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The Earth System 

HUMANS 

1. Climate model components and interactions 



Momentum 
Energy 

H2O          

Sun/Space 
 

Energy 

Atmosphere 
Dynamics, Physics, 
Chemistry, Aerosols 

Ocean 

Dynamics, Physics, 
Biogeochemistry, 

Sea ice 

Land 
Hydrology, 
Vegetation,     

Carbon Cycle 

IPCC 
scenarios 

GHG conc. 
 SO2  em. 

BC, OC em. 

DMS 

Dust 

Volcanoes 

One example of an Earth System Model 

(Max Planck Institute for Meteorology Hamburg) 

Jungclaus/MPI, 2010 
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Goosse et al., 2010 

What is a climate model? 

2. Equations, Processes 

Model development 



 

 Climate system is described by state variables    

     - atmosphere: air temperature, humidity, wind, pressure,... 

     - ocean: ocean temperature, velocity, salinity,… 

 

 Set of dynamical equations 

     - Equations for energy (heat), mass (water, tracers), momentum (wind stress, turbulence), 

       formulated in terms of these state variables 
 

     - Differential equations in space and time for the set of state variables 

 

 Approximations of the equations 

     - Simplification  

     - Discretization of equations both in space and time 

     - Description of unresolved processes (“Parameterizations”) 

      

 Boundary and initial conditions for the equations 

      - solar forcing, greenhouse gases and volcanic emissions,… 

2. Equations, Processes 

Climate model: nonlinear mathematical-physical system 



Atmosphere 
 

Basic equations for  atmosphere´s 3-dimensional state:  

- equations describing the thermodynamics and fluid dynamics of an ideal gas 

- set of 7 equations with 7 unknowns (state variables: wind components, temperature,  humidity, pressure, density) 

 

But:  Equations do not form a closed system 
 

(i) friction and heating rate must be specified  

    heating rate:  calculation of radiative transfer in atmosphere, heat associated with evaporation, condensation  

                          influence of clouds: source of considerable uncertainty 
 

(ii) only adequately resolution of some of the processes 

     Parameterization of processes that occur at subgrid scales 

u, v, T, q 

2. Equations, Processes 

“Dynamics” 
 

(calculation of transport) 

Processes that transport momentum, heat, water 

horizontally are relatively well resolved. 

“Physics” 
(parameterizations of  

subgrid-scale processes) 

Processes that redistribute these quantities vertically  

have a significant part that is controlled by subgrid-

scale parameterizations and are therefore uncertain. 

- Radiation 

- Convection  

- Clouds   

- Precipitation 

- … 



To be parameterized 

Müller & von Storch, 2004 

Spatial and temporal scales of atmospheric dynamics 

2. Equations, Processes 

Resolved 



Ocean 
 

Basic equations for ocean´s 3-dimensional state: 

- same principles as for atmosphere (equations for global incompressible fluid flow); dynamics & physics 

- state variables: 3 velocity components, temperature, salinity, pressure, density 

 

Horizontal transport and vertical convection; Heat storage; Sea surface temperature from surface energy balance 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Terms representing the influence of the processes at subgrid-scales 

that need be parameterized (e.g. convection, mixed-layer dynamics) 

 

 

 

 

Marine biogeochemistry 

2. Equations, Processes 

Global ocean 

conveyor belt 

Goosse et al., 2010 



2. Equations, Processes 

Atmosphere , Ocean 

Sea ice 
 

(i)  Thermodynamic growth or melt of sea ice 

     - depend on exchanges between atmosphere and ocean (temperature, albedo)  

     - 1d vertical heat conduction equation: temperature, snow/ice melting/formation 
 

(ii)  Large-scale dynamics of sea ice 

     - equations take into account winds, currents, and other forces that 
        influence sea ice motion 
 

State variables: ice motion, thickness and concentration, internal ice temperature 

Xx and NSIDC 



Land 
 

Energy, water, momentum (and carbon) exchange between atmosphere and land surface 

(i) Calculation of soil temperature from energy balance at the surface and heat conduction 

(ii) Simulation of soil water content, evapotranspiration, snow, … 

(iii) Terrestrial carbon cycle 

Vegetation consideration: 

      - Boundary condition or forcing (e.g. if land-use changes are specified) 

      - Dynamic vegetation model  

                - explicit computation of vegetation cover in response to climate changes 

                - plants are grouped into Plant Functional Types that share common characteristics  

2. Equations, Processes 

+ carbon storage in plants, soils, and 
exchanges between these reservoirs  
and with the atmosphere 

Goosse et al., 2010 
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Coupling of atmosphere and ocean circulation models 

3. Coupling 

Atmospheric Model 

Ocean Model 

Sea Surface Temperature, 

Sea Ice Distribution 

Wind Forcing, Net Heat Flux, 

Precipitation-Evaporation 

      Grid Interpolations,  Time Averaging            

 Sea Ice   

 Model 
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based on Stocker, 2008 
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Problems: 
 
1.  Impossible to represent all processes 
      
2. Impossible to resolve all scales 

 
 

 Parameterizations 
 

describe the unresolvable scales in terms of the resolvable scales 
based on semi-empirical relationships 
 

4. Parameterizations 



Parameterizations 
 

 Equations include effects of small-scale (subgrid-scale) processes that are not resolved 

      by the model but affect the resolved scales and processes 

 

 Parameterizations approximate the bulk effects of physical processes that are  

      too small, too complex, or too poorly understood to be explicitly represented 

 

 Examples: clouds, cumulus convection, turbulence, surface albedo (“reflection coefficient”),… 

 

 Specification of these effects in terms of the resolved variables or “external” parameters 

      (e.g. calculation of albedo from temperature) 

 

 Functional form of parameterization is mostly physically motivated 

      But: choice of parameters depends on empirical findings 

 

 Parameterization introduces errors into the model 

 

 Try to alleviate the problem: more and more processes, increased resolution 

      But: efforts only push the boundary; do not solve the closure problem 

4. Parameterizations 

α= 𝑘1 
−

   
(𝑘2 ×  𝑇) 
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Atmosphere Resolution: 

1°x1° to 4°x4° (ca. 100-400 km) 

12 to 56 level 
 

Ocean Resolution: 

0.3-1°x1° to 2°x2° (ca. 50-200 km) 

20 to 40 level 

Model grids in three-dimensional global climate models 

 In each grid cell:  

          temperature, wind, humidity, clouds,…; currents, salinity,….  

 Horizontal exchange between columns 

 Vertical exchange between levels 

5. Discretization, Resolution 

Ruddiman, 2000 



Geographical resolution characteristics of global climate models 
 

Example: Northern Europe 

1990 

1996 

2001 

2007 

5. Discretization, Resolution 

IPCC, 2007 
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Climate models require some input data  
(derived from observations or other model studies) 

 

 Earth’s properties (Earth's radius and period of rotation, 

      land topography, coastline and bathymetry of the ocean, 

      properties of land/soils (background albedo, surface roughness,…), …) 
 

 Boundary conditions for all sub-systems not explicitly included in the model  

      (distribution of vegetation, topography of ice sheets,…)  
 

 Solar forcing (monthly or annual solar irradiance) 
 

 Emissions (monthly or annual gridded CO2 emissions) and concentrations of GHGs and 

aerosols (global mean time series of e.g., BC, OC, CH4, Sulfur) 
 

 Volcanic forcing (dust and sulfur emissions) 
 

 Ozone (time-evolving 3d concentrations for forcing in models that do not include 

interactive chemistry) 
 

 Land-use (emissions (Gt C) from land cover changes) 

Climate models require initial conditions 
(for atmosphere, ocean, sea ice; derived from observations or previous model simulations) 

6. Input, Output 



What does the model output represent? 

 Number calculated at a grid point does not represent the real world value at that location 

 Interpret the value at a grid point as a mean value over the associated grid box 

6. Input, Output 

Climate models produce a lot of output data  

Output (number of monthly variables) 

http://cmip-pcmdi.llnl.gov/cmip5/docs/standard_output.pdf 

Temporal sampling (number of variables) 
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 Models perform optimally under circumstances represented by the parameter data sets  

     (specific parameterizations and their semi-empirical settings) 
 

      Might be not optimal for future 

 

 There is no best model;  multi-model multi-ensemble approach 
 

      That models agree lends some confidence to the results, but is no proof  that real world  

          develops as models project (even if emissions would be exactly as prescribed) 

 

 Complexity, i.e. included subsystems, processes, and feedbacks 

     (e.g. time-evolving ice sheets and mountain glaciers are not included in most models) 
 

      Increased complexity alone does not make models „better“ 

 

 Resolution 

7. Limits 

Limits 
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8. Downscaling 

How to arrive on better regional information? 

Dynamical downscaling 

Global model 

(100-300 km) 

Regional model 

(50 km) 

Regional model 

(15 km) 

Hydrological model 

(1 km) 

Kleinn et al., 2005 

Hydrological model 

(1 km) 

Regional model 

(15 km) 

Dynamical Downscaling 



The climate associated with orographic features,  

…. such as mountain rainfall, is better represented in RCMs 

Present-day 

winter precipitation  

across the UK 

UK Met Office 

8. Downscaling 

300 km global model 50 km regional model 

25 km regional model  Observations  



The world in climate models 

IPCC, 2007 

2007 

1990 1995 

2001 

Upcoming: 

 interactive ice sheets and shelves  

 sophisticated atmospheric chemistry 

 biogeochemical cycles (methane and nitrogen cycles) 

 … 

 Increased resolution 

 More subsystems 

 More processes 


