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Abstract. The oceanic bottom boundary-layer model of Weatherly and Martin (1978) is used to study
the vertical structure of the eddy diffusivity in a region with initially imposed bottom mixed-layer
thickness. Because of near-bottom oceanic features, such as the Cold Filament (Weatherly and
Kelley, 1982) and cold eddies (Ebbesmeyer er al., 1988), the bottom mixed-layer thickness 1S not the
sole result of boundary-layer mixing; this is the incentive for this study. For a given gcostmphic
forcing and imposed mixed-layer depth, a formula for the eddy diffusion coefficient is found. This
parameterization of the eddy diffusivity improves previous formulas used in oceanic and atmospheric

boundary layers in the upper portion of the boundary layer. A simple model of a Cold Filament-like
feature demonstrates the structure of the bottom boundary layer, the bottom mixed layer, and the
relation between the two. A lens-like cross section of cold blobs, often used in analytical models, may

be mappropnate if bottom friction is important.

Preface

Since this 1s a study of the oceanic bottom boundary layer, some explanation 1s in
order as to why it was submitted to this journal. Many oceanographers interested

in boundary-layer processes read Boundary-Layer Meteorology. However, we
think that this study may also be of interest to some atmospheric boundary-layer
researchers. For example, it may be of direct relevance to meteorologists
interested in parameterizing vertical diffusivity profiles in nocturnal atmospheric
boundary layers or in atmospheric boundary layers in polar regions. In any event,
we are grateful to the editor and the reviewer for allowing us to publish a paper
on the other boundary layer of this planet in Boundary- Layer Meteorology.

1. Introduction

Meas_urements in the ocean indicate a layer above its bottom tens of meters thick
that Is well-mixed and homogeneous in potential temperature and salinity (hencé
density), and suspended sediment (e.g., Figure 1). Amos et al. (1971), who first
documented the existence of these bottom mixed layers in the de;p ocean
offered two explanations. “(1) A homogeneous water mass is ﬂowing. beneltl':
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closure scheme with minor modifications, is used to calculate vemc:ld proﬁies d;:f
the eddy diffusion coefficient for momentum K(z). Under the cor monsm
cussed here, the K profiles calculated by this model are very mmxlaf to] !
given by the more complicated level 113 models. For a given geqsfmplfnc vzlocflty
and imp;ased initial stratification with BML thickness H .,* an en:npmcal orrln : t;:
K(z) is suggested. In the second part, a simple two-dimensional model o
Cold Filament is presented to examine the structure of the BBL and the BML.

2. Parameterization of the Eddy Diffusivity

Taking initial potential temperature profiles with different mixed-layer d?pths as
those reported by Weatherly and Kelley (1982), and constant geostrophic force-
g, a steady state is reached by the model within a time scale of a few days. The
final temperature profiles are similar to the initial ones, provided the initial mixed
laver is equal to or greater than h given by Equation (1). Otherwise the final
mived layer is thicker than the initial one but consistent with (1). The calculations
were done for the following range of parameters: initial mixed-laver thickness
WOm<H<110m, geostrophic velocity 0.05ms-'< Ve<025ms™, and
roughness length 0.01 X109 m< 20<1X 107" m, which covers most of the
expected values in benthic boundary layers. Since the model is fairly insensitive
o the choice of zo, a value of 2, =0.016 x 107* m was used unless otherwise
indicated. This value is the average roughness parameter for this region (Gross er
dat., 1986). For this value of 2o, the friction velocity ux =0.033 V. but for larger
values, ws mayv better be estimated by relations of the form

\;. U = F[lm Rg)] \ (3)

Where F is a function of the frictional Rossby number Ro = ws/(fzo) (e.g.,
lennekes and Lumley, 1972).

Uhe profiles of the eddy diffusion coefficient calculated for the different
velocities and temperature profiles show the following characteristics:

(@) In cases where the imposed mixed-laver thickness H is larger than
“1.3(us/f), the eddy diffusion coefficient profile ‘ '
neutrally stratified case as exXpected from the fact
energy vamishes at height ~1L3(ux/f) [ie., Equation (1) with N=0].

(B) In cases where I < L.3(ux/f), the eddy diffusion coefficient Vhﬂhlm at the

vase of the transition region (Figure 2a 2d), i OoCcupies
A0 X “aTeus, .C.., t.he BBL '
the BML g

2 ' ‘
\¢) Both K.... and Zmaxs the maximum K
ncrease stightly with increasing H, but th
'S Mdependent of X (Figure 3a) and can De written as

\ - » - ‘ _"‘*1
Nmvas \ Nli» “mayx '€ (
‘ 4)
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A comparison with the BML formed from constant density gradient (Figure 2f)
shows that this kind of BML formation results in unrealistic temperature profiles
for the Cold Filament and too thin a BBL while the imposed mixed-layer methc?d
agrees with the observations (e.g., Weatherly and Kelley, 1982, 1985). The basic
difference between the two approaches is that in the formation of BBL from an
initially constant potential density gradient profile, the development .of e:ddy
Kinetic energy is limited by the initial potential energy of the stable SU‘aUﬁCathlfl,
while a specified non-zero BML thickness enables the BBL to be developed in
neutral stratification with a much larger length scale. ‘

Many models of boundary layers based on different assumptions and different
closure schemes produce fairly similar eddy diffusion profiles (e.g., Lettau and
Dabberdt, 1970; Businger and Arya, 1974; Wyngaard et al., 1974; Wippermann,
1974; Weatherly, 1975; Weatherly and Martin, 1978, Richards, 1982). Thus it is
tempting to specify the eddy diffusion coefficient in a simple formula.
Parameterizations of different forms (but again with fairly similar structure) can
be found in O’Brien (1970), Lettau and Dabberdt (1970), Businger and Arya
(1974), Wippermann (1974), Brost and Wyngaard (1978), and Gryning et al.
(1983). However, none of the above uses an imposed mixed-layer depth much
different than the one estimated by simple diagnostic relations such as (1) or (2).
Arya (1973) compared different K-models and showed that eddy diffusion
coefficient structure of the form

K(z) = azuxe™° (5)

with a and b constants, gives a wind shear profile which is in good agreement
with the Deardorff (1970) model. The relation (4) can be recovered from (5) by
letting a = k and b = z.,,. The exponential K profile of (5) agrees quite well with
our model calculations in the lower portion of the BML but gives a poor
description of the K profile in the upper portion. As indicated by Businger and

Arya (1974), the assumptions that led to the derivation of (5) are not valid in the
upper part of the boundary layer.

Therefore, we try to find an expression for K(z) which is realistic both in the
lower and upper portions. A formula of the form

K(z) = kuxz(ao+ a1z + ay2% + + - -)e™*Zmax _ (6)

where a; may be some functions of H and Zmax, 1S sought. We require (6) to
satisty the following conditions: K =0 at » =0, H; K reaches its maxima at

———

Z = Zmaxs (6) satisfies (4). At least three terms are then needed, and the co-
efficients are found to be

[aﬂ*e alv a?.] - (H g Emax)_z[(Hz Fo 2ZmaxH)1 2zmam __1] . (7)

.-u\notnher ireqmrement that these coefficients must satisfy is that ao/ a, > the

) so that in the logarithmic layer, K is
glected for small z). This ratio is given by
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aO/al o H(lezmu e 1) . (8)

and implies a restriction on the length scale Zmax, namely that zma < 0.43H. For
all the results presented here, this condition is satisfied. Now, (6) can be written as

(z Zmux)z] [ N ]
K(Z)—kU*Z[l (H “)2 cXp 5 . V4 ( )

For z> H, K can be chosen as the molecular viscosity or a small value

representing the turbulence in the interior.
However, the problem is not closed until Zmax is specified in terms of the

known parameters V, and H. Following Businger and Arya (1974), the non-
dimensional ratio zm.,/(us/f) is scaled like the ratio ux/Vg. Thus zmax should be

proportional to the length scale lp = uz/( V.f). We take

Zmax 1'7[l0(2+H/hmu)+Il(1_H/hrnax)]v (10)

where I, = 1 m and hn. = 1.3(ux/f) are an empirical length scale and the BBL

thickness in neutral stratification, respectively. A comparison of (10) to the zZnmax
calculated by model (Figure 3b) shows good agreement within the range of
uncertainty due to the variable model grid (the model has finer resolution near
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He- :\ m:;omparison between the structure of the eddy diffusion coefficient calculated by (9) (solid
IN€s/, and that calculated by the numerical model (*+"), for H = 61 m and Ve=0.15 and 0.25 ms™~',
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the bottom). For the neutrally stratified case, (10) reduces 10 zmﬁﬂ-lﬂutff). _
which is the value suggested by Long (1981) and Mofjeld and Lavelle .(1984).
Now, for given values of geostrophic velocity V, and imposed mixed-layer
scale H., the friction velocity can be found by (3), the height of maximum edﬁy
VISCOSItY Zmes Can be found by (10) and the vertical profile of the eddy diffusion
coefficient K(z) is specified by (9). The general structure of the eddy diffusion
coefficient given by (9) is in good agreement with the model (e.g., Figure 4). The

discrepancy between the formula and the model decreases as V, dccrcm:s.
here the BML thickness

All the above formulations were found for the cases W
H = h. where h is the BBL thickness given by (1). For H < h, the BML
thickened, as noted earlier, until its thickness was In agreement with (1).

valid for H=

Therefore. we conclude that our formulas are
1.3(us/f)1 + N?/f#17V* with N being a representative value for the lower tran-

sition region above the BML.

3. The Spatial Structure of the Bottom Boundary Layer in the
Cold Filament (CF)

section are applied to a Cold Filament
f the BBL and the BML and

Iny this section, the findings of the previous
(C F)-like feature, in order to study the structure O

the relations between the two.
We take a two-dimensional (i.¢., no variations in the y-direction) homogeneous

flament (representing the CF core) of dense water, embedded in a stationary
ratified interior, on a sloping bottom. The downslope is in the x-direction, and
‘he inclination angle a is small (i.e., tan(a)~ a) so the bottom is defined by

—wx For the CF, a = 0.005. The initial CF core thickness 1s specified as

H;(x) = HJ,I-"(xfxo):]. (11)

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
H, = 100 m (Weatherly and Kelley, 1982), and the radius is taken as xo = 5 km

(Ezer and Weatherly, 1988). The density field is assumed to result solely from the

potential temperature field with a linear equation of state,

p = po 1= B(6—6o)], (12)

where po=1.028 grem™, 6o=1.78°C, and B=9.4x107°°C™". B is chosen 10
give realistic values of N above the BML. The initial temperature field is taken as

A

oD ™

Bo tahh* . . -'
8x, z)= { _ £1 2%
_61 e Bx exp[(H; + 7 Yo Z)/zll z 5 Hf + :. : . % (13)
where 6, = 1.83°C, B =0.05, and z, =60 m (e.g., Figure 5a). The coefficients

(12) and (13) are chosen to fit the temperature profiles measured by_
and Kelley (1982) for the lower 200 m above the bottom.
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Fig. 5. The potential temperature structure calculated by the two-dimensional model of lSection 3:
(a) initial structure, (b), (c), and (d), are for Vo=-0.1, =0.2, and —=0.3 m s~1, respectively.
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Now, if the interior velocity at z = Hy (well above the BML) is assumed to be

constant, and V<0 (i.e., southward flow), using the hydrostatic approximation
and (12), the geostrophic component can be estimated from the temperature

field,

Vg(xa Z) e Vﬂﬂ(ﬁg/f) 9.: dz .

(14)

where g is the gravitational acceleration and the subscript x indicates partial
derivative. Following Section 2, the thickness of the BBL and the BML are

approximated by

h(x)=(1.3 u*/f)[l + (N/f)z]‘”“
H(x) = max[ H;, h],

(15a)
(15b)

where N? = gB6, and ux = 0.035|V,| are taken according to the values on the
top of the BBL. The calculations are done numerically with grid size of
6x =250m and 8z=2.5m in the region —7km<x<7km and -40m<z <
200 m. The BML is calculated in the following way:
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(1) The geostrophic velocity field is calculated from the initial temperature

field by (14), and N? and wus are approximated by the values of 6, and V,

at each level.

(4) Then, at each level 2, h is calculated by (15a) and the layers below are
mixed until the level where z = Zu = h is reached.

This process produces a temperature jump with vertical scale of 8z on top of the
BML when H; is smaller than h. However, observations (Weatherly and Kelley,
1982, 1985) as well as numerical models (e.g., Weatherly and Martin, 1978)
indicate that this s not an unrealistic structure.

The temperature field, h and M are calculated for the following interior
velocities: V= «01ms ™', “02ms " and <0.3ms™'. The main effect of near-
bottom mixing is to change the shape of the CF core near its edges; however,
large portions of it remain unchanged even for the largest velocity examined here
(Flgures § and 6). The thickness of the BBL increases with increasing V, but
decreases with increasing N as indicated by (15a). Two minima of h are found
near the edges of the CF where N at the top of the BML is large. Outside the
core, the BML thickness increases with distance from the core as N decreases.
(nside the core, the BBL can develop as in a homogeneous region creating sharp
benthic fronts near the edges. Another result is an asymmetry in the BBL. Near
the upsiope edge, the BBL is thinner by ~10m from the BBL near the
downslope edge. The thermal wind effect due to the inclination of the transition
regron produces ~0.04 ms™' difference between the geostrophic component at
the two edges, which results in thicker BBL in the downslope region. If we
compare the structure of the BML to that of the BBL, we see that for velocity of
Q.1 ms ', only about half of the BML is a turbulent region (Figure 6a) while for
larger velocities, most or even all the BML is turbulent (Figure 6b and 6¢) and
the BML and the BBL coincide with each other.

two effects result from the sloping bottom. The first is a constant addition to
the geostrophic velocity [(the equivalent to the translation of a cold eddy on a
sloping bottom (Nof, 1983)] which is ~0.002 ms™! and increases somewhat the
BEL thickness. The second is an asymmetry effect. The location where there are
no thermal wind effects (i.e., where the second term in (14) is zero) is shifted
upsiope compared to a flat bottom case, resulting in a larger portion of the CF
having velocities greater than the interior velocity.,

4. Summary and Discussion

Lhe expression for the eddy diffusivity (9) is a combination of two commonly
used h"l.nh cApOonential and Pt‘l\'!h"ﬂ\li-ll U‘\!"}'ﬂ. 1Q73 giVCS d Cﬁmp!rimn umﬂ
the two), It is imntended foi OCCANIC npplh:miuns where (hc BBL i; fom in
HML'S thicker than expected due to local currents and stratifications. It should be
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ON EDDY DIFFU
L is initially

specified. ' | '
Many studies of boundary layers predict that the height where K is a maximuim
hickness (e.g., O’Brien, 1970; Lettau

is about one third of the boundary-layer 1
Weatherly, 1975). If, as commonly

and Dabberdt, 1970; Wyngaard et al., 1974;
assumed, the logarithmic layer extends to about 15% of the boundary layer, then

z_../2 can be taken as an approximation of the thickness of the logarithmic layer.

However. for the case of an imposed mixed layer in the range discussed hef'c, f?r
the portion of the BBL occupied by the logarithmic
ML to ~25% for the thinnest BML

The latter conclusion results from
does not depend strongly on

every geostrophic velocity
layer varies between ~10% for the thickest B

(where the lower limit given by (1) 1s reached).
the fact that the thickness of the logarithmic layer

the thickness of the BML.
From the results of Section 3, some conclusions can be suggested for further

analytical or numerical modeling of bottom boundary layers:

(a) The spatial structure of the BBL associated with too cold benthic layers,
suggests that one-dimensional models of bottom boundary layers (e.g.,
Weatherly, 1975; Weatherly and Martin, 1978: Richards, 1982; Mclean

and Yean, 1987) may not be completely adequate, especially near the
lateral edges of such features. Near such fronts, non-linear effects and

horizontal diffusivity may be non-negligible and thus the dynamics may be

quite different than the conventional Ekman layer dynamics.

(b) Some BBL models (e.g., Weatherly and Martin, 1978) neglect the thermal
wind effect and consider the geostrophic forcing to be solely due to the
interior dynamics. However, the transition region above the BML may

affect the BBL thickness by producing a significant thermal wind effect

which can change the bottom stress.
(c) The simple model of Section 3, as well as observations (Weatherly and

Kelley, 1982, 1985) indicate that the CF cross-section is different than the
lens-like structure often used in analytical models of deep eddies (e.g., Nof,
1983, 1984) or filaments (e.g., Smith, 1975). If bottom friction is important,
jche interface between the eddy or the CF and the interior is more likely to
intersect with the bottom vertically (due to BBL mixing) rather than

obliquely.

This sFudy 1s only a preliminary step leading to full three-dimensional numerical
modeling of CF-like features that is currently being undertaken.
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