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ABSTRACT

From observations and simple model simulations, it has been established that a proper model
of the Halten Bank area must, as a minimum, (i) include the barotropic component and at least
one baroclinic component, (ii) allow shear instabilities to properly grow into eddies, (iii) include
vertical mixing to allow for entrainment of lower layer water masses into the upper layer,
(iv) allow for advection of density (temperature and salinity) in the upper water masses, and
(v) allow the inclusion of tides. All of these physics factors are included in the mathematical
formulation of fully three-dimensional numerical ocean models. Two such models, arbitrarily
named the POM model and the SINMOD model, have been used to simulate the current,
salinity and temperature structure in the Halten Bank area for March 1988 and then validated
against the Norwegian Continental Shelf Experiment 1988 (NORCSEX’88) data set. Although
the motion in the two models is governed by the same set of continuous equations, an inspection
of the parameterizations and numerical methods employed to solve the governing equations
reveals that the SINMOD model should be expected to provide smoother and less energetic
results than the POM model. It is also speculated that eddy growth is inhibited in both models
due to (i) the tendency of level models to create fictitious diapycnal mixing in areas of sloping
density surfaces, and (ii) too coarse resolution. These tonclusions are partially supported by the
validation analysis. In order to facilitate a meaningful model-model comparison and validation,
specific products were provided by careful analyses of both data and model results in accordance
with a preselected hierarchic set of comparison criteria. The criteria focus on mean circulation
patterns and horizontal and vertical distributions. The analyses reveal that the most probable
limitation inhibiting the models in reproducing the observed structures is the lack of horizontal
resolution. The chosen grid mesh size (4 km) only barely resolves the eddy scale dictated by the
Rossby radius of deformation, thus inhibiting eddy growth due to shear instabilities. Further,
both this and earlier studies conclude that it is an open question how complex a model needs
to be to be able to simulate the observed structure to a satisfactory degree.

1. Introduction hopefully, to improve design currents for offshore
activities. A major initiative was put forth by
the Norwegian oil industry, which has funded a
research program aimed at implementing an
operational three-dimensional model for the
region. The program consists of phases: In the first
phase, a small number of candidate models were
selected from a proposed group of existing models.
Here, the term “model” is used in narrow sense,
meaning the computer code running at a par-
- ticular institution. The first phase resulted in the

* Corresponding author. selection of two models, which participated in a

The Halten Bank is located on the continental
shelf off mid-Norway (see Fig. 1). With its tradi-
tionally rich fisheries and expanding oil activity,
the oceanography of the Halten Bank and sur-
rounding waters has been given considerable
attention over the past decade. Recently, efforts
have been made to utilize numerical ocean models
to determine the circulation of the shelf region and,
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Fig. 1. Map of the Nordic Seas and the Halten Bank
area. The coarse grid model domain corresponds to the
solid skewed rectangle inside of (a), while the fine mesh
model domain corresponds to the dashed rectangle
embedded within the coarse mesh. In (b) is shown a close
up of the Halten Bank area. Also shown is the horizontal
mapping areas (heavy boxes) denoted A, B, and C and
the vertical sections denoted I, II, III, IV, and IV’ (semi-
heavy lines) for data collected during the NORCSEX'88
field experiment. The coastline is revealed by the heavy
line, while the 200 m depth contour is shown in semi-
heavy solid lines. The shelf break roughly follows the
400'm depth contour, which is shown as a dotted line.
Otherwise the topography is shown by thin lines with a
contour interval of 200 m.
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second phase. In the second phase, the candidate
models were implemented for the Halten Bank
region and tested, against both observations and
each other. The results of the second phase are the
subject of this paper, while results from the first
phase may be found in Rged et al. (1989).

Numerical modeling of the currents near the
Halten Bank has been limited prior to the study
which is discussed here. Several barotropic models
have been applied with the aim of investigating
storm surges (Martinsen et al, 1979) and tides
(Gjevik and Straume, 1989). These models have
demonstrated great skill at reproducing water
levels and tidal currents, and show that the
barotropic mode is a major component of the total
current field on the shelf. However, they intrinsi-
cally lack the baroclinic modes and density varia-
tions, and offer poor (or no) information on the
vertical current structure. In particular, barotropic
models cannot generate the mesoscale eddies
which are so ubiquitous on the shelf. Haugan
etal. (1991) directly addressed the question of
eddy-generation by applying a two-layer quasi-
geostrophic model to the region. This simple
model, which used an idealized geometry and
topography, was able to reproduce many features
of the observed mesoscale variability, thereby
demonstrating the strong influence of topo-
graphy and baroclinic instability on the currents.
However, the quasigeostrophic assumption impli-
citly filters out inertia-gravity waves (e.g., Kelvin
waves), which are not insignificant components of
the total current field in the area.

The successes and deficiencies of these earlier
modeling efforts with regard to the three-dimen-
sional current field indicate the requirements
for more sophisticated and, presumably, more
accurate models. It was against this background
that the oil industry landed on the concept
of a fully three-dimensional, primitive equation
baroclinic model for currents in the Halten Bank
region. It was felt that only such a model could
include the important physical processes on the
shelf, on the temporal and spatial scales required.
There are basically two choices for such a model,
namely a layered model or a level model. In the
previous phase of this study, a layered model,
similar to the model applied by Thompson and
Schmitz (1989) to reproduce the Gulf Stream
eddies, was shown by Reged etal. (1989) to be
equally suitable for the task at hand compared to
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the level models. Unfortunately, this model was
not available for the present study. Still, within the
class of level models, there are a number of
approaches, based on different physical formula-
tions, subgrid-scale parameterizations, numerical
schemes, etc. As pointed out by Chassignet (1992),
in order to select such a suitable model, it is
necessary to make a careful examination and com-
parison of each model’s physical fundaments,
interpretability, and numerical efficiency, not to
mention applicability to the particular application
at hand.

The primary focus of the model-observation
comparison described in the following is on
currents, and an effort is made to assess how well
the models agree with observations during a given
simulation period. There is no standard procedure
for making such a comparison, and the criteria for
agreement formulated by two investigators will no
doubt differ. In the present work, a hierarchy of
comparison products is used, starting with the
most overall, or “integral,” types and working
down to more spatially and temporally detailed
products. The rationale for this classification is
that, only if the models reproduce the most general
features (is the main flow northward?) is it wor'th-
while to look at more detailed comparisons (say,
grid point currents against a current meter).

A brief review of the physical setting and
the currents in the Halten Bank region is given
(Section 2), the purpose of which is to elucidate
the capabilities which a model should contain.
Thereafter, Section 3 describes the two models and
how they were implemented and run for the
simulation period. Section 4 describes the set of
field observations selected for the validation, the
NORCSEX’88 data. The model-observation com-
parison is described and discussed in Section 5.
The final Section (6) contains a summary and
some concluding remarks.

2. The physics of the Halten Bank area

The mid-Norwegian continental shelf (Fig. 1a)
is characterized by mean depths of some 300 m,
with several shallower banks (~100m) and
deeper troughs (~450 m) complicating the bot-
tom relief. It is bounded by the very irregular
coastline on one side and a steep continental slope
on the other. In the south, the shelf is narrow and
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shallower (~200 m). Going northward, it widens
to a maximum of about 200 km, and deepens. Its
northward extent may be delimited by the Lofoton
archipelago, where the shelf again narrows drama-
tically. The Halten Bank is a major feature of the
area, rising to ~ 100 m depth and separated from
the coast by a deep trough (400 S00 m depth). In
the following, most attention will be given to the
southern part of the shelf, since the field observa-
tions used in the validation are concentrated there.

Two water masses determine the hydrography
on the shelf: Atlantic water and coastal water. The
Atlantic water mass, which enters the area from
the Faroe-Shetland Channel (McCartney and
Talley, 1984), is saline (>35psu) and of fairly
constant temperature (6°-8°) year-round. It is
associated with the Norwegian Atlantic Current
(NAC), which flows northward along the con-
tinental shelf slope. The coastal water mass, which
is composed of water from the Baltic, the North
Sea and freshwater run-off, is characterized by
lower salinity and more strongly varying tem-
perature; in winter and early spring, it is colder
than the Atlantic water. It is associated with the
Norwegian Coastal Current (NCC), which flows
generally northward along the coast from the
Skagerrak to the Barents Sea. It should be recalled
that, in this range of salinities and temperatures,
the density is determined largely by salinity.
Furthermore, in these waters, the temperature field
nearly parallels the salinity.

These two water masses meet in the southern
part of the region, and a sharp surface front is
formed between them. In a vertical cross-section,
they form a characteristic coastal two-layer
system. The coastal water appears as an upper
layer wedge, with maximum depths of 50-100 m,
lying above the lower layer Atlantic water.
Between them is a relatively sharp pycnocline,
which is essentially parallel to the halocline. The
lateral extent of the coastal water varies greatly,
but the NCC coastal jet has a width of ~10 km,
which, not surprisingly, accords with the typical
internal Rossby radius of deformation (5-10 km).
In the narrow southern part of the shelf, the front
appears to follow the shelf break (Haugan et al.,
1991). As the shelf widens and deepens northward,
the topographic constraint on the front weakens
and the front becomes more unstable. Topo-
graphic features on the shelf, like troughs and
banks, can then induce the formation of intense
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mesoscale structures. Infrared satellite imagery
from the area show an abundance of eddies,
meanders and streamers (Haugan et al., 1991). In
addition, topographic variations along the shelf
break tend to steer Atlantic water onto the shelf in
preferred areas.

In the vicinity of the Halten Bank, the NCC jet
narrows and accelerates under the influence of the
offshore bank and the deep intervening trough.
Around the bank itself, there is a tendency to
anticyclonic circulation, probably due to Taylor
column dynamics (Eide, 1979). This circulation is
most likely in the winter when the stratification
is weakest, and it can cause a counter-current
(towards the SW) on the shoreward flank of the
bank.

On average, the NCC transport is less than
0.5Sv (1Sv=10°m’s™"'), varying from 0 to 1 Sv.
Observed speeds vary from 0 to over 1 m s !, with
a winter average of about 0.2 m s~! (Eide, 1979).
The corresponding transport magnitudes for the
NAC are not well known, but they are certainly
larger. McCartney and Talley (1984) proposed
a value of about 5 Sv, based on heat and mass
balances, and that figure is sufficient for the
present use (the two participating models used this
figure). Current measurements in the NAC at the
shelf break show typical speeds of up to 1 ms ™!,

In terms of the physical processes which deter-
mine the current field on the shelf, the NAC and
NCC have quite different origins. The NAC is a
branch of the general thermohaline circulation of
the North Atlantic, Nordic and Polar Seas, and
may therefore be considered an external influx to
Norwegian waters. The NCC, on the other hand,
is largely a result of density differences which
originate in the Nordic region (Gammelsrgd and
Hackett, 1981).

In addition to the two semi-permanent currents
and the mesoscale eddy field, the current field has
a strong atmospherically forced component on
time scales of several days. This forcing is effected
not only through local wind traction and pressure
changes, but through up- and downwelling events
whose signals propagate along the coast as inter-
nal Kelvin waves. It is largely this component
which accounts for the extreme velocities and
transports which have been observed. Further-
more, there are inertial oscillations connected with
wind events which may cause current velocities of
~0.1ms~! (Eide, 1979). Finally, tidal currents,
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which have amplitudes of 0.05-0.15ms~! and
large spatial variations (Gjevik and Straume,
1989), make a modest but not insignificant
contribution to the total current.

With reference to model capabilities, the impor-
tant physical features of the current field in the
Halten Bank region are: (a) density stratifica-
tion, (b) externally determined boundary fluxes,
(c) topographic effects, (d) mesoscale structures,
(e) wind forcing, (f) tides. In order to be able to
reproduce such features, a model must include the
following.

(1) The barotropic mode, in order to include
topographic effects and the tides.

(2) Atleast one baroclinic mode, so as to allow
for both baroclinic and barotropic instability
mechanisms.

(3) Vertical mixing, in order to allow for the
entrainment of underlying Atlantic water into the
coastal water.

(4) Advection of temperature and salinity
(density) in the upper water masses, so as to allow
the formation of dipole eddies and streamers along
the front.

(5) In connection with 2 and 4, it is necessary
that shear instabilities be allowed to properly grow
into eddies, ie., there should not be excessive
damping.

(6) Diverse boundary conditions, so as to
accommodate bottom topography, local wind
forcing and externally driven currents in realistic
simulations.

3. The two models employed

Model results from simulations with two fully
three-dimensional numerical models belonging to
the class of level models (as opposed to layered or
isopycnal models) were made available for this
validation study. Such models certainly include, if
properly implemented, the necessary components
presented at the end of the previous section.
Attempts to include a layer model in this study
for comparison with the level models unfor-
tunately failed. The two models will henceforth
arbitrarily be referred to as the POM model and
the SINMOD model. A detailed description of
the POM model, including the methods used to
produce the model results presented below, may be
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found in Oey and Chen (1992a, b). A less detailed
description of the SINMOD model may be found
in Slagstad and Stgle-Hansen (1991). A complete
set of the simulation results from the two models as
used in the validation study and presented in a
uniform fashion, may be found in Hackett and
Roged (1992). The POM model is a version of the
Princeton Ocean Model, the details about which
may, in addition to Oey and Chen (1992a, b),
be found in Blumberg and Mellor (1987). For
further details on the SINMOD model the reader
is referred to Slagstad (1987). Only a limited
description of the two models will be provided
here to help the reader appreciate the similarities
and differences between them and the possible
implications this may have on the model-model
comparison and on the validation.

Both models are based on a standard formula-
tion of the conservation equations for momentum
and mass, utilizing the hydrostatic and the
Boussinesq approximations, viz.

polu, +u-Vu+wu,+ fk xu)

=~-Vp+(4,u.).+F, (3.1)
p:=—p8 (3.2)
e,+u-Ve+ we,

=(K,e.).+V-(Ky Ve), (3.3)
Vou+w, =0, (34)
p=p(S, T). (3.5)

Here, u is the horizontal velocity, with components
(v, v), and w is the vertical velocity component.
V is the horizontal gradient operator, f is the
Coriolis parameter, k is the vertical unit vector,
po is a reference density, p is pressure, A4, is the
vertical eddy viscosity, g is the gravitational
acceleration, z is the vertical coordinate (positive
upwards), e represents either temperature T or
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salinity S, and K, and K}, are the associated verti-
cal and horizontal eddy diffusivities, respectively.
The density p is related to salinity and temperature
through an equation of state (3.5). Both models
assume the water masses to be incompressible,
leading to the simple conservation equation (3.4).
F refers to the horizontal mixing term added
to parameterize sub-grid scale processes, i.e.,
processes that are not resolved by the chosen grid
size. Their role is further to damp out the grid
scale noise in the model to prevent this noise from
growing through nonlinear (numerical) instabili-
ties. Subscripts z and ¢ refer to a derivative with
respect to the subscript.

The first major difference between the two
models is in their parameterization of the horizon-
tal mixing term F (Table 1). The SINMOD model
uses the commonly applied eddy viscosity concept,
Le.,

F=A,Vu, (3.6)

where A4, is the (constant) horizontal eddy
viscosity, while the POM model uses the some-
what more complicated parameterization credited
to Smagorinsky (1963), i.e.,

F=V.-R,
_ 2Aqu,
N Ay(u,+v,)

In SINMOD, Ay and K, are (rather large)
constants, while in POM these are given by the
formula

Ay=Ky=CAxAy

AH(uy—HJX)]' (3.7)

24yv,

x [u+ 02+ 5(u, +0,)°"1" (3.8)
where Ax and Ay are the horizontal grid distances
and C is a constant. In the applications shown
here, the reported values for the eddy viscosity are

Table 1. Major physical differences between the POM and the SINMOD model

Variable or parameter Symbol POM SINMOD
vertical coordinate — o-coordinates z-coordinates
vertical eddy viscosity A,,K, computed using Mellor and Yamada  computed using Richardson
and diffusivity (1982) formulation number formulation
horizontal eddy viscosity Ay, Ky computed using Smagorinsky constant in time and space
and diffusivities (1963) formulation
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in the range 2-12m?s~! for the POM model,
while the SINMOD model uses a constant value of
50m?s~1L

It should be noted that the use of too large
values for Ay and Ky may result in excessive
smoothing, which in turn inhibits proper growth of
eddies due to barotropic and baroclinic insta-
bilities (Stern, 1975). This is further compounded
by the fact that level models in general tend
to create fictitious cross-isopycnal (diapycnal)
mixing in areas of sloping isopycnals (Huang and
Bryan, 1987). This is unwanted from a physical
point of view since mixing in the ocean is pre-
dominantly along isopycnals. The Smagorinsky
parameterization, which according to (3.7) and
(3.8) is limited to areas of large shear, tends to
reduce this fictitious diapycnal mixing and
hence constitutes a physical improvement over the
parameterization utilized by the SINMOD model.
It should be noted however, that POM, in addi-
tion to the Smagorinsky formulation, uses an
explicit filter to damp the grid scale noise. This
effectively enhances the horizontal mixing.

Another major difference between the two
models is found in the treatment of the vertical
coordinate. While the SINMOD model discretizes
the equations in a Cartesian coordinate system,
POM first transforms the governing equations to a
terrain-following coordinate system (commonly
referred to as g-coordinates) before the continuous
equations are discretized. In such a system the
vertical coordinate is transformed according to the
equation

z—n

== 39
’ H+n (39)

where 7 is the deviation of the free surface from its
equilibrium position (z=0) and H is the equi-
librium depth of a water column (Oey and Chen,
1992a, b).

B. HACKETT AND L. P. RQED

The final major difference in the physical for-
mulation of the two models is in the parameteriza-
tion of the vertical eddy viscosity and diffusivity
(Table 1). Many of the processes that influence the
magnitude of the diffusion coefficient for salinity,
temperature and momentum (eddy viscosity) are
poorly known. However, these processes signi-
ficantly influence the dispersion and diffusion
(mostly diapycnal mixing) of these quantities, as
well as the associated flow field. In the SINMOD
model, the eddy viscosity and the vertical diffusion
are functionally dependent on the Richardson
number. In the POM model, a higher order tur-
bulence closure scheme credited to Mellor and
Yamada (1982) is applied to compute these coef-
ficients. In the latter formulation, the turbulent
energy is allowed to be advected, i.e., areas
containing events of large vertical mixing may
export these events by advection. Again, the choice
made in the POM model is more complex and
sophisticated than in the SINMOD model.

In short, the parameterizations of the horizontal
and vertical mixing terms are more complex in the
POM model. In this connection it is interesting to
note that the use of increasingly more sophisti-
cated formulations of these processes, particularly
formulations based on poorly known physics with
an associated high degree of uncertainty, does not
in itself necessarily reduce the uncertainty in the
final model results (GESAMP, 1991). Although
the parameterizations utilized in the POM model
are more complex and sophisticated than those in
the SINMOD model, they are nevertheless based
on an improved understanding of the underlying
physical processes. Thus, the POM model is, at
least theoretically, expected to produce results that
have less uncertainty.

The two models also differ in the numerical
methods employed in the integration of the gover-
ning equations (Table 2). In the POM model,

Table 2. Numerical characteristics of the two models POM and SINMOD

Equation Name POM SINMOD
momentum time differencing leap frog + mode splitting semi-implicit + mode splitting
(eq.3.1) space differencing centered centered + upstream in space
mass time differencing leap frog + mode splitting  semi-implicit + mode splitting
(eq.3.3) space differencing centered upstream

open boundaries nesting + FRS nesting + FRS

FRS = Flow Relaxation Scheme (Martinsen and Engedahl, 1987).
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special care has been exercised to prevent artificial
numerical fluxes, diffusion, dispersion and dissipa-
tion when choosing the numerical methods. Most
of the code is explicit, eliminating the dissipa-
tion inherent in implicit or semi-implicit schemes.
Further, care has been taken to employ schemes
which conserve integral quantities, such as poten-
tial vorticity, kinetic energy, etc. The POM code is
also computationally more efficient in that efforts
have been made to optimize the code. These latter
points are the result of the model having been
extensively used and improved upon by several
scientists over the years. In short, POM is a
mature model that has been subject to many of
the stages of a “quality assurance procedure” as
defined by GESAMP (1991), i.e., to aspects related
to model verification, sensitivity tests and valida-
tion. This is not the case for SINMOD. It is a
rather “young” model, and may be said to be in its
infancy regarding procedures relating to quality
assurance.

The model results were produced by the follow-
ing procedure (for details the reader is referred to
Oey and Chen, 1992a). A fine mesh grid (4 km
mesh size) covering the area 61°—66°N latitudes
and 2°W-12°E longitudes was embedded within
a coarse mesh model grid (20 km mesh size)
defined approximately by the 51°-76°N latitudes
and 20°W-22°E longitudes (Fig. 1a). A dynamic
coupling between the 2 grids was allowed for
(Oey and Chen, 1992a), in which the solution
within the fine mesh area was driven by the values
derived from the coarse mesh solution around the
boundaries of the fine mesh area.

The simulation was initialized from a 585 days’
quasi-equilibrium calculation, and included real-
istic meteorological forcings, inflows/outflows
across the open boundaries (inflow of the North
Atlantic warm water in particular), tides, coastal
and Baltic discharges, and wintertime hydro-
graphy for model depths larger than about 500 m.
This 585 day spin-up consisted of 3 stages. The
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first stage (days 0-150) was a diagnostic pre-
processing run in which the model was forced by
the Levitus (1982) climatology and the Hellerman
and Rosenstein (1983) wind stress to find the
boundary elevations associated with the mean
climatological wind forcing and the large scale
inflow of North Atlantic water. The second stage
(days 150-345) was initialized from the previous
stage and consisted of a semi-prognostic run with
tides only (assuming that the mean climatological
wind is inherent in the specified boundary eleva-
tion from the previous diagnostic run). In the third
stage (days 345-585), again initialized from the
previous stage, the realistic wind and discharge
forcings for February and March 1988 (60 days),
as detailed by Engedahl and Martinsen (1988),
were applied cyclically four times.

The model products used in the present
validation exercise were derived from a fifth
cycle (60 days) starting at the end of the 585 day
spin-up. Again the observed wind and discharge
forcing for February and March 1988 were used.
Various model products were then archived for
later validation against archived observational
products, as explained in Section 5.

4. The NORCSEX’88 data set

The NORwegian Continental Shelf EXperiment
(NORCSEX) was carried out in March 1988 in the
vicinity of the Halten Bank on the Norwegian
shelf. The primary aim of the experiment was to
collect validation data for the ERS-1 satellite. The
field program included observations of hydro-
graphy and currents both from moored current
meters and from a moving ship. In addition,
many measurements with direct relevance to
remote sensing were performed. Scientific results
from the experiment are published in a special
section in Journal of Geophysical Research
(Johannessen, 1991). The NORCSEX’88 data

Table 3. Horizontal areas from NORCSEX 88 selected for use in the evaluation study (cf. Fig. 1b)

Name Time span Latitude Longitude
A 25 March 1988 18:00-26 March 1988 16:00 63°00'—64°00'N  5°45"- 8°00'E
B 16 March 1988 08:00-19 March 1988 19:00 63°20'64°40'N  5°30- 8°30'E

C 13 March 1988 07:00-16 March 1988 08:00

64°00—65°05'N  8°00-10°30'E
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Table 4. Vertical sections from NORCSEX 88 selected for use in the validation study (cf. Fig. Ib)

Name Time span Start position End position Ship’s heading
I 13 March 1988 2110-2400  64°40'N 8°00'E ~ 64°40'N 10°15'E 90°
II 16 March 1988 0815-1300  64°06'N 7°50'E ~ 64°09'N 5°50'E 273°
I 20 March 1988 0920-1800  63°27'N 7°28'E  64°12'N 5°44'E 315°
v 21 March 1988 04500830  64°15'N 5°35'E ~ 63°57'N 6°18'E 315°
v’ 25 March 1988 1750-2100  63°50'N 7°05'E ~ 63°36'N 7°45'E 315°

has later been analyzed with a model validation
purpose in mind (Johannessen and Haugan, 1991,
henceforth JH). The resulting data products, along
with the relevant literature, constitute the observa-
tional input to the present work.

The ship-borne observations are perhaps the
most interesting from the viewpoint of model
validation. Since the ship was moving, it is possible
to obtain a quasi-synoptic picture of the horizontal
fields. The hydrographic measurements, i.e., tem-
perature and salinity, were performed with a CTD
sonde mounted in a towed undulator. This vehicle
was configured to undulate over a nominal depth
range 0-130 m. The current measurements were
made with an ADCP, which obtained vertical
current profiles between 10 m below the surface
and 10-20 m above the bottom with 4 m resolu-
tion. With a typical ship speed of 7.5 knots, the
horizontal resolutions were 1000 m for the tem-
perature and salinity profiles and 600 m for the
current profiles.

On the basis of the observations, three horizon-
tal mapping areas and five vertical sections were
selected, together with the current meter mooring
sites, for comparison with model results. The 3
areas and 5 vertical sections are defined in Tables
3, 4, and displayed in Fig. 1b.

5. Model-observation comparison

In order to perform a meaningful model-model
comparison and a model validation a set of assess-
ment criteria has to be chosen. The philosophy
behind the criteria chosen for this study is to order
them in a hierarchy, in which the priority is
assigned according to the level of spatial specificity
in the products to be compared, with the highest
priority to the most “integral” products. The 5
criteria with highest priority are: (i) the mean cir-

culation, (ii) the sea level variability, (iii) volume
transport through vertical sections, (iv) the
horizontal distributions, and (v) the vertical
distributions.

These criteria were originally formulated on the
basis of the available observational products
shown in JH, and on the assumption (hope) that
the corresponding model products were available
or could readily be produced. This assumption,
unfortunately, did not prove to hold. In particular,
model output specifically designed for testing
criteria (i) and (ii) was not available. Both model-
ing groups did, however, make available horizon-
tal sections, vertical sections and point time series
corresponding to the ship and mooring data
collected during NORCSEX’88. Thus, it is still
possible to address the basic issue involved in
criterion (i}—the general circulation pattern—
using the three horizontal mappings (cf. Fig. 1b).
On the other hand, suitable time series of the
surface elevation field are not available from the
models, so that a test according to criterion (ii)
must be neglected.

Thus, the model-observation comparison starts
with a comparison of volume transports, and
continues with a comparison of the horizontal
and vertical distributions. The question about
the general pattern of the mean circulation is
addressed in the section on horizontal distribu-
tions. Although the main topic of this study is
currents, some attention will be given to the
salinity and temperature, as they offer valuable
insight into the workings of the models. In the
following, results from the models will, as a rule, be
presented in alphabetical order, ie.,, POM, then
SINMOD.

5.1. Volume transport through vertical sections

The volume transport was calculated for each of
the vertical sections defined in Table 4 and shown

Tellus 46A (1994), 2
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Table 5. Volume transport in Sv (10° m? s—") through vertical sections, 0-250 m (cf. Fig. 1b and Table 4)

Observed (ADCP) POM SINMOD
Section N S Total N S Total N S Total
1 +0.858 —0.477 +0.381 +1.141 —0217 +0923 +0.580 —0.391 +0.190
II +0.378 —0.967 —0.589 +0.620 —-0410 +0.210 +0.600 —0.164 +0.436
111 +2.148 —1.396 +0.752 +2.857 —0.302 +2.555 +2272 —0.109 +2.163
v +1.495 —0.006 +1.489 +0.907 —0.000 +0.907 +0.993 —0.000 +0.993
v’ +0.649 —0.686 —0.037 +0.319 —0.100 +0.219 +0494 —0.140 +0.354

Positive values indicates northward transport. The columns N and S indicate how much of the transport is in the
northward (+) and southward (—) direction, respectively. “Total” is the sum of the two. The times of the sections
are given in Table 4. The values for POM are averaged over two tidal cycles (~25 h) and centered on midday on the
date given in Table 4. The values for SINMOD are based upon instantaneous sections at the following dates and
times: Section I: 14 March 1988 00:00, Section II: 16 March 1988 12:00, Section III: 20 March 1988 12:00, Section IV:
21 March 1988 04:00, and Section IV': 25 March 1988 20:00.

in Fig. 1b, using the velocity component normal to
the section. The depth range was limited to the
upper 250 m.

In the case of the observations, the ADCP
velocities from 10, 14, 18, 22, 26, 30, 34, 38, 46, 54,
62, 70, 86, 102, 118, 134, 166, 198, 222, and 242 m
were used, dependent on the water depth. For
water depths less than 250 m, the deepest observa-
tion used was that nearest to 80% of the water
depth. Below this depth the ADCP is known to
return data of questionable quality, and the ADCP
data below this depth were, therefore, replaced by
a linear decrease to zero velocity at the bottom.
The ADCP configuration and preprocessing are
described in JH. For the transport calculations,
an additional spatial low-pass filter with a 5km
cut-off was applied.

Vertical sections from POM were supplied as
averages over the time span of the ship’s track; the
results were interpolated to 50 points in the
horizontal, regardless of the length of the section.
Vertical sections from SINMOD were supplied at
a series of times (every 4 hours) covering the ship’s
track and at the approximate model grid spacing
(4 km); the values in Table 5 refer to the speci-
fically chosen instantaneous sections. For both
models, the supplied vertical sections of normal
velocity were first interpolated to a denser grid
as a step in contour plotting (see Subsection 5.3
below); the volume transport to 250 m was then
calculated from the gridded values.

A simple regression analysis of the total trans-
port gives

Tellus 46A (1994), 2

POM =0.63-DATA +0.71,
r?=0.27,

SINMOD =0.50 - DATA + 0.63,
r?=0.24,

SINMOD =0.76 - POM + 0.10,
r?=0.82.

(5.1)

In a statistical sense, the model-observation
comparison is not good. Squared correlation
coefficients (r?) less than 0.3 indicate only a
weak correlation. However, a regression analysis
of the northward (positive) component alone
shows that the northward transport is much better
reproduced by the two models, viz.,

POM = 1.18 . DATA —0.08,
r’=0.78,

SINMOD =0.92 - DATA + 0.01,
r?=0.85,

SINMOD =0.71 - POM + 0.15,
r2=091.

(5.2)

An examination of the distribution of velocity in
the vertical sections (see Subsection 5.3 below)
indicates that much of the discrepancy is found in
the deeper part of the sections (below 100 m).
Also, the locations of the NAC and its associated
meanders play a role.



122

It should also be noted that the transport
estimates of the two models are much more in line
with each other (r?=0.82 and 0.91) than with the
data. This indicates either that there are important
physical processes which are left out of the models,
or that those processes included are not known
well enough to be given a proper parameterization.
Further, since the two models reproduce the
northward flow much better than the total trans-
port, the northward flux may be a manifestation
mainly of the specified large scale fluxes on the
coarse mesh grid. However, if true, this implies
that the northward flow in the Halten Bank area is
sensitive to the specification of these large scale
fluxes, and by implication to the nesting technique.

5.2. Horizontal distributions

For the observations, use is made of the objec-
tive analysis maps of temperature, salinity and
velocity found in JH. These maps are to be viewed
as a “smart” interpolation, where also the tem-
poral scale is taken into account. No further
processing of these maps has been performed here.
The horizontal fields supplied from POM were
constructed from model results averaged over two
tidal cycles (~25 h), which were supplied at 24-h
intervals, i.e., one field per day for each area. From
SINMOD, instantaneous horizontal fields were
supplied at a series of times (every 6 h) encompas-
sing the time span of the ship surveys, and as a
superset of the mapping area at the model grid
spacing (4 km).

To facilitate the comparison, the salinity, tem-
perature and velocity fields from the observations
and both models were plotted in the same map
projection and with the same contour intervals.
A selection of these maps at the 25m level is
included here in Figs. 2-4. A more complete set is
found in Hackett and Reed (1992).

In making a comparison of these fields, the dis-
parity in their temporal sampling must be kept in
mind. The two model fields have different sampling
(diurnal averages and instantaneous), but they are
consistent for each of the three areas. In the objec-
tively analyzed observed fields, on the other hand,
a constant e-folding time scale (2.5 days) was used,
but the temporal information is affected by time
span of the data collection. For example, in the
case of a long survey (several days), there may be
significant changes in the velocity field, e.g., move-
ment of an eddy structure through the area. The

B. HACKETT AND L. P. RQED

objective analysis then tends to smooth the struc-
ture of the synoptic velocity field. For this reason,
maps showing the instantaneous velocities along
the ship’s track are included in Fig. 5. (These also
serve to show the data coverage, i.e., they indicate
where the objective analysis is interpolating and
extrapolating.) Thus, the objective map of area A
(Fig. 2a) which is quasi-synoptic and has no inter-
secting tracks, agrees very well with the instan-
taneous observations (Fig. 5a), while the objective
maps of areas B and C (Figs. 3a, 4a), which span
2-3 days and have many intersecting tracks, show
some significant deviations from the instantaneous
observations (Figs. 5b, 5¢c). The corresponding
objective maps of temperature and salinity (Figs.
2d, 2g, 3d, 3g, 4d, 4g) are probably affected in the
same manner.

A comparison of the velocity fields from the
observations and the models (Figs. 2a, 2b, 2¢, 3a,
3b, 3c, 4a, 4b, 4c) leads to the following general
conclusions: (a) both models are able to produce a
northward flow at the coast and at the shelf break;
(b) the POM velocities are generally of the right
order of magnitude, while the SINMOD values are
too small; (c) there is more of an “eddy zoo” in the
POM fields than in the SINMOD fields, i.e., POM
is more free to generate eddies and meanders while
SINMOD is more restrictive; (d) the eddy and
meander structures generated by the models are
not located “correctly;” (e) in the Halten Bank
area (area C, Fig. 4a), both models do fairly well in
reproducing the coastal jet and the weak flow near
the bank.

There is also an occasion where the models
appear to be successful in reproducing eddies at
about the right place. In area A (Fig. 2), the obser-
vations show a cyclonic eddy in the central part of
the area and an anticyclonic eddy in the southwest
corner (Figs. 2a, 2d, 2g). POM produces a cyclonic
eddy somewhat further to the northeast (Figs. 2b,
2e, 2h), while SINMOD has an anticyclonic eddy
nearer the coast (Figs. 2¢, 2f, 2i). Neither model
has both structures clearly defined. Satellite IR
images (see Fig. 1a of Haugan et al.,, 1991) show
that the observed structures are associated with
cross slope exchanges; the cyclonic eddy is a core
of Atlantic water which has intruded onto the
shelf, while the anticyclonic eddy is connected with
a bulge in the shelf break front. While the models
have elements of these cross-slope features, they
do not reproduce the observed intensity of the

Tellus 46A (1994), 2
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Fig.5. Instantaneous ADCP velocity along the ship’s
track for the horizontal mapping areas A (a), B (b) and
C (c). See Fig. 1b and Table 3.

exchange, in the sense of strong flows crossing the
slope at an acute angle.

A comparison of the currents at several levels
(other levels not shown here) shows that the
vertical shear in the models is less than that
observed, especially for the SINMOD model. This

B. HACKETT AND L. P. RQED

will be addressed in detail in the following section
(vertical distributions).

Extending the comparison to include the instan-
taneous ADCP velocities (Fig. 5) indicates that
the POM results agree better with the objectively
analyzed fields, while the SINMOD results fare
better when compared with the instantaneous
currents. This suggests that the objective analysis
tends to apply the same kind of smoothing to the
data as the averaging used in the POM fields.

In the salinity and temperature fields, the models
appear to differ considerably from the observa-
tions. This is particularly true for SINMOD,
the reasons for which will become apparent in
the following section (vertical distributions).
POM, on the other hand, actually has a number
of features which are qualitatively reproduced.
Recalling that attention must be restricted to the
areas in which there is actual data coverage, there
are instances of maxima and minima in POM
which agree generally with the observed fields. For
example, in area B the model reproduces quite well
the salinity maximum in the southwest and the
minimum to the northeast (Figs. 3d, 3e). There
are also positive points in POM’s salinity field
in area C (Figs. 4d, 4¢). However, in area A,
POM has no indication of the off-shore salinity
minimum seen in the observations (Figs. 2d, 2e).
Furthermore, POM seems to be less consistent
than the observations in keeping temperature and
salinity positively correlated.

5.3. Vertical distributions

The data and the model results used here are the
same as those described in Subsection 5.1. First,
consider section II, which extends from the con-
tinental shelf break to mid-shelf (cf. Fig. 1b). The
observed current structure (Fig. 6a) shows cores of
northward and southward flow near the shelf
break, and generally southward flow over the shelf.
Both models present the same qualitative picture:
northward flow at the shelf break and at mid-shelf,
with a weak southward flow between. In other
words, neither model reproduces the counter-
currents near the shelf break, and both produce a
northward flow at mid-shelf, which is barely
indicated in the observations. POM appears to
reproduce the velocity magnitude and vertical
shear somewhat better than SINMOD, whose
velocity field is much smoother and has weaker
gradients. The large discrepancies found in the

Tellus 46A (1994), 2
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Table 6. Ranges of normal velocity, temperature and salinity in vertical section I1

Variable Observations POM SINMOD
Normal velocity —0.20-+0.30 —005-+025 —0.05-+0.15
Temperature 5.00°-8.50° 5.50°-6.50° 5.25°-6.25°
Salinity 33.5-35.1 33.7-34.7 34.9-35.05

All values estimated from contour plots, generally the smallest and largest contour lines drawn.

total volume transport (Table 5) are thus due to
underestimation of the southward flow, especially
at the ends of the section.

The salinity and temperature fields in Fig. 6
show more dramatic differences between the
observations and models, and between the models.
First, there is much more vertical and horizontal
structure in the observations than in either model.
Two important observational features are the
lenses of coastal water (cold and brackish) near the
shelf break—a remarkable feature in itself—
and the deeper cores of Atlantic water (warm
and saline), neither of which are reproduced in
the models. Furthermore, the smoothness and
weak gradients of SINMOD?’s fields is striking.
Second, the range of values, which is summarized
in Table 6, varies widely. In terms of the T-S
(temperature—salinity) characterization of water
masses, POM contains typical coastal water, but
lacks the Atlantic water (S>35). The water
masses shown by SINMOD are impossible to
identify in terms of the observed T—S properties.

Next, consider section 111, which extends across
the southern part of the shelf from the shelf break
to the coast (cf. Fig. 1b). The observed current field
(Fig. 7a) shows strong northward cores at the ends
of the section, i.e., at the slope (NAC) and at the
coast (NCC), with weaker southward flow on the
shelf between. Both models succeed in reproducing
all three of these features (cf. Figs. 7b, c). Again,
SINMOD’s velocities and gradients are much
weaker than those observed. POM produces an

apparently additional strong core of northward
flow at mid-shelf. Examination of a time sequence
of the horizontal distribution of currents (not
shown) indicates that this velocity core is a fila-
ment of the NAC intruding onto the shelf, and the
southward flows on either side are due to cyclonic
and anti-cyclonic eddies forming on the flanks of
the filament. Thus, POM errs in the placement
of the NAC by allowing it to move onto the
shelf. Accepting this, POM’s velocities agree quite
well with the observations for the slope current,
but are still weaker than observed for the NCC.
Both models show a deeper penetration of the
northward flowing currents, ie., weaker vertical
gradients.

The salinity and temperature fields in Fig. 7
show many of the same characteristics as described
for section I, and the same comments apply (cf.
Table 7). In the case of POM, the horizontal
distribution does bear a better resemblance to the
observations, assuming that the slope current is
“moved back” to the slope.

Most of the features pointed out here are also
present in the remaining sections I, IV and IV,
which will not be discussed here. However, in the
evaluation below, the analyses of all five vertical
sections are taken into account.

5.4. Evaluation

Both models reproduce the general large scale
circulation pattern of the mid-Norwegian shelf
well. The two major currents, i.e., the NCC at

Table 7. Ranges of normal velocity, temperature and salinity in vertical section III

Variable Observations POM SINMOD
Normal velocity —0.30-+0.50 —0.10-4+0.45 —0.05-+0.25
Temperature 4.75°-8.25° 5.50°-6.00° 4.75°-5.75°
Salinity 33.2-352 32.7-349 34.95-35.00

All values estimated from contour plots, generally the smallest and largest contour lines drawn.

Tellus 46A (1994), 2

Tellus A/46/2-3



130

the coast and the NAC at the shelf break, are
found at about the proper places. The circulation
on the shelf is variable, with clear effects of the
topographic features (banks, troughs). On the
other hand, a more detailed look shows that
the two currents are broader, less vertically
sheared and have smaller maximum velocities than
the observations. This is particularly the case for
the SINMOD results.

POM appears to be more amenable to produc-
ing meanders of the major currents and eddies.
This indicates that the effect of eddy diffusivity and
eddy viscosity is smaller than in the SINMOD
model. For example, filaments of the NAC are seen
to penetrate onto the shelf. Although this is not
found in the observations at the same time and
location as in the POM simulation, it is a well
known feature in the area.

The SINMOD model did well in reproducing at
least one example of an eddy forming in the coastal
current. The POM model results do not show
as good an agreement with observation on this
occasion, but the averaging used makes an
evaluation difficult.

The special dynamics of the shelf break region
are evident in the observations, ie., cross-shelf
interchanges, narrow jets, etc., but the models are
unable to reproduce them well. POM apparently is
able to produce the right kind of motion, ie.,
intrusions of Atlantic water onto the shelf, with
accompanying eddy formation, but not at the
times such structures were observed and not with
the intensity observed.

The NORCSEX’88 observations are a good
example of the classical observational picture of
the hydrography of Norwegian shelf waters in the
winter and spring (cf. Section 2). The models, on
the other hand, are not. Neither model produces
the observed ranges of salinity and temperature,
although POM is far closer. The SINMOD results
indicate, in fact, a T-S relationship which is
opposite to that observed, i.e., temperature and
salinity are negatively correlated. In addition,
SINMOD’s range of salinities is so (unrealisti-
cally) small that the density is determined more by
temperature. In the case of POM, the ranges of
temperature and salinity values are about 50-80 %
of the observed range; it is the Atlantic water mass
(warm, saline) which is missing, at least within the
depth range of the observations.

Both models produce smoother hydrographic

B. HACKETT AND L. P. RQED

fields than the observations, in the sense that the
gradients and the ranges of values are smaller. This
is particularly true for the SINMOD vertical fields,
which moreover have gradients in the wrong direc-
tion due to an unrealistic T-S relationship. The
smoother than observed fields from POM may be
due to temporal averaging, although they display
much more small scale structure and larger
gradients than the SINMOD counterparts.

6. Summary and discussion

The results from a simulation of currents,
temperature and salinity in March, 1988 for the
Halten Bank area (an area located on the mid-
Norwegian shelf) utilizing two fully three-dimen-
sional, primitive equation, baroclinic level models
(arbitrarily named POM and SINMOD) are
considered. The results are compared against each
other and with observations collected during the
1988 Norwegian Continental Shelf Experiment
(NORCSEX’88). The comparison has been carried
out on a hierarchical basis, starting with the most
integral quantities, namely the transport through
vertical sections and mean horizontal circulation,
and then considering the details of selected
horizontal and vertical distributions.

The evaluation of the model results and the
observations indicates that the models are able
to generate many features of the observed flow,
but are unable to reproduce the detailed current
observations, for instance the current observations
at a point, to any required precision. The models’
successes are attributable to inclusion of the
important mechanisms for generating and main-
taining currents in the Halten Bank area: the
barotropic mode, baroclinic modes and non-
linearity. Their shortcomings stem from two main
sources: the parameterization of subgrid turbulent
mixing and horizontal resolution.

Consider, first, the turbulent parameterizations.
In comparing the two models, the main point of
similarity is that they both belong to the class of
level models. As such, they both parameterize
oceanic mixing by diffusion and eddy viscosity in
the horizontal and vertical directions rather than
along and across surfaces of equal density (isopyc-
nals). There is evidence that mixing by mesoscale
eddies in the ocean takes place predominantly
along isopycnals, and that, consequently, diapyc-
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nal mixing is rather small. By parameterizing
subgrid turbulence with constant and rather large
horizontal mixing, level models introduce a fic-
titious horizontal buoyancy flux, or equivalently, a
large diapycnal mixing in areas of sloping isopyc-
nals (Huang and Bryan, 1987; Drijfhuot, 1992).
The main difference between the two models lies in
how they implement the horizontal and vertical
mixing processes. By using a turbulence closure
scheme in the vertical and the Smagorinsky
scheme in the horizontal, the POM model is the
more sophisticated. Since the results indicate that
the POM model fares better than the SINMOD
model when compared with the observations, it
may be concluded that the parameterizations
employed are based on sound physical under-
standing. This is in accord with the GESAMP
(1991) report, which states that the use of
increasingly more sophisticated and complex
formulations of these processes does not in itself
reduce the uncertainty in the final model results,
unless the physics of those processes is well
understood.

The effect of the different mixing parameter-
izations is clearly shown in comparing the total
transport through vertical sections and the detailed
structure in those sections. Although the twd
models differ widely in their detailed velocity struc-
tures, the volume transports they produce are
quite similar (cf. Table 5). This indicates that the
transport is somewhat insensitive to the actual
parameterizations chosen for the turbulent vertical
eddy viscosity and diffusivity, while the current
structure is highly sensitive to those parameteriza-
tions.

In comparison with the data, both models
have trouble reproducing the strong vertical
and horizontal velocity gradients observed, with
POM performing better than SINMOD. Even the
POM model, which has here been found to
use superior parameterizations of the subgrid
turbulence, generates too weak gradients. The
models’ shortcomings are most clearly revealed in
the salinity and temperature fields, where both
the ranges and gradients are underestimated (for
SINMOD, greatly so). To be fair, some of the
models’ problems on this count may be attri-
butable to the use of the Levitus hydrography,
which is climatic and therefore very smooth, for
initialization.

Next, consider the horizontal resolution. This is

Tellus 46A (1994), 2
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probably the foremost limiting factor for detailed
modelling of current structures, i.e., eddies, espe-
cially at high latitudes. In general, the eddy scale
(or mesoscale) is dictated by the internal Rossby
radius of deformation, which decreases dramati-
cally with latitude. Based on NORCSEX’88 data,
the radius of deformation in the Halten Bank area
is 5-10 km. The fine mesh grid size of the models,
on the other hand, is 4km (giving a Nyquist
wave length of 8 km), which only barely, if at all,
resolves this important length scale. (Note that
this grid size was stipulated from the outset and
was not left to the discretion of the modelers.) As
noted by Treguier (1992), Boning and Budich
(1992), and also by Semtner and Chervin (1992), it
is imperative to resolve the radius of deformation
in order to obtain a correct representation of the
eddy field even in a statistical sense. For the Halten
Bank area, a model grid size of about 2 km would
seem appropriate. With models of the size and
complexity used here, a major (perhaps the major)
obstacle to their use in providing detailed informa-
tion on currents in the area is, therefore, limited
computer resources.

The effect of insufficient resolution is evident in
the discrepancies between the detailed current
structures in the models and the observations. For
one thing, eddy structures on the scale of 5-10 km
have indeed been found to be ubiquitous in the
area, with a major impact on the currents (Haugan
et al,, 1991). Models with the resolution used here
will have difficulty in reproducing these features,
and rather will place the eddy energy on some-
what larger length scales. Another problem is the
models’ difficulties in placing the NAC correctly,
which points to the general problem of cross-siope
interaction processes. It is here that the models
give the largest discrepancies, and it is believed
that, again, this is largely due to their inability to
resolve those processes. It should be noted,
however, that the rather low resolution of the
coarse mesh grid (20 km) may also play an impor-
tant role for the models’ behavior in the slope
region.

A related point is the fact that both models
are better able to reproduce the northward volume
transport than the total transport. This may
indicate that the northward flux is mainly a baro-
tropic response and is a manifestation primarily of
the specified large scale fluxes in the coarse mesh
grid. If true, this implies that the northward flow in
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the Halten Bank area is sensitive to the specifica-
tion of these large scale fluxes.

In conclusion, the evaluation of the model
results and the subsequent validation clearly
indicates that neither model is able to reproduce
the detailed current observations, for instance the
current observations at a point, to any required
precision. This conclusion is based on the two
models’ inability to quantitatively reproduce the
detailed vertical and horizontal structures seen
in the observations. This is mainly attributed to
the too course resolution of the models, ie.,
their inherent inability to reproduce the eddy field
because of the 4 km grid. On the other hand, POM
shows the promise of being able to reproduce the
observed features in a statistical sense, i.e., produc-
ing the right kinds of structures with a realistic
range of values. There is therefore reason to believe
that, provided that the resolution is increased
(finer mesh size) and provided that the horizontal
eddy viscosity is kept to a minimum, the POM
model may by used to predict the currents in the
Halten Bank area in a statistical sense, ie., to
predict the mean current and its variability. This
conclusion is based on the model’s ability to
qualitatively reproduce many of the vertical and
horizontal structures seen in the observations,
particularly the temperature and salinity distribu-
tions and the T-S relationship.

Finally, on the basis of the conclusions from this
study, there is reason to believe that a better
validation could be achieved by an increased
horizontal resolution. Due to the computational
burden, this is costly to achieve with the two-level
models presented here. However, this could be
achieved by sacrificing some vertical resolution in
order to gain better horizontal resolution, for
instance by employing a less complex model, e.g.,
an isopycnal model along the lines suggested by
Bleck etal. (1992) or the even simpler layered
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model suggested by McCreary et al. (1991). The
observations indicate that the motion is trapped
into the barotropic (external) and only the first few
baroclinic (internal) modes. Such a system indeed
favors a layered model with two or three active
layers, in which exchange between the barotropic
and baroclinic modes is through the non-linear
advection terms. It is, however, important that
even the simplest model allow for advection of
temperature and salinity in the upper layer(s), and
that entrainment of lower layer water masses be
included to allow for (controlled) mixing across
isopycnals.
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