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Chapter 1

Overview of MITgcm

This document provides the reader with the information necessary to carry out numerical experiments
using MITgem. It gives a comprehensive description of the continuous equations on which the model is
based, the numerical algorithms the model employs and a description of the associated program code.
Along with the hydrodynamical kernel, physical and biogeochemical parameterizations of key atmospheric
and oceanic processes are available. A number of examples illustrating the use of the model in both process
and general circulation studies of the atmosphere and ocean are also presented.

1.1

Introduction

MITgcm has a number of novel aspects:

it can be used to study both atmospheric and oceanic phenomena; one hydrodynamical kernel is
used to drive forward both atmospheric and oceanic models - see fig 1.1

it has a non-hydrostatic capability and so can be used to study both small-scale and large scale
processes - see fig 1.2

finite volume techniques are employed yielding an intuitive discretization and support for the treat-
ment of irregular geometries using orthogonal curvilinear grids and shaved cells - see fig 1.3

tangent linear and adjoint counterparts are automatically maintained along with the forward model,
permitting sensitivity and optimization studies.

the model is developed to perform efficiently on a wide variety of computational platforms.

Key publications reporting on and charting the development of the model are Hill and Marshall
[1995]; Marshall et al. [1997b,a]; Adcroft et al. [1997); Marshall et al. [1998]; Adcroft and Marshall [1999];
Chris Hill and Marshall [1999]; Marotzke et al. [1999]; Adcroft and Campin [2004]; Adcroft et al. [2004a];
Marshall et al. [2004] (an overview on the model formulation can also be found in Adcroft et al. [2004b)):

Hill, C. and J. Marshall, (1995)

Application of a Parallel Navier-Stokes Model to Ocean Circulation in
Parallel Computational Fluid Dynamics

In Proceedings of Parallel Computational Fluid Dynamics: Implementations
and Results Using Parallel Computers, 545-552.

Elsevier Science B.V.: New York

Marshall, J., C. Hill, L. Perelman, and A. Adcroft, (1997)
Hydrostatic, quasi-hydrostatic, and nonhydrostatic ocean modeling
J. Geophysical Res., 102(C3), 5733-5752.

Marshall, J., A. Adcroft, C. Hill, L. Perelman, and C. Heisey, (1997)
A finite-volume, incompressible Navier Stokes model for studies of the ocean

9



10 CHAPTER 1. OVERVIEW OF MITGCM

Dynamical Kernel

Atmospheric Ocean
Physics Physics

Figure 1.1: MITgcm has a single dynamical kernel that can drive forward either oceanic or atmospheric
simulations.

on parallel computers,
J. Geophysical Res., 102(C3), 5753-5766.

Adcroft, A.J., Hill, C.N. and J. Marshall, (1997)

Representation of topography by shaved cells in a height coordinate ocean
model

Mon Wea Rev, vol 125, 2293-2315

Marshall, J., Jones, H. and C. Hill, (1998)
Efficient ocean modeling using non-hydrostatic algorithms
Journal of Marine Systems, 18, 115-134

Adcroft, A., Hill C. and J. Marshall: (1999)

A new treatment of the Coriolis terms in C-grid models at both high and low
resolutions,

Mon. Wea. Rev. Vol 127, pages 1928-1936

Hill, C, Adcroft,A., Jamous,D., and J. Marshall, (1999)

A Strategy for Terascale Climate Modeling.

In Proceedings of the Eighth ECMWF Workshop on the Use of Parallel Processors
in Meteorology, pages 406-425

World Scientific Publishing Co: UK

Marotzke, J, Giering,R., Zhang, K.Q., Stammer,D., Hill,C., and T.Lee, (1999)
Construction of the adjoint MIT ocean general circulation model and
application to Atlantic heat transport variability

J. Geophysical Res., 104(C12), 29,529-29,547.

We begin by briefly showing some of the results of the model in action to give a feel for the wide range
of problems that can be addressed using it.
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—
~10 000km

Figure 1.2: MITgcm has non-hydrostatic capabilities, allowing the model to address a wide range of
phenomenon - from convection on the left, all the way through to global circulation patterns on the right.
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Stream function W Tracer @ at t=0.3

Figure 1.3: Finite volume techniques (bottom panel) are user, permitting a treatment of topography that
rivals o (terrain following) coordinates.
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Figure 1.4: Instantaneous plot of the temerature field at 500mb obtained using the atmospheric isomorph
of MITgem

1.2 TIllustrations of the model in action

MITgem has been designed and used to model a wide range of phenomena, from convection on the scale
of meters in the ocean to the global pattern of atmospheric winds - see figure 1.2. To give a flavor
of the kinds of problems the model has been used to study, we briefly describe some of them here. A
more detailed description of the underlying formulation, numerical algorithm and implementation that
lie behind these calculations is given later. Indeed many of the illustrative examples shown below can be
easily reproduced: simply download the model (the minimum you need is a PC running Linux, together
with a FORTRAN 77 compiler) and follow the examples described in detail in the documentation.

1.2.1 Global atmosphere: ‘Held-Suarez’ benchmark

A novel feature of MITgcm is its ability to simulate, using one basic algorithm, both atmospheric and
oceanographic flows at both small and large scales.

Figure 1.4 shows an instantaneous plot of the 500mb temperature field obtained using the atmospheric
isomorph of MITgem run at 2.8° resolution on the cubed sphere. We see cold air over the pole (blue)
and warm air along an equatorial band (red). Fully developed baroclinic eddies spawned in the northern
hemisphere storm track are evident. There are no mountains or land-sea contrast in this calculation, but
you can easily put them in. The model is driven by relaxation to a radiative-convective equilibrium profile,
following the description set out in Held and Suarez; 1994 designed to test atmospheric hydrodynamical
cores - there are no mountains or land-sea contrast.

As described in Adcroft (2001), a ‘cubed sphere’ is used to discretize the globe permitting a uniform
griding and obviated the need to Fourier filter. The ‘vector-invariant’ form of MITgcm supports any
orthogonal curvilinear grid, of which the cubed sphere is just one of many choices.
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Figure 1.5 shows the 5-year mean, zonally averaged zonal wind from a 20-level configuration of the
model. It compares favorable with more conventional spatial discretization approaches. The two plots
show the field calculated using the cube-sphere grid and the flow calculated using a regular, spherical
polar latitude-longitude grid. Both grids are supported within the model.

1.2.2 Ocean gyres

Baroclinic instability is a ubiquitous process in the ocean, as well as the atmosphere. Ocean eddies play
an important role in modifying the hydrographic structure and current systems of the oceans. Coarse
resolution models of the oceans cannot resolve the eddy field and yield rather broad, diffusive patterns
of ocean currents. But if the resolution of our models is increased until the baroclinic instability process
is resolved, numerical solutions of a different and much more realistic kind, can be obtained.

Figure 1.6 shows the surface temperature and velocity field obtained from MITgcm run at %o horizontal
resolution on a lat-lon grid in which the pole has been rotated by 90° on to the equator (to avoid the
converging of meridian in northern latitudes). 21 vertical levels are used in the vertical with a ‘lopped
cell’ representation of topography. The development and propagation of anomalously warm and cold
eddies can be clearly seen in the Gulf Stream region. The transport of warm water northward by the
mean flow of the Gulf Stream is also clearly visible.

1.2.3 Global ocean circulation

Figure 1.7 (top) shows the pattern of ocean currents at the surface of a 4° global ocean model run with
15 vertical levels. Lopped cells are used to represent topography on a regular lat-lon grid extending
from 70°N to 70°S. The model is driven using monthly-mean winds with mixed boundary conditions on
temperature and salinity at the surface. The transfer properties of ocean eddies, convection and mixing
is parameterized in this model.

Figure 1.7 (bottom) shows the meridional overturning circulation of the global ocean in Sverdrups.

1.2.4 Convection and mixing over topography

Dense plumes generated by localized cooling on the continental shelf of the ocean may be influenced
by rotation when the deformation radius is smaller than the width of the cooling region. Rather than
gravity plumes, the mechanism for moving dense fluid down the shelf is then through geostrophic eddies.
The simulation shown in the figure 1.8 (blue is cold dense fluid, red is warmer, lighter fluid) employs the
non-hydrostatic capability of MITgem to trigger convection by surface cooling. The cold, dense water
falls down the slope but is deflected along the slope by rotation. It is found that entrainment in the
vertical plane is reduced when rotational control is strong, and replaced by lateral entrainment due to
the baroclinic instability of the along-slope current.

1.2.5 Boundary forced internal waves

The unique ability of MITgcm to treat non-hydrostatic dynamics in the presence of complex geometry
makes it an ideal tool to study internal wave dynamics and mixing in oceanic canyons and ridges driven
by large amplitude barotropic tidal currents imposed through open boundary conditions.

Fig. 1.9 shows the influence of cross-slope topographic variations on internal wave breaking - the
cross-slope velocity is in color, the density contoured. The internal waves are excited by application
of open boundary conditions on the left. They propagate to the sloping boundary (represented using
MITgem’s finite volume spatial discretization) where they break under nonhydrostatic dynamics.

1.2.6 Parameter sensitivity using the adjoint of MITgcm

Forward and tangent linear counterparts of MITgcem are supported using an ‘automatic adjoint compiler’.
These can be used in parameter sensitivity and data assimilation studies.

As one example of application of the MITgem adjoint, Figure 1.10 maps the gradient g—éwhere J is
the magnitude of the overturning stream-function shown in figure 1.7 at 60°N and H(\, ) is the mean,

local air-sea heat flux over a 100 year period. We see that J is sensitive to heat fluxes over the Labrador
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Figure 1.5: Five year mean, zonally averaged zonal flow for latitude-longitude simulation (bottom) and
cube-sphere simulation(top) using Held-Suarez forcing. Note the difference in the solutions over the pole
- the cubed sphere is superior.
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Figure 1.6: Instantaneous temperature map from a 19 simulation of the North Atlantic. The figure shows

6
the temperature in the second layer (37.5m deep).



1.2. ILLUSTRATIONS OF THE MODEL IN ACTION

OCEAN Currents at 25M, t=1000 years
90N | | | | | | | |
0.5 m/s
6N — T
30N
0 PSS eessS e R SS—— T

WA (17777000770 icer
/

905 T T T T T T T T T
180w 150w 120w 90W  60W  30W 0 30E 60E 90E 120E 150t

0 40
30
-1000 R
20
£ 2000 \ 1 i
= D
® _3000 -
s -10
4000 | —20
a0
-5000F | I — —40
-80 -60 40 =20 0 20 40 B0 80
Latitude

17

Figure 1.7: Pattern of surface ocean currents (top) and meridional overturning stream function (in
Sverdrups) from a global integration of the model at 4° horizontal resolution and with 15 vertical levels.
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with high-fidelity using lopped cells.
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Figure 1.10: Sensitivity of meridional overturning strength to surface heat flux changes. Contours show
the magnitude of the response (in Sv x 107%) that a persistent +1Wm~2 heat flux anomaly at a given
gid point would produce.

Sea, one of the important sources of deep water for the thermohaline circulations. This calculation also
yields sensitivities to all other model parameters.

1.2.7 Global state estimation of the ocean

An important application of MITgem is in state estimation of the global ocean circulation. An appropri-
ately defined ‘cost function’, which measures the departure of the model from observations (both remotely
sensed and in-situ) over an interval of time, is minimized by adjusting ‘control parameters’ such as air-sea
fluxes, the wind field, the initial conditions etc. Figure 1.11 shows the large scale planetary circulation
and a Hopf-Muller plot of Equatorial sea-surface height. Both are obtained from assimilation bringing
the model in to consistency with altimetric and in-situ observations over the period 1992-1997.

1.2.8 Ocean biogeochemical cycles

MITgcm is being used to study global biogeochemical cycles in the ocean. For example one can study
the effects of interannual changes in meteorological forcing and upper ocean circulation on the fluxes of
carbon dioxide and oxygen between the ocean and atmosphere. Figure 1.12 shows the annual air-sea
flux of oxygen and its relation to density outcrops in the southern oceans from a single year of a global,
interannually varying simulation. The simulation is run at 1° x 1° resolution telescoping to %O X %O in
the tropics (not shown).

1.2.9 Simulations of laboratory experiments

Figure 1.13 shows MITgcm being used to simulate a laboratory experiment inquiring into the dynamics
of the Antarctic Circumpolar Current (ACC). An initially homogeneous tank of water (1m in diameter)
is driven from its free surface by a rotating heated disk. The combined action of mechanical and thermal
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Figure 1.11: Top panel shows circulation patterns from a multi-year, global circulation simulation con-
strained by Topex altimeter data and WOCE cruise observations. Bottom panel shows the equatorial
sea~surface height in unconstrained (left), constrained (middle) simulations and in observations. This
output is from a higher resolution, shorter duration experiment with equatorially enhanced grid spacing.
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MITgcm air-sea O2 flux (mol/m2/y5) with contoured potential density
0

3,06

Figure 1.12: Annual air-sea flux of oxygen (shaded) plotted along with potential density outcrops of the

surface of the southern ocean from a global 1° x 1° integation with a telescoping grid (to % ) at the
equator.
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Figure 1.13: A numerical simulation (left) of a 1m diameter laboratory experiment (right) using MITgem.

forcing creates a lens of fluid which becomes baroclinically unstable. The stratification and depth of pen-
etration of the lens is arrested by its instability in a process analogous to that which sets the stratification
of the ACC.

1.3 Continuous equations in ‘r’ coordinates

To render atmosphere and ocean models from one dynamical core we exploit ‘isomorphisms’ between
equation sets that govern the evolution of the respective fluids - see figure 1.14. One system of hydro-
dynamical equations is written down and encoded. The model variables have different interpretations
depending on whether the atmosphere or ocean is being studied. Thus, for example, the vertical coordi-
nate ‘r’ is interpreted as pressure, p, if we are modeling the atmosphere (right hand side of figure 1.14)
and height, z, if we are modeling the ocean (left hand side of figure 1.14).

The state of the fluid at any time is characterized by the distribution of velocity v, active tracers 6
and S, a ‘geopotential’ ¢ and density p = p(0,S,p) which may depend on 6, S, and p. The equations
that govern the evolution of these fields, obtained by applying the laws of classical mechanics and ther-
modynamics to a Boussinesq, Navier-Stokes fluid are, written in terms of a generic vertical coordinate,
r, so that the appropriate kinematic boundary conditions can be applied isomorphically see figure 1.15.

Dv;j =

% + (QQ X V)h + V¢ = Fy, horizontal mtm (1.1)

Di ~ /-

F: +k- (2Q X \7’) + % + b = F; vertical mtm (1.2)
Vi Vi + or = 0 continuity (1.3)

or
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Figure 1.14: Tsomorphic equation sets used for atmosphere (right) and ocean (left).
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Figure 1.15: Vertical coordinates and kinematic boundary conditions for atmosphere (top) and ocean
(bottom).
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b=10(6,5,r) equation of state

D6 )
— = Qy potential temperature
Dt

DS

T Qs humidity /salinity

Here:
r is the vertical coordinate

D
Dt~ Ot

~0
V=V, + ka— is the ‘grad’ operator
r

o . .
— = — + v - V is the total derivative
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with V}, operating in the horizontal and E% operating in the vertical, where % is a unit vector in the

vertical

t is time

vV = (u,v,7) = (V,7) is the velocity

¢ is the ‘pressure’/‘geopotential’

Q) is the Earth’s rotation

b is the ‘buoyancy’

0 is potential temperature

S is specific humidity in the atmosphere; salinity in the ocean

Fy are forcing and dissipation of v

Qp are forcing and dissipation of ¢

Qg are forcing and dissipation of .S

The F's and Q's are provided by ‘physics’ and forcing packages for atmosphere and ocean. These are

described in later chapters.
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1.3.1 Kinematic Boundary conditions
1.3.1.1 vertical

at fixed and moving r surfaces we set (see figure 1.15):

7 =0 at r = Ryized(z,y) (ocean bottom, top of the atmosphere) (1.7)
. Dr
r= at 7 = Ryoving (0cean surface,bottom of the atmosphere) (1.8)

Here

Rmo’uing = RO +n

where R,(x,y) is the ‘r—value’ (height or pressure, depending on whether we are in the atmosphere or
ocean) of the ‘moving surface’ in the resting fluid and 7 is the departure from R, (z,y) in the presence of
motion.

1.3.1.2 horizontal

v-i=0 (1.9)
where 1 is the normal to a solid boundary.
1.3.2 Atmosphere
In the atmosphere, (see figure 1.15), we interpret:
r = p is the pressure (1.10)
. Dp . . oo .
r=pp=wis the vertical velocity in p coordinates (1.11)
¢ = g z is the geopotential height (1.12)
ol
b = —20 is the buoyancy (1.13)
dp
0= T(&)“ is potential temperature (1.14)
p
S = q, is the specific humidity (1.15)

where

T is absolute temperature

p is the pressure

z is the height of the pressure surface

g is the acceleration due to gravity

In the above the ideal gas law, p = pRT, has been expressed in terms of the Exner function II(p)
given by (see Appendix Atmosphere)

)" (1.16)

where p, is a reference pressure and k = R/c, with R the gas constant and ¢, the specific heat of air at
constant pressure.
At the top of the atmosphere (which is ‘fixed” in our r coordinate):
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Rfiwed = Ptop = 0
In a resting atmosphere the elevation of the mountains at the bottom is given by
Rmoving =R, (Ia 2/) = Po (Ia y)

i.e. the (hydrostatic) pressure at the top of the mountains in a resting atmosphere.
The boundary conditions at top and bottom are given by:

w =0 at 7 = Ryigeq (top of the atmosphere) (1.17)
Dps
DZ; ; at 1 = Rimoving (bottom of the atmosphere) (1.18)

Then the (hydrostatic form of) equations (1.1-1.6) yields a consistent set of atmospheric equations
which, for convenience, are written out in p coordinates in Appendix Atmosphere - see eqs(1.59).

1.3.3 Ocean

In the ocean we interpret:

r = zis the height (1.19)
ro= Fj = w is the vertical velocity (1.20)
¢ = p£ is the pressure (1.21)
b0, S,r) = i (p(0,S,r) — p.) is the buoyancy (1.22)

where p, is a fixed reference density of water and g is the acceleration due to gravity.
In the above
At the bottom of the ocean: Ryiged(z,y) = —H(z,y).
The surface of the ocean is given by: Ryoving =1
The position of the resting free surface of the ocean is given by R, = Z, = 0.
Boundary conditions are:

w = 0atr= Ryigeq (ocean bottom) (1.23)
D
w o= 37157 at 7 = Rmoving = 1 (0cean surface) (1.24)

where 7 is the elevation of the free surface.
Then equations (1.1-1.6) yield a consistent set of oceanic equations which, for convenience, are written
out in z coordinates in Appendix Ocean - see eqs(1.99) to (1.104).

1.3.4 Hydrostatic, Quasi-hydrostatic, Quasi-nonhydrostatic and Non-hydrostatic
forms

Let us separate ¢ in to surface, hydrostatic and non-hydrostatic terms:

¢($, Y, T) = ¢5(.’II, y) + (bhyd(xu Y, T) + (bnh(xa Y, ’f‘) (125)
and write eq( 1.1) in the form:
ovy,

rra + Vios + Vidnya + €nnVidnn = G, (1.26)

a(bhyd
or

- b (1.27)
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or  Obnn
Enh% + or

=G (1.28)

Here ¢, is a non-hydrostatic parameter.
The (ég, Gf) in eq(1.26) and (1.28) represent advective, metric and Coriolis terms in the momentum

equations. In spherical coordinates they take the form ! - see Marshall et al 1997a for a full discussion:

Gu :‘_‘_”'VU advection
— gy wlang metric (1.29)
—{—2Qusinp + 2Q7 cos p} Coriolis '
+F, Forcing/Dissipation
Gy :__V'Y” advection
vl wlang metric (1.30)
—{—2Qusinp} Coriolis :
+F, Forcing/Dissipation
Gy :2_‘;'VT; advection
+ {u Le } metric (131)
+2Qu cos ¢ Coriolis ’
Fr Forcing/Dissipation

In the above ‘r’ is the distance from the center of the earth and ‘¢ ’ is latitude.
Grad and div operators in spherical coordinates are defined in appendix OPERATORS.

1.3.4.1 Shallow atmosphere approximation

Most models are based on the ‘hydrostatic primitive equations’ (HPE’s) in which the vertical momentum
equation is reduced to a statement of hydrostatic balance and the ‘traditional approximation’ is made
in which the Coriolis force is treated approximately and the shallow atmosphere approximation is made.
MITgcm need not make the ‘traditional approximation’. To be able to support consistent non-hydrostatic
forms the shallow atmosphere approximation can be relaxed - when dividing through by r in, for example,
(1.29), we do not replace r by a, the radius of the earth.

1.3.4.2 Hydrostatic and quasi-hydrostatic forms

These are discussed at length in Marshall et al (1997a).

In the ‘hydrostatic primitive equations’ (HPE) all the underlined terms in Egs. (1.29 — 1.31) are
neglected and ‘r’ is replaced by ‘a’, the mean radius of the earth. Once the pressure is found at one level
- e.g. by inverting a 2-d Elliptic equation for ¢, at r = Ryoving - the pressure can be computed at all
other levels by integration of the hydrostatic relation, eq( 1.27).

In the ‘quasi-hydrostatic’ equations (QH) strict balance between gravity and vertical pressure gradi-
ents is not imposed. The 2Qu cos ¢ Coriolis term are not neglected and are balanced by a non-hydrostatic
contribution to the pressure field: only the terms underlined twice in Egs. ( 1.29— 1.31) are set to zero
and, simultaneously, the shallow atmosphere approximation is relaxed. In QH all the metric terms are
retained and the full variation of the radial position of a particle monitored. The QH vertical momentum
equation (1.28) becomes:

8(Jﬁnh
or

making a small correction to the hydrostatic pressure.

= 2Qu cosp

1 In the hydrostatic primitive equations (HPE) all underlined terms in (1.29), (1.30) and (1.31) are omitted; the singly-
underlined terms are included in the quasi-hydrostatic model (QH). The fully non-hydrostatic model ( NH) includes all
terms.
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Figure 1.16: Spherical polar coordinates: longitude A, latitude ¢ and r the distance from the center.
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QH has good energetic credentials - they are the same as for HPE. Importantly, however, it has the
same angular momentum principle as the full non-hydrostatic model (NH) - see Marshall et.al., 1997a.
As in HPE only a 2-d elliptic problem need be solved.

1.3.4.3 Non-hydrostatic and quasi-nonhydrostatic forms

MITgem presently supports a full non-hydrostatic ocean isomorph, but only a quasi-non-hydrostatic
atmospheric isomorph.

Non-hydrostatic Ocean In the non-hydrostatic ocean model all terms in equations Egs.(1.29 —
1.31) are retained. A three dimensional elliptic equation must be solved subject to Neumann boundary
conditions (see below). It is important to note that use of the full NH does not admit any new ‘fast’
waves in to the system - the incompressible condition eq(1.3) has already filtered out acoustic modes. Tt
does, however, ensure that the gravity waves are treated accurately with an exact dispersion relation. The
NH set has a complete angular momentum principle and consistent energetics - see White and Bromley,
1995; Marshall et.al. 1997a.

Quasi-nonhydrostatic Atmosphere In the non-hydrostatic version of our atmospheric model we
approximate 7 in the vertical momentum eqs(1.28) and (1.30) (but only here) by:

._Dp 1D¢

_or_1 1.32
"“Dt " yDt (1.32)

where py, is the hydrostatic pressure.

1.3.4.4 Summary of equation sets supported by model

Atmosphere Hydrostatic, and quasi-hydrostatic and quasi non-hydrostatic forms of the compressible
non-Boussinesq equations in p—coordinates are supported.

Hydrostatic and quasi-hydrostatic The hydrostatic set is written out in p—coordinates in ap-
pendix Atmosphere - see eq(1.59).

Quasi-nonhydrostatic A quasi-nonhydrostatic form is also supported.
Ocean

Hydrostatic and quasi-hydrostatic Hydrostatic, and quasi-hydrostatic forms of the incompress-
ible Boussinesq equations in z—coordinates are supported.

Non-hydrostatic Non-hydrostatic forms of the incompressible Boussinesq equations in z— coordi-
nates are supported - see eqs(1.99) to (1.104).

1.3.5 Solution strategy

The method of solution employed in the HPE, QH and NH models is summarized in Figure 1.17. Under
all dynamics, a 2-d elliptic equation is first solved to find the surface pressure and the hydrostatic pressure
at any level computed from the weight of fluid above. Under HPE and QH dynamics, the horizontal
momentum equations are then stepped forward and 7 found from continuity. Under NH dynamics a 3-d
elliptic equation must be solved for the non-hydrostatic pressure before stepping forward the horizontal
momentum equations; 7 is found by stepping forward the vertical momentum equation.

There is no penalty in implementing QH over HPE except, of course, some complication that goes
with the inclusion of cos¢ Coriolis terms and the relaxation of the shallow atmosphere approximation.
But this leads to negligible increase in computation. In NH, in contrast, one additional elliptic equation
- a three-dimensional one - must be inverted for p,,. However the ‘overhead’ of the NH model is
essentially negligible in the hydrostatic limit (see detailed discussion in Marshall et al, 1997) resulting in
a non-hydrostatic algorithm that, in the hydrostatic limit, is as computationally economic as the HPEs.
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Figure 1.17: Basic solution strategy in MITgcm. HPE and QH forms diagnose the vertical velocity, in
NH a prognostic equation for the vertical velocity is integrated.

1.3.6 Finding the pressure field

Unlike the prognostic variables u, v, w, 6 and S, the pressure field must be obtained diagnostically.
We proceed, as before, by dividing the total (pressure/geo) potential in to three parts, a surface part,
¢s(z,y), a hydrostatic part ¢nyq(z,y, ) and a non-hydrostatic part ¢nn(x,y, ), as in (1.25), and writing
the momentum equation as in (1.26).

1.3.6.1 Hydrostatic pressure

Hydrostatic pressure is obtained by integrating (1.27) vertically from r = R, where ¢pyq(r = R,) = 0,

to yield:
R R
> OPhyd R, °
A e A

and so

R,
Phya(T,y,7) :/ bdr (1.33)

The model can be easily modified to accommodate a loading term (e.g atmospheric pressure pushing
down on the ocean’s surface) by setting:

Onyd(r = R,) = loading (1.34)

1.3.6.2 Surface pressure

The surface pressure equation can be obtained by integrating continuity, (1.3), vertically from r = Rfzeq
tor = Rmoving

Rmoving
/ (Vh -V +07)dr =0

Rfized
Thus:
877 Rinoving

—+\7’.V17+/ Vi - Vpdr =0
at Rfiz'ed
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where 1 = Ryoving — Ro is the free-surface r-anomaly in units of . The above can be rearranged to
yield, using Leibnitz’s theorem:

877 Ropoving .
— + V- / Vi dr = source (1.35)
ot Ryfized
where we have incorporated a source term.

Whether ¢ is pressure (ocean model, p/p.) or geopotential (atmospheric model), in (1.26), the hori-
zontal gradient term can be written

Vigs = Vi (bsn) (1.36)

where bg is the buoyancy at the surface.

In the hydrostatic limit (e,; = 0), equations (1.26), (1.35) and (1.36) can be solved by inverting a
2-d elliptic equation for ¢4 as described in Chapter 2. Both ‘free surface’ and ‘rigid lid” approaches are
available.

1.3.6.3 Non-hydrostatic pressure

Taking the horizontal divergence of (1.26) and adding % of (1.28), invoking the continuity equation (1.3),
we deduce that:

Vionn = V.Gy — (Vids + V2nya) = V.F (1.37)

For a given rhs this 3-d elliptic equation must be inverted for ¢,; subject to appropriate choice of
boundary conditions. This method is usually called The Pressure Method [Harlow and Welch, 1965;
Williams, 1969; Potter, 1976]. In the hydrostatic primitive equations case (HPE), the 3-d problem does
not need to be solved.

Boundary Conditions We apply the condition of no normal flow through all solid boundaries - the
coasts (in the ocean) and the bottom:

VA =0 (1.38)

where 7 is a vector of unit length normal to the boundary. The kinematic condition (1.38) is also applied
to the vertical velocity at r = Ryoving. No-slip (vr = 0) or slip (Qvy/9n = 0) conditions are employed
on the tangential component of velocity, vy, at all solid boundaries, depending on the form chosen for
the dissipative terms in the momentum equations - see below.

Eq.(1.38) implies, making use of (1.26), that:

.V bnp = n.F (1.39)

where

F =Gy — (Vnds + Vénya)

presenting inhomogeneous Neumann boundary conditions to the Elliptic problem (1.37). As shown,
for example, by Williams (1969), one can exploit classical 3D potential theory and, by introducing an
appropriately chosen d-function sheet of ‘source-charge’, replace the inhomogeneous boundary condition
on pressure by a homogeneous one. The source term rhs in (1.37) is the divergence of the vector F.
By simultaneously setting 7#.F =0 and 7.V¢,;, = 0 on the boundary the following self-consistent but
simpler homogenized Elliptic problem is obtained:

V2¢nh = Vf‘

where F is a modified F such that F.7i = 0. As is implied by (1.39) the modified boundary condition
becomes:

7.V pn =0 (1.40)
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If the flow is ‘close’ to hydrostatic balance then the 3-d inversion converges rapidly because ¢, is
then only a small correction to the hydrostatic pressure field (see the discussion in Marshall et al, a,b).

The solution ¢, to (1.37) and (1.39) does not vanish at 7 = Ryoping, and so refines the pressure
there.

1.3.7 Forcing/dissipation
1.3.7.1 Forcing

The forcing terms F on the rhs of the equations are provided by ‘physics packages’ and forcing packages.
These are described later on.

1.3.7.2 Dissipation

Momentum Many forms of momentum dissipation are available in the model. Laplacian and bihar-
monic frictions are commonly used:
0%

2
DV = Ahvh’U + A’U 822

+ AyViv (1.41)

where Aj and A, are (constant) horizontal and vertical viscosity coefficients and Ay is the horizontal
coeflicient for biharmonic friction. These coefficients are the same for all velocity components.

Tracers The mixing terms for the temperature and salinity equations have a similar form to that of
momentum except that the diffusion tensor can be non-diagonal and have varying coefficients.

Drp,s = V.[KV(T,S)] + KsVi(T, S) (1.42)
where K is the diffusion tensor and the K, horizontal coefficient for biharmonic diffusion. In the

simplest case where the subgrid-scale fluxes of heat and salt are parameterized with constant horizontal
and vertical diffusion coefficients, K, reduces to a diagonal matrix with constant coefficients:

K, 0 0
K= 0 K, 0 (1.43)
0 0 K,

where K and K, are the horizontal and vertical diffusion coefficients. These coefficients are the same
for all tracers (temperature, salinity ... ).

1.3.8 Vector invariant form

For some purposes it is advantageous to write momentum advection in eq(1.1) and (1.2) in the (so-called)
‘vector invariant’ form:

Dv oV 1

— =— 4+ (VXV)XxV+V |=(V -V 1.44

By = S+ (VxR x4V |59 (1.44)
This permits alternative numerical treatments of the non-linear terms based on their representation as
a vorticity flux. Because gradients of coordinate vectors no longer appear on the rhs of (1.44), explicit
representation of the metric terms in (1.29), (1.30) and (1.31), can be avoided: information about the
geometry is contained in the areas and lengths of the volumes used to discretize the model.

1.3.9 Adjoint

Tangent linear and adjoint counterparts of the forward model are described in Chapter 5.
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1.4 Appendix ATMOSPHERE

1.4.1 Hydrostatic Primitive Equations for the Atmosphere in pressure coor-
dinates

The hydrostatic primitive equations (HPEs) in p-coordinates are:

%—i—kavh—i—V,@ = F (1.45)
gﬁ-ﬁ- =0 (1.46)

Vp vh—l—g—; = 0 (1.47)

pa = RT (1.48)

ll))T—l—pl;(: - 0 (1.49)

where V), = (u,v,0) is the ‘horizontal’ (on pressure surfaces) component of velocity, 2 = ¥ - V,, + wa%
is the total derivative, f = 2Qsin ¢ is the Coriolis parameter, ¢ = gz is the geopotential, « = 1/p is the
specific volume, w = % is the vertical velocity in the p—coordinate. Equation(1.49) is the first law of
thermodynamics where internal energy e = ¢, T, T is temperature, () is the rate of heating per unit mass
and pp57 O‘ is the work done by the fluid in compressing.

It is convenient to cast the heat equation in terms of potential temperature 6 so that it looks more

like a generic conservation law. Differentiating (1.48) we get:

Da Dp DT
Por Foor T B or

which, when added to the heat equation (1.49) and using ¢, = ¢, + R, gives:

DT Dp
Potential temperature is defined:
0= T(%)“ (1.51)

where p, is a reference pressure and k = R/c,. For convenience we will make use of the Exner function

II(p) which defined by:
)" (1.52)

The following relations will be useful and are easily expressed in terms of the Exner function:

T —TIo oIl kIl k116 011 DII 81_[ Dp
C = M _—-— == — = — N
P " Op p D op ' Dt  9p Dt

where b = 86—1136‘ is the buoyancy.
The heat equation is obtained by noting that

DT _ D) Do DU _ DY Dp

Dt Dt o 0D Di Dt
and on substituting into (1.50) gives:
Do
I— = 1.53
ZURe (1.5

which is in conservative form.
For convenience in the model we prefer to step forward (1.53) rather than (1.49).
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1.4.1.1 Boundary conditions

The upper and lower boundary conditions are :

Dp
Dt
at the surface: p = ps » = Ptopo = 9 Zitopo (1-55)

at the top: p=0 , W= 0 (1.54)

In p-coordinates, the upper boundary acts like a solid boundary (w = 0); in z-coordinates and the lower
boundary is analogous to a free surface (¢ is imposed and w # 0).

1.4.1.2 Splitting the geo-potential

For the purposes of initialization and reducing round-off errors, the model deals with perturbations
from reference (or “standard”) profiles. For example, the hydrostatic geopotential associated with the
resting atmosphere is not dynamically relevant and can therefore be subtracted from the equations. The
equations written in terms of perturbations are obtained by substituting the following definitions into
the previous model equations:

0 — 0,40 (1.56)
a = a,+d (1.57)
¢ = ¢o+¢ (1.58)

The reference state (indicated by subscript “0”) corresponds to horizontally homogeneous atmosphere at
rest (6o, v, 90) With surface pressure p,(z,y) that satisfies ¢o(po) = g Ziopo, defined:

0o(p) = f"(p)

ao(p) = Hpeo
P
¢0 (p) = thopo - / aodp
Po
The final form of the HPE’s in p coordinates is then:
Dv R .
—D"th +fkxVp+ Ve = F (1.59)
o9
. = 0 1.60
ap +a ( )
., Oow
Vp *Vp =+ a—p = O (161)
o1l
¢ = o 1.62
ol = o (162)
Do Q
— = = 1.63
Dt I ( )
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1.5 Appendix OCEAN

1.5.1 Equations of motion for the ocean

We review here the method by which the standard (Boussinesq, incompressible) HPE’s for the ocean
written in z-coordinates are obtained. The non-Boussinesq equations for oceanic motion are:

DT?+f12xvh+%vzp = F (1.64)
%%umégzzwﬂ (1.65)
%%+v,ﬁ+%i:o (1.66)

p = p(0,5.p) (1.67)
% o
DS
L) (1.69)

These equations permit acoustics modes, inertia-gravity waves, non-hydrostatic motions, a geostrophic
(Rossby) mode and a thermohaline mode. As written, they cannot be integrated forward consistently -
if we step p forward in (1.66), the answer will not be consistent with that obtained by stepping (1.68)
and (1.69) and then using (1.67) to yield p. It is therefore necessary to manipulate the system as follows.
Differentiating the EOS (equation of state) gives:

D 0 Do 0 DS 0 D
Dp _9p| D8 _ 9dp| DS_9p| Dp (1.70)
Dt 00 s.p Dt oS 0.p Dt Iple s DI
Note that g—z = C% is the reciprocal of the sound speed (cs) squared. Substituting into 1.66 gives:
1 Dp
— = 2 V+ow=0 1.71
o D +V. V40w (1.71)

where we have used an approximation sign to indicate that we have assumed adiabatic motion, dropping
the 22 and %. Replacing 1.66 with 1.71 yields a system that can be explicitly integrated forward:

Dt

%?+kavh+%vzp = F (1.72)
Enh% +9+ %% = ewnFu (1.73)
piz%+vz-vh+2—f =0 (1.74)
p = p(0,5p) (1.75)
%f = Q (1.76)

DS
o - < (1.77)

1.5.1.1 Compressible z-coordinate equations

Here we linearize the acoustic modes by replacing p with p,(z) wherever it appears in a product (ie.
non-linear term) - this is the ‘Boussinesq assumption’. The only term that then retains the full variation
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in p is the gravitational acceleration:

%—I—kavh—l— —V.p = F (1.78)
W LB i
polczgf+v vwg—f -0 (1.80)
p = p0.5p) (1.81)

» o, 0

s 059

These equations still retain acoustic modes. But, because the “compressible” terms are linearized, the

pressure equation 1.80 can be integrated implicitly with ease (the time-dependent term appears as a

Helmholtz term in the non-hydrostatic pressure equation). These are the truly compressible Boussinesq

equations. Note that the EOS must have the same pressure dependency as the linearized pressure term,
Op

1 .
le a- = = fOI' consistency.
9p ‘9 s <’ Y

1.5.1.2 ‘Anelastic’ z-coordinate equations

The anelastic approximation filters the acoustic mode by removing the time-dependency in the continuity
(now pressure-) equation (1.80 ). This could be done simply by noting that % ~ —gpo Bz = —gpow, but
this leads to an inconsistency between continuity and EOS. A better solution is to change the dependency
on pressure in the EOS by splitting the pressure into a reference function of height and a perturbation:

= p(@, Supo(z) + esp/)

Remembering that the term % in continuity comes from differentiating the EOS, the continuity equation

then becomes:
1 Dp, Dy’ ow
s V. — =0
PoC? < Dt e +Va Vit 0z

If the time- and space-scales of the motions of interest are longer than those of acoustic modes, then

Dp << (BB V- ¥,) in the continuity equations and g—z o Dr << g—z os DPe in the EOS (1.70).

Thus we set e, = 0, removing the dependency on p’ in the continuity equation and EOS. Expanding

DpD;gz) = —gpow then leads to the anelastic continuity equation:
L 0w g
Vz-vh—i—E—C—Qw:O (184)

S

A slightly different route leads to the quasi-Boussinesq continuity equation where we use the scaling
%—’; + V3 p'V << V3 - p,V yielding:

10 (pow)
V. — =0 1.85
Vi + T 0s (1.85)
Equations 1.84 and 1.85 are in fact the same equation if:
1 dpo  —yg
— == 1.86
po 0z c2 (1.86)

Again, note that if p, is evaluated from prescribed 6, and S, profiles, then the EOS dependency on p,
and the term -% in continuity should be referred to those same profiles. The full set of ‘quasi-Boussinesq’
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or ‘anelastic’ equations for the ocean are then:

%?—l—ff{x?h—i—%vzp = F (1.87)
enh%ﬁ-% i% = ennFuw (1'88)
vz-vh+i% =0 (1.89)

p = p0,5p.(2)) (1.90)
2= g (1.91)
bs s

1.5.1.3 Incompressible z-coordinate equations

Here, the objective is to drop the depth dependence of p, and so, technically, to also remove the depen-
dence of p on p,. This would yield the “truly” incompressible Boussinesq equations:

DT?+f12xvh+ivzp = F (1.93)
e"h%jLi_eri% = eanFu (1.94)
vz~vh+2—f = 0 (1.95)
p = p,5) (1.96)
%f = Q (1.97)

DS
5 = & (1.98)

where p. is a constant reference density of water.

1.5.1.4 Compressible non-divergent equations

The above “incompressible” equations are incompressible in both the flow and the density. In many
oceanic applications, however, it is important to retain compressibility effects in the density. To do this
we must split the density thus:

p=po+r

We then assert that variations with depth of p, are unimportant while the compressible effects in p’ are:
Po = Pc

p/ = p(97 Supo(z)) — Po

This then yields what we can call the semi-compressible Boussinesq equations:

Dvh ~ 1 o
—_— k x v —V.p = 1.99
Dt +f ><Vh+pCVp F (1.99)

Dw gp 109p

Enhﬁ e e B = 6nh]:w (1100)
ow

sV — = 1.101

V. vy + 5, 0 (1.101)

pl= p(0,8,p0(2)) — pe (1.102)
Do

o = (1.103)
D

5 _ o, (1.104)

Dt
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Note that the hydrostatic pressure of the resting fluid, including that associated with p., is subtracted
out since it has no effect on the dynamics.

Though necessary, the assumptions that go into these equations are messy since we essentially assume
a different EOS for the reference density and the perturbation density. Nevertheless, it is the hydrostatic
(énn, = 0 form of these equations that are used throughout the ocean modeling community and referred

to as the primitive equations (HPE).

1.6 Appendix:OPERATORS

1.6.1 Coordinate systems
1.6.1.1 Spherical coordinates

In spherical coordinates, the velocity components in the zonal, meridional and vertical direction respec-
tively, are given by (see Fig.2) :

DX
U =7TCOSY—
Dt
Dy
"="Dr
. Dr
= —
Dt

Here ¢ is the latitude, A\ the longitude, r the radial distance of the particle from the center of the
earth, € is the angular speed of rotation of the Earth and D /Dt is the total derivative.
The ‘grad’ (V) and ‘div’ (V) operators are defined by, in spherical coordinates:

v (L 219 9
" \rcosp A\ rdp’ Or

1 ou 0 10 (r?)
Vo= T COS {a—ka—w(vcoscp)} * 2 ar
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Chapter 2

Discretization and Algorithm

This chapter lays out the numerical schemes that are employed in the core MITgem algorithm. Whenever
possible links are made to actual program code in the MITgcm implementation. The chapter begins with
a discussion of the temporal discretization used in MITgcm. This discussion is followed by sections
that describe the spatial discretization. The schemes employed for momentum terms are described first,
afterwards the schemes that apply to passive and dynamically active tracers are described.

2.1 Notation

Because of the particularity of the vertical direction in stratified fluid context, in this chapter, the vector

notations are mostly used for the horizontal component: the horizontal part of a vector is simply written

V (instead of vy, or ¥, in chaper 1) and a 3.D vector is simply written ¥ (instead of V in chapter 1).
The notations we use to describe the discrete formulation of the model are summarized hereafter:

general notation:

Az, Ay, Ar grid spacing in X,Y,R directions.

Ac, Aw, As, A¢ : horizontal area of a grid cell surrounding 6, u, v, ¢ point.

Vus Vo, Vo, Vo @ Volume of the grid box surrounding w, v, w, # point;

1,7,k : current index relative to X,Y,R directions;

basic operator:

0i 2 0i® = ®ipy)n —Pi)n

P = (Pig1/2 + Pi_1/2)/2

(7]
8

| <l

= horizontal gradient operator : V& = {5,®,5,d}
V- = horizontal divergence operator : V - f = %{&-Ay ty +0;Azxt,}

= horizontal Laplacian operator : VQCD =V-Vo

<

2.2 Time-stepping

The equations of motion integrated by the model involve four prognostic equations for flow, v and v, tem-
perature, 6, and salt/moisture, S, and three diagnostic equations for vertical flow, w, density /buoyancy,
p/b, and pressure/geo-potential, ¢pyq. In addition, the surface pressure or height may by described by
either a prognostic or diagnostic equation and if non-hydrostatics terms are included then a diagnostic
equation for non-hydrostatic pressure is also solved. The combination of prognostic and diagnostic equa-
tions requires a model algorithm that can march forward prognostic variables while satisfying constraints
imposed by diagnostic equations.

Since the model comes in several flavors and formulation, it would be confusing to present the model
algorithm exactly as written into code along with all the switches and optional terms. Instead, we present
the algorithm for each of the basic formulations which are:

41
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% —= time
NAt (n+1)At
n+v-
G

*

u,v”\/ u¢,v

vin=v. (i)

i n+1
u,v

Figure 2.1: A schematic of the evolution in time of the pressure method algorithm. A prediction for the
flow variables at time level n + 1 is made based only on the explicit terms, Gt/ 2) and denoted u*, v*.
Next, a pressure field is found such that «"*!, "1 will be non-divergent. Conceptually, the * quantities
exist at time level n + 1 but they are intermediate and only temporary.

1. the semi-implicit pressure method for hydrostatic equations with a rigid-lid, variables co-located in
time and with Adams-Bashforth time-stepping,

2. as 1. but with an implicit linear free-surface,

3. as 1. or 2. but with variables staggered in time,

4. as 1. or 2. but with non-hydrostatic terms included,
5. as 2. or 3. but with non-linear free-surface.

In all the above configurations it is also possible to substitute the Adams-Bashforth with an alter-
native time-stepping scheme for terms evaluated explicitly in time. Since the over-arching algorithm is
independent of the particular time-stepping scheme chosen we will describe first the over-arching algo-
rithm, known as the pressure method, with a rigid-lid model in section 2.3. This algorithm is essentially
unchanged, apart for some coefficients, when the rigid lid assumption is replaced with a linearized implicit
free-surface, described in section 2.4. These two flavors of the pressure-method encompass all formulations
of the model as it exists today. The integration of explicit in time terms is out-lined in section 2.5 and
put into the context of the overall algorithm in sections 2.7 and 2.8. Inclusion of non-hydrostatic terms
requires applying the pressure method in three dimensions instead of two and this algorithm modifica-
tion is described in section 2.9. Finally, the free-surface equation may be treated more exactly, including
non-linear terms, and this is described in section 2.10.2.

2.3 Pressure method with rigid-lid

The horizontal momentum and continuity equations for the ocean (1.99 and 1.101), or for the atmosphere
(1.45 and 1.47), can be summarized by:

O+ gozn = Gy (2.1)
0w+ goyn = Gy (2.2)
Opu+0yv+0o,w = 0 (2.3)

where we are adopting the oceanic notation for brevity. All terms in the momentum equations, except
for surface pressure gradient, are encapsulated in the GG vector. The continuity equation, when integrated
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FORWARD_STEP
DYNAMICS
TIMESTEP u*w* (2.8,2.9)
SOLVE_FOR_PRESSURE
CALC_DIV_GHAT Hu* Ho* (2.10)
CG2D n" 1 (2.10)
MOMENTUM_CORRECTION_STEP
CALC_GRAD_PHI_SURF vyt
CORRECTION_STEP unttontl (2.11,2.12)
Figure 2.2: Calling tree for the pressure method algorithm (FORWARD_STEP)
over the fluid depth, H, and with the rigid-lid/no normal flow boundary conditions applied, becomes:
0. Hu+ 0yHv =0 (2.4)

Here, Hu = ||  udz is the depth integral of u, similarly for Hv. The rigid-lid approximation sets w = 0 at
the lid so that it does not move but allows a pressure to be exerted on the fluid by the lid. The horizontal
momentum equations and vertically integrated continuity equation are be discretized in time and space
as follows:

Wt Atgdyy™tt = ut + AtGIH?) (2.5)
0" Atgd Tt = o 4+ AtGHY?) (2.6)
Op Huntl + 9, Hyntl = 0 (2.7)

As written here, terms on the LHS all involve time level n+ 1 and are referred to as implicit; the implicit
backward time stepping scheme is being used. All other terms in the RHS are explicit in time. The
thermodynamic quantities are integrated forward in time in parallel with the flow and will be discussed
later. For the purposes of describing the pressure method it suffices to say that the hydrostatic pressure
gradient is explicit and so can be included in the vector G.

Substituting the two momentum equations into the depth integrated continuity equation eliminates
w1 and v™*! yielding an elliptic equation for n”*'. Equations 2.5, 2.6 and 2.7 can then be re-arranged
as follows:

wt o= "+ AGITY? (2.8)

vt = " AtGY) (2.9)

0. AtgH, "t 4+ 0,AtgHO, "' = 8,Hu* + d,Huv* (2.10)
u"tt = u — Atgdun" ! (2.11)

o™t = v — Atgon" Tt (2.12)

Equations 2.8 to 2.12, solved sequentially, represent the pressure method algorithm used in the model.
The essence of the pressure method lies in the fact that any explicit prediction for the flow would lead
to a divergence flow field so a pressure field must be found that keeps the flow non-divergent over each
step of the integration. The particular location in time of the pressure field is somewhat ambiguous; in
Fig. 2.1 we depicted as co-located with the future flow field (time level n + 1) but it could equally have
been drawn as staggered in time with the flow.

The correspondence to the code is as follows:

e the prognostic phase, equations 2.8 and 2.9, stepping forward u” and v"™ to u* and v* is coded in
TIMESTEP()

e the vertical integration, H u* and H v, divergence and inversion of the elliptic operator in equation
2.10 is coded in SOLVE_FOR_PRESSURE ()

e finally, the new flow field at time level n + 1 given by equations 2.11 and 2.12 is calculated in
CORRECTION_STEP().


file:../code_reference/vdb/byname/model-src-forward_step.F.html
file:../code_reference/vdb/byname/model-src-forward_step.F.html
file:../code_reference/vdb/byname/model-src-timestep.F.html
file:../code_reference/vdb/byname/model-src-solve_for_pressure.F.html
file:../code_reference/vdb/byname/model-src-correction_step.F.html
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The calling tree for these routines is given in Fig. 2.2.

In general, the horizontal momentum time-stepping can contain some terms that are treated implicitly
in time, such as the vertical viscosity when using the backward time-stepping scheme (implicitViscosity
=.TRUE.). The method used to solve those implicit terms is provided in section 2.6, and modifies equa-
tions 2.5 and 2.6 to give:

u" = A9, A0 u" T + Atgdun™ T = ut + AtG T2 (2.13)
" = AtD, A 00"+ Atgdynttt = o™ 4 AtGHY2) (2.14)

2.4 Pressure method with implicit linear free-surface

The rigid-lid approximation filters out external gravity waves subsequently modifying the dispersion
relation of barotropic Rossby waves. The discrete form of the elliptic equation has some zero eigen-values
which makes it a potentially tricky or inefficient problem to solve.

The rigid-lid approximation can be easily replaced by a linearization of the free-surface equation which
can be written:

Om + 0, Hii+ 0,Ho = P — E+ R (2.15)

which differs from the depth integrated continuity equation with rigid-lid (2.4) by the time-dependent
term and fresh-water source term.
Equation 2.7 in the rigid-lid pressure method is then replaced by the time discretization of 2.15 which
is:
Nt 4+ At Huntl + Atd, Homtl = " + At(P — E) (2.16)

where the use of flow at time level n + 1 makes the method implicit and backward in time. This is
the preferred scheme since it still filters the fast unresolved wave motions by damping them. A centered
scheme, such as Crank-Nicholson (see section 2.10.1), would alias the energy of the fast modes onto slower
modes of motion.

As for the rigid-lid pressure method, equations 2.5, 2.6 and 2.16 can be re-arranged as follows:

ut o= u 4 AGY) (2.17)

vt o= 0"+ AGITYY) (2.18)

N = e ()" + AUP — E)) — Atd, Hu* + 8, Hv* (2.19)
OpgHOM™ T+ OygHON" T — eff:;l = —X; (2.20)
u"t =t — Atgdnm ! (2.21)

vt = v — Atgd,n™ ! (2.22)

Equations 2.17 to 2.22, solved sequentially, represent the pressure method algorithm with a backward
implicit, linearized free surface. The method is still formerly a pressure method because in the limit of
large At the rigid-lid method is recovered. However, the implicit treatment of the free-surface allows
the flow to be divergent and for the surface pressure/elevation to respond on a finite time-scale (as
opposed to instantly). To recover the rigid-lid formulation, we introduced a switch-like parameter, €y
(freesurfFac), which selects between the free-surface and rigid-lid; ey, = 1 allows the free-surface to
evolve; €5 = 0 imposes the rigid-lid. The evolution in time and location of variables is exactly as it was
for the rigid-lid model so that Fig. 2.1 is still applicable. Similarly, the calling sequence, given in Fig. 2.2,
is as for the pressure-method.

2.5 Explicit time-stepping: Adams-Bashforth

In describing the the pressure method above we deferred describing the time discretization of the explicit
terms. We have historically used the quasi-second order Adams-Bashforth method for all explicit terms
in both the momentum and tracer equations. This is still the default mode of operation but it is now
possible to use alternate schemes for tracers (see section 2.17).


file:../code_reference/vdb/byname/implicitViscosity.html
file:../code_reference/vdb/byname/freesurfFac.html

2.6. IMPLICIT TIME-STEPPING: BACKWARD METHOD 45

FORWARD_STEP
THERMODYNAMICS
CALC._GT

GAD_CALC_RHS G = Go(u, ™)

cither EXTERNAL_FORCING Gy =Gy +Q
ADAMS_BASHFORTH?2 G2 (2.24)
or EXTERNAL_FORCING GUTA = Gt o

TIMESTEP_TRACER
IMPLDIFF

7 (2.23)
(1) (2.27)

Figure 2.3: Calling tree for the Adams-Bashforth time-stepping of temperature with implicit diffusion.
(THERMODYNAMICS7 ADAMS_BASHFORTHQ)

In the previous sections, we summarized an explicit scheme as:

™ = 7" 4+ AtGMH1/2) (2.23)
where 7 could be any prognostic variable (u, v, # or S) and 7* is an explicit estimate of 7"*! and would
be exact if not for implicit-in-time terms. The parenthesis about n+1/2 indicates that the term is explicit
and extrapolated forward in time and for this we use the quasi-second order Adams-Bashforth method:

GUHY2) — (3/24 eap)G™ — (1/2+ €ap)GP 1 (2.24)
This is a linear extrapolation, forward in time, to t = (n + 1/2 4+ eap)At. An extrapolation to the mid-
point in time, ¢t = (n + 1/2)At, corresponding to exp = 0, would be second order accurate but is weakly
unstable for oscillatory terms. A small but finite value for €45 stabilizes the method. Strictly speaking,
damping terms such as diffusion and dissipation, and fixed terms (forcing), do not need to be inside the
Adams-Bashforth extrapolation. However, in the current code, it is simpler to include these terms and
this can be justified if the flow and forcing evolves smoothly. Problems can, and do, arise when forcing
or motions are high frequency and this corresponds to a reduced stability compared to a simple forward
time-stepping of such terms. The model offers the possibility to leave the tracer and momentum forcing
terms and the dissipation terms outside the Adams-Bashforth extrapolation, by turning off the logical
flags forcing In_AB (parameter file data, namelist PARMO01, default value = True). (tracForcingOutAB,
default=0, momForcingOutAB, default=0) and momDissip In_AB (parameter file data, namelist PARMO1,
default value = True). respectively.

A stability analysis for an oscillation equation should be given at this point.

A stability analysis for a relaxation equation should be given at this point.

2.6 Implicit time-stepping: backward method

Vertical diffusion and viscosity can be treated implicitly in time using the backward method which is an
intrinsic scheme. Recently, the option to treat the vertical advection implicitly has been added, but not
yet tested; therefore, the description hereafter is limited to diffusion and viscosity. For tracers, the time
discretized equation is:

T AL,k 0, = 77 4 AtGITL/2) (2.25)

where G(Tnﬂ/ 2 is the remaining explicit terms extrapolated using the Adams-Bashforth method as de-
scribed above. Equation 2.25 can be split split into:

" T+ AtGS."+1/2)

7,nJrl — L;l(T*)

(2.26)
(2.27)

where £-! is the inverse of the operator

L =1+ Atd,r,0,] (2.28)

AJA needs to |
on this...
...and for this t


file:../code_reference/vdb/byname/model-src-thermodynamics.F.html
file:../code_reference/vdb/byname/model-src-adams_bashforth2.F.html
file:../code_reference/vdb/byname/forcing_In_AB.html
file:../code_reference/vdb/byname/tracForcingOutAB.html
file:../code_reference/vdb/byname/momForcingOutAB.html
file:../code_reference/vdb/byname/momDissip_In_AB.html
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€ =0.00 £=0.00 ; = 1.0000

0.5

0 0.5 1

€=0.10; M= 0.9091

0.5

0 0.2 0.4 0.6 0.8 1 0 0.5 1

£€=0.25; fC= 0.5963 €=0.25;u_=0.8000

Figure 2.4: Oscillatory and damping response of quasi-second order Adams-Bashforth scheme for differ-
ent values of the €45 parameter (0., 0.1, 0.25, from top to bottom) The analytical solution (in black), the
physical mode (in blue) and the numerical mode (in red) are represented with a CFL step of 0.1. The
left column represents the oscillatory response on the complex plane for CFL ranging from 0.1 up to 0.9.
The right column represents the damping response amplitude (y-axis) function of the CFL (x-axis).
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Figure 2.5: A schematic of the explicit Adams-Bashforth and implicit time-stepping phases of the
algorithm. All prognostic variables are co-located in time. Explicit tendencies are evaluated at time level
n as a function of the state at that time level (dotted arrow). The explicit tendency from the previous
time level, n— 1, is used to extrapolate tendencies to n+1/2 (dashed arrow). This extrapolated tendency
allows variables to be stably integrated forward-in-time to render an estimate (x-variables) at the n + 1
time level (solid arc-arrow). The operator £ formed from implicit-in-time terms is solved to yield the
state variables at time level n + 1.

Equation 2.26 looks exactly as 2.23 while 2.27 involves an operator or matrix inversion. By re-arranging
2.25 in this way we have cast the method as an explicit prediction step and an implicit step allowing the
latter to be inserted into the over all algorithm with minimal interference.

Fig. 2.3 shows the calling sequence for stepping forward a tracer variable such as temperature.

In order to fit within the pressure method, the implicit viscosity must not alter the barotropic flow.
In other words, it can only redistribute momentum in the vertical. The upshot of this is that although
vertical viscosity may be backward implicit and unconditionally stable, no-slip boundary conditions may
not be made implicit and are thus cast as a an explicit drag term.

2.7 Synchronous time-stepping: variables co-located in time

The Adams-Bashforth extrapolation of explicit tendencies fits neatly into the pressure method algorithm
when all state variables are co-located in time. Fig. 2.5 illustrates the location of variables in time and
the evolution of the algorithm with time. The algorithm can be represented by the sequential solution of



48 CHAPTER 2. DISCRETIZATION AND ALGORITHM

FORWARD_STEP
EXTERNAL_FIELDS_LOAD
DO_ATMOSPHERIC_PHYS
DO_OCEANIC_PHYS
THERMODYNAMICS
CALC_GT
GAD_CALC_RHS Gy = Go(u, ™) (2.29)
EXTERNAL_FORCING g =Gy +Q
ADAMS_BASHFORTH?2 G2 (2.30)
TIMESTEP_TRACER 0* (2.31)
IMPLDIFF o +1) (2.32)
DYNAMICS
CALC_PHI.HYD hyd (2:33)
MOM_FLUXFORM or MOM_VECINV G% (2.34)
TIMESTEP v* (2.35, 2.36)
IMPLDIFF v (2.37)
UPDATE_R_STAR or UPDATE_SURF_DR (NonLin-F'S only)
SOLVE_FOR_PRESSURE
CALC_DIV_GHAT n* (2.38)
CG2D 7"t (2.39)
MOMENTUM_CORRECTION_STEP
CALC_GRAD_PHI_SURF Y a
CORRECTION_STEP un Tt (2.40)
TRACERS_.CORRECTION_STEP
CYCLE_-TRACER gn+t
FILTER Shapiro Filter, Zonal Filter (FFT)
CONVECTIVE_ADJUSTMENT

Figure 2.6: Calling tree for the overall synchronous algorithm using Adams-Bashforth time-stepping.
The place where the model geometry (hFac factors) is updated is added here but is only relevant for the
non-linear free-surface algorithm. For completeness, the external forcing, ocean and atmospheric physics
have been added, although they are mainly optional
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the follow equations:

0s = Gos(u",0",8") (2.29)
GysP = (3/2+ean)Gis — (1/2+ eap)Gy g (2.30)
(0°,8%) = (07,5 + AGys P (2.31)

(g7, §n ) = 5;15(9*75*) (2.32)

o = / b(o", S™)dr (2.33)
GUHY2 = (3/24€ap)GE — (1/2+ eap)Ga? (2.35)

Vo= ¥4+ AGUT?) (2.36)

V= L3N (2.37)

N = €5 (0" + AP — E)) — AtV - HV (2.38)

. n+1 _ efsnn+1 — 77*
V-gHVn AR AR (2.39)
Vit = ¥ — AtgVp ! (2.40)

Fig. 2.5 illustrates the location of variables in time and evolution of the algorithm with time. The
Adams-Bashforth extrapolation of the tracer tendencies is illustrated by the dashed arrow, the prediction
at n + 1 is indicated by the solid arc. Inversion of the implicit terms, E;ls, then yields the new tracer
fields at n 4+ 1. All these operations are carried out in subroutine THERMODYNAMICS an subsidiaries,
which correspond to equations 2.29 to 2.32. Similarly illustrated is the Adams-Bashforth extrapolation
of accelerations, stepping forward and solving of implicit viscosity and surface pressure gradient terms,
corresponding to equations 2.34 to 2.40. These operations are carried out in subroutines DYNAMCIS,
SOLVE_FOR_PRESSURE and MOMENTUM_CORRECTION_STEP. This, then, represents an entire
algorithm for stepping forward the model one time-step. The corresponding calling tree is given in 2.6.

2.8 Staggered baroclinic time-stepping

For well stratified problems, internal gravity waves may be the limiting process for determining a stable
time-step. In the circumstance, it is more efficient to stagger in time the thermodynamic variables with
the flow variables. Fig. 2.7 illustrates the staggering and algorithm. The key difference between this and
Fig. 2.5 is that the thermodynamic variables are solved after the dynamics, using the recently updated
flow field. This essentially allows the gravity wave terms to leap-frog in time giving second order accuracy
and more stability.

The essential change in the staggered algorithm is that the thermodynamics solver is delayed from
half a time step, allowing the use of the most recent velocities to compute the advection terms. Once the
thermodynamics fields are updated, the hydrostatic pressure is computed to step forwrad the dynamics.
Note that the pressure gradient must also be taken out of the Adams-Bashforth extrapolation. Also,
retaining the integer time-levels, n and n + 1, does not give a user the sense of where variables are
located in time. Instead, we re-write the entire algorithm, 2.29 to 2.40, annotating the position in time
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Figure 2.7: A schematic of the explicit Adams-Bashforth and implicit time-stepping phases of the
algorithm but with staggering in time of thermodynamic variables with the flow. Explicit momentum
tendencies are evaluated at time level n—1/2 as a function of the flow field at that time level n—1/2. The
explicit tendency from the previous time level, n — 3/2, is used to extrapolate tendencies to n (dashed
arrow). The hydrostatic pressure/geo-potential ¢pyq is evaluated directly at time level n (vertical arrows)
and used with the extrapolated tendencies to step forward the flow variables from n — 1/2 to n + 1/2
(solid arc-arrow). The implicit-in-time operator Ly, (vertical arrows) is then applied to the previous
estimation of the the flow field (x-variables) and yields to the two velocity components u, v at time level
n+1/2. These are then used to calculate the advection term (dashed arc-arrow) of the thermo-dynamics
tendencies at time step n. The extrapolated thermodynamics tendency, from time level n — 1 and n to
n+ 1/2, allows thermodynamic variables to be stably integrated forward-in-time (solid arc-arrow) up to

time level n + 1.
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of variables appropriately:

Phya = /b((?”,S”)dr (2.41)
Hgfl/z _ éa(‘—;n—l/2) (2.42)
G = (3/24ean)Gy V7 = (1/2+ ean)Gy Y2 (2.43)

v = \7"*1/2+At(ég v¢hyd) (2.44)

v o= L) (2.45)

= e (TR AUP - B)") - AV - HY (2.46)

V. gHV 2 Efsg;lﬂ _ _X_; (2.47)
LR = = Atg Uyt (2.48)

bs = Gosu't/?6m,5m) (2.49)
GSM? = (3/2+ can)Ghg — (1/2 + ean)Ghs' (2.50)
(0%,8%) = (", 5") + AtGydH? (2.51)
(071 8" = Ly (07, 57) (2.52)

The corresponding calling tree is given in 2.8. The staggered algorithm is activated with the run-time
flag staggerTimeStep=. TRUE. in parameter file data, namelist PARMO1.

The only difficulty with this approach is apparent in equation 2.49 and illustrated by the dotted
arrow connecting u,v" /2 with Gy. The flow used to advect tracers around is not naturally located
in time. This could be avoided by applying the Adams-Bashforth extrapolation to the tracer field itself
and advecting that around but this approach is not yet available. We’re not aware of any detrimental
effect of this feature. The difficulty lies mainly in interpretation of what time-level variables and terms
correspond to.

2.9 Non-hydrostatic formulation

The non-hydrostatic formulation re-introduces the full vertical momentum equation and requires the
solution of a 3-D elliptic equations for non-hydrostatic pressure perturbation. We still intergrate vertically
for the hydrostatic pressure and solve a 2-D elliptic equation for the surface pressure/elevation for this
reduces the amount of work needed to solve for the non-hydrostatic pressure.

The momentum equations are discretized in time as follows:

1

At w4 g+ 9,07 = AT G2 (2.53)
1

AtY 0" 4 gy T + 00l = Nt G2 (2.54)
1

AT Ao = G2 (2.55)

which must satisfy the discrete-in-time depth integrated continuity, equation 2.16 and the local continuity
equation

Dpu" Tt 4+ 9y + 9w T =0 (2.56)
As before, the explicit predictions for momentum are consolidated as:
wt o= w4 AGHT?)
V= o A
W=t MG

but this time we introduce an intermediate step by splitting the tendancy of the flow as follows:
u"tt = — Atd " u*t = u* — Atgd,n" Tt (2.57)
o = — Aty v =" — Atgd,n" ! (2.58)
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FORWARD _STEP
EXTERNAL_FIELDS_.LOAD
DO_ATMOSPHERIC_PHYS
DO_OCEANIC_PHYS
DYNAMICS
CALC_PHI_HYD noq (241)
MOM_FLUXFORM or MOM_VECINV nm2 (2.42)
TIMESTEP V* (2.43, 2.44)
IMPLDIFF V' (2.45)
UPDATE_R_STAR or UPDATE _SURF_DR (NonLin-FS only)
SOLVE_FOR_PRESSURE
CALC_DIV_GHAT n* (2.46)
CG2D N2 (2.47)
MOMENTUM_CORRECTION_STEP
CALC_GRAD_PHI_SURF Vi ti/2
CORRECTION_STEP w2 ynt1/2 (2.48)
THERMODYNAMICS
CALC_.GT
GAD_CALC_RHS G = Go(u, ™) (2.49)
EXTERNAL_FORCING Gp =Gy +Q
ADAMS_BASHFORTH2 G2 (2.50)
TIMESTEP_TRACER 0* (2.51)
IMPLDIFF o+ (2.52)
TRACERS_CORRECTION_STEP
CYCLE_TRACER gt
FILTER Shapiro Filter, Zonal Filter (FFT)
CONVECTIVE_ADJUSTMENT

Figure 2.8: Calling tree for the overall staggered algorithm using Adams-Bashforth time-stepping. The
place where the model geometry (hFac factors) is updated is added here but is only relevant for the
non-linear free-surface algorithm.
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Substituting into the depth integrated continuity (equation 2.16) gives

ntl | Tl ntl | e+l _ &
0pHO, (gn™*' + ) +0,H0, (0" + dpt) = Lo = — (2:59)

"+1 is not yet known and ii) V(Enh << gVn.

which is approximated by equation 2.20 on the basis that 1)
If 2.20 is solved accurately then the implication is that gbnh ~ 0 so that thet non-hydrostatic pressure
field does not drive barotropic motion.

The flow must satisfy non-divergence (equation 2.56) locally, as well as depth integrated, and this

constraint is used to form a 3-D elliptic equations for (;5”“.

zz¢n+1 + 8yy¢n+l + 8Tr¢n+l 81114** + 8y’U** + 87«10* (260)

The entire algorithm can be summarized as the sequential solution of the following equations:

wt o= w4+ AGITY2 (2.61)

vt = "+ AG T2 (2.62)

w' = w"+ AtG/2) (2.63)

= e (P + AHP —E)) — Atd,Hu* + d,Hv* (2.64)
nt1 nt1 ersn" n

0,gHOxn""" + 0ygHOyn — AZ AP (2.65)

u™ = uf — Atgdyn" (2.66)

vt = vt — Atgd,n"™ (2.67)

Oux it + 0y + Ol = 8 w4 Oyv** + Opw* (2.68)

u"tt = — AtO ¢! (2.69)

"t = Ataya;"“ (2.70)

dpw™ = —Bmu L9, tt (2.71)

where the last equation is solved by vertically integrating for w™*!.

2.10 Variants on the Free Surface

We now describe the various formulations of the free-surface that include non-linear forms, implicit in
time using Crank-Nicholson, explicit and [one day| split-explicit. First, we’ll reiterate the underlying
algorithm but this time using the notation consistent with the more general vertical coordinate r. The
elliptic equation for free-surface coordinate (units of r), corresponding to 2.16, and assuming no non-
hydrostatic effects (e,n = 0) is:

Efsnn-’_l — V- At? (RO — Rfmd)vhbsn"*l =n" (2.72)
where
R,
Nt = €rs M — AtVy, - / vidr + EfwAt(P — E)n (2.73)
Rfizea

S/R SOLVE_FOR_PRESSURE (solve_for_pressure.F)
w*: gU (DYNVARS.h)

v*: gV (DYNVARS.h)

n*: cg2d_b (SOLVE_FOR_PRESSURE.h)

n"t1: etaN (DYNVARS.h)

Once n™*! has been found, substituting into 2.5, 2.6 yields ¥" T if the model is hydrostatic (e,; = 0):

VL = ¥ — AtVpben
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This is known as the correction step. However, when the model is non-hydrostatic (e, = 1) we need
an additional step and an additional equation for ¢/ ,. This is obtained by substituting 2.53, 2.54 and
2.55 into continuity:

[V;QL + 87"7“] Qb;zthrl - -

= 5 (Va9 40,4 (2.74)

where
V= — Atvhbsn"H

Note that n™*! is also used to update the second RHS term 8,7 since the vertical velocity at the surface
(Fsurf) is evaluated as (n"*' —n")/At.
Finally, the horizontal velocities at the new time level are found by:

= e AtV (2.75)

and the vertical velocity is found by integrating the continuity equation vertically. Note that, for the
convenience of the restart procedure, the vertical integration of the continuity equation has been moved
to the beginning of the time step (instead of at the end), without any consequence on the solution.

S/R CORRECTION_STEP (correction_step.F)

n"*1: etaN (DYNVARS.h)

#"': phi_nh (NH_-VARS.h)

u*: gU (DYNVARS.h)

v*: gV (DYNVARS.h)

u™t: uVel (DYNVARS.h)

vt vVel (DYNVARS.h)
Regarding the implementation of the surface pressure solver, all computation are done within the
routine SOLVE_FOR_PRESSURE and its dependent calls. The standard method to solve the 2D elliptic
problem (2.72) uses the conjugate gradient method (routine CG2D); the solver matrix and conjugate
gradient operator are only function of the discretized domain and are therefore evaluated separately,
before the time iteration loop, within INI_.CG2D. The computation of the RHS n* is partly done in
CALC_DIV_GHAT and in SOLVE_FOR_PRESSURE.

The same method is applied for the non hydrostatic part, using a conjugate gradient 3D solver (CG3D)

that is initialized in INILCGS3D. The RHS terms of 2D and 3D problems are computed together at the
same point in the code.

2.10.1 Crank-Nickelson barotropic time stepping

The full implicit time stepping described previously is unconditionally stable but damps the fast gravity
waves, resulting in a loss of potential energy. The modification presented now allows one to combine an
implicit part (3,v) and an explicit part (1 — 8,1 — ) for the surface pressure gradient () and for the
barotropic flow divergence (7).
For instance, = v = 1 is the previous fully implicit scheme; 5 = v = 1/2 is the non damping (energy
conserving), unconditionally stable, Crank-Nickelson scheme; (3,7) = (1,0) or = (0,1) corresponds to
the forward - backward scheme that conserves energy but is only stable for small time steps.
In the code, (,~ are defined as parameters, respectively implicSurfPress, implicDiv2DFlow. They
are read from the main parameter file ” data” and are set by default to 1,1.

Equations 2.17 — 2.22 are modified as follows:

vn+1+Vb[6 n+1+(1 By + Vh! ntl VvV
e s - €n = X
At h n n hVh®Pnp At
77”+1 _ nn R,
efsT + Vi - / [7\7"+1 + (1 =)V"]dr = € (P — E) (2.76)
Rfized

where:

Vo= 4 AGUTYY 4 (8- DAV + AtV T

R,
N = epsn" F € At(P — E) — AtVy, - / [y + (1 —)¥V"]dr
Rfiz'ed
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In the hydrostatic case (e,5 = 0), allowing us to find 71, thus:
s = Vi - BYALPbg(Ro — Rfigea) V™ =1
and then to compute (CORRECTION_STEP):
VL = ¥ — BAtV by T
Notes:

1. The RHS term of equation 2.76 corresponds the contribution of fresh water flux (P-E) to the free-
surface variations (ef, = 1, useRealFreshWater=TRUE in parameter file data). In order to
remain consistent with the tracer equation, specially in the non-linear free-surface formulation, this
term is also affected by the Crank-Nickelson time stepping. The RHS reads: €y, (y(P — E)"T1/2 +
(1= 7)(P = B)y"-1/2)

2. The non-hydrostatic part of the code has not yet been updated, and therefore cannot be used with
(8,7) # (1,1).

3. The stability criteria with Crank-Nickelson time stepping for the pure linear gravity wave problem
in cartesian coordinates is:

e [+ < 1: unstable
e 3>1/2and vy > 1/2: stable

e 3+~ >1: stable if
C?naz(ﬁ_l/2)(7_1/2)+120

. [ 1 1
with Cmaxr — 2At \/ gH m + A—y2

2.10.2 Non-linear free-surface

Recently, new options have been added to the model that concern the free surface formulation.

2.10.2.1 pressure/geo-potential and free surface

For the atmosphere, since ¢ = ¢ropo — f : adp, subtracting the reference state defined in section 1.4.1.2 :

P
(bo = thopo - / aodp with (bo(po) = (btopo

Po

L Ps o Po .
¢ =0, = aap Qoap
P P

For the ocean, the reference state is simpler since p. does not dependent on z (b, = ¢) and the surface
reference position is uniformly z = 0 (R, = 0), and the same subtraction leads to a similar relation. For
both fluid, using the isomorphic notations, we can write:

Tsurf R,
¢ = / bdr — / bodr

Tsurf R,
¢ = / bdr+ / (b — by)dr (2.77)
R, r

we get:

and re-write as:

or:

Tsurf Tsurf
o = / bodr + / (b— by)dr (2.78)
R, r

In section 1.3.6, following eq.2.77, the pressure/geo-potential ¢’ has been separated into surface (¢s),
and hydrostatic anomaly (¢},,,). In this section, the split between ¢5 and ¢}, , is made according to
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equation 2.78. This slightly different definition reflects the actual implementation in the code and is valid
for both linear and non-linear free-surface formulation, in both r-coordinate and r*-coordinate.

Because the linear free-surface approximation ignore the tracer content of the fluid parcel between R,
and 74 r = R, + 1, for consistency reasons, this part is also neglected in gb;wd :

Tsurf R,
Bya = / (b— by)dr ~ / (b— by)dr

Note that in this case, the two definitions of ¢4 and (b;lyd from equation 2.77 and 2.78 converge toward

the same (approximated) expressions: ¢s = || ;Z“f bodr and ¢;Ly 0= fTR" b dr.

On the contrary, the unapproximated formulation (”non-linear free-surface”, see the next section) retains
the full expression: ¢}, , = [ (b — bo)dr . This is obtained by selecting nonlinFreeSurf=4 in pa-
rameter file data.

Regarding the surface potential:

Ro+n 1 Ro+n
Os = / bodr =bsn  with by = —/ bodr
R, n

bs >~ bo(R,) is an excellent approximation (better than the usual numerical truncation, since generally
In| is smaller than the vertical grid increment).

For the ocean, ¢ = gn and by = ¢ is uniform. For the atmosphere, however, because of topo-
graphic effects, the reference surface pressure R, = p, has large spatial variations that are responsible
for significant bs variations (from 0.8 to 1.2 [m3/kg]). For this reason, when uniformLin_PhiSurf
=.FALSE. (parameter file data, namelist PARAMO01) a non-uniform linear coefficient b, is used and
computed (S/R INI_LINEAR_PHISURF) according to the reference surface pressure p,: bs = bo(R,) =
cpt(Do/P2L) V0,1 (po). with Pg, the mean sea-level pressure.

2.10.2.2 Free surface effect on column total thickness (Non-linear free-surface)

The total thickness of the fluid column is 7surf — Rfizea = 7 + Ro — Rfizeqa- In most applications, the
free surface displacements are small compared to the total thickness n < H, = R, — Rjfizeq. In the
previous sections and in older version of the model, the linearized free-surface approximation was made,
assuming ey, f — Rrizea ~ H, when computing horizontal transports, either in the continuity equation
or in tracer and momentum advection terms. This approximation is dropped when using the non-linear
free-surface formulation and the total thickness, including the time varying part 7, is considered when
computing horizontal transports. Implications for the barotropic part are presented hereafter. In section
2.10.2.3 consequences for tracer conservation is briefly discussed (more details can be found in Campin
et al. [2004]) ; the general time-stepping is presented in section 2.10.2.4 with some limitations regarding
the vertical resolution in section 2.10.2.5.

In the non-linear formulation, the continuous form of the model equations remains unchanged, except
for the 2D continuity equation (2.16) which is now integrated from Ryizea(z,y) Uup t0 Tourf = Ro + 1

Ro+n
€rsOn = 1*|T:T5Mf +éesu(P—E)=—V - / vdr + €f (P — E)
Rfized

Since 1 has a direct effect on the horizontal velocity (through V;,®sy,s), this adds a non-linear term
to the free surface equation. Several options for the time discretization of this non-linear part can be
considered, as detailed below.

If the column thickness is evaluated at time step n, and with implicit treatment of the surface potential
gradient, equations (2.72 and 2.73) becomes:

€rsn" T =V - A (0" + Ry — Ryizea) Vibsn™ ™ =n*

where

Ro4+n"
N =eps " — AtVy - / Vidr + € A(P — E)"

Rfimed
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This method requires us to update the solver matrix at each time step.
Alternatively, the non-linear contribution can be evaluated fully explicitly:

€rsn™ ™ = Vi - At (Ry — Rpined)Vibsn™ ™ = 0" + V- A2 (") Vibsn™

This formulation allows one to keep the initial solver matrix unchanged though throughout the integration,
since the non-linear free surface only affects the RHS.

Finally, another option is a "linearized” formulation where the total column thickness appears only
in the integral term of the RHS (2.73) but not directly in the equation (2.72).

Those different options (see Table 2.1) have been tested and show little differences. However, we
recommend the use of the most precise method (the 1rst one) since the computation cost involved in the
solver matrix update is negligible.

parameter value | description

-1 linear free-surface, restart from a pickup file
produced with #undef EXACT_CONSERV code
Linear free-surface

Non-linear free-surface

nonlinFreeSurf

same as 4 but neglecting f]iﬁn Vdrin @,
same as 3 but do not update cg2d solver matrix
same as 2 but treat momentum as in Linear FS
do not use 7* vertical coordinate (= default)
use r* vertical coordinate

same as 2 but without the contribution of the
slope of the coordinate in V&

select_rStar

N O N WO

Table 2.1: Non-linear free-surface flags

2.10.2.3 Tracer conservation with non-linear free-surface

To ensure global tracer conservation (i.e., the total amount) as well as local conservation, the change in
the surface level thickness must be consistent with the way the continuity equation is integrated, both in
the barotropic part (to find ) and baroclinic part (to find w = 7).

To illustrate this, consider the shallow water model, with a source of fresh water (P):

Oh+V - -hv =P
where h is the total thickness of the water column. To conserve the tracer # we have to discretize:
Oy (h0) + V - (hOV) = Pbyain
Using the implicit (non-linear) free surface described above (section 2.4) we have:

AL = B — AtV - (BT 4 AP

The discretized form of the tracer equation must adopt the same “form” in the computation of tracer
fluxes, that is, the same value of h, as used in the continuity equation:

RO = pr g — AtV - (R 0" V) 4+ AtPO,gin

The use of a 3 time-levels time-stepping scheme such as the Adams-Bashforth make the conservation
sightly tricky. The current implementation with the Adams-Bashforth time-stepping provides an exact
local conservation and prevents any drift in the global tracer content (Campin et al. [2004]). Compared to
the linear free-surface method, an additional step is required: the variation of the water column thickness
(from h™ to h™*1) is not incorporated directly into the tracer equation. Instead, the model uses the Gy
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terms (first step) as in the linear free surface formulation (with the ” surface correction” turned ”on”, see
tracer section):

surf

b= (=v- ey — o) ne

Then, in a second step, the thickness variation (expansion/reduction) is taken into account:

n n h" n+1/2 n n
gl _ g +AUWH(G§ /)+Pme—9Vh)
Note that with a simple forward time step (no Adams-Bashforth), these two formulations are equivalent,
since (h"t! — h™)/At = P — V- (A" ¥ +1) = P 447 FL

surf

2.10.2.4 Time stepping implementation of the non-linear free-surface

The grid cell thickness was hold constant with the linear free-surface ; with the non-linear free-surface,
it is now varying in time, at least at the surface level. This implies some modifications of the general
algorithm described earlier in sections 2.7 and 2.8.

A simplified version of the staggered in time, non-linear free-surface algorithm is detailed hereafter,
and can be compared to the equivalent linear free-surface case (eq. 2.42 to 2.52) and can also be easily
transposed to the synchronous time-stepping case. Among the simplifications, salinity equation, implicit
operator and detailed elliptic equation are omitted. Surface forcing is explicitly written as fluxes of
temperature, fresh water and momentum, Q"+/2, Pn+1/2 F" regpectively. h™ and dh™ are the column
and grid box thickness in r-coordinate.

Phya = /b(@",S”,r)dr (2.79)
_n— = —1 —n— = (n 3 =n— 1 = n—
. /2 _ Gg(dh" 1’Vn 1/2) ; Gg): SG% 1/2_§G‘7 3/2 (2.80)
A" [
e (Gg ) +Fg/dh"—1) RYNALI (2.81)

— update model geometry : hFac(dh™)

nn+1/2 _ nn—1/2 +Atpn+1/2 —AtV'/Vn+1/2dhn

= Y2 APTY2 ARV /(\7 - gAtVn”“/Q) dh" (2.82)

VL2 = 9 gArVy T2 (2.83)

Rt = Rt APV - AV - / VY2 gpn (2.84)

N 3 1

Gy = Ge(dh™ w12 g%y ; G2 = 3G — 5657 (2.85)
n n dh™ n+1/2 n n n n
o = 0 At (G (P2 (G — 07) + Q%) Jan”)

(2.86)

Two steps have been added to linear free-surface algorithm (eq. 2.42 to 2.52): Firstly, the model “geome-
try” (here the hFacC,W,S) is updated just before entering SOLVE_FOR_PRESSURE, using the current
dh™ field. Secondly, the vertically integrated continuity equation (eq.2.84) has been added (exactCon-
serv=TRUE, in parameter file data, namelist PARMO01) just before computing the vertical velocity, in
subroutine INTEGR_CONTINUITY. This ensures that tracer and continuity equation discretization a
Although this equation might appear redundant with eq.2.82, the integrated column thickness h"t! can
be different from n"*+/2 + H :

e when Crank-Nickelson time-stepping is used (see section 2.10.1).

e when filters are applied to the flow field, after (2.83) and alter the divergence of the flow.
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e when the solver does not iterate until convergence ; for example, because a too large residual target
was set (cg2dTargetResidual, parameter file data, namelist PARMO02).

In this staggered time-stepping algorithm, the momentum tendencies are computed using dh™ ! geometry
factors. (eq.2.80) and then rescaled in subroutine TIMESTEP, (eq.2.81), similarly to tracer tendencies
(see section 2.10.2.3). The tracers are stepped forward later, using the recently updated flow field ynt1/2
and the corresponding model geometry dh™ to compute the tendencies (eq.2.85); Then the tendencies
are rescaled by dh™/dh™*! to derive the new tracers values (6, 5)" ™! (eq.2.86, in subroutine CALC_GT,
CALC_GS).

Note that the fresh-water input is added in a consistent way in the continuity equation and in the
tracer equation, taking into account the fresh-water temperature 6. ,iy,.

Regarding the restart procedure, two 2.D fields h"~! and (h™ — h"~1)/At in addition to the standard
state variables and tendencies (n™~1/2, v*~1/2 gn 8" G732, Gg;wl) are stored in a " pickup” file.
The model restarts reading this ” pickup” file, then update the model geometry according to h"~!, and
compute h™ and the vertical velocity before starting the main calling sequence (eq.2.79 to 2.86, S/R
FORWARD_STEP).

INTEGR_-CONTINUITY (integr_continuity.F)
h"+l — H,: etaH (DYNVARS.h)

h"™ — H,: etaHnm1 (SURFACE.h)

h"t1 — h"/At: dEtaHdt (SURFACE.h)

2.10.2.5 Non-linear free-surface and vertical resolution

When the amplitude of the free-surface variations becomes as large as the vertical resolution near the
surface, the surface layer thickness can decrease to nearly zero or can even vanish completely. This later
possibility has not been implemented, and a minimum relative thickness is imposed (hFacInf, parameter
file data, namelist PARMO01) to prevent numerical instabilities caused by very thin surface level.

A better alternative to the vanishing level problem has been found and implemented recently, and
rely on a different vertical coordinate r* : The time variation ot the total column thickness becomes part
of the r* coordinate motion, as in a o, 0, model, but the fixed part related to topography is treated as
in a height or pressure coordinate model. A complete description is given in Adcroft and Campin [2004].

The time-stepping implementation of the r»* coordinate is identical to the non-linear free-surface in r
coordinate, and differences appear only in the spacial discretization.

2.11 Spatial discretization of the dynamical equations

Spatial discretization is carried out using the finite volume method. This amounts to a grid-point method
(namely second-order centered finite difference) in the fluid interior but allows boundaries to intersect
a regular grid allowing a more accurate representation of the position of the boundary. We treat the
horizontal and vertical directions as separable and differently.

2.11.1 The finite volume method: finite volumes versus finite difference

The finite volume method is used to discretize the equations in space. The expression “finite volume”
actually has two meanings; one is the method of embedded or intersecting boundaries (shaved or lopped
cells in our terminology) and the other is non-linear interpolation methods that can deal with non-
smooth solutions such as shocks (i.e. flux limiters for advection). Both make use of the integral form
of the conservation laws to which the weak solution is a solution on each finite volume of (sub-domain).
The weak solution can be constructed out of piece-wise constant elements or be differentiable. The
differentiable equations can not be satisfied by piece-wise constant functions.

As an example, the 1-D constant coefficient advection-diffusion equation:

010 + 0y (ub — KO,0) =0
can be discretized by integrating over finite sub-domains, i.e. the lengths Ax;:

needs a subsect
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Figure 2.9: Three dimensional staggering of velocity components. This facilitates the natural discretiza-
tion of the continuity and tracer equations.

is exact if f(z) is piece-wise constant over the interval Ax; or more generally if 0; is defined as the average
over the interval Ax;.
The flux, F;_; /2, must be approximated:

K

F =uf —
b Az,

0;0

and this is where truncation errors can enter the solution. The method for obtaining 6 is unspecified and
a wide range of possibilities exist including centered and upwind interpolation, polynomial fits based on
the the volume average definitions of quantities and non-linear interpolation such as flux-limiters.

Choosing simple centered second-order interpolation and differencing recovers the same ODE’s result-
ing from finite differencing for the interior of a fluid. Differences arise at boundaries where a boundary is
not positioned on a regular or smoothly varying grid. This method is used to represent the topography
using lopped cell, see Adcroft et al. [1997]. Subtle difference also appear in more than one dimension
away from boundaries. This happens because the each direction is discretized independently in the finite
difference method while the integrating over finite volume implicitly treats all directions simultaneously.
Nlustration of this is given in Adcroft and Campin [2002].

2.11.2 C grid staggering of variables

The basic algorithm employed for stepping forward the momentum equations is based on retaining non-
divergence of the flow at all times. This is most naturally done if the components of flow are staggered
in space in the form of an Arakawa C grid Arakawa and Lamb [1977].

Fig. 2.9 shows the components of flow (u,v,w) staggered in space such that the zonal component falls
on the interface between continuity cells in the zonal direction. Similarly for the meridional and vertical
directions. The continuity cell is synonymous with tracer cells (they are one and the same).

2.11.3 Grid initialization and data

Initialization of grid data is controlled by subroutine INI_GRID which in calls IN[_VERTICAL_-GRID to
initialize the vertical grid, and then either of INI_.CARTESIAN_GRID, INI_.SPHERICAL_POLAR_GRID
or INI_.CURVILINEAR_GRID to initialize the horizontal grid for cartesian, spherical-polar or curvilinear
coordinates respectively.

The reciprocals of all grid quantities are pre-calculated and this is done in subroutine INI_MASKS_ETC
which is called later by subroutine INITIALIZE_FIXED.

All grid descriptors are global arrays and stored in common blocks in GRID.h and a generally declared
as _RS.
S/R INI_GRID (model/src/ini_grid.F)
S/R INI_LMASKS_ETC (model/src/ini-masks_etc.F)
grid data: (model/inc/GRID.h)




2.11. SPATIAL DISCRETIZATION OF THE DYNAMICAL EQUATIONS 61

Figure 2.10: Staggering of horizontal grid descriptors (lengths and areas). The grid lines indicate the
tracer cell boundaries and are the reference grid for all panels. a) The area of a tracer cell, A, is bordered
by the lengths Az, and Ay,. b) The area of a vorticity cell, A¢, is bordered by the lengths Az, and
Ayec. ¢) The area of a u cell, A, is bordered by the lengths Az, and Ay;. d) The area of a v cell, As,
is bordered by the lengths Az and Ay,,.

2.11.4 Horizontal grid

The model domain is decomposed into tiles and within each tile a quasi-regular grid is used. A tile is the
basic unit of domain decomposition for parallelization but may be used whether parallelized or not; see
section 4.2.4 for more details. Although the tiles may be patched together in an unstructured manner
(i.e. irregular or non-tessilating pattern), the interior of tiles is a structured grid of quadrilateral cells.
The horizontal coordinate system is orthogonal curvilinear meaning we can not necessarily treat the two
horizontal directions as separable. Instead, each cell in the horizontal grid is described by the length of
it’s sides and it’s area.

The grid information is quite general and describes any of the available coordinates systems, cartesian,
spherical-polar or curvilinear. All that is necessary to distinguish between the coordinate systems is to
initialize the grid data (descriptors) appropriately.

In the following, we refer to the orientation of quantities on the computational grid using geographic
terminology such as points of the compass. This is purely for convenience but should note be confused
with the actual geographic orientation of model quantities.

Fig. 2.10a shows the tracer cell (synonymous with the continuity cell). The length of the southern
edge, Az,, western edge, Ay, and surface area, A., presented in the vertical are stored in arrays DXg,
DYg and rAc. The “g” suffix indicates that the lengths are along the defining grid boundaries. The
“c” suffix associates the quantity with the cell centers. The quantities are staggered in space and the
indexing is such that DXg(i,j) is positioned to the south of rAc(i,j) and DYg(i,j) positioned to the
west.

Fig. 2.10b shows the vorticity cell. The length of the southern edge, Ax., western edge, Ay, and
surface area, A¢, presented in the vertical are stored in arrays DXc, DYc and rAz. The “z” suffix

Caution!

A, TAc
Az, DXg
Ay, DYg

Ac: TAz
Az.: DXc
Ay.: DYc
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indicates that the lengths are measured between the cell centers and the “(” suffix associates points with
the vorticity points. The quantities are staggered in space and the indexing is such that DXc(i,j) is
positioned to the north of rAc(i,j) and DYc(i,j) positioned to the east.

Fig. 2.10c shows the “u” or western (w) cell. The length of the southern edge, Ax,, eastern edge,
Ay and surface area, A, presented in the vertical are stored in arrays DXv, DYf and rAw. The

[

v” suffix indicates that the length is measured between the v-points, the “f” suffix indicates that the
length is measured between the (tracer) cell faces and the “w” suffix associates points with the u-points
(w stands for west). The quantities are staggered in space and the indexing is such that DXv(i,j) is
positioned to the south of rAw(i,j) and DY1(i,j) positioned to the east.

Fig. 2.10d shows the “v” or southern (s) cell. The length of the northern edge, Axy, western edge,
Ay, and surface area, Ay, presented in the vertical are stored in arrays DXf, DYu and rAs. The “u”
suffix indicates that the length is measured between the u-points, the “f” suffix indicates that the length
is measured between the (tracer) cell faces and the “s” suffix associates points with the v-points (s stands
for south). The quantities are staggered in space and the indexing is such that DXf(i,j) is positioned to

the north of rAs(i,j) and DYu(i,j) positioned to the west.

S/R INI_.CARTESIAN_GRID (model/src/ini_cartesian_grid.F)

S/R INI.SPHERICAL_POLAR_GRID (model/src/ini_spherical_polar_grid.F)
S/R INI_.CURVILINEAR_GRID (model/src/ini_curvilinear_grid. F)

Ay Ac, Ay, Ag: TAc, Az, rAw, rAs (GRID.h)

Azg, Ay, DXg, DYg (GRID.h)

Az, Ay.: DXc, DYc (GRID.h)

Azy, Ays: DXf, DYf (GRID.h)

Ax,, Ay,: DXv, DYu (GRID.h)

2.11.4.1 Reciprocals of horizontal grid descriptors

Lengths and areas appear in the denominator of expressions as much as in the numerator. For efficiency
and portability, we pre-calculate the reciprocal of the horizontal grid quantities so that in-line divisions
can be avoided.

For each grid descriptor (array) there is a reciprocal named using the prefix RECIP_. This doubles
the amount of storage in GRID.h but they are all only 2-D descriptors.

S/R INI._MASKS_ETC (model/src/ini_masks_etc.F)
A;': RECIP_Ac (GRID.h)

A:': RECIP_Az (GRID.h)

A, RECIP_Aw (GRID.h)

A;': RECIP_As (GRID.h)

Azt Ay;': RECIP_DXg, RECIP_DYg (GRID.h)
Az, Ay;': RECIP_DXc, RECIP_DYc (GRID.h)
Azy', Ay;': RECIP _DXf, RECIP_DYf (GRID.h)
Az;', Ay;': RECIP_DXv, RECIP_DYu (GRID.h)

2.11.4.2 Cartesian coordinates

Cartesian coordinates are selected when the logical flag usingCartesianGrid in namelist PARMO0/ is
set to true. The grid spacing can be set to uniform via scalars dXspacing and dYspacing in namelist
PARMO/ or to variable resolution by the vectors DELX and DELY. Units are normally meters. Non-
dimensional coordinates can be used by interpreting the gravitational constant as the Rayleigh number.

2.11.4.3 Spherical-polar coordinates

Spherical coordinates are selected when the logical flag usingSphericalPolarGrid in namelist PARMO0/,
is set to true. The grid spacing can be set to uniform via scalars dXspacing and dYspacing in namelist
PARMO0j4 or to variable resolution by the vectors DELX and DELY. Units of these namelist variables
are alway degrees. The horizontal grid descriptors are calculated from these namelist variables have units
of meters.
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Figure 2.11: Two versions of the vertical grid. a) The cell centered approach where the interface depths
are specified and the tracer points centered in between the interfaces. b) The interface centered approach
where tracer levels are specified and the w-interfaces are centered in between.

2.11.4.4 Curvilinear coordinates

Curvilinear coordinates are selected when the logical flag usingCurvilinearGrid in namelist PARMO0/
is set to true. The grid spacing can not be set via the namelist. Instead, the grid descriptors are read
from data files, one for each descriptor. As for other grids, the horizontal grid descriptors have units of
meters.

2.11.5 Vertical grid

As for the horizontal grid, we use the suffixes “c” and “f” to indicates faces and centers. Fig. 2.11a shows
the default vertical grid used by the model. Ary is the difference in r (vertical coordinate) between the Ary: DRf
faces (i.e. Ary = —d,r where the minus sign appears due to the convention that the surface layer has A, . DRec
index k = 1.).
The vertical grid is calculated in subroutine INI_.VERTICAL_-GRID and specified via the vector
DELR in namelist PARMO04. The units of “r” are either meters or Pascals depending on the isomorphism
being used which in turn is dependent only on the choice of equation of state.
There are alternative namelist vectors DELZ and DELP which dictate whether z- or p- coordinates Caution!
are to be used but we intend to phase this out since they are redundant.
The reciprocals Ar?l and Ar_ ! are pre-calculated (also in subroutine INL VERTICAL_GRID). All
vertical grid descriptors are stored in common blocks in GRID.h.
The above grid (Fig. 2.11a) is known as the cell centered approach because the tracer points are at cell
centers; the cell centers are mid-way between the cell interfaces. This discretization is selected when the
thickness of the levels are provided (delR, parameter file data, namelist PARMO0/) An alternative, the
vertex or interface centered approach, is shown in Fig. 2.11b. Here, the interior interfaces are positioned
mid-way between the tracer nodes (no longer cell centers). This approach is formally more accurate
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Ar

Figure 2.12: A schematic of the x-r plane showing the location of the non-dimensional fractions h. and
hw. The physical thickness of a tracer cell is given by h. (%, j, k)Ars(k) and the physical thickness of the
open side is given by hy, (i, 7, k) Arg (k).

for evaluation of hydrostatic pressure and vertical advection but historically the cell centered approach
has been used. An alternative form of subroutine INI.VERTICAL_GRID is used to select the interface
centered approach This form requires to specify Nr 4 1 vertical distances delRec (parameter file data,
namelist PARMO04, e.g. verification/ideal_2D_oce/input/data) corresponding to surface to center, Nr — 1
center to center, and center to bottom distances.

S/R INI.VERTICAL_GRID (model/src/ini_vertical_grid.F)
Ary: DRf (GRID.h)

Ar.: DRc (GRID.h)

Ar;': RECIP_DRf (GRID.h)

Ar;': RECIP_DRc (GRID.h)

2.11.6 Topography: partially filled cells

Adcroft et al. [1997] presented two alternatives to the step-wise finite difference representation of topog-
raphy. The method is known to the engineering community as intersecting boundary method. It involves
allowing the boundary to intersect a grid of cells thereby modifying the shape of those cells intersected.
We suggested allowing the topography to take on a piece-wise linear representation (shaved cells) or a
simpler piecewise constant representation (partial step). Both show dramatic improvements in solution
compared to the traditional full step representation, the piece-wise linear being the best. However, the
storage requirements are excessive so the simpler piece-wise constant or partial-step method is all that is
currently supported.

Fig. 2.12 shows a schematic of the x-r plane indicating how the thickness of a level is determined at
tracer and u points. The physical thickness of a tracer cell is given by h.(i, j, k)Ars (k) and the physical
thickness of the open side is given by hy, (7, j, k)Arg(k). Three 3-D descriptors hc, hy, and hg are used
to describe the geometry: hFacC, hFacW and hFacS respectively. These are calculated in subroutine
INI_MASKS_ETC along with there reciprocals RECIP_hFacC, RECIP_hFacW and RECIP_hFacS.

The non-dimensional fractions (or h-facs as we call them) are calculated from the model depth array
and then processed to avoid tiny volumes. The rule is that if a fraction is less than hFacMin then it
is rounded to the nearer of 0 or hFacMin or if the physical thickness is less than hFacMinDr then
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it is similarly rounded. The larger of the two methods is used when there is a conflict. By setting
hFacMinDr equal to or larger than the thinnest nominal layers, min (Azs), but setting hFacMin to
some small fraction then the model will only lop thick layers but retain stability based on the thinnest
unlopped thickness; min (Azy, hFacMinDr).

S/R INI.MASKS_ETC (model/src/ini_masks_etc.F)
he: hFacC (GRID.h)

hyw: hFacW (GRID.h)

hy: hFacS (GRID.h)

h-': RECIP_hFacC (GRID.h)
hzl: RECIP_hFacW (GRID.h)
hol: RECIP_hFacS (GRID.h)

2.12 Continuity and horizontal pressure gradient terms

The core algorithm is based on the “C grid” discretization of the continuity equation which can be
summarized as:

b

1 0P €Enh , B ,
6,5’u + A—Icéz E’ 7+ A—Icéz@nh = Gu A:Z?c 51‘1);1 (287)
1 0P €nh , B 1 /
atv + Ayc 6] 87’ ‘S 77 + Ayc 6_]@”]1 — GU Ayc 57@]1 (2.88)
1 — 1
€nh ((%w + E(Sk@;lh) = enGuw + bk — Ar 5k(1);1 (2.89)
5Z-AygArfhwu + 5ijgArfhsv + 0 Aw = Ac5k(P — E)r:() (290)

where the continuity equation has been most naturally discretized by staggering the three components
of velocity as shown in Fig. 2.9. The grid lengths Ax. and Ay, are the lengths between tracer points
(cell centers). The grid lengths Ax,, Ay, are the grid lengths between cell corners. Ar; and Ar, are the
distance (in units of ) between level interfaces (w-level) and level centers (tracer level). The surface area
presented in the vertical is denoted A.. The factors h,, and hs are non-dimensional fractions (between 0
and 1) that represent the fraction cell depth that is “open” for fluid flow.

The last equation, the discrete continuity equation, can be summed in the vertical to yield the free-
surface equation:

A+ 0 Y AygArphyu+6; Y AzgArshaw = A(P — E),—o (2.91)
k k

The source term P — E on the rhs of continuity accounts for the local addition of volume due to excess
precipitation and run-off over evaporation and only enters the top-level of the ocean model.

2.13 Hydrostatic balance

The vertical momentum equation has the hydrostatic or quasi-hydrostatic balance on the right hand
side. This discretization guarantees that the conversion of potential to kinetic energy as derived from the
buoyancy equation exactly matches the form derived from the pressure gradient terms when forming the
kinetic energy equation.

In the ocean, using z-coordinates, the hydrostatic balance terms are discretized:

1

—k
nhO / 0P = ... 2.92
€nnOrw + gp' + =0k (2.92)
In the atmosphere, using p-coordinates, hydrostatic balance is discretized:
—k 1
0’ — 0,9, =0 2.93
+ AII k*h ( )

where AIT is the difference in Exner function between the pressure points. The non-hydrostatic equations
are not available in the atmosphere.

hy: hFacW
hs: hFacS
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The difference in approach between ocean and atmosphere occurs because of the direct use of the
ideal gas equation in forming the potential energy conversion term aw. The form of these conversion
terms is discussed at length in Adcroft [2002].

Because of the different representation of hydrostatic balance between ocean and atmosphere there is
no elegant way to represent both systems using an arbitrary coordinate.

The integration for hydrostatic pressure is made in the positive r direction (increasing k-index). For
the ocean, this is from the free-surface down and for the atmosphere this is from the ground up.

The calculations are made in the subroutine CALC_PHI_HYD. Inside this routine, one of other of the
atmospheric/oceanic form is selected based on the string variable buoyancyRelation.

2.14 Flux-form momentum equations

The original finite volume model was based on the Eulerian flux form momentum equations. This is the
default though the vector invariant form is optionally available (and recommended in some cases).

The “G’s” (our colloquial name for all terms on rhs!) are broken into the various advective, Coriolis,
horizontal dissipation, vertical dissipation and metric forces:

Gu _ Gidv + GZOT + GZ_diSS + Gz—diss + Gvunetric + Gzh—metric (294)
G'u _ ngv + G,LC)OT + Ggfdiss + Ggfdiss + G;netric + Gghfmetric (295)
Gw _ Gidv + G’lcl?r + Gzrdiss + Ggfdiss + Ggetric + Gghfmetric (296)

In the hydrostatic limit, G, = 0 and €, = 0, reducing the vertical momentum to hydrostatic balance.
These terms are calculated in routines called from subroutine MOM_FLUXFORM a collected into the
global arrays Gu, Gv, and Gw.

S/R MOM_FLUXFORM (pkg/mom_fluzform/mom_fluzform.F)
Gu: Gu (DYNVARS.h)
Gy: Gv (DYNVARS.h)
Gw: Gw (DYNVARS.h)

2.14.1 Advection of momentum

The advective operator is second order accurate in space:

AArsh, GO = 5T + 6,V W + 5 W a (2.97)
AArh GO = §T7% + 5,V 0 + 6, W o (2.98)
AN G = 5T T+ 6,V W + 6 W T (2.99)

and because of the flux form does not contribute to the global budget of linear momentum. The quantities
U,V and W are volume fluxes defined:

U = Ay,Arrhy,u (2.100)
V = Az,Arphsv (2.101)
W = Aw (2.102)

The advection of momentum takes the same form as the advection of tracers but by a translated advective
flow. Consequently, the conservation of second moments, derived for tracers later, applies to u? and v?
and w? so that advection of momentum correctly conserves kinetic energy.

S/R MOM_U_ADV_UU (mom_u_adv_uu.F)
S/R MOM_U_ADV_VU (mom_u-adv_vu.F)
S/R MOM_U_ADV_WU (mom_u_adv_wu.F)
S/R MOM_U_ADV_UV (mom_u_adv_uv.F)
S/R MOM_U_ADV_VV (mom_u_adv_vv.F)
S/R MOM_U_ADV_WYV (mom_u_adv_wv.F)

uu, uwv, vu, vv: aF (local to mom_fluzform.F)
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2.14.2 Coriolis terms

The “pure C grid” Coriolis terms (i.e. in absence of C-D scheme) are discretized:

AwArihyGSo = FANrphT — ennf'AAT ph™ (2.103)

AAr G = —fA AT ha (2.104)
—k

AN GET = eunfl AArphal (2.105)

where the Coriolis parameters f and f’ are defined:

f = 2Qsingp (2.106)
I = 2Qcosgp (2.107)

where ¢ is geographic latitude when using spherical geometry, otherwise the g-plane definition is used:

= fo+bBy (2.108)
ff =0 (2.109)

This discretization globally conserves kinetic energy. It should be noted that despite the use of this
discretization in former publications, all calculations to date have used the following different discretiza-
tion:

G = [, — e flwt* (2.110)
GYor = —fav (2.111)
GO = e fla* (2.112)

where the subscripts on f and f’ indicate evaluation of the Coriolis parameters at the appropriate points
in space. The above discretization does not conserve anything, especially energy and for historical reasons
is the default for the code. A flag controls this discretization: set run-time logical useEnergyConserv-
ingCoriolis to true which otherwise defaults to false.
S/R MOM_CDSCHEME (mom_cdscheme.F)
S/R MOM_U_CORIOLIS (mom_u_coriolis.F)
S/R MOM_V_CORIOLIS (mom_v_coriolis.F)
G, GSor: cF (local to mom._fluzform.F)

2.14.3 Curvature metric terms

The most commonly used coordinate system on the sphere is the geographic system (A, ¢). The curvilinear
nature of these coordinates on the sphere lead to some “metric” terms in the component momentum
equations. Under the thin-atmosphere and hydrostatic approximations these terms are discretized:

Ay Arphy, GIrEtrie = u—tancpAcArfthj (2.113)
a
— j
AArhGmetrie = _L tan o A Arphat (2.114)
a
Gt =0 (2.115)

where a is the radius of the planet (sphericity is assumed) or the radial distance of the particle (i.e. a
function of height). It is easy to see that this discretization satisfies all the properties of the discrete
Coriolis terms since the metric factor < tan¢ can be viewed as a modification of the vertical Coriolis
parameter: f — f+ < tangp.

However, as for the Coriolis terms, a non-energy conserving form has exclusively been used to date:

uv*

metric
Go

tan @ (2.116)

uut

metric
Gy

tan @ (2.117)

Need to change
code to match -
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where tan ¢ is evaluated at the u and v points respectively.

S/R MOM_U_METRIC_SPHERE (mom_u_metric_sphere.F)
S/R MOM_V_METRIC_SPHERE (mom_v_metric_sphere.F)
Gmetric gmetric, mT (local to mom._fluzform.F)

2.14.4 Non-hydrostatic metric terms

For the non-hydrostatic equations, dropping the thin-atmosphere approximation re-introduces metric
terms involving w and are required to conserve angular momentum:

%

—i—k
ApArphy,Grerie = 8 A Apoh, (2.118)
a
metric o _ﬁjmk ’
ASAT.thGU == ACATth (2.119)
a
| s p— k
AAr,gmetrie = T FV 4 A, 2.120
" !

Because we are always consistent, even if consistently wrong, we have, in the past, used a different
discretization in the model which is:

G;netric _ Emik (2121)
a
G:}netric — _%wﬂk (2122)
Ggetmc — = (Elkz + Eﬂkz) (2123)
a

S/R MOM_U_METRIC_NH (mom_u_metric_.nh.F)
S/R MOM_V_METRIC_NH (mom_v-metric_nh.F)
Gmetric - gmetric, mT (local to mom_fluzform.F)

2.14.5 Lateral dissipation

Historically, we have represented the SGS Reynolds stresses as simply down gradient momentum fluxes,
ignoring constraints on the stress tensor such as symmetry.

ApArphy, Gh=diss = 5 Ay Arphemiy + 6502, ArpheTa (2.124)
A Arph Gh—diss §iAY AT pheTo1 4 0;Ax p AT pheToo (2.125)
ress defini-
The lateral viscous stresses are discretized:
1 1
T11 = AhcllA((p)A—xf(Siu - A4011A2 ((p)A—xf(Slv2’U, (2126)
1 1
T12 = AhclgA(cp)Eéju — A4612A2 ((p) Ay &jvzu (2127)
1
T = AhczlA(‘P)—IéiU — Agcainz(p) Ar 6;V?v (2.128)
1 1
T22 = AhCQQA((p)A—yf5jU - A4C22A2 ((p)A—yf(SJV2U (2129)

where the non-dimensional factors ¢;man (@), {I,m,n} € {1,2} define the “cosine” scaling with latitude
which can be applied in various ad-hoc ways. For instance, cjja = ca1a = (cos cp)3/2, ClaA = Coon = 1
would represent the an-isotropic cosine scaling typically used on the “lat-lon” grid for Laplacian viscosity.
method for
1 code It should be noted that despite the ad-hoc nature of the scaling, some scaling must be done since on a
lat-lon grid the converging meridians make it very unlikely that a stable viscosity parameter exists across

the entire model domain.
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The Laplacian viscosity coefficient, A;, (viscAh), has units of m?s~1.

coefficient, A4 (viscA4), has units of m*s~1.

S/R MOM_U_XVISCFLUX (mom_u_zviscfluz.F)
S/R MOM_U_YVISCFLUX (mom_u_yviscfluz.F)
S/R MOM_V_XVISCFLUX (mom_v_zviscflux.F)
S/R MOM_V_YVISCFLUX (mom_v_yviscflux.F)
Ti1, T12, T21, T22: VF, v4F (local to mom_fluzform.F)

The bi-harmonic viscosity

Two types of lateral boundary condition exist for the lateral viscous terms, no-slip and free-slip.

The free-slip condition is most convenient to code since it is equivalent to zero-stress on boundaries.
Simple masking of the stress components sets them to zero. The fractional open stress is properly handled
using the lopped cells.

The no-slip condition defines the normal gradient of a tangential flow such that the flow is zero on
the boundary. Rather than modify the stresses by using complicated functions of the masks and “ghost”
points (see Adcroft and Marshall [1998]) we add the boundary stresses as an additional source term in
cells next to solid boundaries. This has the advantage of being able to cope with “thin walls” and also
makes the interior stress calculation (code) independent of the boundary conditions. The “body” force
takes the form:

. 4 vaj
Gyl = A—zf(l = he) Ay, (Anciza(p)u = Asciznz(9)VZu) (2.130)
Gsidefdrag _ i(l _ hc)%l (AhCQIA(<P)U — A4621A2 ((p)VQ’U) (2131)
v AZf A.’L'y

In fact, the above discretization is not quite complete because it assumes that the bathymetry at
velocity points is deeper than at neighboring vorticity points, e.g. 1 — hy, <1 — he

S/R MOM_U_SIDEDRAG (mom_u_sidedrag.F)
S/R MOM_V_SIDEDRAG (mom_v_sidedrag.F)
Gside—drag - gside—drag. yE (local to mom_fluzform.F)

2.14.6 Vertical dissipation

Vertical viscosity terms are discretized with only partial adherence to the variable grid lengths introduced
by the finite volume formulation. This reduces the formal accuracy of these terms to just first order but
only next to boundaries; exactly where other terms appear such as linear and quadratic bottom drag.

1

GU—diss ) 2.132

u Arphg " (2.132)

Gvfdiss 5 2133

v Arphy 7% (2.133)
v—diss

= epp—— 2.134

Gw € hATfhdakng ( 3 )

represents the general discrete form of the vertical dissipation terms.
In the interior the vertical stresses are discretized:

1

T3 — AUA—TC(Sku (2135)
1

To3 = AUA—Tczikv (2.136)
1

733 — AUA—Tf(Skw (2137)

It should be noted that in the non-hydrostatic form, the stress tensor is even less consistent than for the
hydrostatic (see Wajsowicz [1993]). It is well known how to do this properly (see Griffies and Hallberg
[2000a]) and is on the list of to-do’s.
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S/R MOM_U_RVISCLFUX (mom_u_rviscfluz.F)
S/R MOM_V_RVISCLFUX (mom_v_rviscfluz.F)
713: urf (local to mom_fluzform.F)
Tag: vrf (local to mom_fluzform.F)

As for the lateral viscous terms, the free-slip condition is equivalent to simply setting the stress to
zero on boundaries. The no-slip condition is implemented as an additional term acting on top of the
interior and free-slip stresses. Bottom drag represents additional friction, in addition to that imposed
by the no-slip condition at the bottom. The drag is cast as a stress expressed as a linear or quadratic
function of the mean flow in the layer above the topography:

) 1 j —
ngttom drag  _ <2Av A +ry+Cy\V2KE ) u (2.138)
1 .
7_éygttom—drag _ (2141; A +ry +CyqV QKEJ> v (2.139)

where these terms are only evaluated immediately above topography. r, (bottomDragLinear) has units
of ms™! and a typical value of the order 0.0002 ms~!. Cy (bottomDragQuadratic) is dimensionless
with typical values in the range 0.001-0.003.

S/R MOM_U_.BOTTOMDRAG (mom_u_bottomdrag.F)

S/R MOM_V_BOTTOMDRAG (mom_v_bottomdrag.F)
ngttomfdmg/Arf, ngttomfdmg/Arf: vf (local to mom_fluxform.F)

2.14.7 Derivation of discrete energy conservation

These discrete equations conserve kinetic plus potential energy using the following definitions:

KE = % (F v g enhﬁk) (2.140)
2.14.8 Mom Diagnostics
<-Name->|Levs|<-parsing code->|<-- Units -->|<- Tile (max=80c)
VISCAHZ | 15 |SZ MR |lm~2/s |Harmonic Visc Coefficient (m2/s) (Zeta Pt)
VISCA4Z | 15 |8Z MR |lm~4/s |Biharmonic Visc Coefficient (m4/s) (Zeta Pt)
VISCAHD | 15 |SM MR Im~2/s |Harmonic Viscosity Coefficient (m2/s) (Div Pt)
VISCA4D | 15 |SM MR Im~4/s |Biharmonic Viscosity Coefficient (m4/s) (Div Pt)
VAHZMAX | 15 |SZ MR |lm~2/s | CFL-MAX Harm Visc Coefficient (m2/s) (Zeta Pt)
VA4ZMAX | 15 |SZ MR |lm~4/s | CFL-MAX Biharm Visc Coefficient (m4/s) (Zeta Pt)
VAHDMAX | 15 |SM MR |lm~2/s |CFL-MAX Harm Visc Coefficient (m2/s) (Div Pt)
VA4DMAX | 15 |SM MR Im~4/s | CFL-MAX Biharm Visc Coefficient (m4/s) (Div Pt)
VAHZMIN | 15 |SZ MR |lm~2/s |RE-MIN Harm Visc Coefficient (m2/s) (Zeta Pt)
VA4ZMIN | 15 |SZ MR |lm~4/s |[RE-MIN Biharm Visc Coefficient (m4/s) (Zeta Pt)
VAHDMIN | 15 |SM MR |lm~2/s |RE-MIN Harm Visc Coefficient (m2/s) (Div Pt)
VA4DMIN | 15 |SM MR |lm~4/s |RE-MIN Biharm Visc Coefficient (m4/s) (Div Pt)
VAHZLTH | 15 |SZ MR |lm~2/s |Leith Harm Visc Coefficient (m2/s) (Zeta Pt)
VA4ZLTH | 15 |SZ MR |lm~4/s |Leith Biharm Visc Coefficient (m4/s) (Zeta Pt)
VAHDLTH | 15 |SM MR |lm~2/s |Leith Harm Visc Coefficient (m2/s) (Div Pt)
VA4DLTH | 15 |SM MR |lm~4/s |Leith Biharm Visc Coefficient (m4/s) (Div Pt)
VAHZLTHD| 15 |SZ MR |lm~2/s |LeithD Harm Visc Coefficient (m2/s) (Zeta Pt)
VA4ZLTHD| 15 |SZ MR |lm~4/s |LeithD Biharm Visc Coefficient (m4/s) (Zeta Pt)
VAHDLTHD| 15 |SM MR |lm~2/s |LeithD Harm Visc Coefficient (m2/s) (Div Pt)
VA4DLTHD| 15 |SM MR |lm~4/s |LeithD Biharm Visc Coefficient (m4/s) (Div Pt)

VAHZSMAG| 15 [SZ MR Im~2/s |Smagorinsky Harm Visc Coefficient (m2/s) (Zeta Pt)
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VA4ZSMAG| 15 [SZ MR Im~4/s | Smagorinsky Biharm Visc Coeff. (m4/s) (Zeta Pt)
VAHDSMAG| 15 [SM MR Im~2/s | Smagorinsky Harm Visc Coefficient (m2/s) (Div Pt)
VA4DSMAG| 15 |SM MR Im~4/s | Smagorinsky Biharm Visc Coeff. (m4/s) (Div Pt)

momKE | 15 |SM MR Im~2/s72 |[Kinetic Energy (in momentum Eq.)

momHDiv | 15 [SM MR [s™-1 |Horizontal Divergence (in momentum Eq.)

momVort3| 15 [SZ MR [s~-1 |3rd component (vertical) of Vorticity

Strain | 15 |SZ MR [s"-1 |Horizontal Strain of Horizontal Velocities

Tension | 15 [SM MR [s™-1 |Horizontal Tension of Horizontal Velocities

UBotDrag| 15 |UU  129MR m/s~2 |U momentum tendency from Bottom Drag

VBotDrag| 15 |VV  128MR m/s~2 |V momentum tendency from Bottom Drag

USidDragl| 15 |UU  131MR m/s"2 |U momentum tendency from Side Drag

VSidDragl| 15 |VV ~ 130MR m/s"2 |V momentum tendency from Side Drag

Um_Diss | 15 |UU  133MR m/s"2 |U momentum tendency from Dissipation

Vm_Diss | 15 |VV  132MR m/s~2 |V momentum tendency from Dissipation

Um_Advec| 15 |UU  135MR m/s”~2 |U momentum tendency from Advection terms

Vm_Advec| 15 |VV  134MR m/s"2 |V momentum tendency from Advection terms

Um_Cori | 15 |UU  137MR m/s"2 |U momentum tendency from Coriolis term

Vm_Cori | 15 |VV  136MR m/s"2 |V momentum tendency from Coriolis term

Um_Ext | 156 |UU  137MR Im/s"2 |U momentum tendency from external forcing

Vm_Ext | 156 |VV  138MR Im/s"2 |V momentum tendency from external forcing

Um_AdvZ3| 15 |UU  141MR m/s~2 |U momentum tendency from Vorticity Advection
Vm_AdvZ3| 15 |VV  140MR m/s"2 |V momentum tendency from Vorticity Advection
Um_AdvRe| 15 |UU  143MR m/s"2 |U momentum tendency from vertical Advection (Explicit
Vm_AdvRe| 15 |VV  142MR m/s"2 |V momentum tendency from vertical Advection (Explicit
ADVx_Um | 15 |UM  145MR Im~4/s°2 | Zonal Advective Flux of U momentum

ADVy_Um | 15 |VZ  144MR Im~4/s"2 [Meridional Advective Flux of U momentum

ADVrE_Um| 15 |WU LR [m~4/s"2 [Vertical  Advective Flux of U momentum (Explicit par
ADVx_Vm | 15 |UZ  148MR Im~4/s°2 | Zonal Advective Flux of V momentum

ADVy_Vm | 15 |VM  147MR [m~4/s"2 [Meridional Advective Flux of V momentum

ADVrE_Vm| 15 |WV LR Im~4/s"2 [Vertical Advective Flux of V momentum (Explicit par
VISCx_Um| 15 |UM  151MR Im~4/s°2 | Zonal Viscous Flux of U momentum

VISCy_Um| 15 |VZ  150MR Im~4/s"2 [Meridional Viscous Flux of U momentum

VISrE_Um| 15 |WU LR Im~4/s"2 [Vertical Viscous Flux of U momentum (Explicit part)
VISrI_Um| 15 |WU LR [m~4/s"2 [Vertical Viscous Flux of U momentum (Implicit part)
VISCx_Vm| 15 |UZ  155MR Im~4/s°2 | Zonal Viscous Flux of V momentum

VISCy_Vm| 15 |VM  154MR Im~4/s"2 [Meridional Viscous Flux of V momentum

VISrE_Vm| 15 |WV LR [m~4/s"2 [Vertical Viscous Flux of V momentum (Explicit part)
VISrI_Vm| 15 [WV LR [m~4/s"2 [Vertical Viscous Flux of V momentum (Implicit part)

2.15 Vector invariant momentum equations

The finite volume method lends itself to describing the continuity and tracer equations in curvilinear
coordinate systems. However, in curvilinear coordinates many new metric terms appear in the momentum
equations (written in Lagrangian or flux-form) making generalization far from elegant. Fortunately,
an alternative form of the equations, the vector invariant equations are exactly that; invariant under
coordinate transformations so that they can be applied uniformly in any orthogonal curvilinear coordinate
system such as spherical coordinates, boundary following or the conformal spherical cube system.

The non-hydrostatic vector invariant equations read:

i+ 20+ OAT— b+ VB=V-7 (2.141)

which describe motions in any orthogonal curvilinear coordinate system. Here, B is the Bernoulli function
and 5 = V A ¥ is the vorticity vector. We can take advantage of the elegance of these equations when
discretizing them and use the discrete definitions of the grad, curl and divergence operators to satisfy
constraints. We can also consider the analogy to forming derived equations, such as the vorticity equation,
and examine how the discretization can be adjusted to give suitable vorticity advection among other
things.
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The underlying algorithm is the same as for the flux form equations. All that has changed is the
contents of the “G’s”. For the time-being, only the hydrostatic terms have been coded but we will
indicate the points where non-hydrostatic contributions will enter:

Gu _ GZ:U + Gggu + GiQIU + ngB + ngTz + G’Zfdissip + szdissip (2142)
G’U _ iju + Gggu + Ggyw + G?)yB + ng‘ry + Gg—dissip + Gg—dissip (2143)
Gw _ Gvi;u + valv + G%u + G?UZB + GZ}—dissip + G;—dissip (2144)

S/R MOM_VECINV (pkg/mom_vecinv/mom_vecinv.F)
Gu: Gu (DYNVARS.h)
Gy: Gv (DYNVARS.h)
Gw: Gw (DYNVARS.h)

2.15.1 Relative vorticity

The vertical component of relative vorticity is explicitly calculated and use in the discretization. The
particular form is crucial for numerical stability; alternative definitions break the conservation properties
of the discrete equations.

Relative vorticity is defined:

r 1

= A_C = i (0;Aycv — §jAzcu) (2.145)

G3
where A¢ is the area of the vorticity cell presented in the vertical and I' is the circulation about that cell.

S/R MOM_VI_CALC_-RELVORTS (mom_vi_calc_relvort3. F)
¢3: vort3 (local to mom_vecinv.F)

2.15.2 Kinetic energy
The kinetic energy, denoted K F, is defined:

1 —i —j —
KE = 3( +v7 + ennt?") (2.146)

S/R MOM_VI_.CALC_KE (mom_vi_calc_ke.F)
KE: KE (local to mom_vecinv. F)

2.15.3 Coriolis terms

The potential enstrophy conserving form of the linear Coriolis terms are written:

1 747'7.1'
fo 2 Ar hoo'
G, Ave he Axghsv (2.147)
| T
fu £
GY Ays e Ayghyu (2.148)

Here, the Coriolis parameter f is defined at vorticity (corner) points.
The potential enstrophy conserving form of the non-linear Coriolis terms are written:
L G
G = 22 Naghav’ 2.149
u AIC h( grvs ( )
1 G
Aye h¢

J

GG Ayghoti (2.150)




2.15. VECTOR INVARIANT MOMENTUM EQUATIONS 73

The Coriolis terms can also be evaluated together and expressed in terms of absolute vorticity f + (3.
The potential enstrophy conserving form using the absolute vorticity is written:

. 1 —jii'i

GIv+G$Y = A ! ZCCB Azghav’ (2.151)
. 1 7]

Gl G = - ! Zf Ayyhmt (2.152)

The distinction between using absolute vorticity or relative vorticity is useful when constructing
higher order advection schemes; monotone advection of relative vorticity behaves differently to monotone
advection of absolute vorticity. Currently the choice of relative/absolute vorticity, centered /upwind /high
order advection is available only through commented subroutine calls.
S/R MOM_VI_.CORIOLIS (mom_vi_coriolis.F)

S/R MOM_VI_U_.CORIOLIS (mom_vi_u_coriolis.F)
S/R MOM_VI_V_CORIOLIS (mom_vi_v_coriolis.F)
GIv, G$v: uCf (local to mom_vecinv.F)
Gl G$: vCf (local to mom_vecinv. F)

2.15.4 Shear terms

The shear terms ((ew and (yw) are are discretized to guarantee that no spurious generation of kinetic
energy is possible; the horizontal gradient of Bernoulli function has to be consistent with the vertical
advection of shear:

k

1 —
Gw  _ St — e 8 2.1
Gy Al i Acw (0pu — €npdjw) (2.153)
1 — k
CGw ¢ _ )
G Ak, Acw (0pu — €ppdjw) (2.154)
S/R MOM_VI_U_.VERTSHEAR (mom_vi_u_vertshear.F)
S/R MOM_VI_.V_VERTSHEAR (mom_vi_v_vertshear.F)
G$2v: uCf (local to mom_vecinv. F)
G$v: vCf (local to mom_vecinv. F)
2.15.5 Gradient of Bernoulli function
1
B  _ L s
G2 il + KE) (2.155)
1
oyB  _ (!
G2 Ar 6;(¢' + KE) (2.156)

S/R MOM_VI_.U_.GRAD_KE (mom_vi_u_grad_ke.F)
S/R MOM_VI_.V_GRAD_KE (mom_vi_v_grad_ke.F)
GO=KE. uCf (local to mom_vecinv.F)

GO EE. vof (local to mom_vecinv.F)

2.15.6 Horizontal divergence

The horizontal divergence, a complimentary quantity to relative vorticity, is used in parameterizing the
Reynolds stresses and is discretized:

D = L(&-Ayghwu + 6;Axghsv)

"y (2.157)

S/R MOM_VI_CALC_-HDIV (mom_vi_calc_hdiv.F)
D: hDiv (local to mom_vecinv.F)

Run-time contr

added for these

N-H terms ha
tried!
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2.15.7 Horizontal dissipation

The following discretization of horizontal dissipation conserves potential vorticity (thickness weighted
relative vorticity) and divergence and dissipates energy, enstrophy and divergence squared:

Gt = Ai%éi(ADD — ApyD*) — ﬁ@hg(&( — AeaC*) (2.158)
Gl dssie = ﬁ&hg(/xgc — AcCH) + Aiycaj(ADD — ApsD¥) (2.159)
where
D* = A:hc (6:AYghw VU + §; Az h V30) (2.160)
¢ = ALC(&Ach% — §;Az.V?u) (2.161)

S/R MOM_VI_HDISSIP (mom_vi_hdissip.F)
Gh=dissiv. yDiss (local to mom_vecinv.F)
Gh=dissiv; yDiss (local to mom_vecinv. F)

2.15.8 Vertical dissipation

Currently, this is exactly the same code as the flux form equations.

, 1

Gu—diss  — Arsh SkT13 (2.162)

Gy~ diss L 5er (2.163)
v A’l’j’hs k123 .

represents the general discrete form of the vertical dissipation terms.
In the interior the vertical stresses are discretized:

T3 = Ay A—Tcaku (2.164)
1
T23 — AUA—Tcakv (2165)

S/R MOM_U_RVISCLFUX (mom_u_rviscflux.F)
S/R MOM_V_RVISCLFUX (mom_v_rviscfluz.F)
713: urf (local to mom_vecinv.F)
Tog: vrf (local to mom_vecinv.F)

2.16 Tracer equations

The basic discretization used for the tracer equations is the second order piece-wise constant finite volume
form of the forced advection-diffusion equations. There are many alternatives to second order method
for advection and alternative parameterizations for the sub-grid scale processes. The Gent-McWilliams
eddy parameterization, KPP mixing scheme and PV flux parameterization are all dealt with in separate
sections. The basic discretization of the advection-diffusion part of the tracer equations and the various
advection schemes will be described here.

2.16.1 Time-stepping of tracers: ABII

The default advection scheme is the centered second order method which requires a second order or quasi-
second order time-stepping scheme to be stable. Historically this has been the quasi-second order Adams-
Bashforth method (ABII) and applied to all terms. For an arbitrary tracer, 7, the forced advection-
diffusion equation reads:

atT + ngv = Gglfj + G}—'orc (2166)
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where G7,,, Gy, and G7,,. are the tendencies due to advection, diffusion and forcing, respectively,

adv? fore
namely:
ray = Ogut + 0yoT + Opwr — TV -V (2.167)

and the forcing can be some arbitrary function of state, time and space.

The term, 7V - v, is required to retain local conservation in conjunction with the linear implicit
free-surface. It only affects the surface layer since the flow is non-divergent everywhere else. This term
is therefore referred to as the surface correction term. Global conservation is not possible using the
flux-form (as here) and a linearized free-surface (Griffies and Hallberg [2000a]; Campin et al. [2004]).

The continuity equation can be recovered by setting Ga;fr = Gfore =0 and 7 = 1.

The driver routine that calls the routines to calculate tendencies are S/R CALC_-GT and S/R
CALC_GS for temperature and salt (moisture), respectively. These in turn call a generic advection
diffusion routine S/R GAD_CALC_RHS that is called with the flow field and relevant tracer as argu-
ments and returns the collective tendency due to advection and diffusion. Forcing is add subsequently in
S/R CALC_GT or S/R CALC-GS to the same tendency array.

S/R GAD_CALC_RHS (pkg/generic_advdiff/gad_calc_rhs.F)
7: tracer (argument)
G(™): gTracer (argument)
F,: fVerT (argument)
The space and time discretization are treated separately (method of lines). Tendencies are calculated
at time levels n and n — 1 and extrapolated to n + 1/2 using the Adams-Bashforth method:

Gn+1/2) _ (g +e)GM — (% + )G (2.169)

where G(") = GT, + Gairr + G5 at time step n. The tendency at n — 1 is not re-calculated but rather
the tendency at n is stored in a global array for later re-use.

S/R ADAMS_BASHFORTH?2 (model/src/adams_bashforth2.F)
G("*1/2); gTracer (argument on exit)
G(™): gTracer (argument on entry)
G=1): gTrNm1 (argument)
e: ABeps (PARAMS.h)
The tracers are stepped forward in time using the extrapolated tendency:

£ 1) — (0) 4 ApG(nt1/2) (2.170)

S/R TIMESTEP_TRACER (model/src/timestep_tracer.F)

7("+1); gTracer (argument on exit)

7("): tracer (argument on entry)

G("*1/2); gTracer (argument)

At: deltaTtracer (PARAMS.h)
Strictly speaking the ABII scheme should be applied only to the advection terms. However, this
scheme is only used in conjunction with the standard second, third and fourth order advection schemes.
Selection of any other advection scheme disables Adams-Bashforth for tracers so that explicit diffusion
and forcing use the forward method.

2.17 Linear advection schemes

The advection schemes known as centered second order, centered fourth order, first order upwind and
upwind biased third order are known as linear advection schemes because the coefficient for interpolation
of the advected tracer are linear and a function only of the flow, not the tracer field it self. We discuss
these first since they are most commonly used in the field and most familiar.

e: AB_eps

At: deltaTtra
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Analytic solution
— upwind-1
— DST-3
—— upwind-3
upwind-2

+Analytic solution

—— Lax-Wendroff
4-DST

—— centered-2

—— centered—-4

— 4-FV

Analytic solution
—— minmod
—— Superbee
—— van Leer (MC)
van Leer (alb)

Analytic solution
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Figure 2.13: Comparison of 1-D advection schemes. Courant number is 0.05 with 60 points and solutions
are shown for T=1 (one complete period). a) Shows the upwind biased schemes; first order upwind,
DST3, third order upwind and second order upwind. b) Shows the centered schemes; Lax-Wendroff,
DST4, centered second order, centered fourth order and finite volume fourth order. c¢) Shows the second
order flux limiters: minmod, Superbee, MC limiter and the van Leer limiter. d) Shows the DST3 method
with flux limiters due to Sweby with =1, p = ¢/(1 — ¢) and a fourth order DST method with Sweby
limiter, u = ¢/(1 — ¢).
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Figure 2.14: Comparison of 1-D advection schemes. Courant number is 0.89 with 60 points and solutions
are shown for T=1 (one complete period). a) Shows the upwind biased schemes; first order upwind and
DST3. Third order upwind and second order upwind are unstable at this Courant number. b) Shows the
centered schemes; Lax-Wendroff, DST4. Centered second order, centered fourth order and finite volume
fourth order and unstable at this Courant number. c) Shows the second order flux limiters: minmod,
Superbee, MC limiter and the van Leer limiter. d) Shows the DST3 method with flux limiters due to
Sweby with 4 =1, u = ¢/(1 — ¢) and a fourth order DST method with Sweby limiter, u = ¢/(1 — ¢).
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2.17.1 Centered second order advection-diffusion

The basic discretization, centered second order, is the default. It is designed to be consistent with the
continuity equation to facilitate conservation properties analogous to the continuum. However, centered
second order advection is notoriously noisy and must be used in conjunction with some finite amount of
diffusion to produce a sensible solution.

The advection operator is discretized:

AT hoGT . = 6;Fy + 6,F, + 6, F, (2.171)

where the area integrated fluxes are given by:

F, = U7 (2.172)
F, = V# (2.173)
E. = W7 (2.174)

The quantities U, V and W are volume fluxes defined:

U = Ay,Arrhy,u (2.175)
V. = AzxsArphsv (2.176)
W = Aw (2.177)

For non-divergent flow, this discretization can be shown to conserve the tracer both locally and globally
and to globally conserve tracer variance, 72. The proof is given in Adecroft [1995]; Adcroft et al. [1997].

S/R GAD_C2-ADV_X (gad-c2-adv_z.F)
F,: uT (argument)

U: uTrans (argument)

7: tracer (argument)

S/R GAD_C2_ADV_Y (gad_c2-adv_y.F)
F,: vT (argument)

V: vTrans (argument)

7: tracer (argument)

S/R GAD_C2_.ADV_R (gad_c2_adv_r.F)
F.: wT (argument)

W: rTrans (argument)

T: tracer (argument)

2.17.2 Third order upwind bias advection

Upwind biased third order advection offers a relatively good compromise between accuracy and smooth-
ness. It is not a “positive” scheme meaning false extrema are permitted but the amplitude of such are
significantly reduced over the centered second order method.

The third order upwind fluxes are discretized:

%

no— Ur— %5“-7 +%|U|§%5m (2.178)
B, o= VLo 4 Lvisten (2.179)
Yy 6 22 2 .76 JJ
1. "1 1
F., = Wr— 65“7— + §|W|6k66kk7 (2.180)

At boundaries, §;7 is set to zero allowing d,, to be evaluated. We are currently examine the accuracy
of this boundary condition and the effect on the solution.
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S/R GAD_US_ADV_X (gad_u3_adv_x.F)
F,: uT (argument)

U: uTrans (argument)

7: tracer (argument)

S/R GAD_US_ADV_Y (gad_u3_adv_y.F)
F,: vT (argument)

V: vTrans (argument)

T: tracer (argument)

S/R GAD_U3_ADV_R (gad_u3-adv_r.F)
F.: wT (argument)

W: rTrans (argument)

7: tracer (argument)

2.17.3 Centered fourth order advection

Centered fourth order advection is formally the most accurate scheme we have implemented and can be
used to great effect in high resolution simulation where dynamical scales are well resolved. However, the
scheme is noisy like the centered second order method and so must be used with some finite amount of
diffusion. Bi-harmonic is recommended since it is more scale selective and less likely to diffuse away the
well resolved gradient the fourth order scheme worked so hard to create.

The centered fourth order fluxes are discretized:

%

1
Fm = UT—géiiT (2181)
— 1 J
By = Vr—gour (2.182)
—F—*
Fr = WT—EéiiT (2183)

As for the third order scheme, the best discretization near boundaries is under investigation but
currently §;7 = 0 on a boundary.
S/R GAD_C4-ADV_X (gad-c4-adv_z.F)
F,: uT (argument)
U: uTrans (argument)
7: tracer (argument)
S/R GAD_C4_ADV_Y (gad_c4_adv_y.F)
F,: vT (argument)
V: vTrans (argument)
T: tracer (argument)
S/R GAD_C4_ADV_R (gad_c4_adv_r.F)
F.: wT (argument)
W: rTrans (argument)
7: tracer (argument)

2.17.4 First order upwind advection

Although the upwind scheme is the underlying scheme for the robust or non-linear methods given later,
we haven’t actually supplied this method for general use. It would be very diffusive and it is unlikely
that it could ever produce more useful results than the positive higher order schemes.

Upwind bias is introduced into many schemes using the abs function and is allows the first order
upwind flux to be written:

o1
F, = UT —3|Ulor (2.184)

e
I

1
Vv — S|V (2.185)

1
F. = W?k—§|W|5kT (2.186)
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If for some reason, the above method is required, then the second order flux limiter scheme described
later reduces to the above scheme if the limiter is set to zero.

2.18 Non-linear advection schemes

Non-linear advection schemes invoke non-linear interpolation and are widely used in computational fluid
dynamics (non-linear does not refer to the non-linearity of the advection operator). The flux limited
advection schemes belong to the class of finite volume methods which neatly ties into the spatial dis-
cretization of the model.

When employing the flux limited schemes, first order upwind or direct-space-time method the time-
stepping is switched to forward in time.

2.18.1 Second order flux limiters

The second order flux limiter method can be cast in several ways but is generally expressed in terms
of other flux approximations. For example, in terms of a first order upwind flux and second order Lax-
Wendroff flux, the limited flux is given as:

F=F +¢(r)FLw (2.187)
where 1 (r) is the limiter function,
Fy = u7 — %|u|5i7’ (2.188)
is the upwind flux,
Frw = Fi + %(1 — )67 (2.189)

is the Lax-Wendroff flux and ¢ = “A—A; is the Courant (CFL) number.
The limiter function, 1 (r), takes the slope ratio

Ti—1 — Ti—2

r=——"=vY u>0 (2.190)
Ti — Ti—1

T T oy <0 (2.191)
Ti — Ti—1

as it’s argument. There are many choices of limiter function but we only provide the Superbee limiter
Roe [1985]:
¥(r) = max[0, min[1, 2r], min|[2, r]] (2.192)

S/R GAD_FLUXLIMIT_-ADV_X (gad_fluzlimit_adv_z.F)
F,: uT (argument)

U: uTrans (argument)

7: tracer (argument)

S/R GAD_FLUXLIMIT_-ADV_Y (gad_fluzlimit_adv_y.F)
F,: vT (argument)

V: vTrans (argument)

T: tracer (argument)

S/R GAD_FLUXLIMIT-ADV_R (gad_fluzlimit_adv_r.F)
F.: wT (argument)

W: rTrans (argument)

T: tracer (argument)

2.18.2 Third order direct space time

The direct-space-time method deals with space and time discretization together (other methods that
treat space and time separately are known collectively as the “Method of Lines”). The Lax-Wendroff
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scheme falls into this category; it adds sufficient diffusion to a second order flux that the forward-in-time
method is stable. The upwind biased third order DST scheme is:

F = ’U,(Tifl + do(ﬂ' — 7'1'71) + dl(Tifl — 7'1'72)) YV u>0 (2193)
F=u(r—do(r; —7im1) —di(rip1 — 7)) ¥V u<0 (2.194)
where
1
di = =(2-]e)(1~ ) (2.195)
1
dz = =(1—]el)(1+]c) (2.196)

The coefficients dg and dy approach 1/3 and 1/6 respectively as the Courant number, ¢, vanishes. In this
limit, the conventional third order upwind method is recovered. For finite Courant number, the deviations
from the linear method are analogous to the diffusion added to centered second order advection in the
Lax-Wendroff scheme.

The DST3 method described above must be used in a forward-in-time manner and is stable for
0 < |¢| < 1. Although the scheme appears to be forward-in-time, it is in fact third order in time and
the accuracy increases with the Courant number! For low Courant number, DST3 produces very similar
results (indistinguishable in Fig. 2.13) to the linear third order method but for large Courant number,
where the linear upwind third order method is unstable, the scheme is extremely accurate (Fig. 2.14)
with only minor overshoots.

S/R GAD_DST3_ADV_X (gad_dst3-adv_z.F)
F,: uT (argument)

U: uTrans (argument)

7: tracer (argument)

S/R GAD_DST3_ADV_Y (gad_dst3-adv_y.F)
F,: vT (argument)

V: vTrans (argument)

7: tracer (argument)

S/R GAD_DST3_ADV_R (gad_dst3-adv_r.F)
F.: wT (argument)

W: rTrans (argument)

T: tracer (argument)

2.18.3 Third order direct space time with flux limiting

The overshoots in the DST3 method can be controlled with a flux limiter. The limited flux is written:

1 1 _
F = 5(11, + |u|) (7'1'71 + 1/J(T+)(Ti — Tifl)) + 5(11, — |u|) (7'1'71 =+ 1/)(7" )(7’1 — 7'1'71)) (2197)
where
N e S (2.198)
Ti — Ti—1
o = T T (2.199)
Ti — Ti—1

and the limiter is the Sweby limiter:

¥ (r) = max[0, min[min(1, dy + dy 7], - 7] (2.200)
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Figure 2.15: Comparison of advection schemes in two dimensions; diagonal advection of a resolved
Gaussian feature. Courant number is 0.01 with 30x30 points and solutions are shown for T=1/2. White
lines indicate zero crossing (ie. the presence of false minima). The left column shows the second order
schemes; top) centered second order with Adams-Bashforth, middle) Lax-Wendroff and bottom) Superbee
flux limited. The middle column shows the third order schemes; top) upwind biased third order with
Adams-Bashforth, middle) third order direct space-time method and bottom) the same with flux limiting.
The top right panel shows the centered fourth order scheme with Adams-Bashforth and right middle panel
shows a fourth order variant on the DST method. Bottom right panel shows the Superbee flux limiter
(second order) applied independently in each direction (method of lines).

S/R GAD_DST3FL_ADV_X (gad_dst3_adv_z.F)
F,: uT (argument)

U: uTrans (argument)

T: tracer (argument)

S/R GAD_DSTSFL_ADV_Y (gad_dst3-adv_y.F)
F,: vT (argument)

V: vTrans (argument)

T: tracer (argument)

S/R GAD_DSTSFL_ADV_R (gad_dst3-adv_r.F)
F,: wT (argument)

W: rTrans (argument)

7: tracer (argument)
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Figure 2.16: Comparison of advection schemes in two dimensions; diagonal advection of a resolved
Gaussian feature. Courant number is 0.27 with 30x30 points and solutions are shown for T=1/2. White
lines indicate zero crossing (ie. the presence of false minima). The left column shows the second order
schemes; top) centered second order with Adams-Bashforth, middle) Lax-Wendroff and bottom) Superbee
flux limited. The middle column shows the third order schemes; top) upwind biased third order with
Adams-Bashforth, middle) third order direct space-time method and bottom) the same with flux limiting.
The top right panel shows the centered fourth order scheme with Adams-Bashforth and right middle panel
shows a fourth order variant on the DST method. Bottom right panel shows the Superbee flux limiter
(second order) applied independently in each direction (method of lines).
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Figure 2.17:  Comparison of advection schemes in two dimensions; diagonal advection of a resolved
Gaussian feature. Courant number is 0.47 with 30x30 points and solutions are shown for T=1/2. White
lines indicate zero crossings and initial maximum values (ie. the presence of false extrema). The left
column shows the second order schemes; top) centered second order with Adams-Bashforth, middle)
Lax-Wendroff and bottom) Superbee flux limited. The middle column shows the third order schemes;
top) upwind biased third order with Adams-Bashforth, middle) third order direct space-time method and
bottom) the same with flux limiting. The top right panel shows the centered fourth order scheme with
Adams-Bashforth and right middle panel shows a fourth order variant on the DST method. Bottom right
panel shows the Superbee flux limiter (second order) applied independently in each direction (method of
lines).
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2.18.4 Multi-dimensional advection

In many of the aforementioned advection schemes the behavior in multiple dimensions is not necessarily
as good as the one dimensional behavior. For instance, a shape preserving monotonic scheme in one
dimension can have severe shape distortion in two dimensions if the two components of horizontal fluxes
are treated independently. There is a large body of literature on the subject dealing with this problem
and among the fixes are operator and flux splitting methods, corner flux methods and more. We have
adopted a variant on the standard splitting methods that allows the flux calculations to be implemented
as if in one dimension:

1 1
n+1/3  _ n T .n n .
T " — At <_A:1: SGFU(T")+ T s 5lu) (2.201)
1 1
n+2/3  _  _n41/3 _ Y (/3 n .
T T At (Ay 8, FY(r )+ T Ay&v) (2.202)
1 1
n+3/3 _ n+2/3 (. n+2/3 n )
T T At <_Ar 0 F (T )+ T —Ardlw> (2.203)

In order to incorporate this method into the general model algorithm, we compute the effective
tendency rather than update the tracer so that other terms such as diffusion are using the n time-level
and not the updated n + 3/3 quantities:

n 1
Ga;rvl/z _ E(Tn+3/3 ) (2.204)

So that the over all time-stepping looks likes:

TnJrl =7" + At (GZL1/2 + Gdiff (Tn) =+ G?orcing) (2205)

S/R GAD_ADVECTION (gad_advection.F)
7: Tracer (argument)

GZ;FUI/ ’. Gtracer (argument)
F,, F,, F,: af (local)

U: uTrans (local)

V: vTrans (local)

W: rTrans (local)

2.19 Comparison of advection schemes

Advection Scheme code | use | use Multi- | Stencil | comments

A.B. | dimension | (1 dim)
1"**order upwind 1 No Yes 3 pts | linear/r, non-linear/v
centered 2"%order 2 Yes No 3 pts linear
3"order upwind 3 Yes No 5 pts | linear/r
centered 4*"order 4 Yes No 5 pts | linear
2"dorder DST (Lax-Wendroff) | 20 No Yes 3 pts | linear/7, non-linear/v
3"dorder DST 30 No Yes 5 pts | linear/7, non-linear/v
2"order Flux Limiters 77 No Yes 5 pts non-linear
3"order DST Flux limiter 33 No Yes 5 pts non-linear

Table 2.2: Summary of the different advection schemes available in MITgem. “A.B.” stands for Adams-
Bashforth and “DST” for direct space time. The code corresponds to the number used to select the
corresponding advection scheme in the parameter file (e.g., tempAdvScheme=3 in file data selects the
374 order upwind advection scheme for temperature).

Figs. 2.15, 2.16 and 2.17 show solutions to a simple diagonal advection problem using a selection
of schemes for low, moderate and high Courant numbers, respectively. The top row shows the linear
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Figure 2.18: Muti-dimensional advection time-stepping with Cubed-Sphere topology
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schemes, integrated with the Adams-Bashforth method. Theses schemes are clearly unstable for the high
Courant number and weakly unstable for the moderate Courant number. The presence of false extrema
is very apparent for all Courant numbers. The middle row shows solutions obtained with the unlimited
but multi-dimensional schemes. These solutions also exhibit false extrema though the pattern now shows
symmetry due to the multi-dimensional scheme. Also, the schemes are stable at high Courant number
where the linear schemes weren’t. The bottom row (left and middle) shows the limited schemes and most
obvious is the absence of false extrema. The accuracy and stability of the unlimited non-linear schemes is
retained at high Courant number but at low Courant number the tendency is to loose amplitude in sharp
peaks due to diffusion. The one dimensional tests shown in Figs. 2.13 and 2.14 showed this phenomenon.

Finally, the bottom left and right panels use the same advection scheme but the right does not use the
multi-dimensional method. At low Courant number this appears to not matter but for moderate Courant
number severe distortion of the feature is apparent. Moreover, the stability of the multi-dimensional
scheme is determined by the maximum Courant number applied of each dimension while the stability of
the method of lines is determined by the sum. Hence, in the high Courant number plot, the scheme is
unstable.

With many advection schemes implemented in the code two questions arise: “Which scheme is best?”
and “Why don’t you just offer the best advection scheme?”. Unfortunately, no one advection scheme is
“the best” for all particular applications and for new applications it is often a matter of trial to determine
which is most suitable. Here are some guidelines but these are not the rule;

e If you have a coarsely resolved model, using a positive or upwind biased scheme will introduce
significant diffusion to the solution and using a centered higher order scheme will introduce more
noise. In this case, simplest may be best.

e If you have a high resolution model, using a higher order scheme will give a more accurate solution
but scale-selective diffusion might need to be employed. The flux limited methods offer similar
accuracy in this regime.

e If your solution has shocks or propagating fronts then a flux limited scheme is almost essential.

e If your time-step is limited by advection, the multi-dimensional non-linear schemes have the most
stability (up to Courant number 1).

e If you need to know how much diffusion/dissipation has occurred you will have a lot of trouble
figuring it out with a non-linear method.

e The presence of false extrema is non-physical and this alone is the strongest argument for using a
positive scheme.

2.20 Shapiro Filter

The Shapiro filter Shapiro [1970] is a high order horizontal filter that efficiently remove small scale grid
noise without affecting the physical structures of a field. It is applied at the end of the time step on both
velocity and tracer fields.

Three different space operators are considered here (S1,52 and S4). They differs essentially by the
sequence of derivative in both X and Y directions. Consequently they show different damping response
function specially in the diagonal directions X+Y and X-Y.

Space derivatives can be computed in the real space, taken into account the grid spacing. Alternatively,
a pure computational filter can be defined, using pure numerical differences and ignoring grid spacing.
This later form is stable whatever the grid is, and therefore specially useful for highly anisotropic grid
such as spherical coordinate grid. A damping time-scale parameter 74, defines the strength of the filter
damping.

The 3 computational filter operators are :

At 1 1
Slc: [1 - 1/27'Shap{(46”) (16_]]) }]
S2c - A s sy
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At 1 At 1
Sdc : 11— —(=6:)"|[1 — ——(=6;;)"
c [ () = ()
In addition, the S2 operator can easily be extended to a physical space filter:

At Lghll 2 n
[y

S2g : 1-

Tshap

with the Laplacian operator vz and a length scale parameter Lgpqp. The stability of this S2g filter
nctions and requires Lgpap < Min(Gl"bal)(A:v, Ay).

2.20.1 SHAP Diagnostics

<-Name->|Levs|<-parsing code->|<-- Units -->[<- Tile (max=80c)

SHAP_AT | 5 |SM MR [K/s | Temperature Tendency due to Shapiro Filter
SHAP_dS | 5 |sSM MR lg/kg/s |Specific Humidity Tendency due to Shapiro Filter
SHAP_4U | 5 |UU  148MR m/s~2 |Zonal Wind Tendency due to Shapiro Filter
SHAP_dV | 5 |VV  147MR m/s"2 [Meridional Wind Tendency due to Shapiro Filter

2.21 Nonlinear Viscosities for Large Eddy Simulation

In Large Eddy Simulations (LES), a turbulent closure needs to be provided that accounts for the effects
of subgridscale motions on the large scale. With sufficiently powerful computers, we could resolve the
entire flow down to the molecular viscosity scales (L, ~ lcm). Current computation allows perhaps
four decades to be resolved, so the largest problem computationally feasible would be about 10m. Most
oceanographic problems are much larger in scale, so some form of LES is required, where only the largest
scales of motion are resolved, and the subgridscale’s effects on the large-scale are parameterized.

To formalize this process, we can introduce a filter over the subgridscale L: uq — To and L : b — b.
This filter has some intrinsic length and time scales, and we assume that the flow at that scale can be
characterized with a single velocity scale (V) and vertical buoyancy gradient (N2). The filtered equations
of motion in a local Mercator projection about the gridpoint in question (see Appendix for notation and
details of approximation) are:

t

D Tsin Mg, O Du Du Vu
Di Rosinfy ' Ro oz (E B ﬁ) T Re (2:206)
ﬁ_%+ Using Mg, 0T _(@_3_%) V2o
Dt Rosinb Ro 0Oy Dt Dt Re
Dy £5 _ _(Dv_Du) v
Dt Fr?)2 Dt Dt Re
Db, _ _(B_Diy, v
Dt Dt Dt PrRe
2 <% + g—y> + 20— (2.207)

Tildes denote multiplication by cos @/ cosfy to account for converging meridians.

The ocean is usually turbulent, and an operational definition of turbulence is that the terms in
parentheses (the ’eddy’ terms) on the right of (2.206) are of comparable magnitude to the terms on
the left-hand side. The terms proportional to the inverse of Re, instead, are many orders of magnitude
smaller than all of the other terms in virtually every oceanic application.
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2.21.1 Eddy Viscosity

A turbulent closure provides an approximation to the ’eddy’ terms on the right of the preceding equations.
The simplest form of LES is just to increase the viscosity and diffusivity until the viscous and diffusive
scales are resolved. That is, we approximate:

Di D\ Vii, 4F  (Di_Dv) Vi 5F
Dt Dt) Ren Re,’ Dt Di)  Ren Re,
Dw Dw Nv,gm+g—2g Db DL\ _ Vib | %
Dt Dt)  Re,  Re,’ Dt Dt)  PrRe, PrRe,

2.21.1.1 Reynolds-Number Limited Eddy Viscosity

One way of ensuring that the gridscale is sufficiently viscous (ze. resolved) is to choose the eddy viscosity
Ay, so that the gridscale horizontal Reynolds number based on this eddy viscosity, Rey, to is O(1). That
is, if the gridscale is to be viscous, then the viscosity should be chosen to make the viscous terms as large
as the advective ones. Bryan et al Bryan et al. [1975] notes that a computational mode is squelched by
using Rejp, <2.

MITgem users can select horizontal eddy viscosities based on Rey, using two methods. 1) The user
may estimate the velocity scale expected from the calculation and grid spacing and set the viscAh to
satisfy Rej, < 2. 2) The user may use viscAhReMax, which ensures that the viscosity is always chosen
so that Rej, < viscAhReMax. This last option should be used with caution, however, since it effectively
implies that viscous terms are fixed in magnitude relative to advective terms. While it may be a useful
method for specifying a minimum viscosity with little effort, tests Bryan et al. [1975] have shown that
setting viscAhReMax=2 often tends to increase the viscosity substantially over other more 'physical’
parameterizations below, especially in regions where gradients of velocity are small (and thus turbulence
may be weak), so perhaps a more liberal value should be used, eg. viscAhReMax=10.

While it is certainly necessary that viscosity be active at the gridscale, the wavelength where dissipa-
tion of energy or enstrophy occurs is not necessarily L = Ay /U. In fact, it is by ensuring that the either
the dissipation of energy in a 3-d turbulent cascade (Smagorinsky) or dissipation of enstrophy in a 2-d
turbulent cascade (Leith) is resolved that these parameterizations derive their physical meaning.

2.21.1.2 Vertical Eddy Viscosities

Vertical eddy viscosities are often chosen in a more subjective way, as model stability is not usually as
sensitive to vertical viscosity. Usually the ’observed’ value from finescale measurements, etc., is used
(eg. viscAr~ 1 x 10~*m?/s). However, Smagorinsky Smagorinsky [1993] notes that the Smagorinsky
parameterization of isotropic turbulence implies a value of the vertical viscosity as well as the horizontal
viscosity (see below).

2.21.1.3 Smagorinsky Viscosity

Some Smagorinsky [1963, 1993] suggest choosing a viscosity that depends on the resolved motions. Thus,
the overall viscous operator has a nonlinear dependence on velocity. Smagorinsky chose his form of
viscosity by considering Kolmogorov’s ideas about the energy spectrum of 3-d isotropic turbulence.

Kolmogorov suppposed that is that energy is injected into the flow at large scales (small k) and is
‘cascaded’ or transferred conservatively by nonlinear processes to smaller and smaller scales until it is
dissipated near the viscous scale. By setting the energy flux through a particular wavenumber k, €, to be
a constant in k, there is only one combination of viscosity and energy flux that has the units of length,
the Kolmogorov wavelength. It is L.(v) o< me~/413/% (the 7 stems from conversion from wavenumber
to wavelength). To ensure that this viscous scale is resolved in a numerical model, the gridscale should
be decreased until L.(rv) > L (so-called Direct Numerical Simulation, or DNS). Alternatively, an eddy
viscosity can be used and the corresponding Kolmogorov length can be made larger than the gridscale,
L. (Ap) x 7re*1/4A,3L/4 (for Large Eddy Simulation or LES).

There are two methods of ensuring that the Kolmogorov length is resolved in MITgcm. 1) The user
can estimate the flux of energy through spectral space for a given simulation and adjust grid spacing or
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viscAh to ensure that L.(Ap) > L. 2) The user may use the approach of Smagorinsky with viscC2Smag,
which estimates the energy flux at every grid point, and adjusts the viscosity accordingly.

Smagorinsky formed the energy equation from the momentum equations by dotting them with velocity.
There are some complications when using the hydrostatic approximation as described by Smagorinsky
Smagorinsky [1993]. The positive definite energy dissipation by horizontal viscosity in a hydrostatic flow
is ¥D?, where D is the deformation rate at the viscous scale. According to Kolmogorov’s theory, this
should be a good approximation to the energy flux at any wavenumber ¢ ~ vD?. Kolmogorov and
Smagorinsky noted that using an eddy viscosity that exceeds the molecular value v should ensure that
the energy flux through viscous scale set by the eddy viscosity is the same as it would have been had we
resolved all the way to the true viscous scale. That is, € ~ AhsmGQEQ. If we use this approximation to
estimate the Kolmogorov viscous length, then

—1/2

_ =2, _ E=Y
Le(AhSmag) X TE 1/4A2/S4mag ~ T‘—(AhSmagD ) 1/4A2/S4mag = WAflz{S'Qn*LagD (2208)
To make L¢(Apsmag) scale with the gridscale, then
<cC2 2
AnSmag = <M> L*D| (2.209)
T

Where the deformation rate appropriate for hydrostatic flows with shallow-water scaling is

— —_ 2 — — 2
_ a9 g 9
D| = \/<% - 8_y) + (8_y + %) (2.210)

The coefficient viscC2Smag is what an MITgem user sets, and it replaces the proportionality in the
Kolmogorov length with an equality. Others Griffies and Hallberg [2000b] suggest values of viscC2Smag
from 2.2 to 4 for oceanic problems. Smagorinsky Smagorinsky [1993] shows that values from 0.2 to 0.9
have been used in atmospheric modeling.

Smagorinsky Smagorinsky [1993] shows that a corresponding vertical viscosity should be used:

[ viscC2Smag >, |(0u : 95\
AvSmag - (f) H \/(E) + <£> (2211)

This vertical viscosity is currently not implemented in MITgem (although it may be soon).

2.21.1.4 Leith Viscosity

Leith Leith [1968, 1996] notes that 2-d turbulence is quite different from 3-d. In two-dimensional tur-
bulence, energy cascades to larger scales, so there is no concern about resolving the scales of energy
dissipation. Instead, another quantity, enstrophy, (which is the vertical component of vorticity squared)
is conserved in 2-d turbulence, and it cascades to smaller scales where it is dissipated.

Following a similar argument to that above about energy flux, the enstrophy flux is estimated to be
equal to the positive-definite gridscale dissipation rate of enstrophy 1 ~ Apreitn|Vws|?. By dimensional
analysis, the enstrophy-dissipation scale is L (Apreitn) o ﬂ'A,ll/Liithn’l/ 6. Thus, the Leith-estimated
length scale of enstrophy-dissipation and the resulting eddy viscosity are

Ly(AnLeith) ﬂ—Ailz/LQeithn_l/ﬁ = WAllz/Lgeith|vw3|_l/3 (2.212)
viscC2Leith \ *
ApLeith = (7) L?|V@s| (2.213)

|Vws|
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The argument above for the Leith viscosity parameterization uses concepts from purely 2-dimensional
turbulence, where the horizontal flow field is assumed to be divergenceless. However, oceanic flows are

2.21.1.5 Modified Leith Viscosity



2.21. NONLINEAR VISCOSITIES FOR LARGE EDDY SIMULATION 91

only quasi-two dimensional. While the barotropic flow, or the flow within isopycnal layers may behave
nearly as two-dimensional turbulence, there is a possibility that these flows will be divergent. In a high-
resolution numerical model, these flows may be substantially divergent near the grid scale, and in fact,
numerical instabilities exist which are only horizontally divergent and have little vertical vorticity. This
causes a difficulty with the Leith viscosity, which can only responds to buildup of vorticity at the grid
scale.

MITgcm offers two options for dealing with this problem. 1) The Smagorinsky viscosity can be
used instead of Leith, or in conjunction with Leith—a purely divergent flow does cause an increase in
Smagorinsky viscosity. 2) The viscC2LeithD parameter can be set. This is a damping specifically targeting
purely divergent instabilities near the gridscale. The combined viscosity has the form:

. . 6 . . 6
A o \/(vnscCiLenth) |VG3|2+(VISCC2T|F_eIthD) I 13

(&G BE2T

Whether there is any physical rationale for this correction is unclear at the moment, but the numerical
consequences are good. The divergence in flows with the grid scale larger or comparable to the Rossby
radius is typically much smaller than the vorticity, so this adjustment only rarely adjusts the viscosity
if viscC2LeithD = viscC2Leith. However, the rare regions where this viscosity acts are often the locations
for the largest vales of vertical velocity in the domain. Since the CFL condition on vertical velocity is
often what sets the maximum timestep, this viscosity may substantially increase the allowable timestep
without severely compromising the verity of the simulation. Tests have shown that in some calculations,
a timestep three times larger was allowed when viscC2LeithD = viscC2Leith.

|VV - ap|

2.21.1.6 Courant—Freidrichs—Lewy Constraint on Viscosity

Whatever viscosities are used in the model, the choice is constrained by gridscale and timestep by the
Courant-Freidrichs-Lewy (CFL) constraint on stability:

L2
Ap ! (2.217)
L4
< .
A, < T9AL (2.218)

The viscosities may be automatically limited to be no greater than these values in MITgcm by specifying
viscAhGridMax< 1 and viscA4GridMax< 1. Similarly-scaled minimum values of viscosities are provided by
viscAhGridMin and viscA4GridMin, which if used, should be set to values < 1. L is roughly the gridscale
(see below).

Following Griffies and Hallberg [2000b], we note that there is a factor of Ax?/8 difference between
the harmonic and biharmonic viscosities. Thus, whenever a non-dimensional harmonic coefficient is
used in the MITgcem (eg. viscAhGridMax< 1), the biharmonic equivalent is scaled so that the same
non-dimensional value can be used (eg. viscA4GridMax< 1).

2.21.1.7 Biharmonic Viscosity

Holland [1978] suggested that eddy viscosities ought to be focuses on the dynamics at the grid scale, as
larger motions would be 'resolved’. To enhance the scale selectivity of the viscous operator, he suggested
a biharmonic eddy viscosity instead of a harmonic (or Laplacian) viscosity:

(m ﬁi) AL 75 (m m) _-Vib . =

Dt i)~ Res ' Re, Dt i)~ Res ' Re,
Dw Dw\ -Viw 22 Db Db\ -vip 2%
_— = | 4 = — - = | &

Dt Dt Rey Re,’ Dt Dt PrRes PrRe,

Griffies and Hallberg [2000b] propose that if one scales the biharmonic viscosity by stability considerations,
then the biharmonic viscous terms will be similarly active to harmonic viscous terms at the gridscale of



92 CHAPTER 2. DISCRETIZATION AND ALGORITHM

the model, but much less active on larger scale motions. Similarly, a biharmonic diffusivity can be used
for less diffusive flows.

In practice, biharmonic viscosity and diffusivity allow a less viscous, yet numerically stable, simulation
than harmonic viscosity and diffusivity. However, there is no physical rationale for such operators being
of leading order, and more boundary conditions must be specified than for the harmonic operators.
If one considers the approximations of 2.208 and 2.219 to be terms in the Taylor series expansions of
the eddy terms as functions of the large-scale gradient, then one can argue that both harmonic and
biharmonic terms would occur in the series, and the only question is the choice of coefficients. Using
biharmonic viscosity alone implies that one zeros the first non-vanishing term in the Taylor series, which
is unsupported by any fluid theory or observation.

Nonetheless, MITgecm supports a plethora of biharmonic viscosities and diffusivities, which are con-
trolled with parameters named similarly to the harmonic viscosities and diffusivities with the substitution
h — 4. MITgcm also supports a biharmonic Leith and Smagorinsky viscosities:

viscC4Smag\ ? L4

Assmag = (7g> ngl (2.219)
L° viscC4Leith\ © viscC4LeithD\ ° -

Asreitn = <7> |ng|2+<T) [VV - a2 (2.220)

However, it should be noted that unlike the harmonic forms, the biharmonic scaling does not easily relate
to whether energy-dissipation or enstrophy-dissipation scales are resolved. If similar arguments are used
to estimate these scales and scale them to the gridscale, the resulting biharmonic viscosities should be:

iscC4S 5 ~
Assmay = (w) L5197 (2291)
™
o | viscCALeith\"* _ viscC4LeithD\ '? -
Aspeitn = L — |V2ws]? + — V2V - a2 (2.222)
Thus, the biharmonic scaling suggested by Griffies and Hallberg [2000b] implies:
|D| o LIV?Ty (2.223)
|V@s| o L|V2@s| (2.224)

It is not at all clear that these assumptions ought to hold. Ounly the Griffies and Hallberg [2000b] forms
are currently implemented in MITgem.

2.21.1.8 Selection of Length Scale

Above, the length scale of the grid has been denoted L. However, in strongly anisotropic grids, L,
and L, will be quite different in some locations. In that case, the CFL condition suggests that the
minimum of L, and L, be used. On the other hand, other viscosities which involve whether a particular
wavelength is 'resolved’ might be better suited to use the maximum of L, and L,. Currently, MITgcm
uses useAreaViscLength to select between two options. If false, the geometric mean of L2 and Lz is
used for all viscosities, which is closer to the minimum and occurs naturally in the CFL constraint. If
useAreaViscLength is true, then the square root of the area of the grid cell is used.

2.21.2 Mercator, Nondimensional Equations

The rotating, incompressible, Boussinesq equations of motion Gill [1982] on a sphere can be written in
Mercator projection about a latitude 6y and geopotential height z = r — 9. The nondimensional form of
these equations is:

Da  ¥sind or  AFr’Mp, cosf Fr’Mp,aw  Rok - V2u
Ro—— —+ Mpo— + —m——w = — 2.225
ODt sin 0 +Mr ox + 1 sin 6 v r/H + Re ( )
Ro% sin 6 N MRO% _ _ pRotanf(a* +9%) Fr? Mp,tw n Roy - V2u (2.226)
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(2.227)

(2.228)

(2.229)

(2.230)

(2.231)

(2.232)

(2.233)

(2.234)

(2.235)

Dimensional variables are denoted by an asterisk where necessary. If we filter over a grid scale typical

for ocean models (Im < L < 100km, 0.0001 < A < 1, 0.00lm/s < V < 1m/s,

0.01s71 < N < 0.0001s71), these equations are very well approximated by
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Neglecting the non-frictional terms on the right-hand side is usually called the ’traditional’ approximation.
It is appropriate, with either large aspect ratio or far from the tropics. This approximation is used here,
as it does not affect the form of the eddy stresses which is the main topic. The frictional terms are

preserved in this approximate form for later comparison with eddy stresses.
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Chapter 3

Getting started with MITgcm

This chapter is divided into two main parts. The first part, which is covered in sections 3.1 through 3.7,
contains information about how to run experiments using MITgcm. The second part, covered in sections
3.9 through 3.20, contains a set of step-by-step tutorials for running specific pre-configured atmospheric
and oceanic experiments.

We believe the best way to familiarize yourself with the model is to run the case study examples
provided with the base version. Information on how to obtain, compile, and run the code is found here as
well as a brief description of the model structure directory and the case study examples. Information is
also provided here on how to customize the code when you are ready to try implementing the configuration
you have in mind. The code and algorithm are described more fully in chapters 2 and 4.

3.1 Where to find information

There is a web-archived support mailing list for the model that you can email at MITgcm-support@mitgem. org
or browse at:

http://mitgcm.org/mailman/listinfo/mitgcm-support/
http://mitgcm.org/pipermail/mitgcm-support/

3.2 Obtaining the code

MITgem can be downloaded from our system by following the instructions below. As a courtesy we ask
that you send e-mail to us at MITgcm-support@mitgem.org to enable us to keep track of who’s using
the model and in what application. You can download the model two ways:

1. Using CVS software. CVS is a freely available source code management tool. To use CVS you need
to have the software installed. Many systems come with CVS pre-installed, otherwise good places
to look for the software for a particular platform are cvshome.org and wincvs.org .

2. Using a tar file. This method is simple and does not require any special software. However, this
method does not provide easy support for maintenance updates.

3.2.1 Method 1 - Checkout from CVS

If CVS is available on your system, we strongly encourage you to use it. CVS provides an efficient and
elegant way of organizing your code and keeping track of your changes. If CVS is not available on your
machine, you can also download a tar file.

Before you can use CVS, the following environment variable(s) should be set within your shell. For a
csh or tesh shell, put the following

% setenv CVSROOT :pserver:cvsanon@mitgcm.org:/u/gcmpack

in your .cshrc or .tcshrc file. For bash or sh shells, put:

95
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% export CVSROOT=’:pserver:cvsanon@mitgcm.org:/u/gcmpack’

in your .profile or .bashrec file.
To get MITgcm through CVS, first register with the MITgem CVS server using command:

% cvs login ( CVS password: cvsanon )

You only need to do a “cvs login” once.
To obtain the latest sources type:

% cvs co MITgcm
or to get a specific release type:
% cvs co -P -r checkpoint52i_post MITgcm

The MITgcm web site contains further directions concerning the source code and CVS. It also contains
a web interface to our CVS archive so that one may easily view the state of files, revisions, and other
development milestones:

http://mitgem.org/viewve/MITgem/MITgem/

As a convenience, the MITgem CVS server contains aliases which are named subsets of the codebase.
These aliases can be especially helpful when used over slow internet connections or on machines with
restricted storage space. Table 3.1 contains a list of CVS aliases

Alias Name Information (directories) Contained
MITgcm_code Only the source code — none of the verification exam-
ples.

MITgcm verif basic Source code plus a small set of the verifica-
tion examples (global_ocean.90x40x157 aim.b51 cs,
hs94.128x64x5, front_relax, and plume_on_slope).

MITgcm verif_atmos Source code plus all of the atmospheric examples.

MITgcm verif ocean Source code plus all of the oceanic examples.

MITgcm verif all Source code plus all of the verification examples.

Table 3.1: MITgecm CVS Modules

The checkout process creates a directory called MITgem. If the directory MITgem exists this command
updates your code based on the repository. Each directory in the source tree contains a directory CVS.
This information is required by CVS to keep track of your file versions with respect to the repository.
Don’t edit the files in CVS! You can also use CVS to download code updates. More extensive information
on using CVS for maintaining MITgcm code can be found here . It is important to note that the
CVS aliases in Table 3.1 cannot be used in conjunction with the CVS -d DIRNAME option. However, the
MITgcm directories they create can be changed to a different name following the check-out:

% cvs co MITgcm_verif_basic
% mv MITgcm MITgcem_verif_basic

3.2.1.1 Upgrading from an earlier version

If you already have an earlier version of the code you can “upgrade” your copy instead of downloading
the entire repository again. First, “cd” (change directory) to the top of your working copy:

% cd MITgcm
and then issue the cvs update command such as:

% cvs -q update -r checkpoint52i_post -d -P
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This will update the “tag” to “checkpoint52i_post”, add any new directories (-d) and remove any empty
directories (-P). The -q option means be quiet which will reduce the number of messages you’ll see in the
terminal. If you have modified the code prior to upgrading, CVS will try to merge your changes with the
upgrades. If there is a conflict between your modifications and the upgrade, it will report that file with
a “C” in front, e.g.:

C model/src/ini_parms.F

If the list of conflicts scrolled off the screen, you can re-issue the cvs update command and it will report

”

the conflicts. Conflicts are indicated in the code by the delimites “<<<<<<<”, “=======" and
“>>>>>>>" For example,

<<<<<<< ini_parms.F
& bottomDraglLinear ,myOwnBottomDragCoefficient,

& bottomDraglinear,bottomDragQuadratic,
>>>>>>> 1.18

means that you added “myOwnBottomDragCoefficient” to a namelist at the same time and place
that we added “bottomDragQuadratic”. You need to resolve this conflict and in this case the line should
be changed to:

& bottomDraglinear,bottomDragQuadratic,myOwnBottomDragCoefficient,

and the lines with the delimiters (< <<<<<,======>>>>>>) be deleted. Unless you are mak-
ing modifications which exactly parallel developments we make, these types of conflicts should be rare.

Upgrading to the current pre-release version We don’t make a “release” for every little patch
and bug fix in order to keep the frequency of upgrades to a minimum. However, if you have run into a
problem for which “we have already fixed in the latest code” and we haven’t made a “tag” or “release”
since that patch then you’ll need to get the latest code:

% cvs -q update -A -d -P

Unlike, the “check-out” and “update” procedures above, there is no “tag” or release name. The -A tells
CVS to upgrade to the very latest version. As a rule, we don’t recommend this since you might upgrade
while we are in the processes of checking in the code so that you may only have part of a patch. Using
this method of updating also means we can’t tell what version of the code you are working with. So
please be sure you understand what you’re doing.

3.2.2 Method 2 - Tar file download

If you do not have CVS on your system, you can download the model as a tar file from the web site at:
http://mitgcm.org/download/

The tar file still contains CVS information which we urge you not to delete; even if you do not use CVS
yourself the information can help us if you should need to send us your copy of the code. If a recent
tar file does not exist, then please contact the developers through the MITgcem-support@mitgem.org
mailing list.

3.3 Model and directory structure

The “numerical” model is contained within a execution environment support wrapper. This wrapper is
designed to provide a general framework for grid-point models. MITgecmUYV is a specific numerical model
that uses the framework. Under this structure the model is split into execution environment support
code and conventional numerical model code. The execution environment support code is held under the
eesupp directory. The grid point model code is held under the model directory. Code execution actually
starts in the eesupp routines and not in the model routines. For this reason the top-level MAIN.F is in
the eesupp/src directory. In general, end-users should not need to worry about this level. The top-level
routine for the numerical part of the code is in model/src/THE MODEL MAIN.F. Here is a brief description
of the directory structure of the model under the root tree (a detailed description is given in section 3:
Code structure).
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e doc: contains brief documentation notes.

e cesupp: contains the execution environment source code. Also subdivided into two subdirectories
inc and src.

e model: this directory contains the main source code. Also subdivided into two subdirectories inc
and src.

e pkg: contains the source code for the packages. Each package corresponds to a subdirectory. For
example, gmredi contains the code related to the Gent-McWilliams/Redi scheme, aim the code

relative to the atmospheric intermediate physics. The packages are described in detail in chapter
??

e tools: this directory contains various useful tools. For example, genmake2 is a script written in
csh (C-shell) that should be used to generate your makefile. The directory adjoint contains the
makefile specific to the Tangent linear and Adjoint Compiler (TAMC) that generates the adjoint
code. The latter is described in detail in part 8. This directory also contains the subdirectory
build_options, which contains the ‘optfiles’ with the compiler options for the different compilers and
machines that can run MITgcm.

e utils: this directory contains various utilities. The subdirectory knudsen?2 contains code and a
makefile that compute coefficients of the polynomial approximation to the knudsen formula for an
ocean nonlinear equation of state. The matlab subdirectory contains matlab scripts for reading
model output directly into matlab. scripts contains C-shell post-processing scripts for joining
processor-based and tiled-based model output. The subdirectory exch2 contains the code needed
for the exch2 package to work with different combinations of domain decompositions.

e verification: this directory contains the model examples. See section 3.8.
e jobs: contains sample job scripts for running MITgcm.
e 1sopt: Line search code used for optimization.

e optim: Interface between MITgcm and line search code.

3.4 Building the code

To compile the code, we use the make program. This uses a file (Makefile) that allows us to pre-process
source files, specify compiler and optimization options and also figures out any file dependencies. We
supply a script (genmake?2), described in section 3.4.2, that automatically creates the Makefile for you.
You then need to build the dependencies and compile the code.

As an example, assume that you want to build and run experiment verification/exp2. The are
multiple ways and places to actually do this but here let’s build the code in verification/exp2/build:

% cd verification/exp2/build
First, build the Makefile:
% ../../../tools/genmake2 -mods=../code

The command line option tells genmake to override model source code with any files in the directory
../code/.

On many systems, the genmake2 program will be able to automatically recognize the hardware, find
compilers and other tools within the user’s path (“echo $PATH”), and then choose an appropriate set
of options from the files (“optfiles”) contained in the tools/build options directory. Under some
circumstances, a user may have to create a new “optfile” in order to specify the exact combination of
compiler, compiler flags, libraries, and other options necessary to build a particular configuration of
MITgcm. In such cases, it is generally helpful to read the existing “optfiles” and mimic their syntax.

Through the MITgcm-support list, the MITgcem developers are willing to provide help writing or
modifing “optfiles”. And we encourage users to post new “optfiles” (particularly ones for new machines
or architectures) to the MITgcem-support@mitgem.org list.

To specify an optfile to genmake?2, the syntax is:
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% ../../../tools/genmake2 -mods=../code -of /path/to/optfile
Once a Makefile has been generated, we create the dependencies with the command:
% make depend

This modifies the Makefile by attaching a (usually, long) list of files upon which other files depend. The
purpose of this is to reduce re-compilation if and when you start to modify the code. The make depend
command also creates links from the model source to this directory. It is important to note that the make
depend stage will occasionally produce warnings or errors since the dependency parsing tool is unable to
find all of the necessary header files (eg. netcdf.inc). In these circumstances, it is usually OK to ignore
the warnings/errors and proceed to the next step.

Next one can compile the code using:

% make

The make command creates an executable called mitgecmuv. Additional make “targets” are defined within
the makefile to aid in the production of adjoint and other versions of MITgecm. On SMP (shared multi-
processor) systems, the build process can often be sped up appreciably using the command:

% make -j 2

where the “2” can be replaced with a number that corresponds to the number of CPUs available.
Now you are ready to run the model. General instructions for doing so are given in section 3.5. Here,
we can run the model by first creating links to all the input files:

1n -s ../input/* .
and then calling the executable with:
./mitgcmuv > output.txt

where we are re-directing the stream of text output to the file output.txt.

3.4.1 Building/compiling the code elsewhere

In the example above (section 3.4) we built the executable in the input directory of the experiment for
convenience. You can also configure and compile the code in other locations, for example on a scratch
disk with out having to copy the entire source tree. The only requirement to do so is you have genmake2
in your path or you know the absolute path to genmake2.

The following sections outline some possible methods of organizing your source and data.

3.4.1.1 Building from the ../code directory
This is just as simple as building in the input/ directory:

% cd verification/exp2/code
% ../../../tools/genmake2

% make depend

% make

However, to run the model the executable (mitgemuv) and input files must be in the same place. If you
only have one calculation to make:

% cd ../input
% cp ../code/mitgcmuv ./
% ./mitgcmuv > output.txt

or if you will be making multiple runs with the same executable:

%hocd ../

% cp -r input runl

% cp code/mitgcmuv runl

% cd runl

% ./mitgcmuv > output.txt
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3.4.1.2 Building from a new directory

Since the input directory contains input files it is often more useful to keep input pristine and build in a
new directory within verification/exp2/:

% cd verification/exp2

% mkdir build

% cd build

% ../../../tools/genmake2 -mods=../code
% make depend

% make

This builds the code exactly as before but this time you need to copy either the executable or the input
files or both in order to run the model. For example,

% cp ../input/* ./
% ./mitgcmuv > output.txt

or if you tend to make multiple runs with the same executable then running in a new directory each time
might be more appropriate:

% cd ../

% mkdir runl

% cp build/mitgcmuv runi/
% cp input/* runl/

% cd runl

% ./mitgcmuv > output.txt

3.4.1.3 Building on a scratch disk

Model object files and output data can use up large amounts of disk space so it is often the case that you
will be operating on a large scratch disk. Assuming the model source is in /MITgem then the following
commands will build the model in /scratch/exp2-runl:

% cd /scratch/exp2-runi

% ~/MITgcm/tools/genmake2 -rootdir="/MITgcm \
-mods="/MITgcm/verification/exp2/code

% make depend

% make

To run the model here, you’ll need the input files:

% cp ~/MITgcm/verification/exp2/input/* ./
% ./mitgcmuv > output.txt

As before, you could build in one directory and make multiple runs of the one experiment:

% cd /scratch/exp2

% mkdir build

% cd build

% ~/MITgcm/tools/genmake2 -rootdir="/MITgcm \
-mods="/MITgcm/verification/exp2/code

% make depend

% make

% cd ../

% cp -r "/MITgcm/verification/exp2/input run?2

% cd run2

% ./mitgcmuv > output.txt
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3.4.2 Using genmake?2

To compile the code, first use the program genmake2 (located in the tools directory) to generate a
Makefile. genmake2 is a shell script written to work with all “sh”-compatible shells including bash v1,
bash v2, and Bourne. genmake?2 parses information from the following sources:

- a gemake_local file if one is found in the current directory

command-line options

- an "options file” as specified by the command-line option —-optfile=/PATH/FILENAME

a packages.conf file (if one is found) with the specific list of packages to compile. The search path for
file packages.conf is, first, the current directory and then each of the "MODS” directories in the
given order (see below).

3.4.2.1 Optfiles in tools/build options directory:

The purpose of the optfiles is to provide all the compilation options for particular “platforms” (where
“platform” roughly means the combination of the hardware and the compiler) and code configurations.
Given the combinations of possible compilers and library dependencies (eg. MPI and NetCDF') there may
be numerous optfiles available for a single machine. The naming scheme for the majority of the optfiles
shipped with the code is

OS_HARDWARE_COMPILER
where
OS is the name of the operating system (generally the lower-case output of the ’uname’ command)

HARDWARE is a string that describes the CPU type and corresponds to output from the ’uname
-m’ command:
ia32 is for “x86” machines such as i386, 1486, i586, 1686, and athlon
ia64 is for Intel TA64 systems (eg. Itanium, Itanium?2)
amd64 is AMD x86_64 systems
ppc is for Mac PowerPC systems

COMPILER is the compiler name (generally, the name of the FORTRAN executable)

In many cases, the default optfiles are sufficient and will result in usable Makefiles. However, for some
machines or code configurations, new “optfiles” must be written. To create a new optfile, it is generally
best to start with one of the defaults and modify it to suit your needs. Like genmake2, the optfiles are
all written using a simple “sh”—-compatible syntax. While nearly all variables used within genmake2 may
be specified in the optfiles, the critical ones that should be defined are:

FC the FORTRAN compiler (executable) to use

DEFINES the command-line DEFINE options passed to the compiler
CPP the C pre-processor to use

NOOPTFLAGS options flags for special files that should not be optimized

For example, the optfile for a typical Red Hat Linux machine (“ia32” architecture) using the GCC
(g77) compiler is

FC=g77

DEFINES=’-D_BYTESWAPIO -DWORDLENGTH=4’
CPP=’cpp -traditional -P’

NOOPTFLAGS=’-00’

# For IEEE, use the "-ffloat-store" option
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if test "x$IEEE" = x ; then

FFLAGS=’-Wimplicit -Wunused -Wuninitialized’

FOPTIM=’-03 -malign-double -funroll-loops’
else

FFLAGS=’-Wimplicit -Wunused -ffloat-store’

FOPTIM="-00 -malign-double’
fi

If you write an optfile for an unrepresented machine or compiler, you are strongly encouraged to

submit the optfile to the MITgcm project for inclusion. Please send the file to the

MITgcm-support@mitgem.org

mailing list.

3.4.2.2 Command-line options:

In addition to the optfiles, genmake2 supports a number of helpful command-line options. A complete
list of these options can be obtained from:

% genmake2 -h
The most important command-line options are:

--optfile=/PATH/FILENAME specifies the optfile that should be used for a particular build.

If no ”optfile” is specified (either through the command line or the MITGCM_OPTFILE en-
vironment variable), genmake2 will try to make a reasonable guess from the list provided in
tools/build_options. The method used for making this guess is to first determine the combina-
tion of operating system and hardware (eg. "linux_ia32”) and then find a working FORTRAN
compiler within the user’s path. When these three items have been identified, genmake2 will try to
find an optfile that has a matching name.

--mods="DIR1 DIR2 DIR3 ...’ specifies a list of directories containing “modifications”. These directo-
ries contain files with names that may (or may not) exist in the main MITgem source tree but will
be overridden by any identically-named sources within the “MODS” directories.

The order of precedence for this "name-hiding” is as follows:

e “MODS” directories (in the order given)
e Packages either explicitly specified or provided by default (in the order given)

e Packages included due to package dependencies (in the order that that package dependencies
are parsed)

4

e The "standard dirs” (which may have been specified by the “-standarddirs” option)

--pgroups=/PATH/FILENAME specifies the file where package groups are defined. If not set, the package-
groups definition will be read from pkg/pkg_groups. It also contains the default list of packages
(defined as the group “default_pkg_list” which is used when no specific package list (packages.conf)
is found in current directory or in any "MODS” directory.

--pdepend=/PATH/FILENAME specifies the dependency file used for packages.

If not specified, the default dependency file pkg/pkg_depend is used. The syntax for this file is parsed
on a line-by-line basis where each line containes either a comment (”#”) or a simple ”PKGNAME1
(+—)PKGNAME2” pairwise rule where the ”+” or ”-” symbol specifies a ”must be used with” or
a "must not be used with” relationship, respectively. If no rule is specified, then it is assumed that
the two packages are compatible and will function either with or without each other.

--adof=/path/to/file specifies the "adjoint” or automatic differentiation options file to be used. The
file is analogous to the “optfile” defined above but it specifies information for the AD build process.
The default file is located in tools/adjoint_options/adjoint_default and it defines the "TAF” and
"TAMC” compilers. An alternate version is also available at tools/adjoint_options/adjoint_staf that
selects the newer ”STAF” compiler. As with any compilers, it is helpful to have their directories
listed in your $PATH environment variable.
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--mpi This option enables certain MPI features (using CPP #defines) within the code and is necessary
for MPI builds (see Section 3.4.3).

--make=/path/to/gmake Due to the poor handling of soft-links and other bugs common with the make
versions provided by commercial Unix vendors, GNU make (sometimes called gmake) should be
preferred. This option provides a means for specifying the make executable to be used.

--bash=/path/to/sh On some (usually older UNIX) machines, the “bash” shell is unavailable. To run
on these systems, genmake2 can be invoked using an “sh” (that is, a Bourne, POSIX, or compatible)
shell. The syntax in these circumstances is:

% /bin/sh genmake2 -bash=/bin/sh [...options...]

where /bin/sh can be replaced with the full path and name of the desired shell.

3.4.3 Building with MPI

Building MITgcm to use MPI libraries can be complicated due to the variety of different MPI imple-
mentations available, their dependencies or interactions with different compilers, and their often ad-hoc
locations within file systems. For these reasons, its generally a good idea to start by finding and reading
the documentation for your machine(s) and, if necessary, seeking help from your local systems adminis-
trator.

The steps for building MITgem with MPI support are:

1. Determine the locations of your MPI-enabled compiler and/or MPT libraries and put them into an
options file as described in Section 3.4.2. One can start with one of the examples in:

MITgcm/tools/build options/

such as linux_ia32_g77+mpi_cgO1l or linux_ia64_efc+mpi and then edit it to suit the machine at
hand. You may need help from your user guide or local systems administrator to determine the
exact location of the MPI libraries. If libraries are not installed, MPI implementations and related
tools are available including:

e MPICH
e LAM/MPI
e MPlexec

2. Build the code with the genmake2 -mpi option (see Section 3.4.2) using commands such as:

% ../../../tools/genmake2 -mods=../code -mpi -of=YOUR_OPTFILE
% make depend
% make

3. Run the code with the appropriate MPI “run” or “exec” program provided with your particular
implementation of MPI. Typical MPI packages such as MPICH will use something like:

% mpirun -np 4 -machinefile mf ./mitgcmuv

Sightly more complicated scripts may be needed for many machines since execution of the code
may be controlled by both the MPI library and a job scheduling and queueing system such as PBS,
LoadLeveller, Condor, or any of a number of similar tools. A few example scripts (those used for our
regular verification runs) are available at: http://mitgem.org/viewve/MITgem/MITgem/tools/example_scripts/
or at: http://mitgem.org/viewve/MITgem/MITgem contrib/test_scripts/

An example of the above process on the MITgem cluster (“cg01”) using the GNU g77 compiler and
the mpich MPI library is:
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% cd MITgcm/verification/expb

% mkdir build

% cd build

% ../../../tools/genmake2 -mpi -mods=../code \
-of=../../../tools/build_options/linux_ia32_g77+mpi_cg01

% make depend

% make

% cd ../input

% /usr/local/pkg/mpi/mpi-1.2.4..8a-gm-1.5/g77/bin/mpirun.ch_gm \
-machinefile mf --gm-kill 5 -v -np 2 ../build/mitgcmuv

3.5 Running the model in prognostic mode

If compilation finished succesfully (section 3.4) then an executable called mitgcmuv will now exist in the
local directory.
To run the model as a single process (ie. not in parallel) simply type:

% ./mitgcmuv

The “./” is a safe-guard to make sure you use the local executable in case you have others that exist
in your path (surely odd if you do!). The above command will spew out many lines of text output to
your screen. This output contains details such as parameter values as well as diagnostics such as mean
Kinetic energy, largest CFL number, etc. It is worth keeping this text output with the binary output so
we normally re-direct the stdout stream as follows:

% ./mitgcmuv > output.txt

In the event that the model encounters an error and stops, it is very helpful to include the last few line
of this output. txt file along with the (stderr) error message within any bug reports.

For the example experiments in verification, an example of the output is kept in results/output.txt
for comparison. You can compare your output.txt with the corresponding one for that experiment to
check that the set-up works.

3.5.1 Output files

The model produces various output files and, when using mnc, sometimes even directories. Depend-
ing upon the I/O package(s) selected at compile time (either mdsio or mnc or both as determined by
code/packages.conf) and the run-time flags set (in input/data.pkg), the following output may ap-
pear.

3.5.1.1 MDSIO output files

The “traditional” output files are generated by the mdsio package. At a minimum, the instantaneous
“state” of the model is written out, which is made of the following files:

e U.00000nIter - zonal component of velocity field (m/s and positive eastward).

e V.00000nIter - meridional component of velocity field (m/s and positive northward).

W.00000nIter - vertical component of velocity field (ocean: m/s and positive upward, atmosphere:
Pa/s and positive towards increasing pressure i.e. downward).

T.00000nIter - potential temperature (ocean: °C, atmosphere: °K).

S.00000nIter - ocean: salinity (psu), atmosphere: water vapor (g/kg).

e Eta.00000nIter - ocean: surface elevation (m), atmosphere: surface pressure anomaly (Pa).

The chain 00000nIter consists of ten figures that specify the iteration number at which the output
is written out. For example, U.0000000300 is the zonal velocity at iteration 300.
In addition, a “pickup” or “checkpoint” file called:
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e pickup.00000nIter

is written out. This file represents the state of the model in a condensed form and is used for restarting
the integration. If the C-D scheme is used, there is an additional “pickup” file:

e pickup_cd.00000nIter

containing the D-grid velocity data and that has to be written out as well in order to restart the
integration. Rolling checkpoint files are the same as the pickup files but are named differently. Their
name contain the chain ckptA or ckptB instead of 00000nIter. They can be used to restart the model
but are overwritten every other time they are output to save disk space during long integrations.

3.5.1.2 MNC output files

Unlike the mdsio output, the mnc—generated output is usually (though not necessarily) placed within a
subdirectory with a name such as mnc_test_$DATE_$SEQ.

3.5.2 Looking at the output

The “traditional” or mdsio model data are written according to a “meta/data” file format. Each variable
is associated with two files with suffix names .data and .meta. The .data file contains the data written
in binary form (big_endian by default). The .meta file is a “header” file that contains information about
the size and the structure of the .data file. This way of organizing the output is particularly useful when
running multi-processors calculations. The base version of the model includes a few matlab utilities to
read output files written in this format. The matlab scripts are located in the directory utils/matlab
under the root tree. The script rdmds.m reads the data. Look at the comments inside the script to see
how to use it.
Some examples of reading and visualizing some output in Matlab:

% matlab

>> H=rdmds (’Depth’);

>> contourf (H’) ;colorbar;

>> title(’Depth of fluid as used by model’);

>> eta=rdmds(’Eta’,10);
>> imagesc(eta’);axis ij;colorbar;
>> title(’Surface height at iter=10’);

>> eta=rdmds (’Eta’, [0:10:100]);
>> for n=1:11; imagesc(eta(:,:,n)’);axis ij;colorbar;pause(.5);end

Similar scripts for netCDF output (rdmnc.m) are available and they are described in Section 7.2.
The MNC output files are all in the “self-describing” netCDF format and can thus be browsed and/or
plotted using tools such as:

e ncdump is a utility which is typically included with every netCDF install:
http://www.unidata.ucar.edu/packages/netcdf/

and it converts the netCDF binaries into formatted ASCII text files.

e ncview utility is a very convenient and quick way to plot netCDF data and it runs on most OSes:
http://meteora.ucsd.edu/ pierce/ncview_home_page.html

e MatLAB(c) and other common post-processing environments provide various netCDF interfaces
including:

http://mexcdf.sourceforge.net/

http://woodshole.er.usgs.gov/staffpages/cdenham/public_html/MexCDF/nc4ml5.html
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3.6 Doing it yourself: customizing the model configuration

When you are ready to run the model in the configuration you want, the easiest thing is to use and adapt
the setup of the case studies experiment (described previously) that is the closest to your configuration.
Then, the amount of setup will be minimized. In this section, we focus on the setup relative to the
“numerical model” part of the code (the setup relative to the “execution environment” part is covered in
the parallel implementation section) and on the variables and parameters that you are likely to change.

The CPP keys relative to the “numerical model” part of the code are all defined and set in the file
CPP_OPTIONS.h in the directory model/inc or in one of the code directories of the case study experi-
ments under verification. The model parameters are defined and declared in the file model/inc/PARAMS.h
and their default values are set in the routine model/src/set_defaults.F. The default values can be mod-
ified in the namelist file data which needs to be located in the directory where you will run the model.
The parameters are initialized in the routine model/src/ini_parms.F. Look at this routine to see in what
part of the namelist the parameters are located. Here is a complete list of the model parameters related
to the main model (namelist parameters for the packages are located in the package descriptions), their
meaning, and their default values:
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In what follows the parameters are grouped into categories related to the computational domain, the
equations solved in the model, and the simulation controls.

3.6.1 Parameters: Computational domain, geometry and time-discretization

dimensions

grid

The number of points in the x, y, and r directions are represented by the variables sNx, sNy and Nr
respectively which are declared and set in the file model/inc/SIZE.h. (Again, this assumes a mono-
processor calculation. For multiprocessor calculations see the section on parallel implementation.)

Three different grids are available: cartesian, spherical polar, and curvilinear (which includes the
cubed sphere). The grid is set through the logical variables usingCartesianGrid, usingSpher-
icalPolarGrid, and usingCurvilinearGrid. In the case of spherical and curvilinear grids, the
southern boundary is defined through the variable ygOrigin which corresponds to the latitude of
the southern most cell face (in degrees). The resolution along the x and y directions is controlled
by the 1D arrays delx and dely (in meters in the case of a cartesian grid, in degrees otherwise).
The vertical grid spacing is set through the 1D array delz for the ocean (in meters) or delp for
the atmosphere (in Pa). The variable Ro_SeaLevel represents the standard position of Sea-Level
in “R” coordinate. This is typically set to Om for the ocean (default value) and 10°Pa for the
atmosphere. For the atmosphere, also set the logical variable ground AtK1 to > .TRUE.’ which
puts the first level (k=1) at the lower boundary (ground).

For the cartesian grid case, the Coriolis parameter f is set through the variables fO0 and beta which
correspond to the reference Coriolis parameter (in s~!) and g—fj(in m~!s71) respectively. If beta
is set to a nonzero value, f0 is the value of f at the southern edge of the domain.

topography - full and partial cells

The domain bathymetry is read from a file that contains a 2D (x,y) map of depths (in m) for
the ocean or pressures (in Pa) for the atmosphere. The file name is represented by the variable
bathyFile. The file is assumed to contain binary numbers giving the depth (pressure) of the
model at each grid cell, ordered with the x coordinate varying fastest. The points are ordered from
low coordinate to high coordinate for both axes. The model code applies without modification to
enclosed, periodic, and double periodic domains. Periodicity is assumed by default and is suppressed
by setting the depths to Om for the cells at the limits of the computational domain (note: not sure
this is the case for the atmosphere). The precision with which to read the binary data is controlled
by the integer variable readBinaryPrec which can take the value 32 (single precision) or 64
(double precision). See the matlab program gendata.m in the input directories under verification
to see how the bathymetry files are generated for the case study experiments.

To use the partial cell capability, the variable hFacMin needs to be set to a value between 0 and
1 (it is set to 1 by default) corresponding to the minimum fractional size of the cell. For example if
the bottom cell is 500m thick and hFacMin is set to 0.1, the actual thickness of the cell (i.e. used
in the code) can cover a range of discrete values 50m apart from 50m to 500m depending on the
value of the bottom depth (in bathyFile) at this point.

Note that the bottom depths (or pressures) need not coincide with the models levels as deduced
from delz or delp. The model will interpolate the numbers in bathyFile so that they match the
levels obtained from delz or delp and hFacMin.

(Note: the atmospheric case is a bit more complicated than what is written here I think. To come
soon...)

time-discretization

The time steps are set through the real variables deltaTMom and deltaTtracer (in s) which
represent the time step for the momentum and tracer equations, respectively. For synchronous
integrations, simply set the two variables to the same value (or you can prescribe one time step
only through the variable deltaT). The Adams-Bashforth stabilizing parameter is set through the
variable abEps (dimensionless). The stagger baroclinic time stepping can be activated by setting
the logical variable staggerTimeStep to ’>.TRUE. .
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Name

buoyancyRelation
fluidIsAir
fluidIsWater
usingPCoords
usingZCoords

tRef

sRef

viscAh

viscAhMax
viscAhGrid
useFullLeith
useStrainTensionVisc
useAreaViscLength
viscC2leith
viscC2leithD
viscC2smag
viscA4

viscAdMax
viscA4Grid
viscC4leith
viscC4leithD
viscC4Smag
no_slip_sides
sideDragFactor
viscAr
no_slip_bottom
bottomDraglLinear
bottomDragQuadratic
diffKh'T

diffK4T

diffKhS

diffK4S

diffKrNr'T

diff KrNrS

diff KrBL79surf
diff KrBL79deep
diffKrBL79scl
diffKrBL79Ho
eosType

tAlpha

H= ™

2.0E+401 at K= top
3.0E+01 at K= top
0.0E+00

1.0E+21

0.0E+4-00

F

F

F

0.0E+-00

0.0E+4-00

0.0E+400

0.0E+4-00

1.0E+21

0.0E+4-00

0.0E+4-00

0.0E+4-00

0.0E+4-00

T

2.0E+00

0.0E+4-00

T

0.0E+4-00

0.0E+4-00

0.0E+4-00

0.0E+4-00

0.0E+4-00

0.0E+4-00

0.0E+00 at K= top
0.0E+400 at K= top
0.0E+4-00

0.0E+4-00

2.0E+02

-2.0E+4-03

LINEAR

2.0E-04
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Description

buoyancyRelation = OCEANIC

fluid major constituent is Air

fuild major constituent is Water

use p (or p

use z (or z

Reference temperature profile ( oC or K )
Reference salinity profile ( psu )

Lateral eddy viscosity ( m?/s )

Maximum lateral eddy viscosity ( m?/s )
Grid dependent lateral eddy viscosity ( non-dim. )
Use Full Form of Leith Viscosity on/off flag

Use StrainTension Form of Viscous Operator on/off flag

Use area for visc length instead of geom. mean
Leith harmonic visc. factor (on grad(vort),non-dim.)

Leith harmonic viscosity factor (on grad(div),non-dim.)

Smagorinsky harmonic viscosity factor (non-dim.)
Lateral biharmonic viscosity ( m*/s)

Maximum biharmonic viscosity ( m?/s )

Grid dependent biharmonic viscosity ( non-dim. )

Leith biharm viscosity factor (on grad(vort), non-dim.)
Leith biharm viscosity factor (on grad(div), non-dim.)

Smagorinsky biharm viscosity factor (non-dim)
Viscous BCs: No-slip sides

side-drag scaling factor (non-dim)

Vertical eddy viscosity ( units of r?/s )

Viscous BCs: No-slip bottom

linear bottom-drag coefficient ( m/s )

quadratic bottom-drag coeff. (1)

Laplacian diffusion of heat laterally ( m?/s )
Bihaarmonic diffusion of heat laterally ( m?/s )
Laplacian diffusion of salt laterally ( m?/s )
Bihaarmonic diffusion of salt laterally ( m*/s )
vertical profile of vertical diffusion of Temp ( m?/s )
vertical profile of vertical diffusion of Salt ( m?/s )
Surface diffusion for Bryan and Lewis 1979 ( m?/s )
Deep diffusion for Bryan and Lewis 1979 ( m?/s )
Depth scale for Bryan and Lewis 1979 ( m )
Turning depth for Bryan and Lewis 1979 ( m )
Equation of State

Linear EOS thermal expansion coefficient ( 1/0C )

Reference
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Name

sBeta

rhonil

rhoConst
rhoConstFresh
gravity

gBaro
rotationPeriod
omega

0

beta

freeSurfFac
implicitFreeSurface
rigidLid
implicSurfPress
implicDiv2Dflow
exactConserv
uniformLin_PhiSurf
nonlinFreeSurf
hFaclnf

hFacSup
select_rStar
useRealFreshWaterFlux
convertFW2Salt
use3Dsolver
nonHydrostatic
nh_Am?2
quasiHydrostatic
momStepping
vectorlnvariantMomentum
momAdvection
mom Viscosity
momImplVertAdv
implicit Viscosity
metricTerms
useNHMTerms
useCoriolis
useCDscheme
useJamartWetPoints
useJamartMomAdv

value

7.4E-04
9.998E-+02
9.998E+02
9.998E+02
9.81E+00
9.81E4-00
8.6164E4-04
7.292123516990375E-05
1.0E-04
9.999999999999999E-12
1.0E+4-00

T

F

1.0E+4-00
1.0E+4-00

F

T

0

2.0E-01
2.0E+-00

0

F

3.5E+401

F

F

1.0E+400
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Description

Linear EOS haline contraction coef ( 1/psu )
Reference density ( kg/m? )

Reference density ( kg/m? )

Reference density ( kg/m? )

Gravitational acceleration ( m/s? )
Barotropic gravity ( m/s?)

Rotation Period ( s )

Angular velocity ( rad/s)

Reference coriolis parameter ( 1/s)

Beta ((1/(m.s) )

Implicit free surface factor

Implicit free surface on/off flag

Rigid lid on/off flag

Surface Pressure implicit factor (0-1)

Barot. Flow Div. implicit factor (0-1)

Exact Volume Conservation on/off flag

use uniform Bo_surf on/off flag

Non-linear Free Surf. options (-1,0,1,2,3)
lower threshold for hFac (nonlinFreeSurf only)
upper threshold for hFac (nonlinFreeSurf only)
r

Real Fresh Water Flux on/off flag

convert F.W. Flux to Salt Flux (-1=use local S)
use 3-D pressure solver on/off flag
Non-Hydrostatic on/off flag
Non-Hydrostatic terms scaling factor
Quasi-Hydrostatic on/off flag

Momentum equation on/off flag
Vector-Invariant Momentum on/off
Momentum advection on/off flag
Momentum viscosity on/off flag

Momentum implicit vert. advection on/off
Implicit viscosity on/off flag

metric-Terms on/off flag

Non-Hydrostatic Metric-Terms on/off
Coriolis on/off flag

CD scheme on/off flag

Coriolis WetPoints method flag

V.I. Non-linear terms Jamart flag

Reference
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Name

SadournyCoriolis
upwind Vorticity
useAbsVorticity
highOrder Vorticity
upwindShear

select KEscheme
momPForcing
momPressureForcing
implicitIntGravWave
staggerTimeStep
multiDimAdvection
useMultiDimAdvec
implicitDiffusion
tempStepping
tempAdvection
tempImplVertAdv
tempForcing
saltStepping

salt Advection
saltImplVertAdv
saltForcing
readBinaryPrec
writeBinaryPrec
globalFiles
useSingleCpulO
debugMode
debLevA

debLevB
debugLevel
cg2dMaxIters
cg2dChkResFreq
cg2dTargetResidual
cg2dTargetResWunit
cg2dPreCondFreq
nlter(

nTimeSteps
deltatTmom
deltaTfreesurf
dTtracerLev
deltatTClock

R N Al R R N R Rl e B Bes B Bes s B B I iies B o B MeS §
=3
)

=N

at
(an)

1

1.0E-07

-1.0E4-00

1

0

0

6.0E401

6.0E401

6.0E4-01 at K= top
6.0E+401
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Description Reference
Sadourny Coriolis discr. flag

Upwind bias vorticity flag

Work with f

High order interp. of vort. flag
Upwind vertical Shear advection flag
Kinetic Energy scheme selector
Momentum forcing on/off flag
Momentum pressure term on/off flag
Implicit Internal Gravity Wave flag
Stagger time stepping on/off flag
enable/disable Multi-Dim Advection
Multi-Dim Advection is/is-not used
Implicit Diffusion on/off flag
Temperature equation on/off flag
Temperature advection on/off flag
Temp. implicit vert. advection on/off
Temperature forcing on/off flag
Salinity equation on/off flag

Salinity advection on/off flag

Sali. implicit vert. advection on/off
Salinity forcing on/off flag

Precision used for reading binary files
Precision used for writing binary files
write ”global” (=not per tile) files
only master MPI process does 1/0O
Debug Mode on/off flag

1rst level of debugging

2nd level of debugging

select debugging level

Upper limit on 2d con. grad iterations
2d con. grad convergence test frequency
2d con. grad target residual

CG2d target residual [W units]

Freq. for updating cg2d preconditioner
Run starting timestep number
Number of timesteps

Momentum equation timestep ( s )
FreeSurface equation timestep (s )
Tracer equation timestep (s )

Model clock timestep ( s )
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Name

cAdjFreq
momForcingOutAB
tracForcingOutAB
momDissip_In_AB
doAB_onGtGs
abEps

baseTime
startTime

endTime
pChkPtFreq
chkPtFreq
pickup_write_mdsio
pickup_read_mdsio
pickup_write_immed
dumpFreq
dumplInitAndLast
snapshot_mdsio
monitorFreq
monitor_stdio
externForcingPeriod
externForcingCycle
tauThetaClimRelax
tauSaltClimRelax
latBandClimRelax
usingCartesianGrid
usingSphericalPolarGrid
usingCylindrical Grid
Ro_Seal.evel

rkSign
horiVertRatio

drC

drF

delX

delY

ygOrigin

xgOrigin

rSphere

xcoord

ycoord

rcoord

rF

dBdrRef

value

0.0E+00

0

0

T

T

1.0E-02

0.0E4-00

0.0E+00

0.0E+00

0.0E+00

0.0E+00

T

T

F

0.0E+00

T

T

6.0E+01

T

0.0E+00

0.0E+00

0.0E4+00

0.0E+00
3.703701E405

T

F

F

0.0E+00

-1.0E4+00

1.0E+00

5.0E4+03 at K=1
1.0E404 at K= top
1.234567E+05 at I= east
1.234567E4-05 at J=1
0.0E+00

0.0E+00

6.37TE+06
6.172835E+04 at I=1
6.172835E+04 at J=1
-5.0E+03 at K=1
0.0E+00 at K=1
0.0E+00 at K= top
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Description

Convective adjustment interval ( s )

=1: take Momentum Forcing out of Adams-Bash.
=1: take T,S,pTr Forcing out of Adams-Bash.
put Dissipation Tendency in Adams-Bash.
apply AB on Tendencies (rather than on T,S)
Adams-Bashforth-2 stabilizing weight

Model base time (s ).

Run start time (s ).

Integration ending time ( s ).

Permanent restart/checkpoint file interval (s ).
Rolling restart/checkpoint file interval ( s ).
Model 10 flag.

Model IO flag.

Model IO flag.

Model state write out interval (s ).

write out Initial and Last iter. model state
Model 10 flag.

Monitor output interval (s ).

Model IO flag.

forcing period (s)

period of the cyle (s).

relaxation time scale (s)

relaxation time scale (s)

max. Lat. where relaxation

Cartesian coordinates flag ( True / False )
Spherical coordinates flag ( True / False )
Spherical coordinates flag ( True / False )

r(1) (units of r )

index orientation relative to vertical coordinate
Ratio on units : Horiz - Vertical

C spacing ( units of r )

W spacing ( units of r )

U spacing ( m - cartesian, degrees - spherical )
V spacing ( m - cartesian, degrees - spherical )

South edge Y-axis origin (cartesian: m, spherical: deg.)
West edge X-axis origin (cartesian: m, spherical: deg.)

Radius ( ignored - cartesian, m - spherical )

P-point X coord ( m - cartesian, degrees - spherical )
P-point Y coord ( m - cartesian, degrees - spherical )

P-point R coordinate ( units of r )
W-Interf. R coordinate ( units of r )
Vertical gradient of reference boyancy [(m/s/r)?)]

Refer



112 CHAPTER 3. GETTING STARTED WITH MITGCM

Name value Description Reference
dxF 1.234567E4-05 at K= top dxF(:,1,:,1) ( m - cartesian, degrees - spherical )
dyF 1.234567E4-05 at I= east dyF(:,1,;,1) ( m - cartesian, degrees - spherical )
dxG 1.234567E+405 at I= east dxG(:,1,;,1) ( m - cartesian, degrees - spherical )
dyG 1.234567E+405 at I= east dyG(:,1,;,1) ( m - cartesian, degrees - spherical )
dxC 1.234567E+05 at I= east dxC(:,1,:,1) ( m - cartesian, degrees - spherical )
dyC 1.234567E4-05 at I= east dyC(:,1,:,1) ( m - cartesian, degrees - spherical )
dxV 1.234567E4-05 at I= east dxV(:,1,;,1) ( m - cartesian, degrees - spherical )
dyU 1.234567E+405 at I= east dyU(:,1,:,1) ( m - cartesian, degrees - spherical )
rA 1.524155677489E+10 at I= east  rA(:,1,;,1) ( m - cartesian, degrees - spherical )
rAw 1.524155677489E+10 at K= top rAw(:,1,:,1) ( m - cartesian, degrees - spherical )
rAs 1.524155677489E+10 at K= top rAs(:,1,;,1) ( m - cartesian, degrees - spherical )
Name Default value Description Reference
tempAdvScheme 2 Temp. Horiz.Advection scheme selector
tempVertAdvScheme 2 Temp. Vert. Advection scheme selector
tempMultiDimAdvec F use Muti-Dim Advec method for Temp
tempAdamsBashforth T use Adams-Bashforth time-stepping for Temp
salt AdvScheme 2 Salt. Horiz.advection scheme selector
saltVert AdvScheme 2 Salt. Vert. Advection scheme selector
saltMultiDimAdvec F use Muti-Dim Advec method for Salt

T

salt AdamsBashforth use Adams-Bashforth time-stepping for Salt

3.6.2 Parameters: Equation of state

First, because the model equations are written in terms of perturbations, a reference thermodynamic
state needs to be specified. This is done through the 1D arrays tRef and sRef. tRef specifies the
reference potential temperature profile (in °C for the ocean and °K for the atmosphere) starting from the
level k=1. Similarly, sRef specifies the reference salinity profile (in ppt) for the ocean or the reference
specific humidity profile (in g/kg) for the atmosphere.

The form of the equation of state is controlled by the character variables buoyancyRelation and
eosType. buoyancyRelation is set to ’0CEANIC’ by default and needs to be set to >ATMOSPHERIC’
for atmosphere simulations. In this case, eosType must be set to > IDEALGAS’. For the ocean, two forms
of the equation of state are available: linear (set eosType to *LINEAR’) and a polynomial approxima-
tion to the full nonlinear equation ( set eosType to *POLYNOMIAL’). In the linear case, you need to
specify the thermal and haline expansion coefficients represented by the variables tAlpha (in K1) and
sBeta (in ppt™!). For the nonlinear case, you need to generate a file of polynomial coefficients called
POLY3.COEFFS. To do this, use the program wutils/knudsen2/knudsen2.f under the model tree (a Make-
file is available in the same directory and you will need to edit the number and the values of the vertical
levels in knudsen2.f so that they match those of your configuration).

There there are also higher polynomials for the equation of state:

’UNESCO’: The UNESCO equation of state formula of Fofonoff and Millard Fofonoff and Millard [1983].
This equation of state assumes in-situ temperature, which is not a model variable; its use is therefore
discouraged, and it is only listed for completeness.

»JMD95Z’: A modified UNESCO formula by Jackett and McDougall Jackett and McDougall [1995], which
uses the model variable potential temperature as input. The ’Z’ indicates that this equation of
state uses a horizontally and temporally constant pressure pg = —gpoz.

> JMDO5P’: A modified UNESCO formula by Jackett and McDougall Jackett and McDougall [1995], which
uses the model variable potential temperature as input. The ’P’ indicates that this equation of
state uses the actual hydrostatic pressure of the last time step. Lagging the pressure in this way
requires an additional pickup file for restarts.
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’MDJWF’: The new, more accurate and less expensive equation of state by McDougall et al. McDougall
et al. [2003]. Tt also requires lagging the pressure and therefore an additional pickup file for restarts.

For none of these options an reference profile of temperature or salinity is required.

3.6.3 Parameters: Momentum equations

In this section, we only focus for now on the parameters that you are likely to change, i.e. the ones
relative to forcing and dissipation for example. The details relevant to the vector-invariant form of the
equations and the various advection schemes are not covered for the moment. We assume that you use
the standard form of the momentum equations (i.e. the flux-form) with the default advection scheme.
Also, there are a few logical variables that allow you to turn on/off various terms in the momentum
equation. These variables are called momViscosity, momAdvection, momForcing, useCoriolis,
momPressureForcing, momStepping and metricTerms and are assumed to be set to ’.TRUE.’
here. Look at the file model/inc/PARAMS.h for a precise definition of these variables.

initialization
The initial horizontal velocity components can be specified from binary files uVellnitFile and
vVellnitFile. These files should contain 3D data ordered in an (x,y,r) fashion with k=1 as the first
vertical level (surface level). If no file names are provided, the velocity is initialised to zero. The

initial vertical velocity is always derived from the horizontal velocity using the continuity equation,
even in the case of non-hydrostatic simulation (see, e.g.: tutorial_deep_convection/input/data).

In the case of a restart (from the end of a previous simulation), the velocity field is read from a
pickup file (see section on simulation control parameters) and the initial velocity files are ignored.

forcing

This section only applies to the ocean. You need to generate wind-stress data into two files zonal-
WindFile and meridWindF'ile corresponding to the zonal and meridional components of the wind
stress, respectively (if you want the stress to be along the direction of only one of the model hori-
zontal axes, you only need to generate one file). The format of the files is similar to the bathymetry
file. The zonal (meridional) stress data are assumed to be in Pa and located at U-points (V-points).
As for the bathymetry, the precision with which to read the binary data is controlled by the variable
readBinaryPrec. See the matlab program gendata.m in the input directories under wverification
to see how simple analytical wind forcing data are generated for the case study experiments.

There is also the possibility of prescribing time-dependent periodic forcing. To do this, concatenate
the successive time records into a single file (for each stress component) ordered in a (x,y,t) fashion
and set the following variables: periodicExternalForcing to ’.TRUE.’, externForcingPeriod
to the period (in s) of which the forcing varies (typically 1 month), and externForcingCycle to
the repeat time (in s) of the forcing (typically 1 year — note: externForcingCycle must be a
multiple of externForcingPeriod). With these variables set up, the model will interpolate the
forcing linearly at each iteration.

dissipation

The lateral eddy viscosity coefficient is specified through the variable viscAh (in m?s~!). The
vertical eddy viscosity coefficient is specified through the variable viscAz (in m?s~!) for the ocean
and viscAp (in Pa?s~1) for the atmosphere. The vertical diffusive fluxes can be computed implicitly
by setting the logical variable implicit Viscosity to > .TRUE. ’. In addition, biharmonic mixing can
be added as well through the variable viscA4 (in m*s~!). On a spherical polar grid, you might
also need to set the variable cosPower which is set to 0 by default and which represents the
power of cosine of latitude to multiply viscosity. Slip or no-slip conditions at lateral and bottom
boundaries are specified through the logical variables no_slip_sides and no_slip_bottom. If set
to > .FALSE. ’ free-slip boundary conditions are applied. If no-slip boundary conditions are applied
at the bottom, a bottom drag can be applied as well. Two forms are available: linear (set the
variable bottomDragLinear in m/s) and quadratic (set the variable bottomDragQuadratic,
dimensionless).

The Fourier and Shapiro filters are described elsewhere.
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C-D scheme

If you run at a sufficiently coarse resolution, you will need the C-D scheme for the computation of
the Coriolis terms. The variable tauCD, which represents the C-D scheme coupling timescale (in
s) needs to be set.

calculation of pressure/geopotential

First, to run a non-hydrostatic ocean simulation, set the logical variable nonHydrostatic to
> . TRUE.’. The pressure field is then inverted through a 3D elliptic equation. (Note: this ca-
pability is not available for the atmosphere yet.) By default, a hydrostatic simulation is assumed
and a 2D elliptic equation is used to invert the pressure field. The parameters controlling the be-
haviour of the elliptic solvers are the variables cg2dMaxIters and cg2dTargetResidual for the
2D case and cg3dMaxIters and cg3dTargetResidual for the 3D case. You probably won’t need
to alter the default values (are we sure of this?).

For the calculation of the surface pressure (for the ocean) or surface geopotential (for the at-
mosphere) you need to set the logical variables rigidLid and implicitFreeSurface (set one to
> . TRUE.’ and the other to ’>.FALSE.’ depending on how you want to deal with the ocean upper
or atmosphere lower boundary).

3.6.4 Parameters: Tracer equations

This section covers the tracer equations i.e. the potential temperature equation and the salinity (for the
ocean) or specific humidity (for the atmosphere) equation. As for the momentum equations, we only
describe for now the parameters that you are likely to change. The logical variables tempDiffusion
tempAdvection tempForcing, and tempStepping allow you to turn on/off terms in the temperature
equation (same thing for salinity or specific humidity with variables saltDiffusion, salt Advection etc.).
These variables are all assumed here to be set to > .TRUE.’. Look at file model/inc/PARAMS.h for a
precise definition.

initialization
The initial tracer data can be contained in the binary files hydrogThetaFile and hydrogSaltF'ile.
These files should contain 3D data ordered in an (x,y,r) fashion with k=1 as the first vertical level.
If no file names are provided, the tracers are then initialized with the values of tRef and sRef
mentioned above (in the equation of state section). In this case, the initial tracer data are uniform
in x and y for each depth level.

forcing

This part is more relevant for the ocean, the procedure for the atmosphere not being completely
stabilized at the moment.

A combination of fluxes data and relaxation terms can be used for driving the tracer equations.
For potential temperature, heat flux data (in W/m?) can be stored in the 2D binary file surfQfile.
Alternatively or in addition, the forcing can be specified through a relaxation term. The SST data
to which the model surface temperatures are restored to are supposed to be stored in the 2D binary
file thetaClimFile. The corresponding relaxation time scale coefficient is set through the variable
tauThetaClimRelax (in s). The same procedure applies for salinity with the variable names
EmPmRfile, saltClimFile, and tauSaltClimRelax for freshwater flux (in m/s) and surface
salinity (in ppt) data files and relaxation time scale coefficient (in s), respectively. Also for salinity,
if the CPP key USE_NATURAL_BCS is turned on, natural boundary conditions are applied
i.e. when computing the surface salinity tendency, the freshwater flux is multiplied by the model
surface salinity instead of a constant salinity value.

As for the other input files, the precision with which to read the data is controlled by the variable
readBinaryPrec. Time-dependent, periodic forcing can be applied as well following the same
procedure used for the wind forcing data (see above).

dissipation
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Lateral eddy diffusivities for temperature and salinity/specific humidity are specified through the
variables diffKhT and diffKhS (in m?/s). Vertical eddy diffusivities are specified through the
variables diffKzT and diffKzS (in m?/s) for the ocean and diffKpT and diffKpS (in Pa?/s)
for the atmosphere. The vertical diffusive fluxes can be computed implicitly by setting the logical
variable implicitDiffusion to ’>.TRUE.’. In addition, biharmonic diffusivities can be specified
as well through the coefficients diffK4T and diffK4S (in m*/s). Note that the cosine power
scaling (specified through cosPower—see the momentum equations section) is applied to the tracer
diffusivities (Laplacian and biharmonic) as well. The Gent and McWilliams parameterization for
oceanic tracers is described in the package section. Finally, note that tracers can be also subject to
Fourier and Shapiro filtering (see the corresponding section on these filters).

ocean convection

Two options are available to parameterize ocean convection: one is to use the convective adjustment
scheme. In this case, you need to set the variable cadjFreq, which represents the frequency (in
s) with which the adjustment algorithm is called, to a non-zero value (if set to a negative value
by the user, the model will set it to the tracer time step). The other option is to parameterize
convection with implicit vertical diffusion. To do this, set the logical variable implicitDiffusion
to ’ .TRUE.’ and the real variable ivdc_kappa to a value (in m?/s) you wish the tracer vertical
diffusivities to have when mixing tracers vertically due to static instabilities. Note that cadjFreq
and ivdc_kappacan not both have non-zero value.

3.6.5 Parameters: Simulation controls

The model ”clock” is defined by the variable deltaTClock (in s) which determines the IO frequencies
and is used in tagging output. Typically, you will set it to the tracer time step for accelerated runs
(otherwise it is simply set to the default time step deltaT). Frequency of checkpointing and dumping of
the model state are referenced to this clock (see below).

run duration

The beginning of a simulation is set by specifying a start time (in s) through the real variable
startTime or by specifying an initial iteration number through the integer variable nIter0. If
these variables are set to nonzero values, the model will look for a ”pickup” file pickup.0000nIter0
to restart the integration. The end of a simulation is set through the real variable endTime (in
s). Alternatively, you can specify instead the number of time steps to execute through the integer
variable nTimeSteps.

frequency of output

Real variables defining frequencies (in s) with which output files are written on disk need to be set
up. dumpFreq controls the frequency with which the instantaneous state of the model is saved.
chkPtFreq and pchkPtFreq control the output frequency of rolling and permanent checkpoint
files, respectively. See section 1.5.1 Output files for the definition of model state and checkpoint files.
In addition, time-averaged fields can be written out by setting the variable taveFreq (in s). The
precision with which to write the binary data is controlled by the integer variable writeBinaryPrec
(set it to 32 or 64).



116 CHAPTER 3. GETTING STARTED WITH MITGCM

3.7 Testing

A script (testreport) for automated testing is included in the model within the verification directory.
While intended mostly for advanced users, the script can be helpful for beginners.

3.7.1 Using testreport

On many systems, the program can be run with the command:

% cd verification
% ./testreport

which will do the following:

1. Locate all “valid” test directories. Here, valid tests are defined to be those directories within the
current directory (which is generally wverification) that contain a subdirectory and file with the
names results/output.tut.

2. Then within each valid test:
(a) run genmake?2 to produce a Makefile
(b)

(¢) run the executable

(d)

build an executable

compare and the output of the executable with the contents of certain variables within TEST-
NAME /results /output.tat

(e) print and, if requested (with the ~addr=EMAIL_ADDRESS option), send a MIME-encoded email
with the testing results

For further details, please see the MITgcm Developers’ HOWTO at:

http://mitgcm.org/public/docs.html

3.7.2 Automated testing

Automated testing results are produced on a regular basis and they can be viewed at:
http://mitgcm.org/public/testing.html

which also includes links to various scripts for batch job submission on a variety of different machines.
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3.8 Example experiments

The full MITgem distribution comes with a set of pre-configured numerical experiments. Some of these
example experiments are tests of individual parts of the model code, but many are fully fledged numerical
simulations. Full tutorials exist for a few of the examples, and are documented in sections 3.9 - 3.21. The
other examples follow the same general structure as the tutorial examples. However, they only include
brief instructions in a text file called README. The examples are located in subdirectories under the
directory verification. Each example is briefly described below.

3.8.1 Full list of model examples

1.

10.

11.

12.

13.

14.

15.

16.

17.

tutorial_advection_in_gyre - Test of various advection schemes in a single-layer double-gyre
experiment. This experiment is described in detail in section 3.11.

. tutorial _baroclinic_gyre - Four layer, ocean double gyre. This experiment is described in detail

in section 3.10.

tutorial barotropic_gyre - Single layer, ocean double gyre (barotropic with free-surface). This
experiment is described in detail in section 3.9.

tutorial_cfc_offline - Offline form of the MITgcm to study advection of a passive tracer and
CFCs. This experiment is described in detail in section 3.20.5.

tutorial_deep_convection - Inhomogenously forced ocean convection in a doubly periodic box.
This experiment is described in detail in section 3.15.

tutorial_global_oce_biogeo - Ocean model coupled to the dissolved inorganic carbon biogeo-
chemistry model. This experiment is described in detail in section 3.17.

tutorial_global_oce_in_p - Global ocean simulation in pressure coordinate (non-Boussinesq ocean
model). Described in detail in section 3.13.

tutorial global oce_latlon - 4x4 degree global ocean simulation with steady climatological forc-
ing. This experiment is described in detail in section 3.12.

tutorial global oce optim - Global ocean state estimation at 4° resolution. This experiment is
described in detail in section 3.18.

tutorial held_suarez._cs - 3D atmosphere dynamics using Held and Suarez (1994) forcing on
cubed sphere grid. This experiment is described in detail in section 3.14.

tutorial offline - Offline form of the MITgcm to study advection of a passive tracer. This
experiment is described in detail in section 3.20.

tutorial plume_on_slope - Gravity Plume on a continental slope. This experiment is described
in detail in section 3.16.

tutorial tracer_adjsens - Simple passive tracer experiment. Includes derivative calculation.
This experiment is described in detail in section 3.19.

adjustment.128x64x1 - Barotropic adjustment problem on latitude longitude grid with 128x64
grid points (2.8° resolution).

adjustment.cs-32x32x1 - Barotropic adjustment problem on cube sphere grid with 32x32 points
per face (roughly 2.8° resolution).
Also contains a non-linear free-surface adjustment version (input.nlfs/).

advect_cs Two-dimensional passive advection test on cube sphere grid (32x32 grid points per face,
roughly 2.8°)

advect_xy - Two-dimensional (horizontal plane) passive advection test on Cartesian grid.
Also contains an additional set-up using Adams-Bashforth 3 (input.ab3_c4/).
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18. advect xz - Two-dimensional (vertical plane) passive advection test on Cartesian grid.

19. aim.51 Equatorial Channel - 5-levels Intermediate Atmospheric physics, 3D Equatorial Channel
configuration.

20. aim.51 _LatLon - 5-levels Intermediate Atmospheric physics, Global configuration, on latitude lon-
gitude grid with 128x64x5 grid points (2.8° resolution).

21. aim.51 cs - 5-levels Intermediate Atmospheric physics, Global configuration on cube sphere grid
(32x32 grid points per face, roughly 2.8°).
Also contains an additional set-up with an ocean mixed layer and thermodynamics sea-ice (in-
put.thSI/).

22. bottom_ctrl _5x5 - Adjoint test using the bottom topography as the control parameter.
23. cfc_example - Global ocean with online computation and advection of CFC11 and CFC12.

24. cpl_aim+ocn - Coupled Ocean - Atmosphere realistic configuration on cubed-sphere ¢s32 horizontal
grid, using Intermediate Atmospheric physics (pkg/aim_v23) thermodynamics seaice (pkg/thsice)
and land packages. on cubed-sphere cs32 in a realistics configuration.

25. cpl_atm2d+ocn - Coupled Ocean - Atmosphere realistic configuration using 2-D Atmospheric Model
(pkg/atm2d).

26. deep-anelastic - Convection simulation on a giant planet: relax both the Boussinesq approxima-
tion (anelastic) and the thin atmosphere approximation (deep atmosphere).

27. dome - Idealized 3D test of a density-driven bottom current.

28. exp2 - Old version of the global ocean experiment (no GM, no partial-cells).
Also contains an additional set-up with ridid-lid (input.rigidLid/).

29. exp4 - Flow over a Gaussian bump in open-water or channel with open boundaries.
30. expb - Deep convection.

31. fizhi-cs-32x32x40 - Global atmospheric simulation with realistic topography, 40 vertical levels,
a cubed sphere grid and the full atmospheric physics package.

32. fizhi-cs-aqualev20 - Global atmospheric simulation on an aqua planet with full atmospheric
physics. Run is perpetual march with an analytical SST distribution. This is the configuration for
the APE (Aqua Planet Experiment) participation experiment.

33. fizhi-gridalt-hs - Global atmospheric simulation Held-Suarez (1994) forcing, with the physical
forcing and the dynamical forcing running on different vertical grids.

34. flt_example - Example of using float package.

35. front_relax - Relaxation of an ocean thermal front (test for Gent/McWilliams scheme). 2D (Y-Z).
Also contains an additional set-up with Mixed-Layer Eddy parameterization (Ferrari & McWilliams,
2007) (input.mzl/).

36. globallxl tot - ECCO-GODAE production configuration version 1, 2 & 3
37. global2x2 tot - ECCO production configuration version 0

38. global_ocean.90x40x15 Global ocean simulation at 4x4 degree resolution. Similar to tutorial_global_oce_latlon,
with quasi-non-hydrostatics and non-hydrostatic metric terms.
Also contains an adjoint set-up (code_ad/, input_ad/).

39. global_ocean.cs32x15 - Global ocean experiment on the cubed sphere grid.
Also contains additional set-ups:

(a) non-hydrostratic with biharmonic viscosity (input.viscA4/)
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(b) using thermodynamic sea ice and bulk force (input.thsice/)

(¢) using thermodynamic (pkg/thsice) dynamics (pkg/seaice) sea-ice and EXF package (input.icedyn))

global_ocean_ebm - Global ocean experiment on a lat-lon grid coupled to an atmospheric energy
balance model. Similar to global ocean.90x40x15 experiment.
Also contains an adjoint set-up (code_ad/, input_ad/).

global with_exf - Global ocean experiment on a lat-lon grid using the exf package. Similar to
global_ocean.90x40x15 experiment.

hs94.128x64x5 - 3D atmosphere dynamics on lat-lon grid, using Held and Suarez ’94 forcing.

hs94.1x64x5 - Zonal averaged atmosphere dynamics using Held and Suarez '94 forcing.
Also contains an adjoint set-up (code_ad/, input_ad/).

hs94.cs-32x32x5 - 3D atmosphere dynamics using Held and Suarez (1994) forcing on the cubed
sphere. 5 vertical levels.
Also contains an additional set-up with Implicit Internal gravity waves treatment (input.impIGW/).

ideal 2D _oce - Idealized 2D global ocean simulation on an aqua planet.
internal wave - Ocean internal wave forced by open boundary conditions.
inverted_barometer - Simple test of ocean response to atmospheric pressure loading.

isomip - ISOMIP like set-up including ice-shelf cavities (pkg/shelfice).
Also contains an additional set-up with (input.htd/) but only Martin knows what "htd” stands for.

lab_sea - Regional Labrador Sea simulation on a lat-lon grid using the sea ice package.
Also contains additional set-ups:

(a) using the LSR solver (instead of EVP dynamics) (input.lsr/)
(b) using Hibler and Bryan (1987) sea-ice ocean stress (input.hb87/)
(c) using package salt_plume (input.salt_plume/)

and also 3 adjoint set-ups (code_ad/, input_ad/, input_ad.noseaicedyn/, input_ad.noseaice/).
matrix_example - Test of experimental method to accelerated convergence towards equillibrium.

MLAdjust - Simple tests for different viscosity formulations.
Also contains additional set-ups:

(a) (input.0.leith/)
(b) (input.0.leithD/)
(©) (

(d) (

natl_box - Eastern subtropical North Atlantic with KPP scheme; 1 month integration

input.0.smag/)
input.1.leith/)

natl_box_adjoint - Eastern subtropical North Atlantic with KPP scheme; adjoint set-up.

offline_exf seaice - oceanic surface forcing computed by bulk-formulae (pkg/ezf) and inposed
SST (offline ocean).
Also contains additional set-ups:

(a) with sea-ice (pkg/seaice) thermodynamics (input.seaicetd/)
(b) an adjoint test (code_ad/, input_ady/).

OpenAD simple Adjoint experiement (used also to test open-AD compiler)

rotating tank Rotating tank simulation in cylindrical coordinates. This experiment is described
in detail in section 3.21.
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seaice_obcs similar to "lab_sea” (input.salt_plume/) experiment with only a fraction of the domain
and open-boundary conditions derived from ”lab_sea” experiment.

solid-body.cs-32x32x1 Solid body rotation test for cube sphere grid.
tidal basin 2d 2-D vertical section (X-Z) with tidal forcing

vermix Simple test in a small domain (3 columns) for ocean vertical mixing schemes. The standard
set-up (input/) uses KPP scheme.

Also contains additional set-ups:

(a) with Gaspar et al. (1990) (pkg/ggl90) scheme (input.ggl90))

(b) with Mellor & Yamada (1982) level 2. (pkg/my82) scheme (input.my82/)

(¢) with Paluszkiewicz & Romea (1997) (pkg/opps) scheme (input.opps/)

(d) with Pacanowski & Philander (1981) (pkg/pp81) scheme (input.pp81/)

3.8.2 Directory structure of model examples

Each example directory has the following subdirectories:

e code: contains the code particular to the example. At a minimum, this directory includes the

following files:

— code/packages.conf: declares the list of packages or package groups to be used. If not
included, the default version is located in pkg/pkg default. Package groups are simply con-
venient collections of commonly used packages which are defined in pkg/pkg-default. Some
packages may require other packages or may require their absence (that is, they are incompat-
ible) and these package dependencies are listed in pkg/pkg-depend.

— code/CPP_EEOPTIONS.h: declares CPP keys relative to the “execution environment” part of
the code. The default version is located in eesupp/inc.

— code/CPP_OPTIONS.h: declares CPP keys relative to the “numerical model” part of the code.
The default version is located in model/inc.

— code/SIZE.h: declares size of underlying computational grid. The default version is located
in model/inc.

In addition, other include files and subroutines might be present in code depending on the particular
experiment. See Section 2 for more details.

input: contains the input data files required to run the example. At a minimum, the input
directory contains the following files:

— input/data: this file, written as a namelist, specifies the main parameters for the experiment.
— input/data.pkg: contains parameters relative to the packages used in the experiment.

— input/eedata: this file contains “execution environment” data. At present, this consists of a
specification of the number of threads to use in X and Y under multithreaded execution.

In addition, you will also find in this directory the forcing and topography files as well as the files
describing the initial state of the experiment. This varies from experiment to experiment. See the
verification directories refered to in this chapter for more details.

results: this directory contains the output file output.txt produced by the simulation example.
This file is useful for comparison with your own output when you run the experiment.

e build: this directory is where the model is compiled and loaded, and where the executable resides.

Once you have chosen the example you want to run, you are ready to compile the code.
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3.9 Barotropic Ocean Gyre In Cartesian Coordinates

(in directory: wverification/tutorial_barotropic_gyre/)

This example experiment demonstrates using the MITgcem to simulate a Barotropic, wind-forced,
ocean gyre circulation. The files for this experiment can be found in the verification directory tuto-
rial_barotropic_gyre. The experiment is a numerical rendition of the gyre circulation problem similar to
the problems described analytically by Stommel in 1966 Stormmel [1948] and numerically in Holland et.
al Holland and Lin [975a).

In this experiment the model is configured to represent a rectangular enclosed box of fluid, 1200 x
1200 km in lateral extent. The fluid is 5 km deep and is forced by a constant in time zonal wind stress,
Tz, that varies sinusoidally in the “north-south” direction. Topologically the grid is Cartesian and the
coriolis parameter f is defined according to a mid-latitude beta-plane equation

fy) = fo+ By (3.1)

where y is the distance along the “north-south” axis of the simulated domain. For this experiment fy is
set to 107*s7 1 in (3.1) and B = 10" s tm L.

The sinusoidal wind-stress variations are defined according to

T2(y) = To sin(wL‘%) (3.2)

where L, is the lateral domain extent (1200 km) and 79 is set to 0.1Nm 2.

Figure 3.1 summarizes the configuration simulated.

3.9.1 Equations Solved

The model is configured in hydrostatic form. The implicit free surface form of the pressure equation
described in Marshall et. al Marshall et al. [1997b] is employed. A horizontal Laplacian operator V3
provides viscous dissipation. The wind-stress momentum input is added to the momentum equation for
the “zonal flow”, u. Other terms in the model are explicitly switched off for this experiment configuration
(see section 7?7 ), yielding an active set of equations solved in this configuration as follows

Du an 9 B T

Dv on 9

Dt + fu+ ga—y —ApViv = 0 (3.4)
0
8—;7+vh-a‘ -0 (3.5)

where v and v and the z and y components of the flow vector .

3.9.2 Discrete Numerical Configuration

The domain is discretised with a uniform grid spacing in the horizontal set to Az = Ay = 20 km, so that
there are sixty grid cells in the x and y directions. Vertically the model is configured with a single layer
with depth, Az, of 5000 m.

3.9.2.1 Numerical Stability Criteria

The Laplacian dissipation coefficient, Ay, is set to 400ms~!. This value is chosen to yield a Munk layer
width Adcroft [1995],

An

Mw:w(ﬁ

)5 (3.6)
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Figure 3.1: Schematic of simulation domain and wind-stress forcing function for barotropic gyre numerical
experiment. The domain is enclosed bu solid walls at = 0,1200km and at y = 0,1200km.
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of &~ 100km. This is greater than the model resolution Az, ensuring that the frictional boundary layer is
well resolved.

The model is stepped forward with a time step ¢ = 1200secs. With this time step the stability parameter
to the horizontal Laplacian friction Adcroft [1995]

Apot
evaluates to 0.012, which is well below the 0.3 upper limit for stability.
The numerical stability for inertial oscillations Adcroft [1995]
S; = f26t2 (3.8)
evaluates to 0.0144, which is well below the 0.5 upper limit for stability.
The advective CFL Adcroft [1995] for an extreme maximum horizontal flow speed of |@| = 2ms™!
|t
So = — 3.9
AL (3.9)

evaluates to 0.12. This is approaching the stability limit of 0.5 and limits §¢ to 1200s.

3.9.3 Code Configuration

The model configuration for this experiment resides under the directory verification /tutorial_barotropic_gyre/.
The experiment files

e input/data

e input/data.pkyg

e input/eedata,

o inpul/windz.sin_y,

e input/topog.box,

e code/CPP_EEOPTIONS.h
e code/CPP_OPTIONS.h,

e code/SIZE.h.

contain the code customizations and parameter settings for this experiments. Below we describe the
customizations to these files associated with this experiment.

3.9.3.1 File input/data

This file, reproduced completely below, specifies the main parameters for the experiment. The parameters
that are significant for this configuration are

e Line 7,

viscAh=4.E2,
this line sets the Laplacian friction coefficient to 400m?s~*

e Line 10,
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beta=1.E-11,

this line sets 3 (the gradient of the coriolis parameter, f) to 10~ ts=tm=1!

Lines 15 and 16

rigidLid=.FALSE.,
implicitFreeSurface=.TRUE.,

these lines suppress the rigid lid formulation of the surface pressure inverter and activate the implicit
free surface form of the pressure inverter.

Line 27,
startTime=0,
this line indicates that the experiment should start from ¢ = 0 and implicitly suppresses searching

for checkpoint files associated with restarting an numerical integration from a previously saved
state.

Line 29,
endTime=12000,

this line indicates that the experiment should start finish at ¢ = 12000s. A restart file will be
written at this time that will enable the simulation to be continued from this point.

Line 30,
deltaTmom=1200,

This line sets the momentum equation timestep to 1200s.

Line 39,
usingCartesianGrid=.TRUE.,

This line requests that the simulation be performed in a Cartesian coordinate system.

Line 41,

delX=60%*20E3,

This line sets the horizontal grid spacing between each x-coordinate line in the discrete grid. The

syntax indicates that the discrete grid should be comprise of 60 grid lines each separated by 20x 10%m
(20 km).

Line 42,
delY=60%*20E3,

This line sets the horizontal grid spacing between each y-coordinate line in the discrete grid to
20 x 103m (20 km).

Line 43,
delZ=5000,

This line sets the vertical grid spacing between each z-coordinate line in the discrete grid to 5000m
(5 km).
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e Line 46,
bathyFile=’topog.box’

This line specifies the name of the file from which the domain bathymetry is read. This file is a
two-dimensional (x,y) map of depths. This file is assumed to contain 64-bit binary numbers giving
the depth of the model at each grid cell, ordered with the x coordinate varying fastest. The points
are ordered from low coordinate to high coordinate for both axes. The units and orientation of
the depths in this file are the same as used in the MITgcm code. In this experiment, a depth
of Om indicates a solid wall and a depth of —5000m indicates open ocean. The matlab program
input/gendata.m shows an example of how to generate a bathymetry file.

e Line 49,
zonalWindFile=’windx.sin_y’

This line specifies the name of the file from which the x-direction surface wind stress is read. This
file is also a two-dimensional (z,y) map and is enumerated and formatted in the same manner as
the bathymetry file. The matlab program input/gendata.m includes example code to generate a
valid zonalWindFile file.

other lines in the file input/data are standard values that are described in the MITgem Getting Started
and MITgcm Parameters notes.

1 # Model parameters

2 # Continuous equation parameters
3 &PARMO1

4 tRef=20.,

5 sRef=10.,

6 viscAz=1.E-2,

7 viscAh=4.E2,

8 diffKhT=4.E2,

9 diffKzT=1.E-2,

10 Dbeta=1.E-11,

11  tAlpha=2.E-4,

12 sBeta =0.,

13 gravity=9.81,

14 gBaro=9.81,

156 rigidLid=.FALSE.,

16 implicitFreeSurface=.TRUE.,
17 eosType=’LINEAR’,

18 readBinaryPrec=64,

19 &
20 # Elliptic solver parameters
21 &PARMO2

22 cg2dMaxIters=1000,
23 cg2dTargetResidual=1.E-7,

24 &
25 # Time stepping parameters
26 &PARMO3

27 startTime=0,

28 #endTime=311040000,

29 endTime=12000.0,

30 deltaTmom=1200.0,

31 deltaTtracer=1200.0,
32 abEps=0.1,

33 pChkptFreq=2592000.0,
34 chkptFreq=120000.0,
35 dumpFreq=2592000.0,
36 &
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37 # Gridding parameters

38 &PARMO4

39 usingCartesianGrid=.TRUE.,
40 wusingSphericalPolarGrid=.FALSE.,
41 delX=60%20E3,

42 delY=60%20E3,

43 delZ=5000.,

44 &

45 &PARMO5

46 DbathyFile=’topog.box’,

47 ThydrogThetaFile=,

48 hydrogSaltFile=,

49 zonalWindFile=’windx.sin_y’,
50 meridWindFile=,

51 &

3.9.3.2 File input/data.pkyg

This file uses standard default values and does not contain customizations for this experiment.

3.9.3.3 File input/eedata

This file uses standard default values and does not contain customizations for this experiment.

3.9.3.4 File input/windz.sin_y

The input/windz.sin_y file specifies a two-dimensional (z,y) map of wind stress ,7,, values. The units

used are Nm~™2. Although 7, is only a function of yn in this experiment this file must still define a

complete two-dimensional map in order to be compatible with the standard code for loading forcing
fields in MITgem. The included matlab program input/gendata.m gives a complete code for creating the
input/windz.sin_y file.

3.9.3.5 File input/topog.box

The input/topog.box file specifies a two-dimensional (z,y) map of depth values. For this experiment
values are either Om or -delZm, corresponding respectively to a wall or to deep ocean. The file contains
a raw binary stream of data that is enumerated in the same way as standard MITgcm two-dimensional,
horizontal arrays. The included matlab program input/gendata.m gives a complete code for creating the
input/topog.boz file.

3.9.3.6 File code/SIZE.h

Two lines are customized in this file for the current experiment

e Line 39,
sNx=60,

this line sets the lateral domain extent in grid points for the axis aligned with the x-coordinate.

e Line 40,
sNy=60,

this line sets the lateral domain extent in grid points for the axis aligned with the y-coordinate.

1 C $Header: /u/gcmpack/manual/part3/case_studies/barotropic_gyre/code/SIZE.h.tex,v 1.1.1.1 2001/08/08 16:15:58 a
2 C $Name: $

3C

4 C / \
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SIZE.h Declare size of underlying computational grid. |

The design here support a three-dimensional model grid |
with indices I,J and K. The three-dimensional domain |
is comprised of nPx*nSx blocks of size sNx along one axis]|
nPy*nSy blocks of size sNy along another axis and one |

Blocks have overlap regions of size OLx and OLy along the]

dimensions that are subdivided. |

|
|
|
|
|
|
| block of size Nz along the final axis.
|
|
\

/

Voodoo numbers controlling data layout.

sNx
sNy
OLx
OLy
nsSx
nSy
nPx
nPy
Nx

Ny

Nr

No.
No.

Ov
Ov

No.
No.
No.
No.
No.
No.
No.

INTEGER
INTEGER
INTEGER
INTEGER
INTEGER
INTEGER
INTEGER
INTEGER
INTEGER
INTEGER
INTEGER
PARAMETER (

FRrRIEPrIIRIIRIER

MAX_OLX
MAX_OLY

X points in sub-grid.

Y points in sub-grid.

erlap extent in X.

erlat extent in Y.

sub-grids in X.

sub-grids in Y.

of processes to use in X.

of processes to use in Y.

points in X for the total domain.
points in Y for the total domain.
points in R for full process domain.
sNx

sNy

OLx

OLy

nSx

nSy

nPx

nPy

Nx

Ny

Nr

sNx = 60,
sNy = 60,
OLx = 3
OLy = 3
nSx = 1,
nSy = 1
nPx = 1
nPy = 1,

Nx = sNx*nSx*nPx,
Ny sNy*nSy*nPy,
Nr = 1)

- Set to the maximum overlap region size of any array
that will be exchanged. Controls the sizing of exch
routine buufers.

INTEGER MAX_OLX
INTEGER MAX_OLY

PARAMETER ( MAX_OLX

OLx,
OLy )

MAX_OLY

3.9.3.7 File code/CPP-OPTIONS.h

This file uses standard default values and does not contain customizations for this experiment.

3.9.3.8 File code/CPP_EEOPTIONS.h

This file uses standard default values and does not contain customizations for this experiment.
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3.10 Four Layer Baroclinic Ocean Gyre In Spherical Coordi-
nates

(in directory: wverification/tutorial_baroclinic_gyre/)

This document describes an example experiment using MITgcm to simulate a baroclinic ocean gyre
for four layers in spherical polar coordinates. The files for this experiment can be found in the verification
directory under tutorial_baroclinic_gyre.

3.10.1 Overview

This example experiment demonstrates using the MITgcem to simulate a baroclinic, wind-forced, ocean
gyre circulation. The experiment is a numerical rendition of the gyre circulation problem similar to the
problems described analytically by Stommel in 1966 Stommel [1948] and numerically in Holland et. al
Holland and Lin [975a).

In this experiment the model is configured to represent a mid-latitude enclosed sector of fluid on a
sphere, 60° x 60° in lateral extent. The fluid is 2 km deep and is forced by a constant in time zonal wind
stress, Ty, that varies sinusoidally in the north-south direction. Topologically the simulated domain is a
sector on a sphere and the coriolis parameter, f, is defined according to latitude, ¢

fp) = 22sin(p) (3.10)

. . 2
with the rotation rate, {1 set to gz755z-

The sinusoidal wind-stress variations are defined according to

m(p) =10 sin(wL—i) (3.11)

where L, is the lateral domain extent (60°) and 7 is set to 0.1 Nm~2.

Figure 3.2 summarizes the configuration simulated. In contrast to the example in section 3.9, the
current experiment simulates a spherical polar domain. As indicated by the axes in the lower left of the
figure the model code works internally in a locally orthogonal coordinate (z,y,z). For this experiment
description the local orthogonal model coordinate (x,y, z) is synonymous with the coordinates (A, ,7)
shown in figure 1.16

The experiment has four levels in the vertical, each of equal thickness, Az = 500 m. Initially the fluid
is stratified with a reference potential temperature profile, O350 = 20° C, 0750 = 10° C, 01250 = 8° C,
01750 = 6° C. The equation of state used in this experiment is linear

p=po(1—agt) (3.12)

which is implemented in the model as a density anomaly equation

p = —pocgl (3.13)

with pg = 999.8kgm ™ and ag = 2 x 10 *degrees '. Integrated forward in this configuration the
model state variable theta is equivalent to either in-situ temperature, 7', or potential temperature, 6.
For consistency with later examples, in which the equation of state is non-linear, we use # to represent
temperature here. This is the quantity that is carried in the model core equations.

3.10.2 Equations solved

For this problem the implicit free surface, HPE (see section ?7?) form of the equations described in
Marshall et. al Marshall et al. [1997b] are employed. The flow is three-dimensional with just temperature,
0, as an active tracer. The equation of state is linear. A horizontal Laplacian operator V3 provides viscous
dissipation and provides a diffusive sub-grid scale closure for the temperature equation. A wind-stress
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Figure 3.2: Schematic of simulation domain and wind-stress forcing function for the four-layer gyre
numerical experiment. The domain is enclosed by solid walls at 0° E, 60° E, 0° N and 60° N. An initial
stratification is imposed by setting the potential temperature, 6, in each layer. The vertical spacing, Az,
is constant and equal to 500m.
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momentum forcing is added to the momentum equation for the zonal flow, u. Other terms in the model
are explicitly switched off for this experiment configuration (see section 3.10.4 ). This yields an active
set of equations solved in this configuration, written in spherical polar coordinates as follows

Du 1 0p' 0%u
- _ S ANVAuU—A,— = 14
i fo+ 5 ON Vi 9.2 Fi (3.14)
Dv 10p' 0%
- I ANV — A — = 1
i + fu+ P nViv 952 0 (3.15)
on OHu OHv
— 4+ — = 0 3.16
ot T on T op (3.16)
D6 5 020
T~ KaVi0 - K55 = 0 (3.17)
0
P = gpon+ / p'dz (3.18)
o= —agpol (3.19)
Fils = oA (3.20)
Fili = 0 (3.21)

where u and v are the components of the horizontal flow vector @ on the sphere (u = Ao = ¢). The
terms Hu and Hv are the components of the vertical integral term given in equation 1.35 and explained
in more detail in section 2.4. However, for the problem presented here, the continuity relation (equation
3.16) differs from the general form given in section 2.4, equation ??, because the source terms P — & +R
are all 0.

The pressure field, p’, is separated into a barotropic part due to variations in sea-surface height, 7,
and a hydrostatic part due to variations in density, p’, integrated through the water column.

The suffices s, indicate surface layer and the interior of the domain. The windstress forcing, F), is
applied in the surface layer by a source term in the zonal momentum equation. In the ocean interior this
term is zero.

In the momentum equations lateral and vertical boundary conditions for the V3 and 88—:2 operators
are specified when the numegi;al séglula(gieon is run - see section 3.10.4. For temperature the boundary

=52 =0.

L fa K 9 __ 06 96
condition is “zero-flux” e.g. 5o =% =0z =

3.10.3 Discrete Numerical Configuration

The domain is discretised with a uniform grid spacing in latitude and longitude AX = Ap = 1°, so
that there are sixty grid cells in the zonal and meridional directions. Vertically the model is configured
with four layers with constant depth, Az, of 500 m. The internal, locally orthogonal, model coordinate
variables z and y are initialized from the values of A\, ¢, A\ and Ay in radians according to

x=rcos(p)\, Az = rcos(p)AX (3.22)
y=rp, Ay = rAp (3.23)

The procedure for generating a set of internal grid variables from a spherical polar grid specification
is discussed in section ?7.
S/R INI.SPHERICAL_POLAR_GRID (model/src/ini_spherical_polar_grid.F)
Ay A¢, Aw, As: TAc, rAz, rAw, rAs (GRID.h)
Azxgy, Ay,: DXg, DYg (GRID.h)
Az, Ay.: DXc, DYc (GRID.h)
Axy, Ayp: DXE, DYf (GRID.h)
Az, Ay,: DXv, DYu (GRID.h)

As described in 2.16, the time evolution of potential temperature, 6, (equation 3.17) is evaluated
prognostically. The centered second-order scheme with Adams-Bashforth time stepping described in
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section 2.16.1 is used to step forward the temperature equation. Prognostic terms in the momentum
equations are solved using flux form as described in section ??. The pressure forces that drive the fluid

motions, ( %i)\ and aa%), are found by summing pressure due to surface elevation 1 and the hydrostatic

pressure. The hydrostatic part of the pressure is diagnosed explicitly by integrating density. The sea-
surface height, 7, is diagnosed using an implicit scheme. The pressure field solution method is described
in sections 2.4 and ?7.

3.10.3.1 Numerical Stability Criteria

The Laplacian viscosity coefficient, Ay, is set to 400ms=!.

width,

This value is chosen to yield a Munk layer

M, = m(22)s (3.24)

of ~ 100km. This is greater than the model resolution in mid-latitudes Az = r cos(¢)AX ~ 80 km at
@ = 45°, ensuring that the frictional boundary layer is well resolved.

The model is stepped forward with a time step §¢ = 1200secs. With this time step the stability parameter
to the horizontal Laplacian friction

Aot

S =4 AL

(3.25)

evaluates to 0.012, which is well below the 0.3 upper limit for stability for this term under ABII time-
stepping.

The vertical dissipation coefficient, A., is set to 1 x 1072m?s~!. The associated stability limit

Aot

Si=dn

(3.26)

evaluates to 4.8 x 10~° which is again well below the upper limit. The values of Aj, and A, are also used
for the horizontal (K}) and vertical (K,) diffusion coefficients for temperature respectively.

The numerical stability for inertial oscillations

S; = f25t* (3.27)
evaluates to 0.0144, which is well below the 0.5 upper limit for stability.

The advective CFL for a extreme maximum horizontal flow speed of || = 2ms~?

ot

W = 3.28
AL (3.28)
evaluates to 5 x 1072, This is well below the stability limit of 0.5.
The stability parameter for internal gravity waves propagating at 2 m s=!
cqy0t
Se=-"2— 3.29
s (3.29)

evaluates to ~ 5 x 1072. This is well below the linear stability limit of 0.25.
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3.10.4 Code Configuration

The model configuration for this experiment resides under the directory verification /tutorial_barotropic_gyre/.
The experiment files

e input/data

e input/data.pkyg

e input/eedata,

o inpul/windz.sin_y,

e input/topog.box,

e code/CPP_EEOPTIONS.h
e code/CPP_OPTIONS.h,

e code/SIZE.h.

contain the code customisations and parameter settings for this experiment. Below we describe the
customisations to these files associated with this experiment.

3.10.4.1 File input/data

This file, reproduced completely below, specifies the main parameters for the experiment. The parameters
that are significant for this configuration are

e Line 4,
tRef=20.,10.,8.,6.,

this line sets the initial and reference values of potential temperature at each model level in units
of °C. The entries are ordered from surface to depth. For each depth level the initial and reference
profiles will be uniform in x and y. The values specified here are read into the variable tRef in the
model code, by procedure INI_PARMS

| S/R INLTHETA(ini_theta.F) ini_theta.F

e Line 6,

viscAz=1.E-2,
this line sets the vertical Laplacian dissipation coefficient to 1 x 10~?m?s~!. Boundary conditions
for this operator are specified later. The variable viscAz is read in the routine ini_parms.F and is
copied into model general vertical coordinate variable viscAr At each time step, the viscous term
contribution to the momentum equations is calculated in routine CALC_ DIFFUSIVITY

| S/R CALC_DIFFUSIVITY(calc_diffusivity. F)

e Line 7,
viscAh=4.E2,

this line sets the horizontal laplacian frictional dissipation coefficient to 1 x 1072m?s~!. Boundary
conditions for this operator are specified later. The variable viscAh is read in the routine INI_PARMS
and applied in routine MOM_FLUXFORM.

| S/R MOM_FLUXFORM(mom.fluzform.F)

e Line 8,
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no_slip_sides=.FALSE.

this line selects a free-slip lateral boundary condition for the horizontal laplacian friction operator
e.g. g—Z:() along boundaries in y and %:0 along boundaries in x. The variable no_slip_sides is
read in the routine INI_PARMS and the boundary condition is evaluated in routine

| S/R MOM_FLUXFORM(mom.fluzform.F) mom_fluxform.F

e Lines 9,
no_slip_bottom=.TRUE.

this line selects a no-slip boundary condition for bottom boundary condition in the vertical laplacian
friction operator e.g. u =v =0 at z = —H, where H is the local depth of the domain. The variable
no_slip_bottom is read in the routine INI_PARMS and is applied in the routine MOM_FLUXFORM.

| S/R MOM_FLUXFORM(mom.fluzform.F) mom_fluxform.F

e Line 10,
diffKhT=4.E2,

this line sets the horizontal diffusion coefficient for temperature to 400 m2?s~!. The boundary
condition on this operator is 8% = 8% = 0 at all boundaries. The variable diffKhT is read in the
routine INI_PARMS and used in routine CALC_GT.

‘ S/R CALC_-GT(calc_gt.F) calc_gt.F

e Line 11,

diffKzT=1.E-2,

this line sets the vertical diffusion coefficient for temperature to 102 m?s~!.

The boundary con-
dition on this operator is % = 0 on all boundaries. The variable diffKzT is read in the routine
INI_PARMS. It is copied into model general vertical coordinate variable diffKrT which is used in

routine CALC_DIFFUSIVITY.
‘ S/R CALC_DIFFUSIVITY calc_diffusivity.F) calc_diffusivity.F

e Line 13,
tAlpha=2.E-4,

This line sets the thermal expansion coefficient for the fluid to 2 x 10~ degrees ' The variable
tAlpha is read in the routine INI_PARMS. The routine FIND_RHO makes use of tAlpha.

| S/R FIND_RHO!find_rho.F) find_rho.F

e Line 18,
eosType="LINEAR’

This line selects the linear form of the equation of state. The variable eosType is read in the routine
INI_PARMS. The values of eosType sets which formula in routine FIND_RHO is used to calculate
density.

| S/R FIND_RHO!find_rho.F) find_rho.F

e Line 40,

usingSphericalPolarGrid=.TRUE.,
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This line requests that the simulation be performed in a spherical polar coordinate system. It
affects the interpretation of grid input parameters, for example delX and delY and causes the grid
generation routines to initialize an internal grid based on spherical polar geometry. The variable
usingSphericalPolarGrid is read in the routine INI_PARMS. When set to .TRUE. the settings of
delX and delY are taken to be in degrees. These values are used in the routine

‘ S/R INI_.SPEHRICAL_POLAR_GRID(ini_spherical_polar_grid.F) ini_spherical polar grid.F

e Line 41,
ygOrigin=0.,

This line sets the southern boundary of the modeled domain to 0° latitude. This value affects
both the generation of the locally orthogonal grid that the model uses internally and affects the
initialization of the coriolis force. Note - it is not required to set a longitude boundary, since the
absolute longitude does not alter the kernel equation discretisation. The variable ygOrigin is read
in the routine INI_PARMS and is used in routine

‘ S/R INI_.SPEHRICAL_POLAR_GRID(ini_spherical_polar_grid.F) ini_spherical polar grid.F
o Line 42,
delX=60%1.,

This line sets the horizontal grid spacing between each y-coordinate line in the discrete grid to 1°
in longitude. The variable delX is read in the routine INI_PARMS and is used in routine

‘ S/R INI_.SPEHRICAL_POLAR_GRID(ini_spherical_polar_grid.F) ini_spherical polar grid.F
e Line 43,
delY=60*1.,

This line sets the horizontal grid spacing between each y-coordinate line in the discrete grid to 1°
in latitude. The variable delY is read in the routine INI_PARMS and is used in routine

‘ S/R INI_.SPEHRICAL_POLAR_GRID(ini_spherical_polar_grid.F) ini_spherical polar grid.F

e Line 44,
delZz=500.,500.,500.,500.,

This line sets the vertical grid spacing between each z-coordinate line in the discrete grid to 500 m,
so that the total model depth is 2km. The variable delZ is read in the routine INI_PARMS. It is
copied into the internal model coordinate variable delR which is used in routine

‘ S/R INI.VERTICAL_GRID(ini_vertical_grid.F) ini_vertical grid.F

e Line 47,
bathyFile=’topog.box’

This line specifies the name of the file from which the domain bathymetry is read. This file is a
two-dimensional (x,y) map of depths. This file is assumed to contain 64-bit binary numbers giving
the depth of the model at each grid cell, ordered with the x coordinate varying fastest. The points
are ordered from low coordinate to high coordinate for both axes. The units and orientation of
the depths in this file are the same as used in the MITgcm code. In this experiment, a depth
of Om indicates a solid wall and a depth of —2000m indicates open ocean. The matlab program
input/gendata.m shows an example of how to generate a bathymetry file. The variable bathyFile
is read in the routine INI_PARMS. The bathymetry file is read in the routine

| S/R INI.DEPTHS(ini_depths.F) ini_depths.F
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