEAN FLOW (K„) 

(mm/s)2/Unit CV1 CV2 CV2 
of mass (at 10 m) (at 100 m) (at 10 m) 

KE 46 84 112 
KM 176 99 117 

KE is smaller than KM everywhere, but the differ
ences seem larger at CV1 than at CV2. This phenomenon could be 
because of the influence of bottom topography, which is more 
broken at CV2. 

For the three records, computation of seasonal variations 
of KE (not presented here) showed a maximum in November, 
December, and March. The smaller values were observed in 
January and April. Longer records would be necessary to verify 
these results. 

5.1.6 Benthic Boundary Layer 

Data and results reported in this section were derived 
from a program conducted earlier than that described in the GME 
section. Most of the results appeared in an IOS report 
(Saunders and Richards, 1985). The objectives of the work were 
to examine processes within the benthic boundary layer by direct 
measurement, and to construct models and theories to account 
for them. Emphasis was placed on studying processes relevant 
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realistic predictive models. 

Measurements within and above the benthic boundary layer 
have been made at three sites in the deep Eastern Atlantic, all 
in water depths between 4500 and 5300 m. Their locations are 
shown in Figure 5.19. The first site was on the Madeira 
Abyssal Plain in a flat area with isolated small abyssal hills 
about 400 m high. The second site was in Discovery Gap, a 
narrow and rugged channel in the East Azores Fracture Zone that 
connects the deepest levels of the Madeira and Iberian Abyssal 
Plains. The third site was 150 miles west of Madeira on a 
gently sloping part of the lower continental rise. The varying 
topographic nature of these sites was selected to ensure that 
benthic boundary layer and dispersion characteristics would be 
quite different. 

Flow was measured using moored, self-recording current 
meters in groups of about 20 at heights between 1 and 1000 m 
above the seabed. The duration of these measurements was 
between three months and one year. Currents were also measured 
by acoustic tracking of a cluster of five to ten neutrally-
buoyant floats: these floats follow the water at a fixed depth 
and were deployed 100-300 m above the bottom. Such observations 
require the presence of a ship nearby and hence were limited to 
10 to 20 days at each site. In addition to the flow measure
ments, temperatures are routinely recorded by current meters. 
Additional observations were made by lowering a platinum resist
ance thermometer on a conducting wire from the' ship. The latter 
measurements yielded profiles of temperature with depth and 
often revealed the benthic boundary layer directly. The extent 
and scope of the experimental program are summarized in Table 
5.7. 

Twenty lowered temperature profiles were made within a 
circle 50 km in radius: the bottom mixed layer had a thickness 
between 20 and 120 m (Saunders, 1983a and -b). Numerical 
modeling suggests that this variation is brought about by weak 
convergences and divergences in the flow, which respectively 
thicken or thin the BBL (Richards, 1984a and -b; see also 
Section 7.1.3). Where the flow is strongly divergent, the BBL 
may become very thin and sharp boundaries or benthic fronts are 
often produced. Such fronts, the oceanic counterparts of 
atmospheric fronts, are found in the temperature records and 
tilt at a mean angle of 10" to the horizontal (Thorpe, 1983). 
Fronts may sweep up water in contact with the seafloor on one 
side and eject the water at a height of 50-200 m on the other. 
The frequency and efficiency of this process, which is poten
tially important for radionuclide dispersal, have not yet been 
determined. 

Near-bottom currents contain three major components: 
tides, inertial oscillations, and low-frequency currents. The 
low-frequency component has periods between 20 and 100 days, 
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Figure 5.19. The Location of Process Experiments within the 
BBL. 
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TABLE 5.7. DETAILS OF BBL EXPERIMENTAL PROGRAMS 

Site 1: Madeira Abyssal Plain 

Location 33*N, 22°W: water depth approximately 5300 m. 

No. of moorings deployed: 7. No. of current meters: 21. 
Duration: 7 months. 

No. of neutrally-buoyant floats launched: 12. 

No. of lowered profiles within radius of 50 km: 20. 

RRS Discovery cruises 114, 117, and 122. 

Site 2: Discovery Gap 

Location 37°N, .16°W: water depth approximately 4700 m. 

No. of moorings deployed: 8. No. of current meters: 12. 
Duration: 11 months. 

No. of neutrally-buoyant floats launched: 10. 

No. of lowered profiles within region: 25. 

RRS Discovery cruises 130 and 138. 

Site 3: Madeira Continental Rise 

Location 33°N, 20°W: water depth approximately 4500 m. 

No. of mooriiiqs deployed: 7. No. of current meters: 20. 
Duration: 3 months. 

No. of neutrally-buoyant floats launched: 10. 

No. of lowered profiles within 50 km radius: 20. 

RRS Discovery cruises 138, 139, and 141. 
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and a root mean square magnitude of 2.5 cm/s (see Figure 5.20) . 
Napping the flow at a level 10 m above the sea floor (Figure 
5.21) reveals eddy-like motions with a scale of about 50 km in 
the horizontal. These periods and scales are correctly repro
duced in the numerical model. 

Mixing of a tracer in the horizontal direction has been 
estimated within the BBL using data from the current meters, 
from the dispersion of the cluster of floats, and from the 
numerical model calculations. For separations between 1 and 20 
km, the square of the separation of a pair of particles is 
found to double in 10-15 days. On average, particles initially 
0.5 km apart spread to 20 km in about half a year. The average 
concentration falls by a factor of (20/0.5)2 or 1600 in this 
time. Tracer mixing at scales greater than the eddies shown in 
Figure 5.21 has also been estimated from the current measure
ments and yields dif fusivities of 10* cmVs. A cloud of 
tracer 100 km in diameter thus halves its concentration in about 
40 days. It is encouraging that the numerical models give 
generally similar results (Richards, 1984b; see also Section 
6.1.3). 

Detailed bathymétrie surveys revealed Discovery Gap as a 
valley about 150 km in length with an axis lying along the 
bearing 060° true (Figure 5.22). The sill that lies on section 
AA' near a depth of 4700 m is approximately 500 m above the 
abyssal plains north and south of the Gap and 500 m below the 
level of the East Azores Fracture Zone (Saunders, 1984). 

Year-long current measurements made at a section of the 
channel only about 10 km wide reveal generally steady and 
persistent flow from the Madeira to the Iberian basins. Water 
with (potential) temperature lower than 2.05°C occupies the 
deepest levels (Figure 5.23), and has a flux estimate of 0.2 
±0.05x10* raVs. This discharge spreads out east and north 
of the Gap exit, where it is warmed by geothermal heating from 
the seabed and also by mixing with the overlying warm water. 
By assuming the abyssal water temperature does not change with 
time, a value of 2 cmVs is derived for the downward diffusivity 
of heat within the water column. This value is similar to that 
from larger channels in the Western Atlantic (Hogg et al., 
1982; Whitehead and Worthington, 1982). 

If a tracer was rapidly mixed upward within the BBL to a 
height of 50 m, and if the layer then separated from the bottom 
and diffused vertically at the rate suggested (2 cm*/s), within 
half a year the layer thickness would have grown to only 150 m, 
producing a dilution of a factor of only 3. These calculations 
illustrate the anisotropy of vertical (x 3) and horizontal 
(x 1600) dispersion. 
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Figure 5.20. Currents Measured 600 m (Upper) and 10 m (Lower) 
above the Seabed on the Madeira Abyssal Plain. Tides and 
inertial currents have been filtered out. 
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Figure 5.22. Bathymétrie Map of Discovery Gap (Depths in 
100 m). The location of moorings and temperature sections is 
also shown. 
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Figure 5.23. Flux of Water through Discovery Gap. Based on 
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5.1.7 Investigations of Particulate Matter 

The aim of IOS oceanic particulate matter investigations 
was to identify and elucidate the processes, especially sedi
ment resuspension, that would control the containment and/or 
dispersal of radionuclides, should they be released at the sea-
floor (Booty, 1985). To collect and quantify in situ suspended 
particulate material to depths of 6000 m, new instrumentation 
was required and new analytical methods had to be developed and 
applied. The design of new instruments and the experimental 
approach, based on the measurement of variables used in the 
geochemical models, were discussed in detail by Simpson (1984) 
and Simpson et al. (1984). The discussion presented here is of 
the data collected at the Great Meteor East study site. The 
trials cruise (Discovery Cruise 125) was made in January 1982 
and provided qualitative information on particle morphology, 
especially for large particles. It was followed by Discovery 
Cruise 129, during which good profile data were obtained and 
samples analyzed for elemental composition. 

A CTD profile for GME is shown in Figure 5.24. The in 
situ density (otSp) and salinity-corrected viscosity of the 
water are used in the estimation of settling velocities in the 
Stokes' equation for particle settling. 

The core and mixing of the Mediterranean water can 
clearly be seen around 1200 m and below. The origin of the 
salinity and temperature inversions at 150-200 m is unknown; 
the salinity maxima is further north than that usually associ
ated with the warm-water sphere. The water masses show up 
clearly on the theta-salinity plot (Figure 5.25). The complex 
surface structure is followed by the core of the Mediterranean 
Water (MED), Intermediate Atlantic Water (IAW) and Deep Atlantic 
Water (DAW) indicated by the steepening of the gradient. 

The basic profile obtained by the Deep-Water Particle 
Sampler (DWPS) is shown in Figure 5.26. Immediately apparent 
is the sharp increase in transmissometer output and a decrease 
in total particle count to give a minimum at the temperature 
inversion. There is a logarithmic decrease in particle concen
tration with depth, with evidence of slight resuspension in the 
bottom 1000 m. The spikes in the particle counts are due to 
fragmentation of large particles in the cell. In Figure 5.27, 
the attenuation coefficient (calculated from the percent trans
mission figures) and water viscosity (based on pressure and 
temperature alone) are plotted. The salinity-corrected 
viscosity (Figure 5.24) shows only a small deviation from the 
uncorrected viscosity (Figure 5.27), the most obvious difference 
being in the Mediterranean Water. 

The ship's records and plots were used primarily to 
choose sampling depths for the filtration system. They also 
aided the more detailed analysis in the laboratory, particularly 
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Structure at GME. M signifies Mediterranean Water, I is 
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in choosing depth intervals for data averaging. For estimating 
the particle mass concentration, [m], and particle mass flux, 
F, the following two algorithms were used: 

[m] = ir • p • d3»n/6 (mg/m3) (5.2) 

F = [m] • Us = [m]»g»ûp« d*/18n (mg/mVday) (5.3) 

for n particles per unit volume of given geometric mean diameter 
3", density p, and density contrast with respect to water Ap, 
where n is the water viscosity and g the acceleration due to 
gravity. 

Thus, F is ultimately dependent on a ds term and the bias 
toward the rarer, larger particles is self-evident. The total 
water volume passing through the counter from 1000 m to the 
bottom was 30 1, and only 10 cycles produced counts of 
particles (15 in all) >245 urn mean diameter. By taking only 
particles up to 200 urn and averaging over 60, 120, or 300 m 
depth intervals, the data were sufficiently smoothed to show 
the main trends. There appeared to be four distinct regions of 
activity: 

• The estimated mass concentration decreased rapidly 
from 100 pg/1 in near-surface waters to 17.5 
ug/1 at 667 m. The estimated fluxes decreased 
from 2229 to 38 mg/m2/d over the same depth range, 
bounded by both the greatest values and variability 
in Brunt-Vaisala (BV) stability frequency. 

• The next region, 780-1736 m, included the Mediter
ranean Water in which the estimated mass concentra
tion and flux showed greatest fluctuation. The BV 
stability frequency decreased linearly from 2.00 to 
0.56 cycles per hour. 

• In the mid-water region, 1949-3713 m, the estimated 
flux decreased from 162 to 77.7 mg/m2/d, with 
mid-water concentrations of particulate matter of 
about 10 ug/1. 

• The viscosity maximum was at 4000 m, and from 4000 m 
to the bottom, as the BV stability frequency tended 
to zero, the particle mass concentration increased 
(i.e., the eddy diffusion increased, resulting in 
resuspension). 
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The mass estimates agree with those for the Atlantic 
determined during the GEOSECf experiment (Brewer et al., 1976), 
whereas the flux estimates are within the range quoted for the 
Sargasso Sea (Deuser et al., 1981) and northwest Atlantic Ocean 
(Rowe and Gardner, 1979). There are few measurements of 
particle-size spectra in the deep sea; the data of McCave (1975) 
suggested that above 20 um the gradients tended to be between 
-3 and -4 for the cumulative number distributions. The analyses 
reported in McCave (1975) were carried out on a Coulter counter 
using small volumes, hence problems similar to those described 
above for 200-um particles were evident (i.e., the prob
ability of detecting relatively large particles in relatively 
small volumes was low). The gradients (m) determined at GME 
for intermediate-sized particles (10-200 um) range between -2 
and -2.8, and demonstrate the importance of larger particles in 
mass and mass flux calculations. 

5.1.8 Particle Morphology 

The particle samples obtained from NE Atlantic stations 
(Figure 5.28) were examined by SEM-EDX-R. 

5.1.8.1 Size Distribution-Composition Relationships— 
Figure 5.29 shows the percentage composition of the 1- to 
10-um size fractions. Two immediately obvious features are: 
a) calcium carbonate in the form of calcite (coccolithophorids) 
dominates all the samples; (b) the clay material (alumino-
silicates) contribution increases with depth and accounts for 
25% of the small size fraction in bottom waters. The biogenic 
opal appeared to have significance only in the surface water 
during the summer cruise to this region. The higher concentra
tion of "minerals" found on Discovery Cruise 125 is an artifact; 
these samples also have higher concentrations of iron, titanium, 
and chromium, which suggests contamination from the ship. The 
organic material, like the calcite and opal, shows a relative 
decrease with depth in the northern stations. The dissolution/ 
degradation of this material throughout the water column is the 
probable caise, but the effect is accentuated by resuspension 
of clay material in bottom water. 

For the larger particles (10 to 100 um), there are 
fewer discrete CaCOj particles. Those between 10 and 20 um 
are generally coccospheres and the larger particles are forams. 
The aggregates, mostly fecal material containing coccoliths, 
come into prominence at 25 um, as does the biogenic silica 
(opal)—mostly diatoms and radiolaria. Organic matter is most 
prevalent in the surface water and shows a gradual decrease in 
concentration with size, whereas the clay- and mineral-dominated 
aggregates show a rapid tail-off to 35 um. Thus, for large 
particles, the population is again dominated by CaCOj either 
as discrete coccospheres or coccoliths in fecal aggregates. 
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The organic matter is the next most common component, with the 
silicon-containing material (biogenic and nonbiogenic) forming 
the third group. 

Since coccoliths made the main "hard-part" contribution 
to the particulate matter, detailed species studies were insti
gated. One species, Emiliana huxleyi, dominated the species 
assemblage, but the holococcolith species, made up of rhombo-
hedric crystal units, displayed poor preservation in deep water. 

5.1.8.2 Microscope-Counter Relationships—The summed 
difference distributions of data for larger particles became 
asymptotic at about 50 um. When plotted as cumulative number 
distributions, the gradients are approximately -2, compared to 
the counter gradients of -2 to -2.8. The agreement is good for 
what is basically a subjective, semiquantitative technique. 
However, the translation from number counts to concentration 
per liter was found to be unreliable, as the distribution of 
samples on the filters was too variable. 

5.1.9 Surface Charge 

The results of Loder and Liss (1982) suggest that the 
particulate matter surface charge is remarkably constant from 
the surface to the bottom, with an electrophoretic mobility of 
between -0.9 and -l.lxlO"8 m2/s/V. The charge is slightly 
more negative in near-surface samples than in deep samples. 
After oxidation the change in charge showed that the particles 
were organic-coated, with the indication of a greater effect in 
the surface (organic-rich) samples. 

5.1.10 Elemental Composition of the Particulate Matter 

Buat-Menard and Chesselet (1979) classified the elements 
into three main groups, based upon the enrichment of elements 
in particulate samples with respect to crustal abundance. 
These groups may be summarized as: (a) those directly related 
to crustal weathering with enrichment factors (EFs) close to 
unity (Sc, Th, and Al); (b) those closely related to the first 
group, but with a secondary phase not associated directly with 
alumino-silicates (their EFs generally fall between 2 and 4 [V, 
Fe, and Mn]); (c) those elements that were greatly enriched 
relative to crustal abundance (Co, Ba, Sb, Au, Ag, Hg, and Se). 

In the absence of data for Al, the element generally 
taken as the terrigenic marker for enrichment factor calcula
tions, the enrichments were calculated taking Sc as unity. The 
EF crust values for surface mid- and deep-waters were close to 
those reported by Buat-Menard (1979) and Buat-Menard and 
Chesselet (1979). The same authors showed that the flux of Se, 
Sb, Au, Hg, and Ag was biologically driven, probably in "soft" 
(organic) components of the biological material. The cycle 
suggested for these elements was a large atmospheric input, 
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with subsequent incorporation of the elements into organisms 
and fecal material in the surface water, followed by release 
back into solution at depth. Cobalt, enriched to a much lesser 
extent, was implicated in "soft part" biochemistry (e.g., in 
methylcobalamine). Barium, on the other hand, was found as 
discrete barite crystals, possibly biogenically produced 
(Dehairs et al., 1980). Further information on barium will be 
useful, first because the Ba-Ra cycles are closely linked, and 
second because BaSO« has been used as a scavenger in the 
laboratory for radionuclide analysis and therefore may act as 
an in situ scavenger for some elements. Similarly, iron has 
also been used in the laboratory as a scavenger to remove trace 
elements by coprecipitation. Iron has often been discussed as 
an important carrier in the removal of trace elements from 
solution in the oceans (e.g., Balistrieri and Murray, 1983), 
but the success in relating iron concentrations in particles 
with other element removal has been limited (Balistrieri et 
al., 1981). The thorium crustal enrichment factors were greater 
than those determined using shale concentrations in the calcula
tions. The latter gave values of about 2. A group of elements, 
hitherto not reported in any detail in particulate material, 
also had low enrichments. They are the most relevant group to 
radioactive waste disposal—the rare earth elements (REEs) La, 
Ce, Eu, and Yb. 

Little is known of the biochemical and geochemical 
behavior of REEs in the oceans. Solution data for one station 
in the NE Atlantic, with hypotheses for the ocean cycling, were 
given by Elderfield and Greaves (1982), as were some theoretical 
considerations on the controls on REE distributions in seawater 
by Turner and Whitfield (1979). More recently, sediment flux 
estimates were made using box core samples (Thomson et al., 
1984), yet no measurements were available of suspended particu
late material in the ocean interior from which to derive 
reliable flux and residence time (x) estimates. The variation 
in x calculated from river input, aeolian and river input, 
and sediment output was illustrative of this gap in information 
(Elderfield and Greaves, 1982). 

Solution data from a station close to GME (Elderfield 
and Greaves, 1982) were combined with the particle data and 
from these data residence times, fluxes, apparent distribution 
coefficients (AD), and enrichment factors against shale 
values were calculated. These results are discussed below and 
compared with theory and previous work. 

To reiterate the statement made by Elderfield and 
Greaves (1982) 

• The REEs are a coherent group which possesses an 
ordered variation in stability constants; thus, 
fractionation between light and heavy elements may 
be expected 
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• Two of the elements (CelV and EuIII) show variation 
from the III oxidation state; thus, further frac
tionation may be expected from these two elements. 

The evidence to support this statement is best 
appreciated by comparing the enrichment of the elements in 
particulate material against shale values; again, in the 
absence of Al data, Se was used as the terrigenous marker. The 
estimates of REE concentrations in shales vary markedly; 
classically, the Wedepohl (1971) values are used, but the 
latest determinations for Cody Shale (Jarvis and Hockings, 
1984) are also included. Thus, two EF s h 3i e values are 
possible. 

The relatively greater enrichment of Ce is indicative of 
the lower solubility of the 4+ oxidation state and the low 
enrichment of Eu is due to the existence of the 2+ oxidation 
state. These effects, and the fractionation between the 
lightest, more reactive (La), and heaviest (Yb) elements is 
shown in the deep water residence time calculations based on 
the model of Bacon and Anderson (1982). The order of Ce La Eu 
Yb was consistent with the groups observed and predicted 
behavior with x in the ranges quoted previously by Elderfield 
and Greaves (1982) . 

It was suggested that high bottom-water dissolved 
concentrations were indicative of diffusion from sediments and 
that sediments were an important source of elements to the 
ocean interior (Elderfield and Greaves, 1982). Evidence for 
extensive remobilization (dissolution-desorption) and also 
resuspension of detrital material is provided by the low EF 
shale and the high Sc and REE particulate concentrations, 
respectively. The primary (midwater) flux of the elements was 
estimated using particle data from the particle counter at the 
time of sampling. From 1200 to 4000 m, the mean particle 
concentration for 60-um particles was calculated to be 5 
yg/1 and the mass flux of particles 50 mg/m2/day. The 
resulting total primary fluxes are in good agreement with those 
derived from the sediment record for clay sediments in the 
Nares Abyssal Plain (Thomson et al., 1984). Some geographical 
variability is to be expected in comparing these sites (W to E 
Atlantic). Furthermore, seasonal variability is an important 
factor in water column work. These samples were collected 
shortly after the spring bloom, as indicated by the low 
concentration of Sc (clay material) in the surface water. 

Since remobilization appeared to be important (Elderfield 
and Greaves, 1982), much of the authigenically complexed 
material must be recycled from the suspended particles. The 
bottom sample was assumed typical of the surface sediment, a 
valid assumption since there was evidence from the data for 
resuspension. Subtracting the detrital component from the 
bottom sample, the authigenic components are 6.7%, 51%, 8.9%, 
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and 7.9% for La, Ce, Eu, and Yb, respectively. Scaling up the 
detrital primary flux accordingly, total fluxes of 77-89, 
194-320, 2.82-3.25 and 3.98-6.01 nmol/cmVkyr are obtained 
for La, Ce, Eu, and Yb, respectively. Again, comparisons with 
sediment flux estimates are good. The inference is that 95%, 
63%, 70%, and 85% of La, Ce, Eu, and Yb, respectively, in the 
authigenic component are returned to solution in transit from 
1000 m to the sediment and at the sediment-seawater interface. 

To find a plausible explanation, we must return to the 
theory. The enrichment of the lanthanides was suggested to be 
by ion capture (i.e., an ion of higher coordination and/or 
greater polarizing power replaces the major ion within a 
mineral, rather than through solution chemistry [Turner and 
Whitfield, 1979]). The replacement of calcium in calcite or 
aragonite, barium in barite, and strontium in celestine by REEs 
fulfills these conditions; all these minerals have biogenic 
origins (e.g., coccolithophorids, foraminifera, benthic 
protozoa, and acantharia). From 1000 to 5470 m, the Ca and Ba 
enrichments decrease greatly with depth. It is possible that 
the REEs also have some organic association (e.g., in membranes 
[Williams, 1982]). 

Lastly, there are similarities in behavior of the REEIII 
with AmIII and CelV with PuIV. For example, compared to the 
data of Fowler et al. (1983, items 1 and 2) and Livingston and 
Anderson (1983, items 3 to 6) 

2̂  2 3 9,z4opu w a s enriched relative to z41Am in 
biological material during a spring bloom of 
dinoflagellates (cf Ce vs La) 

2. The apparent distribution coefficient values (see 
below) agree well with the surface sample AD values 
of Pu and Am of 1.4 x 10s and 0.8 x 10s, respec
tively 

3) The Am/Pu ratios in particles were uniform with 
depth in deep (>750 m) samples (cf 1320 and 1806 m 
EF shale and particle concentrations) 

4) With the exception of two samples Pu was enriched 
relative to Am (cf Ce vs other REEs) 

5) Most of the Pu flux to sediments was shown to 
dissolve 

6) The estimated residence time of Pu was similar to 
that of REEs. 
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The term AD is the apparent distribution coefficient in 
that mineral and biological components contribute to the overall 
concentration; probably the distributions are kinetically con
trolled by biological uptake followed by dissolution, rather 
than by solution equilibria. Although this data set is limited, 
the indications are that REE cycles are of importance as markers 
for authigenic (biological)-detrital removal processes, coupled 
to extensive remobilization in deep water as a result of the 
recycling of biological components. 

The implication is that their ultimate removal is 
probably at the continental boundary, similar, perhaps, to that 
observed for naturally occurring radioisotopes like Th, Pa, and 
Pb (Kadko, 1983; Spencer et al., 1981). Perhaps the radio
nuclides Am and Pu are also extensively remobilized at the 
sediment-seawater interface and scavenged at the continental 
margins. 

5.1.11 Summary of Particulate Discussion 

The particle sampler operated to its specification in 
that it provided real-time information on which to carry out 
informed sampling and sufficient samples for full chemical and 
morphological analysis. The analytical results obtained and 
estimates of particle mass concentration and fluxes were in 
good agreement with those determined by other workers. Also, 
new and more detailed inf orruation is becoming available on 
particle composition and distribution. 

In general, the particulate materia* was dominated by 
CaCOj in the form of coccoliths, and by unidentified organic 
matter. The particles themselves were coated with organics and 
were negatively charged. There was evidence of strong recycling 
(and perhaps grazing) in the top 700 m. There was a loss of 
particle mass and decrease in flux to 4000 m in the size range 
measured, and the chemical data suggested this to be due primar
ily to dissolution of calcite and possibly loss of organic 
material. 
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5.2 Southern Nares Abyssal Plain 

The US Subseabed Disposal Program (SDP) schedule included 
a complete and thorough site-oriented, multidisciplinary radio
logical assessment by 1990. A single nearby region, the 
Southern Nares Abyssal Plain (SNAP) (Figure 5.30), was selected 
as a specific study location for complete environmental charac
terization. A five-year physical/biogeochemical océanographie 
field program was planned to build on the existing data base, 
which consisted primarily of a thorough collection of historical 
data from the region (Riser, 1985) (Figure 5.31) and the results 
of two SDP-focused cruises in 1983 and 1984. The site-specific 
approach represented a refocusing of priorities, and a new phase 
in US field exploration. Various SDP models helped to define 
the field work by identifying specific inputs required for simu
lations and data fields necessary for postsimulation verifica
tions. Because they treated not only physical, but also geo-
chemical, particulate, and biological processes in a fully-
coupled and interactive way, the associated field programs were 
also interdisciplinary. This was to be an iterative, inter
related, field-data acquisition/modeling program directed 
toward model validation and optimal site survey studies, as 
discussed in the Introduction. The program was cancelled 
immediately following the 1984 cruise. Samples were archived 
for later analysis, if possible, but postcruise simulations and 
verifications were never completed. Very preliminary physical 
and geochemical results are summarized in this section. 

5.2.1 The Flow in the Nares Abyssal Plain Based on Historical 
Data 

5.2.1.1 Flow Scenario in the Abyssal Waters—The Nares 
plain, located in the western North Atlantic, is a region of 
confluence of a number of different water masses. In the upper 
ocean and thermocline it is a region where Antarctic Intermedi
ate Water (AIW) and Mediterranean Water (MED) finally come into 
contact with the western boundary of the North Atlantic Basin, 
the MED having flowed westward from the eastern boundary. In 
the abyssal waters of the region, the confluence of water 
masses is more complicated. Over the entire western North 
Atlantic, North Atlantic Deep Water (NADW) flows to the south 
and east, having been formed in the region around Greenland. 
In the Nares area this water mass overrides the Antarctic 
Bottom Water (AABW), which moves in a broad flow to the north
west. The boundary between these two water masses occurs 
around 4500 m. The interactions between these water masses ar 
possibly strong in the sense that a number of filamente 
currents might be present in the abyssal ocean (Figure 5.32). 
It is also possible that a well-defined Western Boundary Under 
current, carrying relatively unmixed North Atlantic Deep Wate 
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Figure 5.30. The Western North Atlantic. The boxed area is 
the greater Nares Abyssal Plain region. Hatched areas denote 
depressions. Figure by S. Riser (1985). 
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Figure 5.31. Positions of Nansen Casts Available from the NODC 
File for the Nares Area. Figure by S. Riser (1985). 
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80° S 60°S 40°S 20°S 0° 20°N 40° N 60°N 

Figure 5.32. A North-South Section through the Western Basin 
of the Atlantic Ocean. Salinity is perhaps the best delineator 
of the principal water masses. Antarctic Bottom Water, the 
deepest and densest, flows northward under the southward-flowing 
North Atlantic Deep Water formed in the Northwest Atlantic near 
Greenland. Ocean physics requires intensification toward the 
west. Deep water at the SNAP is important, since it would be 
the first water hypothetically contaminated. Figure by S. 
Riser (1985). 
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to the south, is superimposed on the broad flows of AABW and 
more dilute NADW. Determining the detailed nature of the 
abyssal flow in this region was not possible from historical 
data. Such a determination is of central importance to 
development of a modeling and optimal field survey methodology 
for application to the pressing questions of tracer dispersal 
in this region. Consequently, the dedicated field program 
described above was designed to begin to answer such questions. 

5.2.1.2 The Velocity Field in the Deep Nares Region—The 
water mass properties outlined above can potentially provide 
indirect measures of the direction of flow in the deep Nares 
area. However, direct measurements of the abyssal mean flow 
(Figure 5.33) and eddy kinetic energies (Figure 5.34) are 
required for truly good estimates of the deep flow. Given the 
relatively small signal-to-noise ratios in the deep Nares 
region (i.e., the eddy speeds are generally larger than the 
mean flow), determination of the mean flow at even one point in 
space required a moored experiment of several years duration. 
Such an experiment, carried out with one or a few moorings 
instrumented at several depths, is of immeasurable importance 
in determining abyssal flow in this region. It is unlikely 
that geostrophic computations from hydrographie data could 
yield reliable answers, since the deep velocities are so small. 

5.2.1.3 Dispersion in the Deep Nares Region—Ultimately, 
the magnitude of dispersion must be considered in any discussion 
of the nature of the flow in the abyssal Nares region and in 
terms of the environmental effects of hypothetical releases. 
The dispersion in the deep SNAP should be quantified directly 
from one or a few releases of deep drifters or continuously 
tracked floats to characterize adequately the strength of 
horizontal mixing in this region. A few floats released at 
2000 m during POLYMODE suggest that local dispersion may be the 
weakest of any of the few oceanic regions measured (Figure 
5.35). However, dispersion also appears (from only three 
floats) to be somewhat intermittent. Thus, a dedicated and 
long-term dispersion experiment would be necessary to determine 
directly the nature of horizontal dispersion in the deep SNAP. 

5.2.2 Physical Measurements 

The 1984 cruise to the SNAP aboard R/V Endeavor was a 
preliminary survey and occupied a two-week period in September/ 
October. This mission sought sufficient scale information to 
support design of the extended multidisplinary work. During 
the cruise, XBT and CTD stations were carried out for descrip
tive and modeling purposes (Figure 5.36). The deep hydrography 
was primarily descriptive to characterize deep and near-bottom 
water movements, and to provide suitable T-S relationships for 
the modelers. The three casts to the far south were made to 
locate the Western Boundary Undercurrent, which is thought to 
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Figure 5.34. Total Kinetic Energy for the 2000-m Floats, 
Figure by S. Riser and H. Rossby (1983). 
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Figure 5.35. Float Dispersion in the Nares Abyssal Plain. 
Note the similarity between these two contemporaneous float 
tracks. (a) Float 7 is at 2000 m. Three fixes per day are 
shown: the larger dot represents the first fix of the day. 
Arrows denote ditection of motion along the trajectory. 
Numbers to the upper right of the arrow denote time at the 
arrow in modified Julian days. Gaps denote missing data. (b) 
Float 8 is also at 2000 m. Figure by S. Riser and H. Rossb 
(1983). 
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Figure 5.36. Location of Measurements during the Fall 1984 
Endeavor Cruise to the Nares Abyssal Plain. Figure by E. Laine 
(1985). 
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flow west-to-east in this region. The XBTs were used to 
initialize the numerical models (REMs) that provided dynamical 
forecasts (Figure 5.37) of the local eddy field during the 
cruise. The nested pattern of squares is particularly useful 
for this purpose. 

In situ pumping and large-volume water casts were used 
for water column radionuclide and suspended particle analyses. 

Data from the year-long current meter/sediment trap 
mooring provided the first long-term, direct measurements of 
deep currents and vertical fluxes in the region. 

A 2-m gravity core was also collected to support the 
sediment trap work. 

Figure 5.38 is a profile of temperature, salinity, and 
optical transmissivity at a station quite near the long-term 
mooring. It provides critical information about vertical 
density stratification and local water masses. The transmisso-
meter not only estimates the content of suspended matter, but 
also serves as a good bottom boundary layer (BBL^ indicator, 
since resuspension is usually intense in the BBL. The BBL in 
Figure 5.38 is quite weak, although the transmissivity definite
ly indicates layering. The digital data suggest a BBL roughly 
50-m high with a temperature cap of a few millidegrees. Absence 
of a strong BBL signal is connected with the generally pervasive 
stagnancy in the region during the time of the cruise. For the 
sake of comparison, the BBL from a more active area southeast 
of Cape Hatteras some ten days earlier is shown in Figure 5.39. 
The BBL is clearly identifiable in all three traces and is 
roughly 100-m thick. 

An important new data set from the SNAP derives from the 
year-long current meter/sediment trap mooring that was 
recovered and redeployed. The mean flow is generally to the 
west at about 1 cm/s, veering northward, back southward, and 
then northward again (~35°) with increasing height in the 
water column (Figure 5.40). Actual speeds, including tidal 
components of 2.5 cm/s, are close to 10 cm/s and are variable, 
as suggested by the progressive vector diagrams at 725 and 5800 
m (Figures 5.41 and 5.42). The flows at 725 and 5800 m bear 
little resemblance to one another, especially in the N-S 
direction. For comparison, a six-month record from a current 
meter 200 km to the north is shown in Figure 5.43. It shows 
mean flow to the east. A stick diagram of the record (Figure 
5.44) suggests 

• A strong southward event throughout the water column, 
with bottom enhancement in September 1983 
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Figure 5.37. Initial and Forecast Streamfunction and Vorticity 
Fields at 70 m. The level of no motion is 4000 m. Five-day 
forecasts of streamfunction and vorticity fields are based on 
the initial fields (Figure by the 1984 Nares Plain Modeling 
Group). 
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Figure 5.38. CTD/Optical Transmissivity Profile Near the SNAP 
Long-Term Mooring (23°10.53'N, 63°59.05'W). The BBL signal is 
very weak in potential temperature and salinity, but visible in 
transmissivity. Figure by E. Laine (1985). 
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Figure 5.39. CTD/Optical Transmissivity Profile from the 
Hatteras Abyssal Plain (32°49.23'N, 70°42.7'W). The BBL is 
detectable in all three traces and is roughly 100-m thick. 
Compare to weaker BBL in Figure 5.38. 
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Figure 5.40. Mean Velocities at Four Depths for a Thirteen 
Month Record from the Nares Abyssal Plain (Aug. 1983 to Sept. 
1934). Figure by D. Pillsbury of OSU. 
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360 km 

Figure 5.41. Progressive Vector Diagram at 725 m from the 
Nares Abyssal Plain. The origin represents August 15, 1983 and 
the record contin to September 20, 1984. Figure by D. 
Salisbury of OSU. 
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100 km — I 

Figure 5.42. Progressive Vector Diagram at 5800 m from th 
Nares Abyssal Plain. The origin represents August 15, 1983 an 
the record continues to September 20, 1984. Figure by D 
Pillsbury of OSU. 
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Figure 5.43. Progressive Vector Diagram and SOFAR Float Tracks 
200 km North of the Nares Abyssal Plain. The depth is 2000 
and the record length is six months. Note that the mean flo 
is to the east. Compare to Figures 5.35, 5.41, and 5.42. Figur 
by S. Riser and H. Rossby (1983). 
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Figure 5.44. Currents at Four Depths in the Nares Abyssal 
Plain, August 1983 to September 1984. Figure by D. Pillsbury 



• A strong shallow northward event in March of 1984 

• A strong southward event throughout the water column, 
with surface enhancement in June 1984 

• A very weak flow throughout August 1984 (corroborated 
by hydrographie measurements taken concurrently). 

Long-term float tracks from the POLYMODE experiment, together 
with these new data suggest strongly that: (1) the flow in the 
SNAP is episodic; (2) time-scales of variability are signifi
cant, suggesting that at least three years, possibly more, 
would be reguired to extract a stable mean; (3) the region is 
spatially inhomogeneous. 

222Rn profiles in the BBL are generally exponential 
and suggest a 10- to 50-m bottom boundary layer thickness with 
a vertical eddy diffusivity of 5 to 70 cm2/s. In general, 
BBL thickness is thought to be influenced more by patterns of 
convergence and/or divergence associated with mesoscale eddy 
features than by local velocity intensities. A cold BBL fila
ment exists along the western boundary of the region. It is 
some ,100-km wide and 150-m high. It seems to be composed 
largely of Antarctic Bottom Water and to be moving southward. 
The feature is identifiable from 20°N to 60°N at about 5000-m 
depth. 

A two-month record of unfiltered rotor output from the 
deep current meter is shown in Figure 5.45. The flat spots in 
August and September represent periods when the rotor was 
stalled due to low current speeds (~16% of the time over the 
entire record). Other sites of interest such as the Mid-Plate 
Gyre (MPG-]) in the Pacific are even more quiescent, and it is 
common for instruments to stall 50% to 60% of the time. Corres
pondingly, efforts were made within the SNAP program to improve 
current meter designs to lower the stall threshhold. 

It seems fairly clear that special efforts will be 
required in the southwest corner of the SNAP to characterize 
the Western Boundary Undercurrent (WBUC). Deep water formation 
patterns are fairly well known in the North Atlantic. Tritium 
from surface sources sinks in the Northwest Atlantic and 
migrates southward to middle latitudes (~30°N) in the western 
quadrant (Figure 5.46). This behavior seems to occur only in 
the Northwest Atlantic (Figure 5.47). Another southward-flowing 
deep current ("5 cm/s) with a strong tritium signal occurs 
along the Blake-Bahama Outer Ridge (Figure 5.48). High tritium 
signals have also been found within the water column at 3000-m 
depth in sections off the Bahama Islands (Figure 5.49). Thus, 
tritium can be traced from the Labrador Sea southward to about 
22°N along a path that seems to widen. 
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Figure 5.45. Unfiltered Current Meter Rotor Output at 5800 m| 
in the Nares Abyssal Plain. Flat spots near current amplitudes 
of 0.8 cm/s represent stalled conditions (~18% of the total 
record). Figure by D. Pillsbury of OSU. 
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Figure 5.46. Section Showing the Vertical Distribution of 
Tritium in the Western North Atlantic. The deep penetratio 
north of 40°N is associated with the formation of deep water. 
This diagram was prepared by Gbte Ostlund of the University o 
Miami, based on his measurements of samples collected as par 
of the GEOSECS program (from Broecker and Peng, 1982). 
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Figure 5.47. Sections Showing tie Vertical Distribution of 
Tritium (in TU) along Transverses in the Western Part of th 
Three Major Oceans. The heavy dashed line denotes the depth at 
which tritium concentration reaches one-quarter that in overly 
ing surface water. These results were obtained by Gote Ostlun 
of the University of Miami as part of the GEOSECS program. 
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Figure 5.48. Tritium Section for Bottom Waters Flowing Along 
the Blake-Bahama Outer Rise (Location B Inset Map). The solid 
contours are for tritium (in TU) and the dashed contours are 
for potential temperature. The tritium measurements were made 
by W. Jenkins of WHOI. 
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Figure 5.49. Tritium Maxima off the Bahamas. Dashed line 
represent tritium values (in TU) and solid lines represen 
potential temperature. Black dots represent sample points, 
Figure by D. Olson, University of Miami. 
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The distribution of freon from atmospheric sources in 
the Northwest Atlantic also suggests a general local sinking, 
followed by a slow southern migration along the western 
boundary (Figures 5.50 and 5.51). It is not uncommon for the 
WBUC to reach high into the water column (Figure 5.52). 
Relatively high oxygen concentrations and low temperatures 
toward the southwest of the SNAP also point to possible WBUC 
influences. 

5.2.3 Radiochemical Observations from the SNAP 

Field work at the Southern Nares Abyssal Plain included 
efforts to characterize the extent of removal of reactive 
chemical species from the water column. The program involved 
the collection of large-volume water samples, as well as water 
samples filtered in situ through Mn02-impregnated sorptive 
cartridges. The latter system can be used to determine reactive 
radionuclides on filterable particles (via a pre-filter cart
ridge) and in solution (via the Mn02 cartridge). 

Radionuclides measured in the water column samples 
include the thorium isotopes 230Th, 234Th, and 228Th (by 
Cochran, State University of New York [SUNY], Stonybrook) and 
the fallout radionuclides 23»>*«°pu an(j '

37Cs (by Livingston, 
WHOI). The fallout radionuclide data will be compared with 
previous measurements (Livingston, 1984) in the area. Thorium 
isotopes are produced in seawater from the decay of soluble 
precursors. Because thorium interacts strongly with particles, 
its isotopes are good analogues for the reactive end of the 
chemical spectrum of particle-solute interactions. Sediment 
traps moored together with current meter arrays (Dymond, OSU) 
were used to obtain samples of the settling particles. The 
sediment trap samples were going to be analyzed for a variety 
of radionuclides (Livingston, WHOI and Cochran, SUNY) and stable 
elements (Dymond, OSU) to support calculation of fluxes to the 
bottom. Much of this analysis was cancelled due to the pre
mature cancellation of the US program. Comparison of the 
sediment-trap-derived fluxes (measured by Dymond, OSU) with 
those obtained from sediment cores permits determination of the 
fraction of flux actually incorporated into the sediment column. 
An additional feature of the US sediment trap program is the 
deployment of downward-facing or inverted sediment traps 
designed to intercept upward fluxes in the water column. Such 
fluxes may be produced in association with buoyant organic 
materials (e.g., eggs of abyssal fish or lipids derived from 
the feeding activities of mobile scavengers). Their magnitude 
and importance as transport paths are uncertain. The mooring 
NAPM-1, deployed in August 1983, consisted of five current 
meters and four sediment traps (one inverted). A preset time-
series of sediment trap samples is collected during a deploy
ment. Similar sediment trap arrays have been deployed at the 
Hatteras Abyssal Plain site by the US Low-Level Waste Ocean 
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Figure 5.50. Distribution of Freon (CC13F) in the Wester 
Atlantic at 1700-m Depth. Figure by R. Weiss of Scripps. 
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Figure 5.51. Freon (CC13F) Section NNE off the Coast of 
Brazil. Compare with station numbers in Figure 5.50 for exact 
section location. Note the broad maximum at -1700 m. Figure 
by R. Weiss of Scripps. 
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Figure 5.52. Gulf Stream Velocity Section Showing Contiguous 
Countercurrent Beneath and to the Surface on Both Flanks of th 
Gulf Stream. The stippled area represents northeastward flow, 
and the clear area southwestward. Figure by P. L. Richardso 
(1977). 
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Disposal Program. The analyses of these samples are ongoing. 
If completed, they will provide, in combination with SNAP 
results, slope-to-abyssal-plain comparisons. 

Work in the sediment column at the Nares site involved 
determination of the rate of mixing of near-interface sediment 
by benthic organisms (via *10Pb and *3»»240pu measurements) 
and of sediment accumulation (via Z30Th measurements by 
Livingston [WHOI] and Cochran [SUNY]). This information 
permits the calculation of accumulation rates of reactive 
nuclides for comparison with sediment trap data. 

Sediment trap observations can provide fundamental data 
for the environmental intercomparison of various sites in the 
ocean. To list only a few: 

• The organic carbon flux from the euphotic zone is a 
measure of new productivity at a site. It is 
productivity based on new input of nutrients to the 
euphotic zone, not nutrients available from 
recycling within the euphotic zone. The flux of 
carbon and nutrients to the deep ocean is in turn 
the basis for the food web at the bottom. 

• Measurements of changes in nutrient and carbon 
fluxes with increasing deptn provide quantitative 
estimates of recycling rates for different chemical 
species. 

• Scavenging by settling particles is a major 
mechanism for removing certain elements from the 
water column. Observed increases in flux with 
increasing depth are thought to be the result of 
scavenging. Uranium-series measurements of trap 
materials are an excellent tool for quantifying this 
important removal process. 

• By comparing the particulate flux of elements to the 
seafloor with their burial rates, quantitative 
estimates of the relative rates of recycling can be 
made. These data provide direct information on 
which elements are particle-reactive and which are 
labile and return to the bottom waters. Such 
comparisons can also define variations in diagenetic 
processes (mineral transformations) at the seafloor. 

• Changes in the particulate flux and composition of 
the particulate flux with water depth can clarify 
sources of sediment to the seafloor. 
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• Sharp increases in apparent sediment trap fluxes in 
the near-bottom region are the result of resuspension 
processes. The thickness and energetics of the 
benthic boundary layer can be defined by near-bottom 
trap studies. 

The traps used in this work are made of fiberglass and 
plastic, and are generally cone-shaped with a mouth area of 0.5 
mz . The exact shape is critical to trapping efficiency and 
therefore instrumental accuracy. Each trap takes timed 
sequential samples during deployment. Trapped particulates are 
funneled into one of five holding chambers, usually programmed 
to sample seasonal variability. The accuracy of oceanic 
vertical particle fluxes calculated from such sediruent trap 
samples is not well known, but intercomparison field studies 
have demonstrated that traps of varying design have collection 
rates within a factor of 2 (Dymond et al., 1981). The traps 
function equally well in inverted configurations, where they 
sample buoyant fluxes. 

The SNAP deployment period was from August 15, 1983 to 
June 28, 1984. The heavy line in Figure 5.53 shows the average 
flux for the two upward-pointing trap levels. The lighter 
lines define seasonal variability. Data from a nearby site (9° 
farther north in the Sargasso Sea) are included. The increase 
with depth is thought to result from scavenging both by sinking 
particles and horizontal sources. This increase is typical of 
many open ocean sites. 

The annual flux of organic carbon (heavy line) and the 
seasonal variability (lighter line) are shown in Figure 5.54. 
The seasonal signal varies by a factor of approximately 3 at 
this site. Comparison with the data to the north by Deuser et' 
al. (1981) indicates lower productivity at the SNAP. This is 
the lowest organic carbon flux measured to date over some 10 
sites in the Atlantic and Pacific. 

The annual mean flux of inorganic carbon (heavy line) 
and its seasonal variability (light line) are shown in Figure 
5.55. The seasonal signal at the SNAP varies by a factor of 
about 2. Lower fluxes than those observed to the north by 
Deuser et al. are again observed. 

The buoyant (i.e., upward) particle flux at the NAP-1 
mooring (Figure 5.56) is estimated at 1 >ig/cm2/yr and is 
lower than any measured at either of the two US low-level study 
locations, EN on the Hatteras Abyssal Plain in the Atlantic or 
WN off Cape Mendocino in the Pacific (Marietta and Jackson, 
1987; Marietta, 1984 and 1985). This may reflect the greater 
depth, but it is more likely the result of the very low produc
tivity at the SNAP, which supports only a small bathypelagic 
population of organisms capable of producing buoyant particles. 
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Figure 5.53. Bulk Downward Particulate Flux at the Souther 
Nares Abyssal Plain (23°N/ 64°W). The heavy line represents 
the annual average. The dashed lines represent seasonal 
variability. Traps are at 1500- and 4800-m depths. Th 
hexagon represents similar data collected 9° to the north i 
the Sargasso Sea (Deuser et al., 1981) (Figure by J. Dymond). 
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Figure 5.54. Downward Flux of Organic Carbon at the Souther 
Nares Abyssal Plain (23°N, 64°W). The heavy line represents 
the annual average. The dashed lines represent seasonal 
variability. Traps are at 1500- and 4800-m depths. Th 
hexagon represents similar data collected 9° to the north i 
the Sargasso Sea (Deuser et al., 1981) (Figure by J. Dymond). 
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Figure 5.55. Downward Flux of Inorganic Carbon at the Souther 
Nares Abyssal Plain (23°N, 64°W). The heavy line represents 
the annual average. The dashed lines represent seasonal 
variability. Traps are at 1500- and 4800-m depths. Th 
hexagon represents similar data collected 9° to the north i 
the Sargasso Sea (Deuser et al., 1981) (Figure by J. Dymond). 
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Figure 5.57 is an example of an experimental goal that 
had been sought for the SNAP. The data are for two sites in 
the eastern equatorial Pacific. Good agreement between trap 
and burial fluxes of Sc, Co, Ni, Fe, and Al demonstrates the 
particle-reactive nature of these elements. 

5.2.4 Sediment Geochemistry 

SNAP sediment samples were collected in February 1984 
during the cruise of the Dutch ship R/V Tyro. They were 
analyzed to help answer these questions: 

• What is the depth and rate of continuous biological 
mixing of sediments at the SNAP site? 

• What is the rate of sediment accumulation there? 

Both rates are important parameters for the Mark A geochemical 
model. The approach to these questions has been to use 
naturally occurring and artificially produced radioactive 
tracers that are deposited at the sediment-water interface. In 
the 2 3 8u decay series, the short-lived radionuclide 2 l0Pb 
(half-life » 22 yr) is useful in determining the rate of mixing. 
It is produced throughout the water column from 226Ra decay 
and is also added to the surface water from the atmosphere, 
where it is produced by z22Rn decay. The long-lived isotope 
230Th (half-life - 75,200 yr) is produced in the water column 
from 234u decay and is useful for determining the rate of 
sediment accumulation. The radionuclides ! 3 , , ! 4 0Pu and 
13 7Cs have been introduced to the oceans only recently, 
through the advent of atomic weapons testing. Their presence in 
near-interface deep-sea sediments has been well documented and 
they may be used to calculate mixing rates, provided satisfac
tory input functions are specified. All the radionuclides 
mentioned display some affinity for particles, which allows 
them to be used as tracers for such processes as particle mixing 
and accumulation. Excess 2'°Pb was calculated by subtracting 
the measured 226Ra activity from the measured Jl0p 
activity. This corresponds to the 2I0Pb scavenged from the 
overlying water column and added to the sediments. Figure 5.58 
shows excess 210Pb vs depth for the eight cores. Data on th 
detailed depth distribution of excess 2l0Pb are not avail
able, but analysis of the top two samples from each cor 
indicates that the excess 210Pb drops to as low as 12% of th 
surface activity by the 1- to 2-cm depth interval. Depth dis
tributions for 2*».2«°pu and I37Cs are available only for 
two cores. They show a sharp decrease with depth, but bot 
tracers are detectable, to depths of 10 cm. The data are plotte 
in Figures 5.59 and 5.60 as ratios of the activity at each dept 
to the activity in the 0- to 1-cm depth interval. The patter 
emerging from these studies is that sediments at the SNAP ar 
not rapidly mixed by infauna, an observation consistent wit 
the low flux of organic carbon observed in the sediment traps. 
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Figure 5.58. Excess z '°Pb Versus Sediment Depth for Eigh 
Southern Nares Abyssal Plain Cores (Figure by K. Cochran). 
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Figure 5.59. Fallout Nuclide (z3,,240Pu and 137Cs) Activity 
Versus Sediment Depth for Core BC 02 from the Southern Nares 
Abyssal Plain. Activities are normalized by the activity in 
the 0- to 1-cm depth range. The solid line represents a 
computed profile for a continuous input and a bioturbid 
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Figure 5.61 shows the Th isotope data. In a fashion similar to 
11 Pb, excess z30Th is calculated by subtracting the 
activity of its parent, 234U, from the total 230Th 
activity. In Figure 5.61 excess 230Th is also plotted, 
normalized to z32Th. The latter isotope is associated with 
the detrital phase of the sediment and can be used to correct 
for changes in sediment composition with depth. 

5.2.4.1 Variability in Surface Activities of 210Pb, 
23,'240Pu and 1J,Cs—The data indicate that excess 2 I0Pb 
activities in the 0- to 1-cm depth interval vary by an order of 
magnitude over the eight available cores. Similar variation is 
seen in 2 3 ,» 2 4 0p u and

 l37Cs. This variation appears despite 
the fact that cores were taken over a fairly small area with no 
major changes in sediment type. Possible explanations for the 
pattern include 

• Problems during coring or recovery leading to loss 
of the upper 1 cm of the core 

• Real variability in deposition of 2'°Pb, Pu, and 
137Cs from place to place on the seafloor 

• Similar deposition of 2l°Pb, Pu, and '37Cs from 
place to place, but a variation in the particle-mix
ing rate changing the shape of the activity-vs-depth 
profiles and interface activities. 

At present the data are not sufficient to decide which of these 
explanations is valid. It is possible that a combination of 
them may be required to explain observed patterns. 

5.2.4.2 Particle Mixing Rates—Particle mixing rates in 
deep-sea sediments are often calculated by assuming that mixing 
operates in a manner similar to eddy diffusion. Generally, 
sediment accumulation in the deep sea does not contribute 
significantly to depth distributions of the tracers. The 
profiles are taken to represent steady distributions (mixing 
balanced by radioactive decay) in the case of 210Pb or time-
variable distributions in the case of the fallout radionuclides. 
In the simplest formulation, the system is described by 

8A - DB 3ZA - XA (5.4) 
3t 3zT 

where A » activity of tracer (dpm per mass dried sediment) 
DB - particle mixing coefficient (cm2/yr) 
z • depth (cm) 
X - decay constant (yr"1) 
t • time (yr). 
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The particle mixing coefficient for zl0Pb is obtained by 
solving Eg. 5.4 for 3A/8t - 0 (steady state). For Pu and 
13TCs, solutions can be achieved by ignoring decay and 
assuming an input function for the tracers at the seafloor. 
The latter may take the form of a pulse input coinciding with 
the 1962-63 peak in weapons testing, or a continuous input set 
as a constant annual addition of tracer since the testing 
maximum. Detailed solutions for all these cases have been 
computed by Cochran (1984). 

Nixing rates can 
distributions using only 
core BC 02 (for which a 

the excess 'Pb 

be estimated from 
the top two samples 
more detailed depth 
drops to near zero 

2,0Pb 
. In 

the excess 
of each core 
profile is avail-
values by 2 to 3 able) 

cm and the mixing rate is effectively calculated by considering 
only the top two samples. At greater depths (e.g., 4 to 5 cm), 

have bypassed the near-interface zone 
which is a common feature of deep-sea 
to represent discrete inputs of sediment 
through infilling of burrows. In core BC 

excess zl0Pb seems to 
of continuous mixing, 
sediments. It 
and associated 
02, similarly 
occur at the same depth. 

appears 
tracers 
anomalous 

2 3 9 . 2 4 0 Pu and probably I37Cs values 

The mixing coefficients determined from the three tracers 
in cores BC 02 and BC 32 are given in Table 5.8. 

TABLE 5.8. MIXING COEFFICIENTS IN CORES BC 02 AND BC 32 

Core 

BC 02 

BC 32 

Tracer 

2 3 », 2 4 0 p u 

,37Cs 
2l0Pb 

2 3 • , 2 4 0 p u 

117Cs 
2 . 0 p b 

Cont 
Mixing Coeff 

inuous Input 
(cmVyr) 

0.03 
0.03 
0.00 

0.05 
0.04 
0.06 

icient 
Pulse Input 
(cmVvr) 

0.008 
0.007 

0.01 
0.01 

Values of the mixing coefficient DB are similar to one 
another, although agreement with 210Pb is better for the pulse 
input of Pu and 137Cs in core BC 02, and for the continuous 
input in BC 32. Such differences have also been observed in 
Pacific sediments. Cochran (1984) interpreted this disagreement 
in light of the possible mobilization of fallout radionuclides 
or their possible introduction into sediments by relict burrows. 
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Additional data with depth in each core nay help to clarify the 
discrepancy. Generally speaking, these values of DB are at 
the lower end of the range of values observed in world oceans. 

An additional important point is that the mixing rate at 
the Nares site appears to be at the low end of the range of 
0.04 to 0.4 cm2/yr tabulated by DeMaster and Cochran (1982) 
for cores from the Atlantic, Pacific, and Antarctic Oceans. 

5.2.4.3 Sediment Accumulation Rates—The rate of sedi
ment accumulation may be determined from the decrease in excess 
230Th activity (or excess 230Th/232Th rates) with depth 
in the core, coupled with the 23°Th half life. The depth 
over which the activity decreases to half of the value at the 
sediment/water interface represents 75,200 years of deposi
tion. In BC 02, the core is not long enough to show much 
change in the excess 2 3 cTh activity; the slope of the line 
consequently has a large uncertainty. An accumulation rate of 
0.5 cm/1000 yr is estimated for this core. 

5.2.4.4 In Situ Pumping—On the September 1984 cruise 
to the Nares study area, samples of suspended particles and 
seawater were recovered using an in situ pumping system. Large 
volumef of seawater (-2000 i) were passed through a filter 
cartricqe series. The first cartridge filtered suspended 
particles (2.1 urn). The water was then passed through two 
manganese-dioxide-coated cartridges. Adsorption of dissolved 
reactive radionuclides (Th, Pu isotopes, 2<IAm) onto the 
MnOz cartridges allows the seawater concentrations of these 
nuclides to be determined. Twelve samples from various depths 
were recovered at the central mooring location of the Nares 
site. 

5.3 The E2 Site 

For descriptive purposes, the E2 site may be regarded as 
a broad rectangular region bordered roughly by 150°E +3° and 
358N +8°. It is the Pacific zone that corresponds to the 
Atlantic region encompassed by the SNAP, MODE, POLYMODE, and 
the US low-level study location, EN. Hydrographie data fro 
the region are plentiful, it being historically well explore 
by Japanese oceanographers and being located near major shipping 
lanes. Current meter data, however, are another matter. Over 
the past decade, two groups of current meter experiment.-; hav 
been carried out. The first, near 140°E, 30°N, was conducte 
by Japanese scientists as part of their low-level waste disposal 
program. It spans seven years and focuses on deep measurements. 
The second experiment, largely American, focuses on the Kuroshi 
Extension (centered at 152°E, 33°N) and includes two years of 
current/temperature-meter data, augmented by synoptic hydro 
graphic sections and year-round upper water XBT samples. 
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Results of these two efforts are summarized below. Texts 
follow closely those of the cited papers. 

5.3.1 The Japanese Western North Pacific Array Program 

Imawaki and Takano (1982) reported on early measurements 
from a long-term program of deep-current measurements by moored 
meters. It began in October 1978 in the western North Pacific 
as part of an exploratory survey of an area proposed for the 
disposal of low-level radioactive wastes. The observation site 
is centered at 30°N, 147°E in the raid-ocean; it is about 500 km 
south of the Kuroshio Extension and about 400 KID east of the 
Izu-Ogasawara Ridge. The water depth is about 6200 m, and the 
bottom topography is fairly flat with no pronounced slopes; 
water depth varies from about 6000 to 6400 m within 100 km of 
the site center. The most prominent topc.;raphic feature is a 
small hill with a depth of 4890 m, located about 30 km north of 
the site center. 

The mooring lines were deployed and recovered four times 
at several stations. From these measurements, a continuous 
current meter record for 1020 days was obtained in the deep 
layer at station RB, whose nominal position is 30°00'N, 
147°08'E (Figure 5.62). Aanderaa RCM-5 current meters were 
used. In general, the frequency spectrum for the deep low-
frequency eddy kinetic energy is characterized by three time 
scales: an "annual scale", which zonal eddy motions dominate; a 
"temporal mesoscale" with meridional dominance; a "monthly 
scale" with horizontal isotropy. About two-thirds of the eddy 
kinetic energy is contained in the 30- to 120-day band. 

The zonal velocity component averaged over the record 
length is -0.6 cm/s (positive eastward), and the meridional one 
is 0.3 cm/s (positive northward), giving a kinetic energy per 
unit mass for the mean flow of 0.2 cm2/sz. The weakness of 
the mean flow is an indication that the site is located mid-
ocean. The zonal kinetic energy for the low-frequency motions 
is about 3.2 cmz/sz and the meridional one is 3.6 cmz/s2, giving 
a total kinetic energy for the low-frequency motions of 6.8 
cmVs*. The total kinetic energy for the low-frequency 
motions is fairly large and about an order of magnitude greater 
than the kinetic energy for the mean flow (Figure 5.63). 

The Japanese array was redeployed continuously, but in 
different array designs and with slight (~1.5°) shifts in 
position from 1978 through 1985 (Figures 5.64 and 5.65). 
Efforts were made to produce long time series at 4000- and 
5000-m depths. 

The final array, fourteen moorings, was retrieved in 
July 1985 (Figure 5.66). 
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Figure 5.62. Times Series of Daily Mean Current Velocit 
Observed at a Nominal Depth of 5000 m in the Western Nort 
Pacific (30°0.0'N, 147°0.8'E) from October 3, 1978 to July 18, 
1981. Each stick represents the daily current vector (upwar 
north). The record from year day 327 in 1979 to year day 236 
in 1980 was not obtained, so a record at a nominal depth of 
4000 m at the same station is substituted. No significan 
differences in daily mean velocities between nominal depths of 
4000 and 5000 m are seen at that station or at the othe 
stations at the site (Imawaki and Takano, 1982). 
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Figure 5.63. Decadal Frequency Spectra for the Low-frequency 
Eddy Kinetic Energy (KE) Per Unit Mass Estimated from the 
Record Shown in Figure 5.62, Plotted in a Variance-Preserving 
Form. The top spectrum is the zonal eddy kinetic energy 
spectrum, the middle spectrum is meridional, and the bottom 
spectrum is the total flow. Numerals indicate the energies 
contained in individual frequency bands, whose ranges are shown 
by dashed lines (Figure from Imawaki and Takano, 1982). 
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Figure 5.66. Daily Averaged Current Values From July 1984 t 
July 1985. Moorings and meter depths from top to bottom are: 
RB 5000 m, RN 4000 m, RO 4000 m, RQ 4000 m, RR 4100 m, RR 412 
m, RS 4000 m, and RS 4020 m. 
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5.3.2 The US Kuroshio Extension Array Program 

Schmitz et al. (1982a) summarized results from the 
first, roughly 300-day deployment, of 38 current/temperature 
meters on 10 moorings along 152°E from 28°N to 41°N. The 
general site is shown in Figure 5.67, and the specific mooring 
locations in Table 5.6. 

Abyssal eddy kinetic energies along 152°E near the 
Kuroshio Extension are a factor of 2 to possibly 5 lower than 
those previously observed at similar depths close to the 
energetic regions of the Gulf Stream (Figures 5.68, 5.69, 5.70, 
and 5.71). The thermocline kinetic energy frequency distribu
tion at 28°N, 152°E is similar in shape to that observed at a 
site near 31°N, 70°W (but not 28°N, 70°W). However, the total 
energy levels are quite different, although the distance from 
the corresponding strong current regimes is nearly the same. 

The largest-scale latitudinal distribution of the 
off-diagonal component of horizontal Reynold's stress has a 
characteristic general shape, negative to the south and positive 
to the north of the Gulf Stream or Kuroshio Extension or mid-
latitude jet, at all depths for all longitudes where such data 
are available in both oceans, and in the numerical experiments 
examined. 

The abyssal mid-latitude western North Pacific along 
152°E has eddy kinetic energies in the range of 5-50 cm2/s2. 
In the thermocline, the range is 20 to 350 cm2/s2. As in 
the North Atlantic, the abyssal eddy energy levels near the 
western mid-latitude jet are much larger than interior values 
(Taft et al., 1981) of 1-4 cm2/s2. The maximum KE value 
of 350 cm2/s2 in the thermocline just south of the Kuroshio 
Extension is comparable to a range of 300-400 cmz/sz esti
mated from SOFAR float data in the thermocline at a presumably 
similar region in the western North Atlantic (Schmitz et al., 
1981). The maximum abyssal KE values of around 50 cm2/s2 

near the Kuroshio Extension are in contrast with North Atlantic 
abyssal KE in the 100-150 cm2/s2 range in the vicinity of 
the Gulf Stream at its most energetic longitudes. In the North 
Atlantic, it is now known that abyssal KE falls off west of 
70CW and east of 55°W, so these measurements could be sampling 
an analogous variation with longitude. However, abyssal kinetic 
energy levels are comparable at more southerly latitudes. KE 
values at 1200 m depth on 152°E are similar to those at 1600 m 
depth over the South Honshu Ridge (Taira and Teramoto, 1981). 
The abyssal 28° and 31°N data along 152°E are comparable in 
KE to observations in the same depth range near 30"N, 144°-
147°E described by Imawaki and Takano (1982) and Taira et al. 
(1982). 
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Figure 5.67. Array Location. Each X denotes a mooring and the 
composite ar ray of ten moorings i s enclosed by a r ec tang le 
(Figure from Schmitz e t a l . , 1982a). 
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TABLE 5.9. MOORING LOCATIONS 

Mooring Latitude Longitude 
Number (North) (East) 

695 

696 

697 

698 

699 

700 

701 

702 

703 

704 

40°59.1 

38°58.3 

37°30.1 

36°17.8 

3t°58.8 

33°46.4 

32°29.0 

31°16.0 

30°02.1 

27°59.6 

152°01.1 

152°04.0 

152°01.8 

152*02.5 

152°01.9 

151°59.4 

152°10.3 

152°04.7 

157°00.8 

151°56.4 

AND GENERAL CHARACTERISTICS 

Water Date 
Depth Date Set Recovered 
(m) (1980) (1981) 

5,278 

5,664 

5,842 

5,945 

6,149 

5,952 

5,728 

5,952 

5,966 

5,078 

July 

July 

July 

July 

July 

July 

July 

July 

July 

July 

5 

5 

6 

8 

9 

12 

13 

14 

15 

16 

May 27 

May 25 

May 24 

May 23 

May 21 

May 20 

May 19 

May 17 

May 16 

May 14 
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Figure 5.68. Mooring 698: Low-Passed Time Ser ies of Horizontal 
Velocity Vectors at Indicated Depths (Figure from Schmitz e t 
a l . , 1982a). 
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Figure 5.69. Low-Passed Time Ser ies for the En t i r e Array: 
Horizontal Velocity Vectors for 250- and 500-m Depths (Figure 
from Schmitz et a 3 . , 1982a). 
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Figure 5.70. Low-Passed Time Series for the Entire Array: 
Horizontal Velocity Vectors for 4000-m Depth (Figure from 
Schmitz et al., 1982a). 
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Figure 5.71. Low-Passed Time Series for the Entire Array: 
Temperatures for the Upper Levels (Figure from Schmitz et al., 
1982a). 
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The 152°E 250-m data are consistent with 500-m observations, 
but larger in KE by a factor of 3 or so, and are in the same 
range as surface KE estimates by Wyrtki et al. (1976) near 
the Kuroshio Extension, but a factor of 3-4 lower near 28°N. 

At 28°N, the latitude of the MODE area in the North 
Atlantic, the shape of the distribution of Ke with frequency at 
4000-m depth along 152°E is similar to that in the MODE area, 
and also the distribution described by Imawaki and Takano 
(1982) for a 5000-m site near 30°N, 147°L. In and above the 
thermocline at the same location, distributions of Ke with 
frequency do not increase with increasing period, in sharp 
contrast to the sitution in the MODE area. The 500-m KE 
distribution at 28°N, 152°E is similar in shape to that at 500-m 
depth in the Local Dynamics Experiment (LDE) area, although the 
former is only about one-fourth as energetic as the latter. 
However, the distance from the corresponding strong current 
regimes is similar. 

The mooring array along 152°E (above) was reset for a 
second year. Results from it, summarized by Schmitz (1984), 
are as follows: an abyssal (4000-m) KE bounded by 50 
cmVs2 is characteristic of the western North Pacific along 
152°E in the vicinity of the Kuroshio Extension. This estimate 
is based on approximately two years of data for an array of ten 
moorings spanning 28-41°N. The two-year averaged value for 
maximum KE at 4000-m depth is 44 cmz/sz and the variation 
from year to year at the site with the largest KE was +5 
cm2/s2 (11% of the mean). This result is in contrast with 
observations of 100-150 cmVs2 in the western North Atlantic 
along 55° and 70°W. Deep flows in the western North Pacific 
could, however, be more energetic at other longitudes. In both 
(western) ocean basins, the maximum abyssal KE is located in 
the vicinity of the midlatitude jets, somewhat south of the 
axis. These abyssal data sets (both ocean basins) are from 
locations associated with the most energetic upper-level eddies. 

The maximum value of KE, its location, and the general 
shape of the latitudinal distribution are relatively stable 
from year to year, even though values at individual sites may 
vary by a factor of 2. The section-averaged KE was also 
relatively stable, varying by +12% (about 20 cmVs 2). A 
secondary maximum in KE, primarily associated with zonal 
variability north of the Kuroshio Extension, was observed for 
one year, but not the next. However, the maximum KE at 
4000 m, its location, and the general shape of the latitudinal 
distribution of eddy intensity are relatively stable. Averages 
over all moorings where these data are available were 22.5 and 
18 crnVs2 for the two deployments, respectively. The 
mesoscale contribution (periods of 30 to 150 days) to Kt is 
typically from 50 to 60%, with about the same latitudinal 
distribution as total KE. Secular-scale contributions 
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(periods from 150 to an average of 1300 days) are largest near 
and north of the Kuroshio Extension. 

The eddy field is highly vertically coherent from the 
top of the thermocline to 200 m off the ocean floor at lowest 
frequencies, based on observations at 35°N, 152°E (Schmitz, 
1984b). Spectral distributions of KE are independent of 
depth as a good first approximation. No other vertical 
distributions of time series possess these characteristics to 
such a degree, coherence usually being much lower between 
thermocline and abyssal depths, and spectral shape usually 
varying as well. All eddy-field characteristics have approxi
mately the same normalized vertical distribution. These results 
were obtained from a year-long mooring with instruments spanning 
the depth range from 350 to 6000 m. 

If one adds 100 cmz/s2 as a depth-independent con
tribution to the vertical KE distribution for the Kuroshio 
Extension, the resultant profile is nearly identical to an 
analogous vertical KE profile for the Gulf Stream along 55°W. 
This result may be indicative of the existence of more ener
getic, weakly-depth-dependent eddies in the North Atlantic than 
in the North Pacific, at particular locations near the respec
tive mid-latitude jets. Existing evidence (Holland et al., 
1983; Schmitz and Holland, 1982; Schmitz et al., 1982b; Schmitz 
et al., 1983; Hogg, 1984) points to instability mechanisms being 
the most energetic eddy sources in subtropical gyres, with the 
active regions being mid-latitude jets and their recirculations 
(if extant), and perhaps the North Equatorial Current. The 
evidence presented above implies the possibility of distinct 
dynamical patterns (vertical structure) in different regimes 
and oceans. 

The variance in the Kuroshio Extension eddy field is 
concentrated along the direction of mean flow. The frequency 
distribution for the variability along the direction of mean 
flow is in addition less peaked at mesoscale frequencies than 
is the case for the variance at a right angle to the current. 
Also, the frequency distribution for the horizontal momentum 
flux is much less red in a coordinate system aligned along and 
across the mean flow than in the standard geographical 
coordinate system. 

Further analysis of the 150°E data by Schmitz et al. 
(1987) suggests that: (1) deployment-to-deployment or year-to-
year (nominal) differences observed for various time-averages 
were not large (with a few exceptions) relative to the axis of 
the Kuroshio Extension; (2) eddy-field characteristics are more 
stable than mean flow characteristics, although not universally; 
(3) the eddy-energy patterns (and their frequency distributions) 
shift latitudinally in the opposite direction to meandering of 
the mean flow, whereas u'V distributions translate in the same 
direction; (4) there are notable year-to-year changes at the 
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4000-m depth in both zonal mean flow and zonal eddy energy. 
Many of the variations from deployment to deployment are 
connected with meandering of the Kuroshio Extension, located in 
the middle of the array near 35-36°N; that is, upper level 
features near the center of the array were generally stable 
relative to the current axis. Some properties of the abyssal 
(~4000-m) currents were comparatively more variable, with 
these changes not connected in an obvious way to meandering of 
the Kuroshio Extension. The vertical structure and frequency 
distribution of eddy kinetic energy were generally similar in 
shape and to some extent in amplitude from deployment to 
deployment, especially when translated, in the opposite 
direction, relative to meanders in the Kuroshio Extension. 

Geostrophic volume transports as functions of depth in 
the region of the previously discussed mooring data (29-41°N, 
152°E) were calculated based on three new deep hydrographie 
sections taken in July 1980, May 1981, and May 1982 (Niiler et 
al., 1985). The 1980 section was occupied by the Océanographie 
Data Facility at the Scripps Institution of Oceanography, and 
the 1981 and 1982 data were taken by the Woods Hole Océano
graphie Institution CTD Services Group with similar model Neil 
Brown CTDs. The station data were summarized by Williams and 
Niiler (1981) and Niiler and Whitman (1982 and 1985). The 
potential temperature distribution as a function of latitude 
and depth along 152°E is contoured in Figures 5.72, 5.73, and 
5.74. The 1980 and 1981 sections are the first surface-to-
bottom eddy-resolving CTD sections through the Kuroshio 
Extension. 

The most striking feature of the potential temperature 
field is the Kuroshio Extension front, the pronounced northward 
rise of the main thermocline, which is centered in the 1980 and 
1981 sections at about 35.5°N, and at 38.5°N in the 1982 
section. In 1980 and 1982, a strong meander or ring is located 
at about 33.5°N and in 1981 weaker baroclinic mesoscale features 
are evident in the deformation of the 17.0°C isotherm to the 
south of the main front. The baroclinic signatures of the 
front and the associated rings or eddies can be seen to at 
least 3000 m. In deeper water, these cannot be well distin
guished because the front and the mesoscale features (or eddies) 
all have comparable amplitudes. Even in the presence of this 
mesoscale variability, a gradual 250-m deeping of both the 1.1 
and 1.2°C isotherms south of 41°N and a gradual 250-m rise 
south of 35°N is detectable (in 1982, data were not obtained 
below 2800 m because of winch failure). A weak, deep baroclinic 
circulation is evident and its horizontal scale appears much 
broader than the surface front. 

Directly-measured current averages (22 months) were 
calculated at 1200 and 4000 m as least-square reference 
velocities for geostrophic volume transport calculations. 
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Figure 5.72. Potential Temperature Distribution as a Function 
of Latitude and Depth Along 152°E: July 4-17, 1980 (Niiler 
et al., 1985). 
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Figure 5.73. Potential Temperature Distribution as a Functio 
of Latitude and Depth Along 152°E: May 14-27, 1981 (Niiler 
et al., 1985). 
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Figure 5.74. Potential Temperature Distribution as a Functio 
of Latitude and Depth Along 152°E: May 25-June 6, 1982 (Niiler 
et al., 1985). 
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Older hydrographie da_a and current measurements from the 
POLYMODE experiment were used for similar calculations in the 
Gulf Stream. The main conclusions from the intercomparison are 
given below. 

In the North Pacific at 152°E, the bottom-relative geo-
strophic transport between 41°N and ?.9°N is about 57 Sv, and is 
stable from year to year. 

The abyssal mean flow at 4000-m depth along 152°E is 
estimated to be about 1.3 cm/s to the west in a broad pattern 
compared with the latitudinal scale of the eddy field or the 
surface geostrophic flow. The barotropic westward transport 
associated with this barotropic flow is about 88 Sv for the 
section considered. This westward mass flow does not appear in 
the water-mass contrasts or relative dynamic topography. It is 
emphasized that the uncertainties of this estimate are large, 
as there are only two years of current data. 

In the North Atlantic at 55°W, the bottom-relative geo
strophic transport between 42°N and 32.5°N is about 32 Sv, and 
is stable from year to year. 

Along 55°W in the North Atlantic, on a 43-32°N latitu
dinal average, a net westward flow of 1.1 cm/s is observed at 
4000 m. The barotropic westward transport associated with this 
flow is 79 Sv. 

Warren and Owens (1984) point out that a broad, deep, 
westward transport in the North Pacific is required in the 
model of abyssal circulation proposed by Stommel and Arons 
(1960b) when modified for bottom slope. These observations 
support such a pattern. This interior-mode transport over a 
flat bottom averages to zero (net transport over a flat bottom 
is Sverdrup transport). Interactions of topographic features 
such as the Emperor Seamount chain with the thermohaline mode 
might change this balance, .but no specific theory is available 
for a guide. 

This derived transport pattern presents a departure from 
the western North Atlantic mass balances given by existing 
numerical or inverse theory models. For example, consider the 
volume bounded by the coast of North America, the 55°W section 
and the line connecting 55°W, 32°N to the Florida Straits at 
27°N, 79°W. Direct measurements in the Florida Straits (Niiler 
and Richardson, 1973) indicate that about 30 Sv flows northward 
into this volume along the continental margin. The present 
computation indicates that 47 Sv flows westward into this volume 
at 55°W. Thus, roughly 77 Sv must flew southward and eastward 
out of this volume along its southern boundary between 79°W and 
55°W (the additional WBUC contribution of 5-10 Sv, or flow north 
of 42°N along the continental margin has not been considered). 
No present numerical or "inverse theory" model contains a large-
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scale, barotropic circulation pattern such as the one presented 
here (see Wunsch and Grant, 1982, for a few "inverse theory" 
models for this area). It is emphasized that there are at 
least two potential problems with absolute transport estimates, 
using current-meter data from a few moorings. The first is 
that deep mean flows can have narrow latitudinal scales, like 
surface flows, and linear interpolation between moorings spaced 
nominally 100 km apart can miss strong, persistent current 
filaments. Second, while the baroclinic, geostrophic transport 
across 10°-latitude swaths appears to be stable, there may be 
significant, long-period temporal changes in deep-current 
patterns. These estimates represent the best that can be done 
with the present data. 

For more than a decade, upper water data have been 
gathered in the Pacific via a commercial ship of opportunity 
XBT section program called TRANSPAC XBT. Generally speaking, 
it has been found that temperature and dynamic height fields 
are correlated in the upper water of the western North Pacific. 
Correspondingly, it is possible to map a relative geostrophic 
streamfunction of the Kuroshio Extension using temperature data 
from expendable bathythermograph (XBT) surveys. Koblinsky et 
al. (1984) examined the ability of the North Pacific ship of 
opportunity XBT program to carry out this procedure. Estimates 
of 600/1200 dbar geostrophic shear were generated from the XBT 
data, utilizing objective mapping techniques. These estimates 
were compared with measured currents at 600 m relative to 1200 
m along 152°E from 27°N to 42°N. The estimated and measured 
relative currents are positively correlated, with an rms error 
of ±6 cm/s over a measured dynamic range of 30 cm/s. However, 
the XBT-estimated shears consistently underestimate the measured 
values by a factor of 2 to 3. The underestimate of amplitude 
is the result of both undersampling and mapping procedures that 
eliminate high wavenumber contributions of the dynamic height 
variability. These factors appear to be responsible for 
previous differences in amplitude between directly-measured and 
TRANSPAC-XBT-estimated values of relative eddy kinetic energy 
and Reynolds stress. The TRANSPAC XBT survey can monitor only 
qualitatively the dynamic topography of the Kuroshio Extension 
meanders and rings. The variability outside the extension with 
a temperature range of 3°C cannot be resolved because of 
inaccuracies in the temperature-dynamic height relationship. A 
useful result from this work is a sequence of monthly (15-day 
average) temperature maps of the Kuroshio Extension region at 
300 m. These are shown in Figures 5.75, 5.76, and 5.77. 

These findings suggest that knowledge of the Kuroshio 
Extension using a ship of opportunity XBT network could be 
increased by changing the sampling strategy. The present ship 
of opportunity network disposes of XBTs quite randomly through
out the year, never mapping any area of the Kuroshio well enough 
to delineate its meander and ring features. However, if all 
XBTs were deployed over a three-month period in winter when 
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143°E 14»°E 153°E 15e"E 143°E 14»°E 153°E 158°E 

August 1980 October 1980 

Figure 5.75. Maps of Temperature (°C) at 300 m for Each Month 
(T - 15 days) from July 1980 to October 1980 for the Region 
1438-160°E and 30°-42°N. S2 interpolation has been used, with 
data contoured only in regions where n > 5. Contour intervals 
are 1°C. Thirty-day average vectors for 600-m/l200-m measured 
relative currents are shown (Figure from Koblinsky et al., 
1984). 
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Figure 5.76. Maps of Temperature (°C) at 300 m for Each Month 
(T - 15 days) from November 1980 to February 1981 for the Region 
143°-160°E and 30°-42°N. S2 interpolat ion has been used, with 
data contoured only in regions where n > 5. Contour in terva l s 
are 1°C. Thirty-day average vectors for 600-m/1200-m measured 
re la t ive currents are shown (Figure from Koblinsky e t a l . , 
1984). 
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Figure 5.77. Maps of Temperature (°C) at 300 m for Each Month 
(T » 15 days) from March 1981 to May 1981 for the Region 
143°-160°E and 30°-42°N. S2 interpolation has been used, with 
data contoured only in regions where n > 5. Contour intervals 
are 1°C. Thirty-day average vectors for 600-m/1200-m measured 
relative currents are shown (Figure from Koblinsky et al., 
1984) . 
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ship tracks span the Kuroshio, a fourfold increase in sample 
density could be achieved. The increased coverage of the 
Kuroshio Extension in the fall/winter period is demonstrated in 
Figure 5.77 by comparing April 1981 with November 1980. A 
winter mapping strategy would permit limited quantitative 
resolution of the relative velocity field and collection of 
ensemble statistics of the variability for this time of year. 

5.4 Summary and Conclusions 

Before reliable site-specific simulations can be 
performed at any selected location, well-designed, model-
oriented field programs are required. The ocean data derived 
from such programs are used to drive, update, verify, and 
validate regional dynamical models. Therefore, such data must 
be intensive and synoptic. However, models must also be set in 
the context of the larger-scale mean circulation of the region, 
which is derived from extensive, long-term measurements. Thus, 
virtually all observational scales are important and relevant 
for verification and validation of dynamical process models. 

A number of such data sets have been explored for SWG 
purposes. Some derive from ocean programs external to SWG, but 
having data sets particularly dense and/or long term (such a 
data set is discussed in Chapter 7). This chapter discussed 
three field pvograms at three specific locations selected by 
the SATG: GME, SNAP, and E2. The surveys focused on identifying 
local processes most relevant to the deep-source radionuclide 
dispersal problem, and on providing baseline data for site 
evaluations. In general, all three data sets are incomplete 
for SWG purposes. Work at GME has progressed furthest. Initial 
data analyses have been completed, but data are still being 
analyzed. Even when completed, the GME data set will be 
inadequate for model validation. 

SWG-dedicated studies at E2 were not even begun. 
However, data deriving from low-level waste studies and other 
independent programs allow substantial preliminary character
izations. These data sets are also insufficient for model 
verification or validation. 

At the SNAP, only minimal scale information is 
available, since the modeling-dedicated field progam was 
cancelled before first deployment data could be analyzed. 

Available physical and geochemical data from all three 
sites are discussed as thoroughly as possible and in summary 
format, stressing their relationship to deep dispersal and its 
dynamical modeling. 
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CHAPTER 6: GENERAL CIRCULATION AND BOX MODELING 
FOR THE PRESENT RATG RISK ASSESSMENT 

Whereas the REMs deal primarily with low-frequency 
mesoscale variability (eddies), GCMs are principally concerned 
with the mean pattern of flow. The upper-water, wind-driven 
mean circulation can generally be subdivided into gyres 
delineated by zeros in the curl of the zonal wind stress. 
However, the thermocline and deeper heat-driven circulations 
involve flows that cross the equator and migrate contiguously 
from ocean to ocean through the Southern Ocean connection. 
Thus, both hemispherical and global models must be considered. 
Because of these large domains, grid sizes on the order of 1° to 
2° or about 100 to 200 km at midlatitudes are used. Consequent
ly, 100-km eddies cannot be effectively resolved. This would 
require at least 40-km resolution, which is a presently 
unachieved modeling goal. Section 4.4 discusses an effort 
toward such an eddy-resolving general circulation model (EGCM) 
for the North Atlantic. Presently, the stirring effect of 
eddies is included in the GCMs through subgridscale parameter-
izations (i.e., eddy viscosities). Constant eddy viscosities 
are currently in use, but better parameterizations are possible. 
Models of this type have attracted considerable interest for 
ocean-climate research, but the main climatic emphasis has been 
on surface circulation. Not until the advent of the waste 
disposal problem, with tracer sources at the bottom, did ocean 
modelers focus in earnest on the physical processes of the deep 
circulation and the critically important vertical circulation 
(Marietta and Robinson, 1981). Since that time, a number of 
quite different GCM calculations have been performed by modelers 
in various countries and applied to exploratory dispersal 
simulations. 

A basic test problem with simple driving (described by 
Robinson and Anderson, 1984) was carefully defined and adopted 
by all participants at the first POTG Interim Meeting, to 
investigate in a systematic way the sensitivity of computational 
and physical parameters controlling vertical circulation and to 
study the transient nature of the GCM prognostic calculation. 
This exercise is considered of central importance for serious 
applications relating to the deep flow and to vertical mixing 
processes. Problems (vertical circulation and transient) 
associated ' ith applying the Bryan Semtncr model to the deep 
circulation **ere recognized early in the work by all POTG 
participants. Therefore, a test problem was designed by the 
FRG, UK, and US modeling groups at the Cambridge meeting to 
define model parameter sensitivities for correctly applying the 
model to deep source problems. 

In addition, US modelers decided to initiate a number of 
parallel studies that build upon the test problem and aid in 
investigation of questions concerned with geometric, physical, 
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and computational aspects of developing a North Atlantic GCM 
suitable for application to the waste disposal problem. This 
is thought to be a direct and efficient approach to developing 
a North Atlantic GCM that is relevant, credible, and calibrated. 
Selected water masses and currents were identified a priori as 
important to the work. Correspondingly, specific studies were 
initiated to learn how to simulate selected water masses and 
currents computationally within the context of the test problem. 
The modeling philosophy here is to learn how to assign physical 
and computational parameters to reproduce selected flow features 
in agreement with historical temperature and salinity data, and 
with the corresponding inferred mean circulations. Each feature 
is modeled as an addition to the basic test problem, and tuned 
until acceptable flow patterns are achieved. The final step in 
the process, not yet conducted, will be to assemble all the 
parts into an overall North Atlantic model that reproduces all 
required features and contains smoothed but realistic coasts 
and topography. By understanding each individual flow problem, 
the work involved in tuning, understanding, and interpreting 
the overall combined-effects model should be simplified and 
shortened. 

The water masses and currents considered important for 
tracking the evolution of a tracer released in the North 
Atlantic mean circulation are Norwegian Sea Water (NOR), 
Mediterranean Water (MED), Antarctic Bottom Water (AABW), the 
Western Boundary Current (WBC), and the Western Boundary Under-
Current (WBUC). The test problem successfully reproduced the 
NOR, WBC, and WBUC. Two additional studies were designed to 
reproduce the MED and AABW. First attempts, described below, 
provided generally correct qualitative pictures for each of 
these three modeling exercises. Presently, temperature-
salinity (T-S) variation studies are underway for each con
figuration in an attempt to bring the T-S signatures of the 
computed currents and water masses into agreement with observed 
field data. 

Realistic smoothed coasts and bottom topography were 
considered important model features and potentially difficult 
computational steps. Consequently, additional studies with 
mid-Atlantic, ridge-like barriers of different heights were 
designed, and a third problem with realistic topography and 
coastlines smoothed to fit the test problem resolution was 
started to identify computational problems. 

The understanding of input and response, cause and 
effect, afforded by this array of modified problems will 
provide the quantitative information and experience needed to 
vary the parameters for constructing an overall North Atlantic 
model that has the realistic flow simulations required for 
environmental applications. Essentially, we would like to be 
able to adjust model parameters to include all important 
specific physical aspects of the principal sites, together with 
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given source characteristics, in order to run arrays of flow 
simulations with confidence in both the physics of the model 
and the forecast accuracies. Thus, if a new site and source 
were to be postulated, we would like to be able to adjust the 
model to the new conditions and to run it with confidence that 
the principal controlling effects are properly and reliably 
modeled. 

A number of studies have been initiated that focus on 
illuminating the interacting physical balances in each of the 
model calculations, including studies of the relative 
importance of temperature, salinity, and wind forcing in 
driving these simulations. 

6.1 The GCM Test Problem 

Two major problems that seem common to all GCMs are 
convergence in both prognostic and diagnostic calculations and 
the magnitude and noise content of the simulated vertical 
velocity. To examine these, a GCM test problem was designed to 
produce a general circulation with realistic characteristics of 
the wind-driven and thermohaline-driven ocean circulation in a 
geometrically idealized North Atlantic. This flow should 
include the Sverdrup regime in the main thermocline, deep water 
upwelling, a Gulf Stream, and an abyssal deep western boundary 
undercurrent composed of dense water originating from a northern 
deep water formation site. The geometry and forcing chosen use 
32° of latitude (15° to 47°N) to represent the subtropical 
gyre, with the polar and deep water formation zone condensed to 
8° of latitude and located immediately to the north. The polar 
zone allows formation of deep water, which provides deep thermo-
haline circulation in the subtropical region (Figure 6.1). Of 
course, details of the circulation in the northern 8° are not 
locally realistic, which provides the motivation for the 
bilinear gradient in the surface temperature forcing (Figure 
6.2). The test problem is numerically defined by Robinson and 
Anderson (1984). The domain is a rectangular ocean with 25 
grid points E-W, 20 points N-S, and 6 points vertically, 
starting at 15°N, and with a 2° horizontal resolution (see 
Figure 6.1). The levels chosen in the vertical are those of the 
Semtner (1974) problem (i.e., box bottoms at 50, 250, 750, 
1550, 2550, and 3750 m). The numerics are described by Bryan 
(1969) and Semtner (1974). 

Figure 6.3 shows the level-by-level velocity distribu
tions at 685 yr. The qualitative nature of the velocity field 
does not change as the calculation proceeds in time, although 
the flow appears to be slowly transient (Figure 6.4). Note 
that cold water formation is evident in level 4 (Figure 6.3), 
and that it proceeds across the northern polar zone and 
becomes the WBUC, as expected. Note also the strong overlying 
WBC (Gulf Stream). The general upwelling at the center of the 
computational domain is required to conserve mass. 
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Figure 6.1. Box Configuration for the GCM Test Problem. The 
level surface is 50° wide east-west, and 40° long north-south, 
from 15° to 55°N. There are six levels in the vertical, which 
are, from top to bottom: 50-, 200-, 500-, 800-, 1000-, and 
1200-m thick. A western boundary current (WBC) and undercurrent 
(WBUC) arise naturally in the calculations, as does a deep 
water formation zone (DWF), which in the North Atlantic corres
ponds to Norwegian Sea Water (Figure by W. Simmons). 
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15°N 25°N 3S°N 45"N 55° N 

15°N 25°N 35°N 45 "N 55°N 

Figure 6.2. Surface Driving For the GCM Test problem. East-
west wind stress, x x, is in dynes/cm 2; temperature, T, is 
in degrees C; Salinity, S, is in °/00 (Figure by W. Simmons). 
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Figure 6.3. Level-By-Level Velocity Plots for the GCM Test 
Problem at 685 Years in the Run. Maximum velocities in each 
level, top to bottom, are: 10.8, 8.1, 3.9, 0.9, 1.8 and 1.8 
cm/s (Figure by E.S. Hertel). 
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Figure 6.4. A Demonstration of Residual Transience at 5x10s 
Time Steps into the GCM Test Problem. The computational para
meter DTEMP is the volume normalized change in temperature per 
time step (t = 0.5d). It can be used to measure the transient 
nature of the early part of the calculation as it approaches 
steady state. Note that the surface layers (1,2) have stabil
ized, while the deepest layers (5,6) are still slowly transient 
(Figure by E. S. Hertel). 



According to international agreement (Robinson and 
Anderson, 1984), US modelers were to run the test problem 
calculation to steady state. The problem was run to about 1700 
yr real time when an oscillation that did not appear physical 
in nature was observed in the resultant dynamical fields. 
Later evaluation of the phenomenon revealed that the oscillation 
was indeed computational. It was analyzed correctly and inde
pendently by the UK group in collaboration with P. Killworth 
(Killworth and Smith, 1984) and the US group in collaboration 
with A. Semtner. The required parameter changes were designed 
and the problem rerun by SNL modelers using a revised parameter 
set (see Robinson and Marietta, 1985). The calculation has 
been carried out to 2000 yr and is shown in Figures 6.5 and 
6.6a and -b. Note that the level-by-level plots of DTEMP 
(change in T between successive time steps normalized by level 
volume) and energy show that the deep layers have not yet spun 
up (i.e., have not achieved a fully steady state). However, 
the velocity field has remained qualitatively unchanged since 
the 400 yr point in the record. 

Figure 6.7 shows the T-S plots. The bottom water in the 
WBUC is too warm and saline, as is generally true throughout 
the basin. Therefore, a T-S variation study was designed to 
try to bring the T-S signature of the bottom water into agree
ment with historical observations. A new T-S forcing (Figure 
6.8) was applied. All other parameters and forcings for the 
test problem remained the same as previously described. The new 
T-S maps are displayed in Figure 6.9. Note that an improvement 
has been achieved, although the numbers are still too high. The 
work would have continued with further adjustments of the T-S 
forcing until general agreement with accepted standards 
(Warren, 1981; Worthington, 1976; Worthington and Wright, 1970; 
Fuglister, 1960) is obtained. 

6.1.1 Mediterranean Water Problem 

A study to simulate the addition of Mediterranean Water 
(MED) to the POTG test problem was designed (Figure 6.10). The 
Mediterranean Sea is modeled by an eastern and western basin 
connected by a shallow sill at the Straits of Sicily. The 
western Mediterranean basin is connected to the test problem at 
the straits of Gibraltar via another shallow channel. Since 
the model resolution is necessarily coarse, the straits are 
unrealistically large. However, as the primary objective of 
this exercise is to model accurately the net transport of the 
MED into the eastern Atlantic and between basins, the model of 
the Straits themselves is of secondary importance. The 
canonical test problem remains otherwise unchanged. The 
additional T-S and wind forcing for the Mediterranean are 
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Figure 6.10. The GCM Test Problem Configuration Revised to 
Include the Mediterranean Sea (Figure by W. Simmons). 
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displayed in Figures 6.11 and 6.12. The resulting velocity 
fields are displayed in Figure 6.13. Note that the exchange 
across the Straits is not yet correct. Further work on forcing 
over the Mediterranean will be required to improve the qualita
tive circulation pattern. 

6.1.2 Antarctic Bottom Water Problem 

In order to generate Antarctic Bottom Water (AABW), the 
test problem was extended contiguously to 35°S to form the 
South Atlantic Ocean as illustrated in Figure 6.14. The T-S 
and wind forcing are depicted in Figure 6.15. The Polar zone 
was compressed in far southern latitudes to create a cold 
sinking zone that would allow AABW formation in analogy with 
the NOR formation of the original test problem. The resultant 
velocity fields are displayed level by level in Figure 6.16. 
Note that southern cold water crosses the equator and converges 
with northern water along the western boundary. Note also that 
the equatorial circulation looks well behaved. The important 
qualitative features are present in this early calculation, and 
the modeling prospects look very hopeful. 

6.1.3 Ridge Studies 

As a first step toward improving test problem geometry, 
two simple bottom geometry variations were designed to explore 
the effects of simulating a Mid-Atlantic ridge. Each ridge was 
terminated at 45°N, providing a gap to allow the NOR to flow 
across the ridge, simulating the actual gap that occurs at the 
Gibbs Fracture Zone. A low ridge of height 2200 m (water depth 
1550 m) (Figure 6.17) and a high ridge of height 3000 m (water 
depth 750 m) were modeled. The low ridge yielded the more 
useful results in that the simulated flow pattern was qualita
tively correct. The higher ridge simply forced a two-basin 
structure. The low ridge velocity fields are illustrated in 
Figure 6.18. Note the east-west exchange above the ridge and 
some leakage of cold bottom water over the ridge. The general 
upwelling in the interior of the computational domain remains 
the same, while the NOR, WBC, and WBUC are qualitatively and 
quantitatively unaffected. 

6.1.4 Smoothed Coasts and Topography 

After running the two ridge problems successfully, it 
was decided to take a major modeling step and go directly to 
realistic coasts and bottom topography, while maintaining the 
same test problem forcings and parameter values. This approach 
was expected to expose unforeseen computational difficulties 
early in the development so that they might be solved in a 
timely manner. The coasts and bottom topography were smoothed 
to the grid spacing of the test problem as displayed in Figure 
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Figure 6.11. Surface Boundary Conditions on East-West Wind 
Stress (t« in dynes/cm2) over the Model Mediterranean Sea 
(above), and Both Surface Boundary Conditions and Initial 
Conditions on Temperature (°C) and Salinity (°/00) in the 
Model Straits of Gilbraltar and Straits of Sicily (below) 
(Figure by E. S. Hertel and W. Simmons). 
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Figure 6.13. Level-by-Level Velocity Plots for the GCM Test 
Problem with Mediterranean Basins at 475 Years into the Run. 
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Figure 6.14. The GCM Test Problem Configuration Revised by 
Addition of the Equatorial and South Atlantic Oceans (Figure by 
W. Simmons). 
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Figure 6.15. Surface Boundary Conditions for the GCM Test 
Problem Extended to 35° South. East-west wind stress, xx, 
is in dynes/cmz ; temperature, T, is in °C; salinity, S, is 
in °/oo (Figure by E. S. Hertel and W. Simmons). 
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Figure 6.16. Level-by-Level Velocity Plots for the GCM Test 
Problem Extended to 35° South at 575 Years into the Run. Maximum 
velocities in each level, top to bottom, are 30.1, 18.2, 7.2, 
3.1, 3.3, and 3.3 cm/s (Figure by E. S. Hertel). 
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Figure 6.17. The GCM Test Problem Modified to Include a 
(2200-m) Mid-Atlantic Ridge (Figure by W. Simmons). 
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Figure 6.18. Level-by-Level Velocity Plots for the GCM Te 
Problem with a Low Mid-Atlantic Ridge (2200-m High in 3750 m 
Water) at 1025 Years into the Run. Maximum velocities in ea 
level, top to bottom, are 10.5, 7.9, 3.8, 0.9, 1.7, and 1 
cm/s (Figure by E. S. Hertel). 
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6.19. Sample velocity fields are shown in Figure 6.20. Note 
that the NOR, WBC, and WBUC are still present, as in the box 
geometry. There is, however, an unexplained northward shelf 
circulation along the western coast that is not realistic. 
Present work is focused on correcting this feature of the 
circulation, but the overall qualitative results are very 
encouraging. It appears from these studies that a useful, 
realistic North Atlantic GCM is obtainable. 

6.1.5 Higher-Resolution Studies 

The test problem has a relatively coarse (2°) spatial 
resolution, as do most GCM models. Consequently, one must rely 
on eddy viscosities and diffusivities to stabilize the calcula
tions, and these may be unrealistic. An attempt to achieve 
stable calculations with more realistic values of eddy viscosi
ties has been proposed. Two higher-resolution calculations on 
the test problem were initiated. The first was run with 1° 
resolution and the second with 40-km grid spacing. The 1° 
calculation produced fields significantly different from the 2° 
calculation, which is not surprising. A 1° grid is not quite 
coarse enough to eliminate crude resolution of the eddy 
structure and not quite fine enough to resolve the eddies 
accurately. The 40-km resolution is sufficient to begin to 
resolve eddies. Similar studies have been done in the past on 
GCMs (Robinson et al., 1977). Increasing the model resolution 
extends the running time significantly (by a factor of order 
102 in this case), so long-term results are not available 
using the Bryan-Semtner model. 

6.1.6 Physical Studies 

The aforementioned T-S variation studies are examples of 
physical studies. They were designed to improve the quantitative 
picture of the models. Additional studies aimed at understand
ing physical processes that operate in the various models have 
also begun. These studies focus on the effects of T-S, and wind 
forcing on the various water masses, currents, and circulation 
patterns. A set of calculations using T-S or wind forcing 
alone, or joint T-S forcing was designed for both vertically-
stratified and unstratified cases. The studies had only begun 
when the program was terminated. Consequently, conclusive 
results are not available from the Bryan-Semtner model. 

6.1.7 GCM/REM Embedding Problems 

The REM has been successfully embedded within the 
computational domain of the GCM test problem at the MODE site 
(Figures 6.21 and 6.22). This is a major step forward in the 
development of the model hierarchy. The embedding uses MODE-
region data for the REM part of the simulation. Ultimately, 
similar embeddings are planned for the SNAP, GME, Low-Level 
Dumpsite (LLD), NOAMP, Gulf Stream region, and Hatteras Abyssal 
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Figure 6.19. North Atlantic Coasts and Bottom Topography 
Smoothed to the Grid Spacing of the Test Problem. There are 
six levels. The surface is designated by solid black, the 
bottom (3750 m) by solid white. Elevations to level 5 (2550 m) 
are striped. Elevations to level 4 (1550 m) are lightly 
stippled. Elevations to level 3 (750 m) are moderately 
stippled. Elevations to level 2 (250 m) are heavily stippled. 
There are no topographic elevations at level one (50 m) (Figure 
by W. Simmons). 
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Figure 6.20. Level-by-Level Velocity Plots for the GCM Test 
Problem as Modified to Include Bottom Topography and Smoothed 
Coastlines at 820 Years into the Run. Maximum velocities in 
each level, top to bottom, are 10.3, 7.2, 3.4, 3.1, 2.8, and 
1.7 cm/s (Figure by E. S. Hertel). 
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REM Embedded In GCM 

Figure 6.21. Schematic View of a Regional Eddy-Resolving Model 
with Bottom Boundary Layer Model and Surface Boundary Layer 
Model, Embedded in and Driven by the GCM Test Problem Model. 
Also indicated (dashed lines) are the boxes of the Mark-A 
model, suggesting the three-way interdependency that these 
models share (Figure by W. Simmons). 
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70'W 60"W 50"W 40°W 30"W 20'W 10°W O'W 

Figure 6.22. Hypothetical Representation of a North Atlantic 
GCM with Multiple REM Embeddings at Deep Water Sites Known to 
be Locations of Extensive Data Sets (Heavily Stippled). Note 
the ring/meandpr-resolving embeddings in the Gulf Stream region. 
The axis of the Mid-Atlantic Ridge is shown near 37°W (Figure 
by W. Simmons). 
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Plain (HAP) within the test problem computational domain. The 
actual embedding is accomplished not simultaneously, but itera-
tively. First, the regional mean flow from the converged (2000 
yr) GCM test problem is superimposed on the REM simulation. 
This requires an interpolation step to go from the coarse GCM 
grid structure to the higher-resolution REM grid. In the REM 
region, initial mean flows are weak, and are therefore ignored 
at this stage of interpolation. The REM simulation is spun up 
with the MODE region driver for initial and boundary conditions. 
This provides a local region within the larger GCM domain having 
a realistic eddy variability field. One can then do dispersion 
studies in both the REM and GCM, but on different scales. The 
iteration is continued to develop a self-consistent composite 
model with REM releases that transfer readily to the GCM. The 
REM eddy field is used to redefine, locally, eddy viscosities 
and diffusivities in the REM region of the GCM. In turn, the 
tfrrr: field of the GCM is used as a driver for the REM (at the 
b^ .dary only, and without further alteration). Thus, a mean 
field develops in the REM that agrees with the GCM mean field 
at the boundaries and that transports materials by advection, 
as well as dispersing them by eddy processes. The process is 
repeated until there is no significant change. Tracer releases 
can then be made within the high-resolution, eddy-resolving 
computational domain, and the tracer flux across the interior 
domain boundary from the region of high resolution to coarse 
resolution can be parameterized and fed into the GCM calcula
tion as a variable source. When all regions are embedded, 
simulated releases of tracer material from selected source 
sites (SNAP, GME, LLD, HAP, coastal locations) can be performed 
simultaneously. This is an important capability for environ
mental assessments, because waste disposal site suitability 
must be judged in terms of the entire ocean burden from all 
sources, not from single sites acting alone (Figure 6.22). 

6.1.8 New GCM Test Problem Results, SOMS 

A GCM version of the SOMS was used to model the POTG 
test problem. A sequence of 75-km resolution studies was run 
in addition to the 200-km resolution of the original study. 
Several features of the results are: (1) low numerical dissipa
tion occurs in vigorous eddies and intense ocean fronts; (2) 
the thermally-driven flow component has more energy than the 
wind-driven component; (3) although the thermally-driven 
component is mostly baroclinic, its contribution to western 
boundary current (WBC) transport is larger than the wind-driven 
contribution; (4) nonlinear interaction between thermally wind-
driven WBC transport components is weak; (5) mean cyclonic 
surface circulation in the northern model basin develops 
naturally and affects model WBC separation; (6) coastal upwell-
ing supports the WBC and its reverse undercurrent, as required 
by the thermal wind relation; (7) transient Laroclinic eddies 

-260-



, » • » » » • 
4 » » » • » » 
| ( « t > f » 

< # * » » r » 
• « » • • • » » 
• « * r » » » 

* « « • • » • 

* « • » * » » 
• « « » • # * 
• . « . » » » 
* ! « » « , « 
* « < r « « « 
• • « » « * « 
! • « » « # » 
! « » r « « * 
Ï « •» , # * 
! • ' » • « ' 
I • • * * 4 * 
I • *» * « * 
I • •# * « ' 

iiiiii 
I • • » f ft9 
I • * »• ftf 

I * r * • ft' 
I • • * • » * 
! • ' * * * * 
; • * • • % * 
• ft * * • * * 
' » » « • , » 
• 1 » ft*,f 
• ft 0 « » % 1* 
* ft # ft # v * 
• ft # ft » , « 

* % * * m -9 * 
9 ft f ft * V * 
ftllj««4 
ft % 0 0 0 m0 
ft * * * * * * * 
ft 0 0 0 * 0 0 
ft « # « i 4 i 
ft 0 0 0 0 00 
» « « f t « « ft 

•> ft ft ft 
ft ft » ft 
ft ft » ft 
ft ft ft ft 
ft ft ft ft 
ft ft ft ft 
ft * • * 
f̂  *> f* ft 

ft * ft * 
ft * ft * 
0 * » * 
ft * » * 
ft * ft * 
ft * ft * 
r * ft * 
*r * » * 
* * ft * 
# * r * 
# * • * 

* ft * 
% « 
» • 

ft f i * 

ft»ftft»»»ft» 
ftftftftftftftftft 
ftftftft»»»»» 
ft»»»»»»»» 
ftftftftftftftftft 
ftftftftftftftftft 
» f t » » f t f t f t » f t 
» » » » f t f t f t » > f t 
ftftftftftftftft» 
f» » ft fr t> ft » ft ft 
» f t * * » * f t * f t 
» f t f t f t » f t f t * > » 
ftftftftftftftftft 
• > f t » f t f t f t » f t f t 
frftftftftftftftft 
» * f t f t f t f t f t f t f t 
• ftftftftftftftft 
» « % f t f t % f t f t f t > 
» . f t « f t f t « f t * a 
» • ft * ft * % ft ft 
» . f t f t 4 f t f t f t f t f t 
» f t f t f t f t f t 4 4 f t 
h f t f t f t f t f t f t f t f t 

. f U l l f M t f f 
ft * ft * 
ft t ! » 
» * * r 

t % t 

* * » r 

* r * * 
» * * • 
* * * * 
> » « * 
» * * * 
« * • * 
* * •» * 
» * • * 
ft * « * 

* * « * 
« * •* «* 
* * • * « * 
•» * •• * 
« * • 0 
0 0 0 0 
0 0 0 0 

f t f f f f f t f 

i t r t r r t r t 
#»f 0 9 9 9 0 0 0 
09 0 9 9 9 9 9 9 
+ 9 0 9 9 9 0 9 * 
« f t 0 9 0 0 0 9 0 
0 0 0 0 0 0 0 0 e 
+ 0 0 0 0 0 0 0 4 
0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 4 
0 0 0 0 0 0 0 0 4 
0 0 0 0 0 0 0 4 4 
0 * 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 4 
0 0 0 0 0 0 0 0 A 
0 0 0 0 0 0 0 0 0 
4900000000 
0 + 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 
0 0 m 0 0 0 0 0 4 

0 0 0 0 0 0 0 0 0 0 0 0 4 
0 0 0 0 
0 0 0 0 

000000004% 
000} 00 0 004 

» » ft ft » ft ft 
ft ft ft ft ft ft • 
ft ft ft » ft ft ft 
•» ft ft •> *> •> ft 
» » ft ft ft ft ft 
» ft ft ft ft ft ft 
ft ft ft ft ft ft ft 
ft ft ft ft • ft • 
ft ft ft ft ft ft ft 
ft ft ft ft ft ft ft 
ft ft ft * ft ft • 
ft ft ft ft ft ft .• 
ft ft ft ft ft ft * 
ft ft ft ft ft ft • 
ft ft ft % ft ft « 
ft * ft ft * ft a 
ft * ft * « ft « 
ft ft ft • « « ft 
ft * ft « f t ft 4 
« « ft ft ft ft 4 
ft ft ft ft ft ft i 
4 ft ft ft « f t ft 
ft ft ft ft ft « 1 
f f f t ft t 1 
t • f f f t 
9 9 9 9 9 9 
9 9 0 9 9 9 
9 9 9 9 9 9 
f f f f f f 

0 0 0 0 9 9 
0 9 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 * 0 
0 0 0 0 S 0 
0 0 0 0 0 0 
0 0 0 0 0 0 
m 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 * 0 0 0 
0 0 * 0 0 0 
0 0 * 0 0 0 

ft » » ft ft ft ft 
ft » » ft ft ft ft 

» ft ft ft* ft ft ft ft 
ft ft » ft ft » ft 

• ft ft ft> ft ft ft ft 
ft ft ft- ft ft ft ft 
ft ft » ft ft ft ft 
ft ft « ft ft ft ft 
ft ft ft> ft ft ft ft 
ft ft •> ft ft ft ft 

• ft ft ft> ft ft ft ft 
ft ft ft ft ft ft ft 
ft ft * ft ft ft ft 
ft ft •> ft ft ft ft 
ft ft ft ft ft ft ft 
* * ft * * ft * 
S ft * ft ft * * 

ft ft ft ft * 
ft ft ft ft • 
ft ft ft ft • 

» • > • • > • 
ft ft ft ft • 
ft » ft ft • 

ft ft ft ft ft 
ft ft ft ft ft 

ft » ft ft • 
ft ft ft ft ft 

ft ft ft ft • 
ft ft ft ft * 
ft ft ft ft « 
ft ft ft ft « 
ft ft % ft ft 
ft ft ft « ft 
ft ft ft * ft 

ftft*«4«ft««4ftft 
ft ft * ft ft ft ft 
ft ft « ft ft ft ft 
ft ft « ft ft 4 ft 
ft ft « ft ft ft ft 
f ft t ft ft f ft 

1 f f f ft ft ft ft 
1 9 9 9 9 ft ft ft 
r t t r ? » v » 
W9999999 

M r r n r r 
9 9 9 9 9 9 9 9 
9 9 9 0 9 9 0 0 
9 0 0 0 9 9 0 9 
0 9 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 

ft ft ft ft 1 
ft ft ft ft 1 
ft « 4 ft 1 
ft * ft « 1 
ft ft ft f 1 
ft ft ft ft 1 
« • t t i 
9 ft t t 
9 9 9 9 
ft » » » 
9 9 9 9 

0 0 0 9 
0 0 9 9 
9 9 9 0 
9 0 0 0 
0 0 0 0 

0 0 0 0 0 0 0 0 0 0 0 0 
9 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 
0 * 0 0 0 0 * 0 
* * 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 

0 0 0 0 
0 0 0 0 
0 0 0 0 
0 * 0 0 
0 0 0 0 
0 0 0 0 
0 0 0 0 
0 0 0 0 
0 0 0 0 
4 0 0 0 

0 0 * * 0 0 * 0 0 0 * 0 
• 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 

0 0 0 0 
0 0 0 0 

«vftftftftftftftftftvftftvr/**- | ft ft 

ftftftftftftftftftVftft»»»»»'**/* | 

ft»»ft»ftft»ftft»»»»»ft»»rvj 

»ftft»»ft»»ftft»ftftft»»ft»»ft 4 

• > » f t f r f t f t f t f t f t f t » » f t f t f t f t f t f t f t f t -
» f t f t f t » f t » » f t f t f t « f t f t f t f t f t * * 4 f t 

ftftftftftftftftftft ft ft ft ft ft ft ft ft ft ft ft 
« » f t f t f t f t f t » » f t , f t % f t f t f t f t f t f t f t f t ft 
ftftftftftftft**ftftft**««ftft ft • ft V 
ftftftftftftftftftftftftftftftftftftftfft 
ftftftftftftftft%ft*ft«ftftftft ft • ft V 

ftftft**ft*ft«ft*ft<«ftftftft fttf 
ftftftftftftftftftftftftftftftftf ft ft ft t 
4 « f t f t * « f t « f t f t « « f t * f t f t f t f t f t f t f 
ftftftftftftftftftftftftftftftftftftftt* 
ftftftftftftftftftftftftftftftftftftftff 
« f t f t f t f t f t f t f t f t f t f t f t f t f t f t f t f f t f f 
ftftftftftftftftftftftftftftftftftftftft* 
ftftftftftftftftftftftftftftftftftftftftft 
ftftftftftftftfftftftftftffftfftff 
ft ft ft ft « « « « « f t f t f t f t f t f t f t f t f t f 
I f f t 1 t f f t f 1 I f f f t f f I f 1 

f f t f t f f t f f t f f f f t f t f f f t f t f f f f f 
I f t l f t M l t t M l f f f f f l l f 
I f f f t f f f f f f f I f I f f f f f f f 
I f f f f f t l f t f f f f f f f f f f f f 
I f f I f f f f f f f f f f f f t f f f f f 
r f f r f t i r r t r n r t f i f f f f f 
r r i f f M M f r u n t f i t i f f 
M f f M r r r r n i f f f f r i f f f 
r M M i M f r n i i f f m i f i 
M i f f I M f l f I M f f l f M f f 
M f f f » M » » f M f I f t f f t f t 
f r > » f f f f f f f f f f f f f f f f I f 
f # # » * f f f f f f f f f f f f f f t f f 
» f M f » f f » f f I f f f f f f f t f f 
M M » » f f I f f M f l f I f I I I 1 
9 0 0 0 0 0 0 0 0 0 0 0 0 9 9 9 9 9 9 9 9 9 
0 0 0 0 0 4 0 0 0 0 0 0 0 9 9 9 9 9 9 9 9 9 
M * * # * I M » f I M M I f l l f I 
* 0 0 0 0 0 0 0 0 0 0 9 0 9 9 9 9 9 9 9 9 9 
0 0 0 0 0 0 0 4 0 0 0 0 0 0 9 9 9 9 9 9 9 9 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 9 9 9 9 9 
• 0 0 0 0 0 0 0 0 0 0 9 0 0 0 0 9 9 9 9 9 9 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 9 9 9 9 9 9 
0 0 * 0 0 0 4 0 0 0 0 0 0 0 0 0 0 0 * 9 9 9 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 9 9 9 9 9 9 9 9 
0 * 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 9 9 9 9 

Figure 6 .23 . Wind-Driven C i r c u l a t i o n a t 1350 m. 
v e l o c i t y i s 6 cm/s ( D i e t r i c h and Mar i e t t a , 1987). 
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occur throughout the ocean and transport heat northward and 
upward. 

6.1.8.1 Low-Resolution Results—Low-resolution experi
ments were performed (see Table 6.1) to compare SOMS results 
with theory and with the results in Section 6.2.3, and explore 
numerical dissipation effects. 

The purely wind-driven case (Figure 6.23) shows good 
agreement with the theoretical WBC transport, based on recircu
lation of the entire Sverdrup interior in a narrow western 
boundary current. 

The steady-state streamfunction for the vertically 
averaged flow is similar to the previous test problem fields 
and is shown in Figure 6.24. The streamfunction is calculated 
only diagnostically, by an appropriate integration of meridional 
velocity. 

6.1.8.2 Moderate-Resolution Results—Since latitudinal 
and vertical heat transport by transient eddies can play a 
major role in the thermodynamics and general circulation of the 
ocean, and since the dominant eddies are not resolved with 
200-km horizontal resolution, some 75-km moderate-resolution 
studies were performed. Although these calculations do not 
adequately resolve mesoscale eddies, 0(50 km), they do resolve 
the most unstable internal baroclinic Rossby waves. With 
additional numerical improvements to reduce computing costs 
(Dietrich et al., 1987), higher-resolution experiments are 
being carried out, but only the moderate-resolution cases 
discussed by Dietrich and Marietta (1987) are included here. 

Table 6.1 lists the 75-km resolution calculations. 
These use the imposed surface temperature and wind stress shown 
in Section 6.1.1, except case 4F, which uses a double gyre wind 
forcing. In cases 4C, 4D, and 4G, only the vertical heat 
diffusivity (Hz) is varied to explore latitudinal differential 
heating effects on the ocean general circulation. 

All cases are simple variations of case 4D. In case 4D, 
vertical heat diffusivity results in a thermodynamic forcing 
that is probably most typical of the real ocean and that gives 
a realistic WBC transport. The initial baroclinic state of the 
ocean quickly produces a quasigeostrophic eastward surface flow. 
Boundary currents initially appear as ageostrophic secondary 
flows in response to kinematic boundary constraints. The early 
transient includes Rossby wave generation near the western 
boundary. Figure 6.25 shows early Rossby wave generation and 
propagation. The eastward phase velocity and westward group 
velocity are clearly indicated by the sloping phase lines and 
wave envelopes. The slopes indicate both quantitative and 
qualitative agreement with theoretical linear Rossby wave phase 
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TABLE 6.1. SOMS RESULTS FOR IDEALIZED NORTH ATLANTIC DOMAINS 

Nominal Nominal Horizontal Vertical 
Horizontal Vertical Heat Heat WBC 

Case Number Viscosity Viscosity Diffusivity Diffusivity Transport 

(10s cm2/s) (cm2/c) (10* cm2/s) (cm2/s) (Sverdrups) 

1. Bryan-Semtner model with 2° resolution 

1A (fs) 

2. SOMS with 

1A (fs) 
2A (fs) 
2B (ns) 
2C (fs) 
2D (ns) 
2E (fs) 
3A (fs) 
3D (fs) 

3. SOMS with 

4A (fs) 
4B (fs) 
4C (fs) 
4D (fs) 
4E (fs) 
4F (fs) 
4G (fs) 

1000 1.0 

200 km resolution 

1000 
10,000 
10,000 

100 
100 
100 

10,000 
20 

75 km reso 

20 
20 
20 
20 
20 
20 
20 

1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
100 

1,600 

i lution 

1,600 
1,600 
1,600 
1,600 
1,600 
1,600 
1,600 

20 

20 
200 
200 
200 
200 

purely wind 
200 
2 

purely wind 
2 
2 
2 
2 
2 
2 

1.0 

1.0 
1.0 
1.0 
1.0 
1.0 

driven 
100 

1,600 

driven 
1,600 
160 

1,600 
1,600 
1,600 

16 

16 

26 
20 
14 
24 
23 
23 
20 
55 

23 
35 
48 
60 
53 
55 
30 

All cases except 4E use a B-plane approximation with 0 and f0 

evaluated at 35° latitude, the mid-latitude of the model domain. In 
all cases, the theoretical wind-driven WBC transport is 21.6 Sv, equal 
to the total transport over the broad Sverdrup interior. In the model, 
spun up to steady state, WBC transport is given by the maximum value 
of the time-averaged barotropic stream function in the WBC region. 
All runs except 2B and 2D use a free slip lateral boundary condition. 
In the sequence 4A to 4G, 4D is the reference case. All other runs 
are variations from 4D as follows. Case 4B has zero wind forcing. 
Cases 4C and 4G have reduced thermal forcing. Case 4E has variable 0, 
and cace 4F has double-gyre wind forcing. 
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Figure 6.24. Streamf unction (in Sv) at a Depth of 50 m at 100 
yr for the Vertically Averaged Flow. Equal contour intervals 
run from zero to 25.75 (Dietrich and Marietta, 1987). 
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Figure 6.25. Rossby Wave Generation and Propagation Early in a 
Case 4D (Table 6.1) Run (Dietrich and Marietta, 1987). 
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and group velocities forthe dominant wave-lengths. The 
dominant wavelengths indicated are close to the theoretically 
most unstable wavelength for internal baroclinic Rossby waves. 

The eastern boundary current quickly warms the eastern 
boundary region, resulting in an enhanced quasigeostrophic 
current. Unlike the western boundary current, its energy is 
not diminished by Rossby wave dispersion. An eastern boundary 
current thus continues to the model northern boundary, as 
vertical convection occurs in a strongly baroclinic, convec-
tively unstable region at its leading edge. This warm boundary 
current then turns the corner and moves westward across the 
northern boundary, cooling and sinking on the way. 

Eventually, an ocean-wide cyclonic flow dominates the 
northern region vertically averaged flow (Figures 6.26, 6.27, 
6.28, and 6.29), with its southern boundary being an intense 
frontal zone near the point of western boundary current separa
tion from the coast. Thermodynamic effects are sufficient to 
induce this separation, independent of wind forcing. Although 
there is a small northward component of the WBC after separa
tion, this component would increase if realistic surface cooling 
were added to the northwestern ocean region. 

The early western boundary secondary flow also warms the 
boundary region very early in time. However, such WBC-induced 
boundary warming produces a thermal wind counter to the WBC, 
which continually blocks the WBC. Such blocking apparently 
sends off Rossby waves that are very active during an early 
adjustment period of 0(1) year, as shown by Figure 6.30. These 
waves have phase and group velocity characteristic of linear 
Rossby waves of their wavelength. The warming along the coast 
is soon cancelled by upwelling of cold water from below, which 
supports a WBC thermal wind. This leads to reduced Rossby wave 
activity and a cool coastal region, in contrast to the eastern 
boundary current, which is warmest near the coast. 

Strong downwelling is well correlated with cold tempera
tures away from the WBC region, especially in the eastern 
ocean, where the eastern boundary current results in rapid cold 
water formation and generation of available potential energy. 
This is also true during the early response to the strongly 
baroclinic initial conditions. The eastern ocean region is 
much more thermodynamically active than regions to the west. 
Due to a combination of rapid cooling and weak static stability, 
it is the primary region of baroclinic instability. The strong
est eddies occur in the eastern region, as shown by Figures 
6.26, 6.27, 6.28, and 6.29. To the west, the downwelling 
regions are relatively weak and not as well correlated with 
cold eddy temperature. They are probably a result of the 
aforementioned propagation of Rossby wave energy from the WBC 
region. 
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Figure 6.26. Pressure Field at 660 m Three Years into the 
Calculation (Dietrich and Marietta, 1987). 
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Figure 6.27. Temperature Field at 660 m Three Years into the 
Calculation (Dietrich and Marietta, 1987). 
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Figure 6.28. Current Field at 660 m Three 
Calculation (Dietrich and Marietta, 1987). 
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Figure 6.29. Horizontal Current Field at 2700 m 
into the Calcula t ion (Die t r ich and Mar ie t ta , 1987). 
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Figure 6.30. Running Average of the Pressure Field at a Depth 
of 55 m 10 Years into the Calculation (Dietrich and Marietta, 
1987) . 
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Figures 6.30 and 6.31 show running averages of the 
surface pressure and barotropic streamfunction for case 4D 
after ten years of integration. The northern ocean cyclone is 
evident in these time-averaged plots. The flow is quite time 
dependent, as further indicated by the instantaneous stream-
function, Figure 6.32. 

6.2 Box Modeling 

The models selected for use in the present ocean modeling 
hierarchy (GCMs, REMs, TBLMs, and CPMs) all have extensive 
computational requirements. Consequently, they are too large 
to incorporate into a systems-analysis model that could be 
exercised, given present computational technology and funding 
levels. Systems analysis nevertheless remains an important 
requirement in developing a realistic ocean modeling system for 
both parameter dependency and other sensitivity studies, and 
preliminary behavioral evaluations of multicomponent (i.e., 
biogeochemical/physical) models. For the former application, 
simplified models such as box models are adequate, since they 
function primarily as detectors, indicating where more detailed 
analyses should be carried out. For the latter application, 
box models are not adequate, especially for radiological assess
ments and hazard analyses, where the consequences of undetected 
system errors could prove devastating. Nevertheless, up to the 
present, only primitive box model calculations have been used 
for this purpose. To help rectify the situation, more sophisti
cated box models were defined and developed for similar applica
tions. Eventually, dynamical models must be used to perform 
realistic ocean transport calculations for environmental assess
ments. In the interim, however, simpler models that are reason
ably realistic will have to be substituted when systems analysis 
and/or assessments are required. 

A variety of simple models has shown potential for 
application. For example, analytical solutions for advection-
diffusion dynamics in a basin with a point source are discussed 
by GESAMP (1983). Unfortunately, these models do not include 
the known features of the general circulation, nor do they 
provide a capability for multiple site-specific assessments 
within an ocean basin. A series of process-oriented calcula
tions was outlined by Marietta and Robinson (1981) and developed 
further by Robinson and Kupferman (1985 [or see Chapter 3]). 
Such calculations, done in sequence, describe the evolution of 
a tracer released from a specific, confined bottom source as it 
disperses outward to global scales. Because the various effects 
are treated individually, relatively simple, known results ma 
be applied directly. However, the process is tedious and must 
be carried out piecemeal (Kupferman and Moore, 1981). For 
efficiency in systems studies, calculations such as these ar 
replaced, albeit crudely, by box model calculations. 
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Figure 6.31. Running Average of the Barotropic Streamfunctio 
at a Depth of 55 m 10 Years into the Calculation (Dietrich an 
Marietta, 1987). 
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Figure 6.32. Instantaneous Streamfunction Field at a Depth o 
55 m 10 Years into the Calculation (Dietrich and Marietta, 
1987). 
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Box models are similar to dynamical ocean models in that 
both treat the continuum as a set of discrete points. Dynamical 
models use fine grids, typically degrees or less, whereas simple 
box models tend toward the maximum allowable grid size—the size 
of the basin itself. Serious box models in use today describe 
the entire North Atlantic Ocean in terms of a few (15-20) grid 
points. When compared to small-grid dynamical models, which 
might use 2500 grid points for the same region, the simplifica
tion is significant. 

To exercise a box model, an overall water-mass balance 
based on observational or other data is imposed at the outset. 
Then a solution containing N dissolved contaminants is intro
duced at a specified rate at the bottom. The time evolution of 
the concentration, dCi(N)/dt, of each constituent is then 
modeled for all i boxes. Horizontal and vertical diffusive and 
advective constituent fluxes are modeled, as are sedimentation, 
chemical sorption, and radioactive decay chains. 

Since each box is characterized by a single value of 
concentration, d ( N ) , for each of the N chemical species 
within the box, it is essential, if the model is to be 
plausible, that the process boxes be designed to emphasize 
homogeneity. That is, constituent transports between boxes 
must occur at the mean box concentrations. Intrabox variabili
ties, such as occur in real temperature and salinity data, 
cannot be accounted for directly. In general, the time scale 
for mixing in a process box must be small compared to the time 
scale for flushing of that box. The severity of the coarse 
grid well-mixed hypothesis cannot be overemphasized. The real 
ocean is known to be stratified vertically and horizontally 
almost everywhere. However, it is possibly somewhat streaky in 
regard to contaminant fields. The box-model ocean has uniform 
advective transports across the common surfaces of neighboring 
boxes, whereas the real ocean has transport fields that occa
sionally contain narrow, intense currents, as well as mesoscale 
and broad, diffuse, time-variable flows. These may even be 
opposite in direction and may have strikingly different water-
mass properties. Diffusion in a given box is characterized by 
a single eddy diffusivity. Thus, except for one or two process 
boxes, the box model cannot distinguish between small-scale 
(such as lens mixing), mesoscale, topographic, or Lagrangian 
processes. Sorption and sedimentation are also modeled as 
equilibrium processes, as are food chain transports. These 
extreme conceptual simplifications are all part of the inherent 
nature of box models. 

The physics provides an even more striking distinction 
between box models and dynamical models. In box modeling, 
dynamical laws are not imposed at all. Rather, the physics is 
replaced by a prescribed bulk circulation based either on 
observations or a dynamical model simulation. This circulation 
advects water at a prescribed rate from point to point (box to 
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box) throughout the model. To this circulation is added a 
reasonable eddy diffusive scheme for heat (temperature), 
salinity, and other dissolved or particulate constituents, in 
each box within the framework of the prescribed circulation. 
This, of course, requires the introduction of various para
meters. In addition to grid size, here taken to be the actual 
geometrical dimensions of the oceanic region that an individual 
box represents, one needs eddy diffusivities, mixing lengths, 
source and/or sink strengths, concentrations, and still other 
parameters if chemical, biological, and/or geochemical processes 
are modeled. The resultant conservation equations specify the 
time rate of change of concentration of each constituent in each 
box as a linear function of all concentrations in all boxes, 
plus the parameters of the problem. The rewards gained from 
the conceptual simplifications are that the equations are 
linear. ordinary differential equations with constant 
coefficients. 

Care must be exercised to assure that the conditions 
imposed lead to a well-posed problem, and that the computational 
schemes applied are stable and do not lead to hidden numerical 
diffusivities (Fiadeiro and Veronis, 1977). When that is 
achieved, the equations are generally easily solved, providing 
the number of boxes is not too large. Thus, myriads of differ
ent cases can be run to demonstrate how the system behaves and 
how its final states depend upon individual parameter values or 
other variables in the system. These "sensitivity studies" 
provide insight to assess the behavior of the model, to identify 
critical parameters, values, or ranges, and to provide a measure 
of the correspondence between model results and the real ocean. 
They also help shed light on certain behaviors of the more 
complex dynamical models. Box models thus trade geographical 
and dynamical system reality for complete solvability and inter
pretive simplicity. 

It is sometimes tempting in box modeling to increase the 
number of grid points to produ e greater resolution and/or 
accuracy. To some extent this can be done, although it is an 
unreliable practice. Errors in the underlying transports and 
parameters of the problem, errors which are unavoidable due to 
our limited knowledge of ocean circulation and its associated 
processes, usually increase as the resolution (number of boxes) 
of the problem increases. These errors propagate and mix in 
space and time as the calculation runs, making careful inter
pretation of results difficult. If the grid size gets too 
small (i.e., number of boxes too large without including 
dynamics), one eventually compromises the interpretive 
simplicity that was the principal impetus for box modeling. It 
is clearly a case where more is not necessarily better. 

The philosophical approach adopted by the POTG has been 
to develop a box model that adequately reproduces the coarser 
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features of the general circulation. The chances for misinter
pretations are minimized by relating the box model to the 
evolving hierarchy of dynamical models. In this way, updated 
results from the more realistic, evolving, dynamical models 
will continually improve the box model with respect to both 
model development and field data assimilation. 

6.3 The Mark-A Physical Component 

Given the rich variety of US and UK box models that had 
evolved from quite simple to quite complex, the POTG set out to 
recommend one box model configuration, the Mark A. It would be 
run as a radiological assessment model using both accepted water 
mass circulations and GCM test problem equilibrium states to 
define the basic circulation pattern. The known temperature 
and salinity distributions would then be used to evaluate and 
calibrate the model. 

This approach promised to produce credible radiological 
assessments and to connect the box model program with the GCM 
modeling work. It would also tighten the future development of 
box models and allow an empirical approach (through its GCM 
connection and therefore the field data assimilation of the 
hierarchy embedding) to assess which models are best at which 
sorts of prediction. The model would be designed with a view 
toward addition of other components (geochemistry, biology, and 
coastal processes) as the need developed. 

For the Mark-A box configuration, East Atlantic and West 
Atlantic boxes were placed side by side to constitute a four-
zone North Atlantic model. This choice was motivated primarily 
by basin geometry, underlying topography, site locations, local 
mixing times, and anticipated resolution. The east-west division 
of the basin was motivated by the Mid-Atlantic ridge, and the 
north-south division by the different senses of flow typifying 
the northern and southern parts of the North Atlantic gyre. 
Simple two-layer vertical resolution is sufficient to separate 
upper water from deep water, but because the deep water is 
bounded intermediately by the Mid-Atlantic ridge, three layers 
are necessary in the vertical. Boxes for the Arctic and South 
Atlantic Oceans are also included, as is a remaining ocean 
waters box. These boxes all have two layers in the vertical. 
This geographic box arrangement, shown in Figure 6.33, is 
thought to be the simplest coarse grid arrangement consistent 
with realistic results. As described below, this hypothesis is 
being checked through the GCM test problem. 

The source basin box (NAP, GME, or both) includes two 
nested boxes: a site box over the source and a larger, eddy-
mixing box sized from the local mean eddy diameter (Figure 
6.33). Their size and configuration take into account the pro-
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Figure 6.33. The Mark-A Box Model Configuration in Plan View. 
Numbers along the eastern boundary denote water layer depths in 
the box(es) at that latitude. Shelf/slope boxes, shown here on 
the western border, may be added anywhere. Nested boxes within 
the large-scale boxes are shown at the SNAP and GME dumpsites. 
They treat BBL processes (innermost box) and eddy dispersion 
processes (circumscribed box) (Figure by W. Simmons). 
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jected mixing times of the region and desired resolution of the 
results. Benthic sediment layer boxes, described in the 
geochemistry section, are underneath the water boxes. Table 
6.2 shows the proposed box dimensions. A collection of 
shelf/slope boxes will be added as a subsidiary calculation, 
but probably will not have a significant effect on the 
distribution of tracers in a basin or gyre-sized box. except 
possibly for sidewall scavengers. The veracity of this 
conjecture should be addressed in future sensitivity studies. 

TABLE 6.2. CONFIGURATION PARAMETERS FOR THE MARK-A BOX MODEL 

Area Height Volume 
Compartment (10" m2) m̂j (10*s m3) 

Arctic 
Upper Level 5.8 100 to 1000 5.8 
Lower Level 5.2 2500 to 4500 23.2 

NW N Atlantic 
Upper Level 
Middle Level 
Lower level 

NE N Atlantic 
Upper Level 
Middle Level 
Lower Level 

SW N Atlantic 
Upper Level 
Middle Level 
Lower Level 

SE N Atlantic 
Upper Level 
Middle Level 
Lower Level 

S Atlantic 
Upper Level 
Lower Level 

Remaining Ocean 
Waters 
Upper Level 
Lower Level 

8.8 
11.4 
9.0 

10.2 
10.0 
8.7 

8.0 
8.8 
6.4 

5.8 
5.6 
3.8 

74.5 
59.9 

1000 
1000 
2500 

1000 
1000 
2500 

1000 
2500 
1000 

1000 
2500 
1000 

1000 
3500 

8.8 
11.4 
22.4 

10.2 
10.0 
21.8 

8.0 
22.0 
6 4 

5.8 
14.1 
3.8 

74.5 
209.6 

214.1 1000 214.1 
303.4/265.5 3500/400C 1061.8 
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Note that if the GCM test problem were overlaid on the 
Mark-A box configuration (Figure 6.33), it would cover the four 
Atlantic basin/gyre boxes plus an 8° northern latitude strip 
representing the compressed polar zone in the test problem. 
The Mark A was designed with this result in mind. 

6.4 The Mark-A Geochemical Component 

The geochemical scavenging model described herein for 
the Mark-A model is essentially that developed by the GESAMP 
(1983) group, which was taken from the ideas formulated 
primarily by Cochran (Robinson and Kupferman, 1985; Marietta 
and Robinson, 1981). The model is summarized in Figure 6.34. 
The geochemical boxes (Figure 6.35) are of higher resolution 
than the physical boxes (Figure 6.36). Geochemical boxes were 
chosen on the basis of their ability to describe concentration 
distributions (natural tracer fields and releases) dictated by 
the dominant geochemical processes. These differ significantly 
from the dominant physical processes and, correspondingly, 
Mark-A geochemical box geometry differs from the physical box 
geometry. 

Two types of particles are considered: large, biogenic 
particles (2 50 pm) and small, inorganic (< 50 urn) par
ticles, both of which interact with dissolved contaminants. 
The large-particle class includes two types of biogenic par
ticles: fecal pellets (agglomerations of fine particles rich in 
organic matter) and hard parts such as the shells of plankton. 
Both types of large particles disintegrate during settling. 
The organic-rich fecal pellets break down through organic mat
ter oxidation and the hard parts (tests) dissolve. The inor
ganic small particles sink slowly and interact with dissolved 
contaminants throughout the water column. Small particles can 
be transformed into large particles by grazing of bathypelagic 
organisms. 

Particle-solution interactions are considered first-order 
interactions with respect to concentration of contaminants on 
particles and in solution. The use of a sorption coefficient, 
K„ (forward reaction rate/backward reaction rate), to para
meterize these interactions seems appropriate at this stage of 
the effort. The sorption coefficient in this report refers 
only to water column particles, not subbottom sediments. It is 
identical in concept with the so-called "partition coefficient" 
used in Volume 2 of this series (RATG, 1987) . 

The bottom sediments are represented by a well-mixed bio-
turbated layer about 10-cm thick in which particle-associated 
contaminants can reach sorption equilibrium with the pore fluid 
and can diffuse into the overlying water of the BBL. Net 
removal from the water column and the sediment mixed layer is 
by sediment accumulation (i.e., sedimentary burial). 

-280-



Dissolved * Larçe * Small .« Dissolved 
*1 

"* K2 Particles ~* 
(>50 n) 

i 
! • 

( >10m d~1) 

Disintegration, 
remineralization 

grazing, 

sweep-out 

•<1 

Particles k2 * 
(*50 M) 

2 
s 

( JL\ m d~1) 

Figure 6.34. The Scavenging Model for Small and Large 
Particles. ki and k2 are rate constants (Fiyure by K. 
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Figure 6.35. Geochemical Component of the Mark-A Box Model. 
Of the larger particles (>.50 vm) formed in the surface 
waters, about 10% survive below 1000 m depth, the other 90% 
being dissolved or decomposed in the upper 1000 m. Between 
1000 and 4450 m, procesf.es that can both enhance and diminish 
particle size are encountered. Of the large particles reaching 
the BBL, about 90% are thought to dissolve in the lysocline. 
The remaining large particles are transmitted to the bioturbated 
sediment layer, where they are broken up mechanically. Except 
for resuspension, small particles accumulate as sediment. 
Particle solution interactions occur throughout the water 
column, indicated in the figure by a K„ in each box (Figure 
by K. Cochran and W. Simmons). 
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The representation of these processes in the geochemistry 
box model is shown in Figure 6.35. The relevant biogeochemical 
boxes are 

• A surface box from 0 to 200 m in which the large 
biogenic and small inorganic particles form and 
interact with dissolved contaminants. 

• A subsurface box from 200 to 1000 m in which the 
organic-rich large particles are decomposed. The 
1000-m depth is taken as the level by which 90% of 
the organic material formed in the surface box is 
dissolved or consumed. Fecal pellets that leave 
this box (-10% of those formed) and hard-part large 
particles sink rapidly, with little decomposition or 
dissolution until they reach the near-bottom boxes. 
This corresponds to slow rates of organic decomposi
tion at low temperatures below the main thermocline 
(0 to 1000 m physical box) and to slow rates of 
dissolution of carbonate tests above the lysocline.* 

• A mid-depth box, from 1000 to ~4450 m, through 
which large particles escaping box 2 sink rapidly 
and small particles sink slowly, thereby attaining 
sorption equilibrium with dissolved contaminants. 

• A benthic, mixed-layer box about 50 m in depth. 
This box can be taken to include the top 1 mm of 
bottom sediment. Large particles that sink to the 
bottom decompose or dissolve in this box to an 
extent consistent with the sediment mass balance and 
the depth of the bottom relative to the lysocline. 

• A 10-cm thick sediment box representing the well-
mixed bioturbated sediment layer. Small particles 
and the fraction of large particles not decomposed 
or dissolved in boxes 2 and 4 are mixed throughout 
the sediment box. The latter fraction is assumed to 
break up to form small particles. Sorbed contaminant 
is allowed to reach equilibrium with the sediment 
porewater and then to diffuse through the sediments, 
including upward diffusion into the water column. 

The scavenging model includes two particle-size classes: 
small, slowly sinking irorganic particles and large, organic-
rich particles, both generated in the surface waters. Th 
small particles are assumed to interact with dissolved nuclides 
throughout their descent through the water column. The natur 

* Level in the water column at which a pronounced increase in 
the calcium carbonate dissolution rate occurs (-4500 m in 
the Mid-North Atlantic). 
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of this interaction is assumed to be first order with respect 
to the concentration of tracer in solution or on the particles. 
Thus, at steady state, the ratio of the concentration on par
ticles to that in solution (for long-lived or stable tracer) is 

C P / C = k,/k2 (6.1) 

where CP = concentration of tracer on particles/volume 
C = concentration of tracer solution/volume 
ki = rate constant for adsorption 
k2 = rate constant for desorption. 

This ratio is related to the sorption coefficient Kd 

by the expression 

fKd = k,/k2(l-f) - k,/k2 (6.2) 

where f » volume of particles/volume water. 

A positive relationship between ki and suspended 
particle concentration has been demonstrated for 2 3 °Th (Bacon 
and Anderson, 1982), indicating that this parameter is a 
function of the surface area or available sorption sites. That 
kt may depend on particle type as well is indicated by the 
work of Mangini and Key (1983). Their calculations suggest 
that the rate at which 2 3 0Th atoms contact particles in a 
unit volume of seawater is faster than the rate at which the 
2 3 0Th atoms adsorb to the particles. The desorption rate 
constant appears invariant over a range of particle concentra
tions (Bacon and Anderson, 1982). Thus, for modeling purposes, 
k2 may be assumed constant and ki can be calculated from 
knowledge of Kd and f, the particulate concentration. 

Limits on sinking rates of small particles can be set by 
mass balance considerations. Accumulation rates of fine-grained, 
deep-sea clays (e.g., in the central Pacific) are of the order 
5 x 10"4 cm/yr. For an in situ, dry bulk density of 0.7 g 
dry sediment/cm3 wet sediment, the mass accumulation rate is 
3.5 x 10"4 g/cmz/yr. Suspended particle concentrations of 
15 yg/1 give sinking rates of 200-300 m/yr if the bottom 
sediment is composed of fine-grained, slowly settling particles. 

A final process affecting the transport of small par
ticles in the water column is the repackaging of these particles 
into fecal pellets by deep-dwelling pelagic organisms. This 
process enhances removal of small particles from the water 
column. Parameterization of small particle repackaging may be 
calculated from the feeding rates of abyssal organisms. 

The large-particle class is composed of organism har 
parts and organically-rich particles such as fecal pellets. 
These particles are generated in surface waters (except for th 
small-particle repackaging at depth mentioned above) in equili 
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brium with dissolved tracer. The equilibrium is expressed in 
terms of biological "concentration factors." This formulation 
is similar to the concept of Kd, but, due to lack of data, 
rates of uptake and release are not explicitly considered. As 
the large particles sink, they decompose (organic fraction) or 
dissolve (hard parts). The decomposition takes place primarily 
above the main thermocline. Hard part dissolution may occur 
throughout the water column, but as a first approximation, we 
link it to carbonate dissolution. Because the depth of the 
lysocline is close to the 4500-m level in the North Atlantic, 
the dissolution is represented in the bottom boundary layer 
box. Thus, most of the large-particle flux is remineralized 
before it can accumulate. Tracer transport, in association 
with large particles, thus occurs as uptake in the surface 
water and release during sinking. There is assumed to be no 
uptake of dissolved tracer during sinking of large partic'es. 

The sinking rates of large particles may be ts imated 
from sediment trap studies. Seasonal changes in prodi;tivity 
observed in traps at depths of 1500 m suggest that sinking 
rates of -5000 m/yr are reasonable. 

Original motivations for box modeling arose from the 
need for environmental assessments of the marine system as a 
whole and from the need for an elementary, easily understand
able baseline model from which other, better models might 
evolve and to which they might be contrasted and compared. 
Both purposes have been served. Because the Mark-A model may 
be driven by transport and distribution data from either 
physical observations or numerical simulations, it will, in 
addition, serve to integrate and consolidate the field observa
tions and modeling programs. This includes the work to embed 
high-resolution REMs within GCMs at source locations to provide 
the fine resolution necessary to simulate the initial stages of 
dispersion. This interconnection is immensely important for 
the development of realistic environmental hazard assessments. 
Moreover, as that development occurs, the Mark A will also be 
available for systemically more complex box-type environmental 
assessments. Ultimately, however, as the dynamical models 
become tuned and as the need for more realistic assessments 
becomes critical, one would hope to see REM/GCM assessments 
replace box model assessments. The refined accuracies and 
confidence in results are judged well worth the additional 
effort and cost. 

6.5 Circulations for the Mark A 

As described above, box models like the Mark-A are 
traditionally used with prescribed interbox transports 
subjectively determined from intuition and historical oceanic 
data (NEA, 1985; Koplik, 1982). The approach adopted by the 
POTG was to avoid dependence upon subjective judgement and rely 
upon the hierarchical structure both as a data assimilator and 
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dynamical interpolator. From these simulations, flows for the 
coarsened box structure of the Mark A can be extracted. The 
set of resulting interbox transports is then determined in a 
primarily objective way that has used the important physics and 
included the field data through the dynamical model inputs. 

The long-range plan (Appendix B) was to develop the 
hierarchical series of dynamical models to a realistic, 
converged North Atlantic circulation. As listed above, this 
would have included the important water masses and currents, 
smoothed but realistic basin geometry, and real wind and 
thermalhaline forcing. However, the present risk assessment was 
required before this development was completed. Therefore, 
compromises had to be made so that the RATG could proceed with 
the assessment. The POTG recommended that the traditional box 
modeling approach be used, wherein Mark-A transports would be 
assigned using the subjectively determined circulation from the 
Review of the Continued Suitability of the Dumping Site for 
Radioactive Waste in the Northeast Atlantic (NEA, 1985). This 
circulation and the resulting Mark-A transport are described 
below. However, the POTG was not willing to rely only on a box 
model for this assessment for the reasons discussed above. 
Therefore, it was also decided to use the converged test 
problem simulations for extracting alternate circulations. In 
fact, because of geographical limitations of the computational 
domains, some subjective transports still had to be provided 
(e.g., for the remaining world ocean box). These are also 
described below. 

6.5.1 The NEA (1985) Subjective Circulation 

This description was taken from an NEA (1985) document 
reviewed by two expert panels that included some POTG members. 
Only discussion relevant to the circulation as used for the 
Mark A is repeated here. This circulation was used for the 
so-called 91 Box Model developed jointly by the UK MAFF 
Laboratory and che NRPB. 

One compartment model which at first appears potentially 
suitable for use is that devised by Worthington (1976). In 
that model, the North Atlantic is divided into six areas, each 
area is divided into four or five vertical layers, and :he 
exchanges between the boxes are determined from a water mass 
analysis. Even after changing this purely advective model to 
include mixing, it was not possible to reproduce a natural 
tracer (salinity) distribution to check the suitability of the 
flow pattern. It may be possible to revise the whole model and 
include a greater number of exchanges with the South Atlantic, 
but this would result in a completely different model. It was 
therefore concluded that it would be more worthwhile to develop 
a new model than to adapt the Worthington one. 
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The compartment model covers the area of the Atlantic 
Ocean from 50°S to 65°N and uses observed isopycnal (density) 
surfaces to define the vertical box structure, since mixing and 
movement in the ocean are believed to occur primarily along 
isopycnal surfaces. Exchanges with other oceans are also 
included, since radionuclides entering the Atlantic will 
eventually disperse throughout the world's oceans. These 
exchanges are with the Arctic Ocean through the Norwegian and 
Greenland Seas to the north, with the Mediterranean Sea to the 
east and with the Pacific and Indian Oceans, via the Antarctic 
Circumpolar Current, to the south. 

The Atlantic Ocean is divided into eight areas (Figure 
6.37). The central dividing line corresponds to the Mid-
Atlantic Ridge and the areas extend out to the edge of the 
continental shelf. Areas 1 and 3 are based on areas chosen by 
Worthington (1976) on the basis of bottom topography. Area 2 
is chosen to represent adequately the current flow patterns in 
the north. The southern boundary of Area 4 (20°N) corresponds 
approximately to the position of the Cape Verde Islands. Areas 
5 and 6 cover the equatorial waters and their southern bound
aries (both at 25°S) and correspond to the Rio Grande Rise and 
Walvis Ridge, respectively. Areas 7 and 8 cover the remainder 
of the South Atlantic and extend to 50°S, which is approximately 
the latitude of the Falkland Islands in the southwest. The 
present low-level dump site is in Area 4, relatively close to 
the northern boundary. GME is in Area 4 and the SNAP in Area 
3, close to the southern boundary. 

It is possible to identify well-defined water masses at 
specific depths throughout the Atlantic Ocean. Therefore, the 
eight ocean areas were divided into layers so that each 
compartment would represent a separate water mass. The 
following water types were identified: (1) Antarctic Bottom 
Water (levels 9 and 10, only in Areas 6, 7, and 8); (2) North 
Atlantic Deep Water (levels 7 and 8); (3) North Atlantic 
Central Water (levels 5 and 6); (4) MODE Water (levels 3 and 
4); (5) surface water (levels 1 and 2). The boundaries of the 
compartments were obtained by tracing the neutral (density) 
surfaces through the ocean, using the method of Ivers (1975) 
and data taken from the GEOSECS survey (Bainbridge, 1972) with 
additions from the International Geophysical Year (IGY) surveys 
(Fuglister, 1960). Figures 6.38 and 6.39 show these levels for 
the east and west Atlantic, respectively. Initially, six 
levels were chosen in the vertical, but it was thought that a 
better resolution of the water masses would be obtained using 
up to 10 levels. This gives rise to 67 boxes in the Atlantic 
and a further 24 boxes (defined by the same density levels) for 
the other oceans, which have much less spatial resolution, to 
give a total of 91 boxes (Figure 6.40). Each box is allowed to 
communicate with each of its neighbors, unless topography inter
feres, resulting in 442 transfer coefficients to be determined. 
Instead of describing these transfer coefficients in terms of 
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Figure 6.37. Division cf the Atlantic into Eight Areas abou 
the Mid-Atlantic Ridge. 
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West Atlantic 

Figure 6.40. Numbering Convention for the 91-Box Model, 
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an advective flow and a diffusive mixing among boxes, they are 
given as a transfer from A to B and another from B to A. The 
difference between the two transfers is the advective flow, and 
a weighted sum of them can be interpreted as the eddy 
diffusivity (Fiadeiro, 1975). 

The model structure described above assumes that the 
oceans are zonally well mixed and that it is possible to 
describe the isopycnal surfaces of the oceans from meridional 
sections. To define these surfaces, the method of Ivers (1975) 
was used in which the neutral surface is defined to be normal 
to the gradient in potential density, referred to the pressure 
at the point in question. Ivers usee? this definition to 
discuss the behavior of five neutral surfaces in the North 
Atlantic. The shallowest outcrops in the Labrador Sea and 
descends to 900 m at 38°N, and the deepest outcrops in the 
Norwegian-Greenland Sea and descends to 3000 m at 40°N. Ivers 
found that most features in salinity could be explained by 
lateral flow and mixing, except in regions of sills and 
outcroppings, where vertical mixing becomes important. 

The GEOSECS results (Bainbridge, 1972) represent a good 
quality data set which provides meridional sections required 
for the model description, except for the northeast Atlantic. 
In this area, the continuation of eastern Atlantic GEOSECS 
section was compiled from IGY data (Fuglister, 1960) and was 
constructed to run as near as possible along the deep water of 
the northeast basin and to the west Rockall Bank to the 
Norwegian Sea. 

The neutral surfaces were constructed by starting at the 
southern end of each section with o4 and a9 values, as 
indicated in Table 6.3, and following them north from station 
to station on the sections. It can be seen from Figures 6.38 
and 6.39 that these surfaces tilt steeply near the polar ends 
of each section, while remaining almost horizontal in the deep 
central ocean. Some surfaces intersect the seafloor (e.g., 
surfaces 9 and 10), whereas others outcrop (e.g., surfaces 1, 
2, and 3). The geographical position of the outcropping varies 
from season to season and Figure 6.41 gives the approximate 
positions for the spring period (Levitus, 1982). 

Similar methods were used to calculate the neutral 
surface depths for the Arctic, Antarctic, and Pacific Oceans 
from the GEOSECS data. However, data for the Mediterranean Sea 
are taken from Sankey (1973) and Wust (1961), with some ajust-
ments made to obtain consistent values for inflow and outflow. 
Only two levels are used in the Mediterranean because th 
shallow sill depth in the Straits of Gibraltar effectivel 
isolates any deeper layers from communicating directly with th 
Atlantic. Similarly, the Denmark Strait restricts communicatio 
between the Greenland Sea and Labrador basin. 
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TABLE 6.3. NOMINAL DENSITIES OF THE TEN LEVELS. 

Level Density 

1 ( t o p ) ae <26 

2 26 <Oe < 2 6 . 7 5 

3 2 6 . 7 5 <a9 <27 

4 27 <o* < 2 7 . 3 

5 27 .3 ±a9 <o« 45.5 

6 45 .5 <o4 <45.8 

7 45 .8 jCo4 <45.9 

8 4 5 . 9 £04 <46 

9 46 <o4 < 4 6 . 1 

10 ( b o t t o m ) a 4 < 4 6 . 1 

- 2 9 4 -



Level 2 

New Outcropping Pattern 
at - 26.0, 26.75, 27.0, 27.3 

Figure 6.41. Isopycnal Outcropping in the Atlantic 
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The average value and standard deviation of both tempera
ture and salinity within each box were calculated by evaluating 
the appropriate volume intervals, i.e. 

T = &oxJTdV/b„x>TdV, 

azT = ..ox-rCT-f*) c Vb0xXdV, (6.3) 

after a box width had been assigned to the depth of each 
neutral surface at each hydrographie station on the meridional 
section. All variables are assumed to vary linearly between 
the data values. Figure 6.42 shows a temperature-salinity 
diagram for the Atlantic boxes plotted with a measure of the 
variance within each box (+o). It is clear that in the deep 
water (lower temperature) these variations about the mean are 
small, whereas in the upper part of the water column both the 
range and the variations tend to be larger. This is not 
unexpected when one considers the geographical extent of some 
of these boxes. For example, along the core of the Antarctic 
intermediate water (levels 3 and 4 in region 5, the west 
central Atlantic) the salinity changes from about 34.9°/0o to 
34.4°/oo and the temperature changes by about 2°C. 

The average values for the Pacific Ocean were calculated 
similarly and these were assumed to represent both the Pacific 
and Indian oceans. However, the Antarctic and Arctic both 
proved difficult to deal with in many aspects, because all the 
neutral surfaces outcrop and there are distinct seasonal 
variations (deep-water formation in winter). The data in these 
areas are not necessarily representative of the annual mean 
situation that one might expect to apply in the deep ocean. 
This is especially noticeable in the Arctic when using data 
from the Norwegian and Greenland Seas, where warm, salty, near-
surface water enters the Norwegian Sea from the Atlantic and 
generally emerges as cool, fresh, deep water from the Greenland 
Sea. Average temperature and salinity values for the boxes 
which reflected this were chosen in preference to mean densities 
which did not coincide with either extreme. 

The average temperature and salinity values derived ar 
presented in Table 6.4. 

To verify the model against observation, the oceanic 
values of temperature and salinity are not the only data 
required. All outcropping boxes exchange heat and water wit 
the atmosphere. A globally consistent data set for précipita 
tion less evaporation and net heat flux through the sea surfac 
proved to be more difficult to construct. However, it wa 
obtained from Baumgartner and Reichel (1975), Bunker an 
Worthington (1976), and Dorman and Bourke (1981). Some value 
had to be readjusted to obtain zero global net heat and wate 
exchanges, and any proportioning was made on a real basis to 

-296-



74.0 34.4 

24 -

20 -

Ô 1 6 

12 -

8 -

4 -

Salinity (JU) 

34.8 35.2 35.6 

Figure 6.42. Salinity Versus Temperature for the Atlanti 
Compartments. 

-297-



I 

vu 
00 
I 

> U U U U U U U U N N I i N i g N > 

••»•— • - • * » » » « N * * r * te-»-»* « M » » M »» » » • « » « 
• - N I M U W N V « - N N I S t m a t e i a r J N W t e ^ a i t e * - • • N U » K I I * ' > * N U I I i a | a U S I I I N » « > a N > I N N N » N a N N N » I A ^ « N a 

»3ssii.£6K..S»53^^ 

sHHs~N.teS!sH. S~,ste$s52s! £•£:?»-.»£:...£*.?„; \r,r^iB$Br^rz 
:ïïïïïïssïïïïïïï!!î:ïïïïïïSïïïSïSïSïr5!!ïïïSïïïïSïïï.ïïSïï 

H= :̂teH«..ss»:̂ teiS»SteS»sH: î̂ 5tê SSte52sS5«teS55sSte.=ï«teS: ;.s.S5s 

ls^.te^:»sSaStei ::.^:^5S=^^r^=r:»^^-w^^;^--: HsSS5=.5te5S-

». 

la ; 
l a ' 

H > 
f 
PJ 

w M 

> n 

o cq 

PI 

S1* 

n 

> z a 



match the data in the literature with that needed by the model. 
These data are given in Table 6.5. 

The flow pattern described above gives only the adective 
exchanges between the boxes, whereas two-way exchanges are 
needed to express advection and mixing. An upwind differencing 
scheme was used to include eddy dif fusivities of 1 cm2/s 
diapycnally and 107 cmVs laterally, and the resulting 
transfers are listed in Table 6.6. Where box dimensions were 
similar, the mean dimension was used to calculate gradients 
needed to produce the transfers, but when one box was much 
larger than the other, the smaller dimension was used. 

To extract Mark-A transports from Table 6.6 is not 
straightforward, since model geometries are significantly 
different. Simple interpolation with averages weighted by 
areal interfaces can be done for commonly oriented rectilinear 
boundaries, but due to the isopycnal surfaces used in the 91 
box model, some other adjustments had to be made. A convention 
was adopted that if flow was routed through a 91 BXM sloping 
isopycnal box to two Mark-A boxes, it was weighted by vertical 
areas. Since Table 6.6 also includes diffusion, the difference 
in transfers was taken and only one-way advective interchanges 
used. The resulting transfers and box volumes are given in 
Volume 2 of this series (RATG, 1987). 

6.5.2 The Circulation Extracted from the Test Problem 
Simulation 

For comparison with the traditional data set, Mark-A 
transports were also extracted from the converged GCM simula
tions of the POTG test problem and related water mass studies. 
The resulting sets of transports are then determined from a 
dynamical calculation that is mostly objective. It is still 
only the simple geometry, idealized forcing, and coarse resolu
tion (2°) of the test problem. The finite difference grid has 
areal interfaces between computational cells that are vertical 
and horizontal like the Mark A, so the fluxes need only to be 
summed and interpolated. In this case, flows into and out of 
boxes were summed, so the reported advections are two-way. As 
is evident in Figure 6.36, the domain size of the test problem 
is limited and the southern boundary is closed, so not all the 
fluxes can be obtained directly. The only possibility is to 
add the required fluxes subjectively, ensuring that water is 
conserved. This was done using Table 6.6 for guidance and the 
resulting set of transports appears in Volume 2 of this series 
(RATG, 1987). Similar subjective adjustments were made for the 
simulations in sections 6.1.2 and 6.1.4. 

A pulse-test release of 12,I (a dynamically-passive 
tracer) was used to compare differences between the Mark A 
driven by the CRESP descriptive circulation discussed in the 
previous sections and the Mark A driven by the objective 
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TABLE 6 . 5 . SOURCE TERMS FOR OCEAN CALCULATION. 

Box 
Number 

5 
6 
7 
8 

13 
14 
15 

Level 

4 
3 
2 
1 

4 
3 
2 

1 
1 
1 
1 

2 
3 
2 

Precipi tat ion 
It 

Area 

23 

30 
31 

40 

48 

56 
57 
58 

65 
66 
6'/ 

68 
69 
70 
71 
72 

73 
74 
75 
76 
77 
78 
79 
80 

87 
88 
89 

90 
91 

2 
1 

1 

1 

3 
2 
1 

3 
2 
1 

8 
7 
6 
5 
4 

10 
9 
8 
7 
6 
5 
4 
3 

3 
2 
1 

3 
2 

4 
4 

5 

6 

7 
7 
7 

8 
8 
8 

Arctic 
n 

H 

*t 

H 

Antarctic 
n 

H 

•* 
M 

M 

H 

II 

Pacific/I 
H 

H 

Mediterra 
H 

less evaporation 
(Sverdrups) 

0.0102 
0.0246 
0.0081 
0.0391 

0.0100 
0.0249 
0.0711 

-0.1800 

-0.0505 
-0.0505 

0.2000 

-0.1900 

:.0350 
-0.0140 
-0.0150 

-0.0088 
-0.0308 
«0.0704 

0.0250 
0.0250 
0.0250 
0.0250 
0.1500 

0.0060 
0.0060 
0.0060 
0.0060 
0.0060 
0.0030 
0.0030 
0.0350 

-0.0110 
-0.0110 
-0.0100 

-0.0342 
-0.0038 

Heat gain 
(GW) 

-3.76 
-3.52 
-1.21 
-3.52 

-3.54 
-1.02 
-1.44 

-2.80 

4.99 
4.99 

2.90 

3.80 

-8.50 
-3.00 
-3.00 

-7.22 
-1.54 
-3.00 

-9.98 
-9.98 
-9.98 
-9.98 
-6.01 

-9.98 
-9.98 
-9.98 
-9.98 
-9.98 
-4.99 
-4.99 
-7.22 

3.94 
3.94 
3.94 

1.23 
1.37 

x 10* 
x 104 

x 104 

x 104 

x 104 

x 104 

x 104 

x 10s 

x 104 

x 104 

x 10s 

x 10' 

x 10" 
x 10" 
x 10" 

x 103 

x 10' 
x 10' 

x 101 

x 103 

x 103 

x 103 

x 104 

x 103 

x 103 

x 103 

x 103 

x 103 

x 103 

x 103 

x 101 

x 104 

x 104 

x 104 

x 103 

x 10z 
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TABLE 6.6. WATER TRANSFERS BETWEEN BOXES IN SVERDRUPS 

AH- 10000000. ca*ca/a ANO K- 1. ca*cn/a 

•ox A lex • Transfer A to I Tr»n»f»r B to A 

2 
9 

IS 
24 
(• 

3 
10 
17 
25 
«9 

4 
11 
1 * 
26 
70 

S 
12 
19 
27 
71 

6 
13 
2 * 
28 
72 

7 
14 
21 
29 

8 
IB 
22 
3 * 
23 
31 
I f 
24 
( 8 
11 
26 
69 
12 
26 
7 * 
13 
27 
71 
14 
28 

.368 

.«60 
8.681 

. •91 

.«26 

.2*8 

.687 
3.374 

.654 

.««6 

.362 
2.331 

.772 
1.666 

.881 
4.066 

.232 

.898 

.198 

.012 
9.701 

.241 

.108 

.243 

.036 
6.739 

.143 

.139 

.138 
3.763 

.112 

.193 
24.171 

.085 

.108 
047 

.268 

.010 

.063 
1.313 

.038 

.212 

.629 

.666 

.679 

.075 
1.493 

.790 

.269 

4.356 
3.060 

.681 

.091 
1.025 
3.208 

.587 

.374 

.664 
4.008 
1.362 
2.331 

.772 
1.665 
2.081 
4.066 

.232 
1.098 

.198 

.012 
7.701 
1.241 
1.108 

.243 

.035 
4.739 

.143 

.139 

.138 
22.753 

.112 
3.193 

.171 
19.085 

.108 
1.047 
1.258 
1.010 
1.063 

.313 
1.038 
1.212 

.629 

.568 

.679 
2.076 

.493 
0.790 
1.269 
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TABLE 6.6 (continued) 

Water transfert between boxat in Sverdrupa (continuai) 

AH" 10000000. ee*ce/a AND IC- 1. ca»ca/s 

•ex A Box 6 Trantfer A to B Transfer B to A 

13 

20 
2* 
2* 
20 
21 
21 
21 
21 
22 
22 
22 
22 
23 
23 
23 
24 
24 
25 
28 
26 
26 
27 
27 
28 
28 
29 
29 
29 
3* 

72 
16 
29 
3* 
17 
24 
33 
41 
18 
25 
34 
42 
19 
26 
35 
43 
2* 
27 
36 
44 
21 
28 
37 
45 
22 
29 
38 
46 
23 
3* 
39 
47 
31 
4* 
48 
25 
41 
26 
42 
27 
43 
28 
44 
29 
45 
30 
46 
9* 
31 

8.834 
.980 
.874 
.879 
.574 
.38* 

8.544 
.897 
.ti/ 
.757 

3.399 
.194 

1.319 
.859 

2.355 
.2*5 

4.4F3 
.167 
.153 
.046 

6.196 
.228 
.126 
.054 

4.189 
.131 
.055 
.051 

3.725 
.202 
.051 
.045 
.177 
.090 
.027 
.362 
.719 
.819 

1.605 
1.273 
.647 

2.639 
.183 

2.795 
.253 

3.805 
.097 
.000 

17.298 

.034 
7.980 
1.074 
7.079 
.574 
.300 
.544 
.097 
.827 
.757 
.399 
.194 
1.319 
2.859 
.356 
.205 

4.453 
1.167 
.153 
.046 

5.196 
.228 

1.126 
.054 

4.189 
.131 
.055 
.051 

3.725 
.202 

3.051 
.045 

10.177 
8.090 
1.027 
.362 

1.719 
.819 
.60S 
1.273 
2.647 
5.639 
.183 

5.795 
1.263 
5.805 
1.097 
1.000 
3.296 
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TABLE 6.6 (continued) 

AH-

Bex 

30 
30 
31 
32 
32 
32 
33 
33 
33 
34 
34 
34 
36 
36 
36 
36 
36 
36 
37 
37 
37 
36 
36 
36 
39 
39 
39 
40 
40 
41 
41 
42 
42 
43 
43 
44 
44 
46 
4B 
46 
46 
47 
47 
46 
49 
49 
49 
80 
60 

between eoaee In SveréVuee 

10000*00. ca*ca/e AND K- 1. ca*ca/a 

A Box B 

47 
91 
46 
33 
49 
60 
34 
41 
61 
36 
42 
62 
36 
43 
53 
37 
44 
64 
38 
46 
BS 
39 
46 
66 
40 
47 
57 
46 
58 
42 
60 
43 
61 
44 
62 
45 
63 
46 
64 
47 
66 
48 
66 
67 
50 
59 
73 
SI 
69 

(continued 

Transfer A te B Tranefer B te A 

.196 
1.000 
4.020 
1.816 
.017 

1.950 
.657 

4.443 
7.318 
1.090 
2.739 
3.686 
t.741 
3.510 
1.757 
3.211 
.794 
.246 

6.702 
.947 
.263 

10.910 
.636 
.116 

8.920 
.416 

1.364 
.286 

3.197 
1.642 
.235 

1.410 
2.350 
2.227 
.412 

7.362 
.117 

6.727 
.162 

7.936 
.065 

11.926 
.144 
.067 
.564 
.051 
.272 
.790 
.042 

.185 

.000 

.020 

.816 
2.017 
.960 
.867 

2.443 
.318 

1.090 
2.739 
.685 

1.741 
2.510 
.767 

3.211 
.794 
.246 

4.702 
1.947 
1.253 
9.910 
1.636 
.116 

7.920 
3.416 
.354 

10.286 
.197 
.642 
.235 

1.410 
.350 

2.227 
1.412 
4.362 
3.117 
3.727 
2.162 
4.936 
2.065 
10.926 
1.144 
6.057 
.664 
.051 

2.272 
.790 
.042 
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TABLE 6.6 (continued) 

AH-

Box 

6* 
SI 
SI 
SI 
62 
62 
52 
53 
53 
53 
54 
54 
54 
55 
55 
55 
56 
56 
66 
57 
67 
58 
69 
59 
69 
59 
6* 
6» 
6* 
61 
61 
61 
62 
62 
62 
63 
63 
63 
64 
64 
64 
65 
65 
66 
66 
67 
68 
69 
7* 

llfffllt. 

A lox 

74 
52 
64> 
76 
S3 
61 
76 
54 
62 
77 
66 
63 
78 
66 
64 
79 
57 
65 
88 
58 
66 
67 
68 
73 
74 
81 
61 
75 
82 
62 
76 
83 
63 
77 
84 
64 
78 
85 
66 
79 
86 
66 
87 
67 
88 
89 
69 
7* 
71 

• betwaan boxas In Svardrups 

ca*ca/e AND K- 1. caaca/s 

< continuad> 

• Transfar A te B Tranafar B te A 

1.538 
1.059 
.194 

7.662 
1.1*7 
.773 

3.692 
1.373 
4.8*3 
1.464 
2.349 
1.3*7 
.654 

3.42* 
1.4** 
.524 

6.127 
2.134 
.•52 

5.967 
4.155 
1.028 
1.424 
.056 
.153 

2.586 
.679 

1.452 
1.951 
.7*8 

2.431 
1.315 
l.*47 
1.743 
1.93S 
2.161 
.0*4 

1.497 
2.532 
.11* 
1.393 
3.*2* 
1.237 
2.769 
3.145 
.«28 

28.18* 
3.*3I 
3.038 

.63* 
1.059 
.194 
.662 

1.107 
.773 
.692 

1.373 
l.**3 
3.464 
2.349 
.3*7 

1.654 
3.42* 
.4** 

2.524 
5.127 
.134 

3.852 
7.967 
.155 
.«28 
.424 
.*56 
< .163 
2.588 
.679 
.452 

1.951 
.7*» 
.431 

1.315 
1.047 
.743 
.938 

2.161 
3.*84 
.497 

2.532 
2.11* 
.393 

4.*2* 
.237 

3.769 
.145 

6.828 
30.18* 
18.838 
12.838 
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TABLE 6.6 (continued) 

Water transfars between boxai In Svardrup» Ccontlnuad) 

AH-

•ox 

71 
73 
73 
74 
74 
75 
75 
76 
76 
77 
77 
78 
78 
79 
78 
80 
81 
82 
83 
84 
85 
86 
87 
88 
96 

10000000. ca*ca/s AND K> 1. ca*ca/s 

A Box 8 

72 
74 
81 
75 
81 
76 
82 
77 
83 
78 
84 
79 
85 
88 
86 
87 
82 
83 
84 
85 
66 
87 
88 
89 
91 

Transfer A to B Tri 

3.038 
17.280 
1.375 
7.725 
3.375 
13.555 
7.563 
14.348 
6-400 
16.706 
2.751 
37.042 

.795 
243.256 

.790 

.16F 
11.792 
17.681 
23.266 
25.654 
38.752 
38.211 
48.880 
58.046 

.415 

•nsfer B to A 

11.038 
19.280 
1.375 

11.725 
1.375 
16.555 
.563 

17.348 
1.400 
18.708 
4.751 
39.042 
4.79S 

245.256 
4.790 
5.166 
9.7*12 
3.681 
9.266 
12.654 
28.752 
31.^11 
45.080 
52.046 
1.415 
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circulation extracted from the POTG test problem simulation. 
To enable comparisons between these results and the previous 
CRESP model comparison study (Mobbs et al., 1986), the tracer 
source was placed at the model location corresponding to the 
NEA Northeast Atlantic Dumpsite. 

Simple measures of diffusion that affect close calcula
tions and are easily derived from model outputs are relative 
changes in magnitude, location, and time of arrival of peak 
concentrations. These may change the geographic location (box) 
of the critical pathway and the order of the list of most 
important radionuclides. 

For this passive tracer experiment and Northeast 
Atlantic source, the GCM-driven Mark A produces shorter peak 
arrival times (about a factor 2) and shorter basin-mixing times. 
The highest concentration moves with only a small relative 
difference in magnitude from the Arctic box to a southern box. 
Recalling that the southern boundary of the test problem is 
closed at 15°N, this change of box suggests a probable trend 
from an Arctic to an Antarctic critical pathway, if a full 
North and South Atlantic GCM simulation could be used. An 
unrealistic, enhanced vertical circulation occurs along the 
closed southern boundary at 15°N. Moving this boundary to 35°S 
(Figure 6.14) moves the critical pathway toward the south. A 
full Atlantic basin GCM simulation would probably confirm a 
critical pathway due to isopycnal outcropping in the Antarctic 
as described in Chapter 3. The relative difference in peak 
concentrations at high-latitude isopycnal outcropping locations 
in the Arctic and Antarctic is determined by source location and 
radionuclide reactivity. This passive tracer test from the NEA 
dumpsite indicates only that significant differences may occur 
when different circulations are used in the Mark A. However, 
the dose calculations for the slow-release continuous sources 
used to simulate leakage from properly-emplaced canisters 
(discussed in Volume 2 of this series) would not be 
significantly changed. 

6.5.3 Sample Radionuclide Dispersion and the Circulation 
Extracted from the FRG Diagnostic Atlantic Simulation 

The Bryan-Semtner model (Bryan, 1969; Semtner, 1974; Cox 
1984) was used diagnostically at DHI (Schulte et al., 1985; 
Mittelstaedt, 1986a) to calculate flow fields in which disper
sion studies for selected radionuclides were performed. The 
concentration fields were used for dose calculations (see 
Section 3.5) based on simple pathway assumptions described in 
documents from the IAEA (1984), NEA (1985), and Volume 2 of 
this series (RATG, 1987). These calculations are preliminary 
examples of the long-range POTG goal to calculate realistic 
doses for the radionuclides determined by RATG systems studies 
to be most important. 
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The Atlantic model extends from 30°S to 80°N with a 1° 
resolution and 17 vertical levels. It uses realistic topography 
(Sarmiento, 1986), seasonal T-S distributions (Levitus, 1982) 
for initial stratific 'ion and the robust-diagnostic technique 
(Sarmiento, 1983), and real seasonal wind data (Hellerman, 
1967). Diagnostic methods (relaxing the calculation to the 
assumed heat and salinity distributions) provide a steady 
solution (measured by the volume-normalized kinetic energy) 
very quickly (~18 months) compared with fully prognostic (no 
relaxation) calculations. How the solutions compare is not 
known, since the POTG test problem comparisons were not 
completed. 

The flow field (Figures 6.43 and 6.44) was used to 
disperse selected radionuclides for dose calculations (Schulte 
et al., 1985). For this demonstration case, a continuous point 
source was placed at the location of the NEA Northeast Atlantic 
Dumpsite. Radionuclide plumes were dispersed without particle 
interaction throughout the basin. The resulting steady-state 
concentration fields (Figure 6.45) were then used to calculate 
doses. Since the GCM modeling studies have not been finished, 
these simulations are only examples. They may still contain 
the early modeling problems that the test problem was designed 
to solve. For example, the dispersion in Figure 6.45 is clearly 
that of a diffusive ocean; i.e., the viscosities required to 
maintain numerical stability are so high that diffusion alone 
controls the plume. There are virtually no effects due to 
advection or shearing of the plume. The vertical flows are 
also unrealistic. These simulations represent an early step in 
a sequence that ultimately will lead to realistic, credible, 
and well-understood simulations for risk assessment purposes. 
Clearly, urther numerical and physical studies as described 
for the test problem must be performed. 

Nonetheless, for additional comparison with the pre
viously-discussed Mark-A driving circulations, transports were 
extracted from these Atlantic simulations (Figures 6.43 and 
6.44) for Mark-A boxes modified to fit the real topography case. 
These transports were used with the modified Mark-A box model 
for the risk assessment performed at Dornier GmbH for the FRG 
program (RATG, 1987). Results were not available due to diffi
culties achieving mass balance using the extracted flows. 

As described above, such realistic basin simulations can 
be interfaced with full global simulations using the DHI WOM 
(Bork et al., 1983). Proceeding from the quasi-real bottom 
topography on a horizontal grid of 5° resolution, together with 
the annual mean wind stress and the annual mean temperature and 
salinity, the global flow field is calculated. A time step of 
2 months allows a reasonable computing time (11 hours real time 
on a Cyber 170-720). The temperature and salinity are held 
constant at the ocean surface. The mass transport in the 
interior is time dependent. After 135 simulation years, the 
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Figure 6.43. Vertically-Integrated Streamfunction in Sverdrups 
(10* m'/s) at One Year into the Simulation (Mittelstaedt, 
1986). 
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Figure 6.44. Horizontal Current ^Field at 75 
the Simulation (Mittelstaedt, 1986"). 

m One Year into 
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Figure 6.45. Tritium Concentration Fields (Bq/mJ) after 50 
Years of a Continuous 101S Bq/yr Release from the NEA 
Northeast Atlantic Dumpsite. The field shown is at a depth of 
1500 m. The hypothetical source of tritium (12.3 yr half life) 
is at 4000 m (Schulte et al., 1985). 
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model currents reach a quasi-steady state, although there is a 
slow constant increase of temperature at depth. 

The resulting horizontal current field conforms with the 
well-known, large-scale circulation pattern. In the surface 
layer, represented by the uppermost computational level at 75 m 
depth (Figure 6.46), the typical large-scale subtropical gyre 
systems of the Pacific and Atlantic occur. However, because of 
the coarse horizontal resolution, both of the western boundary 
currents, the Kuroshio in the Pacific and the Gulf Stream in 
the Atlantic, are too wide and their intensity is weaker than 
it should be. The equatorial current system emerges clearly in 
the model in the annual mean. In the southern hemisphere, the 
Circumpolar Current dominates. Its transport through the Drake 
Passage between Tierra del Fuego and Antarctica is about 110 
Sverdr'ips (1 Sv » 10* m 3/s), consistent with measurements 
by Nowlin et al. (1977), and Fandrey and Pillsbury (1979). The 
influence of the bottom topography upon the Circumpolar Current 
manifests itself in the strongly meandering course of the 
Current within the whole of the water column. At 3000 m depth, 
which is the deepest computational level, the model displays a 
conspicuous regional tendency toward a countercurrent to the 
west. 

In the deeper layers of the equatorial region, the model 
again shews a directional reversal of the current regime. The 
change in direction reached its most striking appearance as a 
broad undercurrent toward the East at 300 m depth. In the 
Pacific, the eastward-flowing countercurrent reaches as high as 
1000 m. It is not until the lowest layer (at 3000 m) that a 
current flow toward the west again predominates. 

6. 6 tiummary and Conclusions 

Because the POTG work plan was terminated prematurely, 
the Mark A could not be driven by realistic GCM simulations as 
planned. Instead, a descriptive ocean circulation produced for 
CRESP was adopted for use by the RATG. The converged GCM 
simulations that were available and based on idealized forcing 
and geometry were also used with the Mark A for comparison. 
Some important differences arise when using different circula
tions to drive the Mark A, but these differences should not 
significantly affect RATG conclusions for properly-emplaced 
waste. Such differences are, however, important for correctly 
describing tracer distributions, because using correct circula
tions is still a requirement for model validation. 
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CHAPTER 7. VERIFICATION AND VALIDATION OF MODELS 

Models used for risk assessment must be verified and 
validated, verification means that the mathematical models, in 
this case numerical models, are properly posed and solved and 
contain correct formulations of the physical (biological/geo-
chemical) processes thought to apply, based on physical insight, 
measurements, and/or the selected form of the governing 
continuum equations (e.g., conservation equations for mass, 
momentum, heat, salt, and constituent). 

Verification is thus related to understanding the 
physical and computational dependencies of a model. For 
well-defined ranges of the independent parameters, it must be 
shown that solutions can be obtained that are both physically 
meaningful and numerically stable. Essentially, it must be 
demonstrated that the original initial boundary-value problem 
has, in fact, been accurately solved, and that the solutions 
obtained are not just numerical nonsense. Verification requires 
modeling studies that clearly define the physical and computa
tional dependencies to guarantee physical results. 

Validation is related to how closely the numerically-
verified solution of the original initial boundary-value 
problem describes the real environment. Modeled results and 
fields must be compared to observed results and fields. In 
this way, the model is field-verified or validated in that it 
is demonstrated for a given application and site that the model 
contains all important and relevant processes and that the 
errors are quantifiable. Validation requires field and 
modeling studies that provide measures of model performance 
based on comparisons with the real environment. 

For POTG validation purposes, both dynamical and tracer 
components must be treated. The model flow fields must be 
shown to compare favorably with observed fields on the model 
scales (e.g. basin, regional, boundary layer, etc.). The calcu
lated tracer fields that result from dispersal in these model 
flow fields must also be compared to observations. This creates 
a problem in choosing appropriate fields. Verification of the 
dispersal calculation can be done in simulated flow fields, but 
actual validation requires real ocean tracers. These can be 
natural or anthropogenic radionuclides in the ocean or non
radioactive ocean tracers (e.g., heat, salt, nutrients, copper, 
etc., including introduced substances such as freon cr PCBs). 
Purposeful tracer experiments are also useful. 

These comparisons are discussed according to the 
following groupings: 

• Dynamical model verification/validation 
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• Validation of model tracer fields using field data 
for selected tracers 

• Dedicated field experiments with purposefully 
introduced tracers for model validation. 

7.1 Verification/Validation of Dynamical Models: 
CCS, NOAMP, and the Madeira Abyssal Plain 

Here the concern is with direct comparisons between 
model flow fields and observed flow fields. This comparison is 
certainly a function of space and time scales. For the larger-
scale models, the measures for comparison are similarly coarse. 
The following questions concern important criteria for comparing 
basin-scale computed circulations with known oceanic features. 
Does the model reproduce the important water masses and 
currents? Is the vertical circulation of the right order of 
magnitude? Does the Gulf Stream have roughly the right 
transport and does it turn away from the coast at roughly the 
right location? 

These comparisons are qualitative in the sense that 
observed parameter values are not directly compared with 
model-predicted values at each grid point. Rather, on this 
scale, the qualitative features of the model circulation 
(appropriately averaged) are checked against similar averages 
based on the available history of océanographie measurements. 
For some measurements, such as direct current measurements, the 
history may be as little as a few decades. On regional scales, 
the comparison is more quantitative because the space and time 
scales are shorter and it is actually possible to create roughly 
synoptic observation fields. Thus, nearly synoptic patterns of 
observations can be made, fields can be mapped to a regular 
grid, and direct comparisons with model-predicted fields can be 
performed. At this scale, it is reasonable to look at error 
fields (e.g., RMS [fmode , -<|>ot>Se r ved ] and their growth 
with time). This was one important objective of a series of 
field/modeling surveys performed by POTG members in collabora
tion with other scientific programs. These surveys were 
planned to be model validation exercises to compare model 
forecasts, based on observed initial fields, with later 
independent observations of the same fields. 

7.1.1 Modeling the California Current System 

This work describes the first example of real-time ocean 
forecasting of an intense mesoscale current system (Robinson 
et al., 1986). The principal results are in Figure 7.1, which 
shows an objectively analyzed map of the 150-m streamfunction 
field on June 20, 1983 and July 4, 1983. The principal data 
are XBTs and a historical T-S relationship. The first observa
tion shows fragments of moderately sized eddies at the northern 
edges, and a rather flat, featureless valley in the mid-field 
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Figure 7.1. Objectively Analyzed Fields in the California 
Current. (a) Objectively-analyzed streamfunction (pressure 
field) at 150-m depth in the main thermocline for Julian da 
5506 (June 20, 1983), used as the initial condition for the 
forecast and the forecast experiment. The center of the domain 

38°15'N, 126°W. The ordinate is rotated 10° west of is at 
north. The scale of 
indicate geostrophic 
streamfunction. The contour interval is 0.5 
but Julian day 5520 (July 4, 1983), used as 
both the forecast and forecast experiment, 
linear interpolation of boundary conditions for the 
experiment (Figure from Robinson et al., 1984). 
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and southern portion. Two weeks later, a powerful zonal jet 
flows through the central field, and a large anticyclonic eddy 
dominates the northern sector. Correct subjective forecasting 
of this two-week evolution would be essentially impossible, 
even for experienced forecasters. 

The REM dynamical forecasts are shown in Figure 7.2, 
parts a, b, and c. Part a was computed with persistent boun
dary conditions; that is, conditions at the boundary are held 
fixed at the t * 0 values. The forecast was computed in near 
real time, prior to the observations shown in part b. The per
sistent boundary condition approach leads to considerable boun
dary error, but the model is still able to forecast the interior 
zonal jet through internal dynamical processes. Part b repre
sents the identical run with boundary conditions interpolated 
linearly between those observed on June 20, 1983 and those 
observed on July 4, 1983. Such a "forecast experiment" run has 
the principal benefit of improving a simulation near the edges 
of the domain. Lastly, the model was used as a dynamical 
interpolation tool to relate the two seemingly unconnected 
realizations. That is shown in part c, which is a forecast 
realization seven days into the run with linearly interpolated 
boundary conditions. As is shown, a cyclonic eddy moves south
ward into the NE quadrant, strengthening the inflow in conjunc
tion with the anticyclonic eddy in the NW quadrant. It, in 
turn, combines with an anticyclonic feature to the south that 
forms the zonal jet. The anticyclonic feature originally in 
the NE corner is wholly consumed (or displaced by the strong 
eddy-eddy interaction). 

This forecast was run in near real time by radioing 
ship's data to shore-based computers. Model results were then 
transmitted back to the ship by facsimile transmission. It 
demonstrated that: (1) internal dynamical processes can rapidly 
alter the structure of mesoscale current fields, but that the 
model can respond sufficiently to forecast such changes, even 
in a relatively small domain (~150 km); (2) the model can 
function as a dynamical interpolator to supplement the informa
tion content between two seemingly unrelatable realizations two 
weeks apart; (3) strong eddy-eddy interactions with eddy 
mergings are commonplace in the California Current, they are 
describable, and are now available for dynamical analysis. 

7.1.2 The North Atlantic Monitoring Program 

The North Atlantic Monitoring Program (NOAMP) represents 
the best model-oriented field data set presently available for 
the deep flow. This rnultidisciplinary program contained both 
field and modeling components that were truly interrelated 
(i.e., each influencing the design of the other). Indeed, pre
dictions of the evolving fluid fields were performed on the R/V 
Meteor using shipboard computing equipment. These "nowcasts" 
and forecasts were used immediately to help design the field 
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Figure 7.2. Forecasts in the California Current, (a) Forecast 
streamfunction at 150-m depth for Julian day 5520 (a two-week 
forecast), .using persistent boundary conditions (those of Julian 
day 5506). (b) Forecast experiment streamfunction at 150-m for 
Julian day 5520 (a two-week forecast), using linearly interpola
ted boundary conditions (between Julian day 5506 and 5520). 
(c) As for b, at Julian day 5513 (the forecast after one week) 
(Figure from Robinson et al., 1984). 
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survey. NOAMP thus represents a dynamical verification/valida
tion experiment for regional-scale models, and an exercise that 
will provide insight into site characterization requirements, 
as well as monitoring designs. Unfortunately, the work is 
still ongoing and only preliminary results can be presented 
here. Due to the program's importance to the POTG work plan, a 
fairly thorough description of the project is included. 

The main goal of NOAMP is to describe regional water 
transports at depth (Mittelstaedt, 1986b). Of special interest 
are the pathways and dispersion of suspended matter in the deep 
ocean within the near-bottom layer and the possible transport 
from the abyssal layer upward into the ocean interior. 

To approach this goal, scientists from the Deutsches 
Hydrographisches Institut (DHI [Hamburg, FRG]) designed an 
observational program based on two cruises per year to the 
NOAMP area, starting in the fall of 1983 and ending in May 1986. 
NOAMP was funded by the Bundesminister fiir Forschung und 
Technologie of the FRG. As a scientific investigation, it is 
independent of, but very useful for problems related to deep 
dispersion connected to disposal. The following field investi
gations have been carried out in the NOAMP area (Figure 7.3): 

• Bathymétrie surveys using the Seabeam system with 
R/Vs Polarstern (spring 1983) and Sonne (spring 
1984), and echo-sounding along R/V Meteor's tracks 

• Sediment sampling (box grab, box corer, piston 
corer, multicorer) 

• Hydrographie surveys (Figures 7.4-7.17) using a CTD 
probe with a rosette sampler throughout the entire 
water column down to the bottom at depths between 
3.8 and 4.8 km. The observed data are temperature, 
salinity, oxygen, phosphate, silicate, and for NOAMP 
III and IV, nephelometry. Moreover, a few vertical 
profiles of artificial radionuclides (137Cs, 
,0Sr, 23,,Z40Pu, tritium) have been measured. 
The hydrographie surveys represent semiannual 
repetitions of an observational grid with typical 
distances between CTD stations of 10 to 20 nautical 
miles (NOAMP I, II, III, IV, and V). Additionally, a 
larger "hydrographie box" with CTD stations 30 to 40 
nautical miles apart was surveyed during NOAMP II 
and V. Most of these measurements were from the R/V 
Meteor. An additional survey was carried out by the 
new (replacement) R/V Meteor in May 1986, about six 
months after NOAMP V. During NOAMP IV, V, and the 
June, 191.6 mission, extensive XBT surveys were com
bined witJ the CTD grids. The survey designs were 
motivated by specific regional data assimilation and 
modeling applications. 
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Figure 7.5. CTD Stations During NOAMP II 
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During NOAMP V, Leg 1. Station positions are indicated by 
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Figure 7.14. XBT Stations on the Outer Survey Box of NOAMP V, 
Leg 2. Compare to Figures 7.10, 7.11, 7.12, and 7.13. This 
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• Measurements were made of the current and water 
transports using moored current meters (Figure 7.18) 
that were replaced every six months (1983 to 1985) 
and deep-sea floats, especially near the bottom. 
The floats were launched in May 1985 during NOAMP 
IV. Float positions were recorded by five autono
mous listening stations moored in a circle (diameter 
300 km) around the float-launching area. The listen
ing stations and current meter array were recovered 
by the new R/V Meteor in May 1986. The listening 
devices on these moorings were positioned at a depth 
of about 1500 m within the sound channel. The 
position of each float was recorded every four 
hours. Every other day, forty-eight-hour averaged 
values of pressure (the floats were automatically 
depth controlled) and temperature were alternatively 
stored by the listening stations. The floats were 
launched in groups of three from a rack lowered down 
the wire to a depth of 3500 m. Once the rack reached 
the intended depth, it was opened by an acoustic 
triggering device, releasing the three floats (from 
a point source). The launching positions were 20 
nautical miles apart (Figure 7.19). 

Besides NOAMP, the FRG has had (since 1984) a biological 
monitoring program, BIOTRANS, which is concentrating its field 
work in the NOAMP area investigating plankton and benthic 
populations. The principal investigator of BIOTRANS is the 
Institut fur Hydrobiologie und Fischereiwissenschaften der 
Universitat Hamburg, which carries out the biological field 
work together with various other scientific institutions. 

Although originally planned as a national program, NOAMP 
became a showcase example of international scientific coopera
tion. Scientists from France (IFREMER, Brest), Italy (ENEA, S. 
Teresa), Switzerland (PROSPER, Neuchatel; EAWAG, Dubendorf), 
and the US (Sandia National Laboratories, Albuquerque) joined 
the field program and analysis. 

7.1.2.1 Description of the NOAMP Area—Typical examples 
of the vertical structure of the water column in the NOAMP area 
are shown in Figures 7.20, 7.21, and 7.22. These figures show 
measurements from fall 1983 (NOAMP I). A first-order classifi
cation separates the vertical hydrographie structure into two 
domains: 

• The oceanic troposphere above 2000 m depth with 
relatively strong spatial and temporal hydrographie 
variations 

• The oceanic stratosphere below 2000 m with 
relatively narrow ranges of temperature and 
salinity, depending on the depth. 
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Figure 7.18. Position of Current Meter Moorings Overlaid on 
the Bottom Topography in the Central NOAMP Area as Observed by 
SEA BEAM (Mittelstaedt, 1986). Mooring positions are designated 
by circles, with letters and numbers to identify them. L moor
ings are 4100 m long, K moorings from 250 to 1000 m. Both are 
long-term moorings. D moorings are from TOPOGULF, but carry 
NOAMP current meters at 70 m above the bottom. 
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Figure 7.19. Launching Positions of the Deep Sea Floats 
(Mittelstaedt, 1986). Three floats were released from a rack 
at positions Fl through F5. The single float F57 was released 
at a depth of 800 m into the eddy feature (Figure 7.36). The 
mooring positions of the listening stations are denoted HI 
through H5. 
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Upper 2000 m—In autumn, the intermediate salinity maxi
mum spreads out along the seasonal thermocline at the bottom of 
the surface layer between depths of 50 and 250 m. The inter
mediate maximum may be 0.1 to 0.3°/oo higher than the 
surface sslinity. Below the thermocline and the salinity 
maximum, temperature and salinity decrease fairly uniformly 
with depth. 

Around 850 m depth, the uniform decrease of the salinity 
is interrupted (cf. Figures 7.20, 7.21, and 7.22). This change 
is caused by irregular interleaving of Mediterranean water 
characterized by small- and mesoscale intrusions of higher 
salinity and slightly higher temperatures. The intrusions 
spread at depths between 700 and 2300 m. The main salinity 
maximum, due to the intrusions, occurs at about 1000 m depth 
and may be 0.2 to 0.3°/Oo higher than the ambient water. 
In the mean profile (Figure 7.21), the salinity increase within 
the layer influenced by the Mediterranean outflow is barely 
noticeable. However, this interleaving results in horizontal 
and vertical fluctuations that are especially pronounced in 
salinity. 

Below 1250 m depth, temperature and salinity continue to 
decrease more uniformly again, until the salinity reaches a 
relative minimum at depths between 1700 and 2000 m. The minimum 
is due to admixtures of relatively fresh water masses from the 
Labrador Sea. The Labrador Water is formed by sinking surface 
water due to winter cooling and is subsequently spread (as 
so-called middle North Atlantic Deep Water) toward the south. 
The Labrador Water is oxygen-rich, with comparatively low 
salinity. Referring to the above hydrographical division of 
the water column, the Labrador Water represents the lower 
boundary of the Ocean Troposphere in the NOAMP area. 

Below 2000 m—Beneath 2000 m, the fluctuations in 
salinity are relatively small. From about 2000 m downward, the 
salinity in North Atlantic Deep Water increases again, reaching 
a maximum between 2300 and 2800 m. The maximum characterizes a 
water mass containing admixtures of water from arctic polar 
seas, which either spreads from the Denmark Strait between 
Greenland and Iceland around the Iceland-Scotland Ridge or 
comes as "overflow" water over the ridge into the eastern North 
Atlantic. On its way toward the south, it supposedly mixes 
with relatively salty Mediterranean outflow water in the North 
(Harvey, 1982). Higher oxygen content also points to the 
distinct influence of ?olar Waters on the deep water in the 
layer between 2300 and 2800 m depth. Below 2800, the ranges of 
temperature and salinity become very small within the deep 
layers down to the bottom (e.g., see Figure 7.22). But even 
these small variations reveal much of the water motion at these 
depths. 
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Typical profiles showing the decrease in potential 
temperature and salinity above the seafloor are given in Figure 
7.23. The topographic influence on the near-bottom stratifica
tion can be seen in Figure 7.24. The vertical displacement of 
isotherms (and isohalines) associated with the distribution of 
undersea hills and valleys suggests the deep, near-bottom water 
flows with appreciable velocities. Flows directed upslope 
become indirectly visible above the hill crests through adiaba-
tic cooling. The effect of vertical motions over the bottom 
contributes to the horizontal gradients observed in the near-
bottom layer. The influence of local topography may extend 
more than 1000 m above the seafloor, as can be seen from the 
undulating nature of the stratification above the undersea 
hills and valleys. In general, the minima of the vertical 
gradients of hydrographie parameters occur close to the sea
floor, due to friction-induced mixing. These gradients suggest 
that mixing affects the water column up to 600 or 800 m above 
the bottom. This coincides roughly with the thickness of the 
particle-concentration, bottom-mixed layer above the seafloor 
(Benthic Nepheloid Layer [BNL]) observed by PROSPER scientists. 

Current Measurements—Figure 7.18 shows NOAMP topography 
and the positions of current meter moorings. The location of 
each individual mooring varied slightly during the different 
deployment periods (5 to 8 months). Long (4100-m) moorings are 
designated by L (lang) and short (250 to 1000-m) moorings by K 
(kurz). Two annual moorings, designated #D1 and D3, are TOPOGULF 
moorings (IFREMER, Brest). They were each equipped with a NOAMP 
current meter located 70 m above the bottom. 

7.1.2.2 The Mean Circulation in the NOAMP Area—At each 
mooring location, vector averaging of the currents over the 
respective deployment periods (5 to 8 months) yielded in many 
cases fairly steady mean deep-flow directions. Figures 7.25 
and 7.26 show the mean flow conditions during the respective 
deployments at Kl and K3/L4. The two current meter moorings 
are located about 16 nautical miles apart. The long mooring L4 
replaced the short mooring K3 after NOAMP II. 

At Kl, the near-bottom flow in the lowest 900 to 1000 m 
above the seafloor was predominantly 1 to 4 cm/s toward the 
southeast from October 1983 to May 1986. The trend in mean 
flow direction was interrupted only during the second deployment 
period, from April to September 1984 (NOAMP II), by a flow 
toward the southwest. 

At K3/L4, the mean flow in the lowest 1000 m was directed 
toward west-southwest to west with similar velocities. The 
fluctuations of the mean flow direction were smaller here than 
at Kl. In some cases an increase in the mean velocity of about 
1 to 2 cm/s approaching the seafloor was apparent. This is due 
to a stronger directional stability of the near-bottom flow, 
which follows depth contours and so is topographically guided. 
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Figure 7.23. Typical Shape of Vertical Near-Bottom Profiles of 
Potential Temperature and Salinity in the NOAMP Area. Composite 
of 20 Stations (DHI, 1985). 
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Figure 7.24. Vertical Section of the In Situ Temperature (Left, 
in °C) and Potential Temperature (Right, in °C) Near the Bottom 
(Mittelstaedt, 1986b). 
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Figure 7.26. Averaged Flow Vectors at Moorings K3/L4 
(Mittelstaedt/ 1986b). Vectors represent averages over each 
respective deployment period (five to eight months) for NOAMP I 
through NOAMP IV. The long mooring L4 replaced the short 
mooring K3 after NOAMP II. The vertical scale is height above 
the sea bottom and N designates north. 
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At L4 during NOAHP IV (from March to September 1985), the mean 
flow direction is nearly constant in the layer from the seafloor 
to 3000 m above it (1500 m dep_h). Above 1000 to 1500 m (3500 
to 3000 m above the bottom), the flow is influenced by the near-
surface circulation and is largely independent of the deep flow 
beneath. 

The vertical profiles of mean flow vectors in the lowest 
1000 m over the deployment of the entire set of moorings during 
NOAMP III (September 1984 to March 1985) are shown in Figure 
7.27. They confirm the results described above for Kl and 
K3/L4. The vertical profile at KJ is a special case. Here, 
the mean flow in all five deployment periods is weak and barely 
recognizable. KJ was located on the west peak of the "Dreizack" 
hill (about 700 m high). 

Summarizing the current measurement results: 

The mean flow in the upper water layers above 1500 m is 
influenced by the near-surface circulation and is largely 
independent of the deep flow. 

The water layer between the depths of 1500 and 3000 m 
represents a transition layer characterized by a predominantly 
thermohaline-driven circulation peculiar to this layer and 
transient influences from the water layers both above and below. 

Beneath 3000 m the course of the flow is increasingly 
influenced by the seabottom topography. The flow follows depth 
contours and therefore varies from place to place, according to 
the local topographic character. The regime of the near-bottom 
flow extends, on average, 1000 or 1500 m above the seafloor and 
so reaches higher than the hills (300 to about 1000 m) in the 
NOAMP area. It is characterized by a vertically uniform mean 
flow direction. The layer with uniform flow direction corres
ponds to the bottom layer of weak vertical gradients, as 
observed in the hydrographie parameters. Approaching the bot
tom, the average value of the current velocity frequently 
increases by 1 to 2 cm/s, due to the directional stabilization 
of the topography. 

A bottom boundary layer extending from 20 to 80 m above 
the bottom is clearly recognizable in the vertical profiles of 
potential temperature and nephels, but not in the mean flow. 
The lowest current meters were located 10, 30, and 70 m above 
the bottom. The mean flow is obviously not an appropriate 
parameter to describe the characteristics of a bottom boundary 
flow. A better measure is the increase of the turbulent 
current fluctuations (variance of the currents) above the sea 
floor due to bottom friction. 
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Figure 7.27. Averaged Flow Vectors at Mooring Locations KJ, 
Kl, K9. K10. Kll, X12. K13, L3, and L4 During NOAMP III 
(Mittelstaedt, 1986b). Vectors represent an average over the 
deployment period (September 1984 to March 198S). The vertical 
scale is height above the sea bottom and N designates north. 



7.1.2.3 Flow in the Bottom Layer—Long-term mean 
velocities close to the seafloor (10 to 30 m above the bottom) 
range between 1 and 3 cm/s. During periods of relatively 
strong mean flow ("undersea storms" with speeds of > 18 cm/s, 
which may last from one to three weeks), maximum monthly mean 
velocities of 7 cm/s have been observed close to the bottom. 
Instantaneous speeds, including the semidiurnal tidal currents 
(on average 5 cm/s), have reached maximum values of 20 to 30 
cm/s. Figures 7.28, 7.29, and 7.30 show examples of a near-
bottom current time series analysis recorded by a Neil-Brown 
acoustic vector-averaging current meter. 

The course of bathymétrie contours determines the flow 
direction in the small basins. To what extent the topography 
influences flow above undersea mountains depends on the 
horizontal extent and height of the particular seamount. 

To examine the interactions between mean flow and topo
graphy in the bottom layer, mean values of all the currents of 
each mooring within the lowest 1000 m were averaged. The 
result is a single vector for each deployment that represents 
the mean flow in the bottom layer at each mooring location. 
The averages are summarized in Table 7.1. Figure 7.31 shows 
the flow field superimposed on the topography. Table 7.1 and 
Figure 7.31 contain additional values for four near-bottom 
NOAMP current meters deployed for about a year each on French 
moorings as part of a TOPOGULF/NOAMP collaboration and two 
English moorings that were deployed in 1980/81 for about a year 
(Dickson et al., 1985) in the area before NOAMP. The depiction 
of mean vectors for each of the 5- to 8-month-long deployments 
(NOAMP I to V) tail-to-tail at the mooring location gives an 
impression of the temporal steadiness of the bottom flow at 
each place. Figure 7.31 emphasizes the influence of topography 
on the mean flow in the lowest 1000 m. In general, the flow 
passes along the longer topographic features, so that looking 
in the direction of the flow, hills lie to the right. In the 
relatively flat valley areas at some distance from the slopes, 
the mean flow direction is more variable and tends toward a 
cyclonic valley circulation. The mean flow around the hill, 
"Dreizack" (47°23'N and 19°38'W), tends toward an anticyclonic 
circulation (Mittelstaedt, 1986b). The flow directions at 
meters located on slopes are, in general, very steady in the 
1000- to 1500-m bottom layer. 

Because of the irregular topography, near-bottom flow 
exhibits considerable spatial variation within a relatively 
small area. This applies to both current speeds and direc
tions. Even the current records between two neighboring 
moorings, only 10 nautical miles apart, may display distinct 
differences of mean speeds and directions. An "undersea storm" 
above the seafloor may be recorded at one mooring and yet be 
absent in the records from neighboring moorings. It is possible 
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TABLE 7.1. VERTICALLY-AVERAGED FLOW OVER THE BOTTOM 1000 M 
ABOVE THE SEA BOTTOM. THE NUMBER IN THE LAST COLUMN (ANZAHL D. 
MESSR.) GIVES THE NUMBER OF THE INDIVIDUAL MEANS USED FOR THE 
VERTICAL AVERAGE. 

NOAMP I 
vom 03.10.1983 bis 13.04.1984 

Veran-
kerung 

K1 
Y.2 
K3 
K4 
K5 
L1 
L2 

von 

Veran-
kerung 

Kl 
KJ 
K9 
!P0 
Kli 
K'2 
Ki3 
L3 
L4 

vor. 

Verar.-
kerung 

V 

K5 
K9 
K10 
K<2 
K13 
L3 

Richtung 
Grad 

108 
253 
257 
198 
357 
238 
257 

Geschwin-
digkeit 
(cn/s) 

2,3 
1,3 
2,3 
0,4 
2,5 
0,9 
3,3 

Anzah.l 
d.Mefir. 

5 
4 
3 
3 
4 
6 
6 

NOAMP III 
10.09.i§54 bis 08.03.1985 

Ficht-jr.2 
Grad 

0̂5 
292 
34 
328 
134 
21 

250 
44 
2"2 

~esc!r.vir-
digkeit 
(cr.. s) 

3,C 
0,1 
\5 
1,6 
i,3 
0,8 

f 

0,9 
2,1 

Ar.zar.I 
d.MeBr. 

-

NOAMP V 
2«.09.'*c5 bis 30.05.i?86 

Pichtung 
Grad 

m 
257 
307 
323 
S 

228 
305 

Geschwin-
digkeit 
(cn/s) 

2,4 
2,1 
1,1 
2,8 
i,9 
2,6 
0,8 

Anzahl 
d.Mefir. 

3 
4 
6 
3 
4 
4 
7 

vom 

Veran-
kerung 

Kl 
K2 
K3 
K4 
K5 
LI 
12 

von 

Veran-
kerung 

Kl 
K9 
K10 
K11 

K12 
K13 
L3 
L4 

NOAMP II 
17.04.1*54 bis 07.09.1984 

Richtung 
Grad 

222 
243 
260 
231 
121 
284 
248 

Geschwin-
digkeit 
(cn/si 

2,0 
*,0 
3,0 
3,0 
0,8 
3,2 
1,6 

Anzahl 
d.Mefir. 

5 
3 
6 
1 
5 
4 
6 

NCAMP IV 
10.03.1935 bis 22.09.19S5 

Pichtung 
Grad 

'28 
332 
330 
244 
343 
237 
334 
261 

Geschwin-
digkeit 
(cnvs) 

3,1 
1,4 

*>,'• 
0,9 
2,3 
1,9 
2,6 
2,7 

Ar.zahl 
d.'teP.r. 

6 
3 
3 
1 
l 
4 
4 
5 

- i 5 ?. -



Figure 7.31. Averaged Flow Vectors in the Bottom 1000 m 
(Mittelstaedt, 1986). The average is over all the individual 
measurement periods indicated in Table 7.1. 



that locally intensified slope currents are the reason for such 
inhomogeneities of the near-bottom current field. 

The combined effect of tidal currents and high mean 
flows causes semidiurnal speed maxima near the bottom that can 
lead to short-term but vigorous intermittent stirring of the 
fine sediments. This mechanism helps, along with other 
processes (advection, slope slumping, stirring by animals at 
the seafloor, sedimentation from above), to produce the 
observed BNL in the NOAMP area. 

Analysis and evaluation of the NOAMP data will go on for 
the next 1 to 3 years, coincidentally with similar studies of 
the Deutsches Hydrographisches Institut on "the exchange of 
momentum and mass above the abyssal ocean flow (1986-1988)". 

7.1.2.4 Modeling the NOAMP Study Location—Three NOAMP 
cruises during 1985 and 1986 included modeling components. The 
results of these cruises represent an important step in develop
ment of shipboard modeling methods in terms of modeling results, 
acquisition of a modeling-oriented data base for future develop
ment and verification, and operational testing of shipcasting 
(near-real-time forecasting with onboard computing hardware). 
A brief overview of modeling results is included. 

Figure 7.32 shows the data array used for initialization 
of the shipboard data assimilation and forecasting system 
(called the Ocean Descriptive/Predictive System, ODPS) using 
the REM for the first time (the 185-km square of Figure 7.7) on 
Meteor cruise number 70, leg 2. The corner stations and center 
stations are CTDs. All others are XBTs. Figure 7.33 is the 
objective analysis of the upper water data (upper 900 m) based 
on all XBTs and CTDs. Figure 7.34 shows the depth-extended 
fields. Note the intensive low-pressure feature in the NW 
corner. It is the first indication of the cold-core meander in 
the Northeast Atlantic Current System that was surveyed later 
in the cruise (Kupferman et al., 1986). Figure 7.35 shows the 
forecast field at a nominal depth of 550 m over a 10-day period 
for 3 slightly larger domain (a 240-km square outside and 
concentric with the 185-km square). Note the development of 
closed streamlines on the NW low-pressure center, suggesting 
development of the meander toward cold-core ring status, and a 
general migration of the center toward the east-northeast. These 
trends were corroborated by direct observations one month after 
the survey during leg 3 of R/V Meteor cruise 70 (Mittelstaedt, 
1987). In addition to a physical reconaissance of the eddy, 
numerous biological samples were taken in an effort to charac
terize the ecological community within the ring (Lochle and 
Pfannkiiche, 1987 and Beckmann et al., 1987). These favorable 
results are particularly striking in that the limitation to 
persistent boundary conditions seems to be especially detrimen
tal, because the feature of interest is near the boundary and 
therefore subject to considerable boundary error that develops 

-354-



J^x-V^x1 

X 

X 
I B 

4 - 7 -+M 

«««x^x^x x 

, x « x 

141 

I» 

1» 

131 

I * 

x1 8 7 

x 1 * 

,124 

. 1 » 

I S 
( 
..121 

.141 A + 
.147 „210 

,141 x8" 
,1*0 x»* 

,191 ,313 

,192 ,214 
J93 

,194 
J I B 

,199 .,216 

,199 
.197 

,199 
,199 

,190 

,191 

198 

.194 

,193 

, W 

,19 

i n 
X 

X 

X 

X 

,21? 

+20 +19 
,192 

,193 

,111 

no„.»x"«x,"x,"x"'x 
„_m,,.,.va„..M»»'»»"x">^'">",>'"' 
H9v119x"4x">X X * * 

1 9 

ITS 

7? 

178 

175 

*,173 

x ! 7 ? 

Ï 1 7 1 ,21 . 

x1 7 0 

„16» 

,199 

,167 
191 
02**9 

x*"x 

Figure 7.32. Stations Used to Initialize the ODPS. Each X is 
a station. The corner and center stations are CTDs; all others 
are XBTs. The solid lines (box) represent the limits of the 
185-km-square model domain. The crosses are intersections of 
lines of longitude and latitude in even degrees (Figure by the 
SNL NOAMP IV Modeling Group). 
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Min = 0.510 Max = 0.660 Cl = 0.010 

Level = 45 

Min = 0.384 Max = 0.521 Cl = 0.010 

Level = 180 

OA Error 

Min > 0.060 Max = 0.108 Cl » 0.005 

Level > 585 

Min = 0.015 Max = 0.294 Cl « 0.100 

Level a 45 

Figure 7.33. Objective Analysis of Dynamic Height Based on the 
Data Distribution Shown in Figure 7.32. Error fields are 
similar at all levels; therefore, only one is shown (Figure by 
the SNL NOAMP IV Modeling Group). 
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Level = 270 

Mln • -1.104 Max > 0.671 CI • 0.200 

Level = 900 
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Figure 7.34. Modally Depth-Extended Streamfunction Fields 
Corresponding to the Upper Water Data of Figure 7.33 (Figure by 
the SNL NOAMP IV Modeling Group). 
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Time = 0.000 Time = 0.250 

Min = -1.104 Max = 0.671 CI - 0.200 Mln =-1.195 Max = 0.671 0 = 0.200 

Min = -1.247 Max = 0.671 CI = 0.200 Mln = -1.321 Max = 0.671 CI • 0.200 

Figure 7.35. Ten-Day Forecast of Streamfunction at a Nominal 
Depth of 550 m. Time * 1 corresponds to 18.6 days. The domain 
in this figure is a 240-km square and is therefore somewhat 
larger than the domains of Figures 7.32 through 7.34. However, 
the data used for initialization ?ce the same. Note the develop
ment of the low in the NW corner, the formation of closed 
streamlines, and the general progression of the center toward 
the ENE (Figure by the SNL NOAMP IV Modeling Group). 
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as the forecast moves forward in time. Furthermore, western 
basin- meanders and the current to which they are attached often 
propagate and deform energetically during the formation process. 

The above work lent support to the evolution of a revised 
cruise itinerary following the confirmation, based on both 
hand-drawn, real-time XBT sections and nowcasts of the unusually 
large-amplitude mesoscale feature in the western sector of the 
survey. The feature was judged an unusual and scientifically 
interesting event. Consequently, it was decided to steam west
ward to explore the feature further (Figure 7.36) before com
pleting the small-scale hydrographie (CTD) survey inside the 
original XBT grid. The feature exploration was continued to 
the extent thought profitable at the time. On-board, near-real
time plotting of the westward extension data suggested that a 
continued extension even further to the west and north was 
warranted. An XBT sampling strategy was devised and the 
extended survey, slightly revised in real time, was conducted 
before returning to the southeast and the small-scale hydro-
graphic grid (see Figure 7.36). Figure 7.37 is a composite 
representation of the cold-core meander based on the objective 
analyses from three overlapping domains (compare to Figure 
7.36). Overlapping domains were required because the shipboard 
microcomputers were resolution-limited to a 240-km-square 
domain. It is possible in principle to forecast the ring 
formation process using the dynamical model over composite 
domains and applying a domain decomposition procedure to update 
boundary values on one domain based on the interior of simula
tions from a neighboring domain. However, the process requires 
larger computational storage capacities than were available on 
the shipboard hardware. 

After completing the survey of the cold-core feature to 
the NW, Meteor returned to the 185-km square in the SE that was 
surveyed first. Limited time prevented a repeat survey. Just 
prior to the eddy survey, the perimeter of a smaller (120-km) 
square inside and concentric with the 185-km square, plus an E-W 
line crossing the 120-km square, were occupied by closely-
spaced (10-km) CTD stations to the bottom. The configuration 
of these stations is readily identifiable in Figure 7.36. 
Figure 7.38 is an objective analysis of the CTD data. Figure 
7.39 compares the objective analysis of the deep data with deep 
flows derived by a modal extension of the upper 900 m of the 
same data. Dissimilarities occur only at the deepest level and 
are due to the influence of large topographic features in the 
SE quadrant of the domain. The modal extension is based on the 
mean stratification derived from CTD data, and local variability 
is not included. Thus, it cannot account for local flows that 
are induced topographically. 
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Figure 7.36. Station Plan for Meteor Cruise Number 70, Leg 2. 
The NOAMP box is seen as a 185-km rectangle of open circles 
(XBT observations) in the southeast quadrant. These data were 
collected synoptically (3 days) at the outset of the cruise. 
The inner rectangle and E-W line of CTD stations (black dots) 
within the XBT survey were collected synoptically (5 days) 10 
days later. The three N-S sections west of the square (A, B, 
and C) and the irregular pentagon north and north-west of 
sections A, B, and C were also synoptic (5 days) and were 
occupied 6 days after the rectangle of CTDs. A final irregular 
N-S line of CTD stations inside the rectangle of CTDs was 
occupied synoptically, immediately after the eddy survey to the 
NW. The inner rectangle and E-W line of CTD stations (black 
dots) within the XBT survey were collected synoptically (5 
days) 10 days later. These stations are not shown (Figure by 
U. Schauer of DHI). 
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Figure 7.37. Composite Objective Analysis of Dynamic Height 
for the Cold-Core Feature. This figure is based on three 
overlapping, 240-km-square objective analyses that together 
overlie the entire observation field. Compositing was neces
sary, since the model domain is limited to 240-km squares at 
15-km resolution (Figure by the SNL NOAMP IV Modeling Group). 
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Figure 7.38. Objective Analysis of Dynamic Heiyht Based on CTD 
Data for the 120-km Inner Square and E-W Line of Slack Dots in 
the SE quadrant of Figure 7.36. Error maps are similar. There
fore, only one is shown at bottom right (Figure by the SNL NOAMP 
IV Modeling Group). 
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Figure 7.39. Deep Data Comparison. The upper figures are a 
set of objective analyses of actual CTD data. The lower 
figures are modal depth-extensions based on CTD data from the 
upper 900 m. Differences at the deepest level are attributable 
to topographic effects, which are not included in the depth-
extension code (Figure by the SNL NOAMP IV Modeling Group). 



7.1.3 Verification Results of the IPS BBL Model 

The model is described in Section 4.5 of this volume. 
Typical flow patterns in the first and second layers, and the 
mixed layer height are shown in Figure 7.40. The eddies in the 
second layer have an average speed of 4 cm/s and a length scale 
of 50 km. These velocity and length scales are in accord with 
Saunders' measurements (1983b) on the Madeira Abyssal Plain (see 
also Section 5.1). The mixed layer height has small-scale 
intense features with regions of large gradient. These features 
are advected by the flow. In the dispersion studies described 
below, particles or a tracer placed in the benthic boundary 
layer are assumed to be advected with the vertically averaged 
velocity of the layer. When the layer is deep, this velocity 
is close to the velocity of the flow above the layer. When the 
layer is thin, particles in the bottom layer will be advected 
more slowly than those above the layer; as will be shown, this 
leads to a reduced dispersion rate within the bottom layer. 

The vertical shear of advective velocity in the bottom 
layer will enhance the horizontal diffusion of tracer over and 
above that caused by turbulence in the layer (Young et al., 
1982). However, it is estimated that this shear-enhanced 
diffusion is small compared to dispersion caused by mesoscale 
eddies. 

7,1.3.1 Dispersion of Particles—The procedure used to 
calculate particle tracks in the model is as follows. At a 
given time well into a run of the numerical model, an array of 
particles is placed in the second and third layers of the model, 
representing particles just above and well within the benthic 
boundary layer, respectively. The array reported here contained 
289 particles. The initial separation of the particles was 16 
km, and the array covered one quarter of the total area of the 
box. The model run was then continued for 90 days and the 
tracks of the individual particles through the box were calcu
lated. Five such runs were performed, giving a total of 1445 
particle tracks in each layer. The statistics of the particle 
tracks were then calculated using this ensemble of runs. 

Six particle tracks above and within the benthic 
boundary layer are shown in Figure 7.41. These tracks were 
chosen to demonstrate variations in particle dispersion above 
and within the boundary layer, and are not representative of 
all the tracks calculated. The particles above the boundary 
layer disperse, with their maximum separation increasing by a 
factor of eight after 90 days. The tracks of particles within 
the boundary layer are completely different. After a short 
while the particles become trapped in a small, intense eddy; at 
the end of 90 days, they are closer together than when they 
started. These particle tracks highlight the need for a large 
number of particles to obtain reliable statistics (as was found 
by Saunders, 1983b). 
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Figure 7.40. Typical Streamfunction Maps for Flow in the Upper 
Two Layers (ylt q>j) and the Mixed Layer Height <h). 
The flow is along the contours of HM and <|>2. Average 
speed of the flow in the upper two layers is 4 cm/s. The 
contour interval for h is 12 m (Figure by K. Richards, IOS, 
presently University of Southampton). 
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Figure 7.41. Particle Trajectories for Particles Placed (a) 
above the Boundary Layer and (b) within the Boundary Layer 
(Figure by K. Richards, IOS). 
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The particle tracks can be analyzed in two ways, either 
individually or by calculating the separation between particle 
pairs. Since the latter relates to the dispersion of a cluster 
or cloud of tracer, statistics of the particle pairs are repor
ted here. 

In the array of 289 particles, 545 particle pairs have 
an initial separation, R0, of 16 km. The separation between 
these particle pairs, R, was calculated as a function of time 
after release and the average of the squared separation, Rz, 
was taken over all particle pairs. The particle pair separa
tion is shown in Figure 7.42. After a short initial period, 
the particle pair separation on average grows exponentially 
with time (i.e., R2 = R„ exp a t with a"1 = 11 
days for particles above the boundary layer, and a"1 = 13 
days for particles within the boundary layer). It is true for 
a range of particle-pair separations from 18 to 60 km. For 
greater particle-pair separations, the rate of increase in the 
separation is reduced. After 90 days the average particle-pair 
separation is 125 km for particles outside the boundary layer 
and 100 km for particles inside the boundary layer. The 
average concentration of a tracer will fall by a factor of 64 
outside and 40 inside the boundary layer during this time. 

A measure of the effective diffusivity of the mesoscale 
eddies, K, is given by 1/4 d/dt < R2 >. The effective diffu
sivity is plotted against time in Figure 7.43. At the time of 
release, with the particle pair separation < R2 >l/z - 16 
km, the diffusivity, K, is 2.5 x 10s cm2/s. The dif
fusivity increases with time and reaches a maximum value ot K * 
8 x 106 cm2/s for particles above the boundary layer and 
K - 5 x 10* cm2/s for particles within the boundary layer. 
When the particle pair separations are larger than the size of 
the eddy, the diffusivity, becomes constant with time. This 
happens in the boundary layer when < R2 >1/2 is greater 
than 70 km. Above the boundary layer the diffusivity levels 
out when < R2 >I/2 * 100 km. A decrease in K at even later 
times is due to some of the particle pair separations becoming 
comparable to the box size and the motions of the particles 
becoming correlated. The values of the diffusivity of a tracer 
obtair.ed from the numerical model are similar in maqnitude to 
the estimates obtained from current meter measurements by 
Saunders (1983a). 

The results from numerical experiments reported here 
show on average only a small difference between diffusion of 
particles above the boundary layer and particles within the 
boundary layer, although some individual cases show quite 
dramatic differences. Experiments have also been performe 
with a somewhat different flow region, where the boundary layer 
interacts strongly with the flow above. In this case th 
effective diffusivity of a tracer in the boundary layer was te 
times less than the diffusivity above the boundary layer. 
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Figure 7.42. Plot of the Natural Logarithm of the Mean Squar 
Separation of Particle Pairs <R2> over the Square of th 
Initial Separation, R* for Particles (1) above, and (2) 
within the Boundary 1 r. The initial separation of pairs, 
R0, is 15.6 km (Figure K. Richards, IOS). 
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Figure 7.43. Plot of the Rate of Change of the Mean Square 
Separation of Particle Pairs against Time for Particles (1) 
above and (2) within the Boundary Layer. The effective dif 
fusivity, K, is equal to jL d < R > (Figure by K. Richards, 
IOS) 4 dt 
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The calculations of tracks of particles placed in the 
benthic boundary layer assume that the particles remain in the 
boundary layer. In practice, some particles will escape when 
fluid is lost from the boundary layer either through the 
detachment of the layer from the bottom or by the ejection of 
fluid at fronts. The numerical model predicts places where the 
boundary layer is likely to separate. These places are warm 
patches caused by an initial thinning of the layer due to 
action of the eddies, followed by entrainment into the bottom 
layer of warmer fluid above it. These patches are lighter than 
the surrounding boundary layer and may be lifted off the bottom 
by buoyancy forces. It is postulated that a particle entering 
such an area will escape from the bottom layer. The time was 
noted when each particle first entered an area of possible 
detachment. Fifteen percent of the particles were immediately 
lost when placed initially in a warm patch. The number of 
particles remaining in the boundary layer, N, is plotted 
against time in Figure 7.44 for four different experiments. 
The scatter in the points is large. They do, however, show a 
decrease in N with time. After 90 days only 10% of the 
particles have been lost. Extrapolating these results to later 
times gives an estimate of 800 days for the average residence 
time of particles in the boundary layer. This slow decrease in 
particle numbers will not significantly affect statistics 
obtained from the particle trajectories over 90 days. In 800 
days, with a diffusivity of 5 x 10* cm2/s, the tracer cloud 
will have a diameter of 400 km and two-thirds of the tracer 
will have escaped from the boundary layer. 

7.1.3.2 Dispersion of a Tracer Cloud—A number of 
experiments have been performed calculating the evolution of a 
cloud of tracer. Two such experiments with the cloud above and 
within the boundary layer are reported here. The clouds were 
released at the same time and in the same horizontal position. 
The initial cloud radius was 16 km. To model the scales of 
motion unresolved by the numerical model, a background diffusiv
ity is introduced. This background diffusivity is set at the 
lowest value that will produce numerically stable results. For 
the experiments reported here, this value is 4 x 105 crnVs. 
The evolving clouds are shown in Figures 7.45 and 7.46. The 
center of mass of each cloud has been moved to the center of 
the plot. The mesoscale eddies stretch and contort the cloud. 
The cloud above the boundary layer has been stretched out in a 
predominantly east-west direction, with a piece of the cloud 
shed to the southeast. The center of mass of the cloud has 
moved 140 km to the west. The maximum concentration in the 
cloud has been reduced by a factor of 9.5 from its initial 
value. The mean radius of the cloud has increased to 98 km. 
With the background diffusivity alone, the radius would only 
have increased to 30 km. The orientation of the cloud in the 
boundary layer is north-south, with a piece of the cloud shed 
to the west. The center of mass has moved 40 km to the 
northwest. The maximum concentration has been reduced by a 
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Figure 7.44. Plot of the Natural Logarithm of the Number of 
Particles Remaining in the Benthic Boundary Layer, N, over th 
Initial Number, N0, against Time. The initial number, N„, 
is the number of particles not initially placed in a region of 
boundary layer detachment (see text) (Figure by K. Richards, 
IOS). 

-371-



Figure 7.45. Evolution of a Tracer Cloud above the Benthi 
Boundary Layer. The time interval between each plot is 18.4 
days. The center of mass of the cloud has been moved to th 
center of each plot (Figure by K. Richards, IOS). 
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Figure 7.46. Same as for Figure 7.45, Except the Tracer Cloud 
is within the Benthic Boundary Layer (Figure by K. Richards, 
IOS). 
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factor of 7.3 and the mean radius increased to 72 km. Although 
there are some differences in the orientation and sizes of the 
two clouds, there are no significant differences in their 
structure (i.e., one is not more "streaky" than the other). 
Additional numerical experimentation is required to draw finer 
conclusions. 

7.2 Fields for Model Tuning and Validation: Natural and 
Anthropogenic Tracers and PROSPER Nephelometry 

7.2.1 Natural and Anthropogenic Tracers 

The tracers to be used for POTG model validation included 
representatives of all classes of chemical behavior—soluble, 
biologically-cycled, and reactive (Table 7.2). An imaginary 
soluble tracer ("X") of fairly short half-life (-30 yr) with 
a specified source function is included. The distribution of 
"X" was to be generated by the GCM and the appropriate data set 
for the Mark A calculated in a fashion analogous to that for T 
and S. 

Three biologically-cycled tracers had been chosen. Two 
were the nutrients silicate (H4Si04) and phosphate (P04), 
and the third the naturally-occurring radionuclide 22SRa. 
Important data sets for H4Si04 and P04 include those from 
the Geochemical Sections (GEOSECS) and Transient Tracers in the 
Ocean (TTO) programs. The data set for 22bRa consists mostly 
of GEOSECS data, with supplementary data from the FRG and UK. 

226Ra (half-life = 1622 years) is produced from 
230Th decay, most of which occurs in the bottom sediments. 
Rivers contribute ~10% of the 22tRa present in the oceans; 
however, most oceanic ZZ6Ra migrates out of the sediments into 
the overlying water. The strength of bottom sources is related 
to the 23°Th activity in the near-interface sediment, which 
is linked in turn to the sediment accumulation rate and depth 
of biological mixing (Cochran, 1980). Cochran (1980) describes 
the functional relacionship between 226Ra flux and sediment 
accumulation rate. For a sediment accumulation rate of 1 cm/ 
1000 yr, the calculated 226Ra flux is -0.3 dpm/cm2/yr. 
The 226Ra distributions in the Atlantic and Pacific Oceans 
have been mapped on the basis of GEOSECS data (e.g., Broecker 
et al., 1976; Chung and Craig, 1980; Ku et al., 1980). An 
example of a profile from the South Atlantic is shown in Figure 
7.47. Radium interacts weakly with particles, but is biologi
cally cycled. Sediment porewater 22tRa concentrations 
indicate that Kd for Ra is ~10

3. 

The data base for reactive tracers is less well developed 
than those for the other tracers, often because of the labor-
intensive nature of the analytical work. At the extremely 
reactive end of the spectrum, 23°Th is considered a proto
typical tracer that interacts strongly with particles. Its 
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TABLE 7.2. STEADY-STATE TRACERS RECOMMENDED FOR USE IN 
MK-A MODEL VALIDATION. 

Class Tracer Half Life Source 
Source 
Function Data Ssts 

I. Soluble Hypothetical Arbitrary 
"X" ~yr 

Specified Produced 
by GCM 

II. Biologically H2Si04 
cycled 

Stable Rivers, Constant GEOSECS, 
Hydrothermal TTO 

P0< Stable Rivers Constant GEOSECS, 
TTO 

22C Ra 1600 yr Bottom 
Sediment 
(Th-230 
decay) 

Variable GEOSECS 
(a Sedi- METEOR 
ment Rate) MAFF 

(unpub) 

III. Reactive JTh 

JPb 

75 200 yr 234U 
decay 

Constant 
(water 
column) 

k Profiles 
Atlantic 

22.6 yr Atmosphere Variable ~12 
(Rn decay) Profiles 
Water column N. Atlantic 
(22sRa decay) 
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Figure 7.47. 2 2* Ra Versus Depth at GEOSECS Station 54 (15°S 
29°5W) (From Broecker et al., 1976). 
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source, decay of 234U, is uniform throughout the water 
column. A °Th profile from the North Pacific is shown in 
Figure 7.48 (Nozaki et al., 1981). Both particulate and dis
solved 230Th concentrates increase nearly linearly with 
depth, lending support to the equilibrium sorption mechanism for 
scavenging discussed earlier. The rate constants for the inter
action of dissolved 230Th with particles have been calculated 
from formulations of Kd and from consideration of other Th 
isotopes, in particular 234Th (half-life * 24 days). The 
sorption rate constants calculated from 230Th distributions 
in the Pacific and Atlantic are given in Table 7.3. 

For suspended particle concentrations of 15 ug/kg, 
these values are equivalent to a Kd of 107 for Th. 
Only one 230Th profile is available from the Atlantic Ocean 
(Mangini and Key, 1983). It shows a depth increase similar to 
that seen in the Pacific, but shows dissolved concentrations 
lower by a factor of about 10. Mangini and Key (1983) conclude 
that this difference reflects more efficient or a higher 
particle flux in the eastern Atlantic compared with the Pacific. 

Only four 230Th profiles are available from the Atlan
tic (with a comparable number in the Pacific), but these data 
could be used in a one-dimensional sense to check the basic 
features of the geochemical component of the Mark A. 210Pb 
is another naturally-occurring radionuclide with an internal 
source in the oceans (22SRa decay). 2I0Pb is also added to 
the surface oceans from the atmosphere. Approximately a dozen 
210Pb profiles are available from the North Atlantic. 

Tritium (half-life » 12.3 years) is an unreactive tracer 
produced principally by atomic weapons testing and added to the 
oceans by the hydrologie cycle. Tritium inputs to the world 
oceans have been calculated by Weiss and Roether (1980). The 
inputs are higher in the northern hemispheres, reflecting the 
predominance of weapons testing there, and are latitude-depen
dent. The pattern for the Pacific Ocean is shown in Figure 
7.49. Tritium distributions in the surface oceans have been 
determined, and examples (from Broecker and Peng, 1982) are 
shown in Figure 7.50. The tritium contours tend to follow 
isopycnal surfaces. In the North Atlantic, tritium has pene
trated to near the bottom in association with deep water forma
tion, as shown in the section in Figure 7.51. 

Several approaches exist for generating maps on an 
desired grid size (e.g., -1") from the available tracer data. 
Because many of the data are from GEOSECS and are distribute 
along meridional sections in the eastern and western Atlantic, 
the simplest approach is to perform linear interpolation alon 
the section and to assume zonal uniformity across the section. 
A weighted interpolation using 1/distance or another weightin 
factor also may be performed. As data coverage improve 
(considering, for example, both ÏEOSECS and TTO data), optima 
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TABLE 7.3. RATE CONSTANTS FOR ADSORPTION (k,) AND DESORPTION 
(ki) DERIVED FROM 23°Th DISTRIBUTIONS. 

Location 

30°32'N, 170°39'E 

5°6'N, 81°32'W 

11°9,N, 87°35'W 

9°36'N, 89°8'W 

7°4'N, 91°41'W 

4°8*N, 94°22'W 

24°45'N, 26°57'W 

K, 

1.5 

0.97* 

0.56* 

0.38* 

0.35* 

0.45* 

0.4 k, 0.8 

K2 

(y") 

6.3 

3.9* 

2.1* 

2.8* 

2.7* 

1.9* 

_ * 

Reference 

Nozaki et al., 1981 

Bacon and Anderson, 1982 

Mangini and Key, 1983 

•Average of 3-4 depths at each station. 
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Figure 7.49. Local Tritium Inventories, in TUm (101 TUm 
3.24 Ci/m 2), for the Pacific Ocean, Obtained by Vertical 
Integration of Tritium Profiles Reported by Ostlund et al. 
(Circles) and Michael (Squares). The data have been time 
corrected to represent conditions in 1972. The histogram gives 
the input of tritium per 5° latitudinal band. A corresponding 
comparison for the North Atlantic is given in Weiss an 
Roether, 1980 (From Weiss and Roether, 1980). 
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parameters used in the modeling are those for the best fit t 
the bomb-14C distribution (From Broecker and Peng, 1982). 

-381-



Figure 7.51. Section Showing the Vertical Distribution of 
Tritium in the Western North Atlantic. The deep penetratio 
north of 40°N is associated with the formation of deep water. 
This diagram was prepared by Gote Ostlund of the University of 
Miami, based on his measurements of samples collected as part 
of the GEOSECS program (From Broecker and Peng, 1982). 
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interpolation methods come to be preferred. These include 
objective analysis, in which a correlation function is developed 
around given stations and used to generate data as a function 
of distance from the given stations, and "kriging." In kriging, 
a linear "kriging system" is obtained by writing a realization 
(estimator) of a random function as a weighted average of the 
regional variable (the available data), and then imposing the 
conditions that the estimator be unbiased and optimal (minimun 
mean-squared error). The system is solved for the weights and 
Lagrangian multipliers (from the minimization of error variance, 
which is quadratic in the weights), providing the "kriging 
estimate" and "kriging variance," respectively. When possible, 
objective analysis and kriging should be used to generate maps 
of tracer data. 

Table 7.4 summarizes the data formats and procedures for 
generating maps of the different tracers. The soluble tracer 
fields are generated using a GCM. Appropriate maps for the 
Mark-A model can also be generated using the same methods used 
for T and S distributions. Data for the nutrients H4Si04 

and PO* are available on tape, and map generation for these 
tracers can be by both objective analysis and kriging. 226Ra 
data are available on tape and in tables. The objective analysis 
and kriging results for H4Si04 would have been used to 
generate maps of the 22iRa distribution. Reactive tracer 
data are limited, but some available in tabular form can be 
used either in one-dimensional modeling (230Th) or map 
generation (210Pb). 

7.2.2 Nephelometry at the NOAMP Site 

Geochemical processes are critical to the in-situ distri
bution of radionuclides and to their ultimate fate. Comparative
ly little is known about the distribution, characteristics, and 
mechanics of sedimentary particles in the water column, and 
several geochemical/sedimentary field programs were included in 
the POTG work plan. The collaborative effort with NOAMP is 
discussed here. Model-oriented data such as these provide a 
start in developing a methodology that can be calibrated to a 
specific site. 

For nearly four years, Swiss scientists under the leader
ship of F. Nyffeler have conducted a field program within the 
framework of the CRESP program of the NFA/OECD. A special 
research group, Programme de Recherches Océanographique Suisse 
Pour l'Elimination des Radionuclides (PROSPER), was created 
for this purpose. 

In 1983, 99 full-depth hydrographic/nephelometric 
profiles were obtained around the NEA low-level dumpsitt 
located near NOAMP. These profiles revealed benthic nepheloid 
layers (BNLs) extending 800 to 1000 m above the seafloor. With 
a clear water minimum (CWM) of 10 mg/m3 (expressed as equiva-

-383-



TABLE 7.4. APPROACH FOR GENERATING MARK-A DATA FIELDS. 

Tracer 

H4Si04 

P04 

2Z'Ra 

Data Format 

GCM 

Tape 

Tape 

Tape and 
Table 

'Th 

JPb 

Table 

Table 

Map 

Same as T-S 

Objective analysis kriging 

Objective analysis kriging 

Use objective analysis 
correlation function for 
H4Si04 

Kriging variogram for 
H4SiO« 

1-D Model 

Use objective analysis 
correlation function for 
H4SiO« 
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lent Montmorillonite concentrations), particle concentrations 
near the bottom reached 35 mg/m3. A logarithmic trend in the 
lowest section of the profiles was observed, but homogeneous 
layers well away from the bottom were also observed. This 
could suggest that resuspension of sediment is not continuous, 
but pulse-generated. Horizontal advection is also being con
sidered to account for observations of decreasing concentration 
just above the bottom (intermediate nepheloid layer). Geo-
chemical and mineralogical analyses (suspended material and 
sediments) reveal strong concentration gradients at the water/ 
sediment interface. Interpretation of these gradients has been 
carried out in terms of selectivity in the resuspension 
process, and the corresponding granulometry and mineralogy of 
the resuspended material itself. 

In 1983, nephelometric measurements by PROSPER were 
included in the NOAMP work (Nyffeler et al., 1984). Isopleths 
of concentration through the area showed low particle concentra
tions at tops of hills, and high levels of turbidity in the 
valleys (Figure 7.52). Sharp gradients in the last few meters 
above the bottom and concentrations reaching as much as 100 
mg/m3 were observed during the cruise. A tentative and 
preliminary data mapping, based on the optimal estimation 
technique called kriging, is presented herein. The edges of 
the square data maps are discounted, due to errors associated 
with the sparsity of measurements in those regions. The 
mapping is an attempt to link bathymetry (Figure 7.53) with 
characteristic parameters of the BNL. Bottom topographic 
influence is clearly shown by the decreasing depth of the CWM 
and by the low concentrations of suspended matter (20-30 
mg/m3) over the hilly regions in the central and northern 
parts of the NOAMP region (Figures 7.54 and 7.55). Highest 
concentrations are found in the deepest southeastern part of 
that area. Another interesting pattern comes from the height 
above the bottom of the 15 mg/m3 isopleths (Figure 7.56), 
which might be a more revealing signature of the upper level of 
the BNL than the CWM. There is no theoretical support for it, 
but the shift of these patterns with respect to topography 
could lead to interesting speculations about mesoscale effects. 
Combining these results with current meter data collected by 
DHI could provide new experimental bases for the numerical 
modeling (see Section 4.6) of physical processes in the BBL/BNL. 

The main PROSPER activity within NOAMP consisted of two 
cruises during NOAMP I, III, and V. These data have been 
shared internationally for assimilation into the regional-scale 
models (Sections 4.2 and 4.6). The hydrological and nephelo
metric study was supplemented with geochemical observations 
(mainly the elemental composition of the suspended matter an 
surficial sediment) to characterize the resuspension processes. 
The overall PROSPER contribution has been summarized in Nyffele 
et al., 1984. 

-385-



Depth (m) 

4 

3500 

4000 

4500 

60 Nautical Miles 
i i 

N 34 30 11 12 13 14 15 

Figure 7.52. Isopleths of Particle Concentration (ug/1) in a 
N-S Section over Topography. Depth varies from 4000 to 4700 m. 
Position is indicated by station number (Figure by the PROSPER 
Group). 
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Figure 7.53. Bathymetry in the NOAMP Region. 
(Figure by the PROSPER Group). 
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Figure 7.55. Preliminary Mapping of the Maximum Concentratio 
of Near-Bottom Particles Expressed in ug/1 (Figure by th 
PROSPER Group) . 
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Figure 7.56. Height Above the Boctom (in km) of the 15 mg/m 
Particle Concentration Surface (Figure by the PROSPER Group). 
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Duriag the NOAMP III cruise (fall 1984), 81 full-depth 
hydrological/nephelometric profiles were added to the data 
base. The mapping of structural parameters of the benthic 
nepheloid layer (BNL) in the region (maximum near-bottom 
concentration, thickness of the BNL, depth of the CWM) 
demonstrates relevant topographical effects leading to an 
accumulation of suspended matter in the deep. Such an effect 
confirms to some extent tht multivariate analysis of the 
structural parameters of the NOAMP I data (Nyffeler and Godet, 
1986). 

Trends in the concentration of suspended particles 
exhibit a remarkable similarity to the thermal structure within 
the bottom 1000 m of the water column (Berger et al., 1985). 
For the near-bottom nepheloid layer, the horizontal scale of 
the patchiness around the high-concentration stations (e.g., 
station 44 in Figure 7.57) is estimated to be roughly 50 
nautical miles. The major mesoscale features in the distribu
tion of suspended matter concentration should therefore be 
resolved by the current grid mesh of the NOAMP experiment. The 
NOAMP V cruise was conducted in autumn 1985. The main PROSPER 
objective during this cruise was to compare distribution of 
suspended matter in the NOAMP area with the patterns observed 
during the previous cruises of 1983 and 1984. These previous 
studies demonstrated that topography had some influence on the 
BNL (Nyffeler and Godet, 1986). The station coverage during 
NOAMP V consisted of a large box surrounding the central NOAMP 
area (Figure 7.58) with a smaller, high-resolution survey as a 
regular grid in the interior of the box. 

Another 80 stations were added to the data base and the 
results can be summarized as follows. The resuspension process 
was clearly less active in 1985 than in 1983 and 1984, as 
illustrated by the near-bottom profiles in Figure 7.59. The 
BNL was not as intensive as in the previous years, when concen
trations were up to 80-90 mg/m3. In 1985, most bottom concen
trations were between 20-35 mg/m1. The thinner mixed layer 
also indicated a less energetic regime, which was confirmed by 
the DHI's current measurements. Peaks in the current meter 
records were not visible during the three weeks preceding the 
cruise; in 1983 peaks up to 15-20 cm/s occurred in the records 
before the cruise. 

One very surprising feature observed during the second 
leg of the cruise was an intermediate maximum of particle 
concentration between 1500 and 2500 m for stations located in 
the western part of the big NOAMP box. Such maxima, confirmed 
by Coulter Counter measurements, were not observed during the 
first leg (Figure 7.60). The turbidity indicates a relative 
increase of 15-20 mg/m3 in the particle concentration, and 
the lower limit of the "turbid" layer matches the upper limit 
of the homogeneous density layer (Figure 7.61). The origin of 
these particles is not yet clear and might be attributed either 
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Figure 7.57. West-to-East Section of Potential Temperature an 
Suspended Matter Concentration across the NOAMP Area. The 
increase of near-bottom concentrations at stations 44/45 matches 
the discontinuity in the thermal structure, and is likely t 
have been induced by bottom topography (Figure by the PROSPE 
Group). 
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Figure 7.61. Composite Profiles of Suspended Particle Charac
teristics in the NOAMP Area (NOAMP V). (a) Total number of 
particles; (b) Volume of particles in three size ranges; (c) 
Mean particle diameter. Profiles show the increased concentra
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to input from the Mid-Atlantic ridge or to the sinking of bio
genic particles from the surface layer. 

Assimilation of such field data into the turbulent bottom 
boundary layer model (Dietrich et al., 1987) is ongoing. Exten
sive hydrographie and nephelometric data were acquired by the 
PROSPER Group during the NOAMP surveys. These data are being 
analyzed and used for model studies directed at testing GCM 
components (Section 4.8) and TBLH verifications of physics. 

7.3 Summary and Conclusions 

Independent validation tests are required for the 
dynamical and tracer components of a realistic ocean model. 
Dynamical validation requires sequences of optimally-designed, 
data-rich, synoptic field surveys. Each survey is first used 
for model initialization and specification of boundary condi
tions. Later surveys from the sequence are used to compare 
model predictions with observed fields. The comparison proceeds 
stepwise, with sequences of observational surveys coming simul
taneously into play to simulate time-varying boundary values. 
A prototype, three-stage, dedicated field survey was completed 
in 1986, in cooperation with non-SWG scientists working in the 
NOAMP region. Provisional dynamical validation was achieved. 

Additional, independently-designed validation experiments 
are critical for the tracer component of the deep, bottom-source 
problem. Such validation was not satisfactorily accomplished 
under the SWG, due to premature termination of the program. 
Data suitable for basin-scale, tracer-distribution model studies 
were assembled, but the program was terminated before numerical 
studies could be started. 

For regional-scale studies, a model with both physical 
and geochemical components is required. Its validation requires 
model-dedicated, multidisciplinary field surveys of sufficient 
duration to assure statistically-meaningful time-series (roughly 
five years are thought to be adequate at the SNAP). Such a 
program was designed and initiated, but then abruptly terminated 
when the project was cancelled. To complete preliminary valida
tions, such a field survey is essential. Ideally, it would 
include a purposeful tracer-release experiment. Through such 
an experiment and the hierarchical modeling system, the Mark-A 
model used for radiological assessments could be completely 
validated. At that time, the proviso on the acceptability of 
Mark-A tracer distributions cited in the Executive Summary 
could be removed. 
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CHAPTER 8: INTEGRATED FIELD AND MODELING PROGRAMS 
FOR MONITORING 

If an ocean disposal site were ever selected and 
licensed, it would be necessary to develop a monitoring program 
to guarantee safe operation and to assure the ability to respond 
quickly in the event of an accident, one of the low probability 
events addressed in the RATG report (RATG, 1987). As part of 
the decision-making process during the feasibility stage, a 
working concept of a plausible monitoring program is helpful 
for assessing operating costs and potential additional costs in 
the event of accidents. It is also important to discuss the 
design of monitoring programs and inherent ability to respond 
effectively to accidents, to allay public health and economic 
fears. Although the POTG never specifically addressed issues 
concerned with monitoring design, the group was aware that some 
of the methodology developed for risk assessment would carry 
over directly to monitoring work. This chapter is included to 
document the applicability of that work to monitoring, and to 
note important parts of the methodology that remain unaddressed 
due to program termination. 

8.1 On-Site Monitoring; Normal Operations and 
Accident Scenarios 

The initial site characterization survey provides the 
data base to support a pre-permit radiological assessment. It 
also provides a baseline of the pre-disposal environment against 
which post-disposal monitoring surveys can be compared for 
evidence of environmental changes. The baseline data base is 
used for calibrating regional-scale models to the repository's 
local circulation. Multiple synoptic surveys (NOAMP, 1983, 
Section 7.1.2) separated in time allow model validation on the 
specific site. The calibrated regional model is then embedded 
within the basin circulation via the hierarchical series, a 2-D 
curvilinear grid with a mesh accumulation point on the reposi
tory location, or by a domain-decomposition technique. This 
provides a modeling capability to generate circulations that 
have assimilated known field data on all scales in the basin in 
which the repository local circulation is highly resolved. A 
few other highly-resolved multiple sources within the basin 
(other repositories) are possible using the domain decomposi
tion technique, as well as the hierarchical series embeddings. 
River sidewall sources, atmospheric fallout, etc. can be 
handled by source functions distributed throughout the coarse 
grid and along the boundary. 

For normal operating conditions, this procedure provides 
oceanic circulations in which sensitivity analyses can be 
performed to generate a family of circulations that encompasses 
a range of real possibilities. In these circulations, dispersal 
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calculations describing the evolution of a hypothetical test 
release could be performed. Such realizations can be used to 
generate ensemble averages that describe the probable distribu
tion of a release from the repository. This approach provides 
a basis for risk assessment work during the pre-licensing 
feasibility phase. For minimal monitoring of the normally 
operating repository, it would provide input to the design of a 
sampling program (i.e., where and what to sample with the 
highest probability of finding a signal if something is 
actually released). 

What is the response if an accident occurs near the 
repository within the baseline data base survey domain? Here 
the situation would be an unexpected release with measurable 
signal that occurs suddenly. The problem is to track the plume 
and predict its fate locally, since it is very doubtful that 
enough material would be released that the signal could be 
found far from the source. The previous circulations and 
dispersal statistics give an immediate estimate that provides 
the capability to repeat the risk assessment, but for public 
concern and post-release sampling, the specific dispersal 
realizations must be calculated for the near-site (near-source) 
distributions. The regional model has to be reinitialized 
using an immediate synoptic survey. Predictions can then be 
run and updated with later boundary surveys and interior 
information. The earlier baseline data provide valuable scale 
information and the detailed baseline surveys do not need to be 
repeated. 

The quick response mode would be first to get all 
available remotely-sensed data (satellite infrartd imagery and 
altimetry) for roughly the previous thirty days (a time scale 
to be estimated from the baseline data). This provides surface 
information that can be used as in Section 7.1.2 to map and 
track surface features, but subsurface information is absolutely 
required to model the deep flow. A synoptic boundary and 
interior survey must be made to initialize a model and u n the 
forecast. The baseline data, including previous local fore
casting experience and remotely-sensed information, combine to 
provide guidance on required survey details. Then modular 
synoptic surveys as in Section 7.1.2 can be performed, and the 
data quickly assimilated into a regional shipoast. This pro
vides the short-term fluid fields that can be qualitatively 
validated with day-to-day satellite data as cloud cover permits. 
Quick dispersal calculations can be made within these fluid 
fields, providing the distribution field predictions. A long-
term optimal (economic as well as scientific) field survey can 
be quickly designed at sea. Deep features identified in the 
field, such as eddies and currents, can be seeded with floats 
and appropriately placed moorings instrumented with current 
meters and sediment traps for short-term sampling can b 
deployed. Longer-term deployments should be based on historical 
data and simulations. The response reaction is not overwhelm 
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ing, but does require the availability of a ship and instrumen
tation for an immediate survey. Later update surveys would 
also be required, in accordance with the evaluation of the 
transient plume and the contour of the measurable threshold 
(the concentration contour beyo-.c". which the signal cannot be 
measured with existing instrumentation). Of course, hypotheti
cal numerical experiments on the baseline data have already 
defined the envelope of this contour over many realizations. 
Thus, for realistic accident scenarios for on-site releases at 
a given site, the local geographic extent of the survey and 
computational domain can be estimated a priori. 

8.2 Off-Site Monitoring: Accident Scenarios 

What about accidents that occur beyond the baseline data 
domain? Given a repository location, shipping corridors from 
port facilities can be defined. This indicates the geographic 
region within which accidental releases might occur. Along 
these corridors, historical data can be collected and updated 
as they become available from other scientific investigations 
or even from opportunistic XBTs launched from the disposal 
ship. An accident occurring at some point along the corridor 
would require a response similar to that for an accident within 
the baseline data domain. However, the well-designed, multi-
disciplinary, pre-disposal survey would not be available for 
guiding the initial survey design. Neither would a previously 
calibrated regional ocean forecasting moûel be available. The 
quality of the forecast would naturally be diminished. This 
situation could be improved if the baseline data base were sup
plemented by minimal data acquisition along the coiridor, but 
this certainly seems unjustified givei the extremely low prob
ability of an accident. However, establishing and maintaining 
a working modeling capability (i.e., having the appropriate 
models available along the corridor) is necessary. Thus, at a 
minimum, the predictive capability for r<*sponc»ing to an 
accident should be in place. This would require a collection 
of shelf, shelf-break, slope, and deep-water models. 
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CHAPTER 9: STATUS OF THE POTG WORK PLAN: 
SUMMARY AND CONCLUSIONS 

The POTG work plan (Appendix B) was written at the 8th 
Annual SWG Workshop as a response to the Executive Committee's 
request for a five-year plan. At that time, ?OTG research for 
judging feasibility was limited to North Atlantic study loca
tions. Faced with limited resources for physical océanographie 
work, the Executive Committee, with the support of the POTG, 
decided that the required modeling/field survey methodology be 
developed exclusively at Atlantic sites. This decision was 
motivated in part by the Atlantic historical data base, which 
is about ten times larger than the Pacific data base, and in 
part because it was more economical for most of the national 
programs to conduct new work in the Atlantic. 

A work plan was written that consisted of 

• Realistic model development 
• Acquisition of field and historical data 
• Verification of model physics 
• Validation of each model with observed data. 

The plan is organized in terms of the spatial dispersion scales 
of a passive conservative tracer originating from a deep-bottom 
source, as described in Chapter 3. The three principal 
categories are 

1. Regional scales (models, data, and field work) 

2. General-circulation scales (models, data, and field 
work) 

3. Box-model scales (models, data, and field work). 

These categories and the work accomplished within them have 
been described throughout this report. In the plan, each 
category was augmented by a subcategory called program inter
actions. This subheading covered two important additional 
activities: (1) interactions between task groups that included 
both one- and two-way exchanges of data and models; (2) 
interactions between POTG members and non-SWG projects that 
were important liaisons for either model or data-base 
development. 

The POTG was charged with solving a global-scale problem. 
Correspondingly, the assembly of a global data base was 
required. It was neither possible nor reasonable for the POTG 
to carry out a program on that scale. Focusing on the Atlantic 
limited the problem considerably, but even a basin-scale program 
was economically unfeasible. Therefore, it was important to 
include non-SWG projects in developing a basin-scale methodo-
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logy. Some of the most important non-SWG projects were included 
in Subcategory B of the plan because SWG members were partici
pating in them, and direct liaisons could be maintained. They 
are NOAMP, Low-Level Dumpsite/Iberia Abyssal Plain Studies, 
MODE/POLYMODE, and the Porcupine Bight Project. A very 
important project, TOURBILLON (Le Group Tourbillon, 1983), was 
completed before the work plan was written. This project 
influenced much of the scientific design of the field/modeling 
surveys in the eastern North Atlantic. There are other import
ant program liaisons that are not listed in the work plan. 
They are referenced in the text of this report. Examples 
include: BIOTRANS (FRG); TOPOGULF (France); Low-Level Measure
ments (Japan); NEADS (UK); OPTOMA, HEBBLE, GEOSAT, TTO, GEOSECS, 
LLWODP, TRANSPAC, SEEP, SYNOP, the Kuroshio Extension Array 
(US); the NEA/CRESP and the UN's GESAMP Projects. 

These data bases contributed to the overall POTG data 
resources. However, it must be re-emphasized that only 
Atlantic work was actively pursued. A truly global modeling 
capability would require similar efforts in the Pacific in 
order to develop regional and general circulation models and 
supporting data for assessing the feasibility of a Pacific-
study location. In addition, the other principal oceans and 
the exchanges between oceans must be included. This work was 
deferred until feasibility of an Atlantic site could be 
assessed. Given that approach and premature termination, it 
follows that important parts of the proposed modeling/field 
survey development are not included in the present plan. 

In this chapter, the status of each category and sub
category is reviewed. A final section discusses the status of 
work tl.at was not included, such as that in the Pacific and 
other oceans. 

9.1 Regional-Scale Studies 

Regional-scale studies focus on study locations with 
model domains up to 1000 km on a side (grids of 5 to 15 km). 
Field surveys such as NOAMP are smaller in scale, having 
high-resolution observational domains of roughly 100 to 200 km 
embedded within lower-resolution circumscribing domains of 
roughly 300 to 400 km. Ocean forecasts are run on the smaller 
data-rich domains. Longer-term simulations for dispersion 
studies are run on the larger domains (these are not true 
forecasts, as described earlier in this report). For runs such 
as these and/or regional models for embedding within coarser-
grid GCMs, additional field surveys or process studies outside 
the simulation domain may be required, depending upon the 
characteristics of the location. For example, the evolution of 
a tracer from the SNAP could involve important interactions 
with the WBUC and AABW. Consequently, model and field studies 
of the entrainment of material by deep currents and/or water 
masses are required. The same problem exists at the Pacific E2 
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location, but is even more complicated in that the Kuroshio 
flows through gaps in the Emperor Seamount Chain. Thus, 
generic model and field studies of current flows through gaps 
are required. Such studies are generally and primarily related 
to specific site locations, but may fall within contiguous 
model domains such as the series of domains pictured along the 
Gulf Stream in Figure 4.2. 

Not all processes are site-specific. Some important 
processes are common to many sites and can therefore be studied 
at locations ideally suited for the process in question. For 
example, interior/slope exchanges and bottom boundary layer 
studies were carried out at the Porcupine Bight, where it was 
convenient and economical. Their results are generally applic
able. The US HEBBLE project is another example, since slope/ 
boundary layer dynamics are of general interest in modeling the 
effects of topography near all sites. Some process studies 
were included in the plan, but most were deferred until later 
in the program or relegated to different projects. These are 
discussed in Section 9.4. 

9.1.1 Model Development and Simulations 

The following tasks in the POTG work plan were completed 
under this subcategory: 

• A baroclinic-QG, open-ocean REM was developed 

• The QG REM was verified on MODE and NOAMP data 

• A three-dimensional turbulent BBLM was developed 

• A three-layer turbulent BBLM was developed and 
applied at GME 

• A PE version of REM was developed 

• A three-dimensional turbulent SBLM was developed 

• A real-time, field-data/model-assimilation syste 
was developed 

• A portable hardware system for shipboard forecasting 
was assembled 

• A shipboard version of the QG REM was verified for 
forecasting 

• The turbulent BBLM and SBLM were attached to the P 
and QG REMs. 
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The following tasks in this subcategory of the POTG work 
plan were started, but not finished, due to program cancella
tion: 

• The biogeochemical component was outlined, but not 
added to models 

• Coasts, seamounts, and islands were added to PE REM, 
but not tested 

• Simulations of the GME, SNAP, and NOAMP were started, 
but not completed 

• Dispersal experiments were started, but not com
pleted. 

The following important tasks from the POTG work plan 
were never started (due to program cancellation): 

• A workshop to assess shelf and slope modeling and 
data requirements 

• Shelf and slope models were neither acquired nor 
developed 

• Simulations of E2 were never started. 

9.1.2 Data and Field Work 

Completed tasks are 

• A field survey at GME designed by IOS/UK 

• A field/modeling survey (NOAMP) designed by FRG 

• Multinational float experiments in the northeast 
Atlantic 

• Continental margin experiments at the Porcupine 
Bight. 

Tasks started and still in progress are 

• Analyses of GME, NOAMP, and Iberian Plain field 
data, including floats 

• A dedicated tracer-release experiment for model 
validation 

• A SNAP field/modeling survey designed by the US 

• Preliminary SNAP data analyses. 
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9.2 General Circulation Studies 

General circulation studies are composed of basin-to-
global-scale modeling, including the acquisition of both 
supporting and validation data. Models are primitive-equation 
GCMs and WOMs described in the text. Data bases are large in 
geographical scale, usually averaged over one degree squares, 
and obtained from national data repositories such as the 
US/NODC or FRG/NODC. Data required to run these models include 
wind, temperature and salinity, and various inflows and 
outflows on model boundaries such as Norwegian Sea Water. A 
descriptive picture of the circulation is required for model 
calibration, but process studies such as high-resolution, 
regional-scale forecasting are also required for verification 
of model physics. Basin-scale distributions of natural and 
anthropogenic tracers, appropriately averaged, are also 
required for model validation. Simulations are expensive in 
both computing time and labor. The availability of super-
computing resources and the development of highly-efficient, 
fast-running models are essential. The final simulation 
products in this category are statistically-converged, 
eddy-resolving basin models with realistic coasts and 
topography that reproduce known tracer distributions. 

9.2.1 Model Development and Simulations 

The following tasks were completed under this sub
category: 

A GCM was acquired and applied to the North Atlantic 
by the FRG, UK, and US 

A test problem was designed and studied jointly by 
all three groups 

A computational instability was identified and solved 

Computational/physical parameter test problem studies 
were performed 

The test problem was reconverged to a steady state 

The WBC, WBUC, and DWF were successfully reproduced 

The QG REM was embedded in the coarser-grid GCM 

A version of the test problem with a South Atlanti 
basin was converged 

A version with smoothed realistic topography wa 
converged 

-405-



• A new, fast-running GCM (US) was developed and 
applied to the test problem 

• The test problem was converged to steady state 100 
times faster 

• Moderate resolution (nearly eddy-resolving) studies 
were completed 

• Boundary-fitted coordinates were added for improved 
WBC resolution 

• High-resolution embeddings were accomplished by 2-D 
mesh generation 

• A second new GCM was developed by the French 

• A WOM (FRG) was developed and dispersion studies 
were completed. 

Tasks started, but not finished are 

• Water mass studies on AABW, MED, NADW, and the WBC 
and WBUC 

• Realistic coasts and topography for the North 
Atlantic simulation 

• The eddy-resolving version with the new GCMs 

• Numerical dispersion studies with plumes and Lag-
rangian particles 

• Model validation experiments with natural and anthro
pogenic tracers 

• GCM intercomparison studies. 

Tasks never started are 

• GCM modeling of other ocean basins, the Pacific, and 
Southern Oceans. 

Data and Field Work 

Tasks completed: 

• A descriptive picture of the North Atlantic general 
circulation was assembled and updated 

• Data sets were identified, acquired, and updated. 
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Tasks still in progress: 

• Data set preparation for model intercomparisons and 
validation. 

Tasks never started: 

• Pacific and Southern Ocean supporting data were 
neither identified nor acquired 

• Important field measurements for a descriptive 
picture of the Pacific general circulation have not 
been carried out. 

9.3 Box Modeling Studies 

Box models were selected for use in the RATG systems 
model for their simplicity and fast running characteristics. 
To provide the BXM with some credibility, the POTG decided that 
it should be a coarsened version of the hierarchical series, 
driven by flows extracted from the REM/GCM simulations. This 
procedure provides objectively-obtained, dynamically-consistent 
flows from simulations that have assimilated all the basin-scale 
historical data and all the local field observations from around 
the study locations. This approach was an innovation by the 
POTG and is described in the text. A geochemical component 
(particle model) that included important biological processes 
was added. 

9.3.1 Modeling Studies 

Tasks completed: 

The POTG Mark-A BXM was developed as a coarsened 
version of the GCM test problem 

A UK 91BXM was developed for use with traditional 
descriptive circulations 

BXM and GESAMP intercomparison studies were completed 
(CRESP project) 

A geochemical component was developed and added 

Flows were extracted from test problem simulations 
for Mark-A driving. 

Tasks started and still in progress: 

• Comparison of passive tracer distributions from 
Mark-A and GCM test releases 
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• Comparison of observed natural tracer distributions 
with Mark-A fields 

• Comparison of Mark-A driving between different GCM 
converged simulations 

• Comparison of Mark-A driving from GCM fields and 
traditional descriptive circulations 

• Validation, including the geochemical component for 
a single location 

• Extraction of fluctuating driving flows from new GCM 
simulations 

• Design of probabilistic driving studies based on new 
GCM simulations. 

9.4 Other Topics Not Included in the Plan 

As explained above, the POTG limited the scope of its 
work, deferring several important tasks until a feasibility 
decision could be made based on Atlantic site studies. Thus, 
additional work will be required if, in the future, a specific 
location is considered as a repository. Essentially, this 
work amounts to extending the POTG Atlantic program so that 
reliable risk assessments can be performed in other ocean 
basins. 

For the Pacific, which is data poor compared to the 
Atlantic, a modeling development program commensurate with the 
Atlantic effort will be required. The numerical capability is 
coming into existence, but the model calibration and validation 
effort will be equally large or even larger. Significant 
pieces of the general circulation puzzle of the Pacific are 
simply not known, so a descriptive picture of the circulation 
cannot be assembled as reliably as in the Atlantic. Measure
ments of important seasonal flows such as the Somali Current 
(Indian Ocean), etc. are required. 

For the interconnections between the oceans, the Southern 
Ocean and Antarctic Circumpolar Current need to be modeled. 
This effort takes on evsn greater importance in light of RATG 
calculations that place critical pathways directly in the 
Antarctic, associated with the high-latitude outcropping of 
isopycnals that occur there. 

Additional work is required on the specific problems of 
equatorial circulations and their modeling. High-resolution 
applications of PE GCMs to equatorial dynamics are required to 
verify model physics in such regions. 
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To simulate climatic variations and their resulting 
effects on the oceanic circulation, coupled atmospheric/oceanic 
models are required. This is a long-term project presently 
being carried out by international programs such as WOCE. 
Their goals do not specifically include dispersion studies, but 
are aimed at other applications such as the global distribution, 
balance and effect of various greenhouse gases (C02 and 
chlorofluorocarbons that reflect long-wave radiated heat from 
the earth while transmitting short-wave solar radiation, thus 
warming the stratosphere), and the abyssal circulation and its 
long-term variability. A derived objective germane to seabed 
disposal studies would be to try to understand the effect on 
tracer distributions in the oceans of variability in climatic 
driving (including oceanic feedback to the atmosphere), such as 
ice ages and changes in the mean latitudinal temperature induced 
by the greenhouse effect. 

A result of the GCM studies described in this report is 
the important direct effect of surface thermal forcing on the 
basin circulation. To model it most accurately, a basin 
distribution of heat flux across the atmospheric/oceanic inter
face is preferred to the presently used overlying temperature 
distribution with a simple surface diffusivity. Mapping and 
representing this heat flux accurately is important for future 
modeling and has been emphasized in the modeling literature. 

Some process studies are particularly important and have 
been singled out in the text as critical missing parts in the 
modeling puzzle. One is the entrainment of tracer material by 
deep currents such as the WBUC at the SNAP. Such studies are 
combined modeling/field projects and need to be designed and 
carried out according to the specific requirements of the 
designated location. Two process studies are critically 
important: 

• A multidisciplinary program focused on site 
characterization and modeA calibration at a specific 
location. A SNAP-like program that provides 
physical, geochemical, and biological data at a 
single location for model calibration and validation 
is the mechanism by which this program will achieve 
credibility by reproducing observed distributions. 

• Perhaps the best approach to validation is to 
simulate accurately a carefully designed tracer 
release at a specific site. The freon experiment 
planned for the eastern North Atlantic by the UK's 
MAFF is an example. 
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APPENDIX A: GLOSSARY 

AABW AntArctic Bottom Water 
ABS Autonomous Bottom Station 
ADC Apparent Distribution Coefficient 
AIW Antarctic Intermediate Water 
ALS Autonomous Listening Station 

BBL Bottom (or Benthic) Boundary Layer 
BBLM BBL Model 
BIO Bedford Institute of Oceanography (Nova Scotia) 
BIOTRANS BlOlogischer TRANSport, a biological monitoring 

program in the NOAMP area 
BNL Bottom (or Benthic) Nepheloid Layer 
BOTG Biological Oceanography Task Group 
BPM Biological Process Model 
BXM BoX Model 
BV Brunt Vaisala (frequency) 

CCS California Current System 
CEA Commissariat a l'Energie Atomique 
C/M Current Meter 
COB Centre Océanologique de Bretagne (France) 
CPM Coastal Process Model 
CRESP Coordinated Research and Environmental Surveillance 

Program 
CTD An in situ instrument that samples conductivity, 

temperature, and depth 
CV1 study location in Cape Verde Basin, northern 
CV2 study location in Cape Verde Basin, southern 
CWM ClearWater minimum 

DAW Deep Atlantic Water 
DHI Deutsches Hydrographisches Institut (Hamburg) 
D of 0 Domain of Occupation 
DTEMP temperature change between time steps normalized by 

level volume 
DWF Deep Water Formation 
DWPS Deep Water Particle Sampler 

E2 designation for a western Pacific site near the 
Kuroshio 

EAWAG Eidenossische Technische Hochschule fur Wassener-
sorgiing, Abwâsserreinigûng und Gewâsserschutz 

EDO Ensemble Domain of Occupation 
EF Enrichment Factor 
EGCM Eddy-resolving General Circulation Model 
EKE Eddy Kinetic Energy 
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EN 

ENEA 

EOF 

Eastern Northern Site (designation for a western 
Atlantic low-level study site in the Hatteras 
Abyssal Plain near the Gulf Stream) 

the Italian Commision for Nuclear and Alternative 
Energy Sources 

Empirical Orthogonal Function 

FAO 
FRG 

Food and Agriculture Organization (Rome) 
Federal Republic of Germany 

GCM General Circulation Model 
GEOSAT GEOid SATellite 
GEOSECS GEOchemical SECtions, a US research program 
GESAMP Group of Experts on the Scientific Aspects of Marine 

Pollution 
GLORIA Geologic LOng-Range Incident Asdic (sonar) 
GME Great Meteor East 
GPM Geochemical Process Model 

HAP Hatteras Abyssal Plain 
HEBBLE High Energy Benthic Boundary Layer Experiment 

IAEA International Atomic Energy Agency (Vienna) 
IAW Intermediate Atlantic Water 
IFREMFR Institut Français de Recherche pour l'Exploitation 

de la Mer 
IGY International Geophysical Year 
IMO International Maritime Organization (London) 
INL Intermediate Nepheloid Layer 
IOS Institute of Océanographie Sciences (UK) 

KE 
KM 

Distribution coefficient for suspended particles, 
identical with "PD" in RATG, 1987. 

Kinetic energy of the eddy field 
Kinetic energy of mean flow 

LDE Local Dynamics Experiment (of POLYMODE) 
LL Low Level 
LLD Low-Level Dumpsite 
LLWODP Low-Level Waste Ocean Disposal Project 

MAFF Ministry of Agriculture, Food, and Fisheries (UK) 
MAP Madeira Abyssal Plain 
MED Mediterranean Water 
MODE Mid-Ocean Dynamics Experiment 
MPG-1 Mid-Plate Gyre (early US study area) 
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NADW North Atlantic Deep Water 
NAP Nares Abyssal Plain 
NEA Nuclear Energy Agency of the OECD 
NEADS NorthEast Atlantic Dynamics Study 
NOAHP North Atlantic Monitoring Program and/or Nord Ost 

Atlantisches Monitoring Programm 
NODC Nacional Océanographie Data Center 
NOR Norwegian Sea water 
NRPB National Radiological Protection Board (UK) 

ODPS Ocean Descriptive/Predictive System 
OECD Organization for Economic Cooperation and Develop

ment (Paris) 
OPTOMA Ocean Prediction Through Observations, Modeling, and 

Analysis 
OSU Oregon State University (USA) 

PCB PolyChlorinated Biphenyl 
PE Primitive Equation 
POLYMODE formed by combining POLYGON (the Russian word for 

"array") with MODE 
POTG Physical Oceanography Task Group 
PROSPER Programme de Recherches Océanographique Suisse Pour 

l'Elimination des Radionuclides (Swiss) 

QG QuasiGeostrophic 

RAFOS 

RATG 
RCM 
REE 
REM 
RRS 
R/V 

not itself an acronym, but SOFAR spelled backwards. 
A neutrally-buoyant float that receives, rather 
than sends acoustic signals. Retrieval is neces
sary for data acquisition. 

Radiological Assessment Task Group 
Rotor Current Meter 
Rare Earth Element 
Regional Eddy-resolving Model 
Royal Research Ship 
Research Vessel 

SATG 
SBL 
SBLM 
SDP 
SEEP 
SEM-EDX 
SNAP 
SNL 
SOFAR 
SOMS 

-R 

Site Assessment Task Group 
Surface Boundary Layer 
Surface Boundary Layer Model 
Subseabed Disposal Program (of US/SNL) 
Shelf-Edge Exchange Process 
Scanning Electron Microscope - ED X-Ray 
Southern Nares Abyssal Plain 
Sandia National Laboratories 
SOund Fixing and Ranging 
Sandia Ocean Modeling System 
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SBTG Sediment Barrier Task Group 
SUNY State University of New York 
SWG Seabed Working Group 
SYNOP SYNoptic Ocean Prediction 

TASC 
TBL 
TBLM 
TG 
TLS 
TOPOGULF 

TRANSPAC 

T-S 
TTO 

The Analytical Science Corporation (Reading, Mass.) 
Turbulent Boundary Layer 
Turbulent Boundary Layer Model 
Task Group 
Tillier Listening Station 
A joint French/German experiment in the region where 

the Gulf Stream extension crosses the Mid-Atlantic 
Ridge 

TRANSPACific, a Pacific Ocean ship-of-opportunity 
program 

Temperature-Salinity 
Transient Tracers in the Ocean (Program) 

UN United Nations (New York) 
UNEP United Nations Environment Program (Nairobi) 
UNESCO United Nations Educational, Scientific and Cultural 

Organization (Paris) 
URI University of Rhode Island (USA) 

WBC 
WBUC 
WHO 
WHOI 
WMO 
WN 

WOCE 
WOM 
WSBW 

Western Boundary Current 
Western Boundary Undercurrent 
World Health Organization (Geneva) 
Woods Hole Océanographie Institution (USA) 
World Meteorological Organization (Geneva) 
Western Northern Site (designation for a site in the 

North Pacific Ocean near Cape Mendocino) 
World Ocean Circulation Experiment 
World Ocean Model 
Weddell Sea Bottom Water 

XBT expendable BathyThermography/bathythermograph 
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APPENDIX B: POTG WORK PLAN 

POTG PLANNING CALENDAR (Based on SUG Meeting Year) 

sonna 1983 (varesfi-spi-ino 1984 Spring 198* (Berlin)-Spring 198S Spring 1985 <Ha11fa»)-Spr1ng 1 M B Spring 1986 (Urblnol-Sprlna i«t7 

1. Be«1on»l Eddy 
tJSOsH (REM) 

A. Modeling Work 

Development : 

- Embed B8L In REM & perform 
test problems 

Initiate SBL model 

Simulations: 

- Initiate Simulations for re
gional studies (LL, GHE, NAP) 

QisptrsaU 
- Develop interpretive 
Methodology for dispersal 
test on POLYMOOE 

Developments 
- Develop partially bounded 
region methodology 

- Construct shipboard forecast 
version and perforai prototype 
shipcasts at NAP and NOAMP 

- develop 3-D SBL model for REM 

- Develop 3-layer BBL model 
and carry out dispersion 
studies (UK) 

- Develop turbulent BBL model, 
interface to REM, and carry 

out system tests (US) 

Simulations: 

- Perform LL + NAP and initiate 
NOAMP 

Dispersal: 

- Continue development of dis
persal methodology 

Oeyclvpmenu. 
- Develop coast and seamount 
component 

- Initiate development of PE 
version of REM 

Add scavenging, remobllization, 
and solution geochemistry to 
physical model 

Add biology components to com
bined physical/geochemical model 

Develop island component 

Continue development and embed
ding of turbulent BBL model, 
including field tests 

Bevel anneau 

Continue development of 
primitive equation (PE) 
version of REM 

Assess state of art of 
shelf and slope models; 
circulation, dispersion, and 
data via workshop (see 
item 1C). 

Simulations; 
- Complete PM simulations with 
GCM mean fields included 

- Reduce REM results for GMC and 
box model dispersion studies 

- Simulate NOAMP floats as 
possible 

- Initiate field experimental 
design in simulations - NAP 

Dispersal: 

- Analyze and disperse in real
istic POLYHODE region Simula
tions and initiate in NAP, 
NOAHP. and LL as possible 

Simulations: 
- Analyze GME • NAP 

- Update LL with new data 
(NOAMP, UK) 

- Initiate coastal simula
tion and assessments 

Dispersal: 

- Combine dispersal runs and 
analyses with emphasis or> 
NAP 



Sprlna 1981 (Varesei-Sorina 198* SPTlng 198,4. (Btrl ln)-SBrlna 198S 

PQLYHPPE Region; 

- In hand 

WARES ABYSSAL PIAIH (HAP) 

- Attempt inventory - Prepare model data set 

GREAT METEOR EAST (GME) 

LOW LEVELtLLl/IBEBIA Reaion 

- US curent meter mooring plus 
hydro and SED traps 

- Radiochemical pumping, large 
volume sampling, and gravity 
coring 

- Exercise Ocean Descriptive/ 
Predictive System (ODPS) 
at NAP 

- SOFAR float deployment 

- Discovery Gap mooring, Madeira 
Abyssal Plain moorings, float 
array 

- SOFAR float experiment 
preliminary data 

- Theta Gap and Charcot gap 
moorings; recovery summer 1984 

- Iberia synoptic XBT survey 

Sorirm 1985 (Malifax)-Sprlna 1986 Sprina 198a (Urhlno)-Sprlna 1987 

- US C/M data available 

Continue current meter/sediment 
trap mooring plus hydrography 
(radon and tritium if possible) 

- Add biological field component 

- Radiochemical pumping, large 
volume sampling, and coring 

- Exercise OOPS at NAP 

- Attempt inventory 

- SOFAR float preliminary 
results 

- Prepare model data set 

- Madeira Rise BBL data available 

- Compile inventory of historical 
current meter, chemical hydro-
graphical, radiochemical data, 
1000 km region 

- Iberian «byssal Plain mooring; 
recovery summer 1985 

- Preliminary BBL data available 

- Data transfer by interim meeting 

- Current meters at mouth of 
Rockall Trough to examine deep 
response to atmospheric forcing 

- Current meter array and 
hydrography 

- Continue biological 
experiment 

- RAFOS float array 

- Continue radiochemical 
component 

- SOFAR experiment ends 

- Attempt inventory 

- Recover GME current meter 
moorings 

- SOFAR experiment ends 

- Coherent array of current 
meters at mouth of Rockall 
Trough recovered 



Sprina H i ! tmr.«l-Sarin. 1M« Spring 1984 Iterlini-Soring IMS Spring IMS IH.Hf»»)-Spring H M Serine 1916 lUrMnoi-Sorino 19»7 

Data and 
Field Work 
(contd.) 

MOBOOSTATLAIITICHCS MONITORING 
PROGRAMM INOAHP) 

- Continue field work, hydro, 
current meters. Nephels. 
geochea. 

- Launch float experiment 

- Continue NOAHP observational 
program 

- Exercise shipboard model at 
NOAHP 

Redeploy and subsequently re
trieve current meter moorings 

Hydrography, deep nephelo-
metry, and BBL measurements 

Exercise shipboard model at 
NOAHP 

Analyze data 

Simulate data with BBL 
model and both QG and 
PE REM. 

Analyze and model BBL data 

Recover ALS for SOFAR float 
experiment 

Terminate field phase 

Program 
Interactions 

General 
Circulation 
HOflElS (GOO 

Hodeling 

PORCUPINE BIGHT 

Request specified topography 
and definitive sediment map 
from SATG 

Request areal distribution 
of source function of sedi
ment from SRTG 

Receive topography maps 
from SATG 

Carry out the POTG central 
GCH test problem 

Initiate parameter and sensi
tivity studies connected 
with POTG test problems 

Moor and recover an autono
mous bottom station (ABS) 
on continental margin (2400 m) 

Devise plans for development 
of reasonable shelf and slope 
models with BOTG. RATG. and 
Coord. Bur. 

Development: 

- Complete convergence of POTG 
test problem 

- Introduce realistic idealized 
topography and geometry 

- Evaluate geochemical para
meters 

- Remoor ABS (2100 m) 

Concentration results avail
able for further environmental 
impact studies, BOTG 

P0LYH0DE region and preliminary 
LL results to BOTG for environ
mental impact calculations 

Development: 

- Complete GCH with realistic 
topography and S Atlantic 
water masses 

- Carry out circulation inter-

comparison for box. models 

Implement 
ponent 

improved GCM com-

- Recover ABS and moor «i 
abyssal plain 

- Build second ABS 

- Convene a one-week summer 
workshop on "Oceanography, 
and Hodeling Related to 
Dispersion from Continental 
and Slope Sources* and co
ordinate with BOTG and 
other external experts 

- Draft and final lie inputs 
to 1987 modeling report 

Development: 

- Design and select para
meters for the next gener-
eration N Atlantic GCM-A 

- Carry out intercomparisons 
between box models and ex
isting GCM dispersion 
models 



Sprino 198» tV»rese>-Spring 1914 Sprina 1914 tBarlinl-Sprina 1815 Spring 1915 IHa11fax)-Spr1na 1916 Sprina 191» (Urhinal-Sprina 1917 

A. Modeling 
(Cont.) 

Simulations; 

Dispersai; 
- Test release studies in 

FRG Atlantic model and world 
ocean model 

- Initiate test problem (Fr) 

- Initiate sensitivity studies 
(geochem. & physics) 

Simulations; 

- Simulate T-S distribution 

- Il dispersion studies 

Dispersal: 

- Finish test release studies 
in Atlantic model 

- Tune GCM parameters 

-Continue sensitivity studies 
with water masses, general phy
sical parameters, etc. 

- Finish box sensitivity studies 

- Complete test problem spin up 
and develop PE model (Fr) 

Simulations: 

- LL simulations 

Dispersal; 
- Initiate GCM dispersion 
studies; couple to reduced 
REM reults as possible 

Simulations; 

Dispersal : 

Continue development of 
GCM dispersion studies 

. Data and 
Field Work 
(applies also 
to Sect. 3.B) 

Identify mean field and 
radiotracer data for com
parison 

Identify data sets for Inter-
comparison in idealized clr-
circulations (T-S, Silicates, 
Th. Ra, Tritium) 

Prepare circulation and dif
fusion characteristics for 
MkA development studies 

- Prepare T-S and other seo-
chemlcal data fields and 
use for MkA Intercomparlsons 

Collect relevant coastal data 
for MkA 

Hap data for N Atlantic 
comparisons, and for 
final assessment with MkA 

C. Interactions System evaluation 

Set up Intercomparlsons for 
all national box models 

Develop processes, collect 
parameters 

- Coordinate MkA studies with 
BOTG & RATG 

- Draft intercomparlson report 

- Draft and finalize Inputs 
to 19S7 modeling report 



Spring 1983 (Varesel-Sprino 1984 Spring 1984 (Berlin)-Spring 1985 Spring 1985 (Halifax)-Sprina 1986 Spring 1986 <llrbino)-Sarin» 1987 

I 

00 
I 

Box Hodels 
(BXM) 

Modeli ng: 
Reference is 
to the SWG/ 
POTG Assess
ment Model 
(HkA) unless 
otherwise 
specified 

Development: 

- Establish final model for 
assessment (interim meeting) 

- Preliminary results 

- Develop many-box model (UK) 

PiSHrsal ; 

Development: 

- Design parameter sensi
tivity study for HkA 

- Develop HkA geochemical 
component 

- Develop shelf and slope boxes 
of HkA relevant for deep sea 
accident studies 

- Devise guidelines for proba
bilistic forcing of MkA 

- Develop 91-box model (UK) 

Dispersal: 

- Initiate dispersion studies 
(UK) 

- Compare national box models 
and GESAMP models 

Development: 

- Conduct parameter and sensi
tivity study for HkA 

- Complete and incorporate geo
chemical component of the HkA 

- Design, define parameters for, 
and incorporate slope and 
shelf boxes 

- Drive HkA with GCM outputs and 
compare results to relevant 
GCM results 

- Specify coastal component para
meters for HkA 

- Construct final version of HkA 
for assessment studies 

- Intercompare all national box 
models and GCM test problem 

- Collect relevant coastal data 

Dispersal: 

Development! 

- Prepare a representative 
suite of simulations for 
1987 assessment report 

- Compare 1-0 version of MkA 
with ,,0th profiles 

- Compare HkA with natural 
tracer distributions 

Dispersai; 
- Complete MkA dispersion 
studies for 1987 assessment 
report 

- Continue dispersion studies 
in all national box models 
with a view toward the 1987 
assessment report 

B. Data (See 
Sect. 2.B 
above) 

- Add more geochemists 



Sarin* 1983 tu,r«<te)-Soring 1984 Soring 1984 (Berlin)-Soring 1985 Soring 1985 (Halifax)-Sorlna 1986 Serina 1986 (Urh1na)-Spr1no 1987 

C. Interactions - Add geochemlsts to POTG 

- Box model design phase with 
BOTG and RATE 

- Present RATG with interim 
POTG/BOTG MtA model and data 

RATG/BOTG Inputs to geo-
chemical overlay 

BOTG/RATG requests for 
coastal (shelf & slope) 
components of MkA 

Parameter and sensitivity 
studies coordinated with BOTG 
and RATG 

Develop biogeochemical and 

coastal components 
System evaluation 

- Present RATG with final 
POTG/BOTG MkA model and 
data in report form, 
including related mater
ial from REM and GCH 
research 

Design probabilistic driving 
studies (POTG) 

Present RATG with shelf and 
slope boxes 

Get dry matter deposition 
rates and Interface with 
Hark AI 

Estimate probabilistic 
driving (RATG) parameters 

I 

I 

BTG input to coastal component 
parameters 

BTG parameter evaluation (overall) 

RATG input by September 1985 

Large-scale verification fields 
with World Climate Research Pro
gram 

Draft MkA report, including in
puts to the 1987 modeling report 

Footnotes: 

LL means Low-Level Duapsite 
GME means Great Meteor East 
NAF means Nares Abyssal Plain 
NOAHP means NordOstAtlantisches Monitoring Program 
PN means POIVHODC 



APPENDIX C: POTG MEETINGS AND PARTICIPANTS 

In 1976, a meeting was held at Woods Hole, under the 
auspices of the NEA, to bring together different national 
interests for studying the feasibility of using the vast expanse 
of the global ocean and the geologic deposits underneath for 
solving the urgent international problem of high-level waste 
disposal. A year later the NEA Seabed Working Group (SWG) was 
officially formed at a second meeting in Washington, D.C. 

At the first meeting, a Water Column Working Group (WCWG) 
made up of scientists representing several disciplines, includ
ing geochemists, radiochemists, and physicists, assessed the 
status of océanographie knowledge available at that time for 
answering ocean transport problems related to the feasibility 
question. It was immediately apparent that the problem of 
dispersion from a deep-bottom source was unique in oceanography 
at that time. Previous interest had focused or. the surface 
circulation and processes in energetic regions thought to be 
scientifically more accessible than those being considered for 
possible repositories. Suddenly, oceanographers were being 
asked to look at the deep circulation and to interface ocean 
physics, chemistry, and biology to trace the evolution of 
particle-reactive radionuclides throughout the global ocean. 
The required knowledge was simply not available. With this 
early poor assessment for answering such an internationally-
important applied problem, the Physical Oceanography Task Group 
(POTG) was formed at the third meeting of the SWG in Albuquerque 
in 1978. The POTG, an extension of the original WCWG, was 
given the charge to focus the ongoing national programs within 
the SWG and to advance océanographie understanding through the 
development of a modeling methodology and a field data base 
that would provide reliable and credible answers. Since then, 
the POTG has pursued its directive with a growing, cooperative, 
international program of interrelated modeling and field 
research. The POTG meetings, both SWG annual and interim 
scientific working meetings, are listed below with participants 
and affiliations. 

-420-



POTG MEETINGS AND PARTICIPANTS 

1. WCTG (Water Column Task Group) 

Participants at the first SWG Meeting at 
Woods Hole, Massachusetts, USA, 

February 16-20, 1976. 

H. Kautsky, DHI, Hamburg 

R. Fukai, International Laboratory of Marine 
Radioactivity, IAEA 

H. Hill, MAFF, Lowestoft 

J. Swallow, IOS, Wormley 

G. Webb, NRPB, Harwell 

W. Gardner, WHOI, Woods Hole 

B. Taft, University of Washington, Seattle 

2. POTG (Physical Oceanography Task Group) 

Participants at the third SWG Meeting at 
Albuquerque, New Mexico, USA, 

February 6-7, 1978 

* - Task Group Leader 
+ - National Delegate 

F. Madelain*, COB, Brest 

H. Hill**, MAFF, Lowestoft 

A. Robinson*, Harvard University, Cambridge 
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"T7^ POTG Participants at the Fourth SWG Meeting at 
Albuquerque, New Mexico, USA, 

March 5-7, 1979 

Canada 

France 

Japan 

UK 

US 

G. Needier*, BIO, Halifax 

F. Madelain*, COB, Brest 

Y. Horibe*, ORI, U. of Tokyo, Tokyo 

H. Hill*, MAFF, Lowestoft 

J. Swallow, IOS, Wormley 

A. Robinson*, Harvard University, 
Cambridge, MA 

W. Barnard, Office of Technology Assessment, 
Washington, D.C. 

M. Devine, Ocean Dumping Division, NOAA, 
Rockville, MD 

M. Marietta, SNL, Albuquerque, NM 

France 

Japan 

Netherlands 

Switzerland 

UK 

POTG Participants at the Fifth SWG Meeting 
at Bristol, England, March 3-5, 1980 

I 

F. Madelain*, COB, Brest 

Y. Horibe*, ORI, U. of Tokyo, Tokyo 

K. Prangsma*, Royal Netherlands Meteoro
logical Inst., De Biet 

F. Nyffeler, U. of Neuchatel, Neuchatel 

J. Crease, IOS, Wormley 
P. Gurbutt, MAFF 
H. Hill**, MAFF, Lowestoft 
P. Saunders, IOS 
J. Shepherd, MAFF 
J. Swallow, IOS 

US A. Robinson*, Harvard University, Cambridge 
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5. POTG Participants at the Sixth SWG Meeting 
at Paris, France, February 2-5, 1981 

France 

FRG 

Japan 

Switzerland 

UK 

US 

F. Madelain*, COB, Brest 
A. Vangreisheim, COB 

H. Kautsky, DHI, Hamburg 

Y. Horibe*, ORI, U. of Tokyo, Tokyo 

F. Nyfffcler, U. of Neuchatel, Neuchatel 

H. Hill**, MAFF, Lowestoft 
S. Thorpe, IOS, Wormley 

A. Robinson*, Harvard University, Cambridge 

POTG Participants at the Seventh SWG Meeting at 
La Jolla, California, USA, 

March 15-19, 1982 

Canada 

France 

Switzerland 

UK 

US 

G. Needier*, BIO, Halifax 

F. Madelain', COB, Brest 

F. Nyffeler, U. of Neuchatel, Neuchatel 

R. Dickson, MAFF 
P. Gurbutt, MAFF 
H. Hill*, MAFF, Lowerstoft 

S. Kupferman, SNL, Albuquerque 
R. Lowrey, DOE/ALU, Albuquerque 
A. Robinson**, HU 

POTG Participants at the First Interim Meeting 
at Cambridge, England, 

August 31-September 3, 1982 

Canada G. Needier*, BIO, Halifax 
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France 

FRG 

Netherlands 

UK 

US 

C. LePrevost, Institut de Mechanique, 
Grenoble 

J. Veron, institut de Mechanique, Grenoble 

D. Schulte, DHI, Hamburg 

C. Veth, Netherlands Inst, for Sea Research, 
Denburg, Texel 

S. Czyzkowski, Dept. of Env., London 
A. Durance, MAFF, Lowestoft 
P. Gurbutt, MAFF 
P. Killworth, U. Cambridge, Cambridge 
S. Mobbs, NRPB, Harwell 
K. Richards, IOS, Wormley 
J. Shepherd, MAFF 

A. Robinson**, 
Cambridge 

Harvard University, 

8. POTG Participants at the Eighth SWG Meeting 
at Varese, Italy, May 30-June 3, 1983 

France 

Canada 

UK 

US 

F. Madelain*, COB, Brest 

G. Needier*, BIO, Halifax 

R. Dickson, MAFF, Lowestoft 
P. Gurbutt, MAFF 

A Robinson*, Harvard University, Cambridge 

9. POTG Participants at the Second Interim Meeting 
at Fontainebleau, France, January 9-12, 1984 

Canada 

CEC 

France 

B. Hargrave, BIO, Halifax 

D. Stanners, Ispra Establishment (Varese) 

D. Calmet, CEA, Paris 
G. de Marsily, Ecole des Mines, Fontainebleau 
C. LePrevost, Institut de Mechanique, 
Grenoble 
M. Poulin, Ecole des Mines, Fontainebleau 
A. Vangriesheim*, COB, Brest 
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FRG E. Mittelstaedt, DHI, Hamburg 

Switzerland 

UK 

US 

F. Nyffeler, U. of Neuchatel, Neuchatel 

P. Gurbutt, MAFF, Lowestoft 
S. Mobbs, NRPB, Harwell 

K. Cochran*, SUNY, Stony Brook 
M. Marietta*, SNL, Albuquerque 
A. Robinson**, Harvard University, 
Cambridge 

10. POTG Participants at the Ninth SWG Meeting 
at Berlin, FRG, March 27-29, 1984 

France 

FRG 

Japan 

Switzerland 

US 

A. Cavanie*, COB, Brest 

E. Mittelstaedt*, DHI, Hamburg 

Y. Nozaki*, ORI, U. of Tokyo, Tokyo 

F. Nyffeler*, U. of Neuchatel, Neuchatel 

M. Marietta*, SNL, Albuquerque 
A. Robinson**, Harvard University, 
Cambridge 

11. POTG Participants at the Third Interim Meeting at 
Neuchatel, Switzerland, January 7-11, 1985 

Canada 

CEC 

France 

FRG 

Switzerland 

G. Needier*, BIO, Halifax 

N. Murray, Ispra Establishment (Varese) 
D. Stanners, Ispra Establishment (Varese) 

A. Cavanie*, COB, Brest 
D. Calmet, CEA, Paris 
S. Charmasson, CEA, Paris 
M. Chartier, CEA, Paris 

E. Mittelstaedt*, DHI, Hamburg 

F. Nyffeler*, U. of Neuchatel, Neuchatel 

-425-



UK K. Richards*, IOS, Wormley 
S. Mobbs, NRPB, Harwell 

US K. Cochran, SUNY, Stony DIOOK 
M. Marietta*SNL, Albuquerque 
A. Robinson**, Harvard University, 
Cambridge 

12. POTG Participants at the Tenth SWG Meeting at 
Halifax, Nova Scotia, Canada, 

April 30-May 3, 1985 

France A. Cavanie*, COB, Brest 

Japan Y. Nozaki*, ORI, U. of Tokyo, Tokyo 

Switzerland F. Nyffeler*, U. of Neuchatel, Neuchatel 

US D. Lee, SNL, Albuquerque 
A. Robinson**, Harvard University, 
Cambridge 

13. POTG Participants at the Fourth Interim Meeting 
at Brest, France 

CEC D. Stanners, Ispra Establishment (Verese) 

France Y. Desaubies, COB, Brest 
M. Chartier, CEA, Paris 
M. Poulin, Ecole des Mines, Fontainebleau 
A. Vangriesheim*, COB, Brest 

FRG A. Karpf, Dornier GmbH, Friedrichschafen 

E. Mittelstaedt*, DHI, Hamburg 

Switzerland F. Nyffeler*, U. of Neuchatel, Neuchatel 

UK P. Gurbutt, MAFF, Lowestoft 
S. Mobbs, NRPB, Harwell 

US K. Cochran*, SUNY, Stony Brook 
A. Robinson**, Harvard University, 
Cambridge 
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POTG Participants at the Eleventh SWG Meeting 
at Wrbino, Italy, May 20-23, 1986 

Y. Desaubies*, COB, Brest 

Y. Nozaki*, ORI, U. of Tokyo, Tokyo 

F. Nyffeler**, U. of Neuchatel, Neuchatel 

POTG Participants at the Twelfth SWG Meeting 
at Mito, Japan, May 18-22, 1987 

M. Marietta**, SNL, Albuquerque 
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APPENDIX D: THE US/TASC BOX MODEL USED IN THE 
RATG RADIOLOGICAL ASESSMENT 

The radiological assessment program began with a baseline 
study that described schematically the evolution of a plume of 
contaminant via a chain of oceanic processes ordered, roughly, 
in terms of increasing physical length scales (Kupferman and 
Hoore, 1981). The work also introduced the useful concept of 
domain of occupation, and provided preliminary numerical 
dispersion estimates for hypothetical sites in the Atlantic and 
Pacific Oceans. 

D.l The Nested Boxes Model 

On the basis of that work, The Analytical Sciences Corpora
tion (TASC) was contracted to produce a working box model of 
the Atlantic and Pacific Oceans for radiological assessment 
(Koplik et al., 1984; Ensminger et al., 1984). The model they 
produced reflected Kupferman and Moore's discussion of the 
processes in that it was fully-nested (i.e., a box, within a 
box . . . ) . The boxes in this case represented physical pro
cesses, rather than geographical regions. Thus, contaminant 
from the sediments was spread first by the bottom mixed layer, 
then by eddy processes, and so on until the plume reached basin 
size (Figure D.l). The specific temporal scales chosen were 10 
days for the bottom mixed layer, 100 days for the eddy scale, 
1000 days for gyre scale, 100 years for the basin scale, and 
1000 years for the world ocean scale. Spatial scales (i.e., 
the box sizes) were estimated from the time scales, using known 
characteristics of the flow regimes. This procedure tends to 
enhance simulation accuracy. Regrettably, the approach does 
not lend itself well to the systematic inclusion of known 
characteristics of the general oceanic circulation. However, 
the model does include simple characterizations of: (1) 
instantaneous, linear, reversible, chemical scavenging; (2) 
bottom layer-sediment interactions via diffusion, sedimentation, 
and burial; (3) food-chain mechanisms; (4) simple radioactive 
decay chains. Thus, the model was process-oriented, as might 
have been expected, since its main objective was a sensitivity 
analysis of the system as a whole (i.e., the comparative import
ance of overall water transports, various pathways, and the 
sensitivity to numerical values of parameters such as concen
tration factors, distribution, diffusivities, partition coeffi
cients, and the like). 

D.2 The POTG Mark-I Model 

At about the same time that TASC was developing their 
nested-boxes model, the SWG, through the POTG, decided to use a 
box model approach to provide necessary planning input to the 
RATG. This resulted in the independent definition of the 
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Figure D.l. The Nested Box Configuration used by TASC, Based 
upon the Work of Kupferman and Moore (1981). 
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POTG's Mark-I box model.In contrast to the nested boxes model, 
the Mark-I model treats physical regions. However, it 
sacrifices realism to emphasize simplicity. Its prinicpal 
purpose is to facilitate sensitivity analyses relative to mass 
transfer. The Nark I models a hypothetical ocean consisting of 
three geographical regions, each having an upper water and 
lower water compartment (corresponding to the thermocline and 
deep water) for a total of six boxes (Figure D.2). Physical 
processes are limited to diffusion and horizontal advection. 
Thus, if the ratio of volumes of upper and lower boxes is 
fixed, the model has five characteristic times: upper and lower 
horizontal diffusion and advective times, and a vertical 
diffusion time. Vertical advection is discounted. Sensitivity 
analysis is therefore comparatively simplified. The sensitivity 
analyses were performed by the RATG, using wide ranges of 
variability (0(10*)) in the governing parameters (Poulin, 
1984). Vertical diffusion was found to be most important. 
Horizontal diffusion in the upper layer becomes important when 
other processes are weak. Lower-layer advection is more 
important than upper-layer advection (the lower layer is 
thicker and contains the source). The relative directions of 
upper and lower advection matter; opposite directions enhance 
dispersion. 

D.3 The US/TASC Combined Regional and 
Nested-Boxes Model 

Pressing forward with the original US objective of 
radiological assessment, S. L. Kupferman of SNL combined and 
expanded the previous two models, and using known and generally 
well-accepted descriptive characteristics of the general 
circulation, applied the resultant model to the Atlantic and 
Pacific Oceans in a form well suited for radiological assess
ment. The actual detailed running of the model was turned over 
to TASC. Two regional/nested models were developed, one for 
the northwestern Atlantic site and one for the north-central 
Pacific site. Since the rationale and parameterizations are 
basically the same for both models, they are discussed below 
without site specificity. 

D.3.1 Rationale and Parameterizations 

The box arrangements in both models are similar to the 
POTG II model. Thus, there are regional water and sediment 
compartments and nested process boxes within the regional boxes. 
An overall water-mass balance, based on observational data, is 
imposed at the outset. Then a solution containing N dissolved 
contaminants is introduced at a specified rate at the bottom 
and the time evolution of the concentration, dCi(N)/dt, of 
each constituent is modeled for all i boxes. Horizontal and 
vertical diffusive and advective constituent fluxes are 
modeled, as are chemical sorption, radioactive decay chains, 
sedimentation, and food-chain transport. 
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ud 

Figure D.2. Horizontal Transports for the 6-Box POTG Mark-I 
Model, Where, in this Conf iguratioi., Vertical Transports Have 
Been Taken Equal to Zero (Figure by W. Simmons). 
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Since each box is characterized by a single value of 
concentration, Ct(N), for each of the N chemical species 
within it, it is essential, if the model is to be plausible, 
that the process boxes be designed to emphasize homogeneity. 
That is, constituent transports between boxes must occur at the 
mean box concentrations, and variabilities such as occur in 
real temperature and salinity data cannot be accounted for 
directly. In general, this requires the time-scale for mixing 
in a process box to be small compared to the time-scale for 
flushing that box. It is also important to remember that each 
part of the box ocean is well-mixed, whereas the real ocean is 
stratified vertically and horizontally, and is possibly somewhat 
streaky in regard to contaminant fields. The box ocean has 
single, uniform advective transports across the common surfaces 
of neighboring boxes, whereas the real ocean has transport 
fields that occasionally contain narrow intense currents and 
broad, diffuse, time-variable flows; the two may even be 
opposite in direction and may have strikingly different water-
mass properties. Diffusion in a given box is characterized by 
a single eddy diffusivity. Thus, except for one or two process 
boxes, no distinction can be made between small-scale and meso-
scale processes, topographic processes, or Lagrangian processes 
such as lens-mixing. Sorption and sedimentation are also 
modeled as equilibrium processes, as are food-chain transports. 
These simplifications are all part of the inherent nature of 
box models. 

D.3.2 Geometry and Transports for the SNAP Site 

A hypothetical western North Atlantic site is located 
about 1000 km south of Bermuda on the Nares Abyssal Plain in 
roughly 5000 m of water. The horizontal compartmentalization 
is shown in Figure D.3. Because deep east-west communication 
is essentially not prohibited by the Mid-Atlantic Ridge, the 
eastern North Atlantic is not separately compartmentalized, but 
is grouped with remaining ocean waters. 

The western North Atlantic is vertically compartmental
ized into two layers, divided roughly at the 4°C isotherm and 
corresponding to southward-flowing North Atlantic Deep Water 
and northward-flowing North Atlantic Surface Water as shown in 
Figure D.4. The lower boxes are roughly 2800 m in height. 
Sediment boxes are treated as they were in the Pacific site. 

The imposed water mass balance is based primarily on the 
work of Worthington (1976), modified to allow for a 3 m/yr 
vertical advection in the North American and Guiana Basins and 
to absorb transports to and from the Norwegian Sea as an 
internal circulation in the Labrador Sea box. The essential 
features are: (1) a 6-Sv transport from the deep North American 
Basin carried by the Western Boundary Undercurrent; (2) a 3-Sv 
inflow to the Deep Labrador Basin; (3) a 2.5-Sv inflow to the 
Surface Guiana Basin (reduced from Worthington's 4-SV value to 
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allow for vertical advection at 3 m/yr while retaining 4-Sv 
inflow to the Surface Labrador Basin). The other features are 
determined by an assumed 3 m/yr vertical advection and mass 
continuity, box by box. Physical characteristics of the boxes 
are given in Tables D.l and D.2. 

Process boxes in the deep North American Basins are 
divided geographically to account for the strong gyre circula
tion induced by the Gulf Stream to the north and the strong 
eddy field to the south. As in the Pacific, the burial site is 
taken to be a 100 x 100 km2 area. Since the BML height is 
50 m and the vertical boundary layer eddy diffusivity is -10 
cmVs, the internal boundary layer mixing time becomes t » 
H2/4AZ or 7 days. 

Typical boundary layer velocities at the site are ~4 
cm/s, so the flushing time is 100 km/4 cm/s or about 29 days 
(roughly four times the mixing time). Thus, scale separation 
in the Atlantic model is not quite as strong as in the Pacific 
model, but is acceptable. The eddy box is again a minimally-
sized 200 x 200 km square. The scales for (1) mixing and (2) 
variability are taken as the time for horizontal diffusion (at 
AH ~ 107 cmVs) (1) from the site to the southern edge 
of the gyre box, and (2) double that distance. The times work 
out to 9.6 yr and 29 yr, respectively, which again is close, 
but acceptable. The rationale for selection of these particular 
times is debatable, but box modeling is a subjective art, as 
well as a science. The gyre box has a characteristic circula
tion time of about 2.5 yr and a mixing time which is probably 
less than a month, since the eddy field in this region is quite 
intense (AH ~ 5 x 10

7 cm2/s). 

The height of the eddy and gyre boxes is taken as the 
sum of the BML height, plus the advective and diffusive (Az ~ 2 
cmz/s) heights acquired while the contaminant spreads across 
the two boxes (i.e., during roughly 12 yr). This works out to 
50 + 36 + 390 m, or 475 m. 

Because AH * 5 x 10* cmVs in the remaining ocean 
waters box, there are three horizontal diffusivities in the 
model. In the numerical work, the smaller diffusivity was used 
when there was a choice. A brief sensitivity analysis suggested 
small dependencies on this value. Sedimentation was treated as 
in the Pacific. 

D.3.4 Sedimentation 

Sedimentation is one of two principal mechanisms for 
removal of radionuclides from the water column (the other is 
radioactive decay). Sedimentary removal is achieved by 
sorption onto suspended particles, followed by settling and 
burial. Sorption is also important in bottom sediments after 
canister leakage, but before introduction into the water column. 
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TABLE D.l. CONFIGURATION PARAMETERS FOR THE ATLANTIC 
(SOUTHERN NARES ABYSSAL PLAIN) SITE. 

COMPARTMENT 

W a t e r 

Site 
Hesoscal* Eddies 
Gyre 

Labrador * Top 
Labrador - Deep 

North American - Top 
North Aaerican - Deep 

Gui in* • Top 
Guiana • Deep 

Reaainini Ocean Waters 

Scdiaent 
Site 
Kesotcaie Eddies 
Cyre 
Labrador - Deep 
Guiana • Deep 
Rcaaininf, Ocean Waters 

Labrador • Neershore 
North Aaerican • Ntarshore 

AREA 

<. 2 > 

1.00«1010 

6 0 0 M 1 0 1 2 

4.00-1012 

4.90»1012 

390M0 1 2 

1.00»1013 

1.00*1013 

380M0 1 2 

J.80»1012 

343-10 1 4 

1.00-1010 

6.00«1012 

4.00«1012 

390«101 2 

38O-101 2 

3.43M014 

9.61«10U 

195«101 2 

7 . 4 W 0 1 1 

HEIGHT 

(a) 

SO 
«75 
« 5 

690 
2(90 

MO 
2335 

1370 
2080 

3960 

0 1 
0.1 
0.1 
0 1 
0.1 
0.1 

0.1 
0.1 
0.1 

VOLUME 

5.00»10U 

2.S5«1015 

1.90.1015 

3.40«1015 

1.05-1016 

l . fcl"10U 

2.33-101 6 

5.20-1015 

7.90«1015 

1.301M018 

1.00«109 

6.00» 1 0 U 

4.00M011 

3.90» 1 0 U 

3.80.101 1 

3.43»1013 

9.61«1010 

l . « » 1 0 U 

7.41«1010 
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TABLE D.2. AREAL INTERFACES AND DIFFUSION LENGTHS FOR 
THE ATLANTIC (SOUTHERN NARES ABYSSAL PLAIN) SITE. 

COMPARTMENTS 

Haaoacala Eddiat /Cyrt 

Haaoacala Eddiat/ 
Daap Cuiana 

Cyre/Dcap Labrador 

Daap North Aaerican/ 
Dacp Cuiana 

Daap North Aaerican/ 
Datp Labrador 

Dc«p Cuiana/ 
Rcaaining Ocean Uattra 

D«cp Labrador/ 
Reaaining Ocean Watart 

Top Cuiana/ 
Rcaaining Ocaan Vatcr* 

Top Cuiana/ 
Top North Aaerican 

Top North Aaerican/ 
Top Labrador 

Heaoïcala t d d i t s / 
Datp North Aaerican 

Cjrre/ 
Deep North Aaarican 

Datp North Aaarican/ 
Top North Aacrican 

Daap Cuiana/ 
Top Cuiana 

Daap Labrador/ 
Tap Labrador 

AREAL 
INTERFACES 

2 .1W0 9 

».20>10S 

8.37«10* 

3.OS»10* 

4.11.109 

2.70»10* 

2.91»10* 

1.78» 10* 

2.09»10* 

I .M«IO' 

p.00»1012 

* .00«10 1 2 

1.00«10X3 

3.8»101 2 

3.9»101 2 

VERTICAL 
DIFFUSION 

LENCTHS 
(a) 

• 
-

-

• 

• 

-

-

• 

-

-

475 

475 

1410 

1370 

•72 

HORIZONTAL 
DIFFUSION 

LENCTHS 
(a) 

8 .88-10 5 

4 . M » 1 0 6 

2.27»106 

2.59«106 

2.55«106 

2.93» 10* 

3.61«106 

2.92»10* 

2.*9>106 

1.81«10* 

• 

• 

-

-

• 
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For properly-emplaced canisters, the only nuclides that can 
escape the sediment are long-lived and either unsorbed or only 
very weakly sorbed. The behavior of these radionuclides is not 
greatly affected by changes in sedimentation rate. 

For thoroughness of the post-emplacement safety analyses 
and the assessment of accident scenarios, it is necessary to 
estimate sedimentation rates for the various world ocean 
basins. The sedimentation rates, fluxes, and comparable data 
used are shown in Tables D.3 and D.4. Fluxes are calculated 
using a sediment density of 513 kg/m3. The procedures used 
to obtain these rates are complicated, and the interested 
reader is referred to Section B.4 in the report by Koplik 
(1982). 

Generally, the sedimentation rates for the Atlantic and 
Pacific models are chosen to be consistent with the available 
core and sediment flux data. The rates used in the analysis 
result in a total world sediment load on the order of 1013 

kg/yr or about half the estimate of sediment delivered by 
rivers (Garrels and MacKenzie, 1971). 

D.4 The Low-Level Model 

While the US regional (nested) box model was being run 
for HLW radiological assessments, the need arose for a new 
low-level model to be used for intercomparison studies with the 
UK low-level model for NEA/CRESP investigations. The US 
responded with a model that is basically the same as the 
regional nested box model, but adapted to Northeastern Atlantic 
geometry and modified to allow for two different sizes of par
ticulate matter. This model was used for radiological assess
ment computations. Regrettably, the model dump site is rather 
close to the boundary of one of the model boxes, making dubious 
the assumption that mixing times are much greater than turnover 
times. Thus, the geographical definition of the boxes had to 
be adjusted so that source boxes would be nearer the center of 
their enclosing basin boxes. This necessitated a questionable 
readjustment of basin exchange data, including the assumption 
of mass-conserving, deep-advective flow values that deviate from 
reality. However, the model still compared favorably with the 
91 BXM (Mobbs et al., 1986). 

D.5 The POTG Mark-II Model 

In spring of 1982, at the Seventh Annual SWG meeting, 
the POTG was asked to develop and refine the Mark-I model to 
make it better able to accept biological boundary, and topo
graphic effects and to make it more adaptable for site-
specific problems including accident studies. In view of the 
fact that the US model, being being run at TASC, roughly fit 
these needs, it was decided to adopt the new US model design as 
the basis for the POTG Mark-II model. Because the Mark-II 
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TABLE D.3. SEDIMENTATION RATES AND FLUXES USED IN THE 
MID-PACIFIC SITE MODEL WITH COMPARABLE DATA. 

OCKAR TMMPOVT CQMMMWIt 

l i t * , IMF 

I M P aacar - 9. Keltic ami 
9. Pacific 

Marakara - 1 . Pacific M 4 
• . Pacific 

UaaialM Ocaaa «-tara 

SMtNtSTATIM 
•ATM 
( • / j r ) 

uio** 

JalOr* 

a«ur* 

•aio-> 

m m r 
run 

(h|/a-/yr) 

S . laW* 

l.tmltr* 

i.oaicr» 

J.lilO"* 

«MPAMMMTA 

«laM** a/yri Pacific M M ** • 
claya ( iMt l ta ta af 
Ocaaaatraafclc k l H c a i , H7 i ) 

l . lalO** - 2.H10-* a/ytt 
CMtral Mrtk Pacific 
(Bail leur «t a l . , 1M1) 

l i lO** - I t lO** • / - - : C M » 
Pacific kaala (aarrUa. 19M) 

a. ïaicr ' - *.3«1(T» k»/a* / -n 
». Pacific, m i l af M M l l 
(Maja. 19M) 

2.7aMr* - » . l»ur* k-/a-/-*« 
1 . Pacific, b a t Ravallaa 
AkaaMl Plaie (Maja at a l . . 
19M) 

7.JilfT* - 1.0*10*1 ka/a-/-ri 
PMlflc Mtgla (Uata at a l . . 
I f * * ) 

«.••10-3 - l . -slO*1 ka/«-/-r i 
atlaatlc Mrgla (Baa* at a l . , 
197») 

>"ii<r* • / - » ! Sarta Atlaatlc 
M f | l a ( lMt l ta ta af 
OcMMgraahlc tclMcaa, 1971) 
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TABLET D.4. SEDIMENTATION RATES AND FLUXES USED IN THE 
ATLANTIC (SOUTHERN NARES ABYSSAL PLAIN) MODEL. 

OCCAM TtAHFOU OOWJURMim 

tat» «atar - l i t » 
Htaaacala 
Cyr« 
Labrador 
I I . Aaarlcaa 
Calaaa 

Ikarahor* - Labrador 
• . Aaorlcaa 
Calms 

tsaalalaa Ocaaa batata 

miMDn«nw 
IATIS 
( • / j r ) 

ai<rJ 

j»i<r* 

Jal©-> 

KDII0OT 

run 
(k»/«J/yr) 

l.Oillf 

1.Oil(T I 

l.tal<r> 

OOMTOMU DATA 

lalO"' - Jal<TJ ml it i borth 
Atlantic act» (Iaatltata a( 
Ocaaaafraahle tclaaeaa, 197») 

l.SalO-5 a/yri ». AtUatie 
(Clark at a l . , 19a/)1 

1.3*10-2 k|/a2/yr: tartaaaa 
*aa (>ra««r at a l . , 1M0) 

4 .H10- ' - J.J»10-* kg/e^yr. 
». Atlaatlc Akyaaal Malaa 
(htoajo at a l . , 1992) 

T.JiWr' - l.OilO-l k , / . I / , r t 
Pacific aargla ( « 4 1 at a l . , 
1979) 

* .9«Hr* - 1.7»10-1 kg/a*/yrt 
Atlaatlc aargla (lava at a l . , 
1979) 

>2B10~* a/yri ". Atlaatlc 
aargla ( laatltatt al 
OcaaMgraahlc iclaacaa, 1979) 
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model is defined without referenceto specific geographical 
locations, it is simple to comprehend. The Mark-Il model is 
described in the report of the first interim POTG meeting 
(Robinson and Anderson, 1984), which serves as an introduction 
to the TASC-run models. 

Given the rich variety of US and UK box models that had 
evolved (from quite simple to quite complex), at the second 
Interim Meeting the POTG set out to converge on one recommended 
box model configuration, the Mark-A (for "assessment"). It 
would be run as a third-generation, radiological assessment 
model, using both accepted water-mass circulations and GCM test 
model equilibrium states to define the basic circulation 
pattern. The known temperature and salinity distributions 
would then be used to evaluate and calibrate the model. It is 
described in Section 6.3 of this volume. 
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