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ABSTRACT

A two-dimensional (x-z) primitive equation model is used to study the interaction between a deep cold jet
on a sloping bottom and the bottom boundary layer (BBL) of the deep ocean. Two closure schemes are used:
a standard second order turbulence closure (SOTC) scheme (the level 2¥2 model of Mellor and Yamada), and
a new eddy viscosity closure scheme (K-model). The latter is a computationally simple model that produces
very similar eddy viscosity and velocity fields as the more complicated SOTC-model while saving about 20%
of the computational time.

The results of the numerical simulations compare favorably to observations from the base of the North
Atlantic continental rise where the cold jet known as the Cold Filament (CF) is found. The interaction between
the CF and the BBL is found to be dominated by cross-isotherm Ekman flow, resulting in an asymmetry effect
with different dynamics at each one of the fronts associated with the CF. Some of the unusual characteristics
of this region are explained with the aid of the numerical experiments. These are: velocity profiles significantly
different from those obtained by classical Ekman dynamics, unstable BBLs and detachment of bottom layers.
Spatial variations in the characteristics of the BBL which are often neglected in deep-ocean studies are found
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to be significant in this region.

1. Introduction

Pools or ribbons of cold water flowing on the bottom
of the ocean are not uncommon features in the western
North Atlantic (e.g., Armi and D’Asaro 1980; Ebbes-
meyer et al. 1986; Weatherly and Kelley 1982). In this
paper, the dynamics of one such a feature, the Cold
Filament (CF) (Weatherly and Kelley 1982, 1985) is
studied with a numerical model.

In previous analytical studies of cold eddies on a
sloping bottom (e.g., Nof 1983) or cold stream bottom
flow (e.g., Smith 1975), bottom friction was either ne-
glected (the former one) or was taken in a form of a
simple drag law (the latter one). External forcing is
often neglected as well in such studies. However, in
the energetic region discussed here [i.e., in the High
Energetic Bottom Boundary Layer Experiment (HEB-
BLE) area, at ~40°N, 63°W, ~4900 in depth], bot-
tom turbulence and boundary layer dynamics may play
a dominant role. The complicated interaction between
a CF-like feature and the BBL suggests that numerical
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rather than analytical models are preferred to study
this region. On the other hand, numerical models used
to study the deep-ocean BBL are often one-dimensional
(e.g., McLean and Yean 1987; Richards 1982; Weath-
erly and Martin 1978), assuming negligible spatial
variations. However, in the HEBBLE area the near-
bottom layers show significant spatial variations with
frontal structures having horizontal scales of a few in-
ternal Rossby radii of deformation for the CF (Ezer
and Weatherly 1989a).

Notwithstanding the observations of Weatherly and
Kelley (1982, 1985) that suggest that the CF is a rel-
atively stable, robust feature, the study of Griffiths et
al. (1982) could be interpreted to imply that a CF-like
feature would be unstable and would break up. How-
ever, there are some reasons to believe that this infer-
ence may not be appropriate for the CF case. First,
breakup of a jet into a chain of eddies in their study
occurred only when the width of the jet was comparable
to its radius of deformation, while the CF width is more
than eight times its radius of deformation. Second, the
Jets considered by them were essentially frictionless,
while the CF is highly frictional flow.

The simple linear BBL model of Ezer and Weatherly
(1989) indicates the spatial variations of the BBL and
the bottom mixed layer (BML) thicknesses and the
distinction between the two across the CF. Neverthe-
less, nonlinearity in the momentum equations, tem-
perature advection and horizontal diffusion effects may
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be important in the frontal dynamics. Thus a more
complicated two-dimensional (x—z) primitive equation
BBL model is used in the present study. This model is
a modified version of the thin-shell BBL submodel of
the Sandia Ocean Modeling System (Dietrich et al.
1987) developed at Sandia National Laboratories and
at Florida State University.

Two different approaches that are often used in
modeling of a turbulent regime are presented here: a
second order turbulence closure scheme (SOTC-
model), and an eddy viscosity closure scheme (K-
model). The first one is the Mellor and Yamada (1974,
1982) level 2% scheme. It requires solving numerically
the time-dependent turbulent kinetic energy-(TKE)
equation to formulate the eddy coefficients. The second
one uses the eddy diffusivities expressions of Ezer and
Weatherly (1989) together with a new formulation for
unstable regions; it parameterizes the eddy coefficients
directly from the flow and the temperature fields thus
it is more efficient than the first one. In a CF or a cold
eddy, the BML is not the sole result of bottom mixing
and thus the parameterization of the eddy diffusivity
depends on the imposed scale of the feature (Ezer and
Weatherly 1989). However, such formulations can
predict reasonable eddy diffusivity only in cases of sta-
ble or neutral stratifications where the turbulence is
produced by bottom friction. In the case discussed here
however, it is found that cross isotherm flow may result
in unstably stratified regions. In this case, where tur-
bulence is produced by thermal convection, an entirely
different parameterization is needed. By assuming the
appropriate physical balance in the TKE equation, and
neglecting shear turbulence, a new formulation for
thermal turbulence, which agrees with the results of
the SOTC-model, is suggested. To eliminate possible
confusion, the semantics used throughout this paper
are as follows: a stably stratified case is one that has a
homogeneous potential temperature in the BML with
stable transition layer above it; a neutrally stratified
case is one that has potential temperature homogeneous
everywhere; an unstably stratified case is one that has
an unstable region somewhere in the water column.

The general goal of this study, is to investigate the
two-way interaction between the CF and the BBL, i.e.,
to answer the following questions: (i) how does the
BBL dynamics affect the structure of the CF? and (i1)
how does the existence of the CF modify the dynamics
of the BBL? The motivation for such a study comes
from BBL observations in this region which indicate
some unusual phenomena there, such as occasional
unstably stratified BBL’s, velocity profiles which are
much different than those obtained by classical Ekman
dynamics, and detached bottom layers (Weatherly and
Kelley 1985). It is hypothesized that these character-
istics are related to the existence of the CF in this area.
As a first step in such a preliminary study, only a two-
dimensional (x-z) case with constant along-slope flow
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is considered. Since a constant flow can be found up
to periods of the order of about two weeks (Kelley et
al. 1982), primarily short term simulations are pre-
sented here.

2. The model equations and the closure schemes

a. The model equations

A two-dimensional (i.e., no variations in the y-di-
rection ) case with constant slope in the x-direction is
assumed. A coordinate system that follows the bottom
Zg = —sxis used (i.e., z is the distance from the bottom
and x pointed downslope). Since the bottom slope is
assumed to be very small (s = 0.005 in the study area)
the transformation of the velocity components into
ones in a vertical coordinate system (indicated by su-
perscript v) is v° = v, u® ~ y and w° =~ w — su. An
incompressible fluid with hydrostatic, turbulent (i.e.,
large Reynolds numbers) flow on an f-plane is assumed.
Thus the momentum, heat and continuity equations
can be written as

u — f(v— Vg) + un, + wu, = (AU )x + (Kpth),

(1a)

v+ fu+ uv, + wo, = (470,), + (Kpv).  (1b)
8, + ub, + wé, = (4%0,) + (Kyb,), (lc)
U+ w, =0 (1d)

with lower case subscripts x, z, ¢ indicating partial de-
rivatives. The eddy coefficients for transfer of momen-
tum and heat in the vertical K, and Ky, and the hor-
izontal eddy coefficients 4* and 47 are defined later.
With the linear equation of state approximation the
geostrophic component can be estimated from the po-
tential temperature (6) field,

Hry

Vg(x’ z, t) = VO - (Bg/f) : 0xdz

— (sBg/f)(6: —6) (2)

where 8 = 9.4 X 107° °C~! is the coefficient of thermal
expansion chosen to give realistic density structure, g
is the gravitational acceleration, #; = 1.83°C and V,
= —0.1 m s™! are the potential temperature and the
velocity of the interior on the top of the modeled area
at z = H;y = 200 m. The second term on the right-
hand side of (2) represents pressure gradient-driven
velocity (the thermal wind effects that are discussed
later derive from this term). The third term which
sometimes is added directly to the momentum equa-
tions (e.g., Weatherly and Martin 1978) represents
“buoyant-slope” effect and is the term which gives the
translation component of cold eddies on a sloping bot-
tom (Nof 1983).
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b. The horizontal diffusion coefficients

Following Yamada (1979), for a two-dimensional
flow, the eddy coefficients for horizontal diffusion may
be taken in the form A* = 0.02(6x)(6y)|u.| and 4%
= 0.01(8x)(8y)]v.| where 6x and 8y are the numerical
grid spacing in the x and y directions, respectively. The
two-dimensional nature of our case implies that &y
> 6x, and for 6y = 506x,

(4%, A7) = (8x)?| uy, 0.5v,]. (3)

The choice of the ratio 6x /8y, which represents an ap-
proximated ratio between the corresponding scales of
the CF, is supported by dimensional argument: in a
frontal region where only variations in the x direction
are allowed, (1c) implies that 4™ ~ u(6z) ~ (6x)°u,.
For our case the resulting horizontal eddy coeflicients
are 1-10 m? s™! near the frontal regions. Note that
these values are smaller by about one order of mag-
nitude than the values approximated by A* = (u’2> To
and 47 = (v'?) T, (Boning 1988) for representative
variances, (u'?), (v'?) and integral time scale, Tp of
this area. However, the validity of the former relations
is doubtful in energetic regions with strong shear ( Bon-
ing 1988) such as the HEBBLE area. Moreover, the
large variability of the HEBBLE area results from
energetic fluctuations in the mesoscale eddies range
(Kelley and Weatherly 1985); thus for our short-term,
constant forcing case it may be inappropriate to use
long-term variance values to approximate local hori-
zontal diffusivity. Note that since /v ~ 0.1, 4¥ =~ 54~

¢. Second-order turbulence closure scheme

The SOTC-model used here is the Mellor and Ya-
mada (1974, 1982) level-2%2 scheme in the form used
by Yamada (1979). The equation for the TKE, E = 14>
where g = (1'% + v'? + w'?)/2 is the fluctuating velocity
magnitude, is written as

E,+ uE, + wE, = (A*E,), + (KgE,).
+ Ky(u? + v.2) — KyfBgb. — q*/Cl  (4)

where Ky = 0.2g/ and C = 16.6 is an empirical constant.
The terms on the right-hand side of (4) represent the
horizontal and vertical diffusion, shear and buoyant
production, and dissipation of TKE. The length scale
[ is calculated by

I=kz(1 + kz/I)™!

Hr Hy
=T f zqdz / f qdz
0 0

where k = 0.4 is the von Karman parameter, and
= (.2 is a length scale factor (Mofjeld and Lavelle,
1984). For this closure scheme the eddy coefficients
for vertical diffusion of momentum and heat, K;; and
Ky, are

(5a)

(5b)
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A]lqs(quz + Rzlsz)

= 6
Ko a*(q* + Rsl’V7) (62)
+ RJPT*(RsI’V7 + Rsq® + R7I’°T?)
3 _ z
K, = Al(q° — RelKpV'?) (6b)

g% + Rol*T*

(Yamada 1979) where 77 = 8g6,, V* = u,> + v,> and
the empirical constants are (A4,, 42, Ri, Rz, R3, Ry,
Rs, Rg, R7, Rg, Re) = (0.92, 0.74, 0.76, 10.15, 5.08,
2.09, 43.5, 17.98, 91.8, 5.52, 30.6). In this kind of
formulation, the eddy coefficients at each point depend
on the local turbulence, g, on the length scale, /, on
the local stratification parameter, 77, and on the ver-
tical shear parameter, V2.

d. K-model for bottom turbulence

An alternative to the SOTC-model is the so called
K-model in which the eddy coeflicients are calculated
directly from the velocity field and the stratification
without solving the TKE equation. However, for a re-
gion where a cold eddy or the CF are found, the pa-
rameterizations of the eddy coefficients are more com-
plicated than the ones often used in models of the
oceanic or the planetary boundary layer (for example,
see Arya 1973, for a comparison between some of the
commonly used K-models) since the imposed scale of
the cold feature should be taken into account (Ezer
and Weatherly 1989). In a region of neutral or stable
stratification with BML thickness H, where bottom
friction is the main source of turbulence, the eddy coef-
ficients are taken as

(z— Zmax)2
KM = ku*z[l - m exp[—z/zmax)
O<z<H (7a)
Ky = AoKy (7b)

(Ezer and Weatherly 1989). The friction velocity, u,
is approximated by 0.035{V,|, and the mixed layer
depth H(x, t) is specified from the temperature profile
at each x. Ko = 107 m? s~ ! is chosen to represent the
background turbulence in the interior (at z = H) (this
is the value suggested by Munk 1966). To ensure the
continuity of K, in the upper portion of the BML, K,/
is set to Ky if (7a) gives a value smaller than Kj. The
ratio between the eddy coefficients 4o = 1.3 is chosen.
This value represents fairly well the value calculated
by (6) for our conditions and is also close to the ratio
given by different models and observations for neutral
stratification (Yamada 1975). Here Z ,,ax is the height
where K, is maximum and is given by

Zmax = 17[L0(2 + H/hmax) + L](l - H/hmax)]
(8)
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for H < hmax (Ezer and Weatherly 1989) where Lo
= ui(V,f) 'and L, = 1 m are length scales, and /pax
= 1.3(uy/f) is the BBL thickness in neutral stratifi-
cation. For neutral stratification or when H > A, (8)
reduces t0 Z nax = 0.16(u4/ ) which is the value sug-
gested by other models (e.g., Mofjeld and Lavelle
1984). The above formulation predicts K,, values very
similar to those calculated by the Mellor and Yamada
level 2% scheme (i.e., section 2h). -

The details of the formulation of the eddy coefficients
and the resultant K, profiles for different conditions
are given in Ezer and Weatherly (1989). However, for
the completeness of this paper, some of the character-
istics of the above formulations are described below:
K,y increases linearly with distance from the bottom
in the logarithmic layer, reaches a maximum value at
height Z ,,.x, and decreases to a small value K, at the
top of the BBL. The height where K, = Kj is either
the top of the BML, H for thin BMLs, or /i, for too
thick BML (i.e., if H > hg,, the BBL is identical to
the neutrally stratified case). In contrast to some K-
models used in the stably stratified atmospheric
boundary layer (e.g., Businger and Arya 1974) where
K, depends directly on the stratification, in the current
" scheme the stratification is implemented in the above
formulas through the thickness of the BML. The thick-
ness of the BML may be calculated by a numerical
model, or from the stratification of the interior by em-
pirical formulas such as the one suggested by Weatherly
and Martin (1978). The advantage of the current
scheme is its ability to deal with the special BMLs as-
sociated with cold eddies or filaments, in addition to
the “classical” BBLs (i.e., those formed by bottom fric-
tion mixing the stratified interior). However, compared
to the SOTC-models, the K-model can apply only to
cases where the BML is well defined.

e. K-model for thermal turbulence

The results of the numerical model, as well as ob-
servations, show that in some regions an unstable
stratification may exist due to cross-isotherm advection
in the BBL (this will be discussed in detail in the fol-
lowing sections). Therefore, a formulation of the eddy
coefficient in the form of (7) is insufficient when ther-
mal instability rather than vertical shear is the major

“source of turbulence in such regions. For shear tur-
bulence the basic balance in the TKE equation [Eq.
(4)]is between the shear production and the dissipation
terms. However, for thermal turbulence the basic bal-
ance is between the buoyant production and the dis-
sipation terms, namely

4*/Cl= —KuBgb. (9)

(Tennekes and Lumley 1972). Assuming 6, < 0 and
VZ=20,(6)become
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K. = Aila’(Rig” + Rol’Bgb:) (10a)
M g* + Ru*Bg0.(Req® + Rol*BgH;)
Aylg®
Ky 24 (10b)

" (q% + Rol’Bgh;)

Eliminating ¢ and Ky from (9) and ( 10b) and substi-
tuting g into (10a) gives the following formulas for the
eddy coefficients and the fluctuating velocity magni-
tude:

K = Ci*(—Bgbh,)'"? (11a)
Ky = C,)I*(—Bgh,)'? (11b)
g = C3l(—Bgh.)'"? (llc)

where (C,, C,, C3) = (14.25, 16.93, 6.55). The length
scale, /, is calculated by (5a) specifying lp = 72(uy/f)
(Mofjeld and Lavelle 1984). Although the use of eddy
diffusivity in a convective region is not yet a well ap-
proved theory (Tennekes and Lumley 1972), (11) at
least approximates the values calculated by the level
22 scheme, which is widely used in numerical models
of the ocean and the atmosphere. Equation (11b) is
consistent with studies of the free convection in the
atmosphere, where C, is replaced by %,/ k?; h, (the free
convection parameter of Priestly } usually taken as 0.9,
but can be as large as 2.5 for Richardson number of
—0.002 (Priestly 1959). For the largest value of 4, A,/
k? = 15.6 is comparable to C,; otherwise it is somewhat
smaller. As will be shown later, in unstable regions
(11a) predicts an eddy viscosity field which is in good
agreement with the one calculated by the SOTC-model.

While in the K-model (11) is used to add thermal
turbulence in unstable regions, it can also be used to
improve the performance of the SOTC-model in ex-
treme unstable cases. In a numerical model solving
the complete set (4) and (6) (i.e., the SOTC-model),
(10b) indicates that for unstable stratification Ky may
reach infinitely large or even negative values if g2
< | Rol*Bg0,|. This may occur due to the averaging of
the numerical scheme, too coarse a grid, or the inclu-
sion of addition terms in Eq. (4). The common use of
a small default value in such cases gives unphysical
results and thus (11) may be used to improve SOTC-
models.

[ The initial and the boundary conditions

The initial CF core thickness is specified as

Hi(x) = Ho[l — (x/x0)?] (12)

which is in a similar form to the cross section of a cold
eddy with a linear orbital velocity profile (Nof 1984).
The maximum thickness of the core is taken as Hy
= 100 m (Weatherly and Kelley 1982), and the radius
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is taken as xp = 5 km (Ezer and Weatherly 1989a).
The initial potential temperature is taken as

00’ Z<H1

9 =
.2 [el — B X exp[(h — 2)/1],

z= H]
(13)

where 6, = 1.83°C, B = 0.05, and /, = 60 m (Fig. 5a).
The coefhicients in (13) are chosen to fit the temper-
ature gradients in the transition region above the BML
as the ones reported by Weatherly and Kelley (1982).
The forcing velocity increases from zero linearly with
time in the first two days until it reaches its constant
value of V. This helps to reduce inertial oscillations
in the spinup period of the model. The initial eddy
coefficients are specified by (7) with u, approximated
by 0.035| V,|.

Equations (la)-(1c) {and Eq. (4) in the SOTC-
model] are solved in the region — Xy < x < Xp, 2o < z
< Hywith Hr = 200 m and X, = 20 km. A roughness
length, zo = 1.6 X 10™* m, is chosen; this value rep-
resents the average roughness for this region (Gross et
al. 1986). The following boundary conditions were ap-
plied. At the bottom there is the no-slip condition and
no flux of heat and TKE; thus

u=v=w=FE,=0,=0, at z=2z. (14)

Near the bottom, a logarithmic velocity profile is as-
sumed:

u(z) = (ux/k) In(z/ zo). (15)

Thus, the direction of the flow at the first level z; is
the same as that at the second level z, and its amplitude
is found by (15). This allows a larger time step in the
numerical model since a very fine grid near the bottom
is not needed. The only requirement is that z, is in the
logarithmic region (z, = 0.5 m was chosen in our case).
Experiments with different vertical grids show that
choosing a finer grid would not change the results sig-
nificantly. The details of the numerics involved in this
boundary condition are described by Dietrich et al.
(1987). The upper boundary conditions are specified
at height H> H,
uz=wz=Ez=02=0, U=Vo,atZ=HT.

(16)

Since the interior outside the studying area (i.e., at X,
< | x|) is not assumed to be at rest but is affected by
the same forcing as the CF itself, the velocity there
cannot be specified; thus
uy=v,=E,=6,=0, at x=zxX,.

(17)

Since the width of the CF is smaller compared to the
total width of the model (i.e., xo < Xj), spatial varia-
tions far from the CF are neglected. (In some of the
figures however, only a portion of the total simulated
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area is shown; Fig. 5 however represents the whole do-
main).

g. The grid system and the numerical scheme

A logarithmic-plus-linear vertical grid (as in Yamada
1979) is used. That is, the grid is approximately loga-
rithmic near the bottom and linear at higher levels.
The maximum 6z (near the top of the model) is about
5 m. A staggered “C” grid is used with a horizontal
grid of 6x = 250 m so that the fronts, which have a
horizontal scale of order 1 km, could be resolved.

The numerical schemes are described by Dietrich et
al. (1987). However, there are several differences from
Dietrich et al. (i) the horizontal eddy coefficients are
calculated from velocity gradients rather than velocity
amplitudes, (ii) the filtered version of the leapfrog
scheme is not used thus horizontal diffusion and shear
production of TKE terms are treated in a forward way
such that each term is numerically stable by itself, (iii)
thermal wind effects were added to the original version
of the model (i.e., the geostrophic component is al-
lowed to change inside the BBL due to the stratifica-
tion).

The vertical velocity is calculated by integration of
the continuity equation (1d).

The most restricted condition on the time step is
Cét/éx < 1, where C is the phase velocity of the fastest
internal wave. For the parameters used, a time step of
8¢ = 30 min gave a stable numerical solution for runs
of as long as tens of days without any nonlinear nu-
merical instability.

The same numerical scheme is used for the K-models
where the formulas in sections 2d and 2e are used in-
stead of solving numerically the TKE equation.

h. A comparison between the K-model and the SOTC-
model

In the SOTC-model the eddy Kinetic energy is found
by solving (4), the length scale is calculated by (5) and
then the vertical eddy coefficients are found from (6).
In the K-model the vertical eddy coefficients are cal-
culated by (7), and in unstable regions (11a) and (11b)
are used to add a thermal turbulence effect. The K-
model is more efficient in that it requires fewer com-
putations and less storage than the SOTC-model (for
the two-dimensional model used here the K-model
saves up to 20% of the computations). In the next sec-
tion the results of the SOTC-model are discussed; here
only the comparison between the two models is dis-
cussed.

The results show good agreement in the temperature
fields (Fig. 1), the velocity fields (Fig. 2) and the vertical
eddy coefficient fields (Fig. 3) calculated by the two
models. The K-model produces a somewhat larger BBL
thickness in the downslope side of the CF. This results
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TEMP. S@TC-M@DEL 3. A comparison between the numerical experiments
and observations

200
J(a) a. The interaction between the BBL and the CF
160 - The results of the SOTC-model will be discussed
here in light of some observations of the BBL associated

with the CF. (For the short-term simulations presented
here, there is not much difference which scheme is used;
however for future longer runs, the more economical
K-model is advantageous). The comparison in this
section has two purposes: 1) to check the ability of the
numerical model to predict realistic bottom boundary
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FiG. 1. The potential temperature structure of the CF (in bottom 5
embedded coordinates) after 4 days of simulation with ¥, = —0.1 —
m s~!. (a) Calculated by the SOTC-model. (b) Calculated by the K- "f’

model.

from the uncertainty in identifying the BML thickness
from the temperature structure in the K-model (it is
needed in the parameterization of the eddy diffusivity).
However, generally the agreement between the two
models is good in all stability regions (Fig. 4 shows the
stability across the CF for the K-model, which is gen-
erally quite similar to the one obtained by the SOTC-
model). A  more detailed comparison may be done in
the future; the major goal of the present study, however, FIG. 2. As in Fig. 1, but for the along slope velocity component

is the physical interpretations of the numerical exper- relative to the geostrophic velocity of the interior (v — V). Dashed
lines represent absolute velocity greater than the interior velocity.
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iments.






