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What will you learn ....

1. Basic knowledge about the atmospheric circulation
2. The cause of the recent warming
3. Basic knowledge about climate models
4. Analyse/perform climate simulations with a 3D climate 

model
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Contents

1. Description of averaged 3D circulation
2. What sets the atmosphere into motion ?
3. Seasonal cycle
4. The simplest climate model: 0D
5. The 1D column model
6. The 3D climate model
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Surface winds DJF
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General circulation schematic
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General circulation observed
zonal mean meridional circulation
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Precipitation
Dry zones - desertsDry zones - deserts
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Zonal mean winds observed
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Zonal mean winds observed
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General circulation observed
zonal mean meridional circulation
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Differential heating

Net warming in tropics

Net cooling in high latitudes
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Poleward heat transports
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1 petaWatt = 10   Watt15 is about 60 times the world total energy consumption
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Available potential energy due to differential 
heating sets the atmosphere in motion

Warm air

Hydrostatic balance: the pressure is approximately equal to the weight 
of the air column above: warm air is lighter, pressure drops less quickly with height

no pressure gradient

pressure higher
in warm air region: air
starts flowing towards 
lower pressure

HL

LH

Cold air

height pressure
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Hadley cells

Between equator and 30 degrees: direct mean poleward transport
by the thermally driven Hadley circulation

Hadley Cells

Ferrel CellFerrel Cell
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Upper levels in tropics -> westward flowLower levels in tropics -> eastward flow

due to rotation of the earth: geostrophic adjustment
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Geostrophic balance
• In the extra-tropics on synoptic spatial and temporal 

scales the flow is approximately in a geostrophic balance 
(Law of Buys Ballot): 

 the coriolis force balances the pressure gradient force.

 

Valid for small Rossby number: 

High
U

Low

Fcor = -f U

Fp = -dP/dy

f = 2Ωsinφ is coriolis parameter
Ω= angular velocity of the earth

Velocity U and spatial scale L of 
synoptic motions set a time scale on 
the order of days, long enough to feel 
the rotation of the earth
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Thermal wind balance
Combines the hydrostatic balance with the geostrophic balance:

A horizontal temperature gradient leads to an increase of the geostrophic
wind with height that is a vertical wind shear.

Cold air Warm air

no pressure gradient

pressure becomes higher
in warm air region: 
a geostrophic flow develops 
proportional to the pressure 
gradient

HL

y

dp/dy = f U

dp/dy increases with height
so does zonal wind U
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Strong horizontal temperature gradients

21
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How does the atmosphere transport 
heat polewards ?

Poleward of 30 degrees: not by the mean flow: zonally oriented !
Instead heat is transport by the ‘transient eddies’ aka ‘baroclinic waves’, 
‘weather systems’, ‘synoptic eddies’, ‘depressions’, ‘unstable Rossby 
waves’, ‘storms’ etc.
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Baroclinic instability

Instabilities develop if horizontal temperature gradients/
vertical wind shears become too large
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Baroclinic instability

• Small disturbances grow through conversion 
of available potential energy of the 
background flow into kinetic energy

• Hydrostatic en geostrophic balance lead to a 
typical spatial scale of disturbances that 
become unstable first as temperature 
gradients cross a critical value
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A baroclinically growing wave

cold

warm

warm air rises

cold air sinks

cold air is advected underneath the upper air trough: growth !

warm air is advected underneath the upper air ridge: growth !

L

Westward tilt with height
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Baroclinic wave observed
At surfaceAt 500 hPa
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High frequency variance at 250 hPa 

Storm tracks in the extra-tropics

2-6 day timescales
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Mean temperature and transient eddy 
heat fluxes
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Energy balance model

Total incoming radiation = Total outgoing radiation

Solar radiation
Thermal radiation

annual and global mean absorbed solar radiation =
37



Stefan-Boltzmann constant (5.67                             )

πR2S0 1−α( ) = 4πR2εσT 4

R
S0
α

σ

W /m2

W /m2 /K 410−8
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annual and global mean absorbed solar radiation =

:
:
:

radius of the earth (6378 km)
solar constant (1370              )
average albedo (0.32)
emissivity (≈ 1)

    = - 20 degree Celsius
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Without / with Greenhouse Effect: -20 / 14 degrees Celsius

The greenhouse effect

CO2
H20

more
CO2

39
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Atmospheric absorption

40
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Moist Radiative Convective model

upwelling and downwelling radiation in atmospheric 
layers that both absorb and emit infrared radiation
upward transport of heat and water by convection and 
generation of clouds and precipitation

Add additional processes in a 1D column:

  

   13  

3.1.2  Estimation  of  Radiative  Atmospheric  Temperatures  

Radiation   processes   accompanied   with   appropriate   convective   adjustment  

mechanisms  play  a  major  role  in  temperature  changes  on  earth-atmosphere  system.  

Computed  Solar  and   IR  Fluxes  within   the  atmosphere   can   be  used  to  calculate   the  

atmospheric   and   surface   heating   rates   which   in   turn   can   be   used   to   compute   the  

temperature  of  atmospheric  layers  and  the  ocean  layer.  

A   schematic   representation   of   one   dimensional   plane   parallel   atmosphere  model   is  

given   in   Figure   3.4.   Note   that,   terms   associated   with   atmospheric   levels   such   as  

upward   and   downward   fluxes   and   pressure   levels   are   denoted   by   subscript-i  while  

layer-average   terms   such   as   temperatures   and   heating/cooling   rates   are   denoted   by  

subscript-j.   Surface   related   parameters   are   denoted   by   subscript-1   as   can   be   seen  

from  the  figure.  

  
  

Figure  3.4  Schematic  representation  of  fluxes  used  in  the  model  

Fup,  i+1  
  

Fdown,  i+1  
z
  

Fup,  i  
  

Fdown,  i  
  

Ocean  layer
Surface  Fdown,  1  

  
Fup,  1  
  

Solar  Radiation  
Top  of  the  
Atmosphere  

Fdown,  TOA  
  

Fup,  TOA  
  

60˚  

Pi+1,  zi+1  
Pi,  zi  Tj,  zj   Homogeneous  layer  

P1,T1  z1=0  
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Fit parameters to results from comprehensive GCMs

Radiative convective model+ocean 

CO2
H20

more
CO2
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Earth is warming ...

44
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time →1902

year

summer

autumn

spring

winter

Colder than average
Warmer than average

2002

Also in De Bilt ...
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And Carbon Dioxide is to blame ...

46

Charles Keeley



Ohrid Summerschool of 64

The global energy balance is perturbed 
by the CO2 increase ....
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Δ temperature
Δ radiation

Current ‘best’ estimate:

      around 0.8 K/W/m2

or

3K for CO2 doubling

Role of feedbacks

Climate sensitivity:
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The warming is not uniform ...

49



Ohrid Summerschool of 64

The physical climate system ...
need for 3D modeling ....
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Global climate models solve the (thermo-)dynamical 
equations on a computational grid

Current resolutions: 100 km and 40 layers in the vertical

Global climate models solve the (thermo-)dynamical 
equations on a computational grid

Current resolutions: 100 km and 60 layers in the vertical
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Primitive (hydrostatic) equations

forMomentum equations

Sub-grid model :
“physics”

Numerical
 diffusion
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Thermodynamic equation

Moisture equation
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Continuity equation
Conservation of mass
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Resolution problem
• These evolution equations based on 3 basic 

conservation principles are valid at the scale of the 
continuum : continuity equation, momentum equation 
and thermodynamic equation.

• What do we want to (re-)solve in models based on 
these equations?

gr
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The scale of the grid is 
much bigger than the 

scale of the continuum

57



Ohrid Summerschool of 6458

~10−6 m - 1m

~107 m ~105 m

~103 m

The planetary scale

Cloud cluster scale

Cloud scaleCloud microphysical scale

The climate system : A truly multiscale problem
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10 m 100 m 1 km 10 km 100 km 1000 km 10000 km

turbulence Cumulus
clouds

Cumulonimbus
clouds

Mesoscale 
Convective systems

Extratropical 
Cyclones

Planetary 
waves

Large Eddy Simulation (LES) Model

Cloud System Resolving Model (CSRM)

Numerical Weather Prediction (NWP) Model

Global Climate Model
Subgrid

No single model can encompass all relevant processes

DNS

mm

Cloud 
microphysics

59
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Grid-box size is limited by 
computational capability

Processes that act on 
scales smaller than our 
grid box will be excluded 
from the solutions. 

We need to include them 
by means of 
parametrization (a largely 
statistical description of 
what goes on “inside” the 
box).

Similar idea to molecules 
being summarized 
statistically by 
temperature and 
pressure, but much more 
complex!
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Processes in the planetary 
boundary layer:diurnal cycle

61

surface budget: net solar + longwave flux = latent heat flux + sensible heat flux
heating the atmosphere from below leads to destabilization and convective motion
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Principle of a climate simulation

62

Present state

            
Specify external forcings according to the date

Model calculates rate of change (tendency)  
         

State one timestep (30 minutes) later
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The Software Architecture of Global Climate Models

Key to Diagrams

COSMOS 1.2.1

Max-Planck-Institut für Meteorologie, Germany

Model E October 11, 2011 revision 

NASA Goddard Institute for Space Studies, USA

HadGEM3 
Met Office, UK

CESM 1.0.3

National Center for Atmospheric Research, USA

GFDL Climate Model 2.1 (coupled to MOM 4.1)

Geophysical Fluid Dynamics Laboratory, USA

IPSL Climate Model 5A

Institut Pierre Simon Laplace, France

UVic Earth System Climate Model 2.9

University of Victoria, Canada

Each component of the climate system has been assigned a colour: 

atmosphere   ocean   land   sea ice   land ice   sediment

Model code for a component is represented with a bubble.          Fluxes are 

represented with arrows, in a colour showing where they originated.

Couplers are grey.        Components can pass fluxes either directly to each 

other or through the coupler.

The area of a bubble represents the size of its code base, relative to other 

components in the same model.

A smaller bubble within a larger one            represents a small, highly 

encapsulated model of a system (eg clouds) that is used by the component.

Radiative forcings are passed to components with plain arrows.

 

It has become common to compare and contrast the output of 

multiple global climate models (GCMs), such as in the Climate 

Model Intercomparison Project Phase 5 (CMIP5). However, 

intercomparisons of the software architecture of GCMs are 

almost nonexistent.  In this qualitative study of seven GCMs 

from Canada, the United States and Europe, we attempted to 

fill this gap in research. By examining the model source code, 

reading documentation, and interviewing developers, we 

created diagrams of software structure and compared metrics 

such as encapsulation, coupler design, and complexity.

Generated using David A. Wheeler’s 

“SLOCCount”.

Since the climate system is highly interconnected, a CBSE 

approach requires code to tie the components together - 

interpolating fluxes between grids and controlling 

interactions between components.  These tasks are 

performed by the coupler. While all GCMs contain some form 

of coupler, the extent to which it is used varies widely:

· CESM: Every interaction is managed by the coupler.

· IPSL: Only the atmosphere and the ocean are 

connected to the coupler. The land component is directly 

called by the atmosphere.

· HadGEM3: all components are connected to the 

coupler, but ocean-ice fluxes are passed directly, since 

NEMO and CICE have similar grids.

 A CBSE approach has even affected coupling. OASIS, a 

coupler used by many models (including COSMOS, HadGEM3, 

and IPSL) is built to handle any number and any type of 

components, as well as the flux fields within.

Introduction

Component-Based Software 

Engineering

A global climate model is really a collection of models 

(components), each representing a major realm of the climate 

system, such as the atmosphere or the land surface. They are 

highly encapsulated, for stand-alone use as well as a mix-and-

match approach that facilitates code sharing between 

institutions. 

This strategy, known as component-based software 

engineering (CBSE), pools resources to create high-quality 

components that are used by many GCMs. For example,

· UVic uses a modified version of GFDL’s ocean model, 

MOM.

· HadGEM3 and CESM both use CICE, a sea ice model 

developed a third institution (Los Alamos).

Contrary to CBSE goals, there is no universal interface for 

climate models, so components need to be modified when 

they are passed between institutions. Furthermore, the right 

to edit the master copy of a component’s source code is 

generally restricted to the development team at the hosting 

institution. As a result, many different branches of the 

software develop.

A drawback to CBSE is the fact that, in the real world, 

components of the climate system are not encapsulated. For 

example, how does one represent the relationship between 

sea ice and the ocean? Many different strategies exist:

· CESM: sea ice and ocean are completely separate 

components.

· IPSL: sea ice is a sub-component of the ocean.

· GFDL: sea ice is an interface to the ocean. All fluxes to 

and from the ocean must pass through the sea ice region, 

even if no ice is actually present.

Complexity and Focus

A simple line count of GCM source code serves as a 

reasonable proxy for relative complexity. A model that 

represents many processes will generally have a larger code 

base than one that represents only a few. Between models, 

complexity varies widely.  Within models, the bulk of a GCM’s 

complexity is often concentrated in a single component, due 

to the origin of the model and the institution’s goals:

· HadGEM3: atmosphere-centric. It grew out of the 

atmospheric model MetUM, which is also used for 

weather forecasting, requiring high atmospheric 

complexity.

· UVic: ocean-centric. It began as a branch of MOM, and 

kept the combination of a complex ocean and a simple 

atmosphere due to its speed and suitability to very long 

simulations.

· CESM: atmosphere-centric, but land is catching up, 

having even surpassed the ocean. It is embracing the 

“Earth System Model” frontier of terrestrial complexity, 

particularly feedbacks in the carbon cycle.

Conclusions

While every GCM we studied shares a common basic design, a 

wide range of structural diversity exists in areas such as 

coupler structure, relative complexity between components, 

and levels of component encapsulation. This diversity can 

complicate model development, particularly when 

components are passed between institutions. However, the 

range of design choices is arguably beneficial for model 

output, as it inadvertently produces the software engineering 

equivalent of perturbed physics (although not in a systematic 

manner).

Additionally, architectural differences may provide new 

insights into variability and spread between model results. By 

examining software variations, as well as scientific variations, 

we can better understand discrepancies in GCM output.

The Coupling Process
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Structure of a climate model of which around 20 exist globally
The models differ most in their description of parameterized processes
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Historical development of climate models
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Climate model SPEEDY
• Global atmosphere model
• Solves the primitive equations on the sphere
• 500 km horizontal resolution, 8 layers in the vertical
• Simple parameterizations for radiation, convection, 

clouds and precipitation
• Coupled to a single layer slab ocean of fixed depth with 

horizontal diffusion of heat
• runs on a laptop
• Fortran77 code
• around 30.000 degrees of freedom
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Sorry, no time for questions...

Thank you !!!
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surface circulation

Winds and sea level pressure in January

Winds and sea level pressure in July

Note: steady trades over the
oceans and summer heat lows
over the continents
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meridional mean circulation: Walker 
Cells

Zonal asymmetry of diabatic heating, because ocean dynamics
cause western part of basin to be warm, eastern to be cold 
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Rossby waves: conservation of absolute vorticity

The phase speed depends on the wavelength: long waves move faster

Rossby waves move westward in the planetary vorticity field with respect to the flow

Dispersive character:                          for a wave of the form: 

d
dt ζ + f

⎛

⎝
⎜
⎜

⎞

⎠
⎟
⎟
=0 ζ : relative vorticity f =2Ωsinφ: planetary vorticity

c=U− β
k2 ζ =Acos(k(x−ct))

β=δ f
δy
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Main characteristics of classic 
monsoon system

• Wet summers and dry winters (over 
land)

• Adjacent oceanic basins 

• Seasonally reversing surface winds 
(onshore during summer)

• Pronounced, seasonally varying  land-
sea temperature contrasts (leads to 
seasonal wind reversal).

• Large-scale regions of low sea level 
pressure (land/summer)
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Summer: land heats up, low pressure develops, cross equatorial winds (east-
African jet) deflected due to Coriolis force. Ocean Ekman currents provide a 
negative feedback. Mountains modify monsoon by causing extra uplift. 

Asian Monsoon 
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Easterly waves

In summer, strong thermal gradient over Africa (Sahara very warm,
Gulf of Guinea cold) generates easterly jet at 5N (by thermal wind). 
Eastward propagating disturbances grow on this jet: easterly waves
which may grow to hurricanes
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Tracks of tropical cyclones

        Tropical Cyclones

Atlantic tropical cyclones (Hurricanes) are often 
initiated by easterly waves
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          Structure Tropical Cyclone

Energy source is release of latent heat.

Toc > 27 °C, damps over land surfaces

Intensive rainfall

Vertical windshear hampers development: less Hurricanes during El-Nino 
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Intraseasonal 
variability:
Madden Julian 
Oscillation
(T=30-60days)

2 May 2002

9 May 2002

MJO represents a major 
perturbation to large scale 
tropical convection which 
moves eastwards, completing 
a global circuit every 30-60 
days. 
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Generation and dissipation of kinetic energy
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   moist convection

Tropics stable for dry convection (a parcel of dry air
at the surface is heavier than a parcel of dry air aloft at
same pressure)

Tropics unstable for moist convection (when water vapour
condensates in rising parcel, latent heat release fuels rising)

Rising motion occurs in individual cumulonimbus towers. Moisture from 
evaporation and convergence. Convection organizes in storms, cyclones, waves.
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         moist convection
          Convection over warm sea water ( > 27 C, warm pool of Pacific)

        However moisture convergence is important for rainfall structure
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Intertropical Convergence Zone (ITCZ) 
organized band of  convective systems just north
of the equator; strongest where SST is highest

Annual precipitation (mm/day)

ITCZ

SPCZ

SACZ

AMI
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