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20174 | 6R 2 91.5 222.5 23.1 30
1R 6 184 484.5 38.0 48
8H 2 a7 174.5 32.7 40
9R 1 33 284.5 11.6 46.5
20184 | 6A 1 24 268 9.0 24
71H 9 113 422.5 26.7 36
8H 0 0 9.5 0 2.5
9R 0 0 413 0 22.5
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71H 4 138 285.5 48.3 70
8H 1 36.9 159.5 22.9 36.9
9R 9 293 464 63.1 28
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Figure 1. The sigma coordinate system.
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Definitions of the variables are contained in section 3. Note that o is the
transformed vertical velocity; physically, @ is the velocity component normal to sigma
surfaces. The transformation to the Cartesian vertical velocity is

weo+of{o L2} o LR, 20}, o 2D 21
ax " ax oy o) e er

The so-called wall proximity function is prescribed according to
W =14 E(4/ kL) where Ll=m-zyl+(H -2 Also,
@;5 /o =0p/da— L';zap.-"ﬁc (see discussion of static stability in Appendix A) where
¢y is the speed of sound. Note that 7'is potential temperature (see Appendix A).

In equations (3) and (4), Py should be subtracted from p to form p’ before
the integration is carried out in subroutine BAROPG. Py is generally the initial
density field which is area averaged on z-levels and then transferred to sigma coordinates
in the exact same way as the initial density field. This procedure should reduce the
truncation errors associated with the caleulation of the pressure gradient term in sigma
coordinate over steep topography (see Mellor et al., 1994 and Mellor et al. 1998 for
evaluation of this error in POM).

The herizontal viscosity and diffusion terms are defined according to:

F Ej—x(ﬁn,)—-j—y(m) ©a)
a a
£, ) e, ob)

where



T = 2AM %:, Typ = Tyx = AM[Bﬁ_(; + i{—il Tyy = 24pg i—: (10a,b,c)
Also,
Fy E%(qu) + ﬁiy(ﬁq”) (11)
where
qx = AH;% . Gy = AH% (12a.,b)

and where ¢, represents T, S. ¢2 or g2 . It should be noted that these horizontal diffusion
terms are not what one would obtain by transforming the conventional forms to the sigma
coordinate system. Justification for the present forms will be found in Mellor and
Blumberg (1985) and relate to the fact that we wish to maintain a valid bottom boundary
layer simulation in the face of horizontal diffusion which may be large. The penalty for
this is that (12a,b) in sigma coordinates can introduce vertical fluxes even when
isotherms and isohalines are flat in cartesian coordinates. The remedy for this is, first, the
use of a Smagorinsky diffusivity (see below) so that, at least when velocities are small or
nil, so are the values of g, and qy- The second remedy is that, before executing (12a, b)
for temperature or salinity, we first subtract Ty pr and Sy, Which are "climatologies"
of T and & The latter may be true climatologies (e.g.: Levitus) or approximations such as
temperature and salinities which are area averaged prior to transfer 1o sigma coordiates
(in which case. they are treated the same as pypyy). I something like a Levitus
climatology is used. then most of the vertical component of the diffusion is removed,
furthermore, the diffusion terms tend to slowly drive the scalars back to climatology
rather than to a horizontally homogeneous state as in the case of z - level models. The
third remedy is make use of a small diffusivity relative to viscosity. Thus, the value,
TPRNI = Ay JAys . can generally set to a small number, say 0.2, or even zero in some
Casgcs.

It should be noted that the treatment in (9a.b), (10a,b), (11) and (12a.b)allows for
a realistic treatment of bottom boundary layers. The bottom boundary layer is important
in tidally driven regions, in wind driven coastal regions and according to Mellor and
Wang (1996), in deep ocean basins.

In (9a. b) and (11), A is uvsed in place of D for the small algorithmic
simplification it offers for terms whose physical significance is questionable,



The Smagorinsky Diffusivity
We generally use the Smagorinsky diffusivity for horizontal diffusion although a
constant or biharmonic diffusion can and has been used instead. The Smagorinsky

formula is,

Ay = C.“xﬂy% |vv - VY|
s V\-'+(V\-')"|=[(&{ 18x) + (v Bx+ Bl dv) ."’2+(3\!,F’Q(,-)1]”3' Viliss: of
{the HORCON parameter) in the range, (.10 to 0.20 seem to work well, but, if the grid
spacing is small enough (Oey et al, 1985ab), C can be nil. An advantage of the
Smagorinsky relation is that C is non-dimensional; related advantages are that Ay

decreases as resolution improves and that 4y is small if velocity gradients are small.

Vertical Boundary Conditions.
The vertical boundary conditions for (2) are

w(0) = ol1) =0 (13a.b)

However, if there is to be surface throughflow of (usually fresh) water, e (0) = 0.

The surface boundary conditions for (3) and (4) are

%{%a—;} = — (fwn(0)=, <ww(0)>),6 > 0 (14a.b)

where the right hand side of ( 14a.b) is the input values of the surface turbulence
momentum flux (the stress components are opposite in sign). The bottom boundary
conditions are

Ky, (38U VY 1. abiag, s
EITH il I e T 0R -1 4
L)l e o (14e.)
where
€= MAX | 00025 (14e)
’ [[111{[1 to, H Iz |f

® = 0.4 is the von Karman constant and z, is the roughness parameter. Equations
(14¢.d.e) can be derived by matching the numerical solution to the "law of the wall".
Numerically, they are applied to the first grid points nearest the bottom. Where the

11



bottom is not well resolved, (1+ g1 )z, is large and (14e) reverts to a constant drag

coefficient, 0.0025. The boundary conditions on (3) and (6) are

(0T 88
%{;_GEJ - — (=wB(0)>) .o = 0 (15a.b)
ACE ) S a5

The boundary conditions for (7) and (8) are

(¢ O.q10)- [Bfaza’(mn] (6a.b)

(-1, =)= (B 1 (-1).0) (16¢.d)

where B] is one of the turbulence closure constants and u_ is the friction velocity at the

top or bottom as denoted in (16a) and (16¢). In pom97.f and later versions, (16a) has been
-5 -5

replaced by ¢“/(c))= g” (o)) kDo) where &, is the value of & corresponding to k =1,

it is believed that this averts some numerical noise in some applications.

The Vertically Integrated Equations

The equations, governing the dynamics of coastal circulation, contain fast moving
external gravity waves and slow moving internal gravity waves. It is desirable in terms of
computer economy to separate the vertically integrated equations (external mode) from
the vertical structure equations (internal mode). This technique, known as mode splitting
(Simons, 1974; Madala and Piacsek, 1977) permits the caleulation of the free surface
elevation with little sacrifice in computational time by solving the velocity transport
separately from the three-dimensional calculation of the velocity and the thermodynamic
properties.

The velocity external mode equations are obtained by integrating the internal
mode equations over the depth, thereby eliminating all vertical structure. Thus, by
integrating Equation (2) from o =-1 to o =0 and using the boundary conditions

(13a.,b), an equation for the surface elevation can be written as

on , 3UD oD

=0 17
ar ax oy 4o

After integration, the momentum equations, (3) and (4), become

12



oUp o0%p oUFD -~  — 0
T = _F- 7D+ gDﬂ = —<wu(0)> + <wu(-1)>

2
ot ax ay
D

rG, A—J’ r[ L a adecr des (18)
AT, OvD 872 n
G¥D SUYD VD F, + 0D +gb = —Tl — < ww(0)> + < wi(-1) >
ot ox ay

+G, -2 j { 2 B ]dﬂ de (19)

Po 1 ay ay  do

The overbars denote vertically integrated velocities such as
U=[Uds. (20)
1

The wind stress components are — < wi(0) > and — < ww(0) >, and the bottom stress
components are — < wi(=1)>and— <ww(=1)>. The quantities F, and F,, are defined

according to

= e = 0], 2|~ (20  &F
F, = —| H24y ;= | + —|Hdy| = + — 21a
* 5x[ M 3:\:} 3}[ M( y ax ]] (=
and r
= al, .- av ol = (a0 aF
F, = —|H2dy— | + —|Hdy| — + — 21b
’ 6}’[ M ay} 2% | -‘”[ ay axH el

-F- &= _Z=——=,F (22a)

Gx - -
ax ay ax ay
aOFD  ar:p oUTD  arZh -
G, = + -F, - - + K 22b
¥ ox dy ¥ o dy ¥ (22b)

Note that, if 4y is constant in the vertical. then the "F" terms in (22a) and (22b) cancel.
However, we aceount for possible vertical variability in the horizontal diffusivity; such 1s
the case when a Smagorinsky type diffusivity is used. As detailed below, all of the terms
on the right side of (18) and (19) are evaluated at each internal time step and then held
constant throughout the many external time steps. If the external mode is executed cum
sole, then Gy = Gy = 0.
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Ge = Ao(tm — Tehin/pg (2.2.1)
Gw = AwFp(Tm — T)p/pg (2.2.2)

Fp = 1-[1+tanh{a(¥m — a)}]
x [1+ tanh{a(tm — Pe2)}] /2 (2.2.6)
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ps'g(1 = A)g

pCrmt [u(®) | u(e) 2 - 228 g ]

+ 00yt [ult) | u(t) =22 tan | u(e)
(2.2.25)

Bailard &7 JL
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Fig. 1. Hindered settling: comparison of Eq. (6) with data from literature.
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