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Introduction

At the IGBP (International Geosphere-Biosphere Programme) workshop held in Potsdam, Germany, on June 15-16,
1999, the state of the art of modelling the natural Earth system was reviewed. It became apparent that Earth system
modelling has to rely on a hierarchy of models in which models of intermediate complexity can play a central role.
Depending on the nature of questions asked and the pertinent time scales, there are, on the one extreme, conceptual,
more inductive models, and, on the other extreme, three-dimensional comprehensive models operating at the highest
spatial and temporal resolution currently feasible. Models of intermediate complexity bridge the gap. The so-called
EMICs describe most of the processes implicit in the comprehensive models, abeit in a more reduced, i.e., more
parameterized form. They nevertheless simulate the interactions among several, or even al components of the Earth
system explicitly. On the other hand, EMICs are simple enough to allow for long-term simulations over several 10,000
years or a broad range of sensitivity experiments.

Up to now, there is no concise definition of an EMICs. Perhaps, this will presumably never be achieved, because the
border between EMICs and comprehensive models will change with time and computer capacitiy. Therefore, in a
follow-up workshop in Nice, in April 2000, it was decided to publish a table of EMICs which are currently in
operation. This table should reflect the broad spectrum of EMICs, moreover, it should provide an overview what
EMICs can do and where their limitations are. We hope that it will became apparent that EMICs are not designed to
compete with comprehensive models, but to complement them. In severals cases, EMICs can provide just some
guidance for a more thorough investigation using comprehensive models, but there are many problems in Earth system
modelling which can be tackled by EMICs only.

This table is produced by the principal investigators, and the principal investigators are responsible for the description
of their models. The table will be updated regularly.

(Thanks are due to Johann Griineweg, PIK, for editorial assistance.)
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A _Scope of the model

The Bern 2.5D Climate Model is designed to study the role of the large-scale ocean thermohaline circulation in the
Earth climate system of the past, present and future. We focus on the stability and dynamics of the thermohaline circu-
lation and its interactions with the ocean carbon cycle on timescales of more than several decades and on spatial scales
of more than a thousand kilometers. The simple parameterization of processes results in a computationally efficient
climate model suitable for long-term integrations (up to millions of years) and large numbers of simulations not feasi-
ble with more complex models. This allows us to focus in detail on the mechanisms and processes of natural climate
variability and on the potential anthropogenic climate change.

B M odel components

Energy balance model of the atmosphere with ‘active’ hydrological cycle
Zonally averaged ocean model

Thermodynamic sea ice model

Ocean carbon cycle model

Four-box terrestrial biosphere model

Atmosphere

Balance for heat and freshwater, no dynamics [Stocker et al., 1992a]

Evaporation parameterized, precipitation determined from evaporation and meridional fluxes of sensible and latent
heat, no freshwater storage in the atmosphere

Active hydrological cycle [Schmittner and Stocker, 1999; Schmittner et al., 2000a]. Meridional transport of sensi-
ble and latent heat parameterized as Fickian diffusion with latitude-dependent eddy diffusion coefficient.
Resolution: 17 meridional cells, zonally and vertically averaged. Meridional resolution as in the ocean.

No flux corrections required

Ocean

Dynamics based on vorticity conservation [Wright and Stocker, 1991; Stocker and Wright, 1991b]

Different closures schemes (parameterization of the zonal pressure gradient) [Wright et al., 1995; Wright et al.,
1998]

Three zonally averaged basins, connected through the Southern Ocean south of 47.5°S, meridional resolution 7.5°
to 15°, 14 vertical layers, flat bottom

Different subgrid-scale mixing parameterizations [Knutti et al., 2000]

Sea ice model

Simplest version of the thermodynamic sea ice model of Semtner [1976], no advection of sea ice

Ocean carbon cycle

Description of the cycles of organic carbon and CafB@rchal et al., 1998b], based on Redfield approach using
PO, as biolimiting nutrient. Production of organic carbon exported from the euphotic zone is related to the local
PO, availability via Michaelis-Menten kinetics. Export production partitioned between POC and DOC and recy-
cled below euphotic zone. Tracers: DIC, DA, and™C in DIC and DOC, Alkalinity, PQ) O..



Terrestrial biosphere

e 4-box terrestrial biosphere (Ground, Wood, Detritus and Humus) [ Siegenthaler and Oeschger, 1987]. A potential
fertilization by elevated atmospheric CO, is taken into account by a logarithmic dependence of net primary pro-
duction.

Miscellaneous

*  Seasonal cycle implemented [ Schmittner and Stocker, 2000]
«  Additional tracers: Chlorofluorocarbons CFC11 and CFC12, and radionuclides ='Paand 2™ [Marchal et al.,
2000]

C Limitations

» Coarseresolution and zonal averaging restrict studiesto spatia scales of more than athousand kilometers and to
timescal es of more than several decades

e Land surface processes are poorly represented

*  No ocean sediments

D Performance

« Computational efficiency: at least 20’000 yrs per CPU hour (Compaq Alpha Workstation XP1000, 500 MHz),
depending on model version, biology, ocean mixing parameterization and timestep.
¢ Memory usage: <100 MB

E Applications

* Modelling the thermohaline circulation: Model development, sensitivities and validation [Wright and Stocker,
1991; Stocker and Wright, 1991b; Stocker et al., 1992a, Wright and Stocker, 1992; Wright et al., 1995; Wright et
al., 1998; Schmittner et al., 2000a; Schmittner and Stocker, 2000]

» Dynamics of the thermohaline circulation [Stocker and Wright, 1991a; Stocker et al., 1992b, Lehman et al., 1993;
Wright and Stocker, 1993; Aeberhardt et al., 2000; Knutti et al., 2000]

« Studies of the ocean carbon cycle [Stocker et al., 1994; Lynch-Stieglitz et al., 1995; Marchal et al., 1998a; Marchal
et al., 1998b; Broecker et al., 1999; Joos et al., 1999; Marchal et al., 1999a, Marchal et al., 1999b, Vidal et al.,
1999] and other marine tracers [Schulte et al., 1999; Marchal et al., 2000]

« The role of the thermohaline circulation in a global warming context [Stocker and Schmittner, 1997; Schmittner
and Stocker, 1999; Schmittner et al., 2000b]

- Effects of ocean circulation changes on atmospheric radiocarbon [Stocker and Wright, 1996; Stocker and Wright,
1998]

« Influence of the thermohaline circulation on sea level projections [Knutti and Stocker, 2000]
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A Scope of the model

The CLIMBER (for Climate and Biosphere) model is designed to explore the dynamic behavior of the natural Earth
system, including its the feedbacks between atmosphere, ocean, vegetation, ice sheets through energy, water, momen-
tum, and carbon cycles. Besides palaeoclimate simulations, we focus on the resilience of the natural Earth system to
natural and anthropogenic perturbations such as changes in solar luminosity, historical land cover change and anthro-
pogenic greenhouse gas emissions. In its present version, CLIMBER-2.3, is applied to long-term, ensemble simulations
over several millennia (for example to the mid-Holocene — late Holocene transition) and to the simulation of glacial-
interglacial cycles.

CLIMBER is described in detail in Petoukhov et 20Q0) and Claussen et al. (1999). The elements of the atmospheric
module are discussed in Petoukhov and dpafski (1994). An extended documentation of the statistical dynamical
model of the atmosphere is under preparation.

B M odel components

» POTSDAM-2, a statistical dynamical model of the atmosphere

*  MUZON, a zonally averaged ocean model

e ASI, atmosphere-surface interface

e Thermodynamic sea ice model

« Ocean carbon cycle model

« VECODE, a dynamic global vegetation model, including terrestrial carbon pools

e« SICOPOLIS, a polythermal model of ice sheets

* SEMI, a coupler providing bidirectional interaction between atmosphere and ice sheet models

Atmosphere

« POTSDAM-2is a 2.5-dimensional statistical-dynamical model (Petoukhov &0dlQ). Zonal mean motion is
diagnosed in terms of geostrophic and ageostrophic components. The topology of zonal mean meridional motion
(Hadley, Ferrel and polar cells) is prescribed; its amplitude and horizontal extend is computed from the theory of
coupled heat engines.

« Prognostic equations are set up for temperature and humidity transport on vertical average over the entire atmos-
phere. The vertical structure of temperature and humidity are diagnosed.

« The model calculates relative fractions in two type of clouds: large-scale stratiform and cumuli.

e Solar radiation is calculated for two subintervals (ultraviolet + visible and near infrared) using twostishm
dington method. Longwave radiation fluxes are computed on 16 atmospheric levels. Radiative schemes take into
account water vapour, clouds, g@erosols, and ozone.

Ocean

* The ocean module is taken - with modifications - from Stocker, Wright and Mysak (MB2)ON is a multi-
basin (Pacific, Atlantic, and Indian ocean) zonally averaged model. The ocean sectors are connected via the Ant-
arctic circumpolar current.

* No flux corrections required.

Sea ice model

e The thermodynamic sea ice model is based on an approach by Semtner (1976 ) being extended to include a simple
description of sea-ice advection and diffusion.



*  Atmosphere-surface Interface

e The CLIMBER modules, except for the ocean carbon cycle module, are coupled via surface fluxes of momentum,
energy, and moisture which are computed in the module ASl (atmosphere-surface interface). ASl is based on the
BATS scheme developed by Dickinson et al. (1986).

Ocean carbon cycle

*  The ocean biogeochemistry module simulates dynamics of major biogeochemical tracers (phosphate, oxygen, dis-
solve inorganic and organic carbon, alkalinity,

«  3"C within the ocean.

e The marine biota model by Six and Maier-Raimer (1996) is used for simulation of seasonal phyto- and zooplank-
ton dynamics in the ocean euphotic zone.

e Vertica profiles of remineralization of organic matter and dissolution of CaCOs are calculated in accordance with
approach by Y amanaka and Tajika (1996), while composition of particulate organic matter (Redfield ratio) as-
sumed to be a function of the remineralization depth

Terrestrial biosphere

e Theterrestrial vegetation module VECODE is areduced-form dynamic global vegetation model. Vegetation is
described as a fractional cover of major plant functional types (trees and grass) based on a continuous bioclimatic
classification by Brovkin et al. (1997). Treestype is diagnostically subdivided into evergreen and deciduous
trees.Under the forcing of climate change, the model simulates the transition of vegetation cover and carbon stor-
age towards an equilibrium for the new climate.

« Time scale of vegetation dynamics is determined from a 4-pools model of carbon cycle.

| ce Sheets

e Themodel SICOPOLIS (Greve, 1995) is used to compute the thermodynamcis and maotion of inland ice sheets.
e SICOPOLIS and POTSDAM-2 operate on rather different spatial scales; hence a special coupler SEM | which cal-
culates annual mass balance of ice sheets and surface temperature at SICOPOLIS spatial grid has been constructed.

Miscellaneous

C Limitations

e Coarseresolution and zonal averaging (in the ocean model) restrict studies to spatial scales of more than athou-
sand kilometers and to timescales of more than several years. The model is not aimed to simulate interannual vari-
ability.

D Performance

e Computational efficiency: 12,000 yrs per CPU day with ice sheet dynamics, and 20,000 yrs per CPU day without
ice sheet dynamics (IBM Workstation RS/6000 ).
¢ Memory usage: 150 MB

E Applications

*  Sensitivity studies (2xCO,, deforestation, solar variability, North Atlantic deep water formation) and comparison
with GCMs (Ganopolski et al. 2000).

e Therole of the ocean during the Last Glacial Maximum (Ganopolski et a. 1998a)

«  Atmosphere-ocean-vegetation interaction during the Holocene, Eemian (Ganopolski et al. 1998b, Claussen et al.
1999b, Kubatzki et a. 2000)

« Historical deforestation (Brovkin et al. 1999)  Dynamics of the thermohaline circulation in a global warming
context (Rahmstorf and Ganopolski, 1999)
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A Scope of the M odel

ECBIlt denotes the atmospheric component of a coupled atmosphere/ocean/sea-ice model of intermediate complexity,
which was primarily designed to study atmosphere-ocean dynamics in the midlatitudes. A peculiarity of the atmos-
pheric component is its use of the quasi-geostrophic approximation, with a correction for the ageostrophic terms. The
inclusion of the ageostrophic terms results in an overall improvement of the model performance: the jet strength and the
stormtrack are close to the observed state and the simulation of the Hadley circulation is qualitatively correct. The
quasi-geostrophic approximation and the use of simplified representations of the diabatic-heating processes result in a
computationally efficient climate model. Therefore, it is possible to consider climatic variability on timescales ranging
from days to millennia. Focus of future work with ECBiIlt will be on paleo simulations as well as on ensemble scenario
studies.

B Model components

e moist dynamic atmospheric model
e primitive-equation 3D ocean model
»  thermodynamic sea-ice model

Atmosphere

e Spectral T21, three-level dynamic model resolving synoptic variability.

e Quasi-geostrophic approximation. The ageostrophic terms are computed diagnostically from the thermodynamic
equation and included as atime- and spatially varying potential-vorticity forcing.

* Includes a prognostic equation for the total amount of precipitable water below 500 hPa. The hydrological cycleis
closed by using a bucket model for soil moisture and a thermodynamic snow model.

e ECBIltl isdescribed in (Haarsmaet al., 1997; Opsteegh et a., 1998). Recently, ECBIlt2 has become available. It
differs from ECBIlt1 in its parameterisation package for solar and long-wave radiation. Solar radiation dependsin
ECBIlt2 on the surface albedo of land and sea, clouds, snow and sea-ice coverage, as well as on the time-varying
orbital parameters. Seasonally varying surface albedo and cloud cover are prescribed from climatology. Long-
wave radiation depends on water vapor, trace gases, aerosols and clouds. The radiative terms are evaluated at two
levelsin the free atmosphere and at the surface.

»  ECBIlt2 contains adynamically passive stratospheric layer, which isin radiative equilibrium.

«  Surface air temperatures are computed diagnostically, fitting a climatol ogical-mean temperature profile through the
values at the upper two levels.

* Noflux corrections are used, apart from a correction in the freshwater flux in the Arctic ocean to compensate ex-
cessive precipitation in this region.

Ocean

*  Theatmospheric component has been coupled to different ocean components.

« ECBIltl was coupled to a primitive equation, flat-bottom ocean model (Haarsmaet a., 1997; Opsteegh et al.,
1998).

e ECBIlt2 is coupled to the GFDL MOM ocean model in 5.6x5.6 degrees horizontal resolution, which is comparable
to T21 used for the atmosphere.

e ECBIlt2 isaso coupled to the Louvain-la-Neuve CL10O ocean model (see contribution LLN to this paper).



Sea-ice
e Simplest version of the thermodynamic sea-ice model of Semtner (no advection) in the flat-bottom and GFDL
MOM ocean models. In the CLIO oceanmodel a dynamic sea-ice component is used (see contribution LLN).

Miscellaneous

e Thedynamic core of the atmospheric component was originally developed at the ECMWF, the parameterisation
package was built in by the KNMI group located in De Bilt (the Netherlands). Hence the name ECBIlt. One can
pronounce this as ‘easy-built’ (which is not true).

« Future expansions of the model include a prognostic vegetation module and an improved land surface scheme.

C Limitations

e Variability in the tropics is substantially underestimated due to the quasi-geostrophic approximation.
* Coarse horizontal resolution (T21).

D Performance

Computational efficiency: 1000 years takes 2 weeks CPU with ECBIilthing the atmospheric module and the
ocean/sea-ice module in parallel on two processors (SG mainframe consisting of parallel Power processors).

E_Applications

* The mechanism of decadal variability in the North Atlantic ocean (Selten et al., 1999) and in the Southern Ocean
(Haarsma et al., 1999).

« The role of solar variability versus internally generated variability (Drijfhout et al., 1999)

e The impact of orbital forcing during the Holocene (Weber, 2000a)

« Ultra-low frequency behaviour in a 40 kyr integration (Haarsma et al., 2000)

e The study of modeled variability on multi-decadal timescales in comparison

e to proxy data (Weber, 2000b).
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A Scope of the model

* The objective isto analyse processes which link ocean, seaice, aimosphere, and vegetation at mid- and high lati-
tudes on time scales ranging from decades to thousands of years. A particular attention is paid to sea-ice processes
and to the oceanic thermohaline circulation. To do so, the model has to include the more important processes at
these latitudes (including synoptic atmospheric activity), while being fast enough so that long runs (> 1000 years)
aswell as sensitivity studies can be easily performed.

e Afirst group of studies consist in analysing the variability of the system using constant forcing (in the model,
mainly solar constant, orbital parameters, greenhouse-gas concentrations, ice-sheet distribution). This allowsto
identify the feedbacks inside the system which are important to maintain this natural variability and to increase our
understanding of these mechanisms.

» A second group of studies deals with the response of the system to changing conditions on varous timescales (de-
cadal to millenium). The attention is particularly focussed on the way the feedbacks inside the system amplify or
damp the initial forcing as well as on the impact of these perturbations on the natural variability.

B M odel components

e Atmosphere: The atmospheric component isECBILT (version 2) (Opsteegh et al., 1998; Selten et al., 1999), a
global, spectral, quasi-geostrophic model, truncated at T21, with simple parameterizations for the diabatic heating
due to radiative fluxes, the release of latent heat, and the exchange of sensible heat with the surface. The radiative
flux calculations are based on alinearization of the radiation code of the ECHAM4 model (Van Dorland et dl.,

2000). The model contains afull hydrological cycle which is closed over land by a bucket model for soil moisture.
Each bucket is connected to a nearby ocean gridpoint to define the river runoff. Accumulation of snow over land
occursin case of precipitation when the land temperature is below zero. For further details on ECBILT, seethe
contribution from KNMI.

e Ocean-sea ice: The CLIO model (Goosse et al., 2000a; 2000b) is made up of a primitive-equation, free-surface
ocean general circulation model (Deleersnijder and Campin, 1995; Campin and Goosse, 1999) coupled to a ther-
modynamic—dynamic sea-ice model (Fichefet and Morales Magueda, 1997). The ocean component includes a rela-
tively sophisticated parameterization of vertical mixing based on Mellor and Yamada'’s level-2.5 model (Goosse et
al., 1999), a representation of the effetcs of mesoscale eddies on the tracer distribution (isopycnal mixing and Gent-
McWilliams’ parameterization) as well as a parameterization of dense water flow down topographic features
(Campin and Goosse, 1999). A 3-layer model, which takes into account sensible and latent heat storage in the
snow-ice system, simulates the changes of snow and ice thicknesses in response to surface and bottom heat fluxes.
The variation of ice compactness due to thermal processes is a function of the energy balance of the surface layer
in the region occupied by leads. The impact of the subgrid-scale ice-thickness distribution on ice thermodynamics
is taken into account through the use of an equivalent thermal conductivity. In the computation of ice dynamics,
sea ice is considered to behave as a viscous-plastic continuum. The horizontal resolution of CLIO is 3 degrees is of
3°x 3°. In order to avoid the North Pole singularity, two spherical grids are patched together. The first one is a
standard geographical latitude—longitude grid covering the whole World Ocean, except for the North Atlantic and
the Arctic, which are represented in a spherical coordinate system having its poles on the equator. The two grids
are connected to each other in the equatorial Atlantic (Deleersnijder¥38). The water flow themh Bering
Strait is parameterized as a linear function of the cross-strait sea-level difference in accordance with the geostro-
phic control theory (Goosse et al., 1997). The so-called "z-coordinate” underlies the vertical discretization, with 20
levels ranging in thickness from 10 m at the surface to 750 m in the deep ocean, with 6 levels in the top 100 m.

* Vegetation: Recently, the terrestrial vegetation module developed by Brovkin et al. (1997) has been included in the
coupled ECBILT-CLIO model. Based on annual mean values of several climatic variables, the VECODE model
computes the evolution of the vegetation cover described as a fractional distribution of desert, tree, and grass in
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each land grid cell. This vegetation cover influences the atmospheric model through the seasonally-varying surface
albedo derived from the three vegetation or desert fractions. For futher details on VECODE, see the contribution
from PIK.

e Coupling of the ocean and sea-ice models: ECBILT and CLIO are coupled with the OASIS software (Terray et .,
1998). The two models have different grids. Nevertheless, every atmospheric surface grid cell can contain an arbi-
trary fraction of open ocean (or leads), sea-ice, and land surface. It is therefore possible to achieve an exact match-
ing of the area occupied by these three types of surface in the two modelsin order to conserve the heat and mass
exchanged at the interface. There is no local flux correction in ECBILT—CLIO. However, the model systematically
overestimates the precipitation over the Atlantic and Arctic oceans, with potential consequences for the stability of
the thermohaline circulation as well as on the mass balance of the Arctic snow/sea-ice system. As a consequence, it
has been necessary to artificially reduce the precipitation by 10 % over the Atlantic and by 50 % over the Arctic
basins (defined here as the oceanic area north of 68°N). The corresponding water is dumped into the Pacific, a re-
gion where the model precipitation is too weak.

C Limitations

« The atmospheric model simulates the mid-latitude planetary and synoptic-scale circulations well. However, be-
cause of the quasi-geostrophic approximation, the model cannot be used to study tropical variability and tropical—
extra-tropical interactions. In addition, the cloudiness is prescribed at present-day values.

e The model does not include yet an interactive representation of carbon cycle or of the ice-sheets. As a conse-
guence, it is not possible to analyse mechanisms which include feedbacks with these two elements. In addition, it is
not possible to perform simulations over time periods in which the ice sheets play a dominant role (e.g., glacial-
interglacial cycles).

D Performance

¢ The model requires 20 min of CPU time for one year of simulation (75 years / day) on a HP N4000.
e Memory requirements: 250 Mb.

E Current applications

e Study of the decadal-to-centennial climate variability in polar regions (Goosse et al., 2000c).
« Transient runs over the Holocene.
« Analysis of the mechanisms responsible for the 8.2-yr BP cold event.
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A Scope of the model

The IAP RAS global climate model is developed at the Oboukhov Institute of Atmospheric Physics of the Russian
Academy of Sciences. It belongs to the class of multilayer grid-cell Earth system model of intermediate complexity. It
is designed to model large scale processes (with horizontal scales of several hundreds kilometers and time scale of few
days). Efficient parameterizations of smaller scale processes alow one to perform long model runs. Currently the
model has the horizontal resolution of 4.5° on latitude and 6° on longitude and time step 5 days. Principal description of
the model is given in (Petoukhov et a., 1998).

B M odel components

o Statistical-dynamical atmospheric module
e Statistical dynamical oceanic module

*  Energy-balance seaice model

» Land surface/ biota model

Atmosphere

*  Prognostic equations for surface air temperature, lower stratospheric temperature lapse rate, lower layer specific
humidity, for cross-covariations of synoptic scale fluctuations of temperature and horizontal velocity, synoptic
scale eddy kinetic energy

e Largescaledynamicsis treated explicitly assuming quasi-geostrophy

*  Synoptic scale dynamicsis parameterized in terms of large scale fields

e Linear profiles of temperature in every atmospheric layer are assumed

*  Fully interactive hydrological cycle

« Radiative heating is computed using efficient algorithm

e Vertical resolution: 11 layers

Ocean

«  Prognostic equation for sea surface temperature

¢ Ocean dynamicsis treated assuming geostrophy

e Universal profiles for characteristic oceanic layers are assumed
e Vertical resolution: 3 layers

Seaice
«  Energy conserving scheme of heat storage in the seaice
« Diagnostic equation for seaice thickness

L and surface/ biota model

e Based on BATS
e 16 vegetation and soil types
e Vertical resolution: 2 layers
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Miscellaneous
e Diurnal cycle of surface air temperature is parameterized

C Limitations

* Neglection of nonlinear terms leads to the poor representation of ageostrophic atmospheric dynamics

e Coarse resolution does not allow to study processes with horizontal spatial scales less then few hundreds kilo-
meters

e Currently only single-layer cloudinessisimplemented

« Interactive carbon cycleis not implemented

¢ lcesheet dynamicsis not implemented

e Oceanic sdlinity is prescribed regarding its annual cycle

«  Atmospheric ozone content is prescribed regarding its annual cycle

D _Performance
Currently about 8 min per model year on the Alpha AXP 3000 / 300 MHz computer

E Applications

e Senditivity of the diurnal cycle of surface air temperature to atmospheric CO, doubling (Eliseev et a., 1995)

e Intraseasonal climate variability (Mokhov et al., 1998b)

«  Sengitivity of the atmospheric annual cycle of surface air temperature (Eliseev et a., 1998; Mokhov et a., 1998a)

e Quas biennial oscillation of the atmospheric temperature (Eliseev et a., 1997)

¢ Quasi- and interdecadal variability of the North Atlantic Oscillation (Handorf et al., 19993, 1999b; Mokhov et al.,
2000)

* Regional climate sensitivity for Siberia under atmospheric CO, increase (Mokhov et al., 1997, 1998c, 1999)
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A Scope of the model

We have developed a new physically-based coupled atmosphere-ocean-sea ice-land surface-ice sheet model
(henceforth called The McGill Paleoclimate Model (MPM)) for long-term climate change studies. The MPM
incorporates the seasonal cycle. Three ocean basins, the Antarctic Circumpolar Current region and the major
continents are resolved. The model variables are sectorially averaged across the different ocean basins and continents.
The major reason for developing the MPM is to investigate millennial and Milankovitch timescale climate variability
during the Quaternary period. In the future, the model will be applied to other geological periods.

B M odel components

*  Energy-moisture balance model of the atmosphere
»  Zonally averaged ocean model

e Thermodynamic seaice model

e Land surface model

*  Dynamic ice sheet model

Atmosphere

« Balance for heat and moisture, no dynamics [Stocker et a., 1992; Fanning and Weaver, 1996; Wang and Mysak,
20004a].

e Themeridiona energy and moisture transports are parameterized by a combination of advection and diffusion
processes [Wang and Mysak, 2000a].

e Thezonal heat transport between land and ocean obeys a diffusion law, while the zonal moisture transport is pa-
rameterized so that the ocean always supplies moisture to the land [Wang and Mysak, 20004].

«  Resolution: 5° in meridional direction, sectorially averaged across the different ocean basins and continents.

Ocean

«  Dynamics based on vorticity conservation [Wright and Stocker, 1991; Stocker and Wright, 1991].

* Thezonaly averaged east-west pressure gradient is parameterized in terms of the meridional pressure gradient.

«  Threezonally averaged basins, connected through the Southern Ocean south of 40°S, meridional resolution 5°, 9
vertical layers, flat bottom.

Sea ice model

o Zero-layer thermodynamic sea ice model of Semtner [1976].
* Seaice concentration is predicted by the method of Hibler [1979].
« Advection of sea ice is prescribed [Harvey, 1988].

L and surface model

e The land surface temperature is predicted by an energy budget equation, similar to that of Ledley [1991].
e The land surface hydrological cycle is predicted by the Manabe [1969] bucket model.

| ce sheet

* The ice sheet thickness is predicted by an ice mass conservation equation [Gallee et al., 1992].
e The meridional ice flow velocity is diagnosed from the ice height.
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e The bedrock depression is predicted from an isostatic adjustment model of Peltier and Marshall [1995].
* Massiveiceberg calvings are prescribed to occur when the maximum ice sheet height reaches a critical value.

Time steps
e 6 hoursfor the atmosphere, land surface and sea ice model

e 15 daysfor the ocean model
* 10 yearsfor theice sheet model

C Limitations

«  The surface wind and the meridional seaice advection velocity are prescribed.

* A vegetation-albedo feedback, an active carbon cycle and the water vapor-temperature feedback are excluded.

*  Thethermodynamics of ice sheetsis also not incorporated, and the net accumulation rate of ice sheetsis calculated
with a coarse resolution.

D Performance

* Atthe present time, a 30 kaintegration of the MPM takes approximately 24 hours in our workstation, which isthe
IBM workstation RS6000/260 (PowerPC_Power3: 200 MHz; SPECfp_base rate95: 225; RAM: 256 MB).

E Applications

e Theabove model (lessthe ice sheet component) was first used to investigate the initiation of glaciation [Wang and
Mysak, 2000a]. When land iceis growing, the THC in the North Atlantic Ocean isintensified, resulting in awarm
subpolar North Atlantic Ocean, which isin agreement with the observations of Ruddiman and Mclntyre [1979]
which describe the conditions at the beginning of the last glacia. The intensified THC maintains alarge land-ocean
thermal contrast at high latitudes and hence enhances land ice accumulation.

e Thefull five-component model (the MPM) has been then employed to study ice sheet-THC interactions [Wang and
Mysak, 2000b]. After a simple iceberg calving mechanism is introduced, millennial timescale climate cycles are
simulated. An iceberg calving event may also shut down the THC in the North Atlantic and hence cause large cli-
mate changes: a large equatorward advance of seaicein North Atlantic leads to a significant cooling in northern
high latitudes and a large reduction of the net accumulation rate at the grid of maximum ice sheet height. When the
collapsed THC isrestored, we find alarge retreat of seaice extent and hence a significant warming in northern
high latitudes and an increased net accumulation rate at the grid of maximum ice sheet height.

e Lastly, the THC response to various cold climates has been investigated [Wang and Mysak, 2000c]. Generally, it is
found that the response of the THC to global cooling is nonlinear: For adightly cold climate, the North Atlantic
overturning cell (NAOC) and the Pacific upwelling become intensified. For a very cold climate, the NAOC may be
weakened or even collapsed. The associated Pacific upwelling for avery cold climate also becomes weak when the
NAOC is weakened. When the NAOC is collapsed, intermediate water may form in the Pacific.
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A Scope of the M odel

The MIT model is designed for simulating the global environmental changes that may arise as aresult of anthropogenic
causes, the uncertainties associated with the projected changes, and the effect of proposed policies on such changes.
The current model includes an economic model for analysis of greenhouse and aerosol precursor gas emissions and
mitigation proposals, a coupled model of atmospheric chemistry and climate, and models of natural ecosystems. All of
these models are global but with appropriate levels of regiona detail. In the integrated model, the combined anthropo-
genic and natural emissions model outputs are driving forces for the coupled atmospheric chemistry and climate model.
The climate model outputs drive a terrestrial ecosystems model predicting land vegetation changes, land CO, fluxes,
and soil composition, which feed back to the coupled chemistry/climate, and natural emissions models. A description
of the integrated model, as of 1998, can be found in Prinn et al. (1999). The main change since then is that the two-
dimensional (2D) ocean model has been replaced by a three-dimensional (3D) ocean model (see below). More details
on the MIT program, the model, publications, and contact information can be found at
http://web.mit.edu/gl obal change/wwwi/.

B M odel components

e Model of anthropogenic emissions
e Climate model

e Atmospheric chemistry model

e Terrestria ecosystem model

e Natura emissions model

Model of Anthropogenic Emissions

This economics model computes predictions of anthropogenic emissions of the key gases from 12 economic regions,
and converts them into distributions by latitude where needed. Specia provision is made for analysis of uncertainty in
key influences, such as the growth of population and economic activity, and the pace and direction of technical change.
Further, the model has been formulated to support analysis of a variety of emissions control policies, providing esti-
mates of the magnitude and distribution among nations of the costs, and clarifying the ways that changes are mediated
through international trade.

Climate M odel

This model couples a 2D land-ocean-resolving (LO) statistical-dynamical model of the atmosphere (Sokolov and

Stone, 1998) to a 3D ocean general circulation model (GCM) (Kamenkovich et al., 2000). The atmospheric model is a

modified version of an atmospheric GCM developed at the Goddard Ingtitute for Space Studies (GISS). Unlike energy

balance models, the 2D-LO model explicitly solves the primitive equations for the zonal mean state of the atmosphere

and includes parameterizations of heat, moisture, and momentum transports by large scale eddies based on baroclinic

stability theory. The model’'s numerics and parameterizations of clouds, convection, precipitation, boundary layer pro-
cesses, and surface fluxes closely parallel those of the GISS GCM (Hhiaberi983). It incorporates the radiation

code of the GISS GCM which includes all significant greenhouse gases, sugh, &80 CH,, N,O, CFCs, and ¢)

and 11 types of aerosols. The model’s horizontal and vertical resolutions are variable, but in the standard version it has
24 points in latitude and nine divisions in the vertical. The atmospheric model’s climate sensitivity can be changed by
varying the cloud feedback. The ocean GCM uses the MOM2 code developed at the Geophysical Fluid Dynamics
Laboratory and a simplified global geometry. The resolution is coarse (about 4 degrees in the horizontal with 15 layers
in the vertical) except in the boundary currents where it is increased to 1 degree. Mesoscale eddies are represented by
the Gent-McWilliams parameterization. Both models are coupled to a simple thermodynamic sea-ice model. An earlier
version of the climate model used a 2D mixed-layer diffusive ocean (Sokolov and Stone, 1998) in place of the ocean

19



GCM, and this version is still used for many studies. The 2D ocean model contains a carbon cycle (Prinn et al., 1999),
and a carbon cycle is currently under devel opment for the ocean GCM.

Atmospheric Chemistry M odel

A 2D zona mean mode is used to calculate atmospheric composition. This is a finite difference model in latitude-
pressure coordinates, and the continuity equations for trace constituents are solved in mass conservative or flux form
(Wang et al., 1998). The local trace species tendency is thus a function of convergence due to two-dimensional advec-
tion, parameterized north-south eddy transport, and convective transports, and local true production or loss due to sur-
face emission or deposition and atmospheric chemical reactions. The model includes 25 chemical species (among them
CO,, CHy, N,O, 05, CO, H,0, NO,, HO,, SO,, sulfate aerosol, CFCs). There are 41 gas-phase and 12 heterogeneous
reactions. The continuity equations for CFCls, CF,Cl,, N,O, Oz, CO, CO,, NO, NO,, N,Os, HNO3, CH,4, CH,0, SO,,
and H,S0O, include convergences due to transport whereas the remaining very reactive atoms, free radicals, or mole-
cules are assumed to be unaffected by transport because of their very short lifetimes. Water vapor and air (N, and O,)
mass densities are computed using full continuity equations as a part of the climate model to which the chemica model
is coupled. The climate model also provides wind speeds, temperature, solar radiation flux and precipitation which are
used in the chemistry formulation.

Terrestrial ecosystem model (TEM)

The TEM was developed at the Marine Biological Laboratory and is used to predict global ecosystem states (Xiao et
al., 1997). It is a process-hased ecosystem model that simulates important carbon and nitrogen fluxes and pools for 18
terrestrial ecosystems. It runs at a monthly time step. Driving variables include monthly average climate (precipitation,
mean temperature and mean cloudiness), soil texture (sand, clay and silt proportion), elevation, vegetation and water
availability. The model incorporates a water balance model to generate hydrological input (e.g., potential evapotranspi-
ration, soil moisture). For global extrapolation, TEM uses spatially-explicit data sets at a resolution of 0.5 degrees. The
global data sets include long-term average climate, potential natural vegetation, soil texture and elevation.

Natural emissions model (NEM)

The NEM simulates the emissions of N,O and CH, from the terrestrial biosphere to the atmosphere (Liu, 1996). The
global emission model for N,O, which focuses on soil biogenic N,O emissions, has a 2.5 degree spatia resolution. The
model can predict daily emissions for N,O, N,, NH; and CO, and daily soil uptake of CH,. It is a process-oriented
biogeochemical model including soil C and N dynamic processes for decomposition, nitrification, and denitrification.
The model takes into account the spatial and temporal variability of the driving variables, which include vegetation
type, total soil organic carbon, soil texture, and climate parameters. Climatic influences, particularly temperature and
precipitation, determine dynamic soil temperature and moisture profiles and shifts of aerobic-anaerobic conditions. The
methane emission model is developed specifically for wetlands and has a spatia resolution of 1 degree. For high lati-
tude wetlands, the emission model uses a two-layer hydrological model to predict the water table level and the bog soil
temperature, which are then used in an empirical formula to predict methane emissions. For tropical wetlands, a two-
factor model (temperature and water availability) is used to model the methane flux by taking into account the tem-
perature and moisture dependence of activity of methanogens. Methane emissions from wet tundra are calculated by
assuming a constant small methane flux and an emission season defined by the time period when the surface tempera-
ture is above the freezing point. The hydrological model and the two-factor model are driven by surface temperature
and precipitation, which links methane.

Miscellaneous

The integrated model also includes mass-balance models of the Greenland and Antarctic ice sheets, and a mass balance

model of the world’s mountain glaciers is under development. These, when combined with the calculation of the ther-
mal expansion of sea-water already included in the ocean models, will make it possible to simulate changes in sea-
level.

C Limitations

* The zonal averaging of the climate and chemistry models limits the model’s ability to simulate regional impacts.

« The lack of interactive ocean dynamics in the 2D ocean model limits the application of the integrated model with
that version of the ocean to time scales of about 100 years.

¢ The lack of land-ice dynamics limits the application of the version of the integrated model with the ocean GCM to
several hundreds of years.

D Performance

« Computational efficiency on a single 500 MHz CPU: A 100 year simulation with the climate model using the
ocean GCM requires 10 hours; with the coupled climate-chemistry model requires 20 hours; and with the coupled
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climate-chemistry-TEM model requires 26 hours. The other component models have minimal computer require-
ments.
*  Memory usage: 20 MB for coupled climate-chemistry model; 120 MB for coupled climate-chemistry-TEM model.

E_Applications

* Analysisof the Kyoto Protocol: Reilly et al. (1999)

*  Constraining uncertainties in climate model characteristics: Forest et al. (2000)

e Simulations of changes in the thermohaline circulation in global warming scenarios. Kamenkovich et al. (2000)
e Simulations of ecosystem changes in global warming scenarios: Xiao et al. (1997 and 1998)

«  Studies of feedbacks between different components of the integrated model: Prinn et al. (1999)

e Studies of the impact of uncertainties on climate projections: Sokolov et al. (1998)
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A _Scope of the M odel

The MoBidiC model is based on the LLN-2D sectorial model [Gallée et al., 1991] that has been used to study the im-
portance of Milankovitch’s astronomical theory and climate feedbacks on time scales from glacial-interglacial cycles to
several millions of years. Process studies on albedo feedback linked to sea ice, boreal forest extent, water vapour con-
tent, sea level and ice sheet isostatic rebound as examples are presented in Gallée et al., 1992, Berger et al., 1993, Ber-
ger et al., 1999 and Crucifix et al., 2000a. The effect of €@@centration variations on climate were also analysed
[Berger et al., 1998; Loutre and Berger, 2000].

As the LLN-2D model was limited by considering the Northern Hemisphere only and by not including a representation
for the ocean dynamics, a new model was designed from that basis for further studies. The MoBidiC model considers
the whole Earth and includes a 3-basin, sectorially averaged dynamical ocean model [Tulkens, 1998; Crucifix et al.,
2000b]. Besides, the global carbon cycle (ocean and continental biosphere) was recently embedded in. The coupling
with ocean dynamics and carbon cycle allows to simulate ocean related climate events at the millennium time scale or
even on shorter scales such as Heinrich events. Simulations on future climate are also performed with MoBidiC.

B Model Components

e 2-levels, zonally averaged, QG atmosphere

* multilayered radiative scheme

» continental surface with snow and dynamic vegetation
* 3 basin ocean model

¢ thermodynamic-dynamic sea-ice

e ocean carbon cycle

Atmosphere dynamics

e 2 vertical levels, zonally averaged quasi-geostrophic model.
e resolution : 5 deg. along the latitude.
e computes also the zonally averaged, vertically integrated WV transport.

Atmosphereradiative scheme

e upto 19 vertical layers
« sectorially averaged, each zonal band is divided in up to 13 sectors representing the continents, the oceans and the
ice sheets.

Continental surface

« realistic topography

» explicit calculation of snow cover and fraction

« vertical-eddy convective flux in the atmosphere: parameterization depending on vertical stratification in the PBL.
» evaporation depending on wind, temperature and vertical stratification

e vegetation : VECODE model (2 PFT + potential desert) [Brovkin et al., 1997]

Seaice
e O-layer based on Semtner, 1976 and adapted by Harvey, 1988 :

e advection velocity prescribed
« leads and white ice
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Ocean

e primitive equation model

« sectorially averaged over three basins (Atlantic, Pacific, Indian). All basins are interconnected in the Southern high
latitudes to represent the Antarctic ocean. Atlantic and Pacific basins are interconnected in the North to represent
the Arctic sea.

*  “Implicit Convection”

e Parameterization of downsloping current [Campin and Goosse, 1999]

e Vertical resolution : 15 levels unequally spaced.

» Latitudinal resolution : 5 degrees.

Ocean carbon cycle

« DIC, DI**c, DOC, DG°C, ALK, P, G using Redfield approach

* Michaelis-Menten kinetics for NPP. P is the limiting nutrient [Maier-Reimer, 1993]
»  Export production partitioned between POC and DOC

e Carbonate cycling [Marchal et al., 1998] but no storage in the sediment

Time steps

e 2 day for ocean and atmosphere dynamics

« 2 days for ocean tracers, radiative scheme, land surface and hydrological cycle
e 1 year for vegetation

e seasonal cycle included

C Limitations

« the zonally averaged representation of the atmosphere prevents the study of processes linked to monsoon.
« clouds, relative surface humidity and surface drag coefficient are prescribed

e evapotranspiration is not represented.

* no ocean sediment

D Performance

e 1 cpu day for 8000 simulated years without carbon cycle.
e 1 cpuday for 7000 simulated years with carbon cycle on an ALPHA-EV6 processor.
* memory: 11 MB without carbon cycle 43 MB with carbon cycle

E Applications
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A _Scope of the model

An Earth system model of intermediate complexity is developed for the study of climate dynamics on decadal and
millennial time-scales. The main task is to identify the driving mechanisms and potential thresholds responsible for
climate transitions. Emphasis is placed on the multiple states of the system and the interaction of the dominant pattern
of atmospheric variability with the ocean and land surface. In contrast to conventional time-slice experiments, the pre-
sent approach is not restricted to equilibrium transitions and is capable to utilize all available data for validation. Tran-
sient simulations for the past and future climate will examine feedback mechanism in the climate system. Pathways of
orbital forcing into climate response will reveal the understanding of climate records. The model explicitly resolves the
three-dimensional atmospheric and oceanic dynamics and is therefore conceptually different from statistical dynamical
models.

At time-scales comparable to the glacial-interglacial cycles, the importance of each Earth system component has not
been estimated. At this early stage of exploration for the coupled system, it is necessary to be able to carry out a large
number of sensitivity experiments. It is expected that, compared to e.g. scenario calculations for the next century, dif-
ferent processes will dominate Earth system interactions at such long time scales. This has to be accounted for a suit-
able modelling framework in order to allow cooperation between expert groups of different focus. The Earth system
model shall have a modular structure with portable Fortran code. The modular structure of the model enables the user
to modify model configurations according to the application. New schemes and model components can be included
with a minimum of technical expense which is particularly useful for paleoclimatic applications.

B M odel components

Atmosphere

The Portable University Model of the Atmosphere (PUMA) [Fraedrich et al., 1998] is based on the Reading multi-level
spectral model described by Hoskins and Simmons [1975]. The model solves the primitive equations using terrain
following-coordinates in the vertical. The PUMA model has been extended by relatively simple radiation and precipi-
tation schemes. A snow model following Loth [1995] has been implemented.

Ocean

The atmospheric model has been coupled to the ocean model LSG [Maier-Reimer et al., 1993] designed especially for
long-term climate studies (time step of one month). This model contains a parameterization for the bottom boundary
layer [Beckmann and Ddscher, 1997] which drastically improves the density-driven downslope flows [Lohmann, 1998]
and is essential for the interpretation of paleoclimatic records [Lohmann and Schulz, 2000].

Sea ice mode
Thermodynamic sea ice model including a simple momentum balance for advection of sea ice.

Carbon Cycle

In the LSG ocean model , the HAMOCC carbon cycle model [Maier-Reimer, 1993] is included. First experiments exist
for the terrestrial biosphere model LPJ (Lund-Potsdam-Jena) [Sitch et al., 2000], which is forced with the PUMA-LSG
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climate. The LPJ model is a dynamic global vegetation model combining mechanistic treatments of terrestrial vegeta-
tion dynamics, carbon and water cycling.

Coupling
The present version of the model uses a T21/L5 resolution for the atmosphere and 11 vertical levels with horizontal

resolution of 5 degrees for the ocean. The model contains representations of sub-grid scale fluxes over land, ice, and
open sea. The coupled atmosphere-ocean-sea ice model does not require flux adjustments.

Miscellaneous

e Langrangian tracers are implemented in the atmosphere [Hardenberg, 2000; Bagliani et al., 2000].
e A sediment model isincluded in the marine carbon cycle [Heinze et al., 1999].

C Limitations

Limitation of the current model version is due to the missing feedbacks by cryosphere and vegetation. Further limita
tions are due to the simplified radiation codes used (chemistry and dust). The coarse resolution and the neglected non-
linear terms in the oceanic momentum balance restrict studies to spatial scales of more than a thousand kilometers, the
model underestimates interannual climate variability in the tropical Pacific.

D Performance

The required CPU time for the coupled atmosphere-ocean model is less than 8 min per year on the present Cray in
Hamburg, i.e. approximate two orders of magnitude faster than complex GCMs. In the asynchronously coupled mode,
where atmosphere and ocean model components take even parts in computing time, about 1000 years of model integra-
tion can be performed on one day.

Atmosphere model PUMA 7 years/1 h CPU 2 MW Fraedrich et al., 1998
Ocean model LSG 200 years/1 h CPU 5MW Maier-Reimer et al., 1993
Marine carbon cycle HAMOCC3 200 years/1 h CPU 10 MW Maier-Reimer, 1993
Planed:

Terrestrial biosphere LPJ 200 years/1 h CPU 1MW Sitch et al., 2000
E Applications

The model components have been extensively tested in studies of paleoclimate [Winguth et al., 1999], future climate

change scenarios for the next century [Lunkeit et al., 1998], and storm track variability [Frisius et a., 1998]. The model

is flexible enough to turn various feedback processes off and on, to study the cause and relationships of the climate

components. Simulations and sensitivity studies will focus on the following topics:

*  Process of glaciation and deglaciation.

* Interaction of vegetation, atmospheric dynamics, and the oceanic circulation (e.g. vegetation-snow feedback, vege-
tation distribution).

« Diagnostic and prognostic calculations of atmospheric CO, (including carbon isotopes) on long time scales.

«  Importance of northern versus southern hemispheric forcing and Atlantic-Pacific teleconnections.

»  Dependence of climate variability on the background state.

*  Simulation of the last glacial cycle.
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A Scope of the model

The UVic Earth System Climate Model consists of a three dimensional ocean general circulation model coupled to a
thermodynamic/dynamic sea ice model, an energy-moisture balance atmospheric model with dynamical feedbacks, and
a thermomechanical land ice model. We include a full three-dimensional OGCM as we believe horizontal ocean gyre
transports are fundamental to the stability and variability of the thermohaline circulation, and as we believe the latter is
important for climate/paleoclimate change/variability on decadal and longer timescales. In order to keep our model
computationally efficient we use a reduced complexity atmosphere model.

Our modél is publicly available (upon request) from http://climate.uvic.ca/climate-lab/model .html .

B M odel components

Atmospheric M odel

The atmospheric model is loosely based on the energy-moisture balance model of Fanning and Weaver (1996). Atmos-
pheric heat and freshwater transports are parameterised through Fickian diffusion and precipitation is assumed to occur
when the relative humidity reaches greater than 85%. Moisture transport can also be accomplished through advection if
this option is chosen. Precipitation over land is assumed to instantaneously return to the ocean via one of 33 observed
river drainage basins. Ice and snow abedo feedbacks are included in the coupled model by locally reducing the latitu-
dinal profile of the coalbedo. The EMBM includes a parameterisation of the water vapour/planetary longwave feedback
(Thompson and Warren 1982), although the radiative forcing associated with changes in atmospheric CO; is externally
imposed as a reduction of the planetary long wave radiative flux. A specified lapse rate is used to reduce the surface
temperature over land where there is topography. The model uses prescribed present day winds in its climatology. A
dynamical wind feedback is included which exploits a latitudinally-varying empirical relationship between atmospheric
surface temperature and density.

Ocean Model

The ocean component of the coupled model is a fully nonlinear three-dimensional ocean general circulation model

based on the GFDL Modular Ocean Model 2.2 (Pacanowski, 1996) with a global resolution of a 3.6° (zonal) by 1.8°
(meridional) and 19 vertical levels. We also have options for the inclusion of a brine-rejection parameterisation (Duffy
et al. 1999, 2000).

Sea | ce M odel

The coupled model incorporates various options for the representation of sea ice thermodynamics and thickness distri-
bution. The elastic-viscous-plastic reheology of Hunke and DukowR®27( is used to represent dynamics. The stan-

dard version of the model uses Hibler (1979) thermodynamicsughhoptions for multi-category and multi-level
thermodynamics exist (Bitz et al. 2000; Holland et al 2000 a,b).

| ce Sheet M odel
The UBC thermomechanical ice sheet model of Marshall and Clarke (1997) is included in the model.

Ocean Chemistry

An abiotic ocean carbon cycle model is currently included. A full ocean carbon cycle model (including ocean biota)
will be added shortly in collaboration with K. Caldeira at Lawrence Livermore National Laboratories.

Vegetation/Land Surface Components

We are currently exploring options for the inclusion of land surface processes, dynamic vegetation, and a terrestrial
carbon cycle component.
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Other Developments

Our code is currently being parallelized for use on MPP type machines. We are also developing parameterizations of
cloud feedbacks.

C Limitations

 TheUVic ESCM model presently does not have sophisticated treatment of land surface processes, although as
noted above, we are moving towards the inclusion of dynamic vegetation and land surface schemes.

¢ Cloud feedbacks are not currently incorporated directly, although simple parametrisations for these are being de-
veloped.

¢ Only atmospheric surface dynamics are included

* Interna tropical variability is not captured
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