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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
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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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the temperature in the second layer (37.5m deep).
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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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Figure 1.8: MITgcm run in a non-hydrostatic configuration to study convection over a slope.
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Figure 1.9: Simulation of internal waves forced at an open boundary (on the left) impacting a sloping shelf.
The along slope velocity is shown colored, contour lines show density surfaces. The slope is represented
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
o