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Presenta8on	  outline	  

•  Basic	  algorithms	  and	  dynamical	  core	  
•  Physical	  parameteriza8ons	  

•  Online	  analysis	  features	  	  
•  Notable	  applica8ons	  
•  Plans	  and	  the	  MOM/GOLD	  rela8onship	  
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Basic	  algorithms	  and	  dynamical	  core	  

MOM4p1	  is	  a	  hydrosta8c	  generalized	  level	  coordinate	  ocean	  model	  code	  with	  mass	  
conserving	  non-‐Boussinesq	  or	  volume	  conserving	  Boussinesq	  kinema8cs,	  coded	   in	  
generalized	   horizontal	   coordinates	   on	   a	   B-‐grid,	   with	   a	   suite	   of	   physical	  
parameteriza8ons,	  diagnos8c	  features,	  and	  test	  cases.	  

Basics	  of	  the	  dynamical	  core	  	  	  
–  B-‐grid	  level	  model	  (1984)	  

–  Tracer	  advec8on	  (non-‐centred	  schemes	  since	  1998	  and	  ongoing)	  

–  Par8al	  boPom	  cells	  (1998)	  

–  Split-‐explicit	  free	  surface	  (2000)	  /	  split-‐explicit	  boPom	  pressure	  (2007)	  

–  Real	  water	  fluxes	  (2000)	  	  

–  Staggered	  baroclinic/tracer	  8me	  stepping	  (2004)	  

–  Tripolar	  grid	  (2004)	  

–  Generalized	  levels	  coordinates	  (Bouss	  and	  non-‐Bouss	  op8ons)	  (2007)	  

–  TEOS-‐10	  thermodynamics	  (2011	  early	  stages)	  

–  Lagrangian	  blob	  sub-‐model	  (2011	  early	  stages)	  
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Generalized	  Levels	  

	  
	  

	  

	  
•  Boussinesq	  and	  non-‐Boussinesq	  op8ons	  (through	  depth/pressure	  analogs)	  

•  Code	  development	  for	  z*	  matured	  by	  year	  2007;	  pressure	  took	  longer	  	  

•  All	  grid	  cell	  thicknesses	  are	  func8ons	  of	  (x,y,z,t)	  	  

–  cell	  thickness	  (or	  mass	  per	  area)	  8me	  stepped	  via	  mass	  conserva8on;	  all	  cells	  can	  have	  mass	  
source/sinks	  (cri8cal	  for	  Lagrangian	  blob	  sub-‐model)	  

•  Physical	  parameteriza8ons	  and	  diagnos8cs	  are	  generalized	  for	  z,z*,p,p*	  

•  Applied	  surface	  pressure	  (from	  atm	  and	  sea	  ice)	  depresses	  the	  ocean	  sea	  level	  

•  Leap-‐frog	  with	  8me	  filtering	  will	  not	  conserve	  scalars	  when	  grid	  cell	  thickness	  vary.	  	  

•  Terrain	  following	  sigma	  implemented,	  but	  not	  fully	  tested	  

•  Cannot	  handle	  vanishing	  cell	  thickness	  (unlike	  isopycnal	  codes)	  

4	  

4

• AR4 Climate Models CM2.0/CM2.1

• AR5 Climate/Earth System Models CM2M/ESM2M

• AR5 Decadal Variability/Prediction CM2.1/CM2.4

• NCEP Climate Forecast System v2

Key NOAA Applications of MOM4Key NOAA Applications of MOM4

Z	  with	  free	  surface	   Z*	  with	  free	  surface	  
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tracer and mass budgets. To do so, recall the tracer budgets for the interior, bottom, and surface grid cells,
given by equations (2.153), (2.161), and (2.171)

∂t(dzρC) = dzρS(C) − ∇s · [dzρ (u C + F)]

− [ρ (w(z) C + F(s))]s=sk−1

+ [ρ (w(z) C + F(s))]s=sk .

∂t (dzρC) = dzρS(C) − ∇s · [dzρ (u C + F)]

−
�
ρ (w(z) C + F(s))

�
s=skbot−1

+Q(C)
(bot)

∂t (dzρC) = dzρS(C) − ∇s · [dzρ (u C + F)]

+
�
ρ (w(z) C + F(s))

�
s=sk=1

+Qm Cm −Q(turb)
(C) .

Summing these budgets over a vertical column leads to

∂t
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k
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�

k
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+
�
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(C)

�
.

(4.74)

As expected, the only contributions from vertical fluxes come from the top and bottom boundaries. Further-
more, by setting the tracer concentration to a uniform constant, all the turbulent flux terms vanish, in which
case the budget reduces to the vertically integrated mass budget discussed in Section 4.6.2. This compatiblity
between tracer and mass budgets must be carefully maintained by the discrete model equations.1

4.8 Diagnosing the dia-surface velocity component

The key distinction between Eulerian vertical coordinates and Lagrangian vertical coordinates is how they
treat the dia-surface velocity component

w(z) =
∂z
∂s

ds
dt
. (4.75)

The Lagrangian models prescribe it whereas Eulerian models diagnose it. The purpose of this section is
develop Eulerian algorithms for diagnosing the dia-surface velocity component for the depth based and
pressure based vertical coordinates of Chapter ??. As we will see, a crucial element for the utility of
these algorithms is that the specific thickness z,s is depth independent using depth based coordinates in
a Boussinesq fluid, and ρ z,s is depth independent using pressure based coordinates in a non-Boussinesq
fluid.

1As discussed by Griffies et al. (2001), local conservation of an algorithm for tracer and volume/mass can readily be checked by
running a model with uniform tracer concentration and blowing winds across the ocean surface. Surface height undulations will
ensue, thus causing changes in volume for the grid cells. But the tracer concentration should remain uniform in the absence of surface
fluxes. Changes in tracer concentration will not occur if the volume/mass and tracer budgets are compatible in the sense defined in
this section.
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4.8.3 Comments about diagnosing the dia-surface velocity component
We emphasize again that a critical element in the Eulerian algorithms for diagnosing the vertical velocity
components is the ability to exploit the depth independence of the specific thickness z,s for the depth based
coordinates for a Boussinesq fluid, and the density weighted specific thickness ρ z,s for the pressure based
coordinates for a non-Boussinesq fluid. These properties allow us to remove the time tendencies for surface
height and pressure from the respective diagnostic relations by substituting the depth integrated budgets
(4.63) for the depth based models, and (4.72) for the pressure based models. Absent the depth independence,
one would be forced to consider another approach, such as the time extrapolation approach to approximate
the time tendency proposed by Greatbatch et al. (2001) and McDougall et al. (2002) for implementing a
non-Boussinesq algorithm within a Boussinesq model.

4.9 Vertically integrated horizontal momentum
We now outline the split between the fast vertically integrated dynamics from the slower depth dependent
dynamics. This split forms the basis for the split-explicit method used in MOM to time step the momentum
equation. For this purpose, we formulate the budget for the vertically integrated momentum budget.

4.9.1 Budget using contact pressures on cell boundaries
Before proceeding with a formulation directly relevant for MOM, we note the form of the vertically integrated
budget arising when we consider pressure acting on a cell as arising from the accumulation of contact
stresses. For this purpose, we vertically sum the momentum budgets given by equations (2.225), (2.228)
and (2.233), which leads to

(∂t + f ẑ∧)
�

(dzρu) = −
��

ẑ ∧ (dzMρu) + ∇s · [ dz u (ρu)]
�

+
��
−∇s (p dz) + dzρF

�

+ [ pa ∇ η + τwind + ρw Qm um ]

+ [pb ∇H − τbottom].

(4.124)

Contact pressures on the top and bottom of the grid cells cancel throughout the column, just as other
vertical fluxes from momentum and friction. The remaining contact pressures are from the bottom and
top of the ocean column and the vertically integrated contact pressures on the sides of the fluid column.
Correspondingly, if we integrate over the horizontal extent of the ocean domain, we are left only with
contact pressures acting on the solid boundaries and undulating free surface. Such is to be expected, since
the full ocean domain experiences a pressure force only from its contact with other components of the earth
climate system.

4.9.2 Budget using the pressure gradient body force
As discussed in Section 2.8.2, we prefer to formulate the contribution of pressure to the linear momentum
balance as a body force, whereby we exploit the hydrostatic balance. Hence, to develop the vertically
integrated horizontal momentum budget, we start from the form of the budget given by equations (3.19),
(3.20), and (3.21), rewritten here for the interior, bottom, and surface grid cells

[∂t + ( f +M) ẑ∧ ] (dzρu) = ρdzS(u) − ∇s · [ dz u (ρu)]
− dz (∇s p + ρ∇sΦ) + dzρF

− [ρ (w(z) u − κu,z) ]s=sk−1

+ [ρ (w(z) u − κu,z) ]s=sk

(4.125)
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ẋ(new)

dm
m
ẋ
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ẋ
m

ẑ
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Time	  stepping	  basics	  

•  Staggered	  two-‐level	  8me	  step	  for	  baroclinic	  and	  tracer	  	  
–  2	  x	  (leap-‐frog	  8me	  step)	  =	  1	  x	  (staggered	  8me	  step)	  

•  1	  degree	  ocean	  in	  CM2.1	  climate	  and	  ESM2M	  earth	  system	  models	  use	  
2hr	  8me	  step	  (need	  to	  reduce	  to	  1hr	  with	  leap-‐frog	  in	  CM2.0).	  

•  ¼	  degree	  ocean	  in	  CM2.5	  climate	  model	  uses	  30min	  8me	  step.	  

–  No	  Robert-‐Asselin	  8me	  filtering	  
–  No	  special	  8me	  steps	  to	  suppress	  computa8onal	  modes.	  

–  Tracer	  content	  and	  mass/volume	  are	  conserved	  to	  numerical	  trunca8on;	  
essen8al	  for	  generalized	  level	  models.	  	  	  

–  Similar	  method	  used	  in	  MITgcm.	  

•  Split	  explicit	  free	  surface	  /	  boPom	  pressure	  for	  barotropic	  
w/	  predictor-‐corrector	  &	  8me	  damping	  (as	  in	  GOLD)	  
–  Modest	  sea	  level	  filtering	  required	  to	  suppress	  B-‐grid	  null	  mode	  

•  Real	  water	  fluxes	  (used	  in	  CM2.0,	  CM2.1,	  CM3,	  ESM2M,	  CM2.5…)	  
5	  
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Par8al	  boPom	  cells	  and	  tripolar	  grid	  
1.3. ELEMENTS OF MOM 7

Figure 1.2: Bottom topography along the equator for the tracer cells. This figure illustrates the difference
between the older full step representation of the bottom topography (upper) and the partial step represen-
tation used in CM2.1, CM3, and ESM2M (lower). Note the large differences especially in regions where the
topographic slope is modest and small. This figure is taken after Figure 4 of Griffies et al. (2005).

thermodynamic or isopycnal based vertical coordinates.1
The following list summarizes vertical coordinates presently implemented in MOM. Extensions to other

vertical coordinates are straightforward, given the framework available for the coordinates already present.
Full details of the vertical coordinates are provided in Chapter 5.

• Geopotential coordinate as in MOM4.0, including the undulating free surface at z = η and bottom
partial cells approximating the bottom topography at z = −H

s = z. (1.1)

This is the vertical coordinate used in the GFDL IPCC AR4 coupled climate model CM2.1 documented
by Griffies et al. (2005); Delworth et al. (2006); Gnanadesikan et al. (2006).

• Quasi-horizontal rescaled height coordinate of Stacey et al. (1995) and Adcroft and Campin (2004)

s = z
∗

= H

�
z − η
H + η

�
.

(1.2)

This is the vertical coordinate used in the ocean component of the GFDL IPCC AR5 coupled climate
model CM3 documented by Griffies et al. (2011) and Donner et al. (2011). It is also the vertical
coordinate used in the earth system model ESM2M documented by Dunne et al. (2012). Note that
tests at GFDL indicate that CM2.1 with the z

∗ vertical coordinate exhibits the same climate as CM2.1
with geopotential vertical coordinate.
In equation (1.2), z = η(x, y, t) is the deviation of the ocean free surface from a state of rest at z = 0,
and z = −H(x, y) is the ocean bottom. Whereas a geopotential ocean model places all free surface

1The Hallberg Isopycnal Model (HIM) is available from GFDL for those wishing to use layered models and it is available at
http://www.gfdl.noaa.gov/fms/.

6	  

Both	  approaches	  standard	  in	  GFDL	  climate	  models	  since	  2004	  

Murray	  (1996)	  

Pacanowski	  and	  Gnanadesikan	  (1998)	  

S. M. Griffies et al.: Formulation of an ocean climate model 49

Fig. 1. Illustration of the bipolar Arctic as prescribed by Murray (1996) (see his Fig. 7) and realized in OM3. The transition from the bipolar
Arctic to the spherical grid occurs at 65◦ N. We denote horizontal grid cells by (i, j) indices. As in the spherical coordinate region of the
grid, lines of constant i−index move in a generalized eastward direction within the bipolar region. They start from the bipolar south pole at
i=0, which is identified with i=ni, where ni is the number of points along a latitude circle and ni=360 in OM3. The bipolar north pole is
at i=ni/2, which necessitates that ni be an even number. Both poles are centered at a velocity point on the B-grid used in MOM4.0. Lines
of constant j move in a generalized northward direction. The bipolar prime-meridian is situated along the j -line with j=nj , where nj=200
in OM3. This line defines the bipolar fold that bisects the tracer grid. Care must be exercised when mapping fields across this fold. As noted
by Griffies et al. (2004), maintaining the exact identity of fields computed redundantly along the fold is essential for model stability. Note
that the cut across the bipolar fold is a limitation of the graphics package, and does not represent a land-sea boundary in the model domain.

with realistic forcing, especially with pressure loading from
sea ice (see discussion in Griffies et al., 2001). Indeed, even
with 10m upper cells, we have found it necessary to limit the
overall pressure from sea ice felt by the ocean surface to no
more than that applied by 4m thick ice. Ice thickness greater
than 4m is assumed to exert no more than 4m of pressure on
the sea surface.
This situation signals a fundamental limitation of free sur-

face methods in z-models. In these models, only the upper
grid cell feels motion of the surface height. Refined vertical
cells in the presence of a realistically undulating ocean sur-
face height requires alternative vertical coordinates (Griffies
et al., 2000a). This issue is a topic of current research and
development3.

3For example, the proposal by Adcroft and Campin (2004) to
use the vertical coordinate of Stacey et al. (1995) for global mod-
elling is of interest given its ability to resolve the problem of van-
ishing surface grid cells, while maintaining other features familiar
to the z-models.

2.4 Bottom topography

It is common in older (those dating from before 1997) z-
models for model grid cells at a given discrete level to have
the same thickness. In these models, it is difficult to resolve
weak topographic slopes without including uncommonly fine
vertical and horizontal resolution. This limitation can have
important impacts on the model’s ability to represent topo-
graphically influenced advective and wave processes. The
partial step methods of Adcroft et al. (1997) and Pacanowski
and Gnanadesikan (1998) have greatly remedied this prob-
lem via the implementation of more realistic representations
of the solid earth lower boundary. Here, the vertical thick-
ness of a grid cell at a particular discrete level does not need
to be the same. This added freedom allows for a smoother,
and more realistic, representation of topography by adjust-
ing the bottom grid cell thickness to more faithfully contour
the topography. Figure 4 illustrates the bottom realized with
the OM3 grid along the equator. Also shown is a representa-
tion using an older full step method with the same horizontal

www.ocean-science.net/os/1/45/ Ocean Science, 1, 45–79, 2005
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Tracer	  advec8on	  
Many	   schemes	   available.	   	   We	   favor	   high	   order	   monotonic	   upwind	  
biased	   schemes,	  which	   are	   readily	   ported	   to	  MOM4p1	  using	  2-‐level	  
8me	  stepping	  scheme.	  	  

7	  
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Figure 37.1: Top panel: Initial passive tracer profile for the torus test case. The two profiles are artificially

offset in the zonal direction for purposes of clarity in presentation. Shown here is a plot through y = 20◦N.

Second panel: passive tracer profiles after 100 days of integration using 2nd, 4th, Quicker, and Upwind

advection schemes. Third panel: Results using MDPPM, Sweby, and Super B. Fourth panel: Results from

the limited and unlimited PSOM scheme.

•  2nd,	  4th,	  6th	  centred	  for	  leap-‐frog	  only	  
	  
Two-‐level	  based	  schemes:	  
•  1st	  upwind	  (very	  diffusive)	  
•  Quicker	  (from	  NCAR;	  can	  be	  leap-‐frogged)	  
•  Sweby	  (from	  MIT	  and	  used	  in	  CM2.1)	  
•  SuperB	  (from	  MIT)	  
•  Piecewise	  parabolic	  (from	  MIT	  and	  GFDL	  favorite)	  
•  Prather	  (in	  vogue,	  but	  beware	  need	  to	  flux	  limit)	  	  	  
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Lagrangian	  blob	  sub-‐model	  
1.3. ELEMENTS OF MOM 11
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ẋ(dstry)

ẋ
m

ẑ
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Figure 1.4: A vertical-horizontal section near the ocean bottom to illustrate Lagrangian parcels or blobs

in MOM intereacting with Eulerian grid cell properties. The cross-hatched region denotes partial step

topography, and the entrainment and detrainment rates illustrate the decay and growth of a blob as it

moves downslope with an acceleration ẋ.

1.3.4 Tracer features
In this section we outline features available for tracers in MOM.

1.3.4.1 Equation of state

As discussed in Chapter 6, the equation of state in MOM4p1 follows the formulation of Jackett et al. (2006),

where the coefficients from McDougall et al. (2003) are updated to new empirical data. The code for

computing density is found in the module

mom4p1/ocean core/ocean density.

1.3.4.2 Conservative temperature

MOM time steps the conservative temperature described by McDougall (2003) to provide a measure of heat

in the ocean (see Section 2.3.2). This variable is about 100 times more conservative than the traditional

potential temperature variable. An option exists to set either conservative temperature or potential tem-

perature prognostic, with the alternative temperature variable carried as a diagnostic tracer. This code for

computing conservative temperature is within the module

mom4p1/ocean tracers/ocean tempsalt.

1.3.4.3 Freezing temperature for frazil

Accurate methods for computing the freezing temperature of seawater are provided by Jackett et al. (2006).

These methods allow, in particular, for the computation of the freezing point at arbitrary depth, which is

important for ice shelf modelling. These methods have been incorporated into the frazil module

mom4p1/ocean tracers/ocean frazil,

8	  

•  Dynamical	  two-‐way	  interac8ng	  Lagrangian	  sub-‐model	  
•  Like	  a	  super-‐parameteriza8on	  (blobs	  sa8sfy	  pseudo-‐non-‐hydrosta8c	  equa8ons)	  
•  Early	  stages	  of	  tes8ng	  in	  idealized	  and	  then	  global	  models	  

M.	  Bates	  (PhD	  thesis,	  UNSW	  Sydney)	  Figure 3: The combined Eulerian and Lagrangian system dye concentration of the bottom cells, the centre of mass of the plume

and the location of blobs for the ctrl experiment at day 32, when the plume front is at 6◦E. The blobs propagate the plume

front along the slope much faster and instigate a barotropic flow that is very different to the noblob experiment presented in

Figure 2.

Figure 4: The mean reduced gravity, g�, of the plume in various experiments. The reduced gravity is affected by the amount

of mixing of plume waters with the ambient waters (which reduces the density of the plume) and the depth of the plume (due

to the stratification of ambient waters).

13
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Physical	  parameteriza8ons	  

•  Neutral	  physics	  	  
•  Gravity	  wave	  breaking	  induced	  mixing	  (via	  CPT)	  

•  Mixed	  layer	  schemes	  	  

•  Gravity	  current	  overflow	  schemes	  

•  Lateral	  fric8on	  	  
•  Patchy	  convec8on	  (via	  sea	  ice	  CPT)	  

9	  
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Neutral	  physics	  

•  	  Standard	  (used	  in	  CM2.1):	  	  
–  GM90/GM95	  skew	  fluxes	  ala	  Griffies	  et	  al	  (1998)	  and	  Griffies	  
(1998)	  with	  boundary	  matching	  as	  per	  Treguier	  et	  al	  (1997)	  

•  GFDL	  favorite	  (used	  in	  ESM2M):	  	  
–  Ferrari	  et	  al	  (2010)	  boundary	  value	  problem	  (clean	  matching	  
between	  stra8fica8on	  regimes)	  

•  Eddy	  diffusivity	  calcula8ons:	  	  
–  reasonably	  full	  suite	  of	  2d	  and	  3d	  diffusivi8es	  (including	  N^2	  
method	  from	  NCAR,	  and	  steady	  state	  Eden/Greatbatch)	  

•  Researching	  anisotropic	  GM	  for	  eddying	  models	  

10	  
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Mixed	  layer	  schemes	  

•  KPP:	  standard	  scheme	  from	  NCAR	  	  
– Wish	  to	  synchronize	  MOM	  version	  with	  POP.	  	  
– Requires	  more	  than	  just	  a	  wrapper,	  since	  POP	  version	  
of	  KPP	  assumes	  full	  cells	  and	  virtual	  salt	  fluxes.	  

•  PP	  and	  Chen:	  for	  specialized	  studies	  
•  GOTM:	  General	  Ocean	  Turbulence	  Model	  	  

– Wrapper	  in	  MOM	  to	  use	  GOTM	  	  

– Coastal	  applica8ons	  (k-‐epsilon;	  Mellor-‐Yamada;	  
Canuto;	  others)	  

11	  
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Gravity	  current	  overflow	  schemes	  
•  Beckmann	  &	  Doscher	  (1998)	  
•  Campin	  and	  Goose	  (2000)	  

•  Other	  ad	  hoc	  schemes	  
•  Lagrangian	  blobs	  (ongoing	  research)	  
•  NCAR	  scheme	  implemented	  through	  mass	  source/sinks	  

12	  
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Lateral	  fric8on	  

•  Laplacian	  and	  biharmonic	  fric8on	  operators	  
–  Smagorinsky	  flow	  dependent	  
–  Anisotropic	  NCAR	  approach	  	  
–  Research	  into	  Leith-‐like	  scheme	  from	  Fox-‐Kemper	  and	  
Menemenlis	  (2008)	  

•  Work	  from	  Ilicak	  et	  al	  (2011)	  emphasizes	  lateral	  
fric8on	  to	  suppress	  spurious	  mixing,	  as	  well	  as	  
good	  tracer	  advec8on	  schemes.	  	  
–  Aim:	  strong	  eddying	  flows	  w/	  trivial	  spurious	  mixing	  	  	  

–  Progress	  since	  Griffies	  et	  al.	  (2000),	  but	  more	  needed	  
– Where	  is	  spurious	  mixing	  occurring?	  Near	  boundaries	  or	  open	  
ocean?	  	  

13	  
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Online	  diagnos8cs	  

•  Diagnos8cs	  registered	  at	  run8me	  via	  a	  table.	  	  
– Can	  be	  spa8ally	  and	  temporally	  sub-‐sampled.	  	  
– Time	  averages	  include	  all	  8me	  steps.	  	  	  

•  Diagnos8cs	  for	  all	  terms	  in	  all	  prognos8c	  
equa8ons	  

•  Water	  mass	  diagnos8cs	  (with	  density	  binning)	  

•  Contribu8ons	  to	  sea	  level	  evolu8on	  
•  Standard	  remaining	  diagnos8cs	  (many	  100s)	  

14	  
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Sampling	  of	  Applica8ons	  

•  GFDL	  climate	  and	  earth	  system	  modeling	  
–  CM2.1,	  ESM2M,	  CM3,	  CM2.5,	  CM2.6	  
–  Coupled	  surface	  ocean	  wave	  modeling	  	  

•  NCEP	  opera8onal	  SI	  forecas8ng	  	  
•  Na8onal	  mul8-‐Model	  Ensemble	  for	  opera8onal	  SI	  	  

– NCEP,	  NASA,	  GFDL	  use	  MOM	  based	  climate	  models	  
including	  data	  assimila8on	  methods	  

•  Australian	  collabora8ons	  
–  Global	  climate	  modeling	  	  

–  opera8onal	  coastal	  forecas8ng	  (going	  global)	  	  

	  
15	  
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CM2.5/CM2.6 	  	  

•  Eddying	  climate	  simula8ons:	  new	  GFDL	  norm	  
– CM2.5:	  nominally	  0.25deg	  ocean	  (~1000yrs	  climate)	  
– CM2.6:	  nominally	  0.10deg	  ocean	  (~100yrs	  climate)	  

•  All	  use	  z*	  ver8cal	  coordinate	  	  
•  All	  have	  full	  diurnal	  cycle	  coupling	  	  

–  2hr	  coupling	  for	  CM2.1,	  ESM2M,	  and	  CM3	  
–  1hr	  coupling	  for	  CM2.5	  	  

–  15min	  coupling	  for	  CM2.6	  

– Each	  has	  biases,	  with	  ongoing	  research	  to	  address	  
–  Neutral	  physics	  in	  eddying	  regimes:	  anisotropic	  GM?	  	  

–  Overflows	  (NCAR	  scheme	  and	  Lagrangian	  blobs)	  

–  Fric8on	  &	  advec8on	  (want	  strong	  eddies	  w/	  trivial	  spurious	  mixing)	  

16	  
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tracer and mass budgets. To do so, recall the tracer budgets for the interior, bottom, and surface grid cells,
given by equations (2.153), (2.161), and (2.171)

∂t(dzρC) = dzρS(C) − ∇s · [dzρ (u C + F)]

− [ρ (w(z) C + F(s))]s=sk−1

+ [ρ (w(z) C + F(s))]s=sk .

∂t (dzρC) = dzρS(C) − ∇s · [dzρ (u C + F)]

−
�
ρ (w(z) C + F(s))

�
s=skbot−1

+Q(C)
(bot)

∂t (dzρC) = dzρS(C) − ∇s · [dzρ (u C + F)]

+
�
ρ (w(z) C + F(s))

�
s=sk=1

+Qm Cm −Q(turb)
(C) .

Summing these budgets over a vertical column leads to

∂t



�

k

dzρC


 =
�

k

dzρS(C) − ∇s ·


�

k

dzρ (u C + F)




+
�
Qm Cm −Q(turb)

(C) +Q(bott)
(C)

�
.

(4.74)

As expected, the only contributions from vertical fluxes come from the top and bottom boundaries. Further-
more, by setting the tracer concentration to a uniform constant, all the turbulent flux terms vanish, in which
case the budget reduces to the vertically integrated mass budget discussed in Section 4.6.2. This compatiblity
between tracer and mass budgets must be carefully maintained by the discrete model equations.1

4.8 Diagnosing the dia-surface velocity component

The key distinction between Eulerian vertical coordinates and Lagrangian vertical coordinates is how they
treat the dia-surface velocity component

w(z) =
∂z
∂s

ds
dt
. (4.75)

The Lagrangian models prescribe it whereas Eulerian models diagnose it. The purpose of this section is
develop Eulerian algorithms for diagnosing the dia-surface velocity component for the depth based and
pressure based vertical coordinates of Chapter ??. As we will see, a crucial element for the utility of
these algorithms is that the specific thickness z,s is depth independent using depth based coordinates in
a Boussinesq fluid, and ρ z,s is depth independent using pressure based coordinates in a non-Boussinesq
fluid.

1As discussed by Griffies et al. (2001), local conservation of an algorithm for tracer and volume/mass can readily be checked by
running a model with uniform tracer concentration and blowing winds across the ocean surface. Surface height undulations will
ensue, thus causing changes in volume for the grid cells. But the tracer concentration should remain uniform in the absence of surface
fluxes. Changes in tracer concentration will not occur if the volume/mass and tracer budgets are compatible in the sense defined in
this section.
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4.8.3 Comments about diagnosing the dia-surface velocity component
We emphasize again that a critical element in the Eulerian algorithms for diagnosing the vertical velocity
components is the ability to exploit the depth independence of the specific thickness z,s for the depth based
coordinates for a Boussinesq fluid, and the density weighted specific thickness ρ z,s for the pressure based
coordinates for a non-Boussinesq fluid. These properties allow us to remove the time tendencies for surface
height and pressure from the respective diagnostic relations by substituting the depth integrated budgets
(4.63) for the depth based models, and (4.72) for the pressure based models. Absent the depth independence,
one would be forced to consider another approach, such as the time extrapolation approach to approximate
the time tendency proposed by Greatbatch et al. (2001) and McDougall et al. (2002) for implementing a
non-Boussinesq algorithm within a Boussinesq model.

4.9 Vertically integrated horizontal momentum
We now outline the split between the fast vertically integrated dynamics from the slower depth dependent
dynamics. This split forms the basis for the split-explicit method used in MOM to time step the momentum
equation. For this purpose, we formulate the budget for the vertically integrated momentum budget.

4.9.1 Budget using contact pressures on cell boundaries
Before proceeding with a formulation directly relevant for MOM, we note the form of the vertically integrated
budget arising when we consider pressure acting on a cell as arising from the accumulation of contact
stresses. For this purpose, we vertically sum the momentum budgets given by equations (2.225), (2.228)
and (2.233), which leads to

(∂t + f ẑ∧)
�

(dzρu) = −
��

ẑ ∧ (dzMρu) + ∇s · [ dz u (ρu)]
�

+
��
−∇s (p dz) + dzρF

�

+ [ pa ∇ η + τwind + ρw Qm um ]

+ [pb ∇H − τbottom].

(4.124)

Contact pressures on the top and bottom of the grid cells cancel throughout the column, just as other
vertical fluxes from momentum and friction. The remaining contact pressures are from the bottom and
top of the ocean column and the vertically integrated contact pressures on the sides of the fluid column.
Correspondingly, if we integrate over the horizontal extent of the ocean domain, we are left only with
contact pressures acting on the solid boundaries and undulating free surface. Such is to be expected, since
the full ocean domain experiences a pressure force only from its contact with other components of the earth
climate system.

4.9.2 Budget using the pressure gradient body force
As discussed in Section 2.8.2, we prefer to formulate the contribution of pressure to the linear momentum
balance as a body force, whereby we exploit the hydrostatic balance. Hence, to develop the vertically
integrated horizontal momentum budget, we start from the form of the budget given by equations (3.19),
(3.20), and (3.21), rewritten here for the interior, bottom, and surface grid cells

[∂t + ( f +M) ẑ∧ ] (dzρu) = ρdzS(u) − ∇s · [ dz u (ρu)]
− dz (∇s p + ρ∇sΦ) + dzρF

− [ρ (w(z) u − κu,z) ]s=sk−1

+ [ρ (w(z) u − κu,z) ]s=sk

(4.125)
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Surface	  waves	  in	  global	  coupled	  models	  	  

17	  

Note	  four	  tropical	  cyclones	  and	  
huge	  waves	  in	  Southern	  Ocean.	  

Fan,	  Lin,	  Held,	  and	  Yu,	  2011	  
Atmospheric	  Model:	  	  
NOAA/GFDL	  High	  
Resolu8on	  Atm	  Model	  
(HIRAM).	  	  ½	  degree	  	  
	  
Wave	  Model:	  	  
NOAA/NCEP	  
WAVEWATCH	  III	  	  
½	  degree	  	  
40	  frequencies	  	  
24	  direc8ons	  

Significant	  wave	  height	  =	  average	  wave	  height	  of	  the	  1/3	  largest	  waves	  in	  the	  wave	  packet.	  
Mean	  wavelength	  =	  energy	  weighted	  averaged	  wavelength.	  
Wave	  direc8on	  =	  energy	  weighted	  averaged	  wave	  direc8on	  

	  

TOPEX	  	  	  

Research	  into	  coupled	  climate	  and	  ESMs	  
•  Upper	  ocean	  wave	  mixing	  
•  Changes	  in	  surface	  fluxes	  of	  momentum,	  
	  	  	  	  	  	  heat,	  and	  gases.	  
•  Applica8on	  to	  sea	  level	  impacts	  
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Australian	  connec8on	  

•  Centre	  of	  Excellence	  (AUS	  university	  consor8um)
global	  eddying	  ocean	  and	  coupled	  

•  CSIRO	  and	  Bureau	  of	  Meteorology:	  	  	  ACCESS	  
ACCESS	  climate	  modeling	  (1	  degree)	  

•  CSIRO	  and	  Bureau	  of	  Met:	  BLUElink	  opera8onal	  
forecas8ng	  	  (1/10	  degree	  with	  nes8ng	  to	  finer)	  

•  Australians	  have	  provided	  input	  to	  
–  Parameteriza8ons	  

–  Lagrangian	  sub-‐modelling	  

–  regional	  modelling	  

–  TEOS-‐10	  

18	  

CSIRO.   

Model bathymetry 

Ribbon	  grid	  surrounding	  Aus	  
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MOM4p1	  status	  and	  plans	  
	  

•  MOM4p1	  next	  public	  release	  Dec	  2011	  (few	  days)	  
•  Ongoing	  research	  focus	  on	  items	  listed	  earlier,	  such	  as	  	  	  

–  Tracer	  advec8on	  (e.g.,	  monotone	  7th	  order	  from	  Adcrov)	  	  

–  SGS	  params	  (eddying	  neutral	  physics;	  CPT	  related	  work)	  

–  Upper	  ocean	  wave	  coupling	  and	  associated	  Langmuir	  mixing	  
–  Lagrangian	  sub-‐model	  for	  overflows	  	  

–  Analysis	  methods	  for	  water	  masses	  and	  sea	  level	  	  	  
–  Global	  mesoscale	  eddying	  applica8ons	  ~100s-‐1000s	  yr	  climate	  	  

MOM	  effort	  is	  vigorous	  and	  ongoing	  at	  GFDL/Princeton	  and	  
within	   interna8onal	   MOM	   community	   (~500	   registered	  
MOM4p1	  users).	   There	   are	  no	  plans	   to	   slow	  development	  
or	  applica8ons.	  	  

19	  
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Rela8onship	  between	  MOM	  and	  GOLD	  
Each	  code	  serves	  various	  applica8ons	  and	  user	  bases	  at	  

GFDL	  and	  abroad.	  
– MOM:	  generalized	  level	  

•  Global	  climate;	  regional/coastal;	  idealized	  process	  

•  Open	  source	  with	  100s-‐1000s	  interna8onal	  users.	  
–  GOLD:	  isopycnal	  layer	  (aspiring	  to	  generalized	  layer)	  	  

•  Global	  climate;	  ice	  shelves;	  idealized	  process	  

•  Not	  yet	  open	  source	  (select	  community	  of	  non-‐GFDL	  users)	  

–  Developers	  sit	  in	  same	  corridor,	  exchanging	  ideas	  and	  nurturing	  
a	  compe88ve	  environment	  that	  generally	  provokes	  the	  
improvement	  of	  each	  code.	  

–  Hypothesis:	  physical	  parameteriza8ons	  are	  more	  important	  
than	  ver8cal	  coordinates,	  so	  long	  as	  meet	  a	  certain	  level	  of	  
numerical	  integrity.	  

20	  
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Streamlining	  MOM	  and	  GOLD	  development	  

A	  vision	  for	  near-‐term	  MOM/GOLD	  development:	  
share	  a	  selec8on	  of	  algorithms	  and	  params.	  

– Ver8cal	  mixing	  (e.g.,	  CPT	  gravity	  wave	  induced	  mixing)	  

– Sea-‐ice	  CPT	  (patchy	  convec8on)	  
– Tracer	  advec8on	  schemes	  	  
– Equa8on	  of	  state	  	  
– Already	  share	  the	  same	  BGC	  model	  and	  coupler	  

•  Aim	  to	  op8mize	  GFDL	  resources	  without	  sacrificing	  
dis8nct	  capabili8es	  and	  applica8ons	  of	  MOM	  and	  GOLD.	  	  

•  It	  is	  too	  early	  to	  perform	  a	  wholesale	  code	  merger.	  	  
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