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The climate scientists’ 
crystal ball

By Bo Christiansen

 Weather and climate are 
two sides of the same coin, 
since climate can be defi ned 
as the average weather over a 
long time scale. To describe the 
weather at a given point in the 
atmosphere is quite simple – 
it only requires knowledge of 
temperature, pressure, humid-
ity and wind direction. How-
ever, it is considerably harder 
to predict the weather. Despite 
the fact that great efforts have 
been made, throughout history, 
to make accurate weather fore-
casts and that today we have 
numerous data from monitor-
ing stations, and enormous 
processing power at our dis-
posal, it is still not possible to 

make reliable weather forecasts 
that reach more than a week 
into the future.

To predict the development 
of the climate does not differ 

fundamentally from the daily 
work with weather forecasts. 
When you talk about predict-
ing future climate it is obvi-
ously not the weather at any 

particular time in the future, we 
are interested in predicting, but 
rather the statistical parameters 
of average weather conditions 
and variations around this aver-

Credible predictions of future 

climate depend on climate models 

that simulate past and present 

climate convincingly.
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Climate Models and the laws of physicsage. Regardless of whether you 
want to predict the weather in 
the coming days or the climate 
100 years from now the central 
requirement is knowledge of the 
circulation in the atmosphere 
and ocean. This knowledge 
is converted into models that 
simulate this circulation. Thus, 
climate models become very 
important to the interpretation 
of future climate development 
and thereby also constitute the 
technical basis for the political 
climate debate. In short, it is 
vital that these climate models 
are as good as possible and work 
to improve the models is an 
ongoing process.

Climate models
The laws of physics are the 
foundation of any climate 
model and give a mathemati-
cal description of the climate 
system’s individual components 
(that is, atmosphere, oceans, 
biosphere, ice and snow, and the 
earth).

Models serve two purposes. 
On the one hand, research-
ers try to reduce the complex 
behavior of the climate to 
a set of mathematical equa-
tions in the hope of getting an 
insight into how climatic proc-
esses work. In this sense, work-
ing with climate models has a 
purely cognitive dimension - in 
particular in the case of the rela-
tively simple models. On the 
other hand, when dealing with 
more complex climate models 
(also called general circulation 
models), the purpose is instead 
to simulate the entire climate 
system (that is incoming and 
outgoing radiation, air move-
ment, cloud formation and pre-
cipitation, growth of ice sheets 
and melting etc.) even if things 
become so complicated that it 
is not always fully understood 
what is going on. The equations 
are adjusted (within reasonable 
limitations) so that the model 
reproduces as well as possible 
past and present climate as we 
know it from actual observa-
tion. Then the model can be 
used to predict how climate will 
evolve in the future.

A fundamental problem when 
researchers try to assess the qual-

ity of a climate model is that 
they cannot, as is the case with 
weather forecasting models, sys-
tematically compare the predic-
tions they produce with real life 

observations. Climate models 
are instead tested by examin-
ing how well they can describe 
the current climate and climate 
variability throughout the 20th 

century. Today, the best models 
are able to reproduce the devel-
opment of global temperature 
over the last 100 years. In addi-
tion, they are able to simulate 
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For a climate scientist, the 
atmosphere is essentially a 
system determined by the laws 
of physics and these laws can 
be expressed quantitatively by 
mathematical equations.

If we know today’s atmos-
pheric conditions, we can use 
these equations to calculate its 
state in the future. Because of 
the inherently chaotic nature of 
the climate system and the equa-
tions that describe it, the calcula-
tions will become increasingly 
inaccurate the farther we try to 
look into the future. While this is 
a signifi cant problem for weather 
forecasts, the problem is less 
important to climate researchers 
who are more interested in the 
average weather over a longer 
period than in the weather on 
a particular day. This average, 
which we call the climate, is 
essentially determined by bound-
ary conditions such as the CO2 
content in the atmosphere and 
solar radiation.

Type of clouds

Precipitation

Gases and partikles

Biosphere

Sea ice

Sea

Run off
Ice

Store of 
heat and 
moisture

Kintetic energy and heat flow

dailyPercolation

seasonal

Exchanges of kinetic energy, heat 
and moisture between the columns.

Exchanges of kinetic energy, 
heat and moisture between 
the individual layers 
in the column.

Vertical exchange between the 
individual layers of kinetic energy, 
heat and salts by diffusion, 
convection and upwelling.

Horizontal exchange between 
the columns by diffusion and flow 
driven by pressure differences.

Schematic illustration of how a climate 
model is constructed. Land surface is 
divided into a grid with approx. 200 km 
between points, typically with 30-40 layers 
in atmospheric models and 20-30 layers 
in oceanic models. The fi gure also shows 
the energy fl ows and processes simulated 
in the models.
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The most important laws of 
physics which are incorporated in 
climate models are:

• Equations of motion (Navier-
Stokes equations) based on 
Newton’s laws.

• Mass and energy conservation.

• Equations for the state of ideal 
gases.

• Radiation equations describing 
how solar and thermal radiation 
is propagated and converted in 
the atmosphere.

Aside from these laws, which 
are based on well established 
principles of physics, the models 
also contain empirical laws, that 
is relationships based mainly on 
observations and which do not 
necessarily have a solid theoreti-
cal basis. These empirical laws 
often describe processes that 
take place on time and space 
scales beyond the resolution of 
the models. The empirical laws 
often contain parameters that are 
set by “tuning” (that is they are 

tweaked, until the model behaves 
in a reasonable way). The forma-
tion of clouds being one example; 
the lifecycles of clouds can hardly 
be modeled by climate models. 
Clouds often form and disappear 
in models depending on the rela-
tive humidity.

Another example are gravity 
waves which occur in the atmos-
phere. When an air mass that is 
in equilibrium with its surround-
ings moves vertically into an area 
of different density, the earth’s 
gravitational fi eld pulls the air 
mass back toward the point of 
origin. This results in an oscillation 
around the point of equilibrium. 
These gravitational waves are 
essential for the development of 
the middle atmosphere, but have 
a wave length that is much smaller 
than the model resolution. There-
fore, the formation and spreading 
of such waves are described by 
simple equations based on a 
combination of observations and 
theoretical considerations.
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essential characteristics of the 
current climate, including the 
geographical variation on a 
large scale. The models can also 
reproduce the cooling effect of 
major volcanic eruptions.

With regard to future climate 
developments, climate research-
ers use models to assess the cli-
matic impact of external effects. 
The effects can have both natu-
ral causes, such as changes in 
solar radiation, or they can be 
anthropogenic in nature, like an 
increase in greenhouse gas emis-
sions or a change in the earth’s 
surface properties due to log-
ging, etc.

Such impact assessments are 
very diffi cult make, since cli-
mate models are not suffi ciently 
detailed to be able to describe 
all elements of the real world’s 
climate. The greatest weak-
nesses of today’s climate models 
are in predicting clouds and the 
hydrological cycle; most mod-
els also have shortcomings in 
their simulations of the middle 
atmosphere as well.

The structure of 
climate models
A climate model is essentially 
constructed like the atmos-
pheric models used for weather 
forecasting. A climate model 
simulation starts off with a 
given set of initial conditions 
and calculations are made for 
small time progressions of 2 to 
30 minutes, depending on the 
model. In a weather forecast 
model, weather is normally sim-
ulated up to 10 days ahead in 
time, while climate models run 
simulations for many years into 
the future. As climate research-
ers are interested in average 
values, climate modeling is not 
dependent on the initial condi-
tions of the simulation, but only 
the so-called boundary conditions 
such as atmospheric CO2 con-
tent, volcanoes and the earth’s 
surface.

A climate model can be 
either purely atmospheric or a 
coupled atmospheric-oceanic 
model. Climate models, like 
weather forecast models, con-
tain descriptions of conditions 
on the earth’s surface as well 
as the upper layers of the soil, 

IPCC scenarios
The colored maps show the temperature development on the Earth’s surface in a series of future scenarios of 
greenhouse gas emissions. The maps represent an average of the estimates from different atmosphere-ocean-
climate models. The most optimistic scenario (the B1 scenario) is based on a future characterized by high 
economic growth, low population growth and rapid introduction of energy effi cient technologies, resulting in low 
greenhouse gas emissions.

Credit: IPCC

How much ice is going to melt? That is one of the many questions that climate models try to answer. 
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where the fundamental vari-
ables are temperature, humidity 
and snow cover. There are also 
a large number of parameters 
in climate models that describe 
surface properties, such as vege-
tation types and soil conditions.

As for weather forecasting 
models, climate model variables 
are organized into a grid which 
determines the spatial resolu-
tion by which the variables in 
the model can be described. 
For both the global atmosphere 
models and the ocean models, 
the horizontal distance between 
the grid points is typically a 
couple of hundred kilometers, 
while vertically there are typi-
cally 30 to 40 layers in atmos-
phere models and 20-30 layers 
in ocean models.

The signifi cance of processes 
taking place at spatial scales 
that are smaller than the model 
grid must be calculated based 
on the fundamental variables. 
It is important to include these 
so-called parameterized proc-
esses as accurately as possible, 
so that their overall impact on 
the fundamental variables in the 
grid is described as well as pos-
sible. Examples of important 
parameterized processes in the 
atmosphere one should men-
tion are radiation, cloud for-

mation and precipitation, and 
processes on and in the soil. It 
is essential that these processes 
are described by physical laws 
whenever possible and not by 
empirical relationships, oth-
erwise one cannot be certain 
that the description will still be 
valid when the climate changes. 
The difference between the 
various climate models that are 
used today lies primarily in the 
description of the parameterized 
processes.

What do the models 
predict?
The report from the Interna-
tional Panel on Climate Change 
(IPCC), published in 2007, 
assessed future climate develop-
ment based on a number of sce-
narios for greenhouse gas emis-
sions. For the next two decades, 
climate models show a tempera-
ture increase of 0.2°C per dec-
ade for all the IPCC scenarios, 
in which no political interven-
tion against greenhouse gas 
emissions are accounted for.

If, however, we imagine 
that the concentrations of 
greenhouse gases and parti-
cles (aerosols) were maintained 
at the year 2000 level (which 
it already is too late for), the 
increase would be reduced to 

0.1°C per decade.
Climate developments in the 

late 21st century will increas-
ingly depend on the global 
emissions of greenhouse gases. 
The current rate of greenhouse 
gas emissions, not to men-
tion emissions at a higher rate, 
will cause even more warming. 
The probable temperature rise 
described in the different emis-
sion scenarios lies somewhere 
between 1.1°C and 6.4°C by 
the end of the 21st century. 
Such an increase in temperature 
can lead to a number of changes 
in the global climate system; 
changes which will probably be 
greater than those we have expe-
rienced in the 20th century.

Even if we manage to stabi-
lize the level of greenhouse gas 
emissions, anthropogenic warm-
ing and sea level rise will con-
tinue for centuries due to the 
time scales of the climate proc-
esses and their various feedback 
effects. Even with a scenario 
projecting low emissions, cli-
mate models indicate further 
warming of about 0.5°C after 
the year 2100 and a global sea 
level rise due to the thermal 
expansion of water of 0.3 to 
0.8 meters in the year 2100 and 
further, though slower, increases 
thereafter. 

Further Reading:
www.dmi.dk
climateprediction.net 
www.ipcc.ch
www.noaa.gov/climate.html
www.drivhus.dk

Dry river in Africa. Photo: Colourbox




