New Development of Bergen Climate Model (WP4) 
The new version of the Bergen Climate Model (BCM2) has been developed. No flux adjustment is applied between the atmosphere and ocean. 

The atmosphere component of BCM is the spectral atmospheric general circulation model ARPEGE-CLIMAT3 from METEO FRANCE (D´equ´e et al., 1994). The ARPEGE version is described in detail in Furevik et al. (2003). However, its major features are briefly summarized here. In ARPEGE, the representation of most model variables is spectral (i.e. scalar fields are decomposed on a truncated basis of spherical harmonic functions). In the present study, ARPEGE is run with a truncation at wave number 63 (TL63), and a time step of 1800 s. All the physics and the treatment of model nonlinear terms require spectral transforms to a Gaussian grid. This grid (about 2.8o resolution in longitude and latitude) is reduced near the poles to give an approximately uniform horizontal resolution (on the target sphere) and to save computational time. The vertical hybrid coordinate follows the topography in the lower troposphere, but becomes gradually parallel to pressure surfaces with increasing height. In this study, a total of 31 vertical levels are employed, ranging from the surface to 0.01 hPa. 
The ARPEGE model includes the effect of different kinds of aerosols: continental, marine (due to emissions of sea salt), desert dust, black carbon, tropospheric sulphate aerosols and stratospheric aerosols (due to volcanic eruptions). The horizontal distribution of the first four are held constant at their default values which are defined according to Tanre et al. (1984). The concentrations of sulphate aerosols are set at pre-industrial 1850 values based on data provided for by Boucher and Pham (2002) for the IPCC AR4 simulations. The direct effect of all these aerosol types has been taken into account, but no indirect effects have been considered in this version of the model. Volcanic aerosols have been implemented into the model, and standard Mount Pinatubo test simulations have been carried out (Otteraa, 2008). These experiments reveal that the atmospheric circulation in ARPEGE reacts realistically to imposed volcanic aerosols.  
The oceanic component of BCM is the Miami Isopycnic Coordinate Ocean Model (MICOM), which was documented in Bleck et al. (1992). In the version of MICOM used in BCM2, several important aspects deviate from the original model and the one used in the original version of BCM (i.e. Furevik et al., 2003). The original MICOM uses potential density with reference pressure at 0 db as vertical coordinate (sigma0-coordinate). This ensures that the very different flow and mixing characteristic in neutral and dia-neutral directions is well represented near the surface since isopycnals and neutral surfaces are similar near the reference pressure. For pressures that differ substantially from the reference pressure, this condition does not hold. In this study, a reference pressure of 2000 db is used. The non-neutrality of the isopycnals in the world ocean is then reduced compared to having the reference pressure at the surface (McDougall and Jackett, 2005).

Furthermore, for the advection of tracers (potential temperature, salinity and passive tracers) and layer thickness, the current version of MICOM uses incremental remapping (Dukowicz and Baumgardner, 2000) adapted to the grid staggering of MICOM. The algorithm is computationally rather expensive compared to other second order methods with limiters for one tracer or age tracer, but the cost of adding additional tracers and age tracers is modest. In contrast to the original transport methods of MICOM, incremental remapping ensures monotonicity of the tracers.

Traditionally, MICOM expresses the pressure gradient force as a gradient of a potential on an isopycnic surface, as such a formulation has favorable numerical properties (Hsu and Arakawa, 1990). This is only accurate if the density can be considered as a function of potential density and pressure alone, which is not the case (de Szoeke, 2000). There have been several attempts to modify the MICOM pressure gradient formulation in order to incorporate a more accurate representation of density (Sun et al., 1999; Hallberg, 2005). The formulation used in the new version of MICOM, is based on the formulation of Janic (1977) where the pressure gradient is expressed as a gradient of the geopotential on a pressure surface. This allows a more accurate representation of density in the pressure gradient formulation.

The treatment of diapycnal mixing follows the standard MICOM approach of a background diffusivity dependent on the local stability and implemented using the scheme of Mc-Dougall and Dewar (1998). To incorporate shear instability and gravity current mixing, a Richardson number dependent diffusivity has been added to the background diffusivity. This has greatly improved the water mass characteristics downstream of overflow regions. Lateral turbulent mixing of momentum and tracers is parameterized by Laplacian diffusion, and layer interfaces are smoothed with biharmonic diffusion.

With the exception of the equatorial region, the ocean grid is almost regular with horizontal grid spacing approximately 2.4o×2.4o. In order to better resolve the dynamics near the Equator, the horizontal spacing in the meridional direction is gradually decreased to 0.8o along the Equator. The model has a stack of 34 isopycnic layers in the vertical, with potential densities ranging from 1029.514 to 1037.800 kgm−3, and a non-isopycnic surface mixed layer on top providing the linkage between the atmospheric forcing and the ocean interior.

The sea-ice model of BCM2 is GELATO, a sea-ice model that was developed at METEO FRANCE and described in detail by Salas-Melia (2002). As opposed to the original NERSC sea ice model, GELATO is a multi-category sea-ice model (thickness dependent), allowing a more precise treatment of thermodynamics. Specifically, growth rates of ice slabs of different thicknesses, subjected to the same oceanic and atmospheric forcings, can vary considerably from one category to another. Within a grid cell, sea-ice is described as a collection of ice slabs, and each slab is described by its thickness, the fraction of the grid cell it covers, its enthalpy, and the amount of snow coveringit. For every thickness category the model computes sea-ice velocities solving the stress tensor as described in Hunke and Dukowicz (1997) and then applies a non-diffusive advection scheme that conserves the first and second moments of the advected fields (Prather, 1986). Redistribution of sea-ice due to rafting and ridging processes is simulated according to the theory developed by Thorndike et al. (1975).

In order to model vertical heat diffusion in an ice-snow slab, a vertical discretization is defined, considering four layers in the ice part of the slab and one level snow. Solving of this diffusion scheme is implicit in time. All model equations are solved on an Arakawa B-grid which shares its grid points with the C-grid of the ocean model. A linear interpolation between the two grids is performed internally by the sea-ice model.The rest of the thermodynamics, including snow aging scheme is treated explicitly (Salas-Melia, 2002).

The coupler: The OASIS coupler (version 2.2) has been used to couple the atmosphere and ocean models. It was developed at the National centre for climate modeling and global change (CERFACS), Toulouse, France (Terray and Thual, 1995). 

The simulated pre-industry climate reproduces the general largescale circulation in the atmosphere reasonably well, except for a positive bias in the high latitude sea level pressure distribution. Also, by introducing an updated turbulence scheme in the atmosphere model a persistent cold bias has been eliminated. For the ocean part, the model drifts in sea surface temperatures and salinities are considerably reduced compared to earlier versions of BCM. Improved conservation properties in the ocean model have contributed to this. Furthermore, by choosing a reference pressure at 2000m and including thermobaric effects in the ocean model, a more realistic meridional overturning circulation is simulated in the Atlantic Ocean. The simulated sea-ice extent in the Northern Hemisphere is in general agreement with observational data except for summer where the extent is somewhat underestimated.  

Output of the BCM

Oceanic component

The following variables are diagnostic in the BCM

2D-field

Potential density of the mixed layer

Depth of the mixed layer

Barotropic currents (U, V components)

Sea surface height

Ice thickness

Ice coverage

Ice velocity (U, V components)

Ice age 

3D-field

Potential temperature of sea water

Salinity of sea water

Thickness of isopycnals

Ocean currents (U,V components)

Output of Atmospheric component
Zonal wind stress due to turbulence
Meridional wind stress due to turbulence

Non solar heat flux

Solar heat flux

Liquid latent heat

Solid latent heat

Sensible heat

Total rainfall

Total snowfall

Downward thermal radiation

Total water content

2m max temperature

2m min temperature

Snow depth

Solar cloud forcing

Top solar cloud forcing

Thermal cloud forcing

Top thermal cloud forcing

Zonal moisture transport

Meridional moisture transport

Total run off

Geopotential Height

Air Temperature

Specific Humidity

Relative Humidity

Mean Sea Level Pressure

Surface Pressure

Zonal Wind Component

Meridional Wind Component

Surface Soil Temperature

Soil Temperature Level 2

Zonal Windspeed 10m

Meridional Windspeed 10m

Temperature 2m

Specific Humidity 2m

Relative Humidity 2m

Total cloud cover

Convective cloud cover

High clouds

Midlevel clouds

Low clouds

Accumulated Convective Rainfall

Accumulated Large-scale Rainfall

Accumulated Water Equivalent Convective Snowfall

Accumulated Water Equivalent Large-scale Snowfall

Accumulated Total Rainfall

Accumulated Total Water Equivalent Snowfall

Accumulated Convective Precipitation

Accumulated Large-scale Precipitation

Accumulated Total Precipitation

Top-of-Atmosphere Net Shortwave Radiation

Surface Net Shortwave Radiation

Top-of-Atmosphere Net Longwave Radiation

Surface Net Longwave Radiation

Surface Evaporation Flux

Surface Soil Water Content

Total Precipitable Water

Vertically Integrated Total Liquid Cloud Water

Vertically Integrated Total Solid Cloud Water

Latent Heat Flux

Sensible Heat Flux

Kinetic Energy Dissipation

Top-of-Atmosphere Net Clear Sky Shortwave Radiation

Surface Net Clear Sky Shortwave Radiation

Top-of-Atmosphere Net Clear Sky Longwave Radiation

Surface Net Clear Sky Longwave Radiation

Surface Downward Direct Shortwave Radiation

Top-of-Atmosphere downward Shortwave Radiation

Surface Downward Shortwave Radiation

Surface Downward Longwave Radiation

Water Equivalent Snow Melt

Ground Heat Flux

Ground Water Flux

Zonal Stress due to Wave Drag

Meridional Stress due to Wave Drag

Fractional Cloud Cover

Data format of the BCM2 output

All the data from BCM2 is in NetCDF format which is a popular format for data output. The following data from BCM2 has been installed at the Nansen-Zhu International Research Center.

600-year  preindustrial control simulation with fixed control from year 1850

600-year  natural simulation with the time-varying solar constant and aerosol impact of volcano 
